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Summary

Random and block copolymerization of lactones, such as L-lactide and e-caprolactone, can be
modelled using mathematical equations to describe the polymerization kinetics and the
evolution of polymer composition over time. MATLAB is a powerful tool for such simulations due
to its flexibility and numerical computing capabilities.

Here's a basic outline of how you could approach this in MATLAB:

Define Reaction Kinetics:
Define the rate equations for the polymerization of L-lactide and e-caprolactone. These equations
should include terms for initiation, propagation, and termination reactions.

Set Initial Conditions:
Specify the initial concentrations of monomers, initiators, and any other relevant species.

Numerical Integration:
Use MATLAB's ODE solvers (Ordinary Differential Equations) to numerically integrate the rate
equations over time. The ode45 function is commonly used for this purpose.

Plot Results:
Plot the evolution of monomer and polymer concentrations over time. You can use MATLAB's
plotting functions to visualize the polymerization process.

Random Copolymerization:
If you are modelling random copolymerization, consider introducing random sequences of
monomers during the propagation step.

Block Copolymerization:
For block copolymerization, you'll need to introduce a stepwise approach where one monomer
is polymerized first, and then the second monomer is added in a subsequent step.

The effects of varying monomer compositions as well as polymer chain lengths on the
copolymerization’s were experimentally investigated. A mathematical model is developed
considering reversible initiation, propagation, chain transfer, and transesterification reactions.
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Here's a simplified example code snippet in MATLAB to give you an idea:

**x Polymerization Reaction Kinetics **

The system of ordinary dif ferential equations (ODEs)describing the polymerization reaction kinetics is given by

din
dt
dys .
dt B
dys
elt

=k cys+kayr oy
Y1: concentration of L-lactide

Y2: concentration of e-caprolactone

Y3: concentration of polymer

K1: rate constant for L-lactide polymerization

K2: rate constant for e-caprolactone polymerization

xx Set Initial Conditions *x

The initial conditions are set as follows:

Initial concentrations: [1.0,1.0,0.0]

** Solve ODEs Numerically xx

The ODEs are solved numerically over the time interval ([0,10]).

*xx Plot Results **

The concentrations of L — lactide

€ — caprolactone, and the polymer are plotted over time.
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Moreover, it is demonstrated that the model can be utilized to elucidate comparable traits in the
more rapid catalysts of the next generation, utilizing the "asme" catalyst archetype. This
establishes the groundwork for expeditious catalyst development, catering to industrial
requirements for swift and non-hazardous alternatives to the commonly employed toxic ROP
catalyst, Sn octanoate, thereby bridging the divide between academic research and industrial
applications.

A mathematical framework has been constructed to account for reversible initiation,
propagation, chain transfer, and transesterification reactions in the context of ring-opening
copolymerization’s involving |-lactide and e-caprolactone. The model takes into consideration
diffusion control associated with polymer chain length. Remarkably, the model provides accurate
predictions for monomer conversions, number-average molecular weights, polydispersity index
values, and cumulative copolymer compositions in the described copolymerization processes.
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Report

During the project we have established a dynamic simulation model that can describe the
copolymerization of lactide and -caprolactone catalysed with novel catalysts. This includes the
setup of a suitable reaction network considering relevant side reactions, the description of the
system with differential mass and population balances and consecutive algebraic equations, the
discretization and solution of the resulting system of equations with suitable methods and the
implementation of the developed methodology. Relevant chemical and thermodynamic material
properties are to be determined experimentally in our laboratories.

The aim of the project is to develop a simulation model for the copolymerization of lactide and
e-caprolactone, through which the underlying physical effects can be understood in more detail.
This model should also enable relevant quality characteristics of the product to be predicted
based on the adjustable input variables, such as composition of the reactants and temperature,
and thus ultimately enable optimization of the operating point of the polymerization and a
model-based scale-up to be carried out.
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Introduction

Humankind has come to rely on fossil-derived plastics for many everyday uses. Up to 2015, it is
estimated that a staggering 8.3 billion metric tons of plastics have been manufactured.

(1) Given their incredible durability, synthetic polymers are predicted to persist in landfills for
centuries to millennia.

(2) Moreover, the leakage of plastics to the environment is a global pollution crisis, with an
estimated 4.8 to 12.7 million metric tons of plastics entering the world’s oceans each year.

(3) One solution to these global challenges is the use of bioplastics. PLA and PCL are currently
one of the most prominent and promising bio-based biodegradable polymers and can
substitute polyethylene or polyethylene terephthalate in many applications.

The broad application range can even be extended by using a co-monomer like e-caprolactone.
However, the production of PLA and PCL based copolymers is not fully sustainable since the
industrially used catalyst tin (ll) octoate is toxic and remains inside the final product. Considering
the biodegradable nature of lactide and e-caprolactone based polymers, toxic tin remains after
degradation of the polymer and accumulates in the environment. For this reason, the
Department of Inorganic Chemistry at RWTH Aachen University develops robust and non-toxic
zinc based. These catalysts not only enable polymerization to PLA and PCL, but also are highly
active in copolymerization. In contrast to the industrially used catalyst, further relevant effects
occur with these novel catalysts. In this work, a reaction model for the copolymerization of lactide
and e-caprolactone is to be implemented in MATLAB and Python.

Catalyst: Ring-Opening-Polymerization with N, O Zinc Guanidine Catalysts,

[ZnCl,(TMG5NMezasme)]
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General:
® Robust
> Polymerization in polymer melt
> Industrially relevant conditions
® Non-toxic
®  Easy Synthesis
High catalytic activity

Proven performance in ring opening polymerization.

Hypothesis: Ligand of the catalyst acts as chain starter = catalyst concentration decreases

Molecular weight and end group analysis support hypothesis: The hypothesis suggests that in a
catalytic reaction, the ligand of the catalyst serves as a chain starter, initiating the reaction. As
the concentration of the catalyst decreases, there may be a proportional decrease in the
initiation of reaction chains, potentially leading to a reduced overall reaction rate. This
assumption is grounded in the idea that the catalyst, particularly its ligand, plays a crucial role in
the initial steps of the reaction, and a decline in its concentration could hinder the efficiency of
the catalytic process.
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Copolymerisation Model for PLA and PCL:

A model is established for the bulk ring-opening copolymerization, assuming the catalytic
mechanism involving [ZnCI2(TMG5NMe2asme)]. The copolymerization of lactic acid (ILA) and &-
caprolactone (e-CL) is investigated at 140°C using hydroxyethyl methyl acrylate (HEMA) as the
alcohol initiator. HEMA is chosen to generate macromonomers for subsequent free-radical
copolymerization. The model incorporates diffusion control arising from increased viscosity
and monomer consumption in the reaction system. Model parameters are derived from
experimental data in the literature. The resulting model is validated and employed to forecast
the copolymerization outcomes of I-LA and €-CL, enabling the production of copolymers with
diverse compositions at fixed chain lengths and varied chain lengths at a constant composition.
This model is valuable in designing and synthesizing biodegradable macromonomers, offering a
strategy for tailoring chain structures through predicted monomer addition strategies based on
the model.
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Why Outputs are important?

Conversion Influences composition and resulting polymer
properties.
Molecular Weight Distribution Influences the tailored properties, product

consistency and stability.

Influences the processing efficiency and end
use applications.
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Reaction network for the Copolymerization:

Catalyst Activation: C+ROH < Ro+ A
Small Molecules:

M1: Monomer I-LA (i=1)
Dn,i+ C & Rnli'l'A
M2: Monomer €-CL (i=2)

C: Catalyst
Chain Initiation: Ro+ M; > R,
ROH: Alcohol (HEMA)
Ro: Initiator (Oct-Sn-OR)
Chain Initiation by Catalyst: C+M, &> D;
Chain Propagation: Rui+ M;¢> Ry
Large Molecules:
. Ry, i : Active polymer chain
Intermolecular transesterification: Rui+ Rinj > Rpsm—pi+ Ry,

Dy, i Dormant polymer chain

Rn’i + Dm,} H Rn+m—p,i + Dp’j

Chain Transfer: R+ ROH <> Dy + Ro

Rn,i+ Dm,j 4 Dn,i+ Rm,j

— 19 reactions were involved in the model.
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Modelling of Reaction Network:

{ Reaction network

A 4

Mass balances +

population balance

A 4

System of ordinary differential
equations

A 4

Conversion,

Population balance:

> forn=10,000:

» 40,006 ordinary differential equations

Method of moments:

e Calculation of averaged molecular properties

(oo}

)Lk = z kax

n=1
» for0.to 2. moment: 19 ordinary

Differential equations

Molecular Weight Distribution

The linear ODE for the initial monomer concentrations are as follows,

For Monomer-1 (Polylactide),

{aM1}/{dt} = —kpiimiro+xga op — Kp20xe our T Klatxga o

For Monomer-2 (Polycaprolactone),

{dM2}/{dt} = —kgooymaro+x(c o — Kp123X0a oz T Kita2dx, o) — Kicmzyemz]

For the Co-initiator of the reaction system i.e., (Oct-Sn-OR)

{dRO}/{dt} = —kgpi13rom1 — kgpaziromz + kiaoycron — kiaaoyroa + kitr11}ronx, o

+ Kir223RoHX ¢, o = Kier113ROY 4 o) — Kier223R0Y () 0y,
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Similarly for the zeroth order of moments,

dX LAD
dt

2k,11 X1 o(Xza 1 — X1za0) — 2ke12X14 o(Xer 1 — Xer o) 4

koot Xor o(Xra1 — Xrao) + ke Xer o(Xez 1 — Xerzo))
(ko1 Xza0(Yza1 — Yoao) + kw2 Xrao(Yora — Yer o))
Fre(ksuXza o(Yoa1 — Yoa o) + ka2 Xra o(Yer 1 — Yor o) |
koot Xer o(Yoa1 — Yoao) + ke Xeor o(Yora — Yor o))

=kt ROM1 + kym Xor oM1 — kpiaXpa M2 — kgaa Xpa oA
kY4 0C + Fie(kaiXpa o + keXcr o) — kanXrao — k11 Xra oROH A
kir11Yra 0RO — 1o Xpa o(Yoa o+ Yor o) + koo Yoa o(Xza o + Xer o)

2F1c (ko1 Xz o(Xpa1 — Xpao) + keraXra o(Xera — Xero) 4

T
kioXer oA+ Fo(kanXpa 0+ koXer o) — kaXer o

kiraa Xor oROH + kyaoYor oRO — ko Xer o(Yoao + Yer o)
ka1 Yor o(Xoa o+ Xer o) = 2(kenXor o(Xpa1— Xpao)

( )
ke19 X4 0(Xez 1 — Xero) + ke Xor o(Xpas — Xpao) A
ke Xor o(Xera — Xero)) — kenXer o(Yoan — Yiao)
ke Xor o(Yor 1 — Yor o) + Fae(kenn Xpa o(Yza 1 — Yra0) 4
koo Xpa 0(Yor 1 — Yero) + kenXer o(Yoa1 — Yoao) 4
ke Xero(Yera — Yero))

dXoro _ AMJRUJUQ | kplzXLA M2 kpuX(’L ]ﬂf[1 i kqu(’L [O

ko Xor o(Xer 1 — Xer o)) + 2Foc(kan Xpa o(Xpa 1 — Xpao) 4
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Modelling of Diffusion-Controlled Propagation and Transesterification:

We use an encounter-pair model with rate constants calculated via a semi-empirical approach
based on free volume theory, considering two diffusion-controlled termination rate coefficient
regimes.

As the reaction progresses to high conversion and the chain length increases, the bulk reaction
system tends to become more viscous. This viscosity hinders the rate of reaction by impeding
the diffusion of the reacting species. In accordance with a classical encounter-pair model, the
rate constants for propagation and transesterification can be expressed as follows.

The following are the equations used in our model:

1 1 1

AL L -1 -1
kpii kpii,c  kpiip kpii a exp(vf ), kxii (04 eXp(Vf
1 1 1

L +

Increasing Chain
Length

Increasing
Conversion

High Viscosity
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Results and Discussion:
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Conversion determines chemical reactivity, mechanical strength, and thermal stability.

In the context of copolymerization of lactones such as Polylactide (PLA) and Polycaprolactone (PCL),
conversion refers to the extent to which monomer units have reacted to form the copolymer. The
degree of conversion in copolymerization plays a crucial role in determining various properties of the
resulting copolymer.

1. Chemical Reactivity:

High Conversion: A high degree of conversion implies that a significant portion of the monomer units
have participated in the copolymerization reaction. This generally leads to a more chemically reactive
copolymer with a well-defined structure.

Impact on Reactivity Ratios: The reactivity ratios of the monomers (PLA and PCL) influence the
composition of the copolymer. High conversion allows for better control over the copolymer
composition, affecting its overall chemical reactivity.

2. Mechanical Strength:

Effect on Molecular Weight and Chain Structure: The degree of conversion influences the molecular
weight of the copolymer and the arrangement of polymer chains. Higher conversion often results in
longer polymer chains, contributing to improved mechanical strength.

Interplay of PLA and PCL Units: Depending on the conversion, the copolymer will contain varying
proportions of PLA and PCL units. The combination of these units in the polymer chain can affect
mechanical properties.
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3. Thermal Stability:

Influence on Thermal Properties: The degree of conversion can impact the thermal stability of the
copolymer. Higher conversion generally leads to copolymers with enhanced thermal stability due to the
formation of a more interconnected and stable polymer network.

Melting and Glass Transition Temperatures: The thermal behavior, including melting and glass transition
temperatures, is influenced by the copolymer composition, which is, in turn, influenced by the degree
of conversion.
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Dispersity determines the material consistency and performance.
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In the context of copolymerization of lactones like Polylactide (PLA) and Polycaprolactone (PCL), dispersity
is a critical parameter that significantly influences the material consistency and performance of the
resulting copolymer.

Material Consistency:

Definition of Dispersity: Dispersity, often expressed as the polydispersity index (PDI), is a measure of the
distribution of molecular weights within a polymer sample. A low dispersity indicates a narrow molecular
weight distribution, suggesting a more consistent and uniform structure.

Impact on Material Homogeneity: In the copolymerization of PLA and PCL, maintaining low dispersity is
essential for achieving a homogeneous distribution of monomer units along the polymer chains. This
contributes to consistent material properties.

Performance Characteristics:

Polymer Chain Length and Performance: Dispersity directly affects the length of polymer chains in the
copolymer. A low dispersity implies that most polymer chains have similar lengths, contributing to
consistent and predictable performance characteristics.

Influence on Mechanical Properties: The mechanical properties of copolymers, including tensile strength
and elasticity, are influenced by the dispersity. A narrow dispersity often results in copolymers with more
predictable and reproducible mechanical performance.

Processing and Application Considerations:

Impact on Processing Stability: Consistent dispersity is crucial for stable processing conditions during the
copolymerization reaction. It ensures uniform melting and flow behavior, which is essential for various
processing techniques such as extrusion, injection molding, etc.

Predictable Application Performance: Copolymers with low dispersity exhibit more predictable and
reliable performance in specific applications. Whether used in biomedical devices, packaging materials,
or other applications, a consistent material is essential for meeting performance requirements.

Control over Copolymer Composition:

Influence on Monomer Distribution: Dispersity plays a role in determining the distribution of PLA and PCL
units within the copolymer. Low dispersity aids in achieving a well-controlled and defined composition,
enabling the tailoring of material properties to meet specific needs. In summary, dispersity is a crucial
factor in the copolymerization of PLA and PCL, influencing material consistency and performance.
Maintaining low dispersity is key to achieving a uniform structure, predictable mechanical properties, and
ensuring that the copolymer meets the desired specifications for various applications. Control over
dispersity enhances the reproducibility and reliability of copolymer performance.
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kCM influences the conversion of the Lactide much than that of the Caprolactone

[50;50;5;1]; % molar ratio of M1:M2:
ROH:C, [kCM1, kCM2 = 1e™4, 1 e74]

[50;50;5;1];% molar ratio of M1:M2:
ROH:C, [kCM1, kCM2 = 1e73, 1 e3]
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Conclusion

A dynamic model is developed to describe the Sn(Oct)2-catalyzed ring-opening copolymerization of lactic
acid (I-LA) and epsilon-caprolactone (e-CL). This model considers monomer conversions and polymer
chain characteristics such as molecular weight (Mn), polydispersity index (PDI), and cumulative copolymer
composition. The influence of polymer chain length on diffusion control is incorporated into the model.
The validity of the model is confirmed through comparison with experimental kinetics data from the
literature, specifically for the bulk ring-opening homopolymerization of I-LA or e-CL. The model is
employed to simulate the ring-opening copolymerization of I-LA and e-CL at 140°C, considering variations
in monomer compositions and chain lengths. Furthermore, the model demonstrates accurate predictions
for the kinetics of the ring opening copolymerization of |-LA and e-CL.

The particular results were achievable with the help of Mr. Niclas Conen, Mr. Christoph Kabatnaik and
Dr. Andreas Jupke, Chair of Fluid Process Engineering, AVT.FVT RWTH Aachen University.
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