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Poly(ethylene glycol) Block Copolymers by Atom
Transfer Radical Polymerization-Synthesis,
Kinetics and Characterization

R. KRISHNAN AND K. S. V. SRINIVASAN

Polymer Division, Central Leather Research Institute, Adyar, Chennai, India

A series of block copolymers of poly(ethylene oxide) (PEO) with n-butyl methacrylate were
prepared by atom transfer radical polymerization using varying number-average
molecular weights of bifunctional PEO chloro macroinitiators and CuCl/HMTETA
as a catalyst system at 85°C. The atom transfer radical polymerization of n-butyl
methacrylate proceeds with a quantitative initiation, leading to ABA triblock copolymers.
In bulk polymerization, the kinetic plot of In[M]y/[M] vs. time was linear showing that
there is a constant concentration of active species present throughout the polymerization
and follows the first-order kinetics with respect to monomer. Moreover, the experimental
molecular weight of the block copolymers increased linearly with monomer conversion
and polydispersities decrease from 1.4 to 1.3. There is no formation of homopolymer of
n-butyl methacrylate, indicating that the blocking proceeds from the poly(ethylene oxide)
macroinitiators. The structure of macroinitiators and their block copolymers were charac-
terized by FTIR, 'H NMR, MALDITOF MS and gel permeation chromatography. TG/DTA
studies of the homo and block copolymers reveal single and multi-stage decomposition
pattern. The DSC thermograms of block copolymer exhibited two glass transition tempera-
tures (T,) at —19.4 and 24.6°C due to the PEO block and P(nBMA) blocks, respectively
indicating the micro-phase separation between the PEO and P(nBMA) domains.
SEM studies also indicated a fine dispersion of PEO in the P(mBMA) matrix.

Keywords ATRP, block copolymers poly(ethylene oxide) macroinitiator n-butyl
methacrylate living polymerization

Introduction

Controlled/“living” polymerization methods offer an efficient way to prepare well-defined
polymers in systems where the contribution of side reactions, such as irreversible chain
transfer and chain termination is small or negligible (1, 2). Living polymerization can
proceed via anionic, (1, 3) cationic, (2, 4, 5) group transfer, (6) metathesis, (7) Ziegler-
Natta (8, 9) or radical mechanisms (10—15). These polymerization techniques give several
advantages for the synthesis of block copolymers with well-defined structures; (1) sequential
monomer addition (SMA) (2) coupling of living chains and (3) transformation of a growing
chain end to a group capable of initiating polymerization of a second monomer.
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The development of controlled/“living” radical polymerization (CRP) method has
been a long-standing goal in polymer chemistry, as a radical process is more tolerant of
functional groups, impurities and a leading industrial method to produce polymers.
Further CRP technique is possible to control the polymerization to obtain polymers
with predetermined molecular weights, narrow molecular weight distributions, well-
defined compositions, architectures and end functionalities etc. (11-17).

Amphiphilic block copolymers are of considerable interest for various applications
in which the combination of hydrophilic and hydrophobic properties of these materials
may be utilized e.g., as emulsifiers, dispersion stabilizers and compatabilizers (18, 19).
Poly(ethylene glycol) is one of the most common hydrophilic polymers studied,
which has potential applications in a variety of fields, (20, 21) such as biology, biomedical
science, surface chemistry, and electrochemistry, etc. It is used as a carrier polymer
because of its biocompatibility, solubility in water and organic solvents, and its
availability in a wide range of molecular weights.

Transition-metal mediated atom transfer radical polymerization (ATRP) is a
convenient method to prepare block copolymers with various monomer classes (22, 23)
because the 2-halopropionate end groups, which is an efficient initiator for ATR polymer-
ization, can easily be introduced as the end-group to different polymers obtained by ionic
mechanism, either by direct termination of living ionic active species or by esterification
of hydroxyl terminated polymers. The di and triblock copolymers of poly(ethylene oxide)
with styrene, (24, 25) 2-hydroxyethyl methacrylate, (26) t-butyl acrylate (27) and methyl
methacrylate, (28, 29) were obtained by the latter approach.

This paper deals with the synthesis and characterization of a series of amphiphilic ABA
triblock copolymers of poly(ethylene oxide) with n-butyl methacrylate prepared by ATRP
using varying number-average molecular weights of PEO bifunctional chloro macroinitia-
tors in conjunction with CuCl/HMTETA as a catalyst at 85°C in bulk polymerization.

Experimental

Materials

n-Butyl methacrylate (BDH, India) was purified by washing with 5% sodium hydroxide
solution, then with distilled water, and dried over anhydrous sodium sulfate overnight,
then fractionally distilled at reduced pressure over CaH, and stored in a refrigerator
under nitrogen. Poly(ethylene glycol) (M, = 1000 to 10,000) (Aldrich, USA, and S. D.
Fine, India) were dried by removing residual water by azeotropic distillation with
toluene before use. Traces of residual toluene were removed in high vacuum. 4-(Dimethyl-
amino)pyridine (DMAP, 98%, Fluka) was recrystallized from toluene. 2-Chloropropionyl
chloride (97%, Fluka), 1,1,4,7,10,10-heaxmethyltriethylenetetramine (HMTETA, 99%,
Aldrich), Cu(I)CI (99 + %, Aldrich) was received and used without purification. Triethyl-
amine (TEA, SRL, Bombay) was refluxed with p-toluenesulphonyl chloride, distilled and
stored over CaH,. All other chemicals were purchased from commercial sources and used
after standard purification procedures.

Preparation of PEO Macroinitiators

Poly(ethylene oxide) macroinitiators were prepared from commercially available poly
(ethylene glycol) of varying number-average molecular weights and 2-chloropropionyl
chloride according to a literature procedure (24) using triethylamine (TEA) as a base.
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Polymerization Procedure

P(nBMA)-b-PEO-b-P(nBMA) block copolymers were synthesized in bulk polymerization
as represented in Scheme 1. In a typical bulk polymerization, a dry glass tube was charged
with two equivalents of Cu(I)Cl, two equivalents of HMTETA and one equivalent of
poly(ethylene oxide) chloro telechelic macroinitiator and, subsequently evacuated and
filled with nitrogen. nBMA (SmL, 31.5 mmol) was added under nitrogen atmosphere
and the reaction mixture is degassed via three-freeze-thaw cycles. The polymerization
was carried out at 85°C and the polymerization was terminated by rapidly cooling to
room temperature. At various time intervals, the tube was removed from the oil bath,
and the polymer was dissolved in THF and passed through the basic alumina column to
remove the copper catalyst. The polymer solution was precipitated in an excess of
hexane. The precipitated polymer was extracted twice with distilled water at room temp-
erature in order to remove the unreacted PEO macroinitiator and the purified product was
dried in vacuum at room temperature and the yield was determined gravimetrically.

Characterization of Materials

The structure of reactants, macroinitiators and block copolymers were characterized by
FTIR spectra on a Nicolet Impact 400 Fourier Transform Infrared spectrometer using the
KBr pellet technique. "H NMR spectra were recorded on a 300 MHz Bruker MSL FT-
NMR spectrometer. CDCl; was used as a solvent and tetramethylsilane (TMS) served as
an internal standard. The number-average molecular weight (M,) and molecular weight
distribution (My,/M,,), of PEO macroinitiators and their block copolymers were determined
by gel permeation chromatography (GPC), using a Waters 515 liquid chromatograph
equipped with four Ultrastyragel columns (guard, 10°, 10, 10 A) and 410 RI detector.
Measurements were performed in tetrahydrofuran (THF) as an eluent at 40°C with a flow
rate of 1 mL/min and the calibration was based on linear polystyrene standards.

HO-(CHy-CHy-0)y-H

DMAP CH3-?H-CO-CI
CH20|2 C|
TEA

at 0 °C
CHS-?H-CO-O-(CH2-CH2-O),,.CO-CH-CH3
Cl cl

HMTETA/CuCI
at 85 °C nBMA

P{nBMA)-b-PEO-b-P(nBMA)
Triblock Copolymer

Scheme 1.
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MALDITOF mass spectra were recorded with a KRATOS PC, Kompact SEQ
analytical mass spectrometer, incorporating a 337 nm nitrogen laser with desorption/
ionization pulse width duration 3ns and a multiplier detector. The instrument was
operated in a delayed extraction mode with an accelerating potential of 20KV and
2,5-dihydroxybenzoic acid was used as the matrix.

A Seiko model SSC5200H system attached to a differential scanning calorimetry (DSC)
and thermo gravimetric analysis (TGA) module was used to determine the thermograms. The
measurements were carried out in nitrogen atmosphere at heating rates of 5 and 20°C/min. The
equipment was calibrated with indium and tin standards. The surface morphologies of the
homo and block copolymers were examined using a JEOL JSM-35CF scanning electron
microscope. The samples were dried in vacuum. Each sample was sputter coated with gold
under argon at 2.5 KV and 20 mA before analysis and SEM scans were taken at 10 KV.

Results and Discussion

A series of ABA triblock copolymers of PEO with n-butyl methacrylate (nBMA) were syn-
thesized by atom transfer radical polymerization. The synthesis of macroinitiator was
achieved by reaction of 2-chloropropionyl chloride with poly(ethylene glycol) in the
presence of base. Macroinitiator and their block copolymers were characterized by spectro-
scopic methods and kinetics of block copolymers were performed in bulk polymerization.

Structural Characterization of Macroinitiator and their Block Copolymers FTIR
and 'H NMR Spectroscopic Studies

Representative FTIR spectra of PEG3400, PEO3400chloro macroinitiator and their block
copolymers are shown in Figure 1. In the spectra of PEG, the -C-O-C- and O-H stretching
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Figure 1. FT-IR spectra of (a) poly(ethylene glycol)3400; (b) poly(ethylene oxide)3400 chloro
macroinitiator and; (c) PuBMA-b-PEO3400-b-PnBMA triblock copolymer.
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peaks are observed at 1110 and 3313 cm ™', respectively. After acetylation reaction the
O-H peaks disappeared and the absorption of C=0 peak at 1742cm™' was observed
correspondingly in the spectrum. The disappearance of the O-H peak suggests that the
O-H end groups have been converted quantitatively by 2-chlorpropionate end groups.
The results further proved that O-H end groups had been completely converted to the tele-
chelic chloro macroinitiator. The spectrum of block copolymer exhibits characteristic
peaks (2960, 1472, 1360, and 1110cm ") of both PEO and P(nBMA) blocks. P(nBMA)
methylene peaks at 2961, 1472, and 1389 cm ™' were also observed in the block copolymer.

The typical 'H NMR spectra of PEO6000chloro macroinitiator, P(#nBMA) homo-
polymer and the corresponding block copolymer are shown in Figure 2. In the PEO
chloro macroinitiator, the OH signal (4.85ppm) completely disappeared and a new
signal has appeared at 4.32ppm due to substitution of 2-chloropropionate end groups
and CH,-CH,-O signal is observed at 3.63 ppm. The P(nBMA) homopolymer shows
characteristic signals for the butoxy (O-(CH;);-CHj3) group at 3.93 ppm (singlet) in
addition to the methylene protons at 1.80 ppm (doublet) and a-methyl protons at
0.86ppm (quartet) (Figure 2b). '"H NMR spectrum of a triblock copolymer shows
characteristic signals of PEO (CH,-CH,-O) at 3.63 ppm in addition to the P(nBMA)
butoxy protons (O-(CH,);-CHj3) at 3.93 ppm (Figure 2c). P(nBMA) methylene protons
at 1.80 ppm and a-methyl protons at 0.86 ppm were also observed in the block copolymer.

MALDITOF Mass Spectrometry

End group analysis of poly(ethylene oxide) chloro telechelic macroinitiator was carried
out by matrix-assisted laser desorption ionization time-of-flight mass spectrometry

<D

Figure 2. 'H NMR spectra of (a) poly(ethylene oxide) macroinitiator; (b) PBMA homopolymer
and; (c) PnBMA-b-PEO-b-PnBMA triblock copolymer.
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(MALDITOF MS) and the same is shown in Figure 3. Number-average molecular weights
determined by GPC increased slightly (PEG M, = 1490, M, /M, = 1.07, PEO
M, = 1710, My, /M, = 1.07) after substitution of 2-chloropropionate end groups, but
there is no change of molecular weight distribution of PEG and PEO macroinitiator.
Only one series of signals are observed in the spectra; with in each series, the signals
are separated by 44 molecular weight units, which correspond to the molecular weight
of the ethylene oxide repeating units. The major series of peaks correspond to
[CH3CH(Cl) COO(CH,-CH,-0),-COCH(CI)CH; + Na*]. Thus, for the oligomer with
DP, = 28, the calculated mass is equal to 1453.98 for Na' ions, while the observed
mass is 1453.1. This leads to the conclusion that only Na* ion peaks were observed in
the spectra and this is very close to the calculated mass values.

Polymerization of n-butyl Methacrylate with Difunctional Poly(ethylene oxide)
Chloro Macroinitiators with CuCl/HMTETA as a Catalyst System

The commercially available linear multidentate amines like 1,1,4,7,10, 10-hexamethyl-
triethylenetetramine (HMTETA) is an efficient ligand, in conjunction with copper
halides mediated atom transfer radical polymerization processes (30). The kinetic study
of the block copolymers was performed in bulk are shown in Figure 4. In bulk polymer-
ization, a linear semilogrithimic kinetic plot of In[M],/[M] vs. time was obtained, indicat-
ing that the number of propagating species remained constant throughout the
polymerization (Figure 4). It shows a quantitative initiation efficiency of the telechelic
chloro macroinitiator and follows the first-order kinetics with respect to monomer. It
implies that the bulk polymerization proceeded in a controlled/“living” process for the
synthesis of well-defined amphiphilic ABA triblock copolymers with predetermined
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Figure 3. MALDITOF MS of poly(ethylene oxide)1500 chloro macroinitiator.
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Figure 4. First-order kinetic plots of the ATRP of nBMA initiated by bifunctional PEO3400 chloro
macroinitiator with a CuCl/HMTETA catalyst in bulk at 85°C. [M] =6.3M, [M]/[I]o = 141
[I]:[CuCl]:[HMTETA] = 1:2:2.

molecular weights. The molecular weight evolution (M,) and molecular weight
distribution (My,/M,) as a function of monomer conversion are shown in Figure 5. In
bulk polymerization, molecular weights of the block copolymers increase linearly with
monomer conversion and polydispersity decreases with increasing conversion and
reaches a value of M,,/M, < 1.3.

24000
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Figure 5. Number-average molecular weight (M,) and polydispersity (M,,/M,) as a function of

monomer conversion for the ATRP of nBMA initiated by bifunctional PEO3400 chloro macro-
initiator in bulk at 85°C. [M] = 6.3 M, [M]/[I]o = 141 [I]:[CuCl]:[HMTETA] = 1:2:2.
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A series of block copolymers prepared with varying number-average molecular
weight of PEO macrointiators from M, = 1000 to 10,000 with varying [M]/[I], ratios
and the percent conversion are summarized in Table 1. All the results shows that
M, gpc values are higher than the M, 4, indicating a low initiation efficiency of the macro-
initiators and the polydispersities are lower than 1.5. The rate of the polymerization was
observed to decrease with increasing molecular weight of the macroinitiators. This could
probably due to the decrease of initiator concentration.

Thermal Analysis

The TG/DTA thermograms of PuBMA and PnBMA-b-PEO9000-b-PrBMA triblock
copolymers are shown in Figure 6 (a) and (b). PuBMA homopolymer prepared by
ATRP using CuCl/HMTETA /p-TSCl initiation system shows the single-step degra-
dation. This result is a further indication of the absence of linkages, such as head-to-
head and vinylidene ends, thereby confirming the high regioselectivity and the virtual
absence of termination reactions (31, 32). The DTA profile of PnBMA shows one

Table 1
Bulk polymerization of nBMA with poly(ethylene oxide) bifunctional chloro
macroinitiators [M] = 6.3 M, (initiator/CuCl/HMTETA = 1/2/2, at 85°C)

Macroinitiator® Reaction  [M]/[I]
S. No. (M, /M,) %Con time (min)  ratio  M,u” Mygpe My/M,
1 PEO(CIP),-1030 92 180 32 5210 19,400 1.36
(1.11)
2 PEO(CIP),-1710 96 180 54 9100 14,400 1.32
(1.09)
3 PEO(CIP),-2360 90 180 74 11,800 18,200 1.43
(1.11)
4 PEO(CIP),-3420 89 180 107 17,000 51,100 1.40
(1.07)
5 PEO(CIP),-4120 85 180 130 19,800 35,600 1.38
(1.09)
6 PEO(CIP),-6150 66 180 194 24,300 20,800 1.33
(1.08)
7 PEO(CIP),-8290 41 180 262 23,500 17,900 1.38
(1.07)
8 PEO(CIP),-9450 67 180 297 37,700 46,500 1.43
(1.05)
9 PEO(CIP),-10500 33 180 330 25,980 22,000 1.56
(1.09)
10 nBMA 82 120 150 17,500 10,500 1.24
homopolymer®

“The number indicates the number-average molecular weights of PEO bifunctional macroinitiators
with polydispersities.

"My = M]/[I], X MW, 5ma x Conversion + M, gpc.

“ATRP conditions: Bulk polymerization: nBMA:p-TSCl:CuCl:HMTETA = 150:1:1:1 at 85°C.
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Figure 6. TG/DTA traces of (a) P(mBMA) homopolymer and (b) P(nBMA)-b-PE0Q9000-P(nBMA)
block copolymer.

endothermic peak at 326°C. On the other hand, the block copolymer showed four-stage
decomposition at 247, 319, 384, and 441°C. 100% decomposition was observed in
PnBMA and PnBMA-b-PEO9000-b-PnBMA at 409 and 452°C, respectively.

Differential Scanning Calorimetry

The DSC thermograms of PEO3400chloro macroinitiator, P(hBMA) homopolymer and
P(nBMA)-b-PEO3400-b-P(nBMA) triblock copolymers are shown in Figure 7.
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Figure 7. DSC thermograms of PEO3400 chloro macroinitiator, P(mBMA) homopolymer and
P(nBMA)-b-PEO3400-b-P(nBMA) triblock copolymer.

PEO3400chloro macroinitiator and P(nBMA) homopolymer exhibit a glass transition
temperatures (T,) at —21.5 and 28.9°C, respectively. In the DSC thermogram of the
block copolymer, T, of PEO is observed at —19.4°C in addition to the T, of P(nBMA)
at 24.6°C. Melting of PEO is not observed in the block copolymer, indicating a finer dis-
persion of PEO in the block copolymer. This observation is consistent with those in the
literature, (33) which have shown that at low PEO compositions (<25%, PEO), PEO/
P(nBMA) exist as a single-phase material and the system of PEO/P(nBMA) is compatible.
The compatibility of PEG and P(@mBMA) chains in solutions of their blends, diblock and
triblock copolymers were compared by Wohlfarth et al. (34), and it was pointed out that
the blends behaved differently from the block copolymers and the di and tri block
copolymers behaved alike.

Morphological Characteristics

The surface morphologies of PnuBMA homopolymer, PnBMA-b-PEO1000-b-PnBMA and
PnBMA-b-PEO9000-b-PnBMA triblock copolymers are shown in Figure 8(a—d). PuBMA
homopolymer exhibits a discontinuous phase as shown in Figure 8a. PnBMA-b-PEO1000-
b-PnBMA, (Figure 8b and c) show the domains formed by both the blocks, where PEO
blocks form a continuous phase. This could possibly be due to low T, value of PEO
block compared to PnBMA blocks. Due to this reason, the PEO block shows striation
(relaxation lines) due to stretching. With an increase of molecular weight of PEO
segment, which forms into a continuous phase, wherein the nBMA segments are
embedded as could be seen from the micrograph (Figure 8d).

Conclusion

Well-defined PuBMA-b-PEO-b-PrnBMA triblock copolymer was synthesized in bulk, using
varying number-average molecular weights of bifunctional poly(ethylene oxide)chloro



11: 20 24 January 2011

Downl oaded At:

Poly(ethylene glycol) Block Copolymers 505

macroinitiators and Cu(I)Cl/HMTETA as a catalyst system at 85°C. The rate of polymeriz-
ation is first-order with respect to monomer concentration and the molecular weight of
the obtained block copolymers increases linearly with conversion. The first-order kinetic
plot of In[M],/[M] vs. time was linear indicating that the polymerization proceeds in a

e .F“‘
(

&

(b)

Figure 8. SEM photographs of (a) P(nBMA) homopolymer; (b) and (c) P(nBMA)-b-PEO1000-
b-P(nBMA) triblock copolymer and (d) P(nBMA)-b-PEO9000-b-P(nBMA) triblock copolymer.
(continued)
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(d)

Figure 8. Continued.

controlled/“living” process. The DSC thermogram of block copolymer shows two glass
transition temperatures (T,) corresponding to PEO and PuBMA blocks. TG/DTA studies
shows that PnBMA and PnBMA-b-PEO-b-PuBMA follow a single and multiple stage
decomposition patterns, respectively. SEM studies indicate a fine dispersion of PEO in the
continuous PnBMA matrix.



11: 20 24 January 2011

Downl oaded At:

Poly(ethylene glycol) Block Copolymers 507

Acknowledgment

Dr. R. Krishnan thanks the Council of Scientific and Industrial Research (CSIR,
New Delhi), India, for an award of a Senior Research Fellowship.

References

1.

Szwarc, M. (1956) “Living” Polymers. Nature (London), 178: 1168—1169.

2. Matyjaszewski, K. (1996) Cationic Polymerizations: Mechanisms, Synthesis, and Applications;

12.

13.

14.

15.

16.

17.

18.

19.

New York: Marcel Dekker Inc.

. Heish, H.L. and Quirk, R.P. (1996) Anionic Polymerization: Principles and Practical

Applications; New York: Marcel Dekker Inc.

. Miyamoto, M., Sawamoto, M., and Higashimura, T. (1984) Living Polymerization of Isobutyl

Vinyl Ether with Hydrogen Iodide/Todine Initiating System. Macromolecules, 17 (3): 265-268.

. Faust, R. and Kennedy, J.P. (1986) Living Carbocationic Polymerization. III. Demonstration of

the Living Polymerization of Isobutylene. Polym. Bull., (Berlin), 15 (4): 317-323.

. Webster, O., Hertler, W.R., Sogah, D.Y., Farnham, W.B., and Rajan Babu, T.V. (1983) Group-

transfer Polymerization. 1. A New Concept for Addition Polymerization with Organosilicon
Initiators. J. Am. Chem. Soc., 105 (17): 5706—-5708.

. Schrock, R.R. (1990) Living Ring-opening Metathesis Polymerization Catalyzed by Well-

characterized Transition-Metal Alkylidene Complexes. Acc. Chem. Res., 23 (5): 158—-165.

. Killian, C.M., Tempel, D.J., Jhonson, L.K., and Brookhart, M. (1996) Living Polymerization of

a-Olefins using Ni"-a-Diimine Catalysts. Synthesis of New Block Polymers Based on
a-Olefins. J. Am. Chem. Soc., 118 (46): 11664—11665.

. Scollard, J.D. and McConville, D.H. (1996) Living Polymerization of a-Olefins by Chelating

Diamide Complexes of Titanium. J. Am. Chem. Soc., 118 (41): 10008—10009.

. Otsu, T. and Yoshida, M. (1982) Role of Initiator-transfer Agent-terminator (Iniferter) in

Radical Polymerizations: Polymer Design by Organic Disulfides as Iniferters. Makromol.
Chem., Rapid. Commun., 3 (2): 127-132.

. Georges, M.K., Veregin, R.P.N., Kazmaier, P.M., and Hamer, G.K. (1993) Narrow Molecular

Weight Resins by a Free-Radical Polymerization Process. Macromolecules, 26 (11): 2987-2988.
Kato, M., Kamigaito, M., Sawamoto, M., and Higashimura, T. (1995) Polymerization of Methyl
Methacrylate with the Carbon Tetrachloride /Dichlorotris(triphenylphosphine) Ruthenium(II)/
Methylaluminum Bis(2,6-di-tert-butylphenoxide) Initiating System: Possibility of Living
Radical Polymerization. Macromolecules, 28 (5): 1721-1723.

Wang, J.-S. and Matyjaszewski, K. (1995) Controlled/“Living” Radical Polymerization Atom
Transfer Radical Polymerization in the Presence of Transition-Metal Complexes. J. Am. Chem.
Soc., 117 (20): 5614-5615.

Wang, J.-S. and Matyjaszewski, K. (1995) Controlled/“Living” Radical Polymerization
Halogen Atom Transfer Radical Polymerization Promoted by a Cu(I)/Cu(Il) Redox Process.
Macromolecules, 28 (23): 7901-7910.

Percec, V. and Barboiu, B. (1995) “Living” Radical Polymerization of Styrene Initiated by
Arenesulfonyl Chlorides and Cul(bpy)nCl. Macromolecules, 28 (23): 7970-7972.

Wayland, B.B., Poszmik, G., Mukerjee, S.L., and Fryd, M. (1994) Living Radical Polymeriz-
ation of Acrylates by Organocobalt Porphyrin Complexes. J. Am. Chem. Soc., 116 (17):
7943-7944.

Hawker, C.J. (1994) Molecular Weight Control by a “Living” Free-Radical Polymerization
Process. J. Am. Chem. Soc., 116 (24): 11185-11186.

Hillmyer, M.A., Bates, F.S., Almdal, K., Mortensen, K., Ryan, A.J., and Fairclough, J.P. (1996)
Complex Phase Behavior in Solvent-Free Nonionic Surfactants. Science, 271 (5251): 976-978.
Jialanella, G.L., Firer, E.M., and Piirma, 1. (1992) Synthesis of Polystyrene-block-Polyoxyethylene
for use as a Stabilizer in the Emulsion Polymerization of Styrene. J. Polym. Sci., Polym. Chem. Ed.,
30 (9): 1925-1933.



11: 20 24 January 2011

Downl oaded At:

508

20.

21.
22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

R. Krishnan and K. S. V. Srinivasan

Kim, Y.J., Nagasaki, Y., Kataoka, K., Kato, M., Yokoyama, M., Okano, T., and Sakurai, Y.
(1994) Heterobifunctional Poly(ethylene oxide) One Pot Synthesis of Poly(ethylene oxide)
with a Primary Amino Group at one End and a Hydroxyl Group at the Other End. Polym.
Bull., (Berlin), 33 (1): 1-6.

Harris, J.M. Ed. (1993) ‘PEG’ Chemistry, New York: Plenum Press.

Matyjaszewski, K. and Xia, J. (2001) Atom Transfer Radical Polymerization. Chem. Rev.,
101 (9): 2921-2990.

Kamigaito, M., Ando, T., and Sawamoto, M. (2001) Metal-Catalyzed Living Radical
Polymerization. Chem. Rev., 101 (12): 3689—-3746.

Jankova, K., Chen, X., Kops, J., and Batsberg, W. (1998) Synthesis of Amphiphilic PS-b-PEG-
b-PS by Atom Transfer Radical Polymerization. Macromolecules, 31 (2): 538-541.

Jankova, K., Truelsen, J.H., Kops, J., and Batsberg, W. (1999) Controlled/“Living” Atom
Transfer Radical Polymerization of Styrene in the Synthesis of Amphiphilic Diblock Copoly-
mers from a Poly(ethylene glycol) macroinitiator. Polym. Bull. (Berlin), 42 (2): 153-158.
Reining, B., Keul, H., and Hocker, H. (2002) Block Copolymers Comprising Poly(ethylene
oxide) and Poly(hydroxyethyl methacrylate) Blocks: Synthesis and Characterization.
Polymer, 43 (11): 3139-3145.

Bednarek, M., Biedron, T., and Kubisa, P. (1999) Synthesis of Block Copolymers by Atom
Transfer Radical Polymerization of Tert-butyl Acrylate with Poly(oxyethylene) Macroinitiators.
Macromol. Rapid Commun., 20 (2): 59-65.

Reining, B., Keul, H., and Hocker, H. (1999) Chloro-telechelic Poly(ethylene oxide)s as
Initiators for the Atom Transfer Radical Polymerization (ATRP) of Styrene and Methyl
Methacrylate Structural Features that Affect the Initiation. Polymer, 40 (12): 3555-3563.
Krishnan, R. and Srinivasan, K.S.V. (2003) Controlled/“Living” Atom Transfer Radical
Polymerization of Methyl Methacrylate in the Synthesis of Triblock Copolymers from a
Poly(oxyethylene) Macroinitiator. Eur. Polym. J., 39 (2): 205-210.

Davis, K.A. and Matyjaszewski, K. (2000) Atom Transfer Radical Polymerization of tert-Butyl
Acrylate and Preparation of Block Copolymers. Macromolecules, 33 (11): 4039-4047.
Granel, C., Dubois, P., Jerome, R., and Teyssie, P. (1996) Controlled Radical Polymerization of
Methacrylic Monomers in the Presence of a Bis(ortho-chelated) Arylnickel(II) Complex and
Different Activated Alkyl Halides. Macromolecules, 29 (27): 8576—8582.

Wunderlich, W., Bentaremo, N., Klapper, M., and Mullen, K. (1996) Effect of a 7-Donor on the
Radical Bulk Polymerization of Methyl Methacrylate. Macromol. Rapid Commun., 17 (6):
433-438.

Liberman, S.A., Gomes, A.S., and Macchi, E.M. (1984) Compeatibility in Poly(ethylene oxide)-
Poly(methyl methacrylate) Blends. J. Polym. Sci., Polym. Chem. Ed., 22 (11): 2809-2815.
Wohlfarth, C., Regener, E., and Raetzsch, M.T. (1989) Compatibility of Polyethylene Oxide
and Poly(methyl methacrylate) Chains in Solutions of Their Blends, Diblock, and Triblock
Copolymers. Makromol. Chem., 190 (1): 145-154.



