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The reaction of polyol and isocyanate monomers to form polyurethanes is commonly presented in a reaction chemistry 

that implies a step-growth mechanism for the polymerization.  However, viscosity versus temperature profiles of both 

experimental studies and gel-forming simulation studies indicate that degree of polymerization resulting from the 

reactions vary considerably from reactions with catalysts as compared to those without catalysts.  An extension of a 

simulation based solely on step-growth mechanisms to simulations that include chain growth via an active catalytic 

complex provides viscosity and temperature profiles that are consistent with the range of experimental data.  The results 

indicate that as catalytic mechanisms dominate the kinetics so also do chain growth mechanisms overwhelm step growth 

mechanisms.  Based on this mechanism, choice of catalysts can impact both rate of reaction and degree of polymerization 

length; both being of high importance in engineering urethane foams.

 Introduction 

The Polyurethane polymerization is a complex thermoset 

process with a formulation utilizing over a dozen degrees of 

freedom.  Formulations may be as simple as consumer spray 

foam canisters bought at the hardware store, to reaction 

injection mouldings that make complex automobile parts in a 

single process [1, 2, 3]. The kinetic parameters are affected by 

factors like the composition of the reaction mass, type of 

catalyst, and possible side reactions [4].  

Urethane is produced through alcohol-isocyanate reactions 

[5]. Moieties of alcohol and isocyanate are located on 

monomers (initially) and polymers which are formed after the 

reaction has begun. In addition to alcohol isocyanate reactions, 

catalysts attach to and detach from moieties throughout the 

reaction, providing reaction sites and increasing the reaction 

rate.  

Polyurethane polymerization and its kinetics have been 

studied by various researchers through chromatography, 

viscoelastic studies, intrinsic fluorescence, chemorheology, 

rheology and numerical fitting of experimental data. Based on 

these methods, different kinetics [6, 7] and mechanisms [5-11] 

have been introduced for urethane reactions. However, none 

of them were robust enough to successfully define this 

complex polymerization mechanism. Generally, two different 

approaches have been used to describe catalysed 

polyurethane polymerization. One mechanism includes 

catalyst forming a complex with isocyanate groups which will 

then react with an alcohol moiety to produce urethane. This 

reaction is often assumed to be an intermediate or equilibrium 

reaction, leading to hyperbolic reaction rate expressions [5, 

14]. The other mechanism describes polymerization by nth 

order reaction rate equations for all reactions, providing 

parameters and good fits to the experimental data. The second 

approach has been used by Zhao et al in the developments of 

a modelling package that is used as the starting point for the 

work presented in this paper [15].   

This paper is on the extension to the work done by Zhao et al. 

and Ghoreishi et al. to introduce fundamental reactions 

involved in association, reaction, and disassociation of catalyst 

complexes.  It is hypothesized that the resulting series of 

fundamental reaction mechanisms will result in a 

fundamentally-correct simulation package that can span the 

performances from purely step-growth non-catalytic urethane-

forming reactions to the “hyperbolic” catalytic behaviour 

mechanisms that may be more chain-growth in nature.  

In this paper, the catalyst is assumed to attach to both 

isocyanate and alcohol monomers and then undergo 

polymerization reactions. The goal is to determine if a series of 

parallel reaction mechanisms can span the transition from 

step-growth to chain-growth polymerization, depending upon 

the formulation being simulated.   

The mechanism for uncatalysed reactions is considered to be 

step growth polymerization with nth order reaction rate 

expressions [15]. These homogeneous reactions are presented 

in Table 1. Simulation code is written in a way that it can 

handle up to three different polyols (monomers), therefore, 

reactions 4 to 9 and 13 through 19 are the same as reactions 1 

to 3 and 10 to 12, respectively; the only difference is that they 

are written for different polyols. Reactions 21 through 34 are 
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Table 1 Homogeneous reactions describing polyurethane polymerization. A, B, P, k and 

C represent isocyanate, alcohol, polymer, reaction rate coefficient and concentration. 

Subscripts P, S, and HS stand for primary, secondary and hindered secondary alcohol 

moieties. k1c, k2c and k3c are homogeneous reaction rate coefficients for primary 

alcohol with isocyanate, secondary alcohol with isocyanate and hindered-secondary 

alcohol with isocyanate reactions, respectively. 

Rxn # Reaction Description Rate expression 

1        Monomer A + 

monomer B 

 

         

2                 

3                   

10         A on polymer + 

monomer B 

 

         

11                  

12                    

19         Monomer A + B on 

polymer 
 

        

20                 

21                  

 

water-isocyanate reactions. These reactions do not affect the 

simulation as the experimental results are gained from Voranol 

490 polyurethane gel system (no water is present gel systems). 

 

In the polyurethane polyaddition the catalyst is considered the 

initiator which forms a complex with isocyanate or alcohol.  In 

the poly-addition, the catalyst forms a complex that is 

assumed to survive the reaction process with a transfer of 

location in the molecule.  In reactions parallel to the addition 

reactions, are reactions of addition and disassociation of the 

catalyst to form and disassociate the complex.  Once the 

complex has disassociated, the rate of association of the 

catalyst is toward association with any free reaction moiety in 

the reaction mix.  

During polyurethane gel reactions, polymerization takes place 

within a matrix, inter-molecular reactions take place 

repeatedly and termination does not occur. However, a few 

monomers might stay in the solution even when the reaction 

is over and most of the time an initiator is needed. Also, at the 

beginning of the reaction, the backbone of the polymer chain 

increases rapidly in mass and the mass stays at the same value 

until the end. Based on these characteristics, it could be 

concluded that polyurethane polymerization does not follow a 

100% step growth or a 100% chain growth mechanism. It could 

be considered that addition polymerization complies the most 

with polyurethane polymerization. Most of the modelling work 

reported in literature is based on step-growth polymerization, 

but both are reported.  Bayer Co. reported producing 

polyurethanes by suspension polyaddition and Radhakrishnan 

et al. have reviewed the process [16]. 

An artefact of chain-growth polymerization, versus step-

growth, is that at the same conversion (e.g. 10% conversion of 

moieties) the chain-growth mechanism produces fewer 

polymer molecules which have higher molecular weight.  This 

translates to chain-growth polymerization systems having 

higher viscosities at the same conversions. 

To a first approximation, in near-adiabatic urethane gel 

reactions, the conversion is proportional to temperature 

increase as based on the assumption that the heat of reaction 

is approximately the same for all reacting moieties.  And so, a 

comparison of experimental data on viscosity versus 

temperature (or extend of reaction) in the presence of 

different (or no) catalysts can be used to identify relative 

kinetic chain lengths of polymerization processes.  If a 

formulation without catalyst and with different catalysts had 

the same viscosity versus temperature profiles it would be 

evidence of purely step growth mechanisms.  When variations 

of these profiles exist, larger kinetic chain lengths and degrees 

of polymerization would manifest as more-rapid increases in 

viscosity.  These trends will apply to systems where the 

catalysts do not impact viscosity through other mechanisms 

such as participating in the reactions as cross-linkers. 

Modelling basis 

Catalysed reactions are categorized into three groups: 

association to form a complex, disassociation of the complex, 

and propagation at the complex site. Termination does not 

happen in this particular system; therefore no reaction is 

counted as termination. All catalysed reactions used for 

simulation are listed in Table 2. Reaction rate constants are 

calculated using the Arrhenius equation. The values of pre-

exponential factors and activation energies used for the 

reaction coefficients are based on the type of alcohol moiety 

(primary, secondary and hindered secondary) that reacts with 

an isocyanate moiety.  Rate constants are independent of 

whether the moieties are attached to a monomer, oligomer or 

polymer molecule [17]. 

 

For the elementary reactions listed in Table 2, the term 

“association” is used in place of initiation since the initiator is 

not actually destroyed.  Also, the term “disassociation” is used 

in place of both termination and transfer since the catalyst is 

assumed not to terminate and since all transfer processes are 

assumed to go through the step of first dis-associating to the 

free catalyst.  

Propagation by IUPAC definition is "chemical reactions 

between a chain carrier and a monomer that results in growth 

of a polymer chain and regeneration of at least one chain 

carrier." In this system, isocyanate and alcohol moieties on 

polymer molecules react and form larger polymer molecules. 

The IUPAC definition does not include polymer-polymer 

reactions, but these reactions could be categorized under the 

propagation stage, as the IUPAC definition is mainly based on 

polymerization processes which involve two-functional 

monomers. 
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Table 2  Catalysed reactions describing polyurethane polymerization. A, B, P, X and C 

represent isocyanate, alcohol, polymer, catalyst and concentration and subscripts P, S, 

and HS stand for primary, secondary and hindered secondary  alcohol moieties. ka, kd, 

k1c, k2c and k3c are catalytic reaction rate coefficients for attachment, disassociation, 

primary alcohol with isocyanate, secondary alcohol with isocyanate and hindered-

secondary alcohol with isocyanate reactions, respectively. 

Rxn# Category   Reaction Rate expression  

35 
Catalyst + 

monomers 
Association  

              

36                     

37                     

38                        

39 

Monomer A + 

monomer B 

Propagation 
 

                    

40                    

41                      

42                      

43                      

44                         

45 

A on polymer + 

monomer B 
Propagation 

 

                       

46                        

47                           

48                       

49                       

50                         

51 

Monomer A + B 

on polymer 
Propagation 

 

                       

52                        

53                           

54                      
 

55                      
 

56                        
 

57 

A on polymer + 

B on polymer 

Propagation 
 

                         

58                          

59                             

60                        
 

61                        
 

62                          
 

63                            
 

64                            
 

65         
       

              
 

66 

Catalyst 

dissociation  

                

67                   

68                   

69                     

70              

71                 

72                 

73                    

74 
Catalyst + 
moieties 

Association 

                 

75                    
 

76                    
 

 

For this system, propagation takes place through reactions 39 

to 65, where new chains of polymer are formed and chains 

that have already been formed grow longer or form branches. 

During propagation, active sites on the growing molecule stays 

intact i.e. the catalyst stays attached but may move to the 

adjacent moiety, instead of going to the solution. 

During chain transfer, the active site on an oligomer or 

macromolecule is disassociated and transferred to the 

solution, another molecule or another site on the same 

molecule. Transfer reactions are reactions 66 through 73 

where catalyst molecule disassociates from its complex with 

isocyanate or alcohol moieties and goes to the solvent. 

Kinetic chain length is not often considered in the discussion of 

thermoset systems because the degree of polymerization is 

ultimately determined by cross-linking, not accounted for in 

traditional derivations on kinetic chain length.  However, at 

low conversions, and especially when interpreting how 

different catalysts can lead to faster increases in viscosity at 

the same conversions, the literature theories and 

interpretations related to kinetic chain lengths are useful.   

For chain polymerization, kinetic chain length is defined as the 

ratio of the rate of monomer consumption (propagation) 

divided by the sum of the rates of initiation and transfer [18]. 

For this system, initiation is the formation of the reacting 

complex (association). Furthermore, at steady state where a 

catalyst forms the reacting complex, the complex’s rate of 

association is equal to the rate of disassociation.  Equation 1 

expresses this equality, where 𝜈 is the kinetic chain length, r is 

reaction rate, and subscripts p, a, and d stand for propagation, 

association, and disassociation. 

   
  

      
 

  

      
 Eq. 1 

However, within the limit of low polymerization at the 

beginning of the reaction, transfer reactions take place by the 

catalyst disassociating and going into the solvent. Hence, rates 

of disassociation and transfer would become equal and 

equation 1 would simplify to equation 2. 

   
  

      
 

  

   
 Eq. 2 

Under the assumptions that association is always with 

moieties on monomers (as opposed to on polymers) and there 

is no cross-linking, the kinetic chain length is the degree of 

polymerization.  At low conversions, both cross-linking and re-

attachment of catalyst to an existing polymer are low since 

there are no polymer molecules at the onset of the reaction.   

For a simple homo-polymer reaction following the catalyst 

model of association (ra= ka [X][A]), propagation (rp = kp [BX] 

[A]), and disassociation (rd = kd [BX]), Equation 3 emerges, 

Where“[ ]” indicates concentrations and X, A and BX are 

catalyst, isocyanate and alcohol complex, respectively. 

   
  [  ][ ]

   [ ][ ]
 
  [  ][ ]

   [  ]
 Eq. 3 

Of these, the most useful derivation is Equation 4. 

    
  [ ]

   
 Eq. 4 

The utility of Equation 4 is in evaluating trends of the 

simulation code, where for simulations at the same initial 

concentration of monomer(s) and at low conversions (e.g. 

<70% conversion), higher ratios of kp/kd will lead to higher 

degrees of polymerization.  Preferably, the comparisons are 

where kp is constant and variations in the ratio occur due to 

changing kd; for comparisons under these constraints, the 

Page 3 of 8 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

systems will have similar temperature and monomer 

concentrations as a function of time.  This utility in evaluating 

simulation code applies to the more-complex co-polymer 

systems such as that described by the Table 2 reactions.   

The polymer degree of polymerization, by definition, is related 

to both the moles of monomer that have reacted and the 

moles of polymer that have formed as expressed by Equation 5 

on the basis of one litre (concentration in moles/litre) and 

constant density resin. 

    
[    ] [    ]

[ ]
 Eq. 5 

Equation 5 is written for the whole urethane system and 

assumes no polymer present at the start of reaction.  

However, the simulation results show a degree of 

polymerization of 2 which keeps increasing incrementally until 

the time at which temperature profile shows an inflection 

point. At this point, a rapid rise is seen in the degree of 

polymerization profile. To overcome this problem, 

homogeneous and catalytic degrees of polymerization were 

introduced (equations 6 and 7), where mrc, mrh, [P]c and [P]h 

represent monomers reacted via catalytic reactions, 

monomers reacted via homogeneous reactions, polymer 

produced (and consumed) by catalytic reactions and polymer 

produced (and consumed) by homogeneous reactions, 

respectively. 

     
   

[ ] 
 Eq. 6 

     
   

[ ] 
 Eq. 7 

Compared to homogeneous reactions, polymer formation 

happens at a much faster rate through catalytic reactions and 

does not need a relatively high temperature to occur. 

Furthermore, the heat generated by catalytic reactions 

increases the temperature of the system and helps carry on 

the homogeneous reactions. 

Degree of polymerization is the only variable that is needed for 

simulating the viscosity of a urethane system [9]. In this paper, 

viscosity is simulated by mixing rule, where the viscosity of the 

mixture is simulated based on the simulated mass fraction and 

viscosity of each component. Using group contribution 

method, Fu et al. simulated viscosity of each component 

separately [19]. Viscosity of the polymer molecule was also 

simulated using average molecular weight of the polymer 

which was a function of the overall degree of polymerization. 

In this paper, molecular weight of the polymer is separated 

into homogeneous and catalytic molecular weights, each being 

simulated using the relevant degree of polymerization.  

The following heuristics were used in this paper to facilitate 

the simulation of polyurethane polymerization: 

 The value of the reaction rate constant is 

independent of the catalyst being attached to alcohol 

or isocyanate moiety; it only varies based on the type 

of alcohol moieties (primary, secondary and hindered 

secondary) reacting with isocyanate moieties. For 

instance, k1 and k2 have the same values because 

they are both reaction rate coefficients for catalysed 

reaction between isocyanate and primary alcohol 

moieties. 

     
  
    

     
  
    

 Reaction rate coefficient for catalyst attachment is 

100 times the reaction rate coefficient of secondary 

alcohol moieties reacting with isocyanate 

(propagation). Note that from a programming 

perspective, this translates to the more-basic 

assumption that catalyst attachment is very fast 

relative to propagation rates. 

 Heats of reaction are the same for isocyanate 

reacting with primary, secondary and hindered 

secondary alcohols, in both homogeneous and 

catalysed reactions. 

 The value of heat of reaction is zero for all catalyst 

attachment and catalyst detachment reactions, as 

heat is not generated during catalyst association and 

disassociation. 

 After reacting with an alcohol moiety, the catalyst 

attached to an isocyanate moiety is transferred to an 

alcohol moiety. 

Experimental 

Polyurethane gels were produced using RUBINATE M 

(Standard Polymeric MDI, PMDI) as isocyanate, Voranol 490 

(Huntsman Company and Dow Chemical Co.) as 

alcohols/polyols,  N,N-dimethylcyclohexylamine(DMCHA) as 

catalyst8 and Momentive L6900 as surfactant. 

Each gel was prepared using Voranol 490, PMDI, 0.16% (mass) 

catalyst, and surfactant. Isocyanate index was kept at 1.1-1.2 

for all gels. Chemicals were mixed in a plastic cup with a drill 

press at 2000 rpm. Mixing rate was kept constant for all gels as 

it may affect the viscosity profiles [20]. Then the cup was put 

into a polyurethane foam box to insulate the gel system and 

reduce the heat loss. Temperature profiles were obtained by a 

type-k thermocouple attached through a National Instruments 

SCB-68 box to a National Instruments PCI 6024E data 

acquisition card synchronized with LabVIEW software. Also a 

Cole-Parmer basic viscometer was used to measure viscosity 

profiles. All experiments were carried out at room 

temperature, in order to avoid deviations in reaction kinetics 

and molecular weights of the polymer [21]. 

Results and Discussions 

Figure 1 shows viscosity vs. temperature profiles for V490 gel 

reactions. It is shown that at the presence of a catalyst, 

viscosity increases much faster at lower temperatures. This 

indicates of different polymerization mechanisms for catalytic 

and homogeneous systems under the assumption that the 
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temperature increase is closely related to the extent of 

reaction at these conversions.  

This could be explained by a mechanism where molecules with 

catalyst-moiety complexes follow a chain growth 

polymerization mechanism while molecules without catalyst-

moiety complexes follow a step growth polymerization. 

To simulate concentration and temperature profiles, Matlab’s 

ODE45 function simultaneously solves 34 differential 

equations. Figure 2 shows the simulation results superimposed 

with experimental data for the Voranol 490 gel reaction 

temperature profile. Equation 9 was used to simulate the 

temperature profile based on reaction rates. 

 
  

  
  

∑        
              

∑(    )
 Eq. 9 

Here, U is the overall heat transfer coefficient from the 

surroundings, A is the surface area which is the summation of 

base area and lateral area,  ∆Hgel i is the heat of gel reaction 

with respect to polyol i and ∑(n*Cp)  is the summation of heat 

capacities of all the chemicals used. 

Reaction rate kinetics for catalyst attachment and detachment 

reactions are presented in Table 3 where ka, kd, K, ha, hd and 

U are catalyst attachment reaction rate coefficient, catalyst 

disassociation rate coefficient, equilibrium constant, heat of 

reaction for catalyst attachment reactions, heat of reaction for 

catalyst disassociation reactions and heat transfer coefficient, 

respectively. Figure 2 shows concentration profile for the 

catalyst based on the kinetics presented in Table 3. 

Two methods are used to validate simulation results:  a) 

parametric trends that follow Equations 4 through 6 at low 

conversions and b) the ability of the results to fit experimental 

data on temperature and viscosity trends.  Figures 3a-3d 

provide these validations. 

Figure 3a illustrates that fit of the simulation results to the 

temperature profile are relatively independent of the value of 

kd, provided that kp and ka Arrhenius constant are maintained 

as constant. The interpretation of Figures 3b-3d is empowered 

by the assurance that all simulations follow the experimental 

data on temperature versus time. 

 

Figure 1 Viscosity vs. temperature profiles for homogeneous (squares) and 
catalytic (circles) V490 gel reactions. 

 

 

 
 

Table 3  Reaction kinetics for catalyst attachment and detachment reactions. 

ka kd K ha (J/mol) hd (J/mol) U (W/m2K) 

100kp 0.001 kca 1000 0 0 1 

Figure 3b follows the trends of Equation 4, where decreasing 

frequency of disassociation (lower kd) results in fewer new 

polymer chains forming and an overall lower concentration of 

polymers (concentration in mole/litre).  A consequence of 

lower polymer concentrations at the same extents of reaction 

(same temperatures) is shown in Figure 3c, where increases in 

degrees of polymerization (at low conversions) occur at lower 

values of kd. 

Finally, Figure 3d illustrates the impact of kp/kd on simulation 

of viscosity. As kp/kd decreases, viscosity is shifted towards 

the viscosity simulated by the step growth model. Another 

important artefact of Figures 3a-3c is that when the value of 

kd approaches and exceeds kp, the chain-growth model 

asymptotically approaches step-growth performance.    

  

Figure 2 Simulation results and experimental data for Voranol 490 gel reaction 
temperature profile (a), Simulation results for number of moles of catalyst versus 
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time (b) and number of moles of isocyanate monomer (monomer A), polymer (P) 
and isocyanate (A) and alcohol (B) moieties (c). 

 
Figure 3  Temperature (a), moles of polymer (b), catalytic and homogeneous degrees of 

polymerization (c) and viscosity (d) profile simulation results demonstrating the impact 

of kp/kd on profiles with ka=100 kp. 

Figure 3c shows simulation results for catalytic and 

homogeneous degrees of polymerization for different ratios of 

kp/kd. It is shown that as kd decreases, catalytic degree of 

polymerization increases, indicating the formation of more 

polymer molecules through catalysed reactions. However, an 

increase or decrease in kd has a minor impact on 

homogeneous degree of polymerization, as homogeneous 

reactions are slightly affected by values of kd. At high 

disassociation rate (small kp/kd), catalytic polymer 

concentration does not show a decrease in its profile although 

it is being consumed by the homogeneous reactions. Hence, 

the degree of polymerization does not rise as expected. This is 

due to the way the catalytic polymer is defined; it does not 

take into account the polymers with catalyst complexes that 

are consumed via homogeneous reactions. This results in 

polymer concentrations that are primarily affected by higher 

kp/kd. 

Figure 4 shows simulation results for a viscosity profile of 

Voranol 490 gel system using the old model (step growth) and 

the new model (chain growth). The new model seems to be 

simulating the viscosity more accurately, indicating that 

compared to the step growth mechanism, chain growth 

mechanism models the catalytic reactions in a more precise 

way. From t= 100 s to t=350 s, there is no useful information 

on how A side and B side moieties react. As a result of 

insufficient information on the system, the model shows a gap 

between the experimental data and simulation results. 

 

 
Figure 4 Viscosity as a function of time (a) and temperature (b) of catalytic 

(circles) and homogeneous (squares) V490 gel systems, simulated by the old and 
new model. Solid lines represent the new catalytic chain growth model and the 

dashed lines represent old step growth model. 
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Figure 5 Temperature profiles for Voranol 360 and PMDI (a) and Voranol 490 and MDI 

(b) and viscosity profiles for Voranol 360 and PMDI (c) and Voranol 490 and MDI (d). 

The symbols and the solid lines represent experimental data and simulation results, 

respectively. 

Two gel systems varying in isocyanate and polyol were chosen 
for testing the new approach on temperature and viscosity 
profiles. For the first system, Voranol 490 was substituted by 
Voranol 360 with no change in isocyanate, and for the second 
system, MDI was used instead of PMDI, with the polyol being 
Voranol 490. Isocyanate index and the amount of catalyst 

were identical to the Voranol 490 and PMDI system. Figure 5 
shows temperature and viscosity profiles for the new gel 
systems. The model lines are purely predictive to the kinetic 
parameters previously obtained. Simulation results show a 
reasonable fit to the experimental data, especially for V360 gel 
system. MDI is a solid substance and needs to be melted prior 
to mixing. This results in the solution having higher initial 
temperature, which impacts the kinetics of the reactions. The 
code has not been previously used for MDI gel systems, and 
was rarely used in higher initial temperatures. Besides, no 
modifications were made to improve its performance under 
the new conditions. However, the simulation results are 
relatively acceptable. The simulation results of both Voranol 
360 and MDI systems validate the new approach and kinetic 
parameters. 

Conclusions 

Since viscosity versus temperature profiles change with the 
addition of catalyst to a formulation, the polymer growth 
mechanism must also change with addition of catalyst.  Matlab 
based simulations of the urethane-forming reactions were 
performed using step-growth homogeneous polymerization 
with chain-growth catalyst polymerization.  

In general, simulation results for temperature profiles showed 
a good fit to the data, indicating reasonable heuristics for 
reaction rate coefficients, new catalytic reactions and relevant 
kinetic parameters.  Degrees of polymerization resulting from 
chain-growth catalytic mechanisms were simulated and 
provide a more-rapid rise in overall degree of polymerization 
versus extent of reaction as compared to homogeneous step-
growth mechanisms.  This confirmed that catalysts result in 
larger kp/kd ratios as consistent with chain growth.   

Viscosity profiles simulated by chain growth mechanism and 
homogeneous and catalytic degrees of polymerization show a 
better fit to experimental data, compared to the profiles 
simulated by the step growth model and one overall degree of 
polymerization.  Based on the simulation results, it is possible 
to consider that polyurethane polymerization follows both 
chain growth and step growth mechanisms simultaneously; 
catalysed reactions follow a chain growth mechanism while 
the uncatalysed reactions undergo a step growth mechanism.  
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