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Introduction
Poly(ethylene glycol) (PEG) (also known as poly(ethylene

oxide) (PEO) depending on the synthetic conditions) is a cheap,
neutral, water-soluble, biocompatible, FDA-approved polymer
and thus is probably the most widely applied synthetic polymer
in biotechnology and medicine.1 For instance, PEG is an
excellent shielding agent for in vivo delivery of various bioactive
compounds. Indeed, PEG allows a good solubility in physi-
ological media and prevents the adsorption of plasma proteins,
which can trigger immune response.2,3 Thus, PEG was exten-
sively used in delivery of either low molecular weight drugs,
active peptides, proteins, or genetic material.4-7

Different synthetic strategies exist for constructing PEG-based
delivery vehicles. A first approach relies on the direct covalent
conjugation of an active substance with PEG (a synthetic route
commonly known as PEGylation). The covalent linkage between
both can be either stable (permanent PEGylation) or labile
(prodrug strategy). Another approach relies on the physical
entrapment of active substances in the protected internal regions
(core, internal layer, hollow) of artificial nanocarriers (e.g.,
nanospheres, micelles, vesicles or polyplexes). For example,
nanocarriers obtained via the aqueous self-assembly of triblock
copolymers PEO-b-poly(propylene oxide)-b-PEO8 (known com-
mercially as Pluronic) or diblock copolymers PEO-b-polypep-
tide6,9 have been extensively applied in life science. These classic
PEO-based building blocks are typically prepared by anionic
ring-opening polymerization. However in the past few years,
controlled radical polymerization (CRP) techniques such as atom
transfer radical polymerization (ATRP),10 nitroxide-mediated
polymerization (NMP),10 and reversible addition-fragmentation
transfer polymerization (RAFT)10 have been more and more
considered as a straightforward alternative for preparing well-
defined building blocks for life science.11-19 In particular, ATRP
was proven to be a very versatile pathway for preparing PEG-
based amphiphiles.13,20-24 However, the possibilities of “PE-
Gylation” are still very limited in ATRP. Two synthetic routes
have been used in ATRP for incorporating PEG in macromo-
lecular constructions (Scheme 1). The first one is a macroini-
tiator approach, in which anω-hydroxy-PEG segment prepared

by anionic polymerization is transformed into an ATRP initiator
(Scheme 1a). The latter can be obtained by coupling the hydroxy
terminal functionality of PEG with either 2-bromo-2-methyl-
propionyl bromide23,25,26or 2-bromoisobutyric acid.20,22 Such
an approach is not straightforward since it requires to work at
the interface between anionic polymerization and CRP.26 Indeed,
commercialR-methoxy-ω-hydroxy-PEG polymers can be used
for such synthesis,20,22,23but in this case the molecular structure
of the PEG segment is only limited to commercially available
compounds (i.e., a limited range of molecular weight and
R-functionalities can be bought). Another major disadvantage
of such approach is the formation of a hydrolyzable ester linkage
between the PEG segment and the ATRP initiator (thus, between
the PEG segment and the successive block grown by ATRP),
which is in most cases problematic for applications in aqueous
media.

The second approach directly polymerizes of a radically
polymerizable PEG macromonomer such as oligo(ethylene
glycol) methacrylate (OEGMA). The pioneering works of
Haddleton and co-workers and Armes and co-workers elegantly
illustrate that such strategy is a very convenient alternative for
incorporating PEG in macromolecular architectures built by
CRP.17,27,28 However, the PEG blocks formed via such a
macromonomer approach are macromolecular brushes and
therefore possess all the intrinsic disadvantages of this class of
macromolecules.29 First, it is often quite difficult to control
precisely the molecular structure of macromolecular brushes
(chain length, molecular weight distribution) using CRP tech-
niques.29 Moreover, short macromolecular brushes often exhibit
a compact globular (or starlike) shape in solution, which also
hinders further chemical reactions. For instance, in ATRP, it
seems difficult to involve theω-halogen chain-end of macro-
molecular brushes in transformation reactions (chain-end func-
tionalization or reinitiation).

A very interesting new alternative was recently suggested by
Ishizone and co-workers, who investigated the anionic polym-
erization of various methacrylates possessing rather short oligo-
(ethylene glycol) side chains.30 In particular, they shown that,
although possessing only two ethylene oxide units as side
groups, polymers of 2-(2′-methoxyethoxy)ethyl methacrylate
(MEO2MA) were soluble in water at room temperature. Hence,
MEO2MA would be also a particularly tempting monomer for
preparing water-soluble segments by ATRP (or more generally
by CRP) since this methacrylate is radically polymerizable,
commercially available, possesses a chemical structure resem-
bling PEG, and moreover leads to polymers with a linear
architecture. Unfortunately, poly(2-(2′-methoxyethoxy)ethyl meth-
acrylate) (PMEO2MA) has a major limitation: it exhibits a lower
critical solution temperature (LCST) in water around 26°C,30

which indeed completely prohibits in vivo applications. On the
other hand, POEGMA macromolecular brushes usually exhibit
a much higher LCST in water due to their longer PEG side
chains (typically LCST is around 90°C for POEGMA with side
chains of 8/9 ethylene oxide units).31 Therefore, it is also* Corresponding author. E-mail: lutz@iap.fhg.de.
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expectable that copolymers of MEO2MA and OEGMA possess
higher LCST than 26°C. The latter was recently suggested by
Kitano and co-workers.32 However, up to now, no systematic
studies of these copolymers has been reported.

The target of the present note is to illustrate that copolymers
of MEO2MA and OEGMA could be ideal water-soluble blocks
for life science applications. Thus, we studied herein the ATRP
of a series of P(MEO2MA-co-OEGMA) containing increasing
amounts of OEGMA. In particular, the properties in aqueous
solution of P(MEO2MA-co-OEGMA) copolymers were inves-
tigated.

Experimental Part

Chemicals. 2-(2-Methoxyethoxy)ethyl methacrylate (Aldrich,
95%), poly(ethylene glycol) methyl ether methacrylate (Aldrich,
Mn ) 475 g mol-1), methyl 2-bromopropionate (MBP) (Aldrich,
98%), and 2,2′ bipyridyl (Bipy) (Fluka, 98%) were used as received.
Copper(I) bromide (Aldrich, 98%) and copper(I) chloride (Acros,
95%) were washed with glacial acetic acid in order to remove any
soluble oxidized species, filtered, washed with ethanol, and dried.

Example of Atom Transfer Radical Copolymerization of
MEO2MA and OEGMA. Copper bromide (13 mg, 0.09 mmol)
and 2,2′ bipyridyl (28.3 mg, 0.18 mmol) were added to a Schlenk
tube sealed with a septum. The tube was purged with dry argon
for a few minutes. Then, a degassed mixture of 2-(2-methoxy-
ethoxy)ethyl methacrylate (1.53 g, 8.1 mmol), poly(ethylene glycol)
methyl ether methacrylate (431 mg, 0.9 mmol) and 2.4 mL of
ethanol was added through the septum with a degassed syringe.
Last, methyl 2-bromopropionate (15.1 mg, 0.09 mmol) was added
with a microliter syringe. The mixture was heated at 60°C in an
oil bath for 3 h. After several hours, the experiment was stopped
by opening the flask and exposing the catalyst to air. The final
mixture was diluted in ethanol and passed through a short silica
column (60-200 mesh) in order to remove copper catalyst. Then,
the filtered solution was diluted with deionized water and subse-
quently purified by dialysis in water (Roth, ZelluTrans membrane,
molecular weight cutoff: 4000-6000). Last, water was removed
by azeotropic distillation with ethanol. The purified polymer
appeared as a clear oil (Mn ) 24 300 g mol-1; Mw/Mn ) 1.57)

Measurements and Analysis.Size Exclusion Chromatography
(SEC). Molecular weights and molecular weight distributions were
determined by SEC performed at 25°C in tetrahydrofuran (THF)
as eluent, using three 5µ-MZ-SDV columns with pore sizes of
103, 105, and 106 Å (flow rate 1 mL min-1). The detection was
performed with a RI (Shodex RI-71) and a UV detector (TSP UV

1000; 260 nm). For calibration, linear polystyrene standards (PSS,
Germany) were used.

Cloud Point Measurements.The cloud points of the polymer
solutions in water were measured on a Tepper TP1 photometer
(Mainz, Germany). Transmittance of polymer solutions in deionized
water at 670 nm was monitored as a function of temperature (cell
path length: 12 mm; one heating/cooling cycle at rate of 1°C
min-1).

1H NMR.1H NMR spectra were recorded in CDCl3 on a Bruker
DPX-400 operating at 400.1 MHz. Monomer conversions were
calculated from1H NMR spectra by comparing the integrations of
the vinyl protons of the remaining monomers (5.56 and 6.12 ppm)
to the overall integration of the region 3.90-4.40 ppm where
resonate 2 protons of the remaining monomers and 2 protons of
the formed polymers. An overall monomer conversion was calcu-
lated since both monomers MEO2MA and OEGMA were assumed
to possess comparable reactivities. The molar fraction of OEGMA
in the P(MEO2MA-co-OEGMA) copolymers was also calculated
from 1H NMR spectra by comparing the overall integration of the
methoxy protons of both MEO2MA and OEGMA (3.35-3.41 ppm)
to the overall integration of the region 3.55-3.65 ppm where res-
onate around 30 protons of OEGMA and 2 protons of MEO2MA.

Results and Discussion

Table 1 shows the molecular structure and the properties of
a series of P(MEO2MA-co-OEGMA) copolymers prepared by
atom transfer radical copolymerization of MEO2MA and
OEGMA. In this series, the initial molar fractions of MEO2MA
and OEGMA monomers was variable, but an overall average
degree of polymerization of 100 was targeted in all cases.

The copolymers were prepared at 60°C in ethanol solution
in the presence of the homogeneous ATRP catalytic system
copper(I) bromide/2,2′-bipyridyl. These synthetic conditions
were first selected as a fast screening system since bromide-
based catalysts and polar protic solvents are both known to
generate very fast ATRP kinetics.10,28 As expected, in such
conditions, homopolymers or copolymers of MEO2MA and
POEGMA could be obtained in high yields in a rather short
time. However, the results of Table 1 underline major differences
between homopolymers of OEGMA (POEGMA) and P(MEO2-
MA-co-OEGMA) copolymers. Indeed, in the case of POEGMA,
experimental molecular weights measured by size exclusion
chromatography were found to be much lower than theoretical
values. The latter is a consequence and a good illustration of
the unusual solution behavior of macromolecular brushes.29

Scheme 1. Various Synthetic Strategies Used in Atom Transfer Radical Polymerization for Incorporating Poly(ethylene glycol)
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Experimental molecular weights measured for P(MEO2MA-co-
OEGMA) copolymers were much closer to theoretical values,
which indicates that such copolymers most likely adopt a
random coil conformation in THF solution. The latter confirms
that P(MEO2MA-co-OEGMA) might be much more practical
platforms for macromolecular engineering that POEGMA.
Nevertheless, P(MEO2MA-co-OEGMA) copolymers were found
to exhibit extremely interesting solution properties in water.
Table 1 and Figure 1 report the values of LCST measured for
aqueous solutions of either the homopolymer of MEO2MA
(PMEO2MA), P(MEO2MA-co-OEGMA), or POEGMA (studied
reference concentration was 3 mg mL-1).

For homopolymers PMEO2MA and POEGMA, cloud points
of respectively 28 and 90°C were measured, which are in good
agreement with previously reported values.30-32 For P(MEO2-
MA-co-OEGMA) samples, measured LCST values were in
between aforementioned limits (i.e., comprised in the range 28-
90 °C). As expected, LCST values increase with the molar

fraction of OEGMAFOEGMA in the copolymer (and also with
fOEGMA, the fraction of OEGMA in the initial comonomer feed,
sinceFOEGMA and fOEGMA were found to be nearly equal in all
cases). Moreover, the mathematical correlation between the
observed LCST and the theoretical average number of OEGMA
units per chainDPOEGMA was found to be extremely simple and
useful (Figure 1B). Indeed, in the studied range of composition
(0 < fOEGMA, FOEGMA < 0.3; 0 < DPOEGMA < 30), the LCST
of P(MEO2MA-co-OEGMA) is a linear function ofDPOEGMA
with a slope of nearly unity. Therefore, the LCST of P(MEO2-
MA-co-OEGMA) copolymers can be precisely predicted from
DPOEGMA (eq 1).

Thus, in P(MEO2MA-co-OEGMA) copolymers possessing
on average 100 monomer units, each unit of OEGMA in the
chain leads approximately to an increase of LCST of 1°C (this
law is indeed only valid in the studied range of compositions).
For example, a well-defined copolymer P(MEO2MA-co-
OEGMA) possessing a LCST of 37°C (body temperature) could
be synthesized from an initial monomer feed possessing 8% of
OEGMA (Table 1, entry 6). Similarly, LSCT could be tuned
up to temperatures corresponding to high fevers (39-40 °C)
by simply using a slightly higherfOEGMA (Table 1, entry 5).
These results clearly illustrate that P(MEO2MA-co-OEGMA)
copolymers possess a very high potential for biomedical
applications. Moreover, the LCST of P(MEO2MA-co-OEGMA)
copolymers was not found to very sensitive to their concentration
in water, which is a very important issue for applications. Figure
2 shows the influence of concentration on the cloud points
measured for two different samples. In the studied range of

Table 1. Properties of Copolymers of OEGMA and MEO2MA Prepared by ATRPa

[OEGMA]0/[MEO2-MA] 0 conversionb FOEGMA
c (%) Mn

d Mn th
e Mw/Mn

c LCSTf (°C)

1 100:0 0.91 100 10 000 43 200 1.18 90
2 30:70 0.93 33 35 000 25 500 1.22 59
3 20:80 0.91 20 29 700 22 300 1.33 49
4 15:85 0.88 16 19 900 20 300 1.57 44
5 10:90 0.92 10 24 300 19 900 1.57 39
6 08:92 0.90 8 24 800 19 000 1.45 37
7 05:95 0.86 6 18 300 17 400 1.66 32
8 0:100 0.90 0 16 700 16 900 1.72 28

a Experimental conditions: 3 h, 60°C; in ethanol solution (monomer/ethanol) 1:1.25 (v/v)); ([OEGMA]0 + [MEO2-MA]0)/[MBP]0/[CuBr]0/[Bipy]0 )
100/1/1/2.b Overall monomer conversion measured by1H NMR. c Calculated by1H NMR. d Measured by SEC in THF.e Mn,th ) conversion (475[OEGMA]0
+ 188[MEO2-MA] 0)/[MBP]0. f Measured for aqueous solutions with a concentration of 3 mg mL-1.

Figure 1. (A) Plots of transmittance as a function of temperature (670
nm, 1 °C mn-1) measured for aqueous solutions (3 mg mL-1) of a
series of copolymers of 2-(2-methoxyethoxy)ethyl methacrylate (MEO2-
MA) and oligo(ethylene glycol) methacrylate (OEGMA) with an in-
creasing OEGMA content (Table 1). Solid lines: heating cycles; dotted
lines: cooling cycles. (B) Plots of the measured lower critical solution
temperature (LCST) as a function of the theoretical average number
of OEGMA units per chain for P(EO2MA-co-OEGMA) copolymers.

Figure 2. Evolution of the cloud point as a function of concentration
for aqueous solutions of copolymers of 2-(2-methoxyethoxy)ethyl
methacrylate (MEO2MA) and oligo(ethylene glycol) methacrylate
(OEGMA) possessing either 10% (9) or 30% (O) of OEGMA per chain
(Table 1, entries 2 and 5).

LCST ) 28 + 1.04DPOEGMA (1)
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concentration (1-20 mg mL-1), the LCST was found to only
increase of a few degrees with high dilution.

ATRP in ethanol was found to be a very straightforward
method for preparing P(MEO2MA-co-OEGMA) copolymers.
However, in the presence of the ATRP catalyst CuBr/Bipy broad
molecular weight distributions were obtained for the copolymers.
For POEGMA homopolymers, very narrow molecular weight
distributions were obtained with CuBr/Bipy (these low poly-
dispersities are maybe just apparent due to the globular shape
of the macromolecular brushes or can be due to the fact that
termination reactions are usually disfavored with macromono-
mers). On the other hand, for P(MEO2MA-co-OEGMA), it
appears from Table 1 that the polydispersity index increases
with the molar fraction of MEO2MA in the copolymer. Chloride-
based ATRP catalysts usually lead to a much better control of
the radical polymerization of methacrylates than bromide-based
catalysts.10 Thus, the catalytic system CuCl/Bipy was tested for
preparing POEGMA, P(MEO2MA-co-OEGMA), and PMEO2-
MA samples (Table 2). As expected, this catalyst allowed a
much better control of the molecular structure of the polymers.
Experimental molecular weights of P(MEO2MA-co-OEGMA)
and PMEO2MA were found to be close to theoretical values in
all cases (for POEGMA, molecular weights measured by GPC
were always found to be underestimated, independently of the
catalyst structure). Nevertheless, a narrow molecular weight
distribution was obtained for all samples (Mw/Mn < 1.3). For
copolymers of comparable composition, molecular weight
distribution was found to have no significant effect on the LCST.
The cloud points measured for the polymers prepared using
CuCl/Bipy were identical to those reported in Table 1 for their
analogues synthesized with CuBr/Bipy.

Conclusion
A new class of water-soluble copolymers based on 2-(2-

methoxyethoxy)ethyl methacrylate and oligo(ethylene glycol)
methacrylate P(MEO2MA-co-OEGMA) was investigated. ATRP
at 60 °C in ethanol was found to be a very straightforward
method for preparing these copolymers in high yields. In the
presence of the ATRP catalytic system CuCl/bipy, well-defined
P(MEO2MA-co-OEGMA) samples with a controlled chain
length and a narrow molecular weight distribution could be
prepared. Moreover, P(MEO2MA-co-OEGMA) copolymers
were found to exhibit extremely interesting solution properties
in water. Indeed, the LCST of these copolymers could be
accurately tuned by adjusting the fraction of OEGMA units in
the copolymer chains. Thus, LCST can be predicted on demand
by adjusting the initial composition of the comonomer feed.
For example, LCST of 37 or 39°C could be precisely obtained
by using either 8 or 10% of OEGMA in the initial comonomer
mixtures. Moreover, the LCST of P(MEO2MA-co-OEGMA)
samples was not found to be very dependent on polymer
concentration. Therefore, these new copolymers can be con-
sidered as ideal segments for constructing amphiphiles by CRP
and moreover as very high potential candidates for application
in biotechnology.
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André Laschewsky (Universita¨t Potsdam) for fruitful discus-
sions, Katja Skrabania (Universita¨t Potsdam) for her help for
LCST measurements, Marlies Gra¨wert (MPI-KGF, Potsdam)
for SEC measurements, and Olaf Niemeyer (MPI-KGF, Pots-
dam) for the NMR measurements.

References and Notes
(1) Duncan, R.Nat. ReV. Drug DiscoVery 2003, 2, 347-360.
(2) Prime, K. L.; Whitesides, G. M.J. Am. Chem. Soc.1993, 115,

10714-10721.
(3) Stolnik, S.; Illum, L.; Davis, S. S.AdV. Drug Del. ReV. 1995, 16,

195-214.
(4) Zalipsky, S.AdV. Drug Del. ReV. 1995, 16, 157-182.
(5) Veronese, F. M.Biomaterials2001, 22, 405-417.
(6) Kakizawa, Y.; Kataoka, K.AdV. Drug Del. ReV. 2002, 54, 203-222.
(7) Greenwald, R. B.; Choe, Y. H.; McGuire, J.; Conover, C. D.AdV.

Drug Del. ReV. 2003, 55, 217-250.
(8) Kabanov, A. V.; Batrakova, E. V.; Alakhov, V. Y.AdV. Drug Del.

ReV. 2002, 54, 759-779.
(9) Roesler, A.; Vandermeulen, G. W. M.; Klok, H.-A.AdV. Drug Del.

ReV. 2001, 53, 95-108.
(10) Matyjaszewski, K., Davis, T. P., Eds.;Handbook of Radical

Polymerization;Wiley-Interscience: Hoboken, NJ, 2002; p 920.
(11) Godwin, A.; Hartenstein, M.; Mu¨ller, A. H. E.; Brocchini, S.Angew.

Chem., Int. Ed.2001, 40, 594-597.
(12) Ayres, L.; Vos, M. R. J.; Adams, P. J. H. M.; Shklyarevskiy, I. O.;

van Hest, J. C. M.Macromolecules2003, 26, 5967-5973.
(13) Jones, M.-C.; Ranger, M.; Leroux, J.-C.Bioconjugate Chem.2003,

14, 774-781.
(14) Tang, Y.; Liu, S. Y.; Armes, S. P.; Billingham, N. C.Biomacro-

molecules2003, 4, 1636-1645.
(15) Joralemon, M. J.; Murthy, K. S.; Remsen, E. E.; Becker, M. L.;

Wooley, K. L. Biomacromolecules2004, 5, 903-913.
(16) Rettig, H.; Krause, E.; Bo¨rner, H. G.Macromol. Rapid Commun.

2004, 25, 1251-1256.
(17) Tao, L.; Mantovani, G.; Lecolley, F.; Haddleton, D. M.J. Am. Chem.

Soc.2004, 126, 13220-13221.
(18) Bontempo, D.; Maynard, H. D.J. Am. Chem. Soc.2005, 127, 6508-

6509.
(19) Xu, F. J.; Li, Y. L.; Kang, E. T.; Neoh, K. G.Biomacromolecules

2005, 6, 1759-1768.
(20) Lee, S. B.; Russell, A. J.; Matyjaszewski, K.Biomacromolecules

2003, 4, 1386-1393.
(21) Ali, M. M.; Stover, H. D. H.Macromolecules2004, 37, 5219-5227.
(22) Cai, Y.; Armes, S. P.Macromolecules2004, 37, 7116-7122.
(23) Perrier, S.; Haddleton, D. M.Eur. Polym. J.2004, 40, 2277-2286.
(24) Fujii, S.; Cai, Y.; Weaver, J. V. M.; Armes, S. P.J. Am. Chem. Soc.

2005, 127, 7304-7305.
(25) Liu, S.; Weaver, J. V. M.; Tang, Y.; Billingham, N. C.; Armes, S.

P.; Tribe, K.Macromolecules2002, 35, 6121-6131.
(26) Dufresne, M.-H.; Gauthier, M. A.; Leroux, J.-C.Bioconjugate Chem.

2005, 16 (4), 1027-1033.
(27) Wang, X.-S.; Lascelles, S. F.; Jackson, R. A.; Armes, S. P.Chem.

Commun.1999, 1817-1818.
(28) Wang, X.-S.; Armes, S. P.Macromolecules2000, 33, 6640-6647.
(29) Zhang, M.; Mu¨ller, A. H. E. J. Polym. Sci., Part A: Polym. Chem.

2005, 43, 3461-3717.
(30) Han, S.; Hagiwara, M.; Ishizone, T.Macromolecules2003, 26, 8312-

8319.
(31) Mertoglu, M.; Garnier, S.; Laschewsky, A.; Skrabania, K.; Storsberg,

J. Polymer2005, 46, 7726-7740.
(32) Kitano, H.; Hirabayashi, T.; Gemmei-Ide, M.; Kyogoku, M.Mac-

romol. Chem. Phys.2004, 205, 1651-1659.

MA0517042

Table 2. Influence of the Catalyst System on the Molecular Structure of P(MEO2MA- co-OEGMA) Prepared by ATRPa

[OEGMA]0/[MEO2-MA] 0 catalyst time (h) conversionb Mn
c Mn th

d Mw/Mn
c

1 100:0 CuBr/Bipy 3 0.91 10 000 43 200 1.18
2 100:0 CuCl/Bipy 10 0.83 15 900 39 400 1.07
3 30:70 CuBr/Bipy 3 0.93 35 000 25 500 1.22
4 30:70 CuCl/Bipy 10 0.90 22 200 24 700 1.23
5 10:90 CuBr/Bipy 3 0.92 24 300 19 900 1.57
6 10:90 CuCl/Bipy 9 0.95 18 500 20 600 1.27
7 0:100 CuBr/Bipy 3 0.90 16 700 16 900 1.72
8 0:100 CuCl/Bipy 10 0.97 21 200 18 200 1.27

a Experimental conditions: 60°C; in ethanol solution (monomer/ethanol) 1:1.25 (v/v)); ([OEGMA]0 + [MEO2-MA]0)/[MBP]0/[CuX]0/[Bipy] ) 100/
1/1/2. b Overall monomer conversion measured by1H NMR. c Measured by SEC in THF.Mn,th ) conversion (475[OEGMA]0 + 188[MEO2-MA]0)/[MBP]0.
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