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ABSTRACT: Reversible addition-fragmentation chain transfer (RAFT) polymerization is one of the most powerful reversible-deac-
tivation radical polymerization (RDRP) processes. Rate retardation is prevalent in RAFT and occurs when polymerization rates de-
viate from ideal conventional radical polymerization kinetics. Herein, we explore beyond what was initially thought to be the culprit 
of rate retardation; dithiobenzoate chain transfer agents (CTA) with more active monomers (MAMs). Remarkably, polymerizations 
showed that rate retardation occurs in systems encompassing the use of trithiocarbonates and xanthates CTAs with varying mono-
meric activities. Both the simple slow fragmentation and intermediate radical termination models show that retardation of all these 
systems can be described by using a single relationship for a variety of monomer reactivity and CTAs, suggesting rate retardation is 
a universal phenomenon of varying severity, independent of CTA composition and monomeric activity level.

INTRODUCTION 
Polymers are macromolecules that are composed of chains of 
repeating units.1 Polymers can be found everywhere in every-
day life; from commodity plastics to medicine.2,3 Their relative 
abundance in everyday life inspired macromolecular chemists 
to conceive polymerization methodologies that afford high lev-
els of control over the chain length and distribution. Reversible 
addition-fragmentation chain transfer (RAFT) polymerization 
is a reversible deactivation radical polymerizations (RDRP) 
method that is known for its compatibility with many different 
monomers.4 RAFT polymerization harnesses the use of chain 
transfer agents (CTAs) which gives it the ability to control mo-
lecular weight and provide narrow molecular weight distribu-
tions of polymer chains. RAFT polymerization can also be used 
to generate complex polymeric architecture, such as block, star, 
graft, branched, and network polymers, enabling a wide array 
of applications.5 

Classical RAFT polymerization, shown in Scheme 1, undergoes 
thermal initiation to generate a radical species that subsequently 
react with monomer units to generate a propagating radical. 
This propagating radical can then enter into a pre-equilibrium 
stage with the CTA. The propagating radical adds to 

thiocarbonylthio groups of the CTA to afford a RAFT interme-
diate radical, which can subsequently undergo fragmentation to 
release a new radical chain and give a dormant CTA capped 
polymer. This new radical is ideally able to add monomer units 
before adding to a CTA molecule. Once all small molecule CTA 
is converted to oligomeric CTAs, the chain transfer process can 
repeat itself in the main RAFT equilibrium as a propagating rad-
ical adds to a CTA molecule, transfers the radical to release an-
other chain for controlled monomer addition. To obtain narrow 
molecular weight distributions, it is important that the addition 
is faster than propagation rate to encourage only a small amount 
of monomer addition per chain activation-deactivation cycle. In 
ideal RDRP, a typical activation-deactivation cycle may add 
zero or at most one monomer per cycle, as highlighted in mod-
els in the literature.6–9 The process of activation-propagation-
deactivation continues until all free monomer has been con-
sumed, or until a nonproductive pathway occurs in which two 
radicals terminate.  
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Scheme 1: Fundamental mechanism of RAFT polymerization.  

RAFT polymerization is mediated by a variety of CTAs. These 
CTAs are (often) thiocarbonylthio compounds with varying R 
and Z groups. These R and Z groups must be adjusted for every 
monomer to ensure low dispersity and reasonable reaction rates. 
The four common types of CTAs are dithiobenzoates, trithio-
carbonates, dithiocarbamates, and xanthates. The R group rep-
resents the new radical species that will add monomers and 
grow the polymeric chain. To ensure efficient initiation, the R 
group should be preferentially formed over the propagating rad-
ical, allowing all small molecule CTA to be converted to poly-
meric CTA. The Z group is responsible for stabilizing the inter-
mediate radical, ensuring efficient addition of the radical to the 
CTA and efficient fragmentation. Dithiobenzoates are the most 
stabilizing Z group as they contain a highly conjugated phenyl 
Z group in contrast to xanthates, which are among the least sta-
bilizing as they contain an alkoxy group which provides poor 
resonance stabilization of the intermediate radical. 

A phenomenon in radical polymerization is rate retardation, 
which can cause the reaction rate in many RAFT polymeriza-
tions to be measurably lower when higher concentrations of 
CTA are employed. Ideally, the chain transfer reaction has no 
bearing on the total radical concentration and associated 
polymerization rate, as the RAFT equilibrium does not create 
nor consume radicals.10,11 Experimentally, however this is not 
always the case, with certain RAFT systems showing substan-
tially reduced rates with higher CTA concentrations.12 Alt-
hough small decreases in polymerization rate can be anticipated 
in RAFT, since smaller growing chains lead to higher termina-
tion rate coefficients, this alone is insufficient to rationalize the 
observed decrease in polymerization rate at higher CTA load-
ings.7 Several explanations have been given including cross ter-
mination of intermediate radicals with propagating radicals, 
slow re-initiation, slow fragmentation of the intermediate radi-
cals in one or both equilibria, or a complex combinations of 
these concepts.4 Rate retardation within the RAFT main equi-
librium has received significant interest for dithiobenzoate 
CTA.13 Rate retardation has been studied using the dithioben-
zoate CTA in systems which use methyl acrylate,14 styrene,15,16 
n-butyl acrylate,17 methyl methacrylate,15,18 and tert-butyldime-
thylsilyl methacrylate.19 

Moad and team elicited many ‘avoidable causes’ such as oxy-
gen presence, impurities, non-ideal solvents, and poor choices 

of R and Z groups of CTA that could lead to rate retardation in 
RAFT polymerization.20 In order to mitigate these causes of rate 
retardation, well-suited conditions were used to conduct these 
different monomer class systems. Perrier and coworkers high-
light that dithiobenzoates were ideal for 1,1-disubstituted more 
active monomers (MAMs), such as methyl methacrylate 
(MMA), although tend to show rate retardation for systems with 
monosubstituted MAMs or less active monomers, (LAMs).21 
Perrier notes that xanthates were ideal CTAs for vinyl acetate 
(VA).10 Thang and Moad showed that trithiocarbonates are ex-
cellent CTAs for a variety of MAMs; which include styrene 
(Sty) and methyl acrylate (MA).22 Well-suited systems of 
matched monomer and CTA are seen in Scheme 2.  

 

Scheme 2: Matched monomer and CTA systems. 

We herein investigate rate retardation as it applies to systems 
beyond traditional dithiobenzoates and explore the possible uni-
versality of rate retardation in RAFT. In moving beyond dithi-
obenzoates, two of the several models found in the literature13 
are used to represent the results, the slow fragmentation model 
(SFM)23,24 and intermediate radical termination (IRT)25,26 
model. Using simple scaling law analysis in the IRT and SFM, 
rate retardation is found to be a universal phenomenon, capable 
of being explained by a single function, and primarily dictated 
by the RAFT equilibrium constant. Monomer/CTA combina-
tions with higher equilibrium constants for the formation of the 
intermediate also have stronger retardation, following a single 
function. 

RESULTS AND DISCUSSION   
The main objective of the current work is to investigate the uni-
versality of rate retardation in RAFT across a variety of mono-
mer and CTA activity levels. Many reported systems change the 
radical initiator concentration in proportion to CTA concentra-
tion in order to obtain a desired number of living chains, how-
ever, the concurrent variation of CTA and initiator concentra-
tions can obscure retardation effects. Our systems do not vary 
in initiator concentration, rather only changing the concentra-
tion of CTA added to each system, to keep the rate of radical 
generation by decomposition of AIBN constant throughout the 
experiments. Initially, rate retardation was investigated for a 
range of monomers, MMA, Sty, MA, and VA, under well-
suited conditions, as reported in the literature.10,21,22 Tempera-
tures commonly used with polymerization of VA and MA oc-
curred around 60°C.27,28 Temperature for Sty polymerization 
was reported between 60-80 °C with temperatures not to exceed 
100°C to prevent spontaneous thermal initiation,29 which could 
complicate kinetic analysis. Temperatures for ideal MMA 
polymerization were shown between 60-90°C in the literature.28 
As increasing temperature increases reaction rates and reduces 
rate retardation effects, here, the temperature for each monomer 
type was held constant to allow for only variations in rate to be 
exhibited by the concentration of CTA. Extreme temperature 
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were excluded as they could potentially decompose the CTA30 
and cause thermolysis of the end group.31 Our approach will 
elucidate whether or not retardation can be considered a general 
feature of well-controlled RAFT polymerization, even outside 
the standard dithiobenzoate CTAs which are most frequently 
considered in this context.7,17,32–35 Polymerizations were per-
formed using monomer to CTA ratios of 100:0.3, 100:1, or 
100:3. 

Initially, a dithiobenzoate CTA was employed with MMA po-
lymerization, a disubstituted MAM, which should be a well-
matched system. Figure 1A shows the kinetic data for the poly-
merization of MMA in DMSO at 70°C with an MMA:AIBN 
ratio of 100:0.2, with varying amounts of 2‐cyano‐2‐propyl 
benzodithioate (CPDB) as the CTA. As seen in Figure 1A, the 
rate of polymerization decreases notably with higher CTA loa-
dings at constant radical initiator, consistent with the general 
phenomenon of rate retardation in RAFT. These retardation 
effects have been extensively studied on monosubstituted mo-
nomers such as Sty and MA using dithiobenzoate CTAs,14–16 
however disubstituted MAMs have received limited attention 
with evidence of retardation being limited mainly to after gela-
tion,18 systems with different combinations of initiator and 
CTA,15  or to those with limited retardation beyond an induction 
period as was observed in tert-butyldimethylsilyl methac-
rylate.19 The data in Figure 1A clearly indicate that retardation 
effects extend to disubstituted monomers and dithiobenzoates 
such as MMA with CPDB at 70 °C. None of the reactions exhi-
bited signs of an induction period. However - and such a phe-
nomenon can be observed in several of the data sets included in 
our study - the first order plots are not strictly linear, but suggest 
an increase in rate as a function of time to the point where 
outright initial inhibition is initially observed. We note that neit-
her the simple SFM model nor the IRT model can represent the 
observed conversion time data, and emphasize that the current 
study does not address model adequacy or validity. The two 
models are employed to rationalize the generality of retardation 
phenomena. Further, experimental uncertainties up to 5% in 
conversion especially at lower signal to noise results in higher 
conversion,36 must be taken into consideration at each timepoint 
due to conversions being estimated by NMR spectroscopy, 
which could affect the kinetic analysis. As seen in Figure 1B, 
the Mn was relatively close to theory for the 100:0.3 and 100:1 
systems and the dispersities  for these systems were in the order 
of 1.25. Figure 1B shows that the 100:3 system provided a lo-
wer Mn value and a disperisty around 1.4-1.5. As expected, re-
tardation did not compromise the ability of the CTA to control 
the polymer growth, with  the more strongly retarded systems 
had better controlled polymers. 

 

 

Figure 1. Kinetic data for PMMA synthesis showing the plots 
of (A) the conversion over time with linear slope and (B) the 
obtained Mn (solid points), theoretical Mn (dashed lines) and dis-
persity (hollow points) vs conversion. Reactions were run at 70 
°C under the following conditions: [MMA]:[CPDB]:[AIBN] = 
100:0.3:0.2, 100:1:0.2, and 100:3:0.2. 

Figure 2A shows the kinetic data for the polymerization of VA 
in DMSO at 55°C with a VA:AIBN ratio of 100:0.5 equivalents 
of AIBN and varying amounts of 2-(ethoxycarbonothioyl)sul-
fanyl propanoic acid (EtPAX) CTA. VA is a LAM, requiring 
either a xanthate or dithiocarbamate CTA to encourage frag-
mentation of the growing radical chain and delocalize charge 
onto the sulfur of the CTA.27 Use of withdrawing Z groups with 
VA polymerization have been known to cause retardation ef-
fect,37 but even xanthates can cause some decreases in polymer-
ization rate both through induction periods and in the steady 
state.27 Since a xanthate is among the least active CTAs, using 
VA with a xanthate is an excellent way of testing the universal-
ity of retardation.  
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Figure 2. Kinetic data for PVA synthesis showing the plots of 
(A) the conversion over time with linear slope and (B) the ob-
tained Mn (solid points), theoretical Mn (dashed lines) and dis-
persity (hollow points) vs conversion. Reactions were run at 
55°C under the following conditions: [VA]:[EtPAX]:[AIBN] = 
100:0.3:0.5, 100:1:0.5, and 100:3:0.5. 

Figure 2A shows that increasing the amount of EtPAX in VA 
systems drastically decreases the rate of polymerization. This 
clearly shows that even while using one of the least active 
CTAs, retardation occurs, at least for the polymerization of the 
LAM, VA. The reaction containing 3 equivalents of EtPAX 
showed an induction period close to two hours, which was ac-
counted for when determining the apparent rate of polymeriza-
tion and steady state radical concentration in the IRT model. An 
induction period for VA polymerization is well documented due 
to the pre-equilibrium step in the RAFT mechanism; this occurs 
as no polymerization can take place until the original RAFT 
agent has been transformed to the vinyl ester monoadduct.38 As 
seen in Figure 2B, the Mn values increased linearly with conver-
sion for each CTA concentration, with dispersity values in the 
range of 1.2-1.3 across all systems.  

In the polymerization of monosubstituted MAMs, trithiocar-
bonates have been suggested as optimal CTAs, reducing the ex-
tent of rate retardation by R and Z group reactivity matching.15 
Therefore, two monosubstituted MAM; i.e. MA and Sty, were 
polymerized in the presence of dodecylthiocarbonylthio-2-
methylpropanoic acid (IBADTC) as the CTA. Figure 3A dis-
plays the kinetic data for the polymerization of MA in DMSO 
at 60°C with a MA:AIBN ratio of 100:0.2 equivalents AIBN 
and varying amounts of IBADTC.  

Similarly, to the MMA and VA systems, Figure 3A shows that 
increasing the amount of IBADTC in MA systems decreases the 
rate of polymerization. The reaction containing 3 equivalents of 
IBADTC exhibited an induction period of 1-2 hours, which was 
considered when evaluating apparent polymerization rates and 
radical concentrations using the IRT model. As indicated in Fig-
ure 3B, Mn values increased linearly with conversion for each 
of the varying CTA concentrations and the dispersity remained 
consistently around 1.1-1.15.  

 

 

Figure 3. Kinetic data for PMA synthesis showing the plots of 
(A) the conversion over time with linear slope and (B) the 

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5 6 7 8

VA:EtPAX=100:1
VA:EtPAX=100:0.3

VA:EtPAX=100:3
-ln

 (1
-C

on
ve

rs
io

n)

Time (h)

A

�

����
�

����
�

�

���

�

���

�

� �� �� 	� 
� ���

������������
��������������

������������

�
� �

�
��
�

������������ !

B

0

0.5

1

1.5

2

0 1 2 3 4 5 6 7 8

MA:IBADTC=100:1
MA:IBADTC=100:3

MA:IBADTC=100:0.3

-ln
 (1

-C
on

ve
rs

io
n)

Time (h)

A

�����

�

����

����
�

������
�

����
�

�

���

�

���

	

� �� �� 
� �� ���

�������������
��������������	

������������	

�
�

�
�
��
�

������������ !

B



5 

 

obtained Mn (solid points), theoretical Mn (dashed lines) and dis-
persity (hollow points) vs conversion. Reactions were run at 
60°C under the following conditions: [MA]:[IBADTC]:[AIBN] 
= 100:0.3:0.2, 100:1:0.2, and 100:3:0.2.  

Finally, the relatively stabilized monofunctional monomer Sty 
was evaluated for retardation with trithiocarbonates. Figure 4A 
displays the kinetic data for the polymerization of Sty in bulk at 
65 °C with ratios of Sty:AIBN of 100:0.2 and varying amounts 
of IBADTC. Figure 4A indicates that styrene exhibits less rate 
retardation than MA with the same CTA because the Sty mon-
omer is more stable than acrylates due to resonance stabilization 
through the aromatic ring. Weak rate retardation was observed 
when comparing polymerization with Sty:IBADTC ratios of 
100:0.3 and 100:1, requiring even high loadings of the CTA. 
Mild retardation was observed when comparing the polymeri-
zations with Sty:IBADTC ratios of 100:1 and 100:3. Therefore, 
even the highly resonance stabilized monomer is subject to re-
tardation when polymerized in the presence of a well-suited 
CTA such as IBADTC. All reactions showed signs of an induc-
tion period, albeit longer induction times for reactions with in-
creased CTA concentration, which was accounted for when cal-
culating steady state apparent polymerization rates and radical 
concentrations. Induction periods can be explained due to radi-
cal transition from 3o to 2o in the chain equilibrium step. Figure 
4B shows that Mn values were comparable, albeit slightly higher 
than theory while the dispersities were consistently in the order 
of 1.1-1.2.  

 

 

 

Figure 4. Kinetic data for PSty synthesis showing the plots of 
(A) the conversion over time with linear slope and (B) the ob-
tained Mn (solid points), theoretical Mn (dashed lines) and dis-
persity (hollow points) vs conversion. Reactions were run at 
65°C under the following conditions: [Sty]:[IBADTC]:[AIBN] 
= 100:0.3:0.2, 100:1:0.2, and 100:3:0.2. 

The data in Figures 1-4 clearly suggest that retardation is likely 
to be a consequence of control in RAFT polymerization, even 
while using well suited CTAs, implying that the formation of 
the intermediate radical is connected with the observed retarda-
tion phenomenon across a diverse range of CTAs with distinct 
Z groups. Although some decrease in conversion could be ex-
plained due to slow addition of the R group to the monomer. 
However, all cases displayed measurable decreases in polymer-
ization rate with increased CTA loading, even after initial peri-
ods of no or very slowly increasing polymerization rates. It ap-
pears that the missing step model,39 which requires a benzene 
ring on the Z group, is unlikely to explain the rate retardation 
found in the MA, VA, and styrene systems, shown in Figures 2-
4, as they do not use a dithiobenzoate CTA. Instead, the two 
standard models in their simplest form, IRT and SFM, are used 
in further analysis of the kinetic data, as seen in Scheme 3. 

 

Scheme 3: Top intermediate radical termination (IRT) model 
and bottom slow fragmentation model (SFM). 

In addition to the 4 kinetic data sets shown in Figures 1-4, ad-
ditional polymerization data were used to evaluate the univer-
sality of rate retardation in RAFT. MMA polymerization with a 
cumyl dithiobenzoate (CDB) from Chong et al.,15 Sty polymer-
ization with CPDB from Konkolewicz et al.,7 and MA 
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polymerization with 1-phenylethyl dithiobenzoate (PEDB) 
from Perrier et al.,33 all performed at 60 °C, and MA polymeri-
zation with CDB from Drache et al.35 performed at 80°C are 
considered. For each system the AIBN dissociation rate, kd, is 
estimated using parameters reported by Moad,40 with initiator 
efficiencies taken to be 0.65 for each system. Sty,41 MA,42 
MMA,43 and VA44 propagation rate coefficients are determined 
at each temperature using parameters in the literature. 

In the case of the IRT model, the average radical concentration 
in the retarded system, [𝑃·], can be compared to the unretarded, 
or conventional radical polymerization system, [𝑃·]". In esti-
mating [𝑃·]" a constant, or non-chain-length dependent termi-
nation rate coefficient (kt) was used, which averages kt over all 
chain lengths. Since the focus of this work is scaling and trend 
analysis, a full chain length dependent kt analysis would be out-
side the level of theory used in this analysis. As shown in the 
supporting information a scaling law for [𝑃·] relative to [𝑃·]" 
can be derived in terms of the RAFT equilibrium constant, 
KRAFT, and the CTA concentration.  

["·]
["·]#

= %
(%'($%&'[)*+])(/*

    
 (1) 

Note that [𝑃·] is estimated from a linear fit to a given kinetic 
experiment’s semilogarithmic plot, representing the average 
radical concentration across the polymerization. The scaling 
law in Eq 1 applies in the main RAFT equilibrium, after all 
small molecule CTA is converted to polymeric CTA, compar-
ing the stead state polymerization [𝑃 ·] in the RAFT system to 
that of conventional radical polymerization[𝑃·]". 

Eq 1 leads to a –½ order of steady state radical concentration 
with KRAFT and also [CTA], once KRAFT[CTA] is much larger 
than unity. As seen in Figure 5A, the fit of the IRT model to 
retarded kinetic experiments across a range of CTAs and mon-
omers is excellent. The eight CTA-monomer pairs and over 24 
kinetic experiments were collapsed onto the scaling law of Eq 
1. Parameters used to fit the data are given in Table S1 and full 
experimental data is given in Figures S2-S9. Note all chain 
length averaged termination rate coefficients, kt, were in the or-
der of high 107-108 M–1s–1 as is typical for polymeric systems.45 
The sum of differences between the IRT model and experiment 
defined as c2 values of Eq S25 across the 4 decades in parame-
ters of KRAFT and kt was evaluated, relative to the fit using the 
parameters in Table S1. In the IRT analysis, this variation in the 
fit or c2 values are given in Figures S10-S17. In most cases 
clearly defined minima in the c2 were obtained. The exceptions 
were strongly retarded systems, where there was an inverse cor-
relation of kt and KRAFT. This inverse correlation can be pre-
dicted from Eq 1, since strongly retarded systems will have 
𝐾+,-.[𝐶𝑇𝐴] ≫ 1, and since [𝑃·]" ∝ 𝑘/0".2. Despite this appar-
ent lack of certainty over the parameters, confidence in the es-
timates in Table S1 can be gained by noting that the estimated 
values of kt were in the order of high 107-108 M–1s–1 consistent 
with termination kinetics of macroradicals in solution.45 

Similarly, a scaling approximation analysis can be carried out 
in the SFM model. Since the SFM is a non-steady state model, 
it is not possible to consider an average radical concentration. 

However, a scaling law has been developed for the radical con-
centration at time t,	[𝑃·], compared to that of a system without 
any retardation, [𝑃·]", as seen below: 

["·]
["·]"

= 𝑡𝑎𝑛ℎ & ["·]"$#%
&$%&'['()]

'   
  (2) 

Here tanh is the hyperbolic tangent function. Note as is typical 
in a pure SFM model, at sufficiently long time, the intermediate 
radical builds up and no further retardation would be predicted. 
This approximate relationship was validated against a full ki-
netic simulation in Figure S1, showing good agreement be-
tween the approximate law in Eq 1 and typical SFM RAFT 
polymerization with various CTA loadings. 
 
As seen in Figure 5B, the experimentally determined radical 
concentration, determined using the slope between two adjacent 
kinetic timepoints – which is beset with a considerable error – 
follows the trend predicted by the SFM model with fitted values 
of KRAFT for each monomer-CTA pair at a given temperature. 
The larger density of datapoints in Figure 5B, compared to Fig-
ure 5A, is due to the non-steady state nature of the SFM, imply-
ing that each timepoint must be considered. However, the same 
kinetic experiments were considered in both the SFM and IRT. 
The sum of differences between the SFM model and experiment 
defined as c2 values of Eq S27 across the 4 decades in parame-
ters of KRAFT and kt was evaluated, relative to the fit using the 
parameters in Table S1. The variation in the c2 values for the 
SFM model is shown in Figures S18-S25. In most cases a clear 
minimum is observed, except in strongly retarded systems. 
Within the SFM framework, strong retardation implies almost 
exclusive formation of the intermediate radical, greatly sup-
pressing the impact of termination and therefore the impact of 
kt on the fit to the data.  
 
In both Figure 5A and 5B, higher KRAFT values led to substan-
tially stronger retardation, as a higher KRAFT leads to a higher 
intermediate radical concentration, causing more cross termina-
tion in the IRT model or an accumulation of non-propagating 
radical species in SFM. The IRT model appears to have a closer 
fit to the overall data, although, the discrepancy in Figure 5B 
could stem from the increased experimental uncertainty associ-
ated with analyzing each data point individually (see above). 
The data in Figure 5B show that the SFM analysis gives essen-
tially as many points above and below the predicted model 
function, albeit with the larger variability than those in Figure 
5A and IRT analysis. The IRT analysis of Figure 5A shows the 
data can be successfully mapped to the scaling law, showing the 
transition between a regime of essentially no retardation to a 
regime where the radical concentration scales as the -0.5 power 
of KRAFT[CTA] as the product of KRAFT[CTA] is increased. The 
SFM analysis of Figure 5B also shows the correct behavior as 
the product of t(KRAFT[CTA])–1 increases, leading to less retar-
dation at higher values of t(KRAFT[CTA])–1, albeit the transition 
is less clearly seen in the data due to the larger variability of the 
data points. 
 
As seen in Figure S26, when using KRAFT values of between 101-
105, consistent with the IRT analysis of Table S1, the 
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intermediate radical concentrations are in the order of high na-
nomolar to micromolar for typical propagating radical concen-
tration. In contrast, when using KRAFT values consistent with 
SFM analysis of 105-108 of Table S1, millimolar intermediate 
radical concentrations are predicted. On the other hand, the IRT 
predicts very high concentrations of intermediate termination 
product. It is important to note that EPR experiments in the lit-
erature are generally consistent with the high nanomolar to mi-
cromolar concentrations of intermediate radical, predicted by 
the IRT model, although time resolved EPR experiments can 
show slow fragmentation rates. 13,46,47 The IRT model predicts 
high concentrations of 3 arm star polymers (Figure S27), as the 
main termination product, although the experimental data do 
not support such high concentrations.48 
 
Regardless, the data in Figure 5 collectively show that retarda-
tion in RAFT is a universal phenomenon, and that all retarda-
tion systems can be explained using a single scaling law, which 
is distinct for each model, with the CTA concentration and the 
KRAFT for the monomer-CTA pair dictating the extent of retar-
dation. In particular, stronger retardation is observed for less 
stabilized monomers such as acrylates, especially with more 
stabilizing CTAs such as dithiobenzoates, but even with less 
stabilizing trithiocarbonates. However, even more stabilized 
monomers such as MMA or Sty are still subjected to the same 
retardation features, although Sty with a trithiocarbonate CTA 
requires very high CTA concentrations (near 0.5M) to exhibit 
appreciable retardation. Further, even some of the least active 
CTAs such as xanthates lead to substantial retardation of LAMs 
such as VA. Notably, due to higher fragmentation rates at ele-
vated temperatures,49 retardation decreased with higher temper-
atures, since MA polymerization mediated by dithiobenzoate 
CTAs showed close to a factor of 5 decrease going from the 
data at 60 °C of Perrier et al.33 to 80 °C of Drache et al.35 as seen 
in Figure 5 and Table S1. 
 
It is noteworthy that the universality of retardation in RAFT 
polymerization requires consideration in other contexts. For in-
stance, to access the chain length dependence of termination 
(CLD-T) rate coefficients, distinct concentrations of CTA were 
used in RAFT-CLD-T studies. The current study highlights that 
the choice of RAFT agent – as noted in the respective stud-
ies50,51 – is critical, as a poor choice of CTA concentration can 
lead to an overestimation of the overall magnitude of the termi-
nation rate coefficient.52 
 
Beyond the studies described above there is evidence in litera-
ture for retardation, even under well-suited RAFT conditions. 
For example, the steady state bulk polymerization rate of MA 
was unaffected when the AIBN and trithiocarbonate CTA were 
increased in the same ratio, indicating that the higher radical 
concentration from the higher AIBN loading was completely 
offset by the stronger retardation from the higher CTA loading 
as predicted by Eq 1.53 A similar phenomenon has also been 
observed in a photoinduced electron/energy transfer-RAFT, 
with a –½ order of polymerization rate with CTA loading ob-
served when MA was polymerized with trithiocarbonate CTAs, 
which is consistent with strongly retarded law predicted in Eq 
1.54  

The results from this analysis indicate that even highly efficient 
monomer-CTA pairings are typically strongly affected by retar-
dation in RAFT. Indeed, control in RAFT polymerization re-
quires the formation of the intermediate radical at a rate compa-
rable or faster than propagation. Therefore, the necessary for-
mation of the intermediate radical also causes a depression of 
RAFT polymerization rate, with stronger retardation caused by 
higher activity CTAs with larger KRAFT values. The analysis also 
indicates that very high loadings of CTA will increase retarda-
tion effects, suggesting that retardation may be very strong for 
systems such as single unit monomer insertion experiments 
(SUMI).55,56 

 

Figure 5. Comparison of experimental and scaling law predic-
tions for a range of monomer-CTA pairs. A) Compares the re-
duction in steady state radical concentration with the scaling 
law predicted from the IRT model, B) gives the reduction in 
radical concentration at each kinetic timepoint with the scaling 
law predicted from the SFM.  
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CONCLUSION 
We herein demonstrate that rate retardation was seen in all well 
suited systems, irrespective of CTA classification. Rate retarda-
tion does not only occur with dithiobenzoate CTAs, but also 
with xanthates and trithiocarbonates making this a universal 
phenomenon amongst all RAFT polymerizations systems. The 
kinetic data for all systems were analyzed using both the slow 
fragmentation and intermediate radical termination models. The 
results suggest – irrespective of the model applied – that rate 
retardation can be scaled using simple relationships across a va-
riety of monomers and CTAs. 
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