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Achieving molecular weight distribution shape
control and broad dispersities using RAFT
polymerizations†

Stephanie I. Rosenbloom, Renee J. Sifri and Brett P. Fors *

Reversible addition–fragmentation chain-transfer (RAFT) polymerizations are one of the most versatile

and powerful polymerization techniques for the synthesis of complex macromolecular architectures.

While RAFT polymerizations often give polymers with narrow molecular weight distributions (MWDs),

commodity plastics often have broad MWDs to give targeted properties and processability. Thus, new

methods to precisely control both MWD breadth and shape are essential for fine-tuning polymer pro-

perties for next generation materials. Herein, we report a simple method for controlling polymer MWD

features in thermally activated radical RAFT and redox activated cationic RAFT polymerizations by means

of metered additions of chain transfer agents.

Introduction

Radical reversible addition–fragmentation chain-transfer
(RAFT) polymerization is a versatile technique providing facile
access to a wide range of polymers with predictable number
average molecular weights (Mns) and narrow molecular weight
distributions (MWDs).1–4 The scalability and commercial avail-
ability of dithiocarbonyl chain transfer agents (CTAs) renders
RAFT polymerization a highly attractive technique for indus-
trial applications.1,5,6 Furthermore, a significant advantage of
these processes is their tolerance to water, making them com-
patible with a variety of aqueous-phase reaction conditions
including emulsion,7 mini-emulsion,8 and suspension9 poly-
merizations. While it is valuable to generate polymers with
narrow MWDs, it is often the case that polymers with broader
MWDs are easier to process and are thus used in industrial
settings.10 More importantly, precise control of the breadth
and shape11,12 of a polymer’s MWD can provide valuable
handles for targeting desired physical properties and block
copolymer morphology.13

Synthetic methods to control the entire MWD—both the
breadth (dispersity, Đ) and shape—is a challenge that has
recently attracted significant interest. As such, a variety of strat-
egies for controlling a polymer’s MWD have been
developed.14–38 In particular, several methods have focused on

manipulating MWDs in RAFT polymerizations.39–45 Boyer and
co-workers employed a continuous flow PET-RAFT process in
which adjusting pump flow rates over time led to control over a
polymer’s MWD.39,44,46 Similarly, Junkers and co-workers were
able to achieve broadened MWDs using radical RAFT polymeriz-
ations through automated continuous flow processes.40,41

Recently, in a separate approach, Anastasaki and coworkers
took advantage of two RAFT agents with different activities to
afford MWDs over a broad range of Đs.

42,43

Our group has developed a method to deterministically
control the shape and breadth of the MWD in a variety of
polymerization systems (Scheme 1a).13,47–55 This method uti-
lizes metered additions of initiating species in controlled poly-
merizations to temporally regulate chain formation, and there-
fore, the final distribution of chain lengths. Previously, we
have applied this method to anionic, nitroxide-mediated, and
atom transfer radical polymerizations in which we could meter
in an initiator into a solution of monomer.13,47–54 In 2020, we
also showed that we could apply this method to the polymeriz-
ation of ethylene in which a co-initiator was required to acti-
vate a titanium phenoxyimine catalyst as it was being metered
into the batch polymerization.55 We envisaged that we could
extend this method to thermally activated radical RAFT poly-
merizations in which a CTA could be metered into a solution
of monomer and initiator (Scheme 1b). It is important to point
out that this system would differ from our previous studies
because the CTA does not act as the initiating species itself.
Instead, addition of an active polymer chain to the CTA affords
a stabilized dithiocarbonyl radical which, upon fragmentation,
can generate new propagating chains. As the CTA is added over
time into the ongoing polymerization process, new chains are
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produced such that the polymer chain composition can be tai-
lored. Furthermore, the retardation effects often seen in
radical RAFT polymerizations using dithiobenzoate RAFT
agents56 provides an additional challenge, as the concen-
tration of CTA is changed over time throughout the course of
the reaction. Nonetheless, addition of the CTA over time will
be able to control the polymerization by providing an equili-
brium that minimizes the number of propagating radicals in
solution.

Herein, we report a simple method for controlling both
MWD shape and breadth in thermally activated radical RAFT
polymerization by means of metered additions of the CTA.
Using this method, we were able to produce polymers with dis-
persities as high as 6.2—the highest dispersity of any polymer
synthesized using a metered addition of initiator previously
reported by our group—and demonstrate their high chain-end
fidelity by the synthesis of a diblock copolymer. Furthermore,
we show that this general concept can be applied to redox acti-
vated cationic RAFT polymerization, producing polyvinyl
ethers with controlled MWD features. We anticipate that this
methodology will provide the early foundation for controlling
MWD shape in industrially pertinent RAFT polymerizations.

Results and discussion

We began our investigation with the metered addition of CTA
into the radical RAFT polymerization of methyl methacrylate

(MMA) initiated by azobisisobutyronitle (AIBN) (Fig. 1). We
chose 2-cyano-2-propyl benzodithioate (CTA 1) as our CTA as it
provides excellent control in radical RAFT polymerizations of
MMA, giving samples with narrow Đ values and the ability to
target Mn by changing the ratio of CTA to monomer. As a
control sample, we heated a reaction with MMA, 1, and
0.2 mol% of AIBN in toluene to 90 °C and monitored the reac-
tion using 1H NMR over the course of 6.5 h before quenching.
As expected, a polymer with a narrow dispersity (Đ = 1.17) and
good matching between experimental and theoretical Mn (Mexp

n

= 10.3 kg mol−1, Mtheo
n = 11.9 kg mol−1) was achieved with 60%

monomer conversion as determined by 1H NMR (Fig. 1, entry
1 and Table S9†).

We next proceeded with the metered addition of CTA 1
using various constant rates of addition (Fig. 1a–d, entries
2–5). To target the same Mn as in the control sample, the total
molar concentrations of monomer, AIBN and CTA were held
constant in all reactions. To achieve similar levels of conver-
sion, all reactions were quenched after ∼6 h (see Table S9† for
details). Using a 0.5 h constant rate of addition and stopping
the polymerization at ∼60% conversion of MMA, we obtained
PMMA with Mexp

n = 10.4 kg mol−1 and a broadened MWD, with
Đ = 2.04 (Fig. 1a, entry 2). Based off our previous studies, a
constant rate of addition provides a MWD with tailing toward
low molar mass chains, a shift in the peak molecular weight
(Mp) toward high molar mass chains, and an asymmetry factor
greater than 1.0 (As > 1.0). In this case, we observed the oppo-
site in which there was tailing toward higher molar mass
PMMA chains with Mp shifted toward lower molar mass
PMMA chains. The inability to control the MWD shape with
short addition times could be the result of the induction time
often observed with dithiobenzoate RAFT agents.56 However,
we found that increasing the addition time from 0.5 h to 1 h
resulted in a polymer with a similar Đ but with As = 1.28
(Fig. 1a, entry 3). Under similar reaction conditions but using
a 2 h addition time, the MWD was broadened even more to a
Đ = 2.87 with an As of 1.46 (Fig. 1a, entry 4). Increasing the
addition time of CTA 1 to 2.5 h afforded a 12.0 kg mol−1

polymer with Đ = 3.51 and As = 1.47 (Fig. 1a, entry 5). In each
case, we observed good matching between Mtheo

n and Mexp
n ,

indicating a controlled process. Increasing the addition time
above 2.5 h did not result in any increase in Đ (Fig. S1†),
giving this method a maximum Đ of ∼3.5 for this molar mass.
It is important to note that these polymers have monomodal
MWDs, indicating that even at low CTA concentrations in the
beginning of the reaction, polymer chains still enter the RAFT
equilibrium such that uncontrolled free-radical polymerization
is supressed. Furthermore, we found that Đ increases linearly
with the addition time of CTA 1, demonstrating the predict-
ability of this method (Fig. 1d).

To further probe the extent to which MWD shape can be tai-
lored in thermally activated radical RAFT, we set out to
produce PMMA with the opposite MWD shape skewed to
higher molar mass (As < 1.0). Interestingly, an exponentially
increasing rate of CTA 1 addition results in a bimodal distri-
bution (Fig. S2†). We posit that this is due to an insufficient

Scheme 1 (a) Controlling MWD shapes in polymerizations with a single
initiating species. (b) Controlling MWD shapes in radical RAFT wherein
the CTA, rather than the radical source, is metered in over time.
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concentration of CTA relative to AIBN in the beginning of the
reaction such that uncontrolled free-radical polymerization of
MMA dominates. To circumvent this issue, we moved to line-
arly increasing rates of initiator addition to eliminate any sig-
nificant period of time that the reaction was allowed to stir
with very low concentrations of CTA. In support of this hypoth-
esis, we found that linearly increasing rates of addition of CTA
1 afforded PMMA with broadened MWDs and tailing toward
higher molar mass chains (Fig. 1e–h, entries 6–10). Varying
the addition time between 0.25 h to 1.0 h enabled the pro-
duction of PMMA with the desired MWD shape, good match-
ing between Mtheo

n and Mexp
n , and with Đs between 2.07 and

3.52 (entries 6–8). We were additionally able to produce PMMA
with extremely broad MWDs and with tailing toward high
molar mass chains. Increasing the addition time beyond 1 h
using a linearly increasing rate of addition afforded PMMA
with Đs as high as 6.23 while maintaining the overall desired
MWD shape and reasonably good matching between theore-
tical and experimental molecular weights (entries 9 and 10). As
with our results from the constant rates of addition, we found
that Đ increases linearly with the addition time of CTA 1
(Fig. 1h). These results demonstrate our ability to efficiently
control MWD shapes in thermally activated radical RAFT poly-
merizations via metered additions of a CTA. Interestingly, the
addition of CTA in these radical RAFT processes has allowed
us to control MWD shapes at Đ values of >2, which is comp-
lementary to our previously reported methods for controlling
MWD shapes at lower values of Đ using anionic, nitroxide-
mediated, or coordination–insertion polymerization.

An advantage of RAFT polymerization is its utility in the
production of well-defined block copolymers, which is enabled

by the high chain-end fidelity (chains terminated with the
dithiobenzoate chain end). To evaluate chain-end fidelity in
our polymers with broadened distributions, we chain extended
a disperse PMMA (PMMAbroad, Đ = 3.51, As = 1.47) macro-CTA
with benzyl methacrylate (BMA) (Fig. 2a). The chain extension
yielded a monomodal diblock with an Mn of 39.1 kg mol−1 and
a Đ of 1.55 (Fig. 2b). The clean shift in Mp and the good match-

Fig. 1 Controlling MWDs in radical RAFT polymerization using (a–d) constant or (e–h) linearly increasing rates of CTA 1 addition. aDetermined from
1H NMR conversions. bCalculated from light scattering (LS) GPC data using a dn/dc of 0.0812. cCalculated from refractive index (RI) GPC relative to
PS standards. All reactions were heated to 90 °C and the metered addition of CTA 1 was started when the vial was warm to touch. Reactions were
run to ∼60% conversion (∼6 h, see Table S9† for details). Stock solutions of CTA 1 and AIBN in toluene were prepared such that [CTA 1] = 0.07 M
and [AIBN] = 0.01 M. Reaction equivalents MMA : CTA 1 : AIBN = 199 : 1 : 0.2.

Fig. 2 Assessing chain-end fidelity of PMMAbroad through use as a
macro-CTA for chain extension with benzyl methacrylate. For
PMMAbroad-b-PBMA, Mn was determined from 1H NMR conversion. Đ
and As were calculated from RI GPC relative to PS standards. Reaction
was run for 5 h (∼43% conversion of BMA). Stock solutions of the
macro-CTA and AIBN in toluene were prepared such that [macro-CTA] =
0.015 M and [AIBN] = 0.0125 M. Reaction equivalents BMA :macro-
CTA : AIBN = 342 : 1 : 0.2.
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ing between theoretical and experimental molecular weights
for the diblock copolymer (Mtheo

n = 37.8 kg mol−1, Mexp
n =

39.1 kg mol−1) demonstrated excellent chain end fidelity in
our polymers (Fig. S3†).

Inspired by these results, we posited that a similar strategy
could be employed in the redox activated cationic RAFT
polymerization, which uses ferrocenium tetrafluoroborate
(FcBF4) as a mild chemical oxidant. In this mechanism, FcBF4
oxidizes CTA 2 to the radical cation, which subsequently
undergoes mesolytic cleavage to form a stabilized dithiocarbo-
nyl radical and an oxocarbenium cation which initiates
polymerization of isobutyl vinyl ether (IBVE) (Fig. 3a). Thus,
metered addition of CTA 2 should enable control over the
resulting polymer MWD features. However, it is important to
note that unlike in thermally activated radical RAFT where
chain initiation by AIBN is independent of the CTA concen-
tration, in this cationic RAFT mechanism, initiation is depen-
dent on the CTA concentration as initiation occurs through
direct oxidation of the CTA by FcBF4. By metering in CTA over
time, the concentration of CTA, and therefore initiation kine-

tics, changes over time. We anticipated that gaining control
over MWD features would be inherently more challenging in
this particular cationic RAFT system than in thermally acti-
vated radical RAFT polymerization. Further complicating the
task, uncontrolled generation of new chains can occur in these
polymerizations by direct monomer oxidation.

As a proof of concept, a constant rate of CTA 2 addition
afforded PIBVE with good matching between Mtheo

n and Mexp
n ,

and with broadened MWDs tailing toward low molar mass
chains (Fig. 3b–d). However, using either linearly or exponen-
tially increasing rates of CTA 2 addition, we were unable to
access monomodal distributions of the opposite MWD shape.
Instead, we observed bimodal distributions in both cases
(Fig. S4†). We expect that the concentration of CTA in the
beginning of the reaction is too low using these addition pro-
files, such that direct monomer oxidation and uncontrolled
cationic polymerization occurs before sufficient CTA is intro-
duced into the reaction. Future studies will investigate the
efficacy of our method in other cationic polymerizations
wherein initiation is not influenced by CTA concentration.
However, this is still an excellent method to broaden MWDs in
the cationic polymerization of vinyl ethers.

Conclusions

Our results show that metered additions of chain transfer
agents can be used to deterministically control polymer MWD
breadth and shape in RAFT polymerizations. Using this strat-
egy, we were able to produce well-defined polymers with tai-
lored MWDs and dispersities as high as 6.2 in thermally acti-
vated radical RAFT polymerizations. High chain-end fidelity
was demonstrated by the synthesis of a diblock copolymer via
chain extension of a PMMAbroad macro-CTA. We suspect that
we can also achieve MWD shape control in radical RAFT by
metering in a combination of AIBN and CTA, which is some-
thing our lab will pursue in future studies. Furthermore, pre-
liminary studies revealed that this general strategy could be
extended to a redox activated cationic RAFT polymerization.
Additional studies will investigate the effect of metered CTA
additions in cationic RAFT polymerizations in which initiation
is independent of the CTA. We anticipate that our results will
open the door for controlling MWD features in industrially-
attractive RAFT polymerizations.
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