
Published: August 11, 2011

r 2011 American Chemical Society 3337 dx.doi.org/10.1021/bm2009312 | Biomacromolecules 2011, 12, 3337–3343

ARTICLE

pubs.acs.org/Biomac

Modeling Enzymatic Kinetic Pathways for Ring-Opening Lactone
Polymerization
Peter M. Johnson,†,‡ Santanu Kundu,† and Kathryn L. Beers†,*
†Polymers Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, United States

bS Supporting Information

ABSTRACT: A unified kinetic pathway for the enzyme-
catalyzed polymerization and degradation of poly-
(ε-caprolactone) was developed. This model tracks the
complete distribution of individual chain lengths, both
enzyme-bound and in solution, and successfully predicts
monomer conversion and the molecular mass distribu-
tion as a function of reaction time. As compared to
reported experimental data for polymerization reactions,
modeled kinetics generate similar trends, with ring-
opening rates and water concentration as key factors to
controlling molecular mass distributions. Water is critically
important by dictating the number of linear chains in solution, shifting the molecular mass distribution at which propagation and
degradation equilibrate. For the enzymatic degradation of poly(ε-caprolactone), the final reaction product is also consistent with the
equilibrium dictated by the propagation and degradation rates. When the modeling framework described here is used, further
experiments can be designed to isolate key reaction steps and provide methods for improving the efficiency of enzyme
polymerization.

’ INTRODUCTION

Sustainable alternatives to current petroleum-based processes
have become increasingly popular with the development and
application of biobased raw materials and green synthesis
routes.1,2 In current polymer applications, renewable feedstocks
are frequently used to complement or replace portions of
current sources. Rapid innovation has generated a variety of
novel renewable monomers and enzyme catalysts that provide
routes to different polymer types, some with enhanced structural
control. In the case of lipase-catalyzed polymerization of poly-
(ε-caprolactone) (PCL), previous work has shown milder pro-
cessing conditions than standard heavy metal catalysts, which
would reduce energy costs and reduce toxicity.3,4 However,
polymerization kinetic pathways have been difficult to predict
fully, preventing the determination of selective amplification
methods to create high molecular mass chains.5

When PCL is synthesized using an enzyme catalyst, ε-capro-
lactone is ring opened by the enzyme and polymer is produced
through secondary reaction steps.6�8 This ring-opening step is
well quantified, because the conformal change allows for the ε-
caprolactone consumption to be tracked using a variety of analy-
tical techniques.9,10 The end product, a complex molecular mass
distribution that includes a large fraction of low molecular mass
species, has also been characterized with gel permeation chro-
matography.11�15 However, these two measurement techniques
alone cannot fully explain the secondary reaction steps where
ring opened ε-caprolactone combines to form high molecular
mass chains, nor do they provide sufficient insight into the

balance of pathways that produce the observed complex mass
distributions. Previous studies have determined the influence of
water in initiation and cyclic formation, molecular mass limita-
tions at high ε-caprolactone conversion, and enzymatic activity
over time.15�19 These studies have elucidated potential reaction
steps when using an enzyme catalyst, but the complete frame-
work has remained unclear.

In this work, we build a kinetic model that describes the
catalytic kinetic pathways of Candida antarctica Lipase B enzyme
with respect to the synthesis of PCL. This set of reactions
successfully describes both enzymatic polymerization from
ε-caprolactone and enzymatic degradation of PCL. Although the
general model was developed around this specific, well-studied
system, the descriptors are general enough that the approach
could be applied broadly, in principle, to other enzyme-catalyzed
ring-opening polymerizations of polyesters that occur from
similar transesterification reactions. By tracking every possible
polymer chain, both enzyme bound and in solution, the full
molecular mass distribution was tracked as a function of time.

Kinetic models have been successfully developed for a large
number of polymerization reactions initiated from thermal,
photochemical, or catalyst-mediated reaction mechanisms.20�25

Previous approaches to modeling similar enzyme-catalyzed reac-
tions used reactive group models or method of moments, which
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described the need for both propagation and degradation reac-
tions occurring simultaneously.26 However, the model fails to
represent the overall molecular mass distribution correctly
because it cannot fully represent its complexity. In this model,
the complete molecular mass distribution was tracked as a
function of time. Model results were validated to both enzyme-
catalyzed polymerization and degradation experiments, and
the balances in the reaction equilibrium were studied in detail
to validate key experimental observations. With a deeper
understanding of the kinetic reactions available when using an
enzyme catalyst, key reaction conditions can be described and
studied in detail for future optimization of enzymatic synthesis
routes.

’EXPERIMENTAL SECTION

Materials.Toluene and ε-caprolactone were purchased from Sigma-
Aldrich (Milwaukee, WI) and dried over 0.4 nm molecular sieves and
anhydrous calcium hydride. For degradation experiments, toluene was
saturated with water (wet toluene) by sonicating a solution of toluene
with a droplet of water, then waiting 24 h before separating the
immiscible fraction. Poly(methyl methacrylate) beads with immobilized
Candida antartica lipase B (Novozym N435) were obtained from
Novozymes (Bagsvaerd, Denmark). N435 beads were sieved to obtain
a particle distribution with a diameter of 400 μm ( 50 μm and were
stored under vacuum until use. For this size distribution, N435 beads
have an average of 10% enzyme by mass. PCL with an number average

relative molecular mass (Mn) of 6000 g/mol (polydispersity = 4.9)
produced in a microfluidic reactor using enzyme synthesis was used for
degradation experiments.15 A commercially produced PCL with R�ω
hydroxyl end groups (Mn = 10000 g/mol, polystyrene equivalent) was
purchased from Sigma Aldrich and was used as received. Equipment,
instruments, or materials are identified in the paper in order to
adequately specify the experimental details. Such identification does
not imply recommendation by National Institute of Standards and
Technology, nor does it imply the materials are necessarily the best
available for the purpose.
Experimental Design. Both polymerization and degradation

reactions were performed in an argon-purged 5 mL round-bottom flask,
maintained at 70 �C and stirred at 60 rad/s. Water content was
calculated for each component individually using a coulometric Karl
Fischer water content apparatus (Mettler-Toledo C20, Columbus, OH)
at room temperature. This measurement only quantifies free water
available in solution, and any trapped or inaccessible water to the Karl
Fischer reagents is not included. Water content and initial reaction
conditions are given in Table 1. Polymerization experiments had an
initial water concentration of 0.0213 mol/L; the concentration for
degradation experiments was 0.0533 mol/L.

Gel permeation chromatography (GPC) and Raman spectroscopy
were used to characterize reaction products. For GPC, a Waters system
with three mixed bed columns (HR0.5, HR3, and HR4E, 5 μm particle
size) was run under conditions of 0.35mL/min THF eluent at 30 �C and
a sample size of 40 μL injection volume, with a concentration of 5 mg/
mL. A set of five narrow polydispersity polystyrene standards were used
to calibrate the GPC system. Themolecular masses reported here are for
PCL molecular mass, converted from polystyrene equivalent masses to
PCL molecular masses using the Mark�Houwink theory.27 The param-
eters used wereKPS = 29.0� 10�5 dL/g�1,KPCL = 30.6� 10�5 dL/g�1,
aPS = 0.634, and aPCL = 0.70.27 It is noted that Mark�Houwink
calculations are less accurate formolecularmass chains below 1000 g/mol.
The uncertainty in the measurement of polystyrene equivalent molec-
ular mass is 10%.

For polymerization experiments, Raman spectroscopy was used to
monitor the ring-opening of ε-caprolactone.15,28 Raman spectroscopy was
collected with a Raman Systems (R3000HR) Raman spectrometer. Spectra
were collected in situ using a fiber optic probewith a 5mm focal depth and a
785 nm excitation wavelength laser. Spectra were collected for 20 s, with
110 s intervals betweenmeasurements. Ring-opening of ε-caprolactone was
monitored from the ring breathing peak area at 696 cm�1 normalized to a

Table 1. Water Content for Each Reaction Component and
Initial Conditions for Polymerization and Degradation
Reactions

initial conditions

material mass fraction (�10�6) polymerization degradation

toluene 40 ( 4 2 mL 0 mL

ε-caprolactone 40 ( 4 1 mL 0 mL

wet toluene 450 ( 7 0 mL 2 mL

PCL 1030 ( 15 0 mL 1 mL

N435 beads 10200 ( 300 100 mg 100 mg

Scheme 1. Modeled Kinetic Reactions in Enzyme-Mediated Poly(ε-caprolactone) Synthesisa

a Subscripts on kinetic rate parameters denote the reaction step number. Positive subscripts are reactions with enzyme-activated PCL chains; negative
subscripts are reactions with free enzyme sites.
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toluene peak at 1002 cm�1. All samples were measured in triplicate, with
error shown as standard deviations when present.
Kinetic Reactions. The kinetic model is based on the reaction

pathways proposed by Mei et al., reorganized into four reaction steps
(Scheme 1).10 These four reaction steps all require enzyme to be present
and include the reaction for ε-caprolactone ring-opening, enzyme and
polymer chain interactions with water, chain propagation or degrada-
tion, and cyclic formation. When modeling polymerization, initial
conditions consist of three reaction species: active enzyme sites (E),
water (H2O), and ε-caprolactone (εCL). As the polymerization
proceeds, three PCL chain configurations must be considered. The
first possible polymer chain type, an enzyme-activated polymer chain
(EPi), is a PCL chain that is attached to the lipase at the active site. The
second chain category, a linear chain (Pi), is an unattached PCL chain in
solution, containing one hydroxyl and one carboxylic acid end group.
The third chain type, a cyclic chain (Ci), is a PCL chain in solution that
has formed a ring from intermolecular backbiting of an enzyme-activated
polymer chain. The equilibrium between chain configurations and the
enzyme-mediated ring-opening of εCL form the kinetic pathways and
are shown in Scheme 1.

Step 1 in the reaction pathway is the enzyme-mediated ring-opening
of εCL (kinetic rate parameter: k1). This reaction is considered
irreversible, as ring strain should prevent the ring from reforming. The
product of this reaction step is an enzyme-activated polymer chain of
length i = 1, with an ester bond linkage at the active enzyme site. Previous
experimental studies have shown this step has first order dependence
with respect to εCL.6,10,15

Steps 2 and 3 describe the equilibrium between enzyme-activated
polymer chains and linear chains in solution. In the forward reaction (k2+)
of step 2, water is consumed to break the ester bond formed between
the enzyme and PCL chain, forming a linear PCL chain and an active
enzyme. In the backward reaction of step 2 (k2�), an ester bond is
formed at the enzyme active site with the carboxylic acid end group on a
linear chain, generating water. In this model, only water can create PCL
linear chains in solution, and polymerization would not occur if all water
was removed. Other initiators, such as alcohols, will initiate the reaction
and prevent cyclic formation through end-capping.29

In the forward reaction (k3+) of step 3, enzymatic polycondensation
occurs when enzyme-activated chains react with the hydroxyl group at
the end of a linear chain in solution, forming an ester bond between the
two PCL chains. This reaction results in a high molecular mass chain
and an active enzyme site. Propagation of the enzyme-activated
monomer is included in this reaction when i = 1. In the reverse
reaction of step 3 (k3�), the enzymatic degradation occurs when the
active enzyme site cleaves an ester bond at a random position of a PCL
chain, reforming the ester bond with the enzyme active site. This
results in a lower molecular mass linear chain and an enzyme activated
polymer chain.

Step 4 describes the equilibrium between enzyme activated chains
and cyclic chains in solution. In the forward step (k4+), cyclic formation
occurs when the bound PCL chain backbites on itself at the active site,
forming an ester bond with itself to form a cyclic chain. The enzyme
active site is regenerated. The reverse reaction (k4�) is the ring-opening
of a cyclic chain, mechanistically similar to step 1, although with a larger
ring. This ring-opening changes the chain conformation to an enzyme-
activated polymer chain.

All modeled reactions require either enzyme-activated polymer
chains or an active enzyme site. Additional reactions, such as hydrolysis
reactions, were ignored due to the reaction rate being orders of
magnitude slower than enzymatic reactions when performed without
other catalysts. In control experiments, reactant solutions that contain
no enzyme at 70 �C were unchanged over 8 h. Enzyme activity is
assumed to remain constant over the reaction lifetime.
Modeling and Kinetic Rates. Because the molecular mass

distribution for this reaction produces a nonuniform distribution, every
chain length and chain configuration was modeled individually. This set
of chain lengths formed the complete molecular mass distribution.
Kinetic parameters, along with chain length dependent weighting, are
given in Table 2. In systems where the entire molecular mass distribution
is modeled, the kinetic rate parameters are commonly combined with
molecular mass dependence terms, which capture the change in the
kinetic rate as a function of chain length. In this system, molecular mass
dependence was considered only for polymer chains reacting with a free
enzyme site or an enzyme-activated polymer chain.

For bimolecular reactions involving a polymer in solution, a kinetic
rate parameter weighting function is i�1/2, where i is the number of
units in the polymer chain.30 This weighting function is derived from
diffusion limited kinetic parameters. Detailed explanations of kinetic
rate parameter dependencies are described in the Supporting In-
formation, including the assumptions and derivations for weighting
calculations and additional steric effects. Briefly, the main assump-
tions are imposing a homogeneous system model and setting enzyme
diffusion in chain length dependence calculations to zero. This
assumption removed any effects from bead dimensions, pore size
exclusion, or enzyme availability from the model, but these simpli-
fications were necessary for simplifying the model to an initial
computationally tenable equation set, because the presence of the
enzyme�polymer support would require a heterogeneous model and
a significant expansion of adjustable parameters.

The chain length dependence term is generally valid in solutions
where specific moieties on two large species must react, in this case, a
PCL chain end to a specific region of the enzyme. Additional steric
hindrance from the polymer chain attached to the enzyme is ignored,
because the enzyme is immobilized to the bead. For cyclic formation, the
chain length dependence for ring formation based on the Jacobson�
Stockmayer theory was used, i�1.5, because the chain end and reactive
species must be in the same physical space while constrained by a a
random Gaussian chain. Cyclic formation is unimolecular. Chain scis-
sion during degradation was assumed to be equally probable for every
ester bond on the chain.

The kinetic rate parameters described here were found using factorial
searches. The only kinetic parameter with a well-defined rate constant was
the ring-opening step (k1), because this reaction was monitored in this
work and has been reported on in literature. The initial predicted kinetic
parameters were chosen to force the rate-limiting step to be the ring-
opening reaction. Factorial searches were then performed using this initial
condition as a center point. Model results determined that kinetic
parameters could encompass a small range of valid values to produce an
εCL consumption rate and a molecular mass distribution with a large
fraction of cyclic oligomers consistent with polymerization experiments.
Degradation experiments were not used to optimize kinetic parameters,
instead serving as experiments to check the validity of the chosen kinetic

Table 2. Kinetic Rate Constants Used in the Complete
Distribution Modela

chain length dependence kinetic rate parameter (k0)

k1 = k10 150 L/mol/s

k2+ = k2+,0 36000 L/mol/s

k2� = k2�,0 j
�0.5 4000 L/mol/s

k3+ = k3+,0 j
�0.5 3000 L/mol/s

k3� = k3�,0 j
�0.5 3000 L/mol/s

k4+ = k4+,0 i
�1.5 1500 1/s

k4� = k4�,0 j
�0.5 4000 L/mol/s

aThe chain length dependence is also shown, where i is the number of
repeat units in an enzyme-activated polymer chain (EPi) and j is the
number of repeat units in a linear or cyclic chain in solution.
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parameters. A full optimization of the kinetic parameters could not be
performed due to the interrelated reaction pathways, because all three
chain configurations exist in equilibrium. To decouple all kinetic rate
parameters, linear and cyclic chain concentrations would need to be
measured individually. Complex experimental designs or improved detec-
tion methods would be required to isolate individual rate parameters.

With the enzyme catalysis reaction pathway currently defined, ordi-
nary differential equations were written for every species in the solution.
All reactions were considered first order to each reaction component,
and concentrations are based on the molecular mass of the PCL chain.
Beginning with the simplest rate equations, εCL has a single reaction
that is the enzyme-catalyzed ring-opening. Water and cyclic PCL
chains are only included in a single equilibrium step. The reaction rate
equations for these components were defined as

d½εCL�
dt

¼ � k1½εCL�½E� ð1Þ

d½H2O�
dt

¼ � k2þ∑
i
½EPi�½H2O� þ ∑

j
k2�½Pj�½E� ð2Þ

d½Ci�
dt

¼ k4þ½EPi� � k4�½Ci�½E� ð3Þ

using the definitions for kinetic rate parameters given in Scheme 1 and
Table 2. The concentration of PCL chains is based on the molecular
mass of the polymer chain. Cyclic chains are considered only for chains
between two and 175 repeat units. Chains greater than 175 repeat units
were assumed to have minimal cyclic chain formation and reaction rates
were set to zero. With these rates defined, the rate of change for free
enzyme sites can be defined as

d½E�
dt

¼ � d½εCL�
dt

� d½H2O�
dt

þ ∑
i
∑
j
k3þ½EPi�½Pj� � ∑

j
k3�½Pj�½E� þ ∑

m

d½Cm�
dt

ð4Þ

wherem = 2�175. Free enzyme sites are either generated or occupied in
each reaction step, and this reaction rate demonstrates the convoluted
nature of the reaction pathway. The free enzyme concentration is not
solely dependent on a single rate parameter.

Both linear and enzyme bound chains have similar complexity. For
enzyme-activated polymer chains, different chain lengths require addi-
tional reactions to be included. Three different reaction rates are needed
and are defined as follows

R2i ¼ � k2þ½EPi�½H2O� þ k2�½E�½Pi� ð5Þ

d½EP1�
dt

¼ � d½εCL�
dt

þ R2i þ ∑
m¼2

k3�
½Pm�
m� 1

½E� ð6Þ

d½EPi�
dt

�
�
�
�
�

175

2

¼ � d½Ci�
dt

þ R2i � ∑
j
k3þ½EPi�½Pj� þ ∑

m¼ iþ1
k3�

½Pm�
m� 1

½E�

ð7Þ

d½EPi�
dt

�
�
�
�
�

1000

176

¼ R2i � ∑
j
k3þ½EPi�½Pj� þ ∑

m¼ iþ1
k3�

½Pm�
m� 1

½E� ð8Þ

All reaction rates for enzyme-activated chains include steps 2 and 3,
but the ring-opening rate chains of length i = 1 and cyclic reactions were
added for chains from 2 to 175 units in length. Degradation reactions
were summed over all chains of greater size, and the equal probability for
chain scission was included. For a chain of length m, m� 1 ester bonds

could be cleaved with a uniform probability of 1/(m � 1). Linear
polymer chains were both consumed and created by the propagation/
degradation reactions in step 3. The reaction rate for a linear PCL chain
of length i in solution is given as

d½Pj�
dt

¼ � R2i � ∑
i
k3þ½EPi�½Pj� � k3�½E�½Pj�

þ ∑
m¼ jþ1

k3�
½Pm�
m� 1

½E� þ ∑
j�1

g¼1
k3þ½EPj�g �½Pg � ð9Þ

For linear chains in solution, reaction terms from step 2 are included
with opposite signs as compared to the enzyme activated polymer
chains. Terms creating and consuming chains for both the forward and
backward reactions of step 3 are included. For a linear polymer chain of
length i, propagation of lower molecular mass species would create this
chain, while the chain would be consumed during propagation to higher
molecular mass polymer. In degradation reactions, the same effect applies,
except the chain is consumed to create lower molecular mass chains and
created from the degradation of higher molecular mass chains.

The kinetic model was developed and solved in MATLAB with an
ordinary differential equation (ODE) solver and a maximum relative
molecular mass of 228000 or 114000 g/mol (i = 2000 or 1000).
Maximum values were much larger than necessary to capture all poly-
condensation events and prevent discontinuities in the model. Model

Figure 1. (a) Comparison of experimental (9) and model (---) results
for εCL ring-opening conversion. (b) Experimental (---) and modeled
(—) GPC traces for molecular mass distribution at 40% (blue) and 65%
(red) conversion.
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error tolerances, species balances, and initial condition matrices are
described in further detail in the Supporting Information. Initial con-
centrations were calculated from Table 1. Models for polymerization
reactions were run for a simulated reaction time of 3000 s, while degra-
dation reactions weremodeled for 72000 s. The largest expected chain in
the system can be set to a relatively low enough number due to the
constraints of the kinetic pathway, providing reasonable computational
requirements. Kinetic parameters in Table 2 were used for all modeling
experiments.

’RESULTS

Polymerization Kinetics. Using the kinetic model described
above, themolecularmass distribution for different polymerization
reaction conditions was simulated. With the model output, the
εCL ring-opening conversion and molecular mass distribution
could be calculated for every time step. Comparison of the model
results to experimental data is shown in Figure 1.
The ring-opening kinetics of εCL was matched to within error

for the entire range of conversion shown. The molecular mass
distribution for the kinetic model also shows a distribution
similar to experimental results. The model results retain the high
concentration of low molecular mass species throughout the
polymerization. The molecular mass distribution, as indicated by
the GPC trace, is similar but not equivalent, which is likely caused
by the translation of model results to GPC equivalent data and
potentially improved optimization of kinetic parameters. In
particular, the cyclic chains elute at different speeds than linear
chains.31 When the molecular mass distribution from the model
is used, the number average relative molecular mass,Mn, reaches
a plateau at high conversion.10,15 Figures showing Mn as a
function of conversion, polymer chain concentration, and free
enzyme concentration versus time are provided in the Support-
ing Information. Within the kinetic pathways described here, this
effect is caused by the equilibrium between degradation and
propagation. Without additional enzyme-activated monomer,
reactions in step 3 should equilibrate, and the molecular mass
should plateau. In addition, the cyclic reactions from step 4 are
required to produce low molecular mass species, which persist
throughout the reaction. These polymerization products cause
deleterious effects to the resulting polymer, because low molec-
ular mass species act as plasticizers.

The ring-opening kinetic reaction rate appears first order to
εCL frequently in the literature, assuming active enzyme con-
centrations remain constant at all times.10,15 In the case of the
results in Figure 1a, conversion (XεCL) results from the model
and experimental data show good agreement, even though the
enzyme concentration is allowed to vary. For first-order reac-
tions, a plot of�ln(1� XεCL) versus reaction time should yield a
straight line (Figure 2).
The ring-opening reaction rate yields a figure similar to a first

order dependence. This apparent first order dependence was due
to the free enzyme concentration remaining nearly constant over
the monitored reaction time. Deviations at long times are caused
by the reduced εCL concentration at high conversion. For most
of the reaction, any other forward step that generates a free
enzyme site has a high probability to react via step 1 into an
enzyme-activated monomer, EP1. When the εCL concentration
is sufficiently reduced, the other equilibrium steps begin to
compete for free enzyme sites. The reduction in EP1 at high
conversion also means that polycondensation events will in-
crease as the enzyme activated chains begin to increase in
molecular mass. Literature reports have shown the recovery of
water at high εCL conversion, also suggesting polycondensation
events become more significant at higher conversion.18 These
effects are consistent with the kinetic pathway described here.
Influence of Water. While the ring-opening reaction is

important to understanding the dominant reaction steps as a
function of conversion, understanding the development of the
molecular mass distribution is critical to developing better control
of the end polymer and improving the process. The molecular
mass distribution is controlled by the rest of the reaction pathway.
Of the three initial components, water ([H2O]0 = 0.0213 mol/L)
is a key factor, acting as the initiator and enabling degradation.
Because the model allows for rapid analysis of the different initial
conditions, the water concentration was varied. The initial water
conditions were changed as if all trace water was removed from
different components in the system through a prior processing
step. Two initial water concentrations were considered, one
where all freely accessible water was removed from the enzyme
beads ([H2O]0 = 0.0021 mol/L) and one where all trace water

Figure 2. First order model fit vs experimental and kinetic model
results.

Figure 3. Modeled ring-opening conversion using standard initial
conditions ([H2O]0 = 0.0213 mol/L) and two reduced water condi-
tions. Reduced water conditions were calculated from including only
water associated either with the enzyme bead (0.0193mol/L; red) or the
toluene/εCL solution (0.0021 mol/L; blue).
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was removed from εCL and toluene ([H2O]0 = 0.0192 mol/L).
While these water concentrations are idealized by discounting
water affinity between the three components, they demonstrate
potential effects of removing water from the reaction. These
results are shown in Figure 3.
In both cases, the reduction of water decreases the ring-

opening rate. However, a small reduction in water concentration,
such as from the removal of all water from toluene and εCL, has a
minor effect on the modeled εCL conversion. For the case where
theN435 beads contain no water, the large reduction in the initial
water concentration caused a significant reduction in the mod-
eled εCL conversion. Because nearly all of the water is consumed
during polymerization, the number of chains in the system is
strongly dependent on the initial water concentration. With a
lower linear PCL chain concentration, there are not enough
chains for propagation. By slowing propagation, enzyme sites
remain occupied for longer times, and the ring-opening rate is
reduced. All four steps influence each other throughout the
reaction, water concentration only directly impacts step 2, but
indirectly impacts the rest of the kinetic pathway due to its
control over the number of polymer chains in solution.
Polymer Degradation. Enzymatic degradation of PCL could

also be performed, only requiring a switch from εCL to PCL as a
starting material. This change causes a significant shift in the

kinetic pathway, since the ring-opening kinetic step is no longer
active, leaving only chain equilibrium reactions. To shift the PCL
molecular mass significantly, additional water is needed, so dry
toluene was replaced with wet toluene. Degradation from
enzyme polymerized PCL was monitored with aliquots for
GPC at 0, 85, 230, and 1200 min. Initial water conditions are
found in Table 1. Experimental results are shown in Figure 4a,
with corresponding predicted GPC traces from the model
molecular mass distribution in Figure 4b.
In Figure 4, a clear high molecular mass shoulder is evident in

both the experimental results and the polymerization model. In
addition, the low molecular mass peak shifts back to a slightly
higher molecular mass with increased degradation time. These
experimental results can be described by the kinetic pathway. In
degradation, the equilibrium between water concentration and
the number of free linear chains is out of balance initially. As
mentioned previously, a higher water concentration should
decrease the average molecular mass, since more linear chains
exist in solution as the water concentration increases. The key
factor for enzymatic degradation is that every degradation
reaction requires a free enzyme site. Initially, the water concen-
tration and number of linear PCL chains favor additional linear
chains in solution to balance the step 2 equilibrium. Degradation
in step 3 occupies an enzyme active site, before the enzyme
activated PCL chain is quickly released, consuming water and
regenerating free enzyme. When the linear chain and water
concentration equilibrate, the dominant driving force shifts to
the other available reactions. The initial water concentration is
not high enough to consume all high molecular mass chains, so
the rest of the high molecular mass chains degrade slowly, as seen
in GPC. These remaining linear chains in solution degrade at a
slower rate as the molecular mass distribution equilibrates to a
value consistent for the number of linear chains available.
Because equilibrium between degradation and propagation
is always present, excess water would be required to reduce
PCL to a ring-opened monomer unit. Excess water is defined
as accessible water above the concentration dictated by the
equilibrium in Step 2 between linear PCL chains and water.
Over 20% of the initial water concentration remained in the
degradation model once the molecular mass distribution reached
equilibrium.
While the trends are similar in the experimental results and the

model, the molecular mass distribution shifts to smaller chain
lengths than expected. Because the initial conditions define PCL
as only linear polymer chains, the cyclic chains that should be
accounted for in an enzymatically synthesized product are not.
However, the distribution of cyclic and linear chains cannot be
distinguished in conventional GPC analysis, and a distribution
inserted into the initial conditions could bias further kinetic
and mass distribution optimization. In the Supporting Informa-
tion,Mn versus reaction time and experimental GPC results from
degradation experiments and model predictions for a commer-
cially provided PCL are shown. Degradation occurs, but differ-
ences arise due to changes in end group functionality as com-
pared to enzymatic PCL.

’CONCLUSIONS

By discretely modeling every PCL chain length and chain type,
we have developed a model which describes the enzymatic
pathways which govern the polymerization and degradation of
poly(ε-caprolactone). This model describes the equilibrium

Figure 4. (a) GPC of degradation experiments at different reaction
times. (b) Modeled GPC for similar initial molecular mass distribution,
with the high molecular mass shoulder present in both the experimental
and model results.
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reactions between the enzyme-activated chains, linear chains, and
cyclic chains, which create PCL from ring-opened εCL and the
enzymatic degradation of PCL. For polymerization, the model
accurately described both the ring-opening rate and resulting
molecular mass distribution as a function of time. Removing trace
water in initial reaction components caused the reaction rate to
shift due to the decrease of the water concentration, which limits
the number of linear chains that can propagate. Enzymatic
degradation experiments use the same kinetic pathways to form
lower molecular mass products, and the same kinetic pathway
modeled the short time high molecular mass shoulder. Degrada-
tion initially proceeds quickly as high water concentrations
increase the availability of free enzyme sites to degrade chains.
But once the water is consumed, the degradation switches to a
much slower mechanism to degrade high molecular mass species
completely. Since the reaction pathway is dominated by equilib-
rium reactions, optimization of the kinetic pathways must
account for this effect and enable development of new reaction
designs which mitigate unwanted side reactions. Although the
model is applied to εCL as a model system in this treatment, the
principles and equations are general such that they should apply
to ring-opening polyester synthesis through enzyme catalyzed
transesterification, such as lactones, lactams, and cyclic
carbonates.
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