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ABSTRACT: Atom transfer radical polymerization (ATRP) was used in the cyclopolymerizaton of a symmetrical
dimethacrylate, the ether dimer oftert-butyl R-(hydroxymethyl)acrylate (TBHMA). The cyclopolymerization was
succesfully carried out with high cyclization efficiency in xylene using CuBr/PMDETA at 70°C. Cyclopolymers
with six membered tetrahydropyran repeat units were obtained in high conversions with controlled molecular
weights and low polydispersities. It was found that at higher temperatures (100°C), the polymerization became
less controlled and polydispersities increased slightly whereas at lower temperatures (50°C) the intermolecular
reactions lead to pendent vinyl groups and cross-linking. The livingness of the propagating cyclopolymers was
shown through successful block copolymerization withtert-butyl acrylate where the former was used as
macroinitiator. The physical properties of the cyclopolymers were investigated and it was found that ring
microstructures and polymer polydispersities affected the glass transition temperatures of the polymers obtained.

Introduction

Aliphatic polymers are good candidates for outdoor applica-
tions since they do not contain strong ultraviolet chromophores
which are often responsible for the photodegradation of
polymeric materials. Unfortunately, most aliphatic polymers
have low glass transition temperatures and/or poor mechanical
properties which make them unsuitable for applications where
dimensional and mechanical stabilities are important. Thus, there
is a need for new aliphatic polymers with high glass transition
temperatures (i.e.,>110 °C) that possess other desirable
properties.

We have been interested for a number of years in polymers
obtained from the cyclopolymerization of alkylR-(hydroxy-
methyl)acrylate (RHMA) ether dimers (Figure 1). The polymers
obtained possess high degrees of cyclization and thus display
high glass transition temperatures (>135 °C) and reduced
shrinkage during polymerization compared to noncyclic linear
analogs.1,2 All literature reports of such cyclopolymers involve
conventional free radical polymerization3-8 and the polymeri-
zation has been shown to occur through sequential intermo-
lecular propagation and intramolecular cyclization which result
in the formation of a polymer with six-membered tetrahydro-
pyran repeat units. Major problems in the polymerization may
involve imperfect cyclization which leads to pendent group
unsaturation which can act as a bound plasticizer or lead to
cross-linking and formation of intractable product (Figure 2).
To overcome this problem, parameters affecting the cyclization
efficiency have been well studied.3,9 The bulkiness of the ester
substituent seems to be a major parameter as shown for the
relatively largetert-butyl group which increases the cyclization
efficiency and leads to almost complete formation of cyclic
repeat units. The enhancement of cyclization by bulky substit-
uents was also reported in the cyclopolymerization ofN-

allylmethacrylamide andN-allylacrylamide which resulted in
fully cyclized polymers for theN-tert-butyl derivatives.10,11 In
these studies it has also been reported that higher polymerization
temperatures favor the cyclization process.

It has also been shown that the substituent alters the
cyclopolymer microstructure depending on size and electronic
structure. The internal ring stereochemistry can betransor cis
(Figure 3) and the relative ring configurations between adjacent
rings can beracemicor meso; both are affected by the size of
the substituents. Bulky groups in general favor atrans-racemic
combination.3

All the studies mentioned above were carried out via
conventional free radical polymerization techniques. Therefore,
the resulting polymers did not have well-defined molecular
weights, narrow polydispersities, and, most importantly, living
end groups which could be used later for copolymerization or
functionalization studies. As a consequence the synthesized
cyclopolymers have been limited to cyclic homopolymers and
random copolymers. In this paper, we report the results of the
first living and controlled radical cyclopolymerization of the
tert-butyl ester derivative of the hydroxymethyl acrylate ether
dimers. For the present study, atom transfer radical polymeri-
zation (ATRP) was employed since it is one of the most
successful controlled living radical polymerization techniques.12-19

It allows the preparation of a wide range of polymeric materials
with predictable molecular weights, low polydispersities, and
living end groups.20-26 The published literature on ATRP mostly
contains monomers with only one polymerizable double bond,
resulting in linear polymers with simple vinyl backbones. Until
recently, ATRP had not been applied to difunctional monomers
such as dimethacrylates, diacrylates, and imide dimers, which
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Figure 1. Cyclopolymerization of TBHMA ether dimer.
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may allow the synthesis of linear cyclopolymers. Very recently,
the enantiomer selective cyclopolymerization ofrac-2,4-pen-
tanediyl dimethacrylate was reported where ten-membered rings
were synthesized using the ATRP method.27,28 To the best of
our knowledge, neither the cyclopolymers nor their correspond-
ing copolymers containing six-membered tetrahydropyran repeat
units have been synthesized by ATRP techniques or other
controlled radical polymerization techniques.

Here we are reporting the results obtained from the ATRP
cyclopolymerizaton oftert-butyl R-(hydroxymethyl)acrylate
(TBHMA) ether dimer. The goal of this work was, first, to apply
ATRP successfully to the synthesis of tetrahydropyran-contain-
ing cyclopolymers in high conversions with controlled molecular
weights and low polydispersities and, second, to demonstrate
livingness of the cyclopolymer-ATRP system by synthesizing
block copolymers. Finally, this project involved evaluation of
the physical properties of the cyclopolymers in comparison with
those of polymers obtained by conventional free radical po-
lymerization.

Experimental Section

Materials. Xylenesextra pure(mixture of isomers) (Merck) was
purified by distillation over Na and benzophenone.tert-Butyl
acrylate (Acros Organics, 99%), paraformaldehyde (Sigma-Aldrich),
1,4-diazabicyclo[2.2.2]octane (DABCO) (Fluka,g95.0%),tert-butyl
alcohol (Merck, 99%), ethyl-2-bromoisobutyrate (Fluka,g97.0%),
copper(I) bromide (CuBr) (Aldrich, 99.999%), copper(I) chloride
(CuCl) (Aldrich, 99.995%), and pentamethyldiethylene triamine
(PMDETA) (Aldrich, 99%) were used as received. All glassware,
needles, and stirring bars were dried overnight in an oven at 150
°C and purged with nitrogen before use.

Instrumentation. 1H NMR and13C NMR spectra were recorded
on Varian 400-MHz NMR spectrometer (Varian Associates, Palo
Alto, CA). SEC analyses were done using an Agilent 1100 Series
GPC-SEC Analysis System with a PL Gel 5µm MIXED-C
Column that was calibrated against polystyrene standarts.Tg values

were determined with a TA Instruments differential scanning
calorimeter (DSC Q100). TGA scans were performed under nitrogen
flow using a TA Q50 at a heating rate of 10°C/min. All polymer
samples were purified by passing through basic aluminum oxide
columns to remove the copper catalyst followed by two reprecipi-
tations before NMR, SEC, DSC, and TGA analyses.

Synthesis of TBHMA Ether Dimer. tert-Butyl acrylate (64 g,
0.5 mol), paraformaldehyde (15 g, 0.5 mol), 1,4-diazabicyclo[2.2.2]-
octane (DABCO) (2.5 g, 0.02 mol), andtert-butyl alcohol (5 mL,
0.05 mol) were added to a 250 mL three-necked round-bottom flask
fitted with a condenser and magnetic stirring bar. The mixture was
stirred at 95°C for 4 days. The reaction progress was monitored
by TLC. The mixture was then diluted with 150 mL of methylene
chloride and washed three times with 100 mL of 3% HCl and three
times with 100 mL of water. The organic layer was separated and
solvent was evaporated under reduced pressure to give 63.9 g of
crude monomer in 86% yield. Vacuum distillation gave the pure
monomer as a clear liquid in 37% yield.1H NMR, δ: 1.46 (s, 18H,
CH3), 4.17 (s, 4H, OCH2), 5.78 (s, 2H, CHdC), 6.17 (s, 2H, CHd
C) ppm. 13C NMR, δ: 28.26 (CH3), 69.19 (OCH2), 81.13
[C-(CH3)3], 124.69 (CdCH2), 138.83 (CH2dC), 165.26 (CdO)
ppm.

Solution Polymerization of TBHMA Ether Dimer by ATRP.
All liquid chemicals were purged with nitrogen for at least 20 min
prior to use. The polymerization of TBHMA ether dimer was
conducted in a three-necked round-bottom flask using xylene as
the solvent. The empty reaction flask was fitted with a magnetic
stirring bar, sealed with rubber septa and purged with nitrogen for
15 min. TBHMA ether dimer (2.01 g, 6.7 mmol) dissolved in 7
mL of xylene was transferred into the reaction flask by syringe.
The solution was purged with nitrogen for an additional 30 min.
The flask was immersed in a preheated oil bath at 70°C. From the
reaction solution, 2 mL was taken via syringe and added to solid
CuBr (9.6 mg, 0.067 mmol), which had been sealed with a rubber
septum in a vial and purged with nitrogen for 15 min prior to the
addition. PMDETA (16µL, 0.076 mmol) was then added to the
same vial. The resulting mixture was stirred and heated until the
CuBr dissolved. The solution was transferred into the three-necked
reaction flask by syringe. Ethyl-R-bromoisobutyrate (10µL, 0.067
mmol) was introduced into the reaction flask by microsyringe.
Polymerization was carried out under nitrogen in a preheated oil
bath (e.g.,70°C) for the given polymerization time (e.g., 2 h). The
final polymer was dissolved in methylene chloride, precipitated into
methanol/water (5/1) and dried in a vacuum oven overnight.

In the13C NMR characterization of poly(TBHMA ether dimer),
the spectrum clearly shows characteristic peaks of backbone
carbons, cyclic ether groups, and ester carbonyls. The backbone
quaternary carbon peak is at 45 ppm and ether methylenes of the
pyran units are at 71 ppm. The methyl and quaternary carbon peaks
of the ester alkyls are at 28 and 82 ppm and the ester carbonyl is
at 174 ppm. These data are consistent with previous results from
our lab on this and related cyclopolymers.

13C NMR, δ: 28.1 (OC(CH3)3), 45.3 (backboneCq), 71.0
(OCH2Cq), 82.1 (OC(CH3)3), 174.2 (CqCOOC(CH3)3) ppm.

Figure 2. Intra- and intermolecular reactions leading to cyclization and cross-linking respectively.

Figure 3. Four possible ring microstructures.
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Conventional Free Radical Polymerization of TBHMA Ether
Dimer. The polymerization was conducted in a round-bottom flask
using xylene as the solvent. The reaction flask was fitted with a
magnetic stirring bar, sealed with rubber septa and purged with
nitrogen for 15 min. The monomer (1.02 g, 3.42 mmol) dissolved
in 4 mL of xylene was transferred into the reaction flask by syringe.
The solution was purged with nitrogen for an addiitional 30 min
and the flask was immersed in a preheated oil bath at 70°C. AIBN
(5.6 mg, 0.034 mmol) in 2 mL of xylene (purged for 30 min with
nitrogen) was added to the reaction flask by syringe. Polymerization
was carried out under nitrogen at 70°C for 2 h. The final polymer
was dissolved in methylene chloride and precipitated into methanol/
water and then dried in a vacuum oven overnight.

Bulk Copolymerization of Poly(TBHMA Ether Dimer) with
t-BA. All liquid chemicals were purged with nitrogen for at least
20 min prior to use. The copolymerization was conducted in a three-
necked round-bottom flask. The solid macroinitiator poly(TBHMA
ether dimer) (0.16 g, 0.028 mmol) was added to a reaction flask
fitted with a stirring bar and which had been sealed with rubber
septa and purged with nitrogen for 15 min.tert-BA (4 mL) was
added to the reaction flask by syringe. The resulting mixture was
stirred and degassed until the macroinitiator dissolved. Then, the
solution was degassed for an additional 30 min and immersed into
a preheated oil bath at 80°C. CuBr (8.1 mg, 0.056 mmol) was put
in a separate vial sealed with a rubber septum and 2 mL oftert-
BA was added to the CuBr and purged with nitrogen for 20 min.
PMDETA (12 µL, 0.057 mmol) was added to the vial and the
resulting mixture was stirred and heated until the CuBr dissolved.
The resulting solution was then transferred into the reaction flask
by syringe. Polymerization was carried out under nitrogen at 80
°C for 6 h. The final polymer was dissolved in methylene chloride,
precipitated into methanol/water (5/1) and dried in a vacuum oven
overnight.

13C NMR, δ: 28.3 (OC(CH3)3), 36.0 (backboneCH2), 42.0-
42.5 (backboneCH), 45.3 (backboneCq), 80.6 (CHCOOC(CH3)3),
82.1 (CqCOOC(CH3)3), 174.2(COO) ppm.

Results and Discussion

The TBHMA ether dimer was synthesized in one pot from
tert-butyl acrylate using the Baylis-Hillman reaction followed
by dimerization of the Baylis-Hillman adduct at high temper-

Figure 4. DABCO-catalyzed synthesis of TBHMA ether dimer.

Table 1. Results from the ATRP of TBHMA Ether Dimer at 70 °Ca,b

entry [M]0:[I] 0:[Cat]o
time
(h)

convc

(%)
Mn,cal

(103 g/mol)
Mn,sec

(103 g/mol) Mw/Mn

1 100:1:1 2 29 8.6 8.6 1.05
2 100:1:1 8 36 10.7 10.9 1.19
3 100:1:1 18 76 22.6 24.2 1.30
4 100:1:2 4 98 29.2 27.6 1.97
5 200:1:1 18 43 25.6 16.4 1.16
6 50:1:1 6 63 9.4 5.8 1.17
7 50:1:1 6 68 10.2 10.9 1.21
8 50:1:1 4 81 12.0 12.0 1.23
9 50:1:1 2 64 9.5 8.7 1.17

10 100:0:0 24 0

a Conditions: [M]o ) 0.96 M in xylene.b All polymers were entirely
soluble in methylene chloride.c Measured by gravimetric methods.

Table 2. Results from the ATRP of TBHMA Ether Dimer at 100 °C
a,b

entry [M]0:[I] 0:[Cat]o
time
(h)

convnc

(%)
Mn,cal

(103 g/mol)
Mn,sec

(103 g/mol) Mw/Mn

1 100:1:1 2 62 18.5 17.6 1.13
2 100:1:1 8 60 17.9 19.1 1.44
3 100:1:1 18 71 21.2 18.5 1.48
4 100:1:2 0.2 77 22.9 35.1 2.05

a Conditions: [M]o ) 0.96 M in xylene.b All polymers were soluble in
methylene chloride.c Measured by gravimetric methods.

Figure 5. Kinetic study of TBHMA ether dimer cyclopolymerization
at 70°C by ATRP.
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ature (95°C) (Figure 4).7 Special attention was paid to the
monomer purification since the main impurity, a dimer in which
the TBHMA alchohol groups were coupled through an acetal
bond, could potentially have a different cyclization efficiency
and a much greater tendency to give cross-linked polymers.

TBHMA ether dimer was then polymerized in xylene at 70
°C using CuBr/PMDETA as the catalyst complex and ethyl
R-bromoisobutyrate (EBiB) as the initiator (Table 1). The
concentration of the monomer in polymerization mixture was
about 0.96 M similar to the concentrations of monofunctional
acrylates or methacrylates in conventional solution polymeriza-
tions. In other words, polymerizations were not carried out under
high dilutions which favor cyclization reactions but at normal
concentrations. The first indication that cyclizations were
efficient was that all the resulting polymers were soluble in
organic solvents such as methylene chloride. In addition, the
rate data showed first-order kinetics (Figure 5), while molecular
weights increased with conversion linearly and polydispersities
remained low even at high conversions. Most importantly, up

to 75% conversion was reached in the ATRP process without
cross-linking or increasing the polydispersity. In all polymeriza-
tions, a small amount of catalyst precipitation was observed as
the conversion increased, most probably indicating the irrevers-
ible oxidation and precipitation of the copper complex. We
believe that this heterogeneity is responsible for the observed
variation of polymerization times and conversions (Table 1).
When the catalyst concentration was doubled (entry 4) with
respect to the initiator concentration, the polydispersity increased
and the calculated molecular weights were different from those
observed, indicating that the ATRP process was less controlled
at higher radical concentrations.

Effect of Temperature on ATRP Cyclopolymerization and
Cyclopolymer Microstructure. In the conventional free radical
cyclopolymerization of the TBHMA dimer, it is known that
temperature affects the course of the cylopolymerization, with
higher temperatures favoring the intramolecular cyclization
process. An investigation on the effect of temperature on the
ATRP cyclopolymerization was carried out where the temper-

Figure 6. (a) 13C NMR carbonyl region of the cyclopolymer obtained by ATRP of TBHMA ether dimer at 70°C. (b) ATRP at 100°C. (c)
Conventional radical polymerization at 70°C.

Table 3. Synthesis of Copolymers by ATRP in Bulk at 70°C Using the TBHMA Ether Dimer -Cyclopolymers as Macroinitiatorsa,b

macroinitiator block copolymer

entry Mn,sec(g/mol) Mw/Mn monomer time (h) CuX Mn,cal
c (g/mol) Mn,sec(g/mol) Mw/Mn

1 5815 1.17 tert-BA 7 CuBr 39 472 59 871 1.24
2 24 085 1.21 n-BA 24 CuBr 37 001 38 247 1.24
3 19 064 1.44 tert-BA 6 CuCl 23 927 34 512 1.49
4 12 032 1.23 tert-BA 0.5 CuBr 15 476 16 840 1.29

a Conditions: [I]0:[CuX]0:[PMDETA] ) 1:2:2. b Macroinitiators were-Br terminated.c Calculated by using conversion values (2%-18%) that were
obtained by gravimetric methods.
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ature was changed to 50 and 100°C from the regular
polymerization temperature of 70°C. ATRP of the TBHMA
ether dimer at the lower temperature, 50°C, always resulted in
insoluble polymers, indicating that cross-linked polymer net-
works were formed due to competititve intermolecular ATRP
reaction. At this temperature, the system most probably did not
have enough energy to efficiently promote cyclization, which
has a higher activation energy than intermolecular radical
addition, allowing the latter to occur to a sufficient extent to
cause cross-linking.

When the polymerization of TBHMA ether dimer was carried
out at higher temperature, 100°C, only soluble polymers were
obtained (Table 2). Polymerization times were shorter with
respect to polymerizations carried out at 70°C, but the obtained
polymers generally had slightly higher polydispersities. At this
temperature, the difference between the rate of intramolecular
cyclization and intermolecular addition may decrease slightly
leading to some minor branching which may show up as higher
polydsipersity. The higher polydispersity may also be the result
of the changing equilibrium constant of the ATRP system which
depends on activation/deactivation rate constants which are
expected to be temperature dependent. When the catalyst
concentration was doubled with respect to the initiator concen-
tration, the polydispersity increased to give similar results as
those obtained at 70°C (Table 2, Entry 4).

A temperature effect was also observed in the microstructures
of the polymers obtained. As discussed earlier, there are four
possible ring-plus-repeat unit structures that can be formed
during the course of the cyclopolymerization process (Figure
3). Figure 6 shows the carbonyl region of the13C NMR spectra
of the polymers obtained by ATRP at 70 and 100°C. The peak
assignments of the carbonyl region were previously reported
for the different ring-plus-repeat unit microstructures.3 Com-
parison of the peaks clearly indicates that the relative amounts
of the two mesoproducts increased at higher temperature. In
addition, the microstructures of the polymers obtained by the
ATRP and conventional radical polymerization processes were
also compared (Figure 6). The13C NMR analyses of the
polymers indicates that under similar conditions and polymer-
ization temperatures, similar microstructures are observed. Only
a slightly higher proportion is observed in rings with themeso-
trans configuration in the cyclopolymers obtained by conven-
tional radical polymerization method.

Copolymerization Studies. Copolymerization evaluations
were carried out to evaluate the livingness of the terminal groups
of the cyclopolymers obtained by the ATRP method. The

copolymerizations were carried out with the CuBr/PMDETA
catalyst complex at 70°C in bulk and using preformed
cyclopolymers as macroinitiators. The second monomer,tert-
butyl acrylate (t-BA) or n-butyl acrylate (n-BA), was used as
the solvent (Table 3). In the SEC trace, the peaks corresponding
to macroinitiator disappeared completely and new peaks with
relatively narrow polydispersities were observed for block
copolymers generated (Figure 7). One example of polymeriza-
tion using the halogen exchange method was examined in which
CuCl was used as the copper halide (bromine end group on the
macroinitiator) (entry 3); there was no significant effect on the
polymerization. Thus, the combined results suggest that the
cyclopolymers obtained by the ATRP method were fully living
and capable of being used to synthesize block copolymers and
perhaps telechelic cyclopolymers.

Physical Properties of the Cyclopolymers.The glass
transition temperatures of the polymers obtained ranged from
120 to 140°C (Table 4). The results indicate that when the
polydispersity increased at a given molecular weight, theTg

decreased (entries 2 and 3). In addition, aTg difference was
observed between the cyclopolymers obtained at 70 and 100
°C, the former giving a higherTg at a given molecular weight.
This is most probably due to the difference in the relative
amounts of various ring and repeat unit configurations that the
polymers contained in their microstructure (Figure 6). When
compared to cyclopolymers obtained by conventional radical
polymerization, however, there were no significantTg differ-
ences, indicating that the observedTg differences for the ATRP
systems was due almost entirely to temperature induced effects.

Thermogravimetric analyses (TGA) of the polymers were
carried out to determine the thermal stability of the polymers
(Figure 8). The onset decomposition temperature was observed
in the range 175-200°C depending somewhat on the molecular

Figure 7. SEC traces of the copolymerization study showing macroinitiator (right) and the obtained block copolymer (left).

Table 4. Glass Transition Temperatures of the Cyclopolymers with
Various Molecular Weights and Polydispersities Synthesized at 70

and 100°C by ATRPa

entry temp (˚C) Mn,sec(103g/mol) Mw/Mn Tg (˚C)

1 70 8.7 1.17 145.3
2 70 26.0 1.42 138.8
3 70 24.2 1.30 148.9
4 70 10.9 1.19 147.3
5 70 5.8 1.17 129.9
6 70 27.6 1.97 116.5
7 100 19.1 1.44 119.0
8 100 30.6 3.26 118.6
9 70 57.5 2.75 158.7

a Entry 9 was generated by conventional free radical polymerization.
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weight (Table 5), indicating that the end groups might be
involved in the first step of the decomposition process. The
major decomposition seems to be the loss of thetert-butyl group
followed by ring decomposition and/or depolymerization. The
decomposition behavior and the onset decomposition temper-
atures are very similar to those of the cyclopolymers obtained
by conventional radical cyclopolymerizations (Table 5, entry
6).

Conclusions

Overall, these results show that the cyclopolymerizations of
TBHMA ether dimer by ATRP are consistent with the living
or controlled nature expected of the polymerization. Cyclopoly-
mers with six-membered tetrahydropyran repeat units were
obtained with high conversions, low polydispersities and desired
molecular weights. Increasing the polymerization temperature
may reduce the controlled behavior of the polymerization and
also cause a slight change in the microstructure of the cyclo-
polymer. This change in microstructure was shown to slightly
alter the glass transition temperature of the cylopolymers at a
given molecular weight. A difference in the microstructure was
also seen between the polymers obtained by conventional and
ATRP methods under similar reaction conditions. Most impor-
tantly, for the first time, cyclopolymers based on alkylR-(hy-
droxymethyl)acrylate (RHMA) ether dimers were obtained as
living cyclopolymers with still-reactive end groups which
allowed the synthesis of block copolymers. This result opens
up new possibilities for these polymers to be used as telechelic
cyclopolymers to generate controlled structures and tailored

properties. In a larger perspective, this study demonstrates the
ability to synthesize an aliphatic cyclopolymer with high glass
transition temperature which can be used as a telechelic polymer.
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