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ABSTRACT: Pyridyl methanimine-based ligands are used in aqueous media at neutral pH for the efficient
living radical polymerization of hydrophilic monomers. High conversions (>90%), good molecular weight
control, and low polydispersities (My/M, < 1.20) were obtained for the polymerization of monomethoxy-
capped oligo(ethylene glycol) methacrylate at 20 °C; faster rates, reduced control, and higher polydis-

persities were obtained at elevated temperatures.

Introduction

Since its discovery! in 1995, transition-metal-medi-
ated living radical polymerization, sometimes known as
atom transfer radical polymerization (ATRP), has been
shown to be a versatile technique for the controlled
polymerization of many monomer classes, including
acrylates, methacrylates, and styrenics.2~* Generally
ATRP syntheses are carried out at high temperatures
in the bulk or in nonaqueous media. However, we have
recently reported® that ATRP is particularly effective
for hydrophilic monomers in agueous media under mild
conditions. For example, monomethoxy-capped oligo-
(ethylene glycol) methacrylate [OEGMA] can be polym-
erized to over 95% conversion within 0.50 h at 20 °C
using 2,2'-bipyridine (bpy) as a ligand for the copper
catalyst.52 Another common ligand class is the pyridyl
methanimines, as developed by Haddleton and co-
workers.® These ligands are particularly useful for the
ATRP of methacrylates, are much cheaper than bpy-
based ligands, and are readily synthesized by reacting
various primary amines with 2-pyridinecarbaldehyde.

R,CHO + R,NH, — R,CH=NR, + H,0

However, at first sight these ligands do not appear to
be an attractive option for ATRP in aqueous media,
since they might be expected to undergo hydrolysis.”
Indeed, in our initial experiments with hydrophilic
pyridyl methanimine (1), only poor conversions of
sodium methacrylate were obtained at 90 °C, possibly
due to ligand hydrolysis at this temperature. However,
this particular monomer is unusually sluggish with
respect to aqueous ATRP: many hydrophilic methacry-
lates are rapidly polymerized by aqueous ATRP under
remarkably mild conditions.® In this paper we demon-
strate that hydrophilic pyridyl methanimine ligands
such as (1) can be very effective for the ATRP of
hydrophilic methacrylates in aqueous media at 20 °C
(see Figure 1).
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Experimental Section

Ligands 1 and 2 were readily synthesized in ether at
20 °C in high yield from the reaction between 2-pyridi-
necarbaldehyde and either 4-(3-aminopropyl)morpholine
or 3-aminopropane, respectively. 1H NMR spectroscopy
was used to confirm their chemical structures and
purity.
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A typical ATRP synthesis was carried out as follows
(see Figure 1). A bromo-capped, oligo(ethylene glycol)-
based initiator [OEGBTr; 489 g mol™%; synthesized as
described previously®] was dissolved in deionized, doubly
distilled water (10 mL, pH 6). OEGMA monomer (10.0
g, M = 430, My/M, = 1.10) was added via a double-
tipped needle. To this degassed solution was added
either ligand 1 or ligand 2, followed by Cu(l)CI. Al-
though no exotherm was observed, the reaction solution
turned dark brown and became progressively more
viscous, indicating the onset of polymerization. Termi-
nation was achieved by exposure to air, and the catalyst
was removed from the aqueous solution using silica
chromatography. Monomer/polymer mixtures were iso-
lated by freeze-drying prior to GPC analysis for the
assessment of yield and molecular weight distributions.
In the case of ligand 1 the same experimental procedure
was repeated at 50 and 80 °C using an oil bath/heater
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Figure 1. Reaction scheme for the homopolymerization of monomethoxy-capped oligo(ethylene glycol) methacrylate via aqueous
ATRP using pyridyl methanimine-based ligands at pH 6 and 20 °C. The relative molar ratios of monomer:initiator:catalyst:

ligand is 33:1:1:2; [initiator] = 36 mM.

Table 1. Summary of Synthesis Conditions, Yields, and
Final Polydispersities for the Homopolymerization of
OEGMA via ATRP in Aqueous Media at pH 6 Using
Different Ligands for the Copper Catalyst®

entry ligand polymerization OEGMA vyield (%); final

no. type temp (°C) (wt %) time (h) Mw/Mp
1 1 20 100° <5; 40

2 1 20 50 93;4.0 1.18
3 1 50 50 90; 1.0 1.25
4 1 80 50 90; 050 1.35
5 2 20 50 75;5.0 1.45
6 bpy 20 50 >05;0.50 1.25

a The molar ratio of monomer:initiator:catalyst:ligand is 33:1:
1:2 for all entries; [OEGBr] is 72 mM for entry 1 and 36 mM for
entries 2—6. ® Bulk polymerization.

and also in the absence of water (i.e., bulk polymeriza-
tion) at 20 °C; see Table 1 for a summary of these
results. Yields and molecular weight data for each run
were obtained from GPC using THF eluent, a refractive
index detector, and PMMA calibration standards.©

The bulk polymerization of OEGMA using ligand 1
was negligible at 20 °C, with less than 5% conversion
observed after 40 h.' In contrast, a 50% aqueous
solution of OEGMA was polymerized to more than 90%
conversion within 4 h at the same temperature. In this
case the evolution of My, with conversion was reasonably
linear, and polydispersities remained low throughout
the polymerization (see Figure 2a). However, the M, vs
conversion plot for the same polymerization conducted
at 50 °C shows a high degree of curvature, with the
target molecular weight only being approached at high
conversion (see Figure 2b); initial polydispersities are
greater than 1.40 but decrease progressively, approach-
ing 1.25 at the end of the polymerization.

For the homopolymerization of OEGMA at ambient
temperature, it is clear that the Cu(l)/ligand 1 complex
is stable, at least on the time scale of the polymerization.
NMR studies of this copper catalyst confirm its unex-
pected stability toward hydrolysis in aqueous media at
20 °C. It is also noteworthy that the rate of polymeri-
zation of OEGMA by aqueous ATRP at 20 °C using
ligand 1 is relatively slow compared to that obtained
with bpy under identical conditions (compare entries 2
and 6 in Table 1). This reduced rate of polymerization
probably results from the lower polymer radical con-
centration; imine ligands are superior to bpy for the
stabilization of transition metals in low oxidation states.52
Moreover, the nitrogen atom in the morpholine ring of
ligand 1 may also bind to copper; i.e., ligand 1 may act
as a tridentate ligand (whereas bpy is a bidentate
ligand). This stronger ligand binding might be expected
to reduce the rate of ATRP.

Polymerization proceeded more rapidly at higher
temperatures, as expected: only 1.0 and 0.50 h were
required for 90% conversion of the OEGMA at 50 and
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Figure 2. Evolution of molecular weight and polydispersity
with conversion for the homopolymerization of monomethoxy-
capped oligo(ethylene glycol) methacrylate via aqueous ATRP
using ligand 1: (a) at 20 and (b) at 50 °C. Conditions: the
relative molar ratios of monomer:initiator:catalyst:ligand is 33:
1:1:2; [initiator] = 36 mM.

80 °C, respectively (see Figure 3a). However, judging
by the GPC data poorer control was achieved: at 50 °C
the final Mw/M,, was 1.25, whereas at 80 °C the final
Mw/Mp was 1.35 (see Figure 3b). In addition, there were
large discrepancies between the target molecular weight
and the actual molecular weight at lower conversions
(<50%).

Variable temperature 'TH NMR spectroscopy studies
(not shown) of the copper catalyst complexed with ligand
1 in D,0 indicated that there was no detectable ligand
hydrolysis on the time scale of the polymerization (1—4
h) at either 20 or 50 °C. However, there is some
spectroscopic evidence for decomposition of the copper
complex after heating at 80 °C for 0.5 h. No decomposi-
tion was detected for the ligand 2/copper complex in D,O
at ambient temperature for the time scale of the
polymerization (5—10 h). However, although both ligands
are stable toward hydrolysis at 20 °C, comparison of
entries 2 and 5 in Table 1 indicates that the perfor-
mance of ligand 2 is markedly inferior to that of ligand
1 under these particular conditions (see Supporting
Information). Using ligand 2 leads to rather lower
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Figure 3. Homopolymerization of OEGMA in aqueous media
with bpy, ligand 1, and ligand 2: (a) comparison of conversion

vs time curves and (b) evolution of polydispersities with
conversion.

conversion (only 75% after 5 h at 20 °C) and higher
polydispersity; the final M,,/M,, after 5 h is 1.45.

In summary, it is shown that, perhaps contrary to
intuition, pyridyl methanimine-based ligands such as
1 have sufficient hydrolytic stability to allow the ef-
ficient polymerization of hydrophilic methacrylates via
aqueous ATRP at neutral pH. Polymerization at 20 °C
is slower but better controlled compared to that at 50
or 80 °C. This unexpected success can be attributed to
the remarkably rapid rate of aqueous ATRP under mild
conditions. In this context the recent work by German'’s
group is of interest, since it suggests that the propaga-
tion rate constant (kp) of methacrylic monomers may be
significantly higher in water than in nonagueous me-
dia.1?
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Supporting Information Available: An additional figure
illustrating the evolution of molecular weight and polydisper-
sity with monomer conversion for the ATRP of OEGMA using
ligand 2 in water at 20 °C at an initiator concentration of 36
mM and relative molar ratios of OEGMA:initiator:CuCl:bpy
of 33:1:1:2. This material is available free of charge via the
Internet at http://pubs.acs.org.
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