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Abstract

Rate retardation is a common and unusual feature of reversible addition-fragmentation chain-
transfer (RAFT) polymerization, where a decline in polymerization rate occurs with higher
concentrations of the chain transfer agent (CTA). The strength of retardation depends on the RAFT
equilibrium constant between the RAFT intermediate radical and the propagating radical plus
CTA. Rate retardation occurs for both the more activated monomers (MAMs) and the less
activated monomers (LAMs). Herein, we exploit the ubiquitous phenomenon of RAFT rate
retardation to identify the unique RAFT kinetics of MAMs: methyl methacrylate, styrene, phenyl

vinyl ketone, methyl acrylate, and dimethyl acrylamide, as well as LAMs: vinyl acetate and N-


mailto:d.konkolewicz@miamiOH.edu

Polymer Chemistry

vinyl pyrrolidone. Investigating the above monomers indicates that LAMs and acrylic/acrylamide
monomers show substantial retardation, even using optimized conditions targeting polymers of
over a degree of polymerization near 1000. In contrast, highly activated monomers such as styrene,
methyl methacrylate, and phenyl vinyl ketone showed only weak retardation under their optimized
conditions at near a target degree of polymerization of 300. The analysis indicates that even within
the MAM family, there exist differences in monomer reactivity, with acrylic/acrylamide
monomers having lower reactivity and higher propensity for retardation, than methacrylic, vinyl
ketone, or styrene monomers. The current study highlights how retardation kinetics in RAFT be
used to extract general trends in monomer reactivity and radical stabilization that can be employed

to pre-plan polymerization outcomes.

Introduction

Polymers are ubiquitous,! and with increased emphasis on efficient use of resources, there is a
significant drive towards the development of new and efficient polymerization techniques.>
Conventional free radical polymerization (FRP) presents a platform for polymer synthesis from a
large pool of vinyl monomers under mild reaction conditions.® In addition to the
homopolymerization of monomers, FRP allows copolymerization of distinct monomers, thus
introducing complex polymer functionalities into the resulting polymer structures.” Due to its
simplicity and tolerance to functional groups, FRP is essential in industry, with polymers that are
typically made by FRP such as low-density polyethylene (LDPE), polyvinyl chloride (PVC),
polystyrene (PSty) representing close to ~40% of the polymer volume produced.® However, the
FRP involves highly reactive radicals that propagate for a very short time in the order of 1 s,

followed by irreversible chain termination or transfer. These irreversible chain stoppage events in

Page 2 of 28



Page 3 of 28

Polymer Chemistry

FRP limit the control over the polymer in terms of the degree of polymerization, end group
functionality, molecular weight distribution, and polymer microstructure/segmentation.’

Reversible deactivation radical polymerization (RDRP) techniques combine the living
characteristics of ionic polymerization with the versatility of a conventional radical polymerization
process.!12 RDRP methods allow the facile synthesis of structurally complex polymers'3 such as
block, branched, and star polymers, while controlling composition, topology, end-group fidelity'4,
and the chain length distribution of the synthesized polymers.*!316 Control in RDRP processes
critically depends on a dynamic equilibrium between active radicals and dormant species.!”
Reversible addition-fragmentation chain-transfer (RAFT) polymerization is one of the most
common RDRP techniques.'*'®* RAFT polymerization can be performed under mild reaction
conditions and provides excellent control over polymer architecture for a wide variety of vinyl
monomers.!% In the RAFT process, the radicals are generated either thermally or photochemically
and react with monomers, yielding a propagating radical species. Control in RAFT polymerization
is obtained through a chain transfer agent (CTA).!° The propagating radicals add to the CTA and
entering a preequilibrium stage entailing a RAFT intermediate radical. The intermediate radical
fragments, yielding a leaving group radical and a dormant polymer chain (macroCTA).?° As the
small molecule CTA is converted to macroCTA, the system progressively enters the main
equilibrium. In the RAFT main equilibrium, a propagating polymeric radical adds to a polymeric
CTA,?'22 generating a RAFT intermediate radical. The RAFT intermediate radical can undergo
subsequent fragmentation allowing the efficient exchange of chains between dormant/macroCTA
states and active/propagating radical states. The equilibrium and exchange dynamics provides near
uniform growth of the polymers,?3-?* as demonstrated in Scheme 1. As in all radical polymerization

processes, every radical that is present in the reaction system is potentially able to terminate with
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other radicals, with electronic and steric effects dictating the radical's propensity to undergo
disproportionation and combination processes. In the RAFT process, this implies that the RAFT
intermediate radical can - in both the pre- and main equilibrium - potentially also undergo

termination events.
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Scheme 1: Mechanism of RAFT polymerization and (pre and main equilibrium and also IRT and

SFM models)

The RAFT CTA is a thiocarbonylthio compound, Z-C(=S)-S-R, in the majority of cases. The
choice of CTA is governed by the type of vinyl monomers to be polymerized. For the efficient
deactivation of propagating radicals, the C=S bond should be more reactive towards radical
addition than the C=C bond of the vinyl monomer. The reactivity of the C=S bond to radical

addition and the stability of the intermediate radical is controlled by the Z group of the CTA.2° The
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more activated monomers (MAMs) require a Z group that strongly stabilizes the subsequent
intermediate radical, while the less activated monomers (LAMSs) require relatively less stable
intermediate radicals*’?! to favor the fragmentation of the propagating radical. The leaving group,
R, should be chosen such that the intermediate radical fragments towards the leaving group over
the monomer derived radical, and the R radical should readily add to the monomer for efficient
initialization of the polymerization.

Ideally, the RAFT process uses a CTA to control the relative chain length of polymer chains
without interfering with the polymerization rate,>>> since the addition and fragmentation rates
ideally yield a low and constant intermediate radical concentration. However, rate retardation has
been observed in RAFT polymerizations,?'?22¢ where decreases in the polymerization rate occur
with higher CTA concentrations. A wide range of models?’-32 have been proposed to explain rate
retardation, some of them featuring significant complexity. Yet, on a fundamental level, rate
retardation can be explained by two basic models. On the one hand, Barner-Kowollik et al.
suggested the phenomenon to be caused by slow fragmentation of the intermediate radical(s),*?
while deBouwer et al. proposed the possibility of the cross termination of intermediate radicals
with propagating radicals.?* These two mechanisms of retardation are captured within Scheme 1.
In addition, there are other less complex causes of rate retardation, which can be avoided by careful
experimentation, including impurities or oxygen interference, as well as a poor choice of CTA,
e.g., a non-initiating R-group. A carefully matched CTA-monomer system ensures good control
of polymerization, however a common feature in all RAFT polymerizations is the formation of the
intermediate radical. Since retardation is tied to the intermediate radical, retardation is tied to

control in RAFT polymerizations.??
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The dithiobenzoates CTA family has an aromatic phenyl-moiety attached as the Z group. The
aromatic ring ensures relatively higher stabilization of the intermediate radical by allowing for
delocalization of the unpaired electron* and inducing slower fragmentation.?? In prior work,? rate
retardation was investigated in systems beyond the traditional dithiobenzoate CTAs. Methyl
methacrylate (MMA), methyl acrylate (MA), styrene (STY), and vinyl acetate (VA) were matched
with optimal CTAs?° as defined in the literature and subjected to series of experiment with steadily
increasing CTA concentration. These systems?? displayed rate retardation irrespective of monomer
class. However, the choice of an optimized CTA for each monomer, which often varied between
monomers, limited direct comparison of reactivity between the wide variety of monomers that
RAFT is compatible with. The current contribution investigates rate retardation in systems
spanning from MAMs to LAMs with only two classes of CTA, i.e., trithiocarbonates (TTC) for
MAMs and xanthates (Xan) for LAMs, as well as one acrylic monomer. Retardation rates were
explored for each monomer-CTA pair, highlighting trends in activity. Both the SFM and the IRT
models have each been adapted to a simple scaling law analysis that is a function of the RAFT
equilibrium constant.?® Combining systematic kinetic experiments across a range of monomers
with an IRT and SFM scaling laws analysis allows the RAFT equilibrium constant to be extracted
(KraFrT), €nabling the evaluation of each monomer’s reactivity in RAFT. This analysis suggests
the existence of clusters of LAMs, but also MAMs with substantially weaker and stronger

retardation, and thereby reactivity.

Results and Discussion
A series of RAFT polymerization were performed for the most commonly polymerized

RAFT monomers, i.e., the MAMs MMA, MA, STY, N,N-dimethyl acrylamide (DMAm), and
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phenyl vinyl ketone (PVK), as well as the LAMs of VA and N-vinylpyrrolidone (NVP). For the
polymerization of the MAMs (MMA, STY, PVK, MA, DMAm), the CTA 2-cyanoprop-2-yl ethyl
trithiocarbonate (CPETC) was employed, allowing the direct comparison between all MAMs.
Additionally, MA was studied with both CPETC and cyano-isopropyl ethyl xanthate (CIPEX) in
order to evaluate the impact of using the less active xanthate CTA in CIPEX relative to the more
active trithiocarbonate in CPETC. This difference in activity between CTAs is due to
trithiocarbonate CTA having a more stabilizing Z group (S-alkyl) relative to the xanthate (Z= O-
alkyl) CTA.?° Further, the LAMs (VA, NVP) were all polymerized using 2-(ethoxycarbonothioyl)
sulfanyl propanoic acid (EtPAX) as the xanthate CTA. An overview of all explored monomers and

CTAs is provided in Scheme 2.

- " o :>:o :>=0 “Np :\0 e
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MMA STY PVK MA DMAm MA VA NVP
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Agent OH OH
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Scheme 2: Monomer and matching CTA systems explored in the current study.

To elucidate the retardation effects, for each monomer-CTA pair only the concentration of
the CTA is altered, while the temperature and concentrations of AIBN, monomer, and solvent
remain constant. Through this experimental design, changes in polymerization rate must be
attributed to RAFT retardation effects, as all other experimental variables remain constant.
However, by keeping the concentration of AIBN constant with changes in CTA concentration, the
ratio of AIBN:CTA necessarily changes across the experiment, with higher target molecular

weight experiments having higher AIBN:CTA ratios. Literature reported temperatures were either
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unchanged or slightly modified in each polymerization system. The temperature for MA,??
DMAM,* PVK and NVP3¢ was set to 60 °C, 65 °C for styrene,’” 70 °C for MMA, and 55 °C for
VA%,

One of the most polymerized monomer families is the acrylates.?%-3® Both trithiocarbonate
and xanthate CTAs were employed in MA polymerization to highlight the influence of control on
the severity of rate retardation in a commonly studied monomer. The vinyl group of MA is
conjugated with a carbonyl group that will yield relatively more stabilized radicals. The
trithiocarbonate CTAs due to their more stabilizing Z group (S-alkyl) offer better control during
the polymerization of MA relative to the xanthates (Z= O-alkyl) CTAs.?* Figure 1A and 1B depict
kinetic data for the polymerization of MA in DMSO at 60 °C mediated by CPETC or CIPEX. In
these experiments the MA:AIBN ratio was maintained at 100:0.2, with varying amounts of CTAs
in both systems. A gradual decrease in polymerization rate was visible in both systems at higher
CTA concentrations, which is indicative of rate retardation.?? As expected, retardation was
stronger for the more active trithiocarbonate CTA and less significant for the less active xanthate
CTA, evidenced by similar or even faster steady state polymerization rates for MA polymerization,
targeting chain length close to 33 using CiPEX as the CTA or approximately 100 using CPETC as
the CTA. Induction periods, especially at higher CTA loading, may be due to the slow addition of
the more stabilized tertiary cyanoisopropyl radical to the secondary MA monomer. However, other
factors such as SFM and IRT mechanisms during the pre-equilibrium may also contribute to these
induction periods. Figures 1 C depicts good correlation of experimental M, and theoretical M, (M,,.
@) for systems with higher CEPTC concentration and low dispersity (M,,/M,) in the order of 1.1-
1.3. When using the less active CIPEX CTA, the dispersities is substantially higher, ranging from

1.4 to 1.9, although the correlation of M, with M, remains acceptable, in agreement with
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literature-reported trends when comparing high and low activity CTAs in the same monomeric
system.?>3-41 These data also suggest there can be a tradeoff between polymerization rate, which
increases with lower activity CTAs, and the uniformity of chains, which decreases with lower

activity CTAs?>. %
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Figure 1. Kinetic data for RAFT polymerization of MA.(A) MA polymerization kinetics with
CPETC (B) MA polymerization kinetics with CIPEX. (C) Evolution of M, (solid point) M, 4
(dashed line) and M,,/M, (hollow points) with CPETC (D) Evolution of M, (solid point) M, 4
(dashed line) and M /M, (hollow points) with CIPEX Reactions were run at 60 °C with

[MA]:[AIBN] = 100:0.2 and MA:CTA ratios given in the legend at 50% MA in DMSO.

Figure 2 shows the polymerization kinetics of the acrylic more active monomers of DMAm (A),
MA (B), and MMA (C), polymerized by RAFT using CPETC to mediate the polymerization

process. A clear difference in results is observed for each of these monomers. Both DMAm and
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MA display strong retardation effects, requiring targeted chain lengths of close to 3000 and 1000
to show minimal impact of CTA concentration on the reaction rate. This is evidenced by the
DMAm polymerization with a targeted chain length of approx. 9000, featuring a similar
polymerization rate to that of targeted chain length of ~3000. When targeting very high molecular
weight DMAm polymers of 3000 or higher, the viscosity was very high at conversions near 50%,
making sampling at high conversion difficult. Similarly, during MA polymerization, the rate at a
targeted chain length of ~3000 is similar to the polymerization rate of targeted chain length of
~1000. Further, comparing MMA to MA, the effect of radical stability is apparent. MMA generates
a tertiary resonance stabilized radical, which should be more stable than the secondary radicals
resonance stabilized generated in the polymerization of DMAm and MA. The radical stability
difference is reflected in the extent of retardation, with MMA having similar polymerization rates
at targeted chain lengths of ~3000, 1000, and 300. Only when reaching targeted chain length of
100 do retardation effects become apparent.

Figure S1 gives the evolution of M, and M, vs Conversion and M, /M, values for DMAm
polymerization with CPETC, while Figure S2 gives the evolution for M, and M,_4 vs Conversion
and M, /M, values for MMA polymerization with CPETC. The control over molecular weight and
dispersity was notably better for MA and DMAm polymerization compared to MMA. Indeed,
dithiobenzoates are generally considered better CTAs for methacrylate, although acceptable
control can be achieved with CPETC. These results comparing DMAm, MA and MMA are
qualitatively consistent with those comparing MA with different CTAs, notably that systems with

stronger retardation effects often lead to better-controlled polymers.
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Figure 2. Kinetic data for RAFT polymerization (A) DMAm polymerization kinetics with CPETC
at 60 °C with [DMAm]:[AIBN] = 100:0.2 and DMAm:CPETC ratios given in the legend at 50 %
DMAm in DMSO (B) MA polymerization kinetics with CPETC at 60 °C with [MA]:[AIBN] =

100:0.2 and MA:CPETC ratios given in the captions at 50 % MA in DMSO (C) MMA
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polymerization kinetics with CPETC at 70 °C with [MMA]:[AIBN] = 100:0.2 and MMA:CPETC

ratios given in the captions at 50% MMA in DMSO.

However, there remain monomers in the MAM family that are not acrylic in nature. Both styrene
and vinyl ketone polymers can be efficiently polymerized by RAFT. As seen in Figure 3, these 3
polymerizations are subject to substantially less retardation effects than the acrylic monomers of
MA and DMAm when using trithiocarbonate CTAs. To record measurable retardation, STY had
to reach a targeted chain length of close to 100 units to show even very mild retardation effects,
while PVK showed minimal evidence of retardation, even towards a targeted chain length of
approx. 10 monomers, after an induction period in both cases. Indeed, there is no evidence of
reduction of slope of the semilogarithmic plot in the polymerization of PVK, although there is an
increase in induction period for PVK at higher chain lengths. All slopes are within 13% of the
mean for the PVK systems.

Comparable to MMA, which only showed retardation effects near a targeted chain length of around
100 units. Overall, these data indicate that STY, PVK, and MMA behave differently to MA and
DMAm, with substantially less retardation than the acrylic monomers. Interestingly, the PVK and
STY polymers synthesized by RAFT have good agreement between M, and M,y and overall low
dispersities, as seen in Figure S3 and S4 respectively. The STY and PVK data indicate that
although molecular weight uniformity and retardation are often correlated, this is not true in all
cases. This is likely correlated with the fact that control over molecular weight distribution is a
kinetic phenomenon related 4> to the ratio of propagation to RAFT exchange rates, while
retardation is tied to the RAFT equilibrium constant (Krarr).2? It is possible for a polymerization
reaction to feature a high rate of exchange, even if it has a small Krapr, if the rates of fragmentation

and addition are comparable and both high.
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Figure 3. Kinetic data for RAFT polymerization (A) STY polymerization kinetics with CPETC at
65 °C with [STY]:[AIBN] =100:0.2 and STY:CPETC ratios given in the captions in bulk (B) PVK
polymerization kinetics with CPETC at 60 °C with [PVK]:[AIBN] = 100:0.067 and PVK:CPETC
ratios given in the legend at 33 % PVK in DMSO (C) MMA polymerization kinetics with CPETC
at 70 °C with [MMA]:[AIBN] = 100:0.2 and MMA:CPETC ratios given in the captions at 50%

MMA in DMSO.

A possible reason for the observed trend in retardation for the acrylic monomers and the vinyl
ketone is the strength of resonance delocalization. As seen in Scheme 3, the acrylic propagating
radicals all have contributions from donation of the lone pair on the acrylic ester methoxy group
or dimethyl amino group. However, this is not possible for PVK due to the phenyl group not having
a lone pair, as the lone pair into the ester/amide of MMA, MA, or DMAm. The lone pair reduces
the m-bond character of the resonance stabilizing C=0O group. Due to the lower m-bond
characteristic, the acrylic radicals from MMA, MA, and DMAm should be less stabilized by
resonance than PVK type analogues. Further, the dimethyl amino groups are better at electron-
donation than methoxy groups, as measured by the Hammett parameter,*¢ which explain why the
extent of retardation is stronger for DM Am than MA. Therefore, the tertiary and secondary radical

stability can be used to rationalize the small extent of retardation in MMA compared to MA.
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Scheme 3: Resonance structures for propagating radicals from left to right of PVK, MMA, MA,
and DMAm.

Finally, LAM monomers of NVP and VA were polymerized using EtPAX as the CTA. As
evidenced in Figure 4, retardation was strong for both VA and NVP, requiring targeted chain
lengths of close to 900 for NVP and 300 for VA to see retardation effects. Despite the less reactive
xanthate CTA used in the polymerization of NVP and VA, the low radical stabilization led to
strong retardation effects, due to no resonance delocalization of the unpaired electron in the
propagating radical. Interestingly, a similar effect is seen when comparing DMAm vs MA, and
NVP vs VA. In both cases, the amide-containing monomer led to stronger retardation effects than
the ester-containing monomer, plausibly due to the effects of stronger lone pair donation in
nitrogen-reducing radical stability.

As indicated in Figure S5 and S6, the evolution of M, with conversion is linear with relatively low
dispersity for lower targeted chain length (100 and 300). The dispersity and control over the
polymerization were poor at longer chain lengths for VA and NVP polymerization. For NVP
polymerization, the correlation of M), with M,_y, was relatively poor, presumably due to the use of
PMMA calibrants for poly (NVP) molecular weight analysis in SEC. The limited control over

molecular weight at higher targeted chain lengths for VA and NVP polymerization is most likely
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due to side reactions such as chain transfer reactions that can be prevalent in the polymerization

with these highly reactive radicals.
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Figure 4. Kinetic data for RAFT polymerization (A) NVP polymerization kinetics with EtPAX at
60 °C with [NVP]:[AIBN] = 100:0.56 and NVP:EtPAX ratios given in the captions at 40% NVP

in dioxane (B) VA polymerization kinetics with EtPAX at 55 °C with [VA]:[AIBN] = 100:0.5

and VA:EtPAX ratios given in the legend at 50 % VA in DMSO.



Polymer Chemistry

Since the kinetic experiments in Figures 1-4 focused on determining concentrations of CTA where
RAFT retardation is either dominant and concentrations where retardation is minor, the earlier
derived scaling laws for IRT and SFM models of RAFT retardation?? can be applied to the wide
range of monomers studied here. It is important to note that the current study applies both models
indiscriminately without exploring their different advantages and disadvantages, which have been
explored in substantial details elsewhere,*” including in our most recent contribution.?? Finally, the
current contribution will not explore the intermediate models that have been proposed to describe
all available experimental data coherently, such as the one proposed by Konkolewicz et al. in
2009.#® An analysis based on these highly parameterized models is challenging and, perhaps most
importantly, will not allow to arrive at different conclusions in terms of establishing a taxonomy
of globally observed rate retardation effects during RAFT polymerization. The next section will
briefly reiterate the applied scaling laws and the assumptions underpinning them.*?

Assuming the rate of cross-termination and conventional termination are similar,4-° the

propagating radical concentration [P*] in the IRT model can be related to the propagating radical

concentration under ideal free radical polymerization conditions [P*], as follows:??

wi__ 1 |
[Plo (1 + Krarr[CTA]DY? (1)

Where here Kgapr is the RAFT equilibrium constant and [CTA] is the concentration of CTA used
in that experiment. Similarly, for the SFM, the ratio of radical concentration under RAFT

conditions to ideal free radical polymerization conditions is given by:??

[P] ( [P okt ) o

[7']0 = tanh Krarr[CTA]
Where tanh is the hyperbolic tangent function, £; is the conventional termination rate coefficient, t

is the reaction time, and Krapr and [CTA] have the same meaning as in Eq 1. It is important to
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note that since the SFM is not a steady state model, each time point must be individually analyzed
in the SFM. In contrast, in the IRT the steady state assumption allows the fitting of a line to the
semilogarithmic kinetic plot, to give an apparent rate of propagation, k,*?, which is related to [P*]

as follows:

kPP = k,[P] 3)

Where £, 1s the propagation rate coefficient. Finally [P*], can be estimated by applying the steady
state approximation to radical generation from AIBN and conventional termination in a standard

free radical process as follows:
. 2fkq[AIBN]
[Ply= % — @)

Where fis the initiator efficiency, kq is the dissociation rate coefficient of the radical initiator
AIBN, and £; is the conventional radical termination rate coefficient. Using eq 1-4, and a fitting
process for SFM outlined in the supporting information values for Kgapr could be fitted for all
polymerization studied in Figures 1-4. Limited literature data exists for Krapr values for
trithiocarbonate or xanthate CTAs, since much of the prior studies have focused on dithiobenzoates

where retardation effects are exceptionally strong.3!

Figure 5A shows that the IRT model provides a prima-facie excellent description of all 8
polymerization systems with vastly different monomers. However, it should be noted that this
simplified version of the IRT model cannot capture the inhibition periods explicitly, but instead
fits the steady state rate after any induction periods. The strength of retardation in the IRT model

is governed by the product of Kgarr and [CTA]. The IRT analysis highlights two regimes. When
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Krarr X [CTA] is substantially less than 1, retardation is almost absent, whereas when Kgapr X
[CTA] is substantially greater than 1, the radical concentration scales with a -0.5 order in both
Krarr and [CTA], leading to a strong retardation. In RAFT polymerization, the typical targeted
chain length is close 100 units, and using monomer concentrations between 1 and 5 M indicates
that a typical CTA concentration is on the order of 10 to 50 mM for a RAFT reaction. Since the
transition from weakly to strongly retarded RAFT processes occurs when Krapr X [CTA] ~ 1,
using a 40 mM CTA concentration gives Kgparr ~40 M~! as an approximate value of Kgapr at the
onset of retardation (assuming targeted DP 100). With this in mind, inspection of Figure 5A and
Table 1 suggests that 3 monomers fall into the weakly retarded regime, which are MMA, STY,
and PVK when using trithiocarbonate CTAs. Unsurprisingly, these monomers are all MAMs.
However, two other MAMs, MA and DMAm, have Kgarr values in the order of 100 or above with
the trithiocarbonate CTA that is well suited for their polymerization. Indeed, when using a xanthate
with MA, the RAFT equilibrium constant falls below 100, but narrow molecular weight
distributions were not observed (Figure 1). Additionally, the LAMs of VA and NVP also fall into
a strongly retarded regime with Kgxapr > 100 in both cases, even when using the low-activity

xanthate CTA.
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Figure 5. (A) IRT scaling analysis propagating radical concentration ([P*]) compared to that of
the ideal free radical polymerization ([P*]y) across all 8 monomer-CTA pairs studied with fitted
Krarr- (B) SFM scaling analysis propagating radical concentration ([P*]) compared to that of the

ideal free radical polymerization ([P*],) across all 8 monomer-CTA pairs studied with fitted Kgapr.
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SFM analysis is given in Figure 5B. Due to the non-steady state nature of the SFM, each individual
timepoint must be analyzed separately, leading to a substantial increase in the observed data
scatter, as the SFM-derived data are not the results of a fitting exercise over a set of many data
points, as is possible in the IRT model. Therefore, in the SFM analysis performed at this level of
the model, induction periods due to the build-up of RAFT intermediate radical cannot be decoupled
from induction periods due to transitions from RAFT pre-equilibrium to the main equilibrium,
which can somewhat lower the quality of fit to the kinetic data. In general, the SFM captures the
general trends in RAFT retardation well. However, due to the noted factors regarding not available
global fitting and — at this level of model simplicity — not differentiating between the pre- and
main-equilibrium, the fit is less clear. Nevertheless, the trends in Kgapr again suggest that PVK
and MMA are among the least retarded monomers, however, induction periods then lead to an
overestimation of K apr for STY. Other monomer-CTA combinations with an estimated Kgapt >
10° M! are indicative of strong retardation, except for MA with the xanthate, which has a Kgapr
of just under 10 M~!. The values of Kgapr for the slow fragmentation model in Table 1 are within
an order of magnitude of values reported in earlier work for both styrene and methyl acrylate with
trithiocarbonate CTAs, and vinyl acetate with a xanthate CTA.?? Additionally, the estimated Ky apt.
irT Value for MA with the trithiocarbonate CTA at 60 °C is within an order of magnitude of the
Krarr measured for butyl acrylate with a trithiocarbonate CTA at 70 °C determined by EPR. The

different temperatures do not allow direct comparison however.!

Table 1. Estimated Krapr values for all polymerizations studied in both IRT and SFM analysis

for both trithiocarbonate (TTC) and Xanthate (Xan) CTAs.

CTA Krarr-stm (M)
Monomer Type Krarrarr (M)
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MMA TTC 1.8x10! 5.4x103
Sty TTC 7.7x10° 2.0x10°
PVK TTC 1.0x10° 2.3x104
DMAm TTC 5.3x10? 2.0x106
MA TTC 1.9x10? 2.0x108
MA Xan 8.0x10! 9.1x10°
VA Xan 1.1x10? 9.9x10°
NVP Xan 5.0x10? 1.8x10°

Overall, the analysis suggests that RAFT retardation falls into two main classes of monomer.
MMA, PVK, and STY have very low extents of retardation with trithiocarbonate CTAs and as a
result, they are well described as MAMs. Lower activity monomers of VA and NVP, which are
well described as LAMs, showing strong retardation, even with the low activity xanthate CTA.
Finally, acrylic monomers such as MA and DMAm have reasonably strong retardation with
trithiocarbonate CTAs, but MA shows poor control with xanthate CTAs. Therefore, these
monomers are still MAMs from the perspective that trithiocarbonate CTAs are needed for control,
however, their stronger retardation rates infer lower activity than other MAMs, such as PVK, STY,
and MMA. Thus, RAFT rate retardation and its scaling analysis can be used to highlight trends in

monomer reactivity.

Conclusion

Surprisingly, RAFT polymerization is subject to rate retardation, where a consistent decline in
polymerization rate is observed with increasing CTA concentrations. The effect of retardation
across 7 monomers and 8§ distinct pairs of monomer/CTA combinations highlights the trends in
retardation across the commonly polymerized classes of monomers. In particular, retardation

analysis shows how MAMs of methyl methacrylate, phenyl vinyl ketone, and styrene have
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relatively low retardation, with the vinyl ketone monomer having the least retardation. LAMs of
vinyl acetate and N-vinyl pyrrolidone have strong retardation, even with xanthate CTAs. Finally,
acrylic monomers of methyl acrylate and N,N-dimethylacrylamide have moderate-to-strong
retardation with trithiocarbonate CTAs, while methyl acrylate has much weaker retardation with a
xanthate CTA. Scaling analysis via the intermediate termination model and slow fragmentation
model allows estimation of RAFT equilibrium constants, in turn allowing renormalization and
subsequent collapse of all kinetic data onto a single function. The kinetic and scaling analysis
suggests that the extent of retardation can be employed as a tool to investigate monomer reactivity
trends. Further, it opens the door to the polymerization of MAMs with stronger stabilization of the
propagating radical and lower retardation, as well as MAMs of weaker stabilization of the
propagating radical and stronger retardation, in addition to the LAMs which exhibit strong

retardation.
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