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Abstract
The rheological properties of polycaprolactone (PCL) are useful for handling and manufacturing of final products. In this work, we present the modification of a model developed by Zubov and Sin (2018) for polylactic acid (PLA) production. This model consists of three sub-models (macro-, micro- and meso-scale). Using experimental data from literature, we have found the values of kinetic parameters for proposed reaction mechanism of caprolactone ring-opening polymerization. To speed up the kinetic parameter estimation process, we decomposed the parametric space into two parts: (i) parameters associated with reactions that affect only monomer conversion, and (ii) parameters that influence the polymer mean molecular masses Mn and Mw. The agreement between predicted and measured data is discussed in this paper. 
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Introduction	
Nowadays there are trends around the world to substitute conventional polymers with biodegradable ones, such as polycaprolactone. This polymer is fully compostable and biocompatible, has a relatively low production cost and maintains structural rigidity in a physiological environment. Thanks to these properties it can be used in medicine as a drug carrier, to produce stitches or as a tissue scaffold (Behtaj et al. 2021). 

The information about polymerization kinetics and its relation to polymer chain length distribution is useful for production optimization to obtain material of desired properties. One of the most popular methods of industrial PCL production is ring-opening polymerization (ROP) of ε-caprolactone catalysed by stannous octoate with alcohol as a co-catalyst. (Wu et al. 2017). There have already been published some simple kinetic studies of PCL production by, e.g., Rafler and Dahlmann (1992), Punyodom et al. (2021) or Punyodom et al. (2022), which discussed the polymerization mechanism and focused on estimation propagation kinetics. Similarly to PCL, polylactic acid (PLA) is also produced by the ROP with stannous octoate as the catalyst – this analogy has been used by Rosa et al. (2018), who used the same kinetic model including the same kinetic rate coefficients as Yu et al. (2011) did previously for PLA. 

The rheological properties of polymer melt are useful for handling and manufacturing of final products. These properties are dependent on many factors, including the type of monomeric unit(s) and chain architecture. One of the state-of-the-art tools in the prediction of polymer melt rheological properties is the publicly available Branch-on-Branch (BoB) software published by Das et al. (2006). Combining this software with a model which simulates evolution of polymer chain architecture enables one to predict the rheology of the product melt during the polymerization reaction. This approach was already applied by Zubov and Sin (2018) for the ROP of PLA. 

In this work, we are presenting the modification of a model by Zubov and Sin (2018) for PCL. This model consists of three sub-models (macro-, micro- and meso-scale) and aims to predict the rheological properties of polymer melt using reaction conditions. We decided to use the same kinetic scheme as was proposed by Yu et al. (2011) for the ROP of PLA.  For estimation of the elementary reactions’ kinetic constants, we used the experimental data published by Wu et al. (2017).
Methodology
Thanks to multi-scale modelling we can combine different types of information and strengths of different approaches. As it was mentioned before, our model is based on the work of Zubov and Sin (2018) and consists of 3 sub-models (macro-, micro- and meso-scale). The macro-scale and micro-scale models have been implemented in FORTRAN programming language. The last part, meso-scale model, is publicly available as C++ code and was developed by Das et al. (2006). 
Macro-scale model
The first part is a simulation of the batch polymerisation reactor. Inputs to this sub-model are the initial composition of the reaction mixture (concentrations of monomer, catalyst, and co-catalyst), temperature and duration of the reaction. By solving the population and material balances (set of ODEs) are obtained temporal evolutions of concentrations, reaction rates, monomer conversion and number- and weight-average molecule masses of polymer, Mn and Mw, respectively. 

Because of similarities between the two processes, we assume that the polymerization mechanism of PCL should follow that of PLA, with the only difference between them being the number of monomer units in one monomer molecule. For the ROP of PLA, L, L-lactide is used as a monomer molecule which contains two monomer (lactoyl) units. In the case of PCL, ε-caprolactone consisting of only one monomer unit is used. The modified kinetic scheme is presented in Figure 1. Reaction scheme published by Yu et al. (2011) for lactide ROP has been modified for ROP of ε-caprolactone. In Figure 1 M stands for monomer unit (ε-caprolactone), C for catalyst (tin (II)octoate) and A for octanoic acid. Symbols Rn, Dn and Gn are used for the active (growing), dormant and terminated chains of length n, respectively. The co-catalyst (typically alcohol) molecule can be denoted as D0. Apart from reversible catalyst activation and active chain propagation, the kinetic scheme involves also reversible chain transfer, intermolecular transesterification and nonradical chain scission.

The kinetic parameters of propagation, chain transfer, transesterification and chain scission follow the Arrhenius dependency on temperature. Therefore, we need to estimate the preexponential factors kp0, ks0, kte0, kde0 and activation energies Ea,p, Ea,s, Ea,te, Ea,de. In contrast to Zubov and Sin (2018), we did not assume temperature-independent kinetics of chain transfer. It is assumed that catalyst activation is much faster than other reactions, so the kinetic constant of this reaction is set to  L/mol/h. For calculation of the kinetic constant of catalyst deactivation, the equilibrium condition, , is used and it is assumed that equilibrium constant Keq is temperature dependent in the following way:
	
	(1) 


The value of the depropagation rate coefficient  is calculated as , where monomer equilibrium concentration  is assumed dependent on temperature via reaction enthalpy and entropy according to 
	
	(2) 



The model further details on the model can be found in paper by Zubov and Sin (2018). 
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[bookmark: _Ref142306943][bookmark: _Ref151109047]Figure 1. Reaction scheme published by Yu et al. (2011) modified for PCL ROP from ε-caprolactone.
Micro-scale model
The Monte Carlo model is based on a stochastic simulation algorithm for dynamic modelling of coupled reactions which was pioneered by Gillespie (1976). We are following the hybrid Monte Carlo approach, as described in Zubov and Sin (2018), which uses the temporal evolutions of concentrations and reaction rates pre-calculated by the macro-scale model and simulates only the growth of polymeric chains step-by-step. This results in prediction of polymer chain architecture and its evolution in time. The hybrid approach offers a significant increase of computational efficiency of the Monte Carlo (micro-scale) simulation when compared to the original formulation by Gillespie (1976).
Meso-scale model
The last part of our multi-scale modelling framework is prediction of the rheological properties (loss and storage moduli, complex viscosity) using the distribution of molecular masses generated by the Monte Carlo model. The employed model of chain reptation is based on tube theory and was developed by Das et al. (2006). Besides the polymer chain architecture or mean molecular masses (in the case of linear polymers) this model also needs as input the temperature at which the rheological properties should be calculated, the molecular mass of monomer, density, mean chain entanglement length and characteristic (mean) entanglement time. 
Estimation of kinetic parameters
We have re-implemented the macro-scale model in MATLAB environment for kinetic parameters estimation. MATLAB was chosen because of built-in global optimisers that are already parallelised. 

For the reaction mechanism described in previous subsections, we needed to estimate 12 parameters. We have decided to decompose the problem into two parts: (i) estimation of parameters of reactions that affect only the monomer conversion, and (ii) estimation of parameters of reactions that change the polymer mean molecular masses Mn and Mw. For this task, we have used experimental data from the literature which were published by Wu et al. (2017), who conducted 6 experiments. Four of them were performed with the same concentration of monomer [e-CL]0 = 3 mol/L at different temperatures (60, 70, 80, and 90°C). The other two experiments were carried out at 80°C and the initial monomer concentration varied (1.5 mol/L and 0.5 mol/L). The initial concentrations of monomer, catalyst (tin octoate) and co-catalyst (n-butanol) were in all experiments set to the same ratio, [e-CL]0:[Sn(Oct)2]0:[n-butanol]0 = 300:1:1.

The experimental data consisted of values of Mn, Mw and caprolactone conversion measured in time. We used the whole available dataset (from all six experiments) for estimating the first six parameters. However, to estimate the rest of the six parameters (affecting the change in mean molecular weights), we used only the experimental data at 70, 80 and 90°C (all with [ε-CL]0 = 3 mol/L), as the course of the measured average molecular masses of polymer in the omitted experiments did not follow the expected trends, could not be rendered by the model predictions not even qualitatively, and was probably burdened with experimental error. MATLAB genetic algorithm from the Global Optimization Toolbox has been employed to estimate the desired kinetic parameters. 
Results
As stated above, first we have found the parameters affecting the monomer conversion. Values of estimated parameters can be found in Table 1. The comparison of model predictions compared to experimental results – in good agreement between both – can be found in Figure 2. 

[bookmark: _Ref151915200]Table 1. Values of parameters affecting monomer conversion.
	Parameter
	Value
	Unit

	A
	-40506.8
	K

	B
	127.588
	-

	kp0
	4.53873∙1011
	L/mol/h

	Ea,p
	73.4463
	kJ/mol

	
	-9.56587
	kJ/mol

	
	-6.80662
	kJ/mol/K



[bookmark: _Ref151393251]Figure 2. Comparison of model and experimental results of monomer conversion evolution.
[bookmark: _Ref151394136]Using the values of the first six parameters we found values of the remaining six ones, which are describing the kinetics of reactions between polymeric chains without the monomer influence.  Values of these parameters are summarized in Table 2. Simulation results compared with experimental data can be found in Figure 3. The agreement with experimental data in this case is significantly worse than for the monomer conversion. Qualitatively, the observed trends are described well by the model predictions, including the initial increase of the molecular weights due to fast propagation and subsequent decay due to polymeric chains re-shuffling. This suggests that the kinetic scheme used previously for PLA production can be used for PCL modelling as well. The quantitative discrepancy between model predictions and measured data can be caused either by small data set or lower quality of experimental data. 
Table 2. Values of parameters related to reactions involving only polymeric species.
	Parameter
	Value
	Unit

	ks0
	4.173∙1019
	L/mol/h

	Ea,s
	186.27
	kJ/mol

	kte0
	5.014∙1019
	L/mol/h

	Ea,te
	158.40
	kJ/mol

	kde0
	9.045∙1018
	1/h

	Ea,de
	148.35
	kJ/mol



[bookmark: _Ref151394211][bookmark: _Ref151394205]Figure 3. Comparison of model and experimental results of mean molecular masses evolution.
Conclusions & future work
We have modified the model of Zubov and Sin (2018) to simulate polycaprolactone (PCL) production. We have assumed the same kinetic scheme for the ring opening polymerization (ROP) of e-caprolactone as was previously used for the modelling of PLA production by ROP. For this scheme we have estimated kinetic parameters using the experimental data published by Wu et al. (2017). We have achieved good agreement between simulated and experimental values of monomer conversion. Although qualitatively polymer mean molecular masses can be predicted by the presented model, the quantitative agreement is weaker. Because of that we are actively seeking for another experimental datasets (especially those carried out at higher polymerization temperatures), so that we can re-estimate kinetic parameters of our model. In the future we are planning to perform global sensitivity analysis of our model. We are also planning to modify our model, so that it will be able to simulate production of branched polymers. 
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