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Abstract

The photoinduced energy/electron transfer-reversible addition-fragmentation

chain transfer (PET-RAFT) polymerizations of oligo(ethylene oxide) monomethyl

ether methacrylate (OEOMA, also known as poly[ethylene glycol] methyl ether

methacrylate, PEGMA) and isomeric methyl 2-(oligo(ethylene oxide) methyl

ether)acrylate (2OEOAM) macromonomers with OEO average degree of polymer-

ization of 22 or 45 were conducted in aqueous media to provide insight into the

effect of monomer structure on grafting-through RAFT of 1,1-disubstituted acrylic

macromonomers. The polymerizations of all four monomers reached nearly

quantitative conversion. The longer macromonomers polymerized faster than the

shorter ones within the same monomer class. The OEO side chain at the α
(i.e., 2-) position of isomeric acrylates significantly slowed RAFT polymerization

in comparison with OEO ester side chain of methacrylates.
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1 | INTRODUCTION

Molecular bottlebrushes are comb copolymers with
sidechains densely grafted to/from a central polymer
backbone.1–7 Steric hindrance caused by dense packing of
side chains along a polymer backbone leads to short-
range rigidity and rod-like topologies at high aspect
ratio.8,9 Densely grafted molecular bottlebrushes have

higher molecular weights between entanglements in the
melt, leading to lower intrinsic viscosities and lower mod-
uli than conventional polymer chains with small
substituents.10–12 These properties enabled use of molecu-
lar bottlebrushes as specialty materials, such as
lubricants,13–15 nanomaterials,16–18 surfactants,19–21 drug
delivery vehicles,22–24 and as supersoft elastomers with
tissue-like mechanical properties.25–30

Bottlebrushes can be prepared by grafting small
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Received: 16 February 2022 Revised: 30 March 2022 Accepted: 1 April 2022

DOI: 10.1002/pol.20220086

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Journal of Polymer Science published by Wiley Periodicals LLC.

J Polym Sci. 2022;60:1887–1898. wileyonlinelibrary.com/journal/pol 1887

https://orcid.org/0000-0003-1960-3402
mailto:km3b@andrew.cmu.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/pol


the “grafting-from” approach,15,31–35 coupling chains
onto a functionalized backbone via the “grafting-onto”
approach,36,37 and by the polymerization of mac-
romonomers in the “grafting-through” approach.38–43

Synthesis of molecular bottlebrushes by grafting-through
of vinyl macromonomers using reversible deactivation
radical polymerization (RDRP) provides densely grafted
bottlebrushes with side chains on every other carbon
along the backbone. However, grafting-through RDRP of
macromonomers via RDRP is challenging due to the low
concentration of polymerizable vinyl groups, steric hin-
drance of long chain substituents and high viscosity. The
dilution leads to a slower rate of polymerization due to
lower concentration of polymerizable vinyl groups (mono-
mer) and dormant chain ends (alkyl halides in ATRP or
chain transfer agents [CTA] in a RAFT polymerization).44

Grafting-through polymerization of methacrylic mac-
romonomers with an initial monomer concentration ([M]0)
close to the equilibrium monomer concentration ([M]eq)
may proceed slowly and plateau at a dead-end monomer
concentration ([M]∞) close to the [M]eq.

40,43,45–47

Molecular bottlebrushes with oligo(ethylene oxide)
(OEO, also known as poly[ethylene glycol], PEG) side
chains are of particular interest due to their potential bio-
medical applications in drug/gene delivery, anti-fouling,
electronics, and thermoresponsive materials.19,20,48–54

The majority of bottlebrushes with oligo(ethylene oxide)
side chains were prepared by RDRP using grafting-
through polymerization of macromonomers.43,46,50,51,55–59

OEO macromonomers are commonly prepared by esteri-
fication between the mono-OH capped OEO methyl ether
and the acid functional group attached to styrenes, acry-
lates, or methacrylates. Oligo(ethylene oxide) mono-
methyl ether methacrylate (OEOMA) macromonomers
have a methyl substituent in the a position of the acrylate
functional group, and a long oligo(ethylene oxide) ester
side chain (Figure 1). The final bottlebrush yield in
OEOMA polymerizations with long sidechains is limited
by the equilibrium monomer concentrations.43,46 Poly-
merization yields increase at higher [M]0, higher pres-
sure, lower temperature, and in aqueous media.43,47

Depolymerizations of P(OEOMA) bottlebrushes into
macromonomers by RAFT were also reported.46,60

This manuscript investigates the aqueous grafting-
through polymerization of commercially available
methacrylic OEO22MA and OEO45MA macromonomers,
and “inverted” methyl 2-(oligo(ethylene oxide) methyl
ester)acrylate (2OEOAM) macromonomers of identical
average OEO lengths (Figure 1). The 2OEOAM mac-
romonomers were prepared in a biphasic solution
(NaOHaq/CH2Cl2) with methyl α-(bromomethyl)acrylate,
oligo(ethylene glycol) monomethyl ether and
tetrabutylammonium bromide as a phase-transfer

catalyst. The synthesis is discussed in detail in the Sup-
plementary Information. The two “inverted” 2OEOAM
macromonomers consisted of an OEO sidechain tethered
to the acrylate functional group, and subsequent polymer
backbone, by the methyl ether bond in the α-position.
The attachment of the OEO sidechain via an ether bond
should improve the hydrolytic stability of the P
(2OEOAM) bottlebrushes, relative to standard POEOMA
bottlebrushes. Crosslinkers based upon bifunctional
2OEOnAM macromonomers are used as precursors to
commercial ChemMatrix® Resins, which have applica-
tions in solid phase peptide synthesis.61,62 This is the first
reported grafting-through polymerization of OEOMA
with long sidechains under oxygen tolerant conditions,
and the first RDRP of a 2-(oligo(ethylene oxide) methyl
ether)acrylate macromonomer.

The aqueous photoinduced electron/energy transfer
RAFT (PET-RAFT) grafting-through polymerization of
four macromonomers bearing oligo(ethylene glycol)
grafts was compared using a tris(bipyridine)ruthenium
(II) chloride (Ru[bpy]3Cl2) catalyst under blue light irra-
diation without additional reducing agents or prior
degassing, using trithiocarbonate CTAs.63–65 The kinetics
of PET-RAFT polymerizations were followed until the
reactions reached >90% conversion by 1H NMR to pro-
vide insight into how structural differences in substitu-
ents surrounding the olefin could affect grafting-through
RAFT polymerizations of 1,1-disubstituted vinyl OEO
macromonomers.

2 | RESULTS AND DISCUSSION

Aqueous PET-RAFT of oligo(ethylene oxide) mono-
methyl ether methacrylate (OEOMA) and an isomer with
“inverted” arrangements of substituents, methyl 2-(oligo
(ethylene oxide) monomethyl ether)acrylate (2OEOAM)
macromonomers were conducted to follow the kinetics of
their polymerization. The data is discussed using the
naming format “[Molecular weight][Olefin structure]-
[ppm Ru(bpy)3Cl2].” The shorter OEO22MA

FIGURE 1 Oligo(ethylene oxide) monomethyl ether

methacrylate and methyl 2-(oligo(ethylene oxide) methyl ether)

acrylate macromonomers with n = 21 and 44 investigated in this

study
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macromonomer corresponds to the label 1KMA, the lon-
ger OEO45MA corresponds to 2KMA, the inverted
2OEO22AM is 1KAM, and the longer inverted
2OEO45AM macromonomer is referred to as 2KAM. The
experiment 1KMA-426-44 is given the additional �44
post-script to denote the higher target DP than the other
experiments in this manuscript.

2.1 | Polymerization of OEO22MA

A trithiocarbonate 4-((([2-carboxyethyl]thio)car-
bonothioyl)thio)-4-cyanopentanoic acid (TTC) were
tested in the polymerization of OEO22MA with 426 ppm
Ru(bpy)3Cl2 catalyst relative to monomer (Figure 2). It
should be noted that the concentration of catalyst is on
the order of a micromolar concentration due to the dilute
nature of macromonomer polymerizations, and ppm is
given relative to the concentration of monomer. The
polymerization was conducted at an initial monomer
concentration [M]0 = 88 mM in a D2O/DMF cosolvent
solution (D2O/DMF/monomer 71/20/9 v/v%), with no
additional buffers or reducing agents. Macromonomer
conversion was measured by the decrease of intensity of
vinyl proton signal relative to the total signal of the met-
hoxy protons in the side chains in the kinetic samples
taken from the crude reaction mixture (Figure 3)
(Figure S7).

The polymerization proceeded with linear first order
kinetics until near-quantitative conversion was reached
in 20 h. The Mn,GPC versus conversion plot showed that
polymerization 1KMA-426-44 maintained control at
lower conversion, but eventually lost control near the
end of the polymerization as evidenced by the increase in
dispersity of the product. It should be noted that the
molecular weight of the crude polymerization products

were measured relative to linear poly(methyl methacry-
late) (PMMA) standards in DMF, which underestimates
the molecular weight of molecular bottlebrushes synthe-
sized in this manuscript.66

Oxygen concentration measurements were collected
for model experiments with identical conditions as exper-
iment 1KMA-426-44 (i.e., same [M]0, solvent composi-
tion, and light source) with and without the 426 ppm Ru
[bpy]3Cl2 photocatalyst to provide insight into the oxygen
degassing mechanism. Irradiation of the reaction with no
Ru(bpy)3Cl2 consumed oxygen by a photoiniferter pro-
cess in absence of additional additives within 25 min,
which contributed to oxygen degassing by a “polymeriza-
tion-through oxygen” mechanism (Figure 4).67–69 The
TTC/Ru(bpy)3Cl2 CTA/catalyst system increased the rate
of oxygen consumption such that all oxygen was removed
within 2.5 min of irradiation (Figure 4).

PET-RAFT with Ru(bpy)3Cl2 can generate the chain-
end radical under blue light irradiation by energy transfer
between the excited photocatalyst and RAFT agent
(Figure 5A).70,71 The excited Ru(bpy)3Cl2 catalyst reduces
oxygen to a superoxide (O2

•�) by an oxidative quenching
mechanism (Figure 5B).63,72–74 In aqueous solution,
superoxide can be protonated to hydroperoxyl (HO2

•,
pKa = 4.8).75 Both HO2

• and superoxide were reported to
disappear by second order processes in aqueous solu-
tions.75,76 The HO2

• can undergo disproportionation by
reactions listed in Equations 1 and 2,75,77 to form
hydroxyl radicals capable of initiating new chains and
degassing by a “polymerization through oxygen”
approach.78,79 Indeed, we attempted RAFT polymeriza-
tions of OEO22MA in a dimethyl sulfoxide/water solution
without prior degassing and observed retardation and
poor reaction control, presumably because initiation by
peroxide species competed with oxidation of DMSO.

2HO2
• !H2O2þO2, ð1Þ

O2
•�þH2O2 !HO • þOH�þO2: ð2Þ

Subsequent polymerizations used a higher [TTC] at a
lower molar ratio of [OEO22MA]:[TTC] = 22/1 to
improve control, with different loadings of Ru(bpy)3Cl2
(Table 1).

OEO22MA polymerization with 852 ppm catalyst
reached 68% conversion within the first hour of polymeri-
zation, then slowly proceeded to 84% conversion in 20 h
(Figure 6). The dispersity of the product was low despite
the retardation in reaction rate observed after the first
hour (Figure 6). Progressively lowering catalyst loadings
from 426 to 107 ppm did not significantly affect yield.
The polymerizations reached >90% monomer conversion
after 20 h without a compromise in polymerization

FIGURE 2 Photoinduced energy/electron transfer-reversible

addition-fragmentation chain transfer polymerization of OEO22MA

with trithiocarbonate 4-((([2-carboxyethyl]thio)carbonothioyl)thio)-

4-cyanopentanoic acid
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control. Similar trends in the first order kinetic plots were
observed, where the reactions had a fast initial rate of
polymerization which slowed until the reactions reached
near completion. The polymerizations displayed accept-
able control despite the high catalyst concentrations, with
all polymerizations achieving >90% conversion in 20 h
with bottlebrush dispersity below 1.3 (Figure 6). The
Mn,GPC versus conversion plots had a linear increase in
Mn,GPC with conversion until an apparent molecular
weight of �20,000 was obtained at �60% conversion.

It should be noted that tertiary trithiocarbonate RAFT
have poor photostability after prolonged blue light

FIGURE 3 Photoinduced energy/electron transfer-reversible addition-fragmentation chain transfer polymerizations of OEO22MA with

trithiocarbonate 4-((([2-carboxyethyl]thio)carbonothioyl)thio)-4-cyanopentanoic acid (TTC) catalyzed by 426 ppm Ru[bpy]3Cl2 in a 71/20 v/v%

D2O/DMF cosolvent mixture. (A) First order kinetic plot; (B) Mn,GPC and dispersity versus conversion. Molecular weight is given relative to linear

PMMA standards in DMF. Reactions were performed at room temperature under 6.5 mW/cm2 of blue light using [OEO22MA]:[TTC]:[Ru

[bpy]3Cl2] = 44/1/0.0188. The reaction temperature was 35–36�C with blue light irradiation

FIGURE 4 Oxygen content measurements of 1KMA-426-44

polymerizations with and without Ru(bpy)3Cl2. Reactions were

performed under blue light irradiation (λ = 465 nm, 6.5 mW/cm2)

using [OEO22MA]:[TTC]:[Ru(bpy)3Cl2] = 44/1/0.0188 or

[OEO22MA]:[TTC] = 44/1. The reaction temperature was 35�C.
The oxygen content measurements are calibrated against an

OEO22MA solution in D2O ([M]0 = 88 mM) bubbled with nitrogen

for 20 min as the zero standard, and an OEO22MA solution in D2O

([M]0 = 88 mM) sparged with air for 20 min as the oxygen-

saturated standard

FIGURE 5 Catalytic cycle for (A) Photoinduced energy/

electron transfer-reversible addition-fragmentation chain transfer

and (B) removal of oxygen by oxidative quenching using

Ru(bpy)3Cl2 as the photocatalyst under blue light irradiation
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irradiation.80 The chain end could degrade to thiyl radi-
cals by analogy to the photolytic degradation of TTC
CTA's under UV irradiation.81 The hydrolysis of the

4-cyanopentanoic acid R- group to 4-amidopentanoic acid
was also reported.82 Indeed, we observed negligible shift
towards higher molecular weight at high conversion,

TABLE 1 Photoinduced energy/electron transfer-reversible addition-fragmentation chain transfer polymerization of OEO22MA at

88 mMa

Experiment [OEO22MA]/[CTA]/[Ru(bpy)3Cl2] [Ru(bpy)3Cl2] [μM, (ppm)]b t (h) pc Mn,th
d Mn,GPC

e Ðe

1KMA-426-44 44/1/0.0188 38, (426) 20 0.99 46,800 35,300 1.83

1KMA-852 22/1/0.0188 75, (852) 20 0.84 20,000 20,400 1.20

1KMA-426 22/1/0.0094 38, (426) 20 0.95 22,600 20,400 1.23

1KMA-213 22/1/0.0047 19, (213) 20 0.93 22,200 20,100 1.22

1KMA-107 22/1/0.0023 9.2, (107) 20 0.93 22,200 20,000 1.22

1KMA-24 22/1/0.00051 2.1, (23) 24 0.94 22,400 18,600 1.52

1KMA-14 22/1/0.00031 1.2, (14) 24 0.93 22,200 23,400 1.53

1KMA-4 22/1/0.000103 0.4, (4.7) 24 0.89 21,200 26,700 1.41

aTTC is the CTA. Solvent = 20/71% DMF/D2O. Reactions were started upon exposure to blue light (λ = 465 nm, 6.5 mW/cm2) and were not degassed. The

reaction temperature was 35�C, with a total volume of 3.25 ml. The reactions were conducted in sealed 1-dram vials.
bppm is reported relative to the equivalents of monomer by [mol Ru(bpy)3Cl2]/[mol OEO22MA] � 106.
cConversion determined by 1H NMR (Supplementary Information).
dMn,th = mOEOMA � [OEOMA]/[CTA] � p + mCTA.
eFound by DMF GPC and is given relative to linear PMMA standards.

FIGURE 6 Photoinduced energy/electron transfer-reversible addition-fragmentation chain transfer polymerizations of OEO22MA with

trithiocarbonate 4-((([2-carboxyethyl]thio)carbonothioyl)thio)-4-cyanopentanoic acid catalyzed by Ru(bpy)3Cl2 in a D2O/DMF cosolvent

system. (A) Kinetic plot of conversion versus reaction time. (B) Kinetic plot of monomer concentration versus time. (C) First order kinetic

plot. (D) Molecular weight and dispersity versus conversion plot. The molecular weight of all samples are given relative to linear PMMA

standards in DMF. Reactions were performed under 6.5 mW/cm2 of blue light using [OEO22MA]:[TTC]:[Ru(bpy)3Cl2] = 22/1 with the ppm

of Ru(bpy)3Cl2 between 4–852 ppm. The reaction temperature was 35�C with blue light irradiation (λ = 465 nm, 6.5 mW/cm2)
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with the majority of new polymer formation appearing as
low molecular weight oligomers (Figure S16).

The bottlebrushes produced using conditions 1KMA-4,
lKMA-14, and 1KMA-24 had high dispersity above 1.5. The
GPC traces in Figure S16 shows that the peak-average
molecular weight of these reactions was higher than those
with high catalyst loadings, however there were also more
low molecular weight oligomers, leading to an overall high
dispersity in the final sample. The higher peak-average
molecular weight may be rationalized by a decreased con-
tribution of oxygen removal by oxygen reduction with the
[Ru(bpy)3Cl2] catalyst, and an increase in contribution of
oxygen removal through the polymerization-through oxy-
gen approach by direct photolysis of the TTC. Reactions
degassed by latter approach sacrifice a portion of TTC to
consume oxygen, which leads to lower initiation efficiency.
The polymerizations were still slow, which led to CTA
decomposition and oligomerization after prolonged blue
light irradiation. Thus, the reactions with low concentra-
tion of photocatalyst had higher dispersity because of lower
initiation efficiency and degradation of the TTC consistent
with the other polymerizations in this manuscript. Despite
these challenges, the polymerizations with low [Ru
(bpy)3Cl2] reached comparable yields close to 90% conver-
sion after 24 h with catalyst loadings as low as 4 ppm.

The polymerization with OEO22MA was repeated
until the reaction reached near quantitative conversion
by 1H NMR (1KMA-107, Table 2). The repeated polymer-
ization had a consistent trend with the trials in Table 1,
with a faster initial rate of polymerization followed by a
slower second stage until the polymerization reached
near quantitative conversion (Figure 7, Table 2). The gel
permeaction chromatography (GPC) traces also showed

negligible increase in molecular weight with conversion,
with low molecular weight tailing overlapping with the
remaining macromonomer. The dispersity of the bottle-
brushes remained close to 1.3 despite the oligomers visi-
ble in the GPC trace (Figure 8).

2.2 | Grafting-through polymerization
of isomeric OEO macromonomers

The placement of the OEO functional group at the
α-position could influence thermodynamic polymer-
izability and kinetic reactivity, relative to OEOMA. Bulky
substituents reduce thermodynamic and kinetic favor-
ability of radical polymerizations of 1,1-disubstituted
monomers.83,84 Bulkier α-substituted acrylates had lower
ceiling temperatures and slower rates of polymerization
than less sterically hindered monomers, as reported in
comparison of methyl acrylate, methyl methacrylate, and
methyl 2-ethylacrylates.83–85 An interesting exception
was observed in the conventional radical polymerization
(RP) of 2-(alkyoxymethyl) acrylates. RP of 2-(alkyoxymethyl)
acrylates were reported to be faster than RP of methyl meth-
acrylate under identical conditions, however the isolated
polymers had lower molecular weights.86 RP of methyl 2-(n-
propyloxymethyl) acrylate, methyl 2-(n-butyloxymethyl)
acrylate, and methyl 2-(phenoxymethyl)-acrylate had
extrapolated [M]eq = 0.6-0.7 M, and 0.19 M, respectively,
at a temperature of 60�C which is significantly higher than
the [M]eq of most methacrylates at the same temperature
(ca. 0.01 M).86,87 Radical polymerizations of 2OEOAM
monomers with shorter ethylene oxide repeat units (n = 1,
2, and 3) in the α-position were also faster than RP of

TABLE 2 Photoinduced energy/electron transfer-reversible addition-fragmentation chain transfer polymerization of oligo(ethylene

oxide) macromonomers with Ru catalyst under blue light irradiationa

Experiment Monomer [M]0 (mM) t (h) pb kp,app
c (h�1) Mn,GPC

d Ðd φMM (%)e φOlig (%)e φBB (%)e

1KMA-107f OEO22MA 88 48 0.99 0.16 18,600 1.27 4 2 94

1KAM-94 2OEO22AM 100 72 0.54 0.03 13,600 1.15 45 4 51

2KMA-94 OEO45MA 100 24 >0.99 1.14g 68,200 2.18 2 3 95

2KAM-94 2OEO45AM 100 72 0.57 0.04 22,200 1.13 59 5 36

1KAM-94-2x 2OEO22AM 200 68 0.96 0.07 14,500 1.34 5 8 87

2KAM-94-2x 2OEO45AM 200 68 >0.99 0.12 31,800 1.32 5 4 91

aConditions: [M]/[TTC]/[Ru(bpy)3Cl2] = 25/1/0.00234. Solvent = 20 vol% DMF and the remaining volume was D2O. Reaction started upon exposure to blue
light (λ = 465 nm, 6.5 mW/cm2) without prior degassing. The reaction temperature was 35�C.
bBased upon conversion (p) by 1HNMR.
cTaken as the slope of the first order kinetic plot in Figure 7C in the first 24 h of the reaction.
dRelative to linear PMMA standards using GPC with DMF eluent.
eWeight fraction of polymeric fraction determined by peak fitting of GPC traces using Origin software. Peak fits are provided in the Supplementary Information

(Figure S26).
f[M]/[TTC] = 22/1.
gThe kp,app is taken as the slope of the first order kinetic plot up to 4 h.
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MMA, but had no observable equilibrium monomer con-
centrations under similar conditions.88 Indeed, degassed
photoiniferter RAFT polymerizations of OEO22MA and
OEO45MA at 85�C polymerized to final [M] � 10–20 mM,
but the inverted 2OEO45AM plateaued at a
[M] = 170 mM, indicating there are noticeable thermody-
namic differences between the isomeric OEO mac-
romonomers at elevated temperature (Figure S17).

The kinetics of grafting-through PET-RAFT polymeri-
zation of OEO45MA, 2OEO22AM and 2OEO45AM were
compared using a recipe of [M]0/[TTC]0 = 25/1 with
94 ppm of catalyst at an identical initial monomer con-
centration of 100 mM. The steady-state rate of PET-RAFT
is a product of [M], the rate constant of propagation, kp,
and the steady state radical concentration (Equation 3).89

The steady state radical concentration in a PET-RAFT is
the square root ratio of the rate of radical generation by
the photocatalyst (Ri) to the rate constant of termination,

kt, plus the term kt,crossKRAFT[CTA] to account for retar-
dation caused by cross-termination with the RAFT inter-
mediate radical.89,90 The rate constant, kt,cross, is the
cross-termination rate constant, KRAFT is the RAFT equi-
librium constant, and [CTA] is the CTA concentration.

Rp ¼ kp M½ � P�½ � ¼ kp M½ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ri

ktþkt,crossKRAFT CTA½ �

s

ð3Þ

ln
M½ �0
M½ � ¼ kp P

�½ �t¼ kp,appt ð4Þ

We compare the polymerizations of these monomers
wholistically using an observed apparent rate of propaga-
tion, kp,app, extrapolated as the slope of the first order
kinetic plots in Figure 7 which encompasses differences
in kp/kt

0.5 and RAFT retardation. (Equation 4).

FIGURE 7 Grafting-through polymerization of OEO22MA, OEO45MA, 2OEO22AM, and 2OEO45AM by photoinduced energy/electron

transfer-reversible addition-fragmentation chain transfer. (A) Kinetic plot of conversion versus reaction time. (B) Kinetic plot of monomer

concentration versus time. (C) First order kinetic plot. The dotted lines are linear fits of the datapoints before 24 h, with a set y-intercept = 0.

The slope of the line is given as the kp,app in Table 2. (D) Molecular weight and dispersity versus conversion plot. The molecular weight of all

samples are given relative to linear PMMA standards in DMF. Conditions: OEO22MA was polymerized at [M]0 = 88 mM with 107 ppm of

Ru catalyst and a TTC CTA; OEO45MA was polymerized at [M]0 = 100 mM with 94 ppm of Ru catalyst and a TTC CTA; 2OEO22AM was

polymerized at [M]0 = 200 mM with 94 ppm of Ru catalyst and a TTC CTA; 2OEO45AM was polymerized at [M]0 = 200 mM with 94 ppm of

Ru catalyst and a TTC CTA. All reactions were conducted in 20 vol% DMF, with the remaining volume occupied by monomer and

D2O. Reactions were started upon exposure to blue light without prior degassing, at a temperature of 35�C
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The PET-RAFT of the longer OEO45MA
macromonomer proceeded with linear first order kinetics
to quantitative conversion in under 24 h with poor con-
trol (2KMA-94, Figure 7). The kp,app of the polymeriza-
tion was more than seven times higher than the
polymerization of the shorter OEO22MA macromonomer
under comparable conditions. The faster polymerization
of bulkier OEO monomers within the same monomer
class agrees with the observed increase in kp/kt

0.5 for
n-alkyl methacrylates with longer sidechains.91 The GPC
traces of P(OEO45MA) were ill-defined, with bimodal
molecular weight distribution and high molecular weight
shoulder, suggesting inefficient exchange of the TTC
(i.e. lower KRAFT and plausibly kt,cross) also contributed to
the faster rate of polymerization (Figure 8). The normal
ATRP of OEO45MA at various temperatures and [M]0 in
anisole was also poorly controlled, which confirms the
longer side-chain OEO45MA is still difficult to polymerize
with sufficient control via RDRP.43

The polymerization of 2OEO22AM at [M]0 = 100 mM
was significantly slower than the standard OEOMA
monomers, with a kp,app five times lower than the poly-
merization of OEO22MA. The longer 2OEO45AM
macromonomer was slightly faster. The kp,app of
2OEO45AM polymerization by PET-RAFT was four times
lower than that of OEO22MA, and 29 times lower than

OEO45MA (Figure S24). Both polymerizations reached
46% and 52% conversion, respectively, in 24 h and had
negligible polymerization over the next 48 h (Table 2,
Figure S24). The products had relatively low dispersity
<1.2, with low molecular weight tailing appearing in the
GPC traces between the 24 and 72 h timepoints
(Figure S25).

The improved control over RAFT polymerization sug-
gests the exchange of RAFT agent was efficient for the
2OEOAM macromonomers, including the longer
2OEO45AM, which might have slowed the overall rate of
polymerization. The dispersity 2OEO22AM polymeriza-
tions at comparable conversion were lower than those of
OEO22MA, suggesting more efficient exchange of the
CTA with the inverted macromonomers. The difference
in polymerization control is more obvious between the
longer 2OEO45AM and OEO45MA, where the former
maintained a low Ð < 1.2 until the reaction plateaued at
60% conversion and the latter rapidly polymerized to
high Ð = 2.18 with bimodal molecular weight
distribution.

The faster rate of polymerization of 2OEO45AM rela-
tive to 2OEO22AM agrees with the increase in rate of
polymerization for OEO45MA relative to OEO22MA, how-
ever control was maintained for the inverted mac-
romonomers. This confirms an increase in rate of RAFT

FIGURE 8 Gel permeation

chromatography (GPC) traces of

the grafting-through

polymerization of (A) OEO22AM

at [M]0 = 88 mM with 107 ppm

of Ru catalyst and a

trithiocarbonate

4-((([2-carboxyethyl]thio)

carbonothioyl)thio)-

4-cyanopentanoic acid (TTC)

CTA. Target DP = 22;

(B) OEO45MA at

[M]0 = 100 mM with 94 ppm of

Ru catalyst and a TTC CTA.

Target DP = 25; (C) 2OEO22AM

at [M]0 = 200 mM with 94 ppm

of Ru catalyst and a TTC CTA.

Target DP = 25; (D) 2OEO45AM

at [M]0 = 200 mM with 94 ppm

of Ru catalyst and a TTC CTA.

Target DP = 25. The reactions

were conducted under blue light

irradiation (λ = 465 nm,

6.5 mW/cm2) at a temperature

of 35�C. the conditions are given
in Table 2
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polymerization with sidechain length for monomers with
the same substituents around the olefin, which may
include contributions from a higher kp/kt

0.5 for the bulk-
ier macromonomers and a less efficient RAFT exchange.

The molar concentration of all reagents was doubled
for 2OEO22AM and 2OEO45AM polymerizations, scaled to
[M]0 = 200 mM, by reducing the volume fraction of water.
This effectively doubled the molar concentration of cata-
lyst and chain transfer agent, while the solid loading of
2OEO22AM macromonomer increased from 10 vol% at
[M]0 = 100 mM–20 vol% at [M]0 = 200 mM, and the vol-
ume fraction of 2OEO45AM increased from 20 to 40 v/v%
for the same respective concentrations. The volume frac-
tion of DMF was maintained at 20 vol%. It should be
noted that the rate constant of propagation (kp) in a dilute
(5 wt%) aqueous polymerization of OEO7�8MA was a fac-
tor of �7 times higher relative to a polymerization in
bulk.92 Doubling the concentration of all reagents
increased the concentration of propagating centers and
increased the kp,app of 2OEO22AM and 2OEO45AM poly-
merizations by a factor 2.3 and 3, respectively, relative to
the polymerizations at half the concentration. The overall
effect of increasing the concentration of inverted
macromonomer, catalyst, and TTC outweighed the kinetic
penalties of the less polar reaction medium under the
tested conditions (Figure 7).

2OEO22AM polymerization reached 87% conversion
after 42 h, while polymerization of 2OEO45AM with the
longer OEO chain was faster and reached 97% conversion
in the same amount of time. Indeed, the kp,app of the
2OEO45AM polymerization at [M]0 = 200 mM was �2
times larger than the kp,app of the 2OEO22AM polymeri-
zation under otherwise comparable conditions. This
agrees with the faster rate of polymerization for PET-
RAFT of the longer OEO45MA macromonomer relative
to the OEO22MA macromonomer with shorter sidechain,
however to a smaller extent. Polymerizations of both
monomers eventually reached >95% conversion after
68 h of blue light irradiation.

The molecular weight versus conversion plot showed
a decrease in bottlebrush molecular weight and increase
in dispersity in the polymerization of 2OEO22AM
(Figure 7D). The molecular weight of the bottlebrush
peaked at a Mn,GPC = 15,750 at 77% conversion after 20 h
of irradiation. The molecular weight dropped to a final
Mn,GPC = 13,750, and dispersity increased from 1.19 to
1.32, as the polymerization continued to 96% conversion
after a total of 68 h. The molecular weight of P
(2OEO45AM) plateaued near a Mn,GPC � 30,000 after the
reaction reached 64% conversion. The dispersity of the
bottlebrush increased with conversion from 1.14 to 1.32
once the reaction reached quantitative conversion by 1H
NMR. The decrease in molecular weight in both

experiments may be attributed to degradation of the CTA
leading to high molecular weight chains lacking CEF
and impurities which can initiate formation of new
oligomers.

Multiple peak fitting of the GPC traces provided
insight into the discrepancies between the molecular
weight distributions and conversion by 1H NMR. The
weight fraction of monomer, oligomers, and bottle-
brushes were determined by multiple peak fitting of the
GPC traces using the refractive index versus elution vol-
ume plot (Figure S26). The weight fraction of each peak
is reported as the ratio of polymer peak area divided by
the total peak area of all species. The peak fitting shows
that the conversion by GPC underestimated
macromonomer conversion relative to the conversion
reported by 1H NMR, with the conversion by 1H NMR
consistently >2% higher than the conversion by GPC
(Table 2). Indeed, the polymerization 2KAM-94-2x
reached quantitative conversion by 1H NMR but con-
tained 5 wt% of residual “macromonomer” in the final
crude GPC trace. This can be explained by incomplete

FIGURE 9 Bar graph of polymer weight fractions in the final

GPC trace of experiments 1KMA-107, 2KMA-94, 1KAM-94-2X, and

2KAM-94-2X. The weight fractions were found by multiple peak

fitting to the bottlebrush (BB), oligomer (Olig), and macromonomer

(MM) peaks in units of elution volume versus normalized refractive

index detector response. The peak areas of the bottlebrush (ABB),

oligomers (AOlig), macromonomer (AMM), and solvent (Asolv) were

obtained by multiple peak fitting to the respective peaks in the

crude GPC trace. The weight fractions of the bottlebrush (φBB),

oligomers (φOlig), and macromonomer (φMM) are given by the ratio

of the peak area to the sum of all polymeric peak areas times 100.

The experimental conditions used in the experiments are given in

Table 2. The peak fits and area of each peak are provided in the

Supplementary Information. The conversion data from 1H NMR

and time points are given under the bar graph
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functionalization of the OEO macromonomers, or by loss
of functionality via a slow chain breaking reaction (trans-
fer/termination) in a fraction of macromonomers.

The macromonomers with a faster rate of polymeriza-
tion generally contained a lower weight fraction of oligo-
mers than the slower polymerizing macromonomers
(Figure 6). The 2KMA-94 polymerization was the fastest,
reaching 99% conversion in 4 h, and only contained 3 wt%
oligomers in the peak fitting. This was comparable to the
2 wt% weight fraction of oligomers obtained in the poly-
merization of OEO22MA in experiment 1KMA-107. The
weight fraction of oligomers obtained in the polymeriza-
tion of the long “inverted” 2OEO45AM macromonomer
was 4%. The polymerization of 2OEO22AM was the
slowest and had a high 10 wt% fraction of oligomer impu-
rities (Figure 9).

3 | CONCLUSIONS

Aqueous controlled radical polymerizations of
oligo(ethylene oxide) monomethyl ether methacrylate
(OEOMA) and “inverted” methyl 2-(oligo(ethylene oxide)
monomethyl ether)acrylate (2OEOAM) macromonomers
were conducted without prior degassing using PET
RAFT. The inverted 2OEOAM macromonomers had the
OEO sidechain installed in the alpha-position to better
understand the effects of monomer sterics of grafting-
through radical polymerizations of 1,1-disubstituted
acrylic macromonomers. The PET-RAFT of the mac-
romonomers was conducted at low [M]0/[CTA]0 molar
ratio with deoxygenation using a Ru catalyst to maintain
polymerization. Polymerizations of all macromonomers
reached near quantitative monomer conversion.

The macromonomers with longer sidechains poly-
merized faster than those with shorter sidechains within
the same monomer class. The longer OEO45MA
macromonomer had an apparent rate constant of poly-
merization seven times larger than the OEO22MA
macromonomer with a shorter sidechain. The rates of
polymerization were significantly slower for the inverted
macromonomers, however the same trend was observed.
The inverted macromonomers polymerized 4–5 times
slower than OEO22MA at a [M]0 = 100 mM. The poly-
merization of longer 2OEO45AM was a factor of three
times faster than 2OEO22AM when the initial monomer
concentration was increased to [M]0 = 200 mM. This sug-
gests the addition of the alpha substituent significantly
slows the polymerization of OEO macromonomers, and
longer sidechains with similar sterics around the olefin
can led to an overall faster polymerization at the same
molar concentration. The observed faster polymerization

of bulkier OEO monomers within the same monomer
class agrees with the reported increase in kp/kt

0.5 for
n-alkyl methacrylates with longer sidechains,91 however
differences in RAFT exchange may also contribute to the
overall differences in polymerization rate as evidenced by
poor control observed in the polymerization of
OEO45MA.

The slower rate of polymerization led to tailing dur-
ing the grafting-through polymerizations. The tailing
may be attributed to degradation of the trithiocarbonate
end-groups after prolonged exposure to blue light irradia-
tion in water. The degree of tailing and oligomerization
observed in the GPC traces may be avoided by increasing
the rate of polymerization, similar to the strategy used to
polymerize acrylamides by an aqueous RAFT
process.93,94
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