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Abstract: Atom-Transfer Radical Copolymerization (ATRP) of methyl methacrylate
(MMA) and ethyl methacrylate (EMA) under different reaction conditions was
conducted using Grubbs 1°* ( 1) and 2nd (2) generation catalysts. Initially, the
study focused on the reactivity of the catalysts in ATRP of EMA individually, then
the syntheses of poly(MMA-co-EMA) were also conducted in different mixtures of
monomers ([MMA]/[EMA] = 100/200 and [MMA]/[EMA] =200/100). Conversion
and semilogarithmic kinetic plots as a function of time were related to the different
catalysts and reaction conditions. The values of M, and PDI also changed when different
catalysts were used in the presence of Al(O7Pr)3, and more controlled polymerizations
were achieved using 1. In the syntheses of poly(MMA)-co -(EMA), conversion of 60%
was reached for both catalysts at different [MMA]/[EMA] ratios for 16 h; however, for
shorter time, 4 h, better conversion values were obtained using 1 as catalyst for both
[MMA]/[EMA] = 100/200 or 200/100.

Keywords: methyl methacrylate, ethyl methacrylate, copolymer, ATRP, Grubbs
catalysts.

1. Introduction

Atom-transfer radical polymerization (ATRP) was pioneered by the

research groups of Kato et al.!) and Wang and Matyjaszewski>*!, ATRP
is based on atom transfer radical addition (ATRA) - a modified Kharasch
addition in which a transition metal complex catalyzes the addition of
an alkyl halide across a carbon-carbon double bond. A radical species
is generated by the transfer of a halogen atom from the alkyl halide to
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the transition metal complex. Radicals are generated in ATRP through
a reversible redox process, catalyzed by a metal-ligand complex which
undergoes a one-electron oxidation and abstracts a halogen atom from a
dormant species ( Scheme 1).
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Scheme 1.
[llustration of ATRP reaction; the termination step is not shown for clarity.

ATRP has proven versatile for the synthesis of copolymers with
desired molecular weight in various forms and compositions because of
the wide range of vinyl monomers susceptible to this polymerization
(1-3] Moreover, ATRP is attractive due to its simple experimental setup
and commercial availability of initiators and catalyst components, while
maintaining exquisite control and versatility' 1.

ATRP is a catalyst-based process in which the growing radicals can
be reversibly activated or deactivated via dynamic equilibrium using a

transition metal complex with exchange of halide species between the
chain end and the metal cornplex[13 I The metal should present two readily
accessible oxidation states separated by one electron, reasonable affinity
towards the halogen, expandable coordination sphere upon oxidation
to accept the halogen atom, and be relatively strongly complexed by
the ligand (13, Although a variety of metal complexes has been used
as ATRP catalysts[14'17], ruthenium has probably received the most
attention because of its wide versatility in the coupling of different
reactions via tandem process. In particular, Grubbs 1% (1) and 2™
(2) generation metathesis catalysts have shown excellent application in
promoting two reactions with such markedly different mechanisms via
various tandem reactions in which olefin metathesis and atom transfer
radical reactions occur in one pot[ls]. As complexes 1 and 2 were known
to be active for ROMP and ATRP reactions!’*2!, we expanded our
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investigations towards exploration of the activity of both catalysts in the
copolymerization of methacrylate monomers.

Methacrylate copolymers are a class of functional polymer materials
and have been widely used in many fields because of their resistance
to enzymatic attack, biocompatibility, and high optical qualities.
Particularly, copolymerization of MMA and EMA is rare, with few cases
reported in the literature, in which the researchers used both monomers
to produce copolymers via conventional polymerization. Kitayama et

al 2?3 and Zune et al.* investigated the synthesis of MMA/EMA

copolymers by anionic polymerization. Dzulkurnain et al.l?! reported
the synthesis of random copolymers with three different ratios of
EMA and MMA using the free-radical bulk polymerization method.
Copolymerization of MMA with EMA conducted in a continuous

stirred-tank reactor was reported by Shin and Seul®). Liu et al.l?”]
performed bulk copolymerization of MMA with EMA via free radical
polymerization using azo initiator (AIBN) and studied the copolymer
thermal properties. Free radical dispersion copolymerization of methyl
and ethyl methacrylate in supercritical carbon dioxide was reported by

Giles et al.?8),

The present study aimed to optimize the reaction conditions for
the controlled copolymerization of MMA and EMA by ATRP using
ruthenium-based metathesis catalysts. The homopolymerization of EMA
and its copolymerization with MMA via ATRP using Grubbs catalysts
in different reaction conditions were investigated. At first, the aim of
this work was to evaluate the reactivity of 1 and 2 in ATRP of EMA
reaction individually, then poly(MMA- co-EMA) were also obtained in
different mixtures of monomers. The complexes 1 and 2 were able to
mediate these polymerizations with acceptable rate and level of control.
Random copolymerization of the previously mentioned monomers was
conducted to establish the most favorable conditions to obtain polymers
with desired molecular weights and compositions.

2. Materials and Methods
2.1 General details

All reagents were purchased from Aldrich Chemical Co. All reactions
and manipulations were conducted under a nitrogen atmosphere using
standard Schlenk techniques. Toluene was dried overnight over calcium
chloride, filtered and distilled from sodium benzophenone ketyl and
degassed by three vacuum-nitrogen cycles under nitrogen before use.
The monomers methyl methacrylate (MMA) and ethyl methacrylate
(EMA) were washed with 5% NaOH solution, dried over anhydrous
MgSOy, vacuum distilled from CaH, and stored at —18 °C before use.
Grubbs 1% and 2™ generation catalysts, anisole, 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO), aluminium isopropoxide (Al(O7Pr);) and
ethyl 2-bromoisobutyrate (EB iB) were used as acquired.
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2.2 Homopolymers synthesis

A ruthenium complex (23.5 umol) was placed in a Schlenk tube
containing a magnet bar and capped with a rubber septum. Air was
expelled by three vacuum-nitrogen cycles before the monomer (EMA;
4.71 mmol) and the initiator solution (EB7B; 48.2 pmol) were added. All
liquids were handled with dried syringes under nitrogen. The tube was
capped under N; atmosphere using Schlenk techniques, then the reaction
mixture was magnetically stirred and heated in a thermostated oil bath at
85 °C. Aliquots (20 pL) were removed at appropriate intervals.

2.3 Copolymer synthesis

The same procedure was used for the copolymerizations, except for
the fact that two monomers were added into a Schlenk tube. In a
typical ATRP experiment for a [MMA],00[EMA] 1¢9 solution, a mass
of MMA corresponding to 4.71 mmol was added into a reaction tube,
resulting in a [Monomer]/[Ru] = 200 (means, [MMA],o9). After that,
a mass of EMA for a [Monomer]/[Ru] = 100 was added ([EMA];00=
2.35 mmol). The tube was capped under N, atmosphere using Schlenk
techniques, the reaction mixture was then magnetically stirred and heated
in a thermostated oil bath at 85 °C. Aliquots (20 uL) were removed at
appropriate intervals.

2.4 Analyses

Conversion was determined from the concentration of residual monomer
measured by gas chromatography (GC) using a Shimadzu GC-2010 gas
chromatograph equipped with flame ionization detectorand a30 m (0.53
mm LD, 0.5 um film thickness) SPB-1 Supelco fused silica capillary
column. Anisole was added to polymerization and used as an internal
standard. Analysis conditions: injector and detector temperature, 250 °C;
temperature program, 40 °C (4 min), 20 °C min~! until 200 °C, 200 °C
(2 min). The molecular weights and the molecular weight distribution of
the polymers were determined by gel permeation chromatography using
a Shimadzu Prominence LC system equipped with a LC-20AD pump, a
DGU-20A5 degasser,a CBM-20A communication module,a CTO-20A
oven at 40 °C, and a RID-10A detector equipped with two Shimadzu
columns (GPC-805: 30 cm, @ = 8.0 mm). The retention time was
calibrated with standard monodispersed polystyrene using HPLC-grade
THE as an eluent at 40 °C with a flow rate of 1.0 mL min™'. Theoretical
molecular weights were calculated without considering the end groups
according to the following equation: M, ., = ([Monomer]o/[Initiator]o)
x Conversion XMwmonomer» The "H NMR spectra were obtained in
CDCl;3 at 298 K on a Bruker DRX-400 spectrometer operating at 400.13
MHz. The obtained chemical shifts were reported in ppm relative to
TMS. DSC experiments were performed using a SDT Q600 (V20.9
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Build 20). The samples (10.0 + 0.1 mg) in an aluminum open sample
holder were heated at 10 °C min™ from 20 to 180 °C in N, atmosphere
(20 cm®/min).

3. Results and Discussion

ATRP of EMA was conducted in the presence of Al(O:Pr); with initial
molar ratio of [Monomer]/[EBiB]/[Ru] = 200/2/1 using 1 or 2 as
catalysts. With 1, poly(EMA) was obtained with 8% of conversion in 4 h,
increasing to 65% when reaction time is increased to 16 h; whereas with
2 as catalyst under similar conditions, 6% of conversion was observed in
4 h, increasing to 44% after 16 h of reaction ( Figure 1). Semilogarithmic
plots of the reaction time for ATRP of EMA showed a linear profile, with
kops =2.14 x 10757 for 1 and kops = 1.21 x 107> s for 2, indicating that
the radical concentration was constant throughout the polymerization (

Figure 2).
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Figure 1.
Dependence of conversion on the reaction time for ATRP of EMA in
the presence of Al(O Pr); using 1 or 2 in toluene at 85 °C; (#) [EMA]/
[EB iB]/[Al]/[1] = 200/2/4/1; (#) [EMA]/[EB: B]/[Al]/[2] = 200/2/4/1.
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Figure 2.

Semilogarithmic plots on the reaction time for ATRP of EMA in the
presence of Al(OiPr)3 using 1 or 2 in toluene at 85 °C; (#) [EMA]/
[EBiB]/[Al]/[1] = 200/2/4/1; (#) [EMA]/[EBiB]/[Al]/[2] = 200/2/4/1.

M, values increased linearly with increased conversion and were
followed by a decrease in the PDI values ( Figure 3 ). The results are
consistent with a certain degree of control for the polymerizations (low
dispersity; M,, increasing with conversion for both catalyts). However,
when comparing the polymerization control of EMA mediated by 1
and 2, the molecular weights of polyEMA obtained with 1 are in better
agreement with the theoretical values for a controlled process.
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Figure 3.
Dependence of M, (solid) and PDI (hollow) values on conversion for ATRP of
EMA in the presence of Al(O7Pr); using 1 or 2 in toluene at 85 °C; (#) [EMA]/
[EBB]/[Al]/[ 1] = 200/2/4/1; (=) [EMA]/[EBB]/[Al]/[ 2]/ = 200/2/4/1.

Copolymerization conversion of MMA and EMA was sensitive to
[MMA]/[EMA] ratio and catalyst type ( Figure 4 ). With 1, using
[MMA]/[EMA]/[EB:B]/[Al]/[Ru] = 200/100/2/4/1, the conversion
increased from 45% in 4 h to 60% after 16 h; when the [MMA]/[EMA]
ratio was reversed to 100/200, lower conversion was obtained in 4 h,
but it also reached 60% after 16 h. With 2, using [MMA]/[EMA]/
[EB:B]/[Al]/[Ru] = 200/100/2/4/1, 35% of conversion was obtained
in the beginning of the reaction, when reversing the [MMA]/[EMA]
ratio to 100/200, 25% of conversion was obtained in 4 h. Initially, lower
conversions were achieved at [MMA]/[EMA] = 100/200 ratio for both
catalysts. This can be explained by the lower reactivity of the EMA radical,
considering that the pendant ethyl group provides greater stabilization
of this monomeric radical. Similar conversion was obtained after 16 h
regardless of [MMA]/[EMA] ratio and catalyst type.
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Figure 4.

Dependence of conversion on the reaction time for copolymerization of MMA/
EMA via ATRP using 1 or 2 from different starting [MMA]/[EMA] compositions in
toluene at 85 °C; [MMA]/[EMA]/[EB:B]/[Al]/[1 ] = 200/100/2/4/1 (#), [MMA]/

[EMA)/[EB/B]/[Al)/[ 1] = 100/200/2/4/1 (s), [MMA]/[EMA]/[EB:B)/[Al]/

[2] = 200/100/2/4/1 (#), [MMA]/[EMA]/[EBiB]/[Al]/[ 2] = 100/200/2/4/1 (#).

Detailed information on the molecular structure of poly(MMA-co-
EMA) using 1 or 2 at both [MMA]/[EMA] ratios was obtained from the

' H NMR spectra ( Figure S ). In the '"H NMR spectra of copolymers,
signals at 3.59 and 4.04 ppm are assigned to protons of the pendant
methyl and ethyl group units, respectively. Signals between 0.87 and
1.03 ppm are assigned to methyl protons of the MMA and EMA units.
Therefore, the presence of MMA and EMA in the polymer backbones
is evident, as copolymers are present and characterized by MMA/EMA
dyad signals.
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Figure 5.

1H NMR spectra of poly(MMA)-co-(EMA) obtained with 1 (above) and 2
(below) from different starting [MMA]/[EMA] compositions in toluene at 85 °C.

Table 1 shows the Fyvia/Fema ratio, which corresponds to the relative
amounts of MMA and EMA units in the isolated copolymer chains
determined from the pendant methyl and ethyl group NMR signals.
The amount of EMA in the copolymer increased using both 1 or 2 as
the starting amount of EMA increased. Similar behavior was observed
when the concurrent tandem catalysis for MMA/EMA copolymers was
conducted by varying EtOH concentration (EMA source by in situ
transesterification of MMA into EMA with EtOH in the presence of
Al(OiPr);)?). The dependences of glass transition temperatures (7' o) of
poly(MMA)-co-(EMA) in the mixture composition are shown in Table 1
. As expected, T, decreases as the amount of EMA increases in the mixture
using both catalysts. When comparing the 7 values obtained with G1
and G2, higher T} values are observed for the poly(MMA)-co-(EMA)
produced with G1 in both mixtures, corroborating the higher insertion
of MMA units (Fyma/F ema) in the copolymer.

Table 1.

Copolymerization of MMA and EMA in the presence
of Al(O:Pr); la) using 1 or 2 in toluene in 16 h at 85 °C.

Catalyst  [MMAJ[EMA] i ‘mf'm M, M. FDI Frou’ F."‘“ Tf
(%0) (*10°) (=10% (%)l (K)

1 2000100 58 3.9 87 1.33 72128 343
100/200 58 126 87 1.64 43/57 338

2 2000 100 56 26.2 84 1.89 69131 340
100/200 58 24,2 8.7 160 40760 332

Copolymerization of MMA and EMA mediated by 1 showed living
characteristics, as evidenced by the linear increase in molecular weight and
decrease in polydispersity with conversion at both [MMA]/[EMA] ratios
( Figure 6 ). M,, values were at least one order of magnitude higher with
[MMA]/[EMA] = 100/200 compared with 200/100. When evaluating
the relationship between theoretical and experimental molecular weights
(Miexp/ M ¢heor)» the molecular weights closely agree with those predicted
theoretically with PDI < 1.5 at [MMA]/[EMA] = 200/100 using 1
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as catalyst; in contrast, when the [MMA]/[EMA] ratio is inverted to
100/200, the molecular weights are higher than the theoretical values for
both catalysts. This can be attributed to the number of growing radical
chains being lower than expected, resulting in an effective increase in the
monomer concentration. With 2, the molecular weight also increased
linearly with conversion from 1.96 x 10* to 2.42 x 10* g mol ! for
[MMA]/[EMA] = 100/200 and from 1.98x 10* to 2.62 x 10* g mol™
for 200/100, but the molecular weights were systematically higher than
expected with PDI values slightly higher (2.1-1.6) than those obtained
with 1 ( Figure 7 ). The bulkier properties of the N-heterocyclic ligand
in 2, compared with the PCy; ligand in 1, seem to hinder the reaction
between catalyst and initiator or polymer-halide, adversely affecting
the polymerization control. Therefore, when comparing the catalytic
efficiency of 1 and 2 in the copolymerization of MMA and EMA, 1
provides greater control over polymerization in both [MMA]/[EMA]
ratios evaluated. This greater catalytic efficiency for 1 may be associated
with higher steric accessibility to the Ru center, considering that that the
bulkier properties of the N-heterocyclic in 2 seem to hinder the reaction
between catalyst and initiator or polymer-halide.

12 H
114

10 +

o
L

= = Lo

|

PDI

T y T T T T T T T T T 1.0
10 20 30 40 50 60

Conversion (%)

Figure 6.

Dependence of M, (solid) and PDI (hollow) values on conversion for
poly(MMA)- co-(EMA) obtained with 1 from different starting [MMA]/
[EMA] compositions in toluene at 85 °C; [MMA]/[EMA]/[EB:B]/[Al]/[ 1] =
200/100/2/4/1 (#,#) and [MMA]/[EMA]/[EB iB]/[Al]/[1] = 100/200/2/4/1 (#).
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Figure 7.
Dependence of Mn and PDI values on conversion for poly(MMA)-co-(EMA) obtained with 2 from
different starting [MMA]/[EMA] compositions in toluene at 85 °C; [MMA]/[EMA]/[EBiB]/
[Al]/[2] = 200/100/2/4/1 (#,#) and [MMA]/[EMA]/[EBiB]/[Al]/[2] = 100/200/2/4/1 (=, #).

4. Conclusions

Catalysts 1 or 2 were successfully applied for ATRP of EMA.
Kinetics for the EMA polymerization demonstrated linear dependence
on semilogarithmic coordinates and good agreement between of the
experimental and theoretical molecular weights, and PDIs below 1.5.
Most polymerizations occurred in a living fashion and were reasonably
controlled with both catalysts. Poly(MMA )-co-(EMA) were synthesized
in a reasonably controlled manner at different [MMA]/[EMA] ratios
with both catalysts. The results show that control over polymerization
and the polymerization yields are highly dependent on the catalyst. 1
was more efficient in controlling the polymerizations than 2, where the
molecular weights increased in linear proportion with conversion and
were closer to the calculated values, with narrower PDIs. Apparently,
this greater catalytic efficiency for 1 may be associated with higher steric
accessibility to the Ru center, considering that that the bulkier properties
of the N-heterocyclic in 2 seem to hinder the reaction between catalyst
and initiator or polymer-halide.
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