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ABSTRACT 
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Acrylamide and sodium acrylate are copolymerized in aqueous solution to study the influence 

of monomer concentration and ionic strength onto the reactivity ratios using in-situ 1H NMR. 

Increasing the monomer content leads to larger reactivity of the ionized monomer. At low 

monomer concentration, this effect was reproduced by adding NaCl to increase the ionic 

strength, indicating that the reaction kinetics is largely governed by charge interactions. On the 

contrary, this was not observed at higher monomer content, suggesting that non-electrostatic 

effects are mainly responsible of the monomer concentration dependence at these conditions. 

A comprehensive mathematical model was developed to predict copolymer composition as a 

function of monomer concentration and ionic strength. It is based on a previously-proposed 

rate law of propagation for ionized monomers, which has been expanded to cover any 

ionization degree of acrylic acid. The model is capable to reproduce composition data from 

different sources obtained in a wide range of reaction conditions. 

 

KEYWORDS 

acrylamide; acrylic acid; free-radical polymerization; reaction kinetics; electrostatic screening; 

reactivity ratios 

 

 

 

 

 

 

 



 3 

Introduction 

Copolymers of acrylamide (Am) and acrylic acid (AA) are polyelectrolytes of great industrial 

relevance due to their wide range of applications. These water-soluble polymers exhibit 

peculiar properties in solution which make them suitable for several uses in separation 

processes and in the modification of the physical behavior of fluids. Am/AA copolymers are 

commonly employed as flocculating agents in waste water purification, to reduce drag in 

pipelines, in enhanced oil recovery by polymer flooding, and more generally as additives for 

thickening, binding, lubrication, crosslinking, etc. [1-4]. 

The many application properties of Am/AA copolymers and, more generally, of 

polyelectrolytes are primarily determined by their fundamental polymer features such as 

average length, composition, and microstructure of their polymer chains [5]. The possibility to 

tune these features during the polymer synthesis makes polyelectrolytes very versatile in the 

context of the industrial uses [6]. With this respect, comprehensive and reliable polymerization 

models represent invaluable tools towards the design of the reaction conditions suitable to 

control the polymer properties with enough accuracy. To this aim, a deep and reliable 

understanding of the kinetic behavior of such systems is a crucial requisite. 

Another important factor affecting the properties and solution behavior of polyelectrolytes is 

represented by the electrostatic interactions originating from the charges within the polymer 

chains [7]. The nature and extent of such interactions are determined primarily by the 

electrostatic properties of the repeating units in the chains, namely the number, sign, and 

displacement of the monomer charges. In this context, the linear charge density of the polymer 

is a relevant parameter to correlate the monomer charge properties and the chain composition 

with the electrostatic features of polyelectrolytes [8,9]. 

Polyelectrolytes are often composed of ionizable monomers: in this case, the presence of 

ionizable moieties leads to the formation of charges on monomer and polymer depending on 
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the degree of dissociation of the monomer units. For water-soluble ionizable species, the 

dissociation constants of the acid or basic groups determine the charge concentration of the 

monomer/polymer mixture in water. However, the degree of dissociation of such species can 

be adjusted by modifying the solution pH (i.e., upon addition of a strong base or acid to the 

system), especially when the ionizable monomers are weak acids or bases: this way, the 

solution pH becomes a relevant parameter to tune the magnitude of the electrostatic interactions 

of aqueous polyelectrolyte systems. Another factor influencing the extent of the charge 

interactions in polyelectrolytes is the ionic strength of the solution: namely, the addition of an 

electrolyte (e.g., NaCl) to the system can induce a screening of the repulsion forces between 

the charges based on its concentration, according to the so-called phenomenon of electrostatic 

screening [10]. 

The electrostatic interactions arising from the presence of charges in polyelectrolyte systems 

can have an impact not only on the polymer properties but also on the reaction kinetics during 

the free-radical polymerization of ionized and ionizable monomers. For instance, the repulsion 

between equally-charged side-chain moieties of an ionized monomer molecule approaching 

the ionized terminal unit of a radical polymer chain is likely to hinder the propagation kinetics 

by reducing the rate of monomer diffusion toward the radical [10-13]. It is apparent how the 

reaction parameters governing the impact of the electrostatic interactions in polyelectrolyte 

systems, e.g. ionic strength and pH, can be in principle used to tune the fundamental polymer 

and polymerization properties through their effect on the reaction kinetics. 

In this paper we focus on the Am/AA aqueous copolymerization with the aim of investigating 

the kinetics of the system as a function of the electrostatic interactions as well as of the relevant 

parameters affecting their behavior. The kinetics of Am/AA radical copolymerization has been 

thoroughly investigated in the past decades with specific focus on the analysis of the 

composition behavior of the system. In this regard, studies on the estimation of the reactivity 
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ratios for Am/AA have been carried out by several authors, and a large variety of data has been 

produced [14-18], whereas the main results have been summarized in a recent publication by 

Preusser et al. (cf. Fig. 1 in such paper) [19]. In particular, a comprehensive study on the effect 

of reaction parameters such as pH and ionic strength on the composition behavior of Am/AA 

copolymer system has been carried out by Rintoul et al., defining general trends for the 

estimated reactivity ratios as a function of the explored reaction conditions [17]. 

Generally, an increase of 𝑟𝑟𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴⁄  and decrease of 𝑟𝑟𝐴𝐴𝐴𝐴 =

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴⁄  (with 𝑘𝑘𝑝𝑝,𝑖𝑖/𝑗𝑗 indicating the rate coefficient of the propagation between a 

radical chain with terminal unit of monomer i with a monomer j) upon increasing pH or 

decreasing monomer concentration has been observed by the previous authors, pointing out the 

existence of a crossover pH for the reactivity ratios [17]. The possibility to control the 

copolymer composition of Am/AA by manipulating pH and ionic strength has been 

investigated by Paril et al., who identified specific reaction conditions to avoid composition 

drift [20]. Recent works by Riahinezhad et al. have been focused on the effect of reaction 

parameters governing the electrostatic interactions on the reactivity ratio estimations as well as 

on the copolymer microstructure (i.e., triad fractions) for Am/AA copolymerization [21]: 

particular attention has been dedicated to ionized AA and to the role played by the ionic 

strength [10]. 

In the last years, well-detailed characterizations of the composition behavior of radical 

copolymer systems have become possible thanks to the development and application of the so-

called in-situ NMR technique, which has been employed to investigate in a comprehensive way 

the composition behavior of relevant polymer systems, including Am/AA [13,19,22-24]. 

Specifically, the collection of accurate composition data in all range of conversions has allowed 

to picture a broad overview of the behavior of Am/AA system at various degrees of ionization 

of AA and initial concentration / composition of the monomer mixture [19,22]. In the latest 
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work on the topic, empirical equations for the terminal model reactivity ratios as a function of 

two reaction parameters, namely the degree of ionization of AA and the initial monomer 

concentration, have been proposed for the system [19]. 

In a previous work on the copolymerization of Am with the cationic monomer 2-

(acryloyloxyethyl)-trimethylammonium chloride (DMAEA-Q), a novel kinetic model to 

simulate the composition behavior of copolymer systems with ionic monomers was introduced 

[13]. The model is based on the concept of electrostatic screening of the repulsion forces 

coming from the charges on the reacting species during propagation due to the effect of an 

increase in the electrolyte concentration, induced either by working at higher concentration of 

the charged monomer or by adding salt to the polymerization system. Terminal model 

reactivity ratios function of the initial electrolyte concentration were evaluated based on a 

specifically-developed rate law for the propagation of the ionized monomer with an ionized 

terminal radical: 

𝑘𝑘𝑝𝑝 = �
1
𝑘𝑘𝑝𝑝0

+
1

𝑘𝑘𝐷𝐷𝐶𝐶𝐸𝐸𝛽𝛽
�
−1

 (1) 

where 𝑘𝑘𝑝𝑝0 is the propagation rate coefficient referred to the intrinsic kinetics of the reaction 

and 𝑘𝑘𝐷𝐷𝐶𝐶𝐸𝐸𝛽𝛽 the diffusion term accounting for the electrostatic repulsion between the charged 

species. Accordingly, the diffusion limitation to the overall propagation rate coefficient 

becomes weaker as the concentration of electrolyte increases (i.e., stronger electrostatic 

screening). As a result, the terminal model reactivity ratio corresponding to the ionized 

monomer (𝑟𝑟𝐷𝐷𝐷𝐷𝐴𝐴𝐸𝐸𝐴𝐴−𝑄𝑄) was defined as a function of the electrolyte concentration: this model 

feature was sufficient to reproduce the composition behavior of the system in a wide range of 

values of initial monomer concentration and ionic strength [13]. 

The primary target of the present work is to extend the previously-developed model to the 

Am/AA system: here, the situation is complicated by the presence of an ionizable monomer 
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(AA) and thus by the need to consider its degree of dissociation as an additional model 

parameter. Although this feature was already included in the empirical model and reactivity 

ratio expressions proposed by Preusser et al. [19], the present work aims at developing model 

equations from the fundamental laws describing the reaction kinetics and the electrostatic 

effects. Moreover, the developed model is aimed at reproducing better the effect of the initial 

concentration of electrolyte on composition by decoupling the influence of monomer 

concentration from that of the addition of salt; to this purpose, the planned experimental 

analysis is focused on the copolymerization of Am with fully ionized AA and to the study of 

NaCl addition to polymerization experiments run at different initial monomer concentration. 

The model development and parameter estimation are carried out based on the experimental 

information already available about the system as well as on the results of targeted experiments 

by in-situ NMR aimed at elucidating the ionic strength effect on composition. 

 

Materials and Methods 

In-situ 1H NMR experiments of copolymerization of fully ionized AA with Am are carried 

out to elucidate the composition effect of adding salt to the reaction in order to adjust the 

electrolyte concentration to higher values with respect to the ionic strength defined only by the 

presence of ionized monomer. Previous experiments by Preusser et al. revealed that it is 

possible to partly mimic the effect of concentration of the ionized monomer by salt addition 

[19]. The aims of the presented experimental campaign are to better understand this feature and 

to distinguish between the impact of electrostatic and non-electrostatic effects on the kinetics 

related to the concentration of the ionized monomer. Copolymerization reactions are carried 

out in deuterium oxide (D2O, Cambridge Isotope Laboratories, 99% purity) and using NMR 

tubes (5 mm NMR tube, type 5UP, 178 mm, ARMAR Chemicals) as reactors, which are 

inserted in an operating NMR spectrometer (Bruker UltraShield 500 MHz/54 mm magnet 
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system). For each experiment, a solution of the two monomers Am (Sigma Aldrich, >99% 

purity) and AA (anhydrous, Aldrich, 99% purity, stabilized with 200 ppm of MEHQ inhibitor) 

and NaOH in D2O is prepared beforehand: the required amount of NaCl and of the radical 

initiator 2,2’-azobis(2-methylpropionamidine)-dihydrochloride (V-50, Acros Organics, 98% 

purity) are added. The reaction mixture is degassed with N2 at 0°C for 5 min and about 0.6 mL 

of the reacting mixture are injected into the NMR tube, which is also stored at 0°C. The total 

monomer concentration in the initial solution (𝑤𝑤𝐷𝐷,0, weight fraction) ranges from 1% to 40%, 

with initial composition (𝑓𝑓𝐴𝐴,0, mole fraction of Am) equal to 0.5, while the initial concentration 

of V-50 (𝑤𝑤𝐼𝐼,0, weight fraction) is varied between 0.007% and 0.22% to counterbalance changes 

in the reaction rate. NaCl up to 15.9% (𝑤𝑤𝑆𝑆,0, weight fraction) is added to the copolymerization 

reactions to increase the ionic strength of the solution. The reaction temperature is set to 50°C 

for all the experiments. The in-situ NMR procedure adopted for reaction monitoring, data 

acquisition, and determination of residual monomer composition as a function of conversion is 

identical to the one already discussed in a previous paper [13]: details of the monomer and 

polymer peak areas of each 1H NMR spectrum used for these calculations are provided in Fig. 

S1 in the Supporting Information. 

 

Experimental results 

A first set of experiments has been carried out varying the initial monomer concentration, as 

detailed by runs 1-6 in Table 1. The results reported in Fig. 1 show that increasing the monomer 

concentration, and thus the amount of ionized monomer in the system, facilitates the 

incorporation of charged AA in the chains through the entire reaction. Consequently, the 

reaction mixture becomes richer in Am at each given monomer conversion, as already observed 

by Preusser et al. for Am/AA and similarly to the results obtained for the Am/DMAEA-Q 

system in our previous work [13,19]. Increasing the amount of ionized monomer enhances the 
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electrostatic screening of the repulsion forces between the charged moieties of ionized AA 

units and explains the enhanced incorporation of such monomer in the chains. 

 

Table 1. Experimental recipes for the copolymerization reactions of Am and AA at 50/50 initial 

molar ratio and 50°C. The initial weight fraction of total monomer, added NaCl, and V-50 

initiator (wt%) as well as the initial concentration of electrolyte (mol kg-1) are indicated for 

each run. 

Run 𝒘𝒘𝑴𝑴,𝟎𝟎 𝒘𝒘𝑺𝑺,𝟎𝟎 𝒘𝒘𝑰𝑰,𝟎𝟎 𝑪𝑪𝑬𝑬 

1 1 % - 0.22 % 0.14 

2 5 % - 0.22 % 0.70 

3 10 % - 0.22 % 1.4 

4 20 % - 0.022 % 2.8 

5 30 % - 0.022 % 4.2 

6 40 % - 0.0074 % 5.6 

7 1 % 15.9 % 0.022 % 5.6 

8 5 % 14.3 % 0.22 % 5.6 

9 10 % 12.2 % 0.022 % 5.6 

10 20 % 8.2 % 0.022 % 5.6 

11 30 % 4.1 % 0.0074 % 5.6 

12 1 % 1.6 % 0.22 % 0.70 

13 1 % 3.7 % 0.022 % 1.4 

14 1 % 7.8 % 0.022 % 2.8 

15 1 % 11.8 % 0.022 % 4.2 
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Fig. 1. Experimental results of residual monomer mixture composition as a function of 

conversion for the copolymerization of Am with fully ionized AA at 50°C corresponding to 

runs 1–6 in Table 1. The initial weight fraction of total monomer is detailed in the legend. 

 

A second set of experiments has been carried out adjusting the initial ionic strength of 

experiments at different 𝑤𝑤𝐷𝐷,0 by adding NaCl, as detailed by runs 6-11 in Table 1. Specifically, 

the same electrolyte concentration of the experiment at 𝑤𝑤𝐷𝐷,0 equal to 40 wt% without added 

salt (run 6) has been set for all the other cases. The results are reported in Fig. 2. The 

comparison between Fig.s 1 and 2 shows a shift upward of the curves at low monomer 

concentration upon addition of NaCl, consistently with the increased electrostatic screening 

that is achieved by rising the concentration of the ionized monomer. However, this effect can 

be only partly mimicked by salt addition, as revealed by the discrepancy between the curves in 

Fig. 2 at high conversion, and in agreement with the observations by Preusser et al. on the 

effect of NaCl addition [19]. This gap indicates that non-electrostatic effects also influence the 

composition behavior, most probably associated with the change in concentration of the water 

soluble monomers. 
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Fig. 2. Experimental results of residual monomer mixture composition as a function of 

conversion for the copolymerization of Am with fully ionized AA at 50°C corresponding to 

runs 6–11 in Table 1. The initial weight fraction of total monomer is detailed in the legend. In 

the experiments denoted by empty symbols, NaCl is added to increase the initial concentration 

of electrolyte to 5.6 mol kg-1, corresponding to the case at 𝑤𝑤𝐷𝐷,0 = 40 wt% without added salt 

(the equivalent weight fraction of total monomer obtained after salt addition is reported within 

brackets in the legend). 

 

The third set of experiments was aimed at decoupling the purely electrostatic effect of 

monomer concentration on the reaction kinetics from other monomer effects. Namely, 

experiments at the same initial monomer concentration (1 wt%) but at increasing initial ionic 

strength by NaCl addition have been carried out, with reference to runs 1, 7, and 12-15 in Table 

1. The gap between the curves in Fig. 3 reveals the impact of electrostatic effects on 

composition in a situation of low initial monomer concentration: such effect appears to be more 

relevant than the non-electrostatic one depicted by Fig. 2, especially at high conversion. 
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Fig. 3. Experimental results of residual monomer mixture composition as a function of 

conversion for the copolymerization of Am with fully ionized AA at 50°C corresponding to 

runs 1, 7, and 12–15 in Table 1. The initial weight fraction of total monomer is detailed in the 

legend. In the experiments denoted by empty symbols, NaCl is added to increase the initial 

concentration of electrolyte to higher values, corresponding to experiments at higher 𝑤𝑤𝐷𝐷,0 

without added salt (the equivalent weight fraction of total monomer obtained after salt addition 

is reported within brackets in the legend). 

 

To better understand the effect of the two contributions laying behind an increase in 

monomer concentration (i.e., non-electrostatic and electrostatic), the previously discussed 

results of runs 1-2, 5-6, and 11-12 have been reported again in Fig. 4. Runs 1-2 and 12 show 

that the effect of increasing monomer concentration on composition at low 𝑤𝑤𝐷𝐷,0 values (i.e., 

from 1 wt% to 5 wt%) is relevant and can be mimicked almost entirely by adding NaCl to rise 

the ionic strength: in this condition, the electrostatic features are mostly responsible for the 

observed kinetic effects coming from an increase in monomer concentration. On the other hand, 

runs 5-6 and 11 reveals that at high 𝑤𝑤𝐷𝐷,0 values (i.e., 30 wt% to 40 wt%) the change in 
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composition behavior can be attributed solely to non-electrostatic effects of changing monomer 

concentration, since increasing the electrolyte concentration does not modify the composition 

curve. As already mentioned before, the impact of these non-electrostatic effects on the 

composition behavior is generally smaller than that of the electrostatic effects; nevertheless, it 

becomes relevant – and even dominant – at higher monomer concentration. 

 

Fig. 4. Experimental results of residual monomer mixture composition as a function of 

conversion for the copolymerization of Am with fully ionized AA at 50°C corresponding to 

the runs 1,2,12 and 5,6,11 in Table 1. The initial weight fraction of total monomer is detailed 

in the legend. In the experiments denoted by empty symbols, NaCl is added to increase the 

initial concentration of electrolyte to higher values, corresponding to experiments at higher 

𝑤𝑤𝐷𝐷,0 without added salt (the equivalent weight fraction of total monomer obtained after salt 

addition is reported within brackets in the legend). 

 

The reported experimental results show quite clearly the limitations involved in the 

reproduction of the monomer concentration effect on the composition behavior by salt addition, 

in particular at different initial monomer contents. Moreover, their consistency with the results 
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obtained by Preusser et al. is demonstrated by Fig. S2 in the Supporting Information, where 

experimental data collected by the two groups at the same monomer and electrolyte 

concentration are compared [19]. 

 

Model Development 

A copolymerization model suitable to predict the composition behavior of Am/AA is 

proposed, with focus on the development of relationships providing the reactivity ratio values 

as a function of monomer and electrolyte concentration. Such functionality is introduced 

accounting for the effect of electrostatic interactions on the propagation kinetics into the 

conventional copolymerization equations. In order to differentiate the reactivity of ionized and 

non-ionized forms of acrylic acid, a ternary polymer system is considered, with Am, ionized 

AA, and non-ionized AA (the last two indicated as A- and HA, respectively) as monomers. 

As an improvement to our previous model for Am/DMAEA-Q copolymerization [13], a 

penultimate unit copolymerization model is considered to describe the effect of the electrostatic 

interactions on the propagation kinetics. This choice is supported by the following 

consideration about the propagation reaction in the polymerization of ionized AA. When the 

approaching monomer is sufficiently close to the terminal radical unit to generate a relevant 

electrostatic repulsion, the penultimate unit in the radical chain would also be sufficiently close 

to the approaching monomer to expect also electrostatic repulsion between the charges on 

monomer and penultimate unit in the radical chain. In comparison with the previous work about 

Am/DMAEA-Q [13], where the penultimate unit effect on the electrostatic interactions could 

be neglected, the repeating AA units in this copolymer exhibit a charge-bearing side chain, 

which is  much shorter than DMAEA-Q. As a consequence, the minimum distance between 

the charges on monomer and penultimate radical unit in the transition state of AA propagation 

is much shorter compared to the distance between the charges on monomer and terminal radical 
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unit in DMAEA-Q, as detailed in Fig. S3 for AA and DMAEA-Q oligomers obtained by 

quantum chemistry calculations [25-28]. 

The kinetic scheme defining the propagation reactions of the ternary system assuming a 

penultimate unit model involves 27 reactions, which can be written as follows along with the 

corresponding reaction rates (𝑅𝑅𝑃𝑃): 

𝑅𝑅𝑖𝑖𝑗𝑗 + 𝑀𝑀𝑘𝑘
𝑘𝑘𝑝𝑝,𝑖𝑖𝑖𝑖𝑖𝑖
�⎯⎯� 𝑅𝑅𝑗𝑗𝑘𝑘 (2) 

 

𝑅𝑅𝑃𝑃,𝑖𝑖𝑗𝑗𝑘𝑘 = 𝑘𝑘𝑝𝑝,𝑖𝑖𝑗𝑗𝑘𝑘𝑅𝑅𝑖𝑖𝑗𝑗𝑀𝑀𝑘𝑘 (3) 

where the subscripts i, j, and k denote Am, A-, and HA units, 𝑅𝑅𝑖𝑖𝑗𝑗 is a radical chain with 

terminal unit of j and penultimate unit of i, and 𝑀𝑀𝑘𝑘 is a monomer unit of k. It should be noted 

that only chain-end propagation is considered in this study: although secondary reactions are 

known to occur for both Am and AA polymerization [29,30], the effect of mid-chain radical 

propagation on copolymer composition is negligible [13]. 

Pseudo-binary system. The correlation between the concentrations of ionized and non-

ionized forms of AA can be expressed by the degree of dissociation of the monomer (𝛼𝛼𝐷𝐷), 

which is defined as:  

𝛼𝛼𝐷𝐷 =
[𝐴𝐴−]

[𝐻𝐻𝐴𝐴] + [𝐴𝐴−] 
(4) 

Since AA is a weak acid, its degree of dissociation in aqueous solution can be adjusted by 

adding a strong base, e.g. NaOH: in this case, the initial monomer dissociation can be quickly 

estimated as the ratio between the concentrations of added base, [𝐵𝐵]0, and of initial monomer, 

[𝐴𝐴𝐴𝐴]0. As the reaction starts and some polymer is formed, another degree of dissociation must 

be considered because AA monomer and AA polymer units exhibit different values of 

equilibrium constant of dissociation, 𝐾𝐾𝑎𝑎 (𝑝𝑝𝐾𝐾𝑎𝑎,𝐷𝐷 of 4.2 for the free monomer and 𝑝𝑝𝐾𝐾𝑎𝑎,𝑃𝑃 of 4.75 

for the polymer units) [10]. Accordingly, a polymer dissociation constant is defined: 
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𝛼𝛼𝑃𝑃 =
[𝐴𝐴−]𝑃𝑃

[𝐻𝐻𝐴𝐴]𝑃𝑃 + [𝐴𝐴−]𝑃𝑃
 (5) 

where [𝐴𝐴−]𝑃𝑃 and [𝐻𝐻𝐴𝐴]𝑃𝑃 are the concentrations of total monomer units of ionized and non-

ionized AA in the polymer chains, respectively. It should be noted that a constant 𝑝𝑝𝐾𝐾𝑎𝑎,𝑃𝑃 value 

has been adopted for all polymer units, which implies some important assumptions about the 

polymer dissociation constant aimed at simplifying the model. Namely, the resulting value of 

𝛼𝛼𝑃𝑃 is independent of neither the polymer chain length nor the ionization state of the adjacent 

units. Moreover, it is applied to both radical and non-radical units (specifically, the 𝑝𝑝𝐾𝐾𝑎𝑎,𝑃𝑃 value 

adopted is referred to non-reactive systems). A more accurate characterization of the ionization 

state of the polymer units in the chains should also take into account the dependence of 𝑝𝑝𝐾𝐾𝑎𝑎,𝑃𝑃 

on the degree of ionization of the polymer [31]. The parameters 𝛼𝛼𝐷𝐷 and 𝛼𝛼𝑃𝑃 can be expressed 

more conveniently as a function of the corresponding 𝐾𝐾𝑎𝑎 and pH values: the latter can be in 

turn evaluated from the monomer conversion and the initial degree of dissociation of AA, as 

detailed in the Supporting Information. 

Equations 4 and 5 correlate the concentrations of ionized and non-ionized AA, respectively, 

for free monomer and polymer units: they can be used to express the radical and monomer 

concentrations corresponding to the ternary system (𝑅𝑅𝑖𝑖𝑗𝑗 and 𝑀𝑀𝑘𝑘 with i, j, k = Am, A-, HA) as a 

function of the radical and monomer concentrations corresponding to the binary system (𝑅𝑅𝑖𝑖𝑗𝑗 

and 𝑀𝑀𝑘𝑘 with i, j, k = Am, AA) and of the degrees of dissociation, as detailed in the Supporting 

Information. The combination of these expressions with the reaction rates defined by Equation 

3 leads to the definition of the kinetic scheme of a pseudo-binary system comprehensive of 8 

reactions, which are reported in Table 2 along with the corresponding pseudo-binary 

propagation rate coefficients. The derivation of the pseudo-binary propagation rates and rate 

coefficients is detailed again in the Supporting Information. 
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Table 2. Reaction scheme and rate coefficients of the propagation reactions in Am/AA 

copolymerization considering a pseudo-binary system. 

Reaction Pseudo-binary propagation rate coefficient 

𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 + 𝑀𝑀𝐴𝐴𝐴𝐴 →
𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴  

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴  

𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 + 𝑀𝑀𝐴𝐴𝐴𝐴 → 𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴  𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴−𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴(1− 𝛼𝛼𝐷𝐷) 

𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 + 𝑀𝑀𝐴𝐴𝐴𝐴 → 𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴  𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−/𝐴𝐴𝐴𝐴𝛼𝛼𝑃𝑃 + 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴(1 − 𝛼𝛼𝑃𝑃) 

𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 + 𝑀𝑀𝐴𝐴𝐴𝐴 → 𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴  𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−/𝐴𝐴−𝛼𝛼𝑃𝑃𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−/𝐻𝐻𝐴𝐴𝛼𝛼𝑃𝑃(1−
𝛼𝛼𝐷𝐷) + 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴/𝐴𝐴−(1 − 𝛼𝛼𝑃𝑃)𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴(1 −

𝛼𝛼𝑃𝑃)(1− 𝛼𝛼𝐷𝐷)  

𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 + 𝑀𝑀𝐴𝐴𝐴𝐴 →
𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴  

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴𝛼𝛼𝑃𝑃 + 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴(1 − 𝛼𝛼𝑃𝑃)  

𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 + 𝑀𝑀𝐴𝐴𝐴𝐴 → 𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴  𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴𝐴𝐴/𝐴𝐴−𝛼𝛼𝑃𝑃𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴𝛼𝛼𝑃𝑃(1−
𝛼𝛼𝐷𝐷) + 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴−(1 − 𝛼𝛼𝑃𝑃)𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴(1 −

𝛼𝛼𝑃𝑃)(1− 𝛼𝛼𝐷𝐷)  

𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 + 𝑀𝑀𝐴𝐴𝐴𝐴 → 𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴  𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−/𝐴𝐴𝐴𝐴(𝛼𝛼𝑃𝑃)2 + 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴𝛼𝛼𝑃𝑃(1−
𝛼𝛼𝑃𝑃) + 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−/𝐴𝐴𝐴𝐴(1− 𝛼𝛼𝑃𝑃)𝛼𝛼𝑃𝑃 + 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴(1 − 𝛼𝛼𝑃𝑃)2  

𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 + 𝑀𝑀𝐴𝐴𝐴𝐴 → 𝑅𝑅𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴  𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−/𝐴𝐴−(𝛼𝛼𝑃𝑃)2𝛼𝛼𝐷𝐷 +
𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−/𝐻𝐻𝐴𝐴(𝛼𝛼𝑃𝑃)2(1 − 𝛼𝛼𝐷𝐷) + 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐻𝐻𝐴𝐴/𝐴𝐴−𝛼𝛼𝑃𝑃(1 −
𝛼𝛼𝑃𝑃)𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴𝛼𝛼𝑃𝑃(1 − 𝛼𝛼𝑃𝑃)(1 − 𝛼𝛼𝐷𝐷) +

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−/𝐴𝐴−(1 − 𝛼𝛼𝑃𝑃)𝛼𝛼𝑃𝑃𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−/𝐻𝐻𝐴𝐴(1− 𝛼𝛼𝑃𝑃)𝛼𝛼𝑃𝑃(1 −
𝛼𝛼𝐷𝐷) + 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴/𝐴𝐴−(1− 𝛼𝛼𝑃𝑃)2𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴(1 −

𝛼𝛼𝑃𝑃)2(1− 𝛼𝛼𝐷𝐷)  

 

Electrostatic interactions. The pseudo-binary system described by the equations in Table 2 

includes 8 pseudo-binary propagation rate coefficients which are function of the 27 propagation 

rate coefficients of the original ternary system. Among those parameters, those referring to the 

reactions involving a charged monomer (A-) and at least one charged polymer unit among 

terminal and penultimate ones are likely to exhibit the effect of the electrostatic interactions on 

the propagation kinetics. Such effect is accounted for through the previously developed rate 
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law in Equation 1, which expresses the propagation rate coefficient as a function of the initial 

electrolyte concentration (𝐶𝐶𝐸𝐸). The latter quantity can be estimated as: 

𝐶𝐶𝐸𝐸 = 2 �
𝑥𝑥𝐴𝐴𝐴𝐴,0𝑤𝑤𝐷𝐷,0𝛼𝛼
𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴

+
𝑤𝑤𝑆𝑆,0

𝑀𝑀𝑀𝑀𝑆𝑆
� (6) 

where 𝑥𝑥𝐴𝐴𝐴𝐴,0 is the initial weight fraction of AA with respect to the monomer mixture, 𝑤𝑤𝐷𝐷,0 

and 𝑤𝑤𝑆𝑆,0 the initial weight fractions of total monomer and added salt (considering a 1:1 

electrolyte, e.g. NaCl), respectively, and 𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴 and 𝑀𝑀𝑀𝑀𝑆𝑆 the molecular weights of AA and 

salt, respectively. The electrolyte concentration is provided by Equation 6 as moles of total 

electrolyte per kg of solution. 

In comparison with the previously investigated Am/DMAEA-Q system, the assumption of a 

penultimate unit effect on the electrostatic interactions increases to five the number of 

propagation rate coefficients which are function of the electrolyte concentration: 

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−/𝐴𝐴− = �
1

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−/𝐴𝐴−
0 +

1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

 (7) 

 

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐻𝐻𝐴𝐴/𝐴𝐴− = �
1

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐻𝐻𝐴𝐴/𝐴𝐴−
0 +

1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

 (8) 

 

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴𝐴𝐴/𝐴𝐴− = �
1

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴𝐴𝐴/𝐴𝐴−
0 +

1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

 (9) 

 

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−/𝐴𝐴− = �
1

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−/𝐴𝐴−
0 +

1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

 (10) 

 

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−/𝐴𝐴− = �
1

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−/𝐴𝐴−
0 +

1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

 (11) 
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In Equations 7-11, five different intrinsic kinetics terms (𝑘𝑘𝑝𝑝0) are defined: the superscript “0” 

indicates that the parameter is not function of the electrolyte concentration. The remaining 22 

rate coefficients of the penultimate unit model coincide with the corresponding intrinsic 

kinetics terms, thus they also do not exhibit any dependence on 𝐶𝐶𝐸𝐸. 

Under the assumption of electrostatic interaction effects not influenced by the nature of the 

non-ionized monomer but only by the number and position of the charged units involved in the 

propagation reaction, only three different cases have to be considered in the equations above 

regarding the diffusion terms: (i) monomer and terminal radical units are charged (parameters 

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶 and 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶); (ii) monomer and penultimate radical units are charged (parameters 𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶 

and 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶); (iii) monomer and both units in the radical chain are charged (parameters 𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶 

and 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶). In the subscripts, “C” stands for a charged monomer or polymer unit (A-) and “X” 

for a non-charged unit (Am or HA). Overall, the model involves 27 parameters of the intrinsic 

kinetics and 6 parameters of the electrostatic interactions. 

Implicit penultimate unit model. As anticipated, this specific propagation model has been 

considered to improve the description of the effect of the electrostatic interactions. Therefore, 

it is applied only in the case of electrostatically interacting species (charged monomer and 

monomer repeating units), while a simpler terminal model has been applied to describe the 

intrinsic kinetics terms of the propagation rate coefficient. This way, a significant reduction of 

the number of model parameters is achieved, as detailed in Table 3. By combining the pseudo-

binary propagation rate coefficients in Table 2 with the expressions defined in Table 3 as well 

as by Equations 7-11, an implicit penultimate model of copolymerization is finally obtained, 

where the penultimate unit effect is considered only for the electrostatic interactions but not for 

the intrinsic kinetics of the system: 

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴
0  (12) 
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𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−
0 𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴

0 (1 − 𝛼𝛼𝐷𝐷) (13) 

 

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴𝐴𝐴
0 𝛼𝛼𝑃𝑃 + 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴

0 (1 − 𝛼𝛼𝑃𝑃) (14) 

 

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = �
1

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−
0 +

1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

𝛼𝛼𝑃𝑃𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐻𝐻𝐴𝐴
0 𝛼𝛼𝑃𝑃(1 − 𝛼𝛼𝐷𝐷)

+ 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−
0 (1 − 𝛼𝛼𝑃𝑃)𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴

0 (1 − 𝛼𝛼𝑃𝑃)(1− 𝛼𝛼𝐷𝐷) 
(15) 

 

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴
0 𝛼𝛼𝑃𝑃 + 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴

0 (1 − 𝛼𝛼𝑃𝑃) = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴
0  (16) 

 

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = �
1

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−
0 +

1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

𝛼𝛼𝑃𝑃𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴
0 𝛼𝛼𝑃𝑃(1 − 𝛼𝛼𝐷𝐷)

+ 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−
0 (1 − 𝛼𝛼𝑃𝑃)𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴

0 (1 − 𝛼𝛼𝑃𝑃)(1− 𝛼𝛼𝐷𝐷)

= �
1

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−
0 +

1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

𝛼𝛼𝑃𝑃𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴
0 (1 − 𝛼𝛼𝐷𝐷)

+ 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−
0 (1 − 𝛼𝛼𝑃𝑃)𝛼𝛼𝐷𝐷 

(17) 

 

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴𝐴𝐴
0 𝛼𝛼𝑃𝑃 + 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴

0 (1 − 𝛼𝛼𝑃𝑃) (18) 

 

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = �
1

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−
0 +

1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

(𝛼𝛼𝑃𝑃)2𝛼𝛼𝐷𝐷 + 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐻𝐻𝐴𝐴
0 𝛼𝛼𝑃𝑃(1− 𝛼𝛼𝐷𝐷)

+ �
1

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−
0 +

1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

𝛼𝛼𝑃𝑃(1 − 𝛼𝛼𝑃𝑃)𝛼𝛼𝐷𝐷

+ 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0 (1 − 𝛼𝛼𝑃𝑃)(1 − 𝛼𝛼𝐷𝐷)

+ �
1

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−
0 +

1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

(1 − 𝛼𝛼𝑃𝑃)𝛼𝛼𝑃𝑃𝛼𝛼𝐷𝐷

+ 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−
0 (1 − 𝛼𝛼𝑃𝑃)2𝛼𝛼𝐷𝐷 

(19) 
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Table 3. Simplification of the penultimate unit model parameters (left column) after neglecting 

the penultimate unit effect on the intrinsic kinetics of propagation reactions (center column) 

and after the definition of the binary system reactivity ratios (right column). 

Penultimate unit model Terminal model Reactivity ratios 

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴  = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴
0    

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴  = 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0    

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−/𝐴𝐴−
0 = 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−/𝐴𝐴−

0 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−/𝐴𝐴−
0   = 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−

0   𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴 =
𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−
0

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0   

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴  = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴
0   𝑟𝑟𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴 =

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴
0

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴
0   

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴  = 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴
0   𝑟𝑟𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴 =

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴
0   

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴𝐴𝐴/𝐴𝐴−
0 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴− = 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴−  = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−

0   𝑟𝑟𝐴𝐴𝐴𝐴/𝐴𝐴− =
𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴
0

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−
0   

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−/𝐴𝐴𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−/𝐴𝐴𝐴𝐴  = 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴𝐴𝐴
0   𝑟𝑟𝐴𝐴−/𝐴𝐴𝐴𝐴 =

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−
0

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴𝐴𝐴
0   

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐻𝐻𝐴𝐴/𝐴𝐴−
0 = 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴/𝐴𝐴− = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴/𝐴𝐴−  = 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−

0   𝑟𝑟𝐻𝐻𝐴𝐴/𝐴𝐴− =
𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−
0   

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−/𝐻𝐻𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐴𝐴−/𝐻𝐻𝐴𝐴 = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴−/𝐻𝐻𝐴𝐴  = 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐻𝐻𝐴𝐴
0   𝑟𝑟𝐴𝐴−/𝐻𝐻𝐴𝐴 =

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−
0

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐻𝐻𝐴𝐴
0   

 

The model involves now only 9 parameters of the intrinsic kinetics and 6 parameters of the 

electrostatic interactions. It is worth noting again that Equations 12-19 correspond to the set of 

propagation rate coefficients of a typical penultimate unit model, even though the 

simplification introduced in this paragraph has reduced the number of model parameters. 
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Reactivity ratios. In the penultimate unit model of copolymerization, the conventional 

Mayo-Lewis equation of a terminal model can be applied to express the instantaneous 

copolymer composition, 𝐹𝐹𝐴𝐴𝐴𝐴, as a function of the residual monomer mixture composition, 𝑓𝑓𝐴𝐴𝐴𝐴, 

providing that pseudo-terminal-model reactivity ratios (𝑟𝑟𝐴𝐴𝐴𝐴����� and 𝑟𝑟𝐴𝐴𝐴𝐴����) are introduced: 

𝐹𝐹𝐴𝐴𝐴𝐴 =
𝑟𝑟𝐴𝐴𝐴𝐴�����𝑓𝑓𝐴𝐴𝐴𝐴2 + 𝑓𝑓𝐴𝐴𝐴𝐴𝑓𝑓𝐴𝐴𝐴𝐴

𝑟𝑟𝐴𝐴𝐴𝐴�����𝑓𝑓𝐴𝐴𝐴𝐴2 + 2𝑓𝑓𝐴𝐴𝐴𝐴𝑓𝑓𝐴𝐴𝐴𝐴 + 𝑟𝑟𝐴𝐴𝐴𝐴����𝑓𝑓𝐴𝐴𝐴𝐴2
 (20) 

 

𝑟𝑟𝐴𝐴𝐴𝐴����� = 𝑟𝑟𝐴𝐴𝐴𝐴′ �
𝑓𝑓𝐴𝐴𝐴𝐴𝑟𝑟𝐴𝐴𝐴𝐴 + 𝑓𝑓𝐴𝐴𝐴𝐴
𝑓𝑓𝐴𝐴𝐴𝐴𝑟𝑟𝐴𝐴𝐴𝐴′ + 𝑓𝑓𝐴𝐴𝐴𝐴

� (21) 

 

𝑟𝑟𝐴𝐴𝐴𝐴���� = 𝑟𝑟𝐴𝐴𝐴𝐴′ �
𝑓𝑓𝐴𝐴𝐴𝐴𝑟𝑟𝐴𝐴𝐴𝐴 + 𝑓𝑓𝐴𝐴𝐴𝐴
𝑓𝑓𝐴𝐴𝐴𝐴𝑟𝑟𝐴𝐴𝐴𝐴′ + 𝑓𝑓𝐴𝐴𝐴𝐴

� (22) 

In Equations 21-22, the pseudo-terminal-model reactivity ratios are function of monomer 

composition as well as of the following 4 reactivity ratios of the penultimate unit model: 

 

𝑟𝑟𝐴𝐴𝐴𝐴 =
𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴
 (23) 

 

𝑟𝑟𝐴𝐴𝐴𝐴 =
𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴
 (24) 

 

𝑟𝑟𝐴𝐴𝐴𝐴′ =
𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴
 (25) 

 

𝑟𝑟𝐴𝐴𝐴𝐴′ =
𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴
 (26) 

Introducing the propagation rate coefficients from Equations 12-19 in the reactivity ratios 

defined by Equations 23-26, the copolymerization model is completely defined. By solving the 

Skeist formula [32], where the instantaneous copolymer composition is defined as in Equation 
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20, the conversion-evolution of residual monomer composition can be evaluated as a function 

of 𝐶𝐶𝐸𝐸. More precisely, both pseudo-terminal model reactivity ratios defined by Equations 21-

22 are dependent on the initial monomer and electrolyte concentration thanks to the assumption 

of a penultimate unit effect on the electrostatic interactions. This model feature is in agreement 

with Preusser et al., who revealed the need of introducing two terminal model reactivity ratios 

function of the monomer concentration in order to fit the composition data of Am 

copolymerization with fully ionized AA (cf. Fig. 11 in the reference paper) [19]. 

In Equations 12-19, the 9 model parameters defining the intrinsic kinetics of propagation 

listed in Table 3 can be expressed more conveniently as a function of 7 reactivity ratios, which 

correspond to the 3 binary copolymer systems Am/HA, Am/A-, and A-/HA, as detailed again 

in Table 3. Specifically, the rate coefficients of cross-propagation reactions are referred to the 

corresponding homo-propagation rate coefficient involving the same radical; additionally, the 

ratio of homo-propagation rate coefficients of A- and HA, 𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴, is considered. After 

introducing the newly-defined reactivity ratios in the model equations, the penultimate unit 

model reactivity ratios in Equations 23-26 assume their final form: 

𝑟𝑟𝐴𝐴𝐴𝐴 =
1

� 𝛼𝛼𝐷𝐷
𝑟𝑟𝐴𝐴𝐴𝐴/𝐴𝐴−

+ 1 − 𝛼𝛼𝐷𝐷
𝑟𝑟𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴

�
 (27) 
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𝑟𝑟𝐴𝐴𝐴𝐴

=
�1 +

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0  𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶 �

−1

(𝛼𝛼𝑃𝑃)2𝛼𝛼𝐷𝐷 + 𝛼𝛼𝑃𝑃(1− 𝛼𝛼𝐷𝐷)
𝑟𝑟𝐴𝐴−/𝐻𝐻𝐴𝐴

𝛼𝛼𝑃𝑃
𝑟𝑟𝐴𝐴−/𝐴𝐴𝐴𝐴

+ (1 − 𝛼𝛼𝑃𝑃)
𝑟𝑟𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴 𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

+
�𝑟𝑟𝐻𝐻𝐴𝐴/𝐴𝐴− 𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴 +

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0  𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶 �

−1

𝛼𝛼𝑃𝑃(1− 𝛼𝛼𝑃𝑃)𝛼𝛼𝐷𝐷 + (1 − 𝛼𝛼𝑃𝑃)(1 − 𝛼𝛼𝐷𝐷)
𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

𝛼𝛼𝑃𝑃
𝑟𝑟𝐴𝐴−/𝐴𝐴𝐴𝐴

+ (1 − 𝛼𝛼𝑃𝑃)
𝑟𝑟𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴 𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

+
�1 +

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0  𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶 �

−1

(1 − 𝛼𝛼𝑃𝑃)𝛼𝛼𝑃𝑃𝛼𝛼𝐷𝐷 + (1 − 𝛼𝛼𝑃𝑃)2𝛼𝛼𝐷𝐷
𝑟𝑟𝐻𝐻𝐴𝐴/𝐴𝐴− 𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

𝛼𝛼𝑃𝑃
𝑟𝑟𝐴𝐴−/𝐴𝐴𝐴𝐴

+ (1 − 𝛼𝛼𝑃𝑃)
𝑟𝑟𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴 𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

 

(28) 

 

𝑟𝑟𝐴𝐴𝐴𝐴′ =
1

�𝑟𝑟𝐴𝐴𝐴𝐴/𝐴𝐴− +
𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴
0

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶�

−1

𝛼𝛼𝑃𝑃𝛼𝛼𝐷𝐷 + 1 − 𝛼𝛼𝐷𝐷
𝑟𝑟𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴

+ (1 − 𝛼𝛼𝑃𝑃)𝛼𝛼𝐷𝐷
𝑟𝑟𝐴𝐴𝐴𝐴/𝐴𝐴−

 
(29) 

 

𝑟𝑟𝐴𝐴𝐴𝐴′ =
�1 +

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0  𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶 �

−1

𝛼𝛼𝑃𝑃𝛼𝛼𝐷𝐷 + 𝛼𝛼𝑃𝑃(1− 𝛼𝛼𝐷𝐷)
𝑟𝑟𝐴𝐴−/𝐻𝐻𝐴𝐴

𝛼𝛼𝑃𝑃
𝑟𝑟𝐴𝐴−/𝐴𝐴𝐴𝐴

+ 1 − 𝛼𝛼𝑃𝑃
𝑟𝑟𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴 𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

+

(1 − 𝛼𝛼𝑃𝑃)𝛼𝛼𝐷𝐷
𝑟𝑟𝐻𝐻𝐴𝐴/𝐴𝐴− 𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

+ (1 − 𝛼𝛼𝑃𝑃)(1− 𝛼𝛼𝐷𝐷)
𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

𝛼𝛼𝑃𝑃
𝑟𝑟𝐴𝐴−/𝐴𝐴𝐴𝐴

+ 1 − 𝛼𝛼𝑃𝑃
𝑟𝑟𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴 𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

 

(30) 

 

Equations 27-30 involve two absolute rate coefficients of propagation, 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴/𝐴𝐴𝐴𝐴
0  and 

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0 , which have been already determined by pulsed-laser polymerization (PLP) 

experiments [33,34]: the corresponding equations function of initial monomer concentration 

and conversion have been implemented in the model. It should be noted that these two 

parameters correspond to propagation steps which are not affected by electrostatic interactions. 

Moreover, Equations 27-30 are function of 7 binary-system reactivity ratios. Including also the 

6 parameters of the electrostatic interactions introduced before, the final model defined by 
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Equations 20-22 and 27-30 involves overall 13 unknown parameters, which have to be 

estimated from a large enough set of experimental data. 

 

Model Results and Discussion 

Given the large number of adjustable model parameters (13), the following approach has 

been applied for their estimation: 

- the values of the two reactivity ratios corresponding to the binary system Am/HA have been 

taken from the study of the copolymerization of Am with non-ionized AA carried out by 

Preusser et al. [22]: 𝑟𝑟𝐴𝐴𝐴𝐴/𝐻𝐻𝐴𝐴 = 0.55 and 𝑟𝑟𝐻𝐻𝐴𝐴/𝐴𝐴𝐴𝐴 = 1.24 (referred to as 𝑟𝑟𝐴𝐴𝐴𝐴 and 𝑟𝑟𝐴𝐴𝐴𝐴 in the cited 

work, respectively); 

- the remaining 11 parameters have been estimated by fitting the model predictions to 

relevant experimental information, which includes composition data obtained by in-situ NMR 

in this work and by Preusser et al. [19] as well as data of propagation kinetics estimated by 

PLP combined with size-exclusion chromatography (PLP-SEC) [35]. 

- finally, the reliability of the developed model as well as of the estimated model parameters 

has been tested by prediction of experimental data from additional experiments not used for 

the parameter evaluation. 

Reduced propagation rate coefficient of fully ionized AA. Equation 19 can be used to 

evaluate the propagation rate coefficient of fully ionized AA, which is given by: 

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴,𝛼𝛼=1 = 𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−/𝐴𝐴− = �
1

𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−
0 +

1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

 (31) 

A reduced rate coefficient at 𝛼𝛼 = 1 can be defined dividing Equation 31 by the propagation 

rate constant of non-ionized AA, according to the definition given by Lacik et al.[35]: 
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𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴,𝛼𝛼=1

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴,𝛼𝛼=0
=
� 1
𝑘𝑘𝑝𝑝,𝐴𝐴−/𝐴𝐴−
0 + 1

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶�

−1

𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0 = �

1
𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

+
𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0  

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

 
(32) 

The unknown model parameters in the right-hand side of Equation 32 (𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴, 𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶, and 

𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶) can be estimated by fitting the experimental values of the reduced propagation rate 

coefficient of fully ionized MAA as a function of monomer concentration reported by Lacik et 

al. [35] . Although these data have been evaluated for MAA, in the same work the authors 

demonstrated that the reduced propagation rate coefficient as a function of α is independent of 

the type of monomer (AA or MAA). The selected parameter estimation approach is detailed 

hereinafter: 

1. The model parameter 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶 has been first estimated taking advantage of the following 

modified log-log version of Equation 32: 

log�
𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴,𝛼𝛼=1

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴.𝛼𝛼=0
� = − log�

1
𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

+
𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0  

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

� (33) 

Considering the limiting case of negligible electrolyte concentration (i.e., 𝐶𝐶𝐸𝐸 → 0, 

corresponding to very low monomer concentration in absence of added salt), the diffusion term 

is dominant over the intrinsic kinetics term, so that the latter can be neglected. Accordingly: 

log�
𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴,𝛼𝛼=1

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴.𝛼𝛼=0
��

𝐶𝐶𝐸𝐸→0
= − log�𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴

0 � + log�𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶� + 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶 log(𝐶𝐶𝐸𝐸) (34) 

In the previous equation, the parameter 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶 is the slope of the logarithm of the reduced 

propagation rate coefficient as a function of the logarithm of the electrolyte or monomer 

concentration at very low values of 𝐶𝐶𝐸𝐸 (or 𝑤𝑤𝐷𝐷,0). The corresponding experimental values are 

shown in the double-logarithmic plot of Fig. 5a: from the two values of the reduced propagation 

rate coefficient at the lowest monomer concentrations (i.e., 5% and 20%), 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶 = 1.26 is 

evaluated. 
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2. The remaining two parameters are then estimated by fitting Equation 32 to the same 

experimental data as shown in Fig. 5b. Final values of 𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶 = 1.02 · 104 L mol-1 s-1 (kg mol-

1)β) and 𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴 = 1.33 have been obtained. 

 

Fig. 5. Reduced propagation rate coefficient of fully ionized AA as a function of monomer 

concentration. (a) log-log plot of the experimental data (triangles) with the interpretation of the 

model parameter 𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶; (b) comparison between experimental data (triangles) and simulated 

curves using Equation 32 (solid line). 

It is also worth pointing out that the amount of experimental data taken into account to carry 

out the curve fitting is in this case relatively small compared with the number of fitting 

parameters in Equation 32. Nevertheless, these data have been determined by PLP-SEC, which 

is the best-known method to estimate propagation rate coefficients with high accuracy [35,36]. 
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At this stage of the model development, we prioritize the consistency between the value of the 

reduced propagation rate coefficient of AA as a function of monomer concentration calculated 

through Equation 32 and the corresponding experimental estimation determined by PLP-SEC. 

Of course, the evaluation of the parameters in Equation 32 can be improved providing that 

additional information about the propagation kinetics of AA are made available. 

Composition data. The remaining 8 parameters have been estimated by fitting the available 

experimental data of copolymer composition as a function of total monomer conversion. To 

this purpose, all of the experimental results obtained in this work at 𝛼𝛼 = 1  and 𝑓𝑓𝐴𝐴𝐴𝐴,0 = 0.5 are 

considered (cf. Fig.s 1-4 and Table 1). In addition, experimental data of composition from 

Preusser et al. obtained at different degrees of ionization of AA as well as at different values 

of initial monomer composition are considered [19]. The estimated parameter values at 50°C 

are summarized in Table 4, whereas the comparison between experimental and simulated data 

is shown in Fig.s 6 and 7 as comonomer composition vs. conversion. The parameter 

optimization has been carried out by minimizing the square of the absolute discrepancy 

between the experimental and simulated composition versus conversion data using a genetic 

algorithm implemented in Matlab. 
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Fig. 6. Comparison between experimental (symbols) and simulated (solid lines) data of residual 

monomer mixture composition 𝑓𝑓𝐴𝐴𝐴𝐴 as a function of conversion for the copolymerization of Am 

with AA at 50°C and initial monomer concentration equal to 1 (brown), 5 (black), 10 (violet), 

20 (red), 30 (blue), and 40 wt% (green). Initial degree of ionization (a) 𝛼𝛼 = 0.3, (b) 𝛼𝛼 = 0.5; 

(c) 𝛼𝛼 = 0.7; (d) 𝛼𝛼 = 1. The experimental data (with the exception of fully ionized AA at 

𝑓𝑓𝐴𝐴𝐴𝐴,0 = 0.5) were taken from Preusser et al. [19]. 
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Fig. 7. Comparison between experimental (symbols) and simulated (solid lines) data of residual 

monomer mixture composition as a function of conversion for the copolymerization of Am 

with fully ionized AA at 50°C with salt addition. The initial weight fraction of total monomer 

is detailed in the legend, where the equivalent weight fraction of total monomer obtained after 

salt addition is reported within brackets. Reactions carried out at (a) constant ionic strength; 

(b) constant initial monomer concentration. 
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Table 4. Optimized values of the model parameters estimated by fitting the equations to the 

experimental data of composition. The kinetic rates 𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶 and 𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶 are given in (L mol-1 s-

1 (kg mol-1)β), whereas all other parameters are dimensionless. 

Parameter Optimized value 

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶  6.96 · 105 

𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶  0.0198 

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶  1.26 · 105 

𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶  2.58 

𝑟𝑟𝐴𝐴𝐴𝐴/𝐴𝐴−  1.89 

𝑟𝑟𝐴𝐴−/𝐴𝐴𝐴𝐴  1.60 

𝑟𝑟𝐻𝐻𝐴𝐴/𝐴𝐴−  1.90 

𝑟𝑟𝐴𝐴−/𝐻𝐻𝐴𝐴   1.80 

 

The model is capable of reproducing nicely the effect of monomer concentration on the 

composition behavior in the experiments without salt addition, with some limited discrepancy 

at the highest monomer content (Fig. 6). The model performances are comparable with those 

of the empirical model developed by Preusser et al. to simulate the same set of experimental 

data [19]. About the experiments with salt addition, the model slightly overestimates the effect 

of copolymer enrichment in Am upon increasing the electrolyte concentration starting from the 

same monomer content especially at the largest electrolyte concentration, as shown in Fig. 7b. 
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On the other hand, the simulation of the non-electrostatic effect due to increasing monomer 

concentration is not reproduced well, as shown in Fig. 7a. The only model feature accounting 

for a non-electrostatic effect due to increasing monomer concentration is the intrinsic 

dependence of the propagation rate coefficients of Am and HA on the monomer weight fraction 

[33,34]. This effect is well known for water-soluble monomers and has been explained in terms 

of stabilization of the transition state in the propagation step due to its interactions with the 

surrounding environment [33]. 

To conclude, looking at the global effect of the monomer concentration on the composition 

behavior of the system, the contribution of the electrostatic terms in the equations appears to 

partly compensate some non-electrostatic effect of the monomer concentration not yet 

adequately explained: accordingly, even though the overall fit of the experimental data in Fig. 

6 remains satisfactory, the overestimation of the composition drift predicted by the model in 

Fig. 7 – which is uniquely due to electrostatic effects since the monomer concentration is 

constant – could be imputed to this model lack. 

Model validation. The reliability of the model parameter values has been finally assessed 

by comparing the model predictions of reaction kinetics with the corresponding experimental 

data. Specifically, the propagation rate coefficient of MAA as a function of concentration and 

degree of ionization of the monomer has been measured by Lacik et al. in a wide range of 

temperatures [35]. The same rate coefficient can be predicted as a function of the degree of 

dissociation of AA and monomer concentration starting from the propagation rate coefficient 

of AA, taking advantage of the reduced propagation rate coefficients discussed before: 

𝑘𝑘𝑝𝑝,𝐷𝐷𝐴𝐴𝐴𝐴(𝛼𝛼) = 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴(𝛼𝛼)
𝑘𝑘𝑝𝑝,𝐷𝐷𝐴𝐴𝐴𝐴.𝛼𝛼=0

𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴.𝛼𝛼=0
 (35) 

where 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴(𝛼𝛼) is defined as in Equation 19, while 𝑘𝑘𝑝𝑝,𝐴𝐴𝐴𝐴.𝛼𝛼=0 (i.e., 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0 ) and 𝑘𝑘𝑝𝑝,𝐷𝐷𝐴𝐴𝐴𝐴.𝛼𝛼=0 

are taken from the literature [34,35]. A comparison between model predictions and 

experimental results at 50°C is shown in Fig. 8. The model can reproduce very nicely the effects 



 33 

of monomer concentration and ionization on the propagation rate coefficient; it should be noted 

that for α = 0 the model equation for 𝑘𝑘𝑝𝑝,𝐷𝐷𝐴𝐴𝐴𝐴 corresponds to the literature expression. 

 

Fig. 8. Comparison between experimental (symbols) and simulated (solid lines) values of the 

propagation rate coefficient of MAA as a function of concentration and degree of ionization of 

the monomer at 50°C. The experimental data are taken from Lacik et al. (table 2).[35] 

This same model can be also used to evaluate the Mayo-Lewis plot for Am/AA through 

Equation 20 and to compare the result with the copolymerization diagram estimated by Rintoul 

et al. as a function of pH [17]. The predicted curves reported in Fig. 9 are overall in good 

agreement with the corresponding experimental data. In the case of fully ionized AA (i.e., pH 

= 12) the model overestimates 𝐹𝐹𝐴𝐴𝐴𝐴 when the Am fraction in the monomer mixture approaches 

zero. From Equations 20 and 22, the slope of the Mayo-Lewis plot in this condition can be 

expressed as follows: 

𝑑𝑑𝐹𝐹𝐴𝐴𝐴𝐴
𝑑𝑑𝑓𝑓𝐴𝐴𝐴𝐴

�
𝑓𝑓𝐴𝐴𝐴𝐴=0

=
1
𝑟𝑟𝐴𝐴𝐴𝐴

 (36) 

In the limiting case of 𝑓𝑓𝐴𝐴𝐴𝐴 = 0 and very high pH (i.e., AA is fully ionized and 𝛼𝛼𝐷𝐷 = 𝛼𝛼𝑃𝑃 = 1), 

the reactivity ratio 𝑟𝑟𝐴𝐴𝐴𝐴 defined by Equation 28 becomes: 

𝑟𝑟𝐴𝐴𝐴𝐴 = 𝑟𝑟𝐴𝐴−/𝐴𝐴𝐴𝐴 �1 +
𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0  𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴

𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸
𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶

�
−1

 (37) 
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Fig. 9. Comparison between experimental (symbols) and simulated (solid lines) values of the 

Mayo-Lewis plot of Am/AA copolymerization as a function of the pH and at monomer 

concentration of 0.4 mol L-1. The experimental data were taken from Rintoul et al. (Fig. 4) [17]. 

 

Using the previously estimated model parameter values and a monomer concentration equal 

to 0.4 mol L-1 (as in the experiments by Rintoul et al.) to evaluate the electrolyte concentration, 

𝑟𝑟𝐴𝐴𝐴𝐴 = 0.037 is predicted. A much larger value (0.32) is reported by Rintoul et al. for the same 

parameter as determined by fitting of the composition data at pH = 12. This discrepancy is 

reflected by the larger initial slope of the simulated Mayo-Lewis curve at pH = 12 and 𝑓𝑓𝐴𝐴𝐴𝐴 = 0 

in Fig. 9 and the corresponding mismatch with the first experimental value at low Am fraction 

in the monomer mixture. It should be noted that the very small value of 𝑟𝑟𝐴𝐴𝐴𝐴 calculated by 

Equation 37 is mainly determined by a large ratio 𝑘𝑘𝑝𝑝,𝐻𝐻𝐴𝐴/𝐻𝐻𝐴𝐴
0 𝑠𝑠𝐴𝐴−/𝐻𝐻𝐴𝐴 𝑘𝑘𝐷𝐷,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸

𝛽𝛽𝐶𝐶𝐶𝐶𝐶𝐶� , thus it is 

primarily function of the electrostatic interaction parameters governing the propagation of non-

ionized AA. Nevertheless, these same parameter values enable the good prediction of PLP data 

of ionized AA propagation by Equation 31. 
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Conclusion 

The copolymerization of Am with AA in aqueous solution has been investigated by in-situ 

1H NMR with focus on copolymer composition. The experiments have been carried out at a 

1:1 molar ratio between the two monomers, and employing AA in its fully ionized form (𝛼𝛼 =

1) in order to deepen the understanding of the charge interactions on the reaction kinetics. The 

results showed that the incorporation of ionized AA in the copolymer can be enhanced either 

by increasing the total amount of monomer or by adding salt (NaCl) to the reaction medium. 

This feature can be explained in terms of an effect of the solution ionic strength on the 

propagation reaction kinetics: the repulsion forces between the ionized AA repeat units in the 

active polymer chain and the approaching ionized AA monomer are reduced due to shielding 

of the charges by the addition of electrolytes to the solution. The reproduction of the monomer 

concentration effect by addition of salt revealed to be effective only at low monomer 

concentration (i.e., 1-5 wt%): in such conditions, the propagation kinetics appears to be fully 

controlled by the electrostatic-driven diffusion limitations, and it is largely sensitive to changes 

in the ionic strength. On the other hand, at higher monomer concentration (i.e., 30-40 wt%) the 

increase in ionic strength due to salt addition showed a much smaller, almost negligible impact 

onto the composition behavior compared to a mere increase in monomer concentration, 

suggesting that the electrostatic interactions play a minor role. In this case, the reaction is 

mainly controlled by the intrinsic kinetics of propagation, and the effect of monomer 

concentration can be ascribed to a different degree of stabilization of the transition state 

according to the composition of its surrounding environment. 

In the attempt to elucidate the competition between electrostatic and non-electrostatic effects 

on the composition behavior due to an increase in monomer concentration, a mathematical 

model has been developed, which calculates the copolymer composition as a function of 

conversion. The dependence of the reactivity ratios on the electrostatic interactions has been 
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expressed in accordance with the DLVO theory, based on the rate law of propagation of ionized 

monomers proposed in a previous work [13]: namely, a diffusion-dependent contribution 

function of the ionic strength is introduced in addition to the intrinsic kinetics term to evaluate 

𝑘𝑘𝑝𝑝. The corresponding kinetic model of copolymerization involving a permanently-charged 

monomer has been extended in this work to cover any ionization degree of AA. As a further 

improvement to the previous model, the penultimate unit effect for the electrostatic interactions 

has been considered, according to the relatively small distance between the approaching 

charges in the transition state of AA propagation. The model parameters have been estimated 

by fitting the equations to a large set of experimental data, including own data about fully 

ionized AA with salt addition as well as literature data obtained at various degrees of ionization 

of AA. The developed model is capable to reproduce nicely the experimental data in a wide 

range of reaction conditions. Moreover, the reliability of the parameter values was confirmed 

by comparison of the model predictions with published composition data not used for the 

parameter estimation. Remarkably, the model equations and parameter values defining the 

propagation rate of AA as a function of its degree of ionization and concentration showed to 

be consistent with PLP estimations. 

The presented approach can be extended to other systems involving water-soluble 

monomers, particularly in presence of ionizable groups. However, given the large number of 

model parameters, their reliable estimation is not trivial, and the use of combined experimental 

information (copolymer composition by in-situ NMR, propagation rate coefficients from 

independent PLP data, molecular weight distribution by SEC) should always be considered. In 

particular, the electrostatic interaction parameters introduced by equations 7-11 are expected 

to be weakly dependent on the specific monomer pair under consideration, thus their estimated 

values could be applied to model the kinetic behavior of different monomers sharing similar 

charge-bearing groups.  
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SUPPLEMENTARY MATERIAL 

Fig. S1. 1H NMR spectrum of the copolymerization of Am with AA at 50°C. Fig. S2. 

Experimental results of residual monomer mixture composition as a function of conversion for 

the copolymerization of Am with fully ionized AA at 50°C and comparison with the results 

obtained at Queen’s. Fig. S3. Optimized structures of oligomers of ionized AA and DMAEA-

Q with the distances between the side-chain charges. Calculation of the degrees of dissociation 

of AA monomer and AA polymer units as a function of pH. Definition of the pseudo-binary 

rate coefficients. 
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