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Various poly(oligo(ethylene glycol) methyl ether methacrylate)s (POEGMEMAs) have been prepared

by Catalytic Chain Transfer Polymerization (CCTP) using a range of OEGMEMA monomers

(molecular weight from 180 to 1100 g mol!1). The chain transfer constants of bis(boron

difluorodimethylglyoximate) cobalt(II) (CoBF) were determined and are reported for each monomer.

The copolymerization of POEGMEMA (Mn " 475 g mol!1) with diethylene glycol methyl ether

methacrylate (DEGMEMA) yielded thermoresponsive polymers. The lower critical solution

temperatures (LCSTs) of the polymer chains can be tuned by the copolymer composition over the range

30 #C to 95 #C. In addition, the presence of the vinylic end-group, characteristic of CCT

polymerization, provided further scope for post-synthetic modification via thiol–ene click chemistry,

through nucleophilic Michael addition with various functional thiol compounds such as 2-

mercaptoethanol, 3-mercaptopropionic acid, benzyl mercaptan and 1-dodecanethiol. The thiol–ene

reaction was rigorously tested, optimized and characterized in this study in terms of solvents and most

importantly the choice of the catalyst: dimethyl phenyl phosphine, tertiary amine or hexylamine. The

optimum conditions reported allow near-quantitative functionalization of these macromonomers

without significant side reactions. The effect of the end-group on the LCST has also been investigated,

as well as thermal stability temperature of the copolymers.

Introduction

Catalytic chain transfer polymerization is a very efficient and

versatile free-radical polymerization technique for the synthesis of

macromonomers with u-unsaturated vinyl terminal groups.1,2 It

is used commercially by DSM and DuPont for the production of

viscosity modifiers and engine additives for the automotive

industry. The reaction is mediated by the ability of certain low-

spin Co(II) complexes, such as cobaloximes, to efficiently catalyze

the chain transfer to monomer reaction.3 A widely investigated

Co(II) transfer agent is bis(boron difluorodimethylglyoximate)

cobalt(II) (CoBF).1,2,4–6 The chain transfer constant of CoBF is

typically 102 to 104 for monomers containing an a-methyl group,

such as methacrylates. CCT occurs via a mechanism characterized

by two consecutive steps:3,7 firstly, the Co(II) complex abstracts

a hydrogen from the propagating radical to form a dead polymer

chain and a Co(III)–H complex; then this complex reacts with

another monomer molecule to produce the original Co(II)

complex and another propagating radical (Scheme 1). The Co(II)

Scheme 1 General mechanism for Catalytic Chain Transfer Polymeri-

zation (CCTP).

aCentre for Advanced Macromolecular Design (CAMD), School of
Chemical Engineering, The University of New South Wales, Sydney,
NSW, 2052, Australia. E-mail: t.davis@unsw.edu.au
bDepartment of Chemistry, University of Warwick, Coventry, CV4 7AL,
UK. E-mail: d.m.haddleton@warwick.edu.uk
cResearch Institute of Materials Science, South China University of
Technology, Guangzhou, 510640, China
† Electronic supplementary information (ESI) available: NMR spectra
and MALDI-ToF spectra. See DOI: 10.1039/c0py00372g

This journal is ª The Royal Society of Chemistry 2011 Polym. Chem., 2011, 2, 815–822 | 815

Dynamic Article LinksC<Polymer
Chemistry
Cite this: Polym. Chem., 2011, 2, 815

www.rsc.org/polymers PAPER

D
ow

nl
oa

de
d 

on
 2

1 
M

ar
ch

 2
01

1
Pu

bl
ish

ed
 o

n 
24

 Ja
nu

ar
y 

20
11

 o
n 

ht
tp

://
pu

bs
.rs

c.
or

g 
| d

oi
:1

0.
10

39
/C

0P
Y

00
37

2G
View Online

http://dx.doi.org/10.1039/c0py00372g
Remzi Becer
This document is shared for only research purposes and cannot be distributed without the permission of the authors and the publisher. 
Please visit WWW.BECERGROUP.SEMS.QMUL.AC.UK/PUBLICATIONS.HTML to get more info on our research interests!!!

Remzi Becer


http://dx.doi.org/10.1039/c0py00372g
http://dx.doi.org/10.1039/c0py00372g
http://dx.doi.org/10.1039/c0py00372g
http://dx.doi.org/10.1039/c0py00372g
http://dx.doi.org/10.1039/c0py00372g


complex acts in a catalytic fashion and therefore is not consumed

in the process. CCT is a very powerful technique used to

synthesize low molecular weight polymers/oligomers terminated

by a vinyl end-group (macromonomers) with a large range of

functional or non-functional monomers. CCT polymerization

can be performed in a large range of solvents, ranging from

aqueous to nonpolar organic media.8,9

Inspired by the work reported by Ishizone et al.10 and later by

Lutz and Hoth11 and others, the preparation of thermores-

ponsive, antifouling PEG based polymers is of huge interest for

the preparation of thermoresponsive micelles, hybrid organic/

inorganic nanoparticles,12–14 surface modification,15–18 hyper-

branched/nanogels and protein–polymer conjugates.19–25 As

illustrated by the recent publication of Dong and Matyjaszewski

who describe the first preparation of thermally responsive poly-

(oligo(ethylene glycol) methyl ether methacrylate) via AGET

ATRP in miniemulsion.26 In this current study, the synthesis of

thermoresponsive PEG based macromonomers by the copoly-

merization of OEGMEMA and DEGMEMA using CCT is

described. The lower critical solution temperature (LCST) was

tuned by the composition of these two monomers to yield

thermoresponsive polymers with LCSTs ranging from 30 to

90 #C. To the best of our knowledge, this is the first preparation

of thermally responsive poly(oligo(ethylene glycol) methyl ether

methacrylate) via Catalytic Chain Transfer Polymerization. The

advantage of CCT is that the resulting polymer chains have

unsaturated vinylic end-groups (with very high chain-end

fidelity; close to 100%) which create a large range of synthetic

options for end-group modification with simple organic

compounds. Over the last decade, ‘‘click’’ chemistry has opened

new avenues for the design and creation of tailor-made macro-

molecules.27–29 Thiol–ene ‘‘click’’ chemistry, in which thiols react

quantitatively with double bonds, has been shown to be highly

efficient in a large range of solvents, without the addition of

metals, under mild conditions.30–38 There are two types of thiol–

ene reaction: (i) a base catalyzed Michael addition and (ii) the

anti-Markovnikov radical UV initiated click. Both of these

approaches have been used for the functionalization of poly-

mers31,39 or for the design of complex macromolecules.40–45

In this study, thermoresponsive PEG-based copolymers and

homopolymers of OEGMEMA obtained by CCT were modified

using thiol–ene click chemistry with a variety of different func-

tional thiol compounds to yield functional thermoresponsive

polymers in high yield. The optimal conditions for thiol–ene click

chemistry to obtain a very high degree of functionality (solvent

and nature of the catalyst) are reported. The polymers were

rigorously characterized via electrospray mass spectrometry

(ESI-MS), 1H NMR spectroscopy and MALDI-ToF MS analy-

sis. In addition, the thermoresponsive properties (LCST) and

thermal properties (glass transition and decomposition temper-

atures) of the copolymers were determined before and after

thiol–ene modification.

Experimental

Materials

The CCT agent bis(methanol) complex, (CH3OH)2Co–

(dmgBF2)2 (CoBF), was synthesized according to the method of

Bakac et al.46,47 The CTA transfer efficiency was checked by CCT

polymerization of methyl methacrylate (MMA) which yielded

a CS value " 25 000. The monomers, OEGMEMA475 (Aldrich,

95%), DEGMEMA (Aldrich, 95%), and OEGMEMA1100

(Aldrich, 95%), were used as received. The initiator 4,40-azobis-

(4-cyanovaleric acid) (ACVA) was used as received and 2,20-

azobisisobutyronitrile (AIBN) was purified by recrystallisation

twice from methanol. The thiols, 2-mercaptoethanol (2-ME,

99%, Sigma-Aldrich), 1-dodecanethiol (DT, 98+%, Sigma-

Aldrich), benzyl mercaptan (BM, 99%, Sigma-Aldrich), 3-mer-

captopropionic acid (3-MPA, 99%, Sigma-Aldrich),

triethylamine (TEA, 99%, Fisher Scientific UK Ltd.), hexylamine

(HA, 99%, Sigma-Aldrich), and dimethylphenylphosphine

(DMPP, 99%, Aldrich) were used as received.

Catalytic chain transfer (CCT) homopolymerization

General catalytic chain transfer polymerizations (CCTPs) were

performed as follows: monomers (DEGMEMA, OEGMEMA475,

and OEGMEMA1100) and solvents (acetonitrile or water/meth-

anol mixture) were purged with N2 gas for at least an hour prior to

use. Stock solutions of CoBF were also weighed and purged with

N2 prior to use. AIBN or CVA was weighed into Schlenk flasks.

All reaction mixtures were then mixed under N2 gas. To ensure the

absence of O2, the reaction mixtures were subjected to at least

three freeze–pump–thaw cycles. Polymerizations were performed

at a constant temperature of 70 #C. Polymerizations were stopped

by cooling and subsequent exposure to air. Polymers were then

purified by precipitation and dialysis. Poly(OEGMEMA) was

precipitated in diethyl ether and poly(DEGMEMA) was precip-

itated in water or cold petroleum ether (40–60 #C).

For semi-batch polymerizations, the procedure was the same,

however, the monomer and CoBF solutions were added at a rate

of 1 mL min!1 throughout the reactions.

Catalytic chain transfer (CCT) copolymerization

General CCT copolymerization procedure was as follows:

monomers OEGMEMA475 and DEGMEMA with different

compositions and solvents (acetonitrile or water/methanol

mixture) were mixed with AIBN and purged with N2 gas at least

one hour before use. Stock solutions of CoBF were also prepared

and purged before use. All reaction mixtures were then mixed

under N2 gas. To ensure the absence of O2, the reaction mixtures

were then subjected to at least three freeze–pump–thaw cycles.

Polymerizations were performed at a constant temperature of

70 #C. Polymerizations were stopped by cooling and subsequent

exposure to air. Copolymers were then purified by dialysis in

water/acetone.

Hexylamine or triethylamine catalyzed thio-click reactions

Poly(OEGMEMA) was mixed with hexylamine or triethylamine,

water, acetone, acetonitrile or DMSO used as solvents, and thiol

reagent. In a typical reaction, 1 eq. of poly(OEGMEMA)

(100 mg), 2 eq. of thiol, and 3 eq. of hexylamine were added into

a flask and then purged for 15 minutes with N2. The vials were

then placed at ambient temperature or in a 40 #C oil bath for

14 hours before the reaction was stopped. The reaction mixtures

were purified via precipitation in cold petroleum ether or dialysis.
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DMPP catalyzed thio-click reactions

Polymers, thiols and DMPP were mixed in a NMR tube con-

taining acetone-d6, acetonitrile-d3 or DMSO-d6. The reactions

were performed at room temperature and monitored by 1H

NMR spectroscopy. In a typical reaction, 1 eq. of polymer

(0.05 g), 1.5 eq. of thiol and 0.05 eq. (1.7 mg) of DMPP were

added to a NMR tube containing 0.5 mL of deuterated solvent.

The reaction was monitored by the disappearance of the vinyl

bond seen at 5.5–6.0 ppm.

Characterization

Gel permeation chromatography (GPC). THF GPC was per-

formed on a Shimadzu modular system, comprised of an auto-

injector and a Polymer Laboratories 5.0 mm bead-size guard

column (50 $ 7.5 mm), followed by three linear PL columns and

a differential refractive index detector using THF as the eluent at

40 #C with a flow rate of 1 mL min!1. The GPC system was

calibrated using linear polystyrene standards. DMAc GPC

analyses of the polymers were performed in N,N-dimethylace-

tamide [DMAc; 0.03% w/v LiBr, 0.05% 2,6-dibutyl-4-methyl-

phenol (BHT)] at 50 #C (flow rate " 1 mL min!1) using

a Shimadzu modular system comprised of an SIL-10AD auto-

injector, a PL 5.0 mm bead-size guard column (50 $ 7.8 mm)

followed by four linear PL (Styragel) columns (105, 104, 103, and

500 !A) and an RID-10A differential refractive-index detector.

Calibration was achieved with commercial polystyrene standards

ranging from 500 to 106 g mol!1.

Nuclear magnetic resonance (NMR). 1H NMR spectroscopy

was used to determine the molecular weight and structural

information for confirmation of thiol–ene click conjugation.

NMR spectra were recorded on a Bruker DPX-300 MHz and

Bruker DPX-400 MHz.

UV-visible spectroscopy. UV-visible spectra were recorded

using a Cary 300 spectrophotometer (Bruker) equipped with

a temperature controller.

Cloud points measurements. The transmittance of the solution

was measured at l" 500 nm through 10 mm path length cuvettes

with a micro-stir bar and total volumes of 2 mL referenced

against distilled water, using a PerkinElmer Lambda 35 UV-VIS

spectrometer. The water-jacketed sample and reference cuvette

holders were coupled with a Peltier PTP 1 + 1 Peltier temperature

programmer adjusted at a heating rate of 1 #C min!1. The cloud

points (CP) were defined as the temperature corresponding to

a 50% reduction in the original transmittance of the solution.

Thermal gravimetric analysis (TGA). TGA of polymers was

performed using a Pyris 1 (PerkinElmer) with a rate of 5 #C min!1

from ambient temperature to 500 #C. All the samples were pre-

heated at 80 #C to remove any trace of water.

Mass spectrometry (MALDI-ToF). MALDI-ToF analysis was

performed with a Bruker Ultraflex III equipped with

a neodymium-doped yttrium aluminium garnet laser (Nd:YAG).

The matrix solution was prepared by dissolving trans-2-

[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile

(DCTB) in a 1 mL mixture of acetone and water (equal

volumes). Sodium iodide was added at 0.1% overall concen-

tration and the polymer dissolved to a concentration of 10 mg

cm!3. The matrix solution (0.5 mL) was applied to the stainless

steel side and the solvent allowed to evaporate. The same

volume of the polymer sample solution was applied on top of

the dried matrix, and the overall mixture allowed to dry. The

sample was irradiated with 300–600 pulsed laser shots at a 1–

10% laser power. Calibration was performed with various linear

poly(ethylene glycol) methyl ether standards.

Results and discussion

Catalytic chain transfer polymerizations of various oligo-

(ethylene glycol) methyl ether methacrylates were performed

using 2,20-azobisisobutyronitrile (AIBN) as the initiator, the

bis(methanol) complex, (CH3OH)2Co–(dmgBF2)2 (CoBF), as

a catalyst and acetonitrile as a solvent at 70 #C. The chain transfer

constant of catalytic chain transfer polymerization can be easily

calculated using the modified Mayo equation (eqn (1)),1,2,48

provided the monomer conversion is maintained below 10%.

1/DPn " 2 + CS $ ([C]/[M]) (1)

where DPn is the degree of polymerization, [C] is the concen-

tration of the catalyst, and [M] is the initial monomer concen-

tration. The monomers that were used in this study were

diethylene glycol methyl ether methacrylate, oligo(ethylene

glycol) methyl ether methacrylate (475), and oligo(ethylene

glycol) methyl ether methacrylate (1100) as depicted in Scheme 2.

The polymer molecular weights were analyzed via GPC and 1H

NMR spectroscopy. All the polymers exhibited monomodal

distributions with PDI < 1.5. The polymers, after purification,

were analyzed by 1H NMR and by MALDI-ToF (Fig. 1), and the

molecular weights were calculated using the signal of the vinyl

group at 5.5–6.0 ppm and eqn (2). It is noteworthy that the

signals characteristic of the vinyl bond in the monomer and in the

macromonomer are slightly different, i.e. 5.6–6.1 ppm and 5.5–

6.0 ppm for monomer and macromonomer, respectively. This

slight shift avoids any error in the molecular weight determina-

tion using NMR analyses (from traces of residual monomer).

Mn, 1H NMR " (ICH2OCO/ICH]CH) $ MW
OEGMEMA (2)

where MW
OEGMEMA, ICH2OCO and ICH]CH correspond to the molar

masses of OEGMEMA, integral of the signal at 4.1 ppm

(attributed to CH2 in the adjacent position of ester group) and of

vinyl group, respectively. The molecular weights calculated by 1H

NMR were in accordance with the molecular weights determined

by MALDI-ToF.

Scheme 2 Representation of CoBF and various oligo(ethylene glycol)

monomers used in this study.
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The plot of molecular weight versus the ratio of [CoBF]/

[monomer] gives the chain transfer constant of CoBF for each

monomer (Fig. 2).

CCTP of OEGMEMA

The chain transfer constants (CS) of CoBF to DEGMEMA,

POEGMEMA475, and POEGMEMA1100 have been calculated

as 7600, 1800, and 180, respectively (in acetonitrile at 70 #C). The

CS values decrease proportionally with the chain length of the

side chain (in this case, oligo(ethylene glycol)). A similar result

was obtained by Forster and co-workers5,49 for alkyl methacry-

late (methyl methacrylate, ethyl methacrylate, and butyl meth-

acrylate). The end-group fidelity of the polymers was well

maintained as confirmed by MALDI-ToF for all monomers

examined. According to the concentration of CoBF, it is possible

to synthesize polymer with a DPn from 7 to 50 in acetonitrile with

a PDI less than 1.5 (see earlier comments on PDI veracity).

As OEGMEMA and CoBF are water soluble, it was decided

to investigate the polymerization of these monomers in water at

80 #C. The addition of methanol (50 v%), as a co-solvent, was

successful for the polymerization of DEGMEMA {LCST z

26 #C}. Table 1 shows the evolution of the molecular weights and

PDI obtained for the polymerizations of OEGMEMA and

DEGMEMA in water or water/methanol. For polymerization of

OEGMEMA in water, poor control of the polymerization was

observed as shown by a broadening of the molecular weight

distributions. In comparison when acetonitrile was used as

a solvent, narrower distributions were obtained. In addition, the

molecular weights obtained in acetonitrile were usually lower

than the molecular weights obtained in water, showing a better

efficiency of transfer. It is possible that this difference in transfer

efficiency could be attributed to the slight difference of temper-

ature. However, Davis and Kukulj50 and Heuts et al.51 show that

the efficiency of CoBF (or the transfer constant) is relatively

unaffected by temperature. An increase in the temperature causes

an increase in propagation rate (kp) as well as an increase in

transfer rate (ktr), resulting in a null effect on the CS (CS" kp/ktr).

Another possible explanation is that the differences reported here

are attributable to solvent effects. Haddleton and co-workers52

have previously reported that CoBF can be degraded in water at

elevated temperatures (%70 #C) and that the kinetics of

the degradation process can be accelerated at low pH values. The

degradation of CoBF causes a decrease in efficiency of the

catalyst, inducing significant increases in the PDI during the

polymerization. In the case of polymerization with CoBF in

water, a semi-batch approach is necessary to keep the concen-

tration of the CoBF constant thereby maintaining lower PDI.52

As expected, improved PDIs and control of molecular weights

Fig. 1 1H NMR spectrum (top), GPC (middle) and MALDI-ToF MS

(bottom) of poly(diethylene glycol) methyl ether methacrylate.

Fig. 2 Mayo plot for chain transfer coefficient (CS) of CoBF in catalytic

chain transfer polymerization of various oligo(ethylene glycol) methyl

ether methacrylates.

Table 1 Catalytic chain transfer polymerization of diethylene glycol
methyl ether methacrylate and oligo(ethylene glycol) methyl ether
methacrylate using feed and batch techniques

Run Monomer CoBF/ppm Technique Mn, GPC/g mol!1 PDI

P1a DEGMEMA 50 Feed 11 000 1.39
P2a DEGMEMA 100 Feed 4600 1.31
P3a DEGMEMA 100 Batch 4600 1.32
P4 OEGMEMA475 50 Feed 3200 1.68
P5 OEGMEMA475 100 Feed 2600 1.31
P6 OEGMEMA475 50 Batch 2300 1.85
P7 OEGMEMA475 100 Batch 4500 2.03

a Polymerization was carried out in mixture solvents: methanol/water
(50/50 v%).

818 | Polym. Chem., 2011, 2, 815–822 This journal is ª The Royal Society of Chemistry 2011
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were observed for polymers obtained using a feed methodology

compared to a batch approach (Table 1, runs P4–P7). In the

batch approach, the CoBF is degraded during the polymeriza-

tion, resulting in a change of the [M]/[CoBF] ratio and a subse-

quent drift in the polymer chain distribution.

Copolymers of OEGMEMA

Inspired by the work of Lutz et al.11,53 and Ishizone et al.,10 the

copolymerization of oligo(ethylene glycol) methyl ether methac-

rylate (OEGMEMA475) with diethylene glycol methyl ether

methacrylate (DEGMEMA) using CCT to yield thermo-

responsive macromonomers was investigated. Copolymerizations

were performed in acetonitrile at 70 #C for 14 hours. The feed

compositions of these monomers were varied from 50/50 to 90/10

mol% of OEGMEMA/DEGEMMA. The final composition of

these copolymers was calculated from 1H NMR using the ratio

between –OCH2 (ether group of OEG or DEG chains) and OCH3

(from end-group). Table 2 shows the final composition of each

copolymer (F). It is interesting to note that the monomer feed ratio

and the final copolymer composition do not differ significantly at

low conversion indicative that the reactivity ratios of the mono-

mers are similar, implying that compositional drift is not a major

factor in the reactions. The presence of composition drift during

copolymerization can result in the synthesis of gradient copoly-

mers, when a living radical polymerization is used,54 or in the

synthesis of heterogeneous copolymers, when a non-living free-

radical polymerization is employed (such as CCTP).55

The copolymer composition of DEGMEMA and OEG-

MEMA allows tuning of the lower critical solution temperatures

(LCSTs) from 30 to 90 #C as determined by turbidimetry

measurements. Fig. 3 shows the evolution of LCST with co-

polymer composition. An increase of DEGMEMA in the

copolymers causes a decrease in the LCST. For all copolymers,

a very sharp transition (when heated) was observed (see Fig. 3).

A relatively small hysteresis (5 #C) on heating and cooling was

observed, comparable with the hysteresis obtained for copoly-

mers synthesized by ATRP.11

Thiol–ene ‘‘click’’ of OEGMEMA oligomers

Catalytic chain transfer polymerization yields oligomers with

terminal vinyl end-groups at high efficiency (almost 100%). This

vinyl-functionalization is not possible to achieve by other

common radical polymerization techniques, such as ATRP,56

NMP57 or RAFT.58 Since the introduction of the ‘‘click’’ concept

by Sharpless et al.,27 there have been a number of efficient

conjugation reactions designated as ‘‘click’’ reactions. Recently,

Hawker et al.40 re-introduced an old but very efficient reaction,

thiol–ene reactions, as a potential ‘‘click’’ reaction. Thiol–ene

reactions embrace two types of mechanism: (i) anti-Markovni-

kov radical addition and (ii) base or nucleophile catalyzed

Michael addition reaction.27,29,40,43,59–61 Thiol–ene reactions can

be performed in different solvents and are tolerant of a large

range of functionalities. Recent work has been performed on the

nature of thiol–ene reaction conditions by Davis and Haddleton

and Lowe and co-workers59 where it was reported that primary

amines are more effective catalysts than secondary or tertiary

amines, as well as significant reductions in the reactivity of

methacrylates attributable to a combination of steric hindrance

and inductive effects. The structure of the thiol compound also

affects the efficiency of thiol–ene reactions, for example, alkyl

thiols are less reactive than functional thiols, such as 2-mercap-

toethanol or 1-thioglycerol. However, the previously reported

studies were focused mainly on small molecules (monomers) or

very short oligomers (dimers, trimers). In this current work it was

necessary to optimize the thiol–ene Michael addition, as the

‘‘ene’’ components were methacrylate polymers to ensure high

conversion and purity of the final product.

Poly(DEGMEMA) polymer was used to optimize the thiol–

ene Michael addition of 2-mercaptoethanol. To establish the best

solvent, the thiol–ene reactions were performed in a range of

solvents: acetone, acetonitrile, and dimethyl sulfoxide (DMSO).

The following order of reactivity was established: DMSO >

acetonitrile > acetone. The reaction carried out in DMSO rea-

ches a very high yield at ambient temperature after 10 hours,

while in acetone, yields superior to 30% could not be achieved. It

Table 2 Copolymerization results of oligo(ethylene glycol) methyl ether
methacrylate (OEGMEMA475) with diethylene glycol methyl ether
methacrylate (DEGEMEMA). Mn was calculated by GPC and NMR.
Composition of polymer (F) was calculated from 1H NMR

Run f (initial feed) F (final composition)
Mn, GPC/
g mol!1

Mn, NMR/
g mol!1

CP1 50 : 50 48 : 52 2800 3000
CP2 70 : 30 69 : 31 2600 2700
CP3 80 : 20 76 : 24 2600 3200
CP4 90 : 10 92 : 8 3000 3400

Fig. 3 UV-Vis plot of various copolymers to show the lower critical

solution temperature (LCST) behavior in water.

Fig. 4 Vinyl conversion versus time plot for thiol-Michael addition of

PDEGMEMA and different thiols in the presence of triethylamine or

hexylamine in different solvents in order to study the solvents effect.
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is well known that polar solvents, such as DMSO, are good

solvents for nucleophilic reactions.59b The efficacy of the catalyst

used in these reactions, either phosphine or amine, was then

examined. It has been highlighted previously that phosphine (e.g.

dimethyl phenyl phosphine) is an effective catalyst30,59b at

concentrations less than 0.05 mol% of the ‘‘ene’’ to prevent the

side reaction of the conjugation of DMPP to the double bond.59a

In this study, thiol–ene Michael reactions were initially per-

formed and catalyzed by a combination of DMPP and TEA (the

concentration of DMPP was maintained at less than 0.1 mol%),

Fig. 5 1H NMR spectrum (top) and MALDI-ToF MS (bottom) of 2-

mercaptoethanol conjugated poly(diethylene glycol) methyl ether meth-

acrylate catalyzed with hexylamine.

Fig. 6 1H NMR spectrum (top) and MALDI-ToF MS (bottom) of 1-

dodecanethiol conjugated poly(diethylene glycol) methyl ether methac-

rylate catalyzed with hexylamine.

Fig. 7 1H NMR spectrum (top) and MALDI-ToF MS (bottom) of

benzyl mercaptan conjugated poly(diethylene glycol) methyl ether

methacrylate catalyzed with hexylamine.

Fig. 8 TGA curve for PEGMEMA after thiol–ene end-group modifi-

cation.
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in which side reactions of DMPP conjugated to the vinyl end-

group of poly(DEGMEMA) were observed (Fig. S2–S7, ESI†).

Subsequently, to minimize the formation of by-products, it

was decided to use amine catalysts. Two different amines were

compared: triethylene amine (TEA) (tertiary) and hexylamine

(HA) (primary). The TEA catalyst ensured a full conversion of

the vinyl end-group of poly(DEGMEMA), without the forma-

tion of by-products, when the reaction was performed with 2-

mercaptoethanol at ambient temperature.59a

However, the efficiency of this TEA-catalyzed reaction drops

when an aliphatic or aromatic thiol is used, such as benzyl

mercaptan. (TEA can only drive the reaction to a maximum of

70% after 3 days with benzyl mercaptan at ambient temperature,

Fig. 4.) Quantitative conversion could only be attained when the

reaction was performed at 40 #C for 14 hours. In order to

accelerate the rate and increase the conversion of the thiol-

Michael addition reaction, HA was used as a catalyst.

Thus, it was possible to functionalize different homopolymers

of DEGMEMA and OEGMEMA475 with different functional

thiols, such as benzyl mercaptan, 1-dodecanethiol, and 2-mer-

captoethanol with a high efficiency. The detailed characteriza-

tion of the ‘‘clicked’’ polymers was performed using 1H NMR,

GPC as well as MALDI-ToF MS. The characterization data are

presented in Fig. 5, 6 and 7 for 2-mercaptoethanol, 1-dodeca-

nthiol and benzyl mercaptan, respectively.

Thermal analyses of post-functionalized poly(OEGMEMA)

TGA and DSC of poly(OEGMEMA) were performed to show

the influence of thiol–ene ‘‘click’’ products on the thermal

properties of the polymers. The thermal gravimetry analysis

data, as shown in Fig. 8, indicates that all thiol–ene modified

poly(OEGMEMA) have lower thermal stability than poly(-

OEGMEMA) before modification (terminated by vinyl end-

groups), regardless of the type of functional group. This result

can be explained by the presence of the C–S bond, more unstable

at high temperature than a C–C bond as indicated by the

enthalpy of dissociation (Table 3).62,64

Catalytic chain transfer copolymerization and thiol–ene

modification

Further thiol–ene ‘click’ chemistry was performed on the

copolymers of OEGMEMA475 and DEGMEMA to investigate

the effect of different end-groups on their thermoresponsive

behavior (LCST), Table 4. Recently Theato’s group investigated

copolymers made with various RAFT agents giving rise to

a range of end-group functionalities and they investigated the

influence of end-groups on LCST behavior.63 Homopolymers

and copolymers functionalized by 1-dodecanethiol, benzyl

mercaptan and 2-mercaptoethanol gave significantly different

LCST temperatures attributable to hydrophobic and hydrophilic

effects, Table 4. As expected, the thiol–ene ‘‘click’’ reaction of the

hydrophobic end-group caused an LCST decrease while ‘‘click’’

reaction of the hydrophilic end-group lead the LCST to increase.

Conclusions

In conclusion, we report on the catalytic chain transfer poly-

merizations of oligo(ethylene glycol) methyl ether methacrylates

using CoBF as a catalyst. The chain transfer values were

measured to be similar with other (larger) methacrylates and also

exhibit the same trends with the ester chain length. Moreover,

copolymers of OEGMEMA475 and DEGMEMA have been

synthesized and characterized in terms of thermal behavior and

the lower critical solution temperature (LCST) in water. The

terminal vinyl functionality of the oligomers has been exploited

in thiol–ene reactions to make a range of functional oligomers.
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