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Of all of the advances in “living” polymerization over
the past two decades, atom transfer radical polymeri-
zation (ATRP)1 arguably has the highest potential for
direct application in the industrial production of poly-
mers with controlled architecture. Other techniques
such as group transfer polymerization,2 aluminum por-
phyrin mediated “immortal” polymerization,3 reversible
addition fragmentation chain transfer (RAFT),4 and
nitroxide-mediated polymerization5 either have been
studied for many years and found to be difficult to scale
up, are too limited in the range of applicable monomers,
involve undesirable reactants, or have not been studied
enough to fully assess their potential. ATRP also has
several drawbacks, most importantly the purification
of the final polymer, but many groups continue to
develop new methodologies to aid catalyst removal.6

The applicability of ATRP has recently been extended
to include large volumes of water.7 More recently, Armes
and co-workers have impressively used water as the sole
polymerization solvent and successfully synthesized a
range of water-soluble polymers with excellent control
of molecular weight, dispersity, and architecture at
ambient temperature.8 This has huge environmental
implications for the large-scale commercial synthesis of
controlled polymers.

Several reports of “waterborne” ATRP have been
published describing emulsion and dispersion polymer-
izations at elevated temperature9 although no reports
have currently been published using water to enhance
the homogeneous solution polymerization of hydropho-
bic monomers. Sawamoto and co-workers have reported
the polymerization of methyl methacrylate (MMA) in
various alcohols as a comparison with toluene/water
mixtures using Ru(II) catalysts at 80 °C.10 Armes and
co-workers, however, have reported an alcohol/water
polymerization of 2-hydroxyethyl methacrylate (HEMA)
at room temperature,11 and we believe that this is the
first report of a homogeneous room temperature syn-
thesis of a water-insoluble polymer from the “living”
polymerization of a hydrophilic/water-soluble monomer.

Herein we report the first homogeneous room tem-
perature “waterborne” ATRP of a hydrophobic monomer
under “living” conditions to form a hydrophobic polymer.

Poly(n-butyl methacrylate) (pBuMA) is a hydrophobic
polymer formed from the polymerization of the hydro-
phobic monomer, n-butyl methacrylate (BuMA). Our
interest in pBuMA is derived from its unusual solubility
in 2-propanol (IPA). To evaluate the viability of an H2O/
IPA polymerization, the tolerance of a solution of
pBuMA in HPLC grade IPA (Mn ) 8100, 2 g in 10 mL)
to water was tested by slow addition of small amounts

of water to the solution and allowing time to reach
equilibrium before further addition. At >10% (v/v) water
content, the solution phase separated into two layers,
indicating a maximum amount of water that may be
present in a homogeneous ATRP.

Throughout this study a target molecular weight Mn
) 7550 (degree of polymerization (DP) ) 50) was chosen.
Each polymerization was degassed using N2 and in-
volved 35.2 mmol (5 g) of BuMA, 0.7 mmol of initiator,
0.35 mmol of Cu(I)Br, and 0.7 mmol of 2,2′-bipyridine
(bpy) ligand, all used as supplied and without purifica-
tion. All kinetic studies were conducted by gravimetry,
and gel permeation chromatography (GPC) analysis was
undertaken in THF using a range of MMA standards.
The reactions were conducted in 25 mL of solvent or
solvent mixture and utilized the tertiary bromide ter-
minated oligoethylene oxide initiator, OEG-Br (MW )
450), reported by Wang and Armes.12

Initially, the ATRP of BuMA was studied in 100% IPA
solution without added water and evaluated for “living”
polymerization behavior. The polymerization proceeded
slowly at ambient temperature, only attaining 55%
conversion after 4 h, and exhibited poor Mn control (at
55%, Mn(found) ) 8200, Mn(theory) ) 3900), unusual
development of dispersity over the course of the polym-
erization, and nonlinear correlation of ln[M]0/[M] (Fig-
ure 1).

The GPC chromatogram of the sample after 1 h
showed significant oligomer formation and a separate
peak at higher molecular weight. The low molecular
weight peaks persisted throughout the later samples,
although they become less significant as pBuMA con-
tinued to increase in molecular weight and abundance.
This result suggests that the reaction underwent sig-
nificant termination in the initial stages of the polym-
erization, which explains the lack of molecular weight
control.

The addition of water to the IPA solution was ex-
pected to have a marked effect on polymer formation,
and as phase separation had occurred upon addition of
10% (v/v) water, 7.5% (v/v) water was chosen to avoid
the potential complication of precipitation during po-
lymerization. BuMA was fully soluble in this IPA/water
mixture, as were the initiator and Cu(I)Br/bpy complex.

Analysis of the polymerization kinetics in the pres-
ence of 7.5% (v/v) water showed that the formation of
pBuMA is rapid at room temperature, attaining 90%
conversion after 6 h (Figure 2), and is much faster than
the reported polymerizations of BuMA at elevated
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Figure 1. Correlation of Mn and Mw/Mn vs conversion in the
2-propanol solution polymerization of n-butyl methacrylate at
room temperature.
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temperature13 under heterogeneous conditions and the
aqueous ATRP of many water-soluble monomers such
as oligoethylene oxide methacrylate (OEGMA).12 The
correlation of ln[M]0/[M] is extremely good with an r2 )
0.9979 (Figure 2, plot A), showing the absence of
termination reactions and a steady concentration of
propagating radicals throughout the polymerization.

Comparison of the Mn and Mw/Mn vs conversion
(Figure 2, plot B) shows a linear development of mo-
lecular weight during the consumption of monomer (r2

) 0.949) and the formation of a controlled dispersity in
the early stages which is maintained throughout the
polymerization (Mw/Mn ) 1.23 at 25% conversion, Mw/
Mn ) 1.24 at 90% conversion).

A brief study of the reaction under increased concen-
tration (12.5 mL, IPA/H2O (92.5/7.5 v/v)) showed a faster
polymerization (90% conversion in 5 h). This is possibly
due to a more efficient initial radical production, leading
to not only a higher concentration of active species but
also an apparent reduction in the control of the polym-
erization (Figure 3).

A series of polymers of increasing DP (20-80 units)
have been synthesized (Table 1). Polydispersity and
molecular weight control improved as higher mass
material was targeted, with DP ) 80, showing good
achievement of the target Mn and Mw/Mn ) 1.12. This
may be due to the termination events that occur in the
initial stages of the formation of the Cu(I)/Cu(II) equi-
librium, leading to oligomers which contribute heavily
to the dispersity at low molecular weight but become
less significant at higher molecular weights. Further
studies of the system will include block copolymer
formation.

In conclusion, we report a highly robust polymeriza-
tion technique for the controlled synthesis of poly(n-
butyl methacrylate) with no need to purify reagents. We
believe this synthesis is the first report of a room
temperature “living” polymerization of a hydrophobic

monomer under homogeneous waterborne conditions.
Evidence for the “living” nature of the reaction was
achieved by analysis of the kinetics of the polymeriza-
tion, the formation of polymers with low polydispersity,
and control of Mn.
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Figure 2. Plots of (A) conversion and ln[M]0/[M] vs time and
(B) Mn and Mw/Mn vs conversion for the polymerization of
n-butyl methacrylate in 2-propanol/H2O (92.5/7.5 v/v) at room
temperature (5 g of monomer in 25 mL of solvent).

Figure 3. Plots of (A) conversion and ln[M]0/[M] vs time and
(B) Mn and Mw/Mn vs conversion for the room temperature
polymerization of n-butyl methacrylate in 2-propanol/H2O
(92.5/7.5 v/v) at higher monomer concentration (5 g of monomer
in 12.5 mL of solvent).

Table 1. Characterization of Poly(n-butyl methacrylate)
Synthesized in 2-Propanol/H2O (92.5/7.2 v/v) at Room

Temperature at Low Concentration (5 g of Monomer in
25 mL of Solvent Mixture)

samplea,b [M]0/[I]0 Mn theory Mn (GPC)c Mw/Mn

1 20/1 3290 6030 1.39
2 50/1 7560 9180 1.25
3 80/1 11800 10650 1.12

a All reactions left to stir at ambient temperature for 7 h. b All
reactions gave a purified yield > 90%. c Calibrated using MMA
standards.
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