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Abstract:



The radical copolymerization kinetics of acrylamide (AM) and the water-soluble monomer sodium 4-hydroxy-4-methyl-2-methylene butanoate (SHMeMB), formed by saponification of the bio-sourced monomer γ-methyl-α-methylene-γ-butyrolactone (MeMBL), are investigated to explain the previously reported slow rates of reaction during synthesis of superabsorbent hydrogels. Limiting conversions were observed to decrease with increased temperature during SHMeMB homopolymerization, suggesting that polymerization rate is limited by depropagation. Comonomer composition drift also increased with temperature, with more AM incorporated into the copolymer due to SHMeMB depropagation. Using previous estimates for the SHMeMB propagation rate coefficient, the conversion profiles were used to estimate rate coefficients for depropagation and termination (kt). The estimate for kt,SHMeMB was found to be of the same order of magnitude as that recently reported for sodium methacrylate, with the averaged copolymerization termination rate coefficient dominated by the presence of SHMeMB in the system. In addition, it was found that depropagation still controlled the SHMeMB polymerization rate at elevated temperatures in the presence of added salt.
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1. Introduction


Water-soluble polymers are used extensively in personal products for hair care [1] and detergents [2], with crosslinked materials utilized as absorbent hydrogels in diapers or feminine products [3]. Other applications include drug delivery [4], flocculation for water recovery in oil sand tailings [5], and metal ion recovery [6]. The bio-derived monomers α-methylene-γ-butyrolactone (MBL) and γ-methyl-α-methylene-γ-butyrolactone (MeMBL) have previously been homopolymerized [7,8] and copolymerized with styrene (ST) and methyl methacrylate (MMA) [9,10], but in bulk or organic solution. Recently, Kollár et al. demonstrated that MBL could be saponified with sodium hydroxide (NaOH) to make a water-soluble monomer, sodium 4-hydroxy-2-methylene butanoate (SHMB), that was copolymerized with acrylamide (AM) and crosslinker to make superabsorbent hydrogels that exhibited superior water absorbency compared to conventional sodium acrylate:AM materials [11]. In an extension of that work, MeMBL was saponified to sodium 4-hydroxy-4-methyl-2-methylene butanoate (SHMeMB) (see Scheme 1), which was copolymerized with AM and crosslinker to make similar superabsorbent materials [12].



The SHMeMB:AM hydrogels showed higher water absorbency than SHMB:AM hydrogels, a finding attributed to changes in crosslink density caused by reactivity differences between the two systems [12]. Conversion profiles obtained from in situ NMR showed very slow homopolymerization rates of both SHMB and SHMeMB, and a lowered copolymerization rate for SHMeMB:AM compared to SHMB:AM. The lower reactivity of SHMeMB:AM was partially attributed to differences in the system reactivity ratios, estimated as rSHMeMB = 0.12–0.17 and rAM = 0.95–1.10 for SHMeMB:AM [12] compared to rSHMB = 0.35 ± 0.15 and rAM = 1.42 ± 0.40 for SHMB:AM [11]. Using pulsed-laser polymerization coupled with aqueous-phase size exclusion chromatography (PLP-SEC), the rate of radical chain growth of SHMB:AM copolymers was found to be twice that of SHMeMB:AM under identical conditions. It was not possible, however, to find suitable experimental conditions to directly study SHMeMB homopropagation by the PLP technique. Thus, the copolymerization results were extrapolated to provide the first estimates of the homopropagation rate coefficients (kp), with very low values of 165 and 25 L·mol−1·s−1, estimated at 60 °C in aqueous solution for SHMB and SHMeMB, respectively [12].



As both SHMB and SHMeMB are fully-ionized water-soluble monomers, their polymerization kinetics in aqueous solution are not well-understood. However, previous studies using PLP-SEC, the IUPAC recommended method for determining kp [13], have examined the radical polymerization behavior of other water-soluble monomers, including non-ionized to fully ionized acrylic and methacrylic acids [14,15,16,17] and acrylamide [18]. It is now known that the polymerization kinetics of these monomers in water differ significantly from those of the same monomers in organic solvents, with the kp values of non-ionized acrylic acid and methacrylic acid significantly higher in water than in methanol and dimethyl sulfoxide (DMSO) [19]. In addition, the kinetics are greatly affected by monomer concentration in aqueous solution, as studied for acrylic acid [16], methacrylic acid [17], and acrylamide [20]. The dependence of kp on monomer concentration was attributed to the hydrogen-bonding effects between water, monomer, and radical species. Although kp is dependent on monomer concentration, it was found that the reactivity ratios of AM and non-ionized acrylic acid copolymerization were constant with concentration [21], although the values are dependent on monomer concentration and ionic strength for copolymerization of AM with fully-ionized AA [22,23]. It should be noted that hydrogen-bonding effects are not only present in aqueous solution, but also influence the reactivity ratios of butyl methacrylate (BMA) and 2-hydroxyethyl acrylate (HEA) copolymerization in organic solution, as the relative reactivity of the two monomers is dependent on solvent choice [24].



Another kinetic mechanism important to this study is depropagation. For most radical polymerizations, the monomer addition to a growing macroradical (propagation) can be considered as an irreversible reaction. However, depropagation, the process by which a single monomer unit is released from the growing radical chain, occurs if there is steric hindrance near the radical site. Under these conditions, the propagation and depropagation mechanisms become a reversible reaction pair, with the relative rates (and hence overall rate of polymerization) a function of temperature and monomer concentration. Some monomers that are known to depropagate are BMA [25], itaconates [26], methyl ethacrylate [27], and α-methyl styrene [28], all studied in organic solution. In the presence of appreciable rates of depropagation, the polymerization does not reach full monomer conversion and the reaction can also influence copolymer composition as well as rate, as seen for the radical copolymerization of methyl ethacrylate and styrene (MEA/ST) [29] and BMA/ST at elevated temperature [25]. It is interesting to note that α-methylene-δ-valerolactone (MVL), a monomer of similar structure to MBL, has been shown to undergo depropagation, with a ceiling temperature of 83 °C [30]. Depropagation of MVL was attributed to its non-planar structure that hinders the radical center, while MBL does not depropagate as it is planar in structure.



In this publication, a series of studies were done to further elucidate the polymerization kinetics of SHMeMB homopolymerization and SHMeMB:AM copolymerization. Polymerizations were conducted at elevated temperatures (60 to 90 °C) to explore the importance of depropagation, using in situ NMR spectroscopy to track monomer conversions. In addition, homopolymerizations were done in the presence of added salt to observe whether the changes in the polymerization rate are similar to those reported for fully ionized acrylic acid (sodium acrylate, NaAA) [31,32] and methacrylic acid (sodium methacrylate, NaMAA) [33]. The homopolymerization conversion profiles were used to estimate the rate coefficients for termination (kt) and depropagation (kdep), using the parameter estimation capabilities in the PREDICI® software package [34]. Ultimately, the estimated parameters from SHMeMB homopolymerization were implemented in a kinetic model developed to represent SHMeMB:AM copolymerization behavior.




2. Materials and Methods


2.1. Materials


The following chemicals were purchased from Sigma-Aldrich, Canada and used as received: acrylamide (AM, >98%), N,N′-methylenebis(acrylamide) (BIS, 99%), 2,2′-azobis(2-methyl-propionamidine) dihydrochloride (V-50 initiator, 97%), and sodium hydroxide (NaOH, >97%). 2,2′-Azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (V-86 initiator) was purchased from Wako Pure Chemicals Ltd., USA. Deuterated water (D2O, 99.8% D) and hydrochloric acid (HCl, 36.5% w/w) were purchased from Fisher Scientific, Canada and the γ-methyl-α-methylene-γ-butyrolactone (MeMBL, >97%) was provided by DuPont Central Research Laboratories.




2.2. Ring-Opening Saponfication of MeMBL


The saponification of MeMBL followed the same procedure as in previous studies [11,12]. For 1 g of MeMBL, 10 mol % excess of NaOH was measured and dissolved in 1 g of D2O in a small vial with a stir-bar. The saponification reaction took place in an oil bath at 95 °C for 2 h, after which the solution was cooled to room temperature and 1 M HCl was added until a pH of 7 was reached. The SHMeMB mixture was then diluted with D2O to a final monomer concentration of 40 wt % (including mass of sodium ions). This stock solution was mixed with other components to achieve desired concentrations for the in situ NMR studies. The structure of MeMBL was confirmed by NMR, and ring structures were confirmed to be completely opened to make SHMeMB [12].




2.3. Preparation for In Situ NMR


The in situ NMR method was used to measure the overall monomer conversion profiles, as well as the variation of monomer and polymer composition with conversion, following procedures described by Preusser and Hutchinson [21]. Near-isothermal conditions for the experiments can be assumed based upon the slow rate of polymerization compared to other systems analyzed in the same setup [21]. Copolymerizations were conducted at 3:7 and 4:6 SHMeMB:AM initial molar ratios and 15 wt % monomer concentration in D2O, with initiator content specified as a weight percent of the total mixture (monomers + D2O). Homopolymerizations were done at 15 and 30 wt % monomer concentration in D2O, and salt was added to the monomer mixture relative to the SHMeMB molar amounts. While the preparation of the SHMeMB monomer added slightly to the ionic strength of the solution (addition of 10 mol % excess NaOH followed by neutralization with HCl), this contribution was not considered when reporting salt concentrations in the discussion section.



Overall conversion X(t) was calculated from the decrease in monomer peak integrations relative to the HOD reference peak (residual solvent peak from D2O at 4.8 ppm), and individual conversions of SHMeMB and AM were used to calculate SHMeMB monomer (fSHMeMB) and polymer mole fractions (FSHMeMB), as detailed in our previous study [12].




2.4. Kinetic Parameters for PREDICI Parameter Estimation


The parameter estimations for SHMeMB homopolymerizations and SHMeMB:AM copolymerizations were done using PREDICI [34], based on the reaction mechanisms listed in Table 1. For SHMeMB:AM copolymerizations, kt represents an averaged value for all three termination mechanisms; as will be discussed, the values were estimated from individual experimental monomer conversion profiles to provide a perspective on how the averaged rate coefficient varies with monomer composition. As the termination rate is dominated by the large fraction of SHMeMB radicals in the system, the reaction is assumed to occur solely by disproportionation due to their hindered structure; this assumption does not impact the kt values estimated from the conversion profiles. Depropagation was also considered in the model, based on the assumption that the reaction occurs only if both the penultimate and terminal monomer units of the growing radical chain are SHMeMB, as captured by the probability factor p11 [25].



Table 1. Reaction mechanisms for the copolymerization of SHMeMB and acrylamide (AM).







	
Reaction Mechanisms

	






	
Initiator decomposition
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Initiation
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Propagation
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Termination (by disproportionation)
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Depropagation
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The known rate coefficients (initiator decomposition, homopropagation, and reactivity ratios) are shown in Table 2. The initiator efficiency (f) of V-50 was assumed to be 0.8, and for V-86 it was assumed to be 0.38, as determined in a previous study [35]. The propagation rate expression for AM homopolymerization was determined [18] and modelled [20] previously as a function of both monomer concentration and temperature, yielding a kp,AM value of 86,000 L·mol−1·s−1 for 15 wt % AM in aqueous solution at 50 °C. Although AM concentration changes with SHMeMB:AM comonomer composition (keeping total monomer content at 15 wt %), the value of kp,AM in the model was kept constant. This assumption is reasonable, as kpcop is dominated by the low value of kp,SHMeMB and not sensitive to small changes in kp,AM. As shown in Table S1 in the supporting information, kp,AM values were calculated at a different total AM wt % (while maintaining 15 wt % monomer concentration) and the estimated values for kt remained the same. The PLP-SEC estimate for kp,SHMeMB, obtained at 60 °C and 15 wt % monomer in the previous study [12], was used in this work.



Table 2. Rate expressions for known kinetic coefficients used in model of SHMeMB:AM copolymerization.







	
Reaction

	
Rate Expression

	
References






	
Decomposition of V-50

	
kd = 9.385 × 1014 exp (–14,890/T(K))

	
[36]




	

	
f = 0.8

	




	
Decomposition of V-86

	
kd = 1.24 × 1013 exp (–14,800/T(K))

	
[35,37]




	

	
f = 0.38

	




	
Propagation of AM
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[18]




	
Propagation of SHMeMB

	
kp = 25 L·mol−1·s−1

	
[12]




	
Reactivity ratios at 50 °C

	
rAM = kp2,2/ kp2,1 = 0.95 ± 0.01

rSHMeMB = kp1,1/ kp1,2 = 0.17 ± 0.01

	
[12]












3. Results and Discussion


3.1. Copolymerization of SHMeMB:AM at Different Temperatures


In the previous study, in situ batch copolymerizations of SHMeMB and AM at 50 °C over a wide range of compositions (initial mole fraction of SHMeMB, fSHMeMB, between 0.1 and 0.8) were used to estimate the reactivity ratios of the system summarized in Table 2. In this work, the study was extended to higher temperatures. Conversion profiles measured for experiments with V-50 initiator at an initial monomer content of 15 wt % and SHMeMB:AM molar ratios of 3:7 (50–80 °C) and 4:6 (50–70 °C) are shown in Figure 1. It is evident that the initial rate of polymerization increases with temperature, as expected due to the accelerated radical production rate as well as the increased kp values. However, monomer conversion plateaus at less than 100% at the higher temperatures. This limiting conversion does not result from initiator depletion, as 27% of the V-50 remains after 3 h at 70 °C, based on literature values for V-50 decomposition kinetics. The conversion plateau occurs at a lower conversion as the initial fraction of SHMeMB is increased, as seen by comparing the profiles for 3:7 and 4:6 SHMeMB:AM after 3 h. Thus, the presence of SHMeMB not only affects the initial rate of polymerization, but also causes the copolymerization rate to significantly slow down as higher conversions are reached at the higher temperatures.


Figure 1. Overall monomer conversion profiles for copolymerizations at (a) 3:7 and (b) 4:6 initial SHMeMB:AM molar ratios at varying temperatures with 15 wt % monomer and 0.5 wt % V-50.
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Individual monomer concentration profiles of SHMeMB and AM at 50, 60, and 70 °C are presented as Figure S1 in the supporting information. The plots show that the rate of SHMeMB consumption becomes very slow at the lowered SHMeMB concentrations reached later in the reactions, while the consumption of AM continues. This behavior becomes more evident at higher temperatures and increased SHMeMB content, under which conditions the absolute concentration of AM decreases to values below that of SHMeMB, despite its higher initial value. The limiting SHMeMB conversions suggest that depropagation of SHMeMB monomer may be occurring, leading to a significantly decreased rate of polymerization as AM is consumed.



To further explore this possibility, the comonomer composition drifts with conversion at different temperatures are plotted in Figure 2; the curves are normalized by the initial fraction of SHMeMB in the mixture to provide a better comparison by eliminating slight variations in the initial compositions. If SHMeMB depropagation is important, the value of fSHMeMB would increase more significantly with conversion as temperature is increased due to decreased incorporation of SHMeMB under conditions that favour depropagation, as seen in studies of MEA/ST [29] and BMA/ST [25]. As shown in Figure 2, this behavior is indeed observed for the SHMeMB:AM system as temperature increased from 50 to 80 °C. At higher conversions where monomer concentrations are low, the influence of depropagation on SHMeMB consumption becomes more prominent. The reaction temperature was further increased to 90 °C using a different initiator, V-86, as it has a slower rate of decomposition. At 90 °C, there was further deviation of the drift in fSHMeMB with conversion compared to 50 °C. Reactions with V-50 and V-86 were conducted at the same temperatures to verify that composition drift was consistent using both initiators (see Figure S2).


Figure 2. Monomer composition drift with conversion for copolymerization with an initial 3:7 SHMeMB:AM molar ratio, 15 wt % monomer and (a) 0.5 wt % V-50 initiator, or (b) 1.67 wt % V-86 initiator at varying temperatures (90 °C experiment was conducted with 0.5 wt % V-86). Monomer composition was normalized by initial monomer composition to eliminate the influence of slight variations in the comonomer mixture composition.
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As a first step to understanding this behavior, monomer composition drifts measured with 3:7 molar ratio of SHMeMB:AM copolymerizations at 70 and 80 °C were fitted to provide reactivity ratio estimates, with results shown in Figure 3. Two methods were used to fit the experimental data: the first uses the previously determined rAM = 0.951 so that only one parameter (rSHMeMB) was estimated, as depropagation should only influence the addition rate of a SHMeMB monomer to a SHMeMB radical, and thus the effective value of rSHMeMB. For the second fitting, both parameters, rAM and rSHMeMB, were estimated simultaneously.


Figure 3. Monomer composition drift for copolymerizations of 3:7 molar ratio of SHMeMB:AM with 15 wt % monomer and 0.5 wt % V-50 at (a) 70 and (b) 80 °C. The solid line represents parameter estimation with rAM fixed at 0.951 (best-fit value at 50 °C), and the dotted line represents parameter estimation to determine both rAM and rSHMeMB, with values summarized in Table 3.



Table 3. Reactivity ratios estimates from copolymerization of 3:7 molar ratio of SHMeMB:AM with 15 wt % monomer and 0.5 wt % V-50 at 70 and 80 °C. The “one parameter” method estimates rSHMeMB with rAM fixed at 0.951, and the “two parameter” method estimates both rAM and rSHMeMB.







	

	
70 °C

	
80 °C




	
1 Parameter

	
2 Parameters

	
1 Parameter

	
2 Parameters






	
rSHMeMB

	
0.005 ± 0.008

	
0.12 ± 0.22

	
7 × 10−6 ± 7 × 10−3

	
0.05 ± 0.17




	
rAM

	
-

	
1.04 ± 0.17

	
-

	
1.06 ± 0.21
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As shown by Figure 3, both methods gave good representations to the experimental data, but with drastically different estimates for rSHMeMB, as summarized in Table 3. The terminal model reactivity ratio of monomer one (r1) is defined by Equation (1), where kp,11 is the homopropagation rate coefficient for addition of monomer one to a monomer one radical and kp,12 is the cross-propagation rate coefficient for the addition of monomer two to a monomer one radical.





[image: ]



(1)




When the value of rAM was fixed at 0.951, the parameter estimation forces rSHMeMB to approach zero, indicating that AM monomer addition is greatly favoured over SHMeMB addition to a SHMeMB terminal radical. Estimating rSHMeMB and rAM simultaneously at 70 °C gave an rAM value that was close to the value determined at 50 °C, and lowered the rSHMeMB value to 0.120 (from 0.169 at 50 °C). At 80 °C, rSHMeMB decreased to an even lower value of 0.046 due to more prominent depropagation effects at higher temperatures. While these values seem plausible, the uncertainty in the estimates are large. Nonetheless, they are consistent with the expectations of depropagation.



It is important to note that the parameter estimation fits the reactivity ratios based on the terminal model (i.e., no depropagation), assuming that the value of kp,SHMeMB remains constant with conversion. In the case of depropagation, the kp,11 value should be considered as an effective value, kpeff, dependent on kp, kdep and monomer concentration [M] as shown in Equation (2) [26], such that rSHMeMB would change with conversion.
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(2)




Thus, the conversion profiles for SHMeMB homopolymerizations are first used to estimate kdep before returning to analysis of the copolymerization system.




3.2. Homopolymerization Kinetics of SHMeMB


To investigate depropagation kinetics further, the in situ NMR technique was used to study homopolymerization of SHMeMB at increased temperature and initiator content (75 °C and 1 wt % V-86), with reaction times (14 h) considerably extended compared to copolymerizations. The conversion profiles, shown in Figure 4, were the same for both initial monomer concentrations (15 and 30 wt %), consistent with reports that monomer concentration did not have a large effect on kp for other fully ionized monomers such as NaMAA [17]. However, no difference in the final conversions is seen between the two experiments, indicating that monomer concentrations were not yet approaching the equilibrium values at which depropagation would cause a difference in limiting conversion.


Figure 4. Monomer conversion profiles obtained by homopolymerization of SHMeMB at 15 and 30 wt % at 75 °C and 1 wt % V-86, and at 15 wt % and 90 °C.
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The possible effects of depropagation on the homopolymerization of SHMeMB were investigated at higher temperatures. In Figure 4, the initial rate of polymerization is seen to be faster at 90 °C than at 75 °C as expected, but the rate eventually slows down such that the final conversion reached is lower than at 75 °C. The decrease in polymerization rate at 90 °C is not due to the lack of initiator, as there is still 25% remaining after 16 h [37]. Thus, the conversion profiles support the hypothesis that depropagation is affecting SHMeMB polymerization, consistent with the observation of increased AM incorporation into the SHMeMB:AM copolymer observed at elevated temperatures.



It was previously demonstrated that the polymerization rate of fully ionized acrylic acid was influenced by the addition of a salt, such that at a molar ratio of 1:5.7 [AA−]:[NaCl] the polymerization rate of fully ionized AA (NaAA) was comparable to that of non-ionized AA [31]. It was proposed that the screening of charges by the added salt reduced the repulsion between the ionized monomers and ionized radical sites, therefore enhancing the polymerization rate of fully-ionized AA. Thus, NaCl was added to SHMeMB homopolymerizations to examine for a similar effect, as shown in Figure 5. The polymerization rate at 75 °C was found to decrease with added salt, with the rate of polymerization perhaps slightly lower at the 1:1 ratio of SHMeMB]:[NaCl] compared to the 1:0.5 ratio.


Figure 5. Monomer conversion profiles obtained from homopolymerizations of SHMeMB at 15 wt % with (a) added NaCl salt at 75 °C and 1 wt % V-86, and (b) at 90 °C with added NaCl at 1:0.5 [SHMeMB]:[NaCl] molar ratio.
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Although the rate of monomer conversion of NaAA was increased by increasing ionic strength [31], a similar increase was not observed for NaMAA [17]. However, a separate study showed that the kp of NaMAA did increase with ionic strength [32]. Therefore, it can be concluded that kp and kt for ionized monomers are both affected (increased) by the presence of salt, but to different extents, according to the monomer. Individual estimates are not available for SHMeMB, but the conversion profiles in Figure 5a indicate that kt is enhanced in the presence of NaCl to a greater extent than kp, hence decreasing the overall rate of polymerization at 75 °C. As shown in Figure 5b, the addition of NaCl to the polymerization at 90 °C, however, has no effect on the conversion profile. Depropagation is more important at this elevated temperature, complicating the situation; however, the net effect of the added salt on the rate of conversion is minor.




3.3. Parameter Estimation for SHMeMB Homopolymerizations


The SHMeMB homopolymerization conversion profiles presented in Section 3.2 are used in this section to estimate both the termination (kt) and depropagation (kdep) coefficients using the data-fitting tools in PREDICI based on the mechanisms shown in Table 1 (initiation, propagation, depropagation and termination). As conversion profiles are a function of the ratios of rate coefficients (kdep/kp and kp/kt0.5), the strategy employed was to use the previously-estimated propagation coefficient (kp) of SHMeMB from the PLP-SEC study [12], and to estimate kdep simultaneously with kt. For simplicity, the kp value of 25 L·mol−1·s−1 estimated at 60 °C was used, as the activation energy for propagation is not known. Thus, the estimates for kt and kdep at 75 and 90 °C are lower than the true values, but could be corrected once the temperature dependency of kp is determined.



The initial fitting of the SHMeMB homopolymerizations curves, shown in Figure 6, was conducted assuming no depropagation occurs (kdep = 0). The model fits the experimental data reasonably well at 75 °C until the point at which the rate of polymerization seemed to decrease, around 10 h into the reaction. However, it is evident that the model with no depropagation was not sufficient in fitting the experiment conversion profile at 90 °C, predicting a continued increase in conversion not observed experimentally. The best fit value of kt is 1.3 × 106 L·mol−1·s−1 at both 75 and 90 °C, although the true values would be lower (due to the assumption that depropagation does not occur). Furthermore, kt does not seem to be a large function of temperature, as the same value was able to fit the initial polymerization rate for both 75 and 90 °C. These estimates of kt are higher than recently reported values for NaAA of ~105 L·mol−1·s−1 [38].


Figure 6. Fit of the homopolymerization SHMeMB model assuming no depropagation to monomer conversion profiles obtained at (a) 75 °C with 1 wt % V-86 at different monomer concentrations, and (b) at different temperatures with 1 wt % V-86 and 15 wt % monomer. Solid lines represent model output, with experimental results indicated by data points.
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The experimental conversion profile of SHMeMB hompolymerization at 75 °C was converted using the integrated conversion equation for a batch isothermal reaction, Equation (3), to generate a kp/kt0.5 vs. conversion plot. In Equation (3), X represents conversion, kd is the decomposition rate coefficient of V-86 initiator, t is reaction time, [I]0 is initial initiator concentration, and f is initiator efficiency.
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(3)




Note that Equation (3) is derived assuming that both kp and kt are constant with conversion, and that depropagation does not occur in the system. In general, the kp/kt0.5 ratio calculated from the experimental data at 75 °C, as shown in Figure 7, is fairly constant until it reaches a conversion of 25%, at which point it starts to decrease, likely due to the influence of depropagation. (The kp/kt0.5 values at <10% conversion were omitted due to scatter of experimental data in the initial stages of the reaction.) Assuming that depropagation was negligible between 0 and 25% conversion and a kp value of 25 L·mol−1·s−1, the average value of kp/kt0.5 of 0.022 (L·mol−1·s−1)0.5 in this region is used to estimate a value of kt of 1.30 × 106 L·mol−1·s−1, in agreement with the value fit to generate the conversion profiles in Figure 6. Also in agreement with Figure 6, the kp/kt0.5 ratio begins to decrease at a lower conversion at 90 °C, leading to the overestimation of the reaction rate without the consideration of depropagation.


Figure 7. kp/kt0.5 vs. conversion profile of SHMeMB homopolymerization at 75 °C with 15 and 30 wt % monomer concentration and at 90 °C with 15 wt % monomer and 1 wt % V-86 for 15 h.
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The kt value of 1.30 × 106 L·mol−1·s−1 was estimated using the kp/kt0.5 equation assuming depropagation was negligible in the early stages of the reaction, but the true extent of depropagation is still unknown at 75 and 90 °C. Using parameter estimation on PREDICI, both kt and kdep values were simultaneously estimated to be 1.4 ± 1.8 × 105 L·mol−1·s−1 and 21 ± 6 s−1, respectively, at 75 °C. The estimated value kt is an order of magnitude lower than estimated using the kp/kt0.5 plot, but is in reasonable agreement with reported estimates for other ionized monomers [33]. However, the 95% confidence interval encompasses zero, due to the difficulty in estimating both kt and kdep from a single conversion profile. Thus, the strategy taken was to fix kt at the value of 1.4 × 105 L·mol−1·s−1, and estimate only the kdep values from the conversion profiles obtained with 15 wt % SHMeMB at both 75 and 90 °C. The resulting fits to the conversion profiles are shown in Figure 8, with best fit values for kdep of 20.9 ± 0.6 and 26.8 ± 0.4 s−1 at 75 and 90 °C, respectively. The best fit profiles are compared to the curves generated assuming no depropagation (at 75 °C extended to longer time), to further illustrate that the higher kt value estimated from the kp/kt0.5 plot did not adequately represent the shape of the curve. Although the estimation at 90 °C did not fit as well to the experimental data, the higher estimated value of kdep indicates that, as expected, depropagation is enhanced at elevated temperatures. Furthermore, the fitting indicates an SHMeMB ceiling temperature (at a standard state of 1 mol·L−1) of about 90 °C, at which point kp and kdep estimates are almost identical. It is interesting to note that this value is close to the ceiling temperature of 83 °C reported for MVL [30], although the latter was polymerized in a closed ring form in organic solvent.


Figure 8. Conversion profile of SHMeMB homopolymerization with 15 wt % monomer and 1 wt % V-86 at (a) 75 °C and (b) at 90 °C. Lines indicate best-fit simulation results with (- - - - ) and without (――) depropagation.
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Termination and depropagation rate coefficients were also estimated at the higher monomer concentration conditions of 30 wt % SHMeMB at 75 °C with 1 wt % V-86. From previous PLP-SEC studies [39], kpcop of 10 mol % SHMeMB in SHMeMB:AM mixtures at 10 and 20 wt % were within experimental error. Therefore, a kp value of 25 L·mol−1·s−1 was also assumed for SHMeMB homopolymerization at 30 wt %. The value of kdep was also kept constant, and the conversion profile used to estimate a kt value of 6.15 ± 0.02 × 105 L·mol−1·s−1, with the fitted curve compared to the experimental conversion profile in Figure 9. Even though the observed conversion profiles at 15 and 30 wt % were nearly identical, the estimated values for kt increased significantly, a finding consistent with a previous study that showed that the kt of fully ionized NaMAA increased with monomer concentration [40].


Figure 9. Monomer conversion profiles for the homopolymerization of SHMeMB at 75 °C with 1 wt % V-86 and 30 wt % monomer. The solid line represents the estimated conversion profile using parameter estimation.
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Finally, parameter estimations were also done for the homopolymerizations of SHMeMB with added NaCl at 75 °C. While depropagation is generally attributed to the steric hindrance near the α-carbon, it is possible that electrostatic repulsion from the ionized carboxylic groups can also affect the mechanism. Nonetheless, it was assumed that kdep remains the same with added salt (21 s−1 as determined previously), as the first order depropagation mechanism is less likely to be influenced by the reaction environment than the bimolecular termination and propagation reactions and, as previously stated, both the kp and kt values for polymerizations of fully ionized monomers with added salt have been observed to increase with ionic strength [32]. The estimated conversion profiles are compared to the experimental results in Figure 10. As expected, the estimated values for kp and kt summarized in Table 4 have high uncertainty due to the difficulty of estimating two rate coefficients from the same conversion profile, with 95% confidence intervals encompassing zero. However, the best fit values are roughly the same for both 1:0.5 and 1:1 molar ratios of [SHMeMB]:[NaCl]. While the estimated values for kp did not increase greatly with the addition of salt (from 25 to ~30 L·mol−1·s−1), the estimates for the kt values increased an order of magnitude to 1 × 106 L·mol−1·s−1, significantly larger than the value of 1 × 105 L·mol−1·s−1 estimated without salt. Although estimated with high uncertainty, it is interesting to note that this increase in kt is consistent with the increase estimated for the 30 wt % SHMeMB homopolymerization, suggesting that charge screening provided from either the higher SHMeMB monomer concentration or added salt lowers the electrostatic barrier to radical–radical termination.


Figure 10. Monomer conversion profiles from homopolymerization of SHMeMB with different concentrations of added NaCl salt at 75 °C with 1 wt % V-86 and 15 wt % monomer. The solid lines represent the simulated conversion profiles using parameter estimation.
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Table 4. Estimated values for kp and kt for homopolymerizations of SHMeMB with added salt at 75 °C with 1 wt % V-86 and 15 wt % monomer assuming a kdep value of 21 s−1. Results are shown for reactions done with 1:0.5 and 1:1 molar ratios of [SHMeMB]:[NaCl].







	

	
1:0.5 [SHMeMB]:[NaCl]

	
1:1 [SHMeMB]:[NaCl]






	

	

	
95% Confidence

	

	
95% Confidence




	
kp (L·mol−1·s−1)

	
30.3

	
±50.9

	
29.2

	
±37.0




	
kt (L·mol−1·s−1)

	
9.98 × 105

	
±7.96 × 106

	
1.01 × 106

	
±6.32 × 106










To summarize, despite considerable uncertainty in the parameter estimations, the analysis of the SHMeMB homopolymerization conversion profiles suggests that the system is characterized by similar kt values to other ionized monomers, but has very low propagation rates and significant depropagation. A large increase in kt was required to fit the conversion profiles measured with added salt and with increased monomer concentration, consistent with trends observed in NaMAA [40].




3.4. Parameter Estimation for SHMeMB:AM Copolymerizations with Depropagation


The knowledge gained regarding the kinetic behavior of SHMeMB is here applied to the interpretation of the experimental SHMeMB:AM copolymerizations. Details of the PREDICI model, which assumes terminal chain-growth kinetics and SHMeMB depropagation, and uses a single kt value to represent termination in the two-monomer system, is presented in Section 2.4. Using the coefficients at 50 °C summarized in Table 2, and a SHMeMB kdep value of 21 s−1, kt, values of the copolymerization system were estimated at 50 °C for the different molar ratios of SHMeMB and AM studied experimentally. The estimated kt values of SHMeMB:AM copolymers are plotted as a function of fSHMeMB in Figure 11, with kt,AM and kt,SHMeMB included for reference. The termination rate coefficient for AM (kt,AM) was reported as a function of monomer concentration and temperature [20,41]. At 50 °C, kt,AM values at 10 and 20 wt % were calculated to be 5.2 × 108 and 4.2 × 108 L·mol−1·s−1, respectively. Taking the average of the two values gave an estimate of kt,AM of 4.7 × 108 L·mol−1·s−1 for 15 wt % monomer, several orders of magnitude higher than the kt of SHMeMB (kt,SHMeMB) estimated as 1.4 × 105 L·mol−1·s−1 at 15 wt % and 75 °C in Section 3.4. The fitting of kt to the SHMeMB:AM copolymerizations at 50 °C with 0.5 wt % V-50 and 15 wt % monomer provided a very good representation of the experimental conversion profiles, as seen in Figure S3.


Figure 11. kt of SHMeMB:AM copolymers estimated for copolymerizations done at 50 °C with 0.5 wt % V-50 and 15 wt % monomer.
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Figure 11 shows an immediate drop of two orders of magnitude upon addition of SHMeMB as a comonomer to AM, with values further decreasing to ~105 L·mol−1·s−1 as fSHMeMB increases to 0.4, at which point the estimates level out. The value of 105 L·mol−1·s−1 is similar to the estimated value for kt,SHMeMB in the previous section, and also the value of 3.6 × 105 L·mol−1·s−1 reported for homotermination of NaAA at 20 wt % and 50 °C in aqueous solution [38]. Comparable kt values for SHMeMB and NaAA indicate that the slow termination of two radicals in these systems is dominated by the electrostatic repulsion of the charged species near the radical site, rather than the steric hindrance that leads to the slow propagation and occurrence of depropagation of SHMeMB.



The kt value estimated for the copolymerization is an averaged value that describes all termination events in the SHMeMB:AM copolymerization, assuming terminal model kinetics. This averaging is described by Equation (4), where fr,SHMeMB is the fraction of SHMeMB terminal radicals, fr,AM is the fraction of AM terminal radicals, and kt,SA is the rate coefficient describing the cross-termination of SHMeMB and AM radicals [28].





[image: ]



(4)




According to Equation (4), kt must be dominated by the value of kt,SHMeMB, as its value decreases by two orders of magnitude from the value of kt,AM when only 10 mol % of SHMeMB is added to the mixture. This large drop indicates that even at a low initial SHMeMB monomer fraction, the fraction of SHMeMB radicals (fr,SHMeMB) is very high. Indeed, given the reactivity ratios of the system and the high homopropagation rate of AM (see Table 2), it can be calculated that at fSHMeMB = 0.1, fr,SHMeMB is greater than 99%, such that SHMeMB-SHMeMB termination is the dominant termination event.





4. Conclusions


The difference in reactivity between SHMeMB and SHMB [12] motivated these further kinetic studies to explore the effects of depropagation and added salt on the polymerization rate. A plateau in conversion was observed for SHMeMB:AM copolymerizations conducted at 3:7 and 4:6 molar ratios and elevated temperatures, with monomer composition drift occurring at a faster rate as temperature increased and AM incorporated faster as SHMeMB units became more prone to depropagation. Homopolymerizations of SHMeMB at 75 and 90 °C provided further evidence of depropagation, as conversion reached a lowered equilibrium value at the higher temperature. Upon the addition of salt, the SHMeMB homopolymerization rate decreased at 75 °C, but not at 90 °C, due to the dominating effect of depropagation over the screening of charges provided by counterions.



The experimental data was fitted to models developed in PREDICI in order to estimate termination (kt) and depropagation (kdep) rate coefficients for SHMeMB, assuming a constant kp value of 25 L·mol−1·s−1. The kt values were estimated to be ~105 L·mol−1·s−1, similar in magnitude to those reported for NaAA [38] and NaMAA [33], and a ceiling temperature of ~90 °C was estimated. While these estimates have considerable uncertainty, the modeling effort has provided some valuable insights into the polymerization behavior of the system. The finding that kt,SHMeMB is of similar magnitude to other ionic monomers indicates that electrostatic repulsion of charged radical species, rather than steric hindrance from bulky substituents, is the reason for slow termination. The addition of salt and increase in monomer concentration both increased kp but had a greater effect on the estimated values of kt, showing that addition of salt had a similar effect to an increased concentration of ionized monomers on the polymerization rate. The knowledge gathered from parameter estimations were then implemented to estimate kt values for SHMeMB:AM copolymerizations, which were found to be much lower than the known value of 108 L·mol−1·s−1 for kt,AM but similar in magnitude to the estimates of kt,SHMeMB. This result suggests that kt in the SHMeMB:AM copolymerization system is largely dominated by kt,SHMeMB because of the large fraction of charged SHMeMB radicals.
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Scheme 1. Saponification of γ-methyl-α-methylene-γ-butyrolactone (MeMBL) using NaOH in water for 2 h at 95 °C to form sodium 4-hydroxy-4-methyl-2-methylene butanoate (SHMeMB). 
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