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ABSTRACT: The free-radical copolymerization of 2-
metil-1-{[(1-{4-[(4-nitrobenzil)oksi]fenil}etilidene)amino]ok-
si}prop-2-en-1-on (NBOEMA) with methyl methacrylate
(MMA) was carried out in 1,4-dioxane at 65 6 1�C. The
copolymers were analyzed by Fourier transform infrared
spectroscopy, 1H-NMR, 13C-NMR, and gel permeation
chromatography (GPC). Elemental analysis was used to
determine the molar fractions of NBOEMA and MMA in
the copolymers and for the characterization of the com-
pounds. The monomer reactivity ratios were calculated
according to the general copolymerization equation with
the Kelen–Tudos and Fineman–Ross linearization methods.
The polydispersity indices of the polymers, determined
with GPC, suggested a strong tendency for chain termina-
tion by disproportionation. The thermal behaviors of the

copolymers with various compositions were investigated
by differential scanning calorimetry and thermogravimet-
ric analysis. The glass-transition temperature of the
copolymers increased with increasing NBOEMA content
in the copolymers. Also, the apparent thermal decomposi-
tion activation energies were calculated by the Ozawa
method with a Shimadzu TGA 60H thermogravimetric
analysis thermobalance. All of the products showed mod-
erate activity against different strains of bacteria and
fungi. The photochemical properties of the polymers were
investigated by UV spectroscopy. VC 2010 Wiley Periodicals,
Inc. J Appl Polym Sci 120: 279–290, 2011
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INTRODUCTION

Functional groups give a polymer structure a special
character substantially different from the inherent
properties of the basic polymer chain.1 In recent
years, some comprehensive work has been pub-
lished on functional monomers and their polymers.2

Methacrylic polymers find extensive applications in
fiber optics, metal complexes, polymeric reagents,
and polymeric supports.3–7 Recent investigations
have been reported on the use of oxime esters as
irreversible acyl-transfer agents.8 This methodology
has been used elegantly for the preparation of chiral
polymers9 and regioselective acylation of nucleo-
sides and to obtain various nucleoside derivatives of
medicinal significance.10 In a previous article,11

methacrylate-containing oxime ester was used as an
irreversible acyl-transfer agent. Athawale et al.12,13

synthesized geranyl methacrylate and (6) MMA by
a transesterification reaction using 2,3-butane dione
monooxime methacrylate as an acylating agent. O-
Acyloximes can be used as photobase generators,
and they have been proven to be quite efficient.14–19

Crown ethers, macrocyclic polyethers with a
hydrophobic ethylenic ring surrounding a hydro-
philic cavity of ether oxygen atoms, are able to selec-
tively bind a range of inorganic and organic ions
and neutral species,20–22 but their greatest affinity is
for alkali and alkaline earth cations.23 Small and
hydrated metal ions become large and lipophilic as
crown ether complexes provide increased metal-salt
solubility and increased anion reactivity in aprotic
organic solvents; this is widely used in studies of
mediated ion transport, solute separations, and
anion-activated catalysis.24,25 The polymers with
bearing ethers are the types of high-performance
polymers that have excellent mechanical and ther-
mal properties. These polymers and their copoly-
mers have found many implementation in the aero-
space, coatings, and insulating materials fields.26,27

The incorporation of different chemical groups in
macromolecular chains can be accomplished by a
copolymerization reaction between two different
monomers. Knowledge of the copolymer composition
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is an important step in the evaluation of its utility.
The copolymer composition and its distribution
depend on the monomer reactivity ratios. The most
common mathematical model of copolymerization is
based on the determination of the relationship
between the composition of the copolymers and the
composition of the monomer feed in which the
monomer reactivity ratios are the parameters to be
determined.28,29 The calculation of the monomer reac-
tivity ratios requires the mathematical treatment of
experimental data of the composition of the copoly-
mers and the monomer in the feed mixtures. The
most fundamental quantity characterizing a copoly-
mer is its composition on a molar basis, which is
eventually used for the determination of the relevant
monomer reactivity ratios. Spectroscopic methods,
preferably 1H-NMR and 13C-NMR spectroscopy,30,31

and elemental analysis are probably the most widely
used methods for analyzing copolymers and deter-
mining the reactivity ratios.

Thermogravimetric analysis (TGA) has been
widely used to investigate the decomposition charac-
teristics of many materials. Some methods have
already been established to evaluate the kinetic pa-
rameters from thermogravimetric data.32,33

No studies on the reactivity ratios in the copoly-
merization of 2-metil-1-{[(1-{4-[(4-nitrobenzil)oksi]fe-
nil}etilidene)amino]oksi}prop-2-en-1-on (NBOEMA)
with any commercial monomer were found in the
literature. NBOEMA is a new methacrylate mono-
mer bearing oxime ester and aryl ether groups. In
this article, the results of the radical copolymeriza-
tion of NBOEMA with methyl methacrylate (MMA),
the determination of the monomer reactivity ratios
with elemental analysis, the effects of the copolymer
composition/thermal behavior relationships, and an
investigation of the biological activity properties are
presented and discussed.

EXPERIMENTAL

Materials

1,4-Dioxane, chloroform, methanol, and ethanol
(Merck, Germany) were freshly distilled over molec-
ular sieves before use. Methacryloyl chloride, 4-
hydroxyacetophenon, and 4-nitrobenzyl bromide
(Merck, Germany) were used as received. MMA was
freed from the inhibitor by washing with a 5%
NaOH solution and then distilled water, drying over
anhydrous MgSO4, and distillation in vacuo. 2,20-

Azobisisobutyronitrile (AIBN) was recrystallized
from a chloroform–methanol (1 : 1) mixture.

Measurements

Infrared spectra were obtained with a PerkinElmer
spectrum BX Fourier transform infrared (FTIR) (Cali-
fornia, USA) spectrometer with KBr pellets in the
4000–400-cm�1 range, and 10 scans were taken at a 4-
cm�1 resolution. 1H-NMR and 13C-NMR spectra in
dimethyl sulfoxide (DMSO) solutions were recorded
on a Bruker GmbH DPX-400 400 MHz FT-NMR spec-
trometer (Leipzig, Germany) with tetramethylsilane
as an internal reference. The molecular weights of the
polymer were determined with a Waters 410 gel per-
meation chromatograph equipped with a refractive-
index detector and calibrated with polystyrene stand-
ards. Thermal data were obtained with a Shimadzu
DSC-60H (Tokyo, Japan) instrument at a heating rate
(b) of 10�C/min and with a Labsys TGA thermoba-
lance at a heating rate (b) of 20 C/min in an N2

atmosphere. Elemental analyses were carried out
with a Elementar CHNS (Germany) microanalyzer.

Solubility studies

The solubility values of the homopolymers and
copolymers were tested via the mixing of 10 mg of
each polymer with 5 mL of various solvents in test
tubes. After the closed tubes were set aside for
1 day, the solubility was observed. The homopoly-
mers and copolymers were soluble in 1,4-dioxane,
dimethyl acetamide, dimethyl formamide, DMSO,
and tetrahydrofuran (THF) but were insoluble in
n-hexane, n-heptane, ethanol, and methanol solvents.

Synthesis of the 1-{4-[(4-
nitrobenzyl)oxy]phenyl}ethanone

The reaction type between p-hydroxyacetophenon
and 4-nitrobenzylbromide is a nucleophilic substitu-
tion. A solution of p-hydroxyacetophenon (1 mol)
and K2CO3 (1 mol) in anhydrous acetonitrile (20
mL) was used for the preparation of 1-{4-[(4-nitro-
benzyl)oxy]phenyl}ethanone. To the solution was
added dropwise 4-nitrobenzylbromide (1 mol).
The reaction mixture was stirred at 70�C, for 4 h. Af-
ter the reaction, 1-{4-[(4-nitrobenzyl)oxy]phenyl}etha-
none was crystallized from ethanol.
Yield ¼ 84%. IR (neat, cm�1): 1700 (C¼¼O for car-

bonyl), 1610 (aromatic C¼¼C), 1250 (PhCH2AOAC).

Scheme 1 Synthesis of 1-{4-[(4-nitrobenzyl)oxy]phenyl}ethanone.
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The reaction paths are shown in Scheme 1.

Synthesis of N-hydroxy-1-{4-
[(4-nitrobenzyl)oxy]phenyl}ethanimine

N-Hydroxy-1-{4-[(4-nitrobenzyl)oxy]phenyl}ethani-
mine was synthesized according to a standard
method.34 The synthesis route is shown in Scheme 2.

Yield ¼ 86%. ANAL. Calcd: C, 62.93%; H, 4.93%; N,
9.79%. Found: C, 62.72%; H, 4.80%; N, 9.75%. IR
(neat, cm�1): 3300–3400 (OH stretching for oxime),
1610 (aromatic C¼¼C), 1250 (PhCH2AOAPh), 3100
(aromatic CAH).

Monomer synthesis

The synthesis of the monomer is shown in Scheme
3. The synthesis of NBOEMA was performed as
follows: N-hydroxy-1-{4-[(4-nitrobenzyl)oxy]phenyl}
ethanimine (1 mol) and K2CO3 (1 mol) were dis-
solved in 20 mL of CH2Cl2 at 0�C, and then, metha-
cryloyl chloride (1.1 mol) was added dropwise to
the solution. The reaction mixture was stirred at
room temperature for 24 h. The organic layer was
washed several times with diethyl ether and dried
over MgSO4. After the diethyl ether was removed, 2-
metil-1-{[(1-{4-[(4 nitrobenzil)oksi]fenil}etilidene)ami-
no]oksi}prop-
2-en-1-on (NBOEMA) was crystallized from ethanol.

Yield � 82%. ANAL. Calcd: C, 64.40%; H, 4.19%; N,
7.91%. Found: C ¼ 64.35%; H, 5.10%; N, 4.24%. IR
(KBr, cm�1): 1775 (methacrylic carbonyl), 1635
(CH2¼¼CA), 1600 (C¼¼C), 1500 (C¼¼N), 1254
(PhCH2AOAPh). 1H-NMR (d, ppm, from tetra
methyl silan (TMS) in CDCl3): 7.0–8.3 (aromatic pro-

tons, 8H), 5.6 (CH2¼¼, 1H), 6.2 (CH2¼¼, 1H), 5.3
(AOCH2A, 2H), 2.3 (AN¼¼CCH3, 3H), 1.9(ACH3,3H).
13C-NMR (d, ppm, from TMS in CDCl3): 169.0 (C¼¼O
of esters), 130.0 (¼¼C), 129.1 (CH2¼¼), 114.1–159.8 (ar-
omatic carbons), 65.0 (AOCH2A), 16.5 (N¼¼CCH3),
18 (CH3).

Polymerization of the NBOEMA monomer

The polymerization of NBOEMA was carried out in
glass ampules under an N2 atmosphere in a 1,4-diox-
ane solution with AIBN (1% on the basis of the total
weight of the monomers) as an initiator. The reacting
components were degassed by threefold freeze–thaw-
ing cycles and then immersed in an oil bath at 65�C
for a given reaction time. The polymers were sepa-
rated by precipitation in n-hexane and reprecipitated
from a 1,4-dioxane solution. The polymers were finally
dried in vacuo to a constant weight at room tempera-
ture and kept in a desiccators in vacuo until use.

Copolymerization

The copolymerizations of NBOEMA with MMA at
five different feed compositions were carried out in
1,4-dioxane at 65�C with AIBN (1% on the basis of
the total weight of the monomers) as an initiator.
Appropriate amounts of NBOEMA with MMA and
1,4-dioxane were mixed in a polymerization tube,
purged with N2 for 20 min, and kept at 65�C in a
thermostated water bath. The reaction time (� 2.5 h)
was selected to give conversions of less than 10 wt %
to satisfy the differential copolymerization equation.
The conversion of the monomer to the polymer was

Scheme 2 Synthesis of N-hydroxy-1-{4-[(4-nitrobenzyl)oxy]phenyl}ethanimine.

Scheme 3 Synthesis of the NBOEMA monomer.
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determined by the gravimetric method. After the
desired time, the copolymerization was stopped.
These copolymers were poured into excess ethanol to
precipitate, filtered, purified by repeated reprecipita-
tion from a solution of each polymer in 1,4-dioxane
by ethanol, and dried in a vacuum oven at 50�C to a
constant weight. The amounts of monomeric units in
the copolymers were determined by elemental analy-
sis benefiting from N content of NBOEMA units. The
syntheses of the copolymers are shown in Scheme 4.

RESULTS AND DISCUSSION

Structural characterization of the poly(2-metil-1-
{[(1-{4-[(4-nitrobenzil)oksi]fenil}etilidene)amino]ok-
si}prop-2-en-1-on) [poly(NBOEMA)]

Some characteristic absorption peaks in the FTIR spec-
trum of the poly(NBOEMA) were at 1760 cm�1 (oxime
carbonyl stretching) and 1252 cm�1 (PhCH2AOAPh
stretching). During the polymerization of the mono-
mers, the IR band at 1635 cm�1 (C¼¼C) disappeared,
and oxime ester carbonyl stretching for polymers
shifted to about 1760 cm�1. The main evidence of the
polymer was certainly the disappearance of some char-
acteristic signals of the double bond in the spectra, and
this fact was effectively observed in our case. Thus,
two bands vanished in the IR spectrum: the absorption
band at 923 cm�1 assigned to the CAH bending of
geminal ¼¼CH2 and the stretching vibration band of
C¼¼C at 1600 cm�1. The 1H-NMR and 13C-NMR spec-
tra of the poly(NBOEMA) are presented in Figure 1;
these were in good agreement with the structure. From
1H-NMR spectroscopy, the formation of the polymer
was also clearly evident from the disappearance of two
singlets at 5.6 and 6.2 ppm of the vinyl protons and the
appearance of broad signals at 1.5 and 2.2 ppm
assigned to an aliphatic ACH2A group. In the proton-
decoupled 13C-NMR spectrum of poly
(NBOEMA), chemical shift assignments were made
from the off-resonance decoupled spectra of the poly-
mer. The resonance signals at 172 ppm corresponded
to the oxime ester group present in the polymer. The
aromatic carbons were observed at 115–160 ppm. The
a-methyl group of the polymer showed resonance sig-
nals at 19 ppm.

Characterization of the copolymers

The copolymerization of NBOEMA with MMA in
the 1,4-dioxane solution was studied in a wide
composition interval with the molar fractions of
NBOEMA ranging from 0.1 to 0.7 in the feed. The
reaction time was selected in the trials to give con-
versions of less than 10% to satisfy the differential
copolymerization equation.

Solubility parameters (d’s)

The polymers were soluble in chloroform, dimethyl-
formamide, DMSO, THF, and dichloromethane
but were insoluble in n-hexane, n-heptane, and

Scheme 4 Synthesis of the poly(NBOEMA-co-MMA).

Figure 1 (a) 13C-NMR and (b) 1H-NMR spectra of
poly(NBOEMA).
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hydroxyl-group-containing solvents, such as metha-
nol and ethanol. The d values of the copolymers
were between 9.53 and 10.25 (cal/cm3)1/2. These val-
ues were close to 9.53 (cal/cm3)1/2, which was d of
THF. THF was the best solvent for all of the copoly-
mers. The d values are presented in Table I.

Spectroscopic characterization

The FTIR spectrum of the copolymer, poly(2-metil-1-
{[(1-{4-[(4-nitrobenzil)oksi]fenil}etilidene)amino]oksi}
prop-2-en-1-on-co-methyl methacrylate) [poly
(NBOEMA-co-MMA)] (0.07 : 0.93), is shown in Fig-
ure 2. The band at 1675 cm�1 (AC¼¼N stretching in
the NBOEMA units) was the most characteristic for
the copolymer. The peak at 3050 cm�1 corresponded
to the CAH stretching of the aromatic system. Sym-
metrical and asymmetrical stretching due to the
methyl and methylene groups was observed at 1985,
2940, and 2865 cm�1. The shoulder at 1745 cm�1 and
a peak at 1765 cm�1 were attributed to the ester and
oxime ester carbonyl stretching of the MMA and
NBOEMA units, respectively. Ring breathing vibra-
tions of the aromatic nuclei were observed at 1600,
1505, and 1470 cm�1. The asymmetrical and symmet-
rical bending vibrations of methyl groups were seen
at 1455 and 1380 cm�1. The CAH and CAC out-of-
plane bending vibrations of the aromatic nuclei were
observed at 790 and 565 cm�1, respectively. The 1H-

NMR spectrum of poly(NBOEMA-co-MMA) was
consistent with its chemical structure. The chemical
shifts assignments for the copolymers were based on
the chemical shifts observed for the respective
homopolymers. The aromatic protons showed sig-
nals between 7.25 and 8.37 ppm. The spectrum
showed one signal at 5.24 ppm due to the AOCH2

group. The methyl protons attached to the azome-
thine nuclei gave a signal centered at 2.41 ppm.
Because of the existence of tacticity, the resonance
signals corresponding to the methylene group of the
polymer backbone were observed between 1.91 and
1.45 ppm. The a-methyl groups of the NBOEMA
and MMA units showed resonance signals at 1.20
and 0.97 ppm, respectively.
The proton-decoupled 13C-NMR spectrum of poly

(NBOEMA-co-MMA) (0.35 : 0.65) is shown in Figure
3. The resonance signals at 178.56 and 176.21 ppm
belonged to the ester carbonyl carbons of the
NBOEMA and MMA units. The signals at 70 ppm
were due to the AOCH2 carbons of the NBOEMA
unit. The aromatic carbon attached to the oxygen
atom showed a signal at 145.21 ppm. The other aro-
matic carbons gave signals at 125.60 and 128.45 (C12
and C13), 115.98 (C7 and C8), and 138.20 ppm (C14).
The methyleneoxy (C11) group gave a signal at 68.20
ppm. The signals due to the backbone methylene

TABLE I
Monomer Compositions in the Feed and in the Copolymer

Sample

Feed composition
(molar fraction) d

(cal/cm3)1/2
Conversion

(%) N (%)

Copolymer composition
(molar fraction)

NBOEMA (M1) MMA (M2) NBOEMA (m1) MMA (m2)

1 0.10 0.90 9.53 8.50 1.63 0.07 0.93
2 0.30 0.70 9.62 7.80 4.10 0.23 0.77
3 0.40 0.60 9.71 7.30 5.50 0.35 0.65
4 0.50 0.50 9.80 8.70 5.95 0.46 0.54
5 0.70 0.30 9.84 9.00 6.70 0.62 0.38

Figure 2 FTIR spectrum of poly(NBOEMA-co-MMA) (0.7
: 0.93).

Figure 3 1H-NMR spectrum of poly(NBOEMA-co-MMA)
(0.35 : 0.56).

NEW METHACRYLATE COPOLYMERS 283

Journal of Applied Polymer Science DOI 10.1002/app



and tertiary carbon atoms were observed at 52.10
and 45.70 ppm, respectively. The methyl groups
attached to the azomethine (C¼¼N) nuclei showed a
signal at 15.54 ppm. The a-methyl group of both
monomer units showed a resonance at 18.50 ppm.

Copolymer compositions

The number of monomeric units in the copolymers
was determined by elemental analysis. The results
are presented in Table I.

Glass-transition temperatures (Tg’s)

The Tg values were determined with a Shimadzu 60
differential scanning calorimeter. Samples of about
5–8 mg held in sealed aluminum crucibles at b of
10�C/min under a dynamic nitrogen flow (5 L/h)
were used for the measurements. From the differen-
tial scanning calorimetry measurements, Tg was
taken as the midpoint of the transition region. Tg of
poly(NBOEMA) was 150�C, and that of poly(methyl
methacrylate) [poly(MMA)] was 100�C. Among the
many strategies available for increasing the Tg of
methacrylate polymers, the most promising is the
replacement of the methyl group in the ester part of
the monomer. Sterically hindered and conformation-
ally rigid cycloalkyl groups cause a significant
increase in Tg. For example, Tg varies from 110�C for
poly(cyclohexyl methacrylate) to 194�C for poly
(bornyl methacrylate) and 200�C for poly(isobornyl
methacrylate). Similarly, an increase in the polarity
of the ester group causes an increase in Tg, which is
observed in 4-cyanophenyl methacrylate (Tg ¼
155�C). In comparison to that of poly(MMA), the
shift to higher temperature was also noted for all of
the copolymers studied, and the magnitude of the

shift was dependent on the increase in the
NBOEMA molar fraction in the copolymer chain. An
increase in Tg of the copolymers may have been due
to the introduction of NBOEMA into MMA in the
comonomer, which increased the intermolecular po-
lar interactions among the molecular chains due to
structural stretching. The observed Tg increased with
increasing NBOEMA and presented a striking posi-
tive deviation with respect to linearity; this was
associated with lower free volume, mobility, and
flexibility than those in a mixture of MMA and
NBOEMA units. The variation of Tg of the copoly-
mers with molar fraction of the NBOEMA unit in
the copolymer is shown in Figure 4.

Molecular weights of the polymers

The molecular weights of the polymers were deter-
mined by gel permeation chromatography (GPC)
with polystyrene and THF as the standard solvents,
respectively. The weight-average molecular weight
(Mw) and number-average molecular weight (Mn)
values and polydispersity indices (Mw/Mn) of the
polymer samples are presented in Table II. Both mo-
lecular weights decreased with increasing percentage
of NBOEMA in the feed composition. This was
ascribed to the lower reactivity ratio of this mono-
mer in the copolymerization. GPC traces of the
copolymers are shown in Figure 5. The polydisper-
sity index of the copolymers ranged from 1.73 to
1.81. The theoretical values of Mw/Mn for the poly-
mers produced via radical recombination and dis-
proportionation were 1.5 and 2.0, respectively.35 In
the homopolymerization of NBOEMA, the growing
chains were terminated by disproportionation. The
polydispersity indices of poly(NBOEMA) and poly
(MMA) suggested that in both cases, chain termina-
tion by disproportionation outweighed coupling,
and the tendency for termination by disproportiona-
tion was greater for NBOEMA than for MMA. The
values of Mw/Mn in copolymerization are also
known to depend on chain termination in the same
way as in homopolymerization.36

Figure 4 Variation of Tg (�C) with the composition of the
poly(NBOEMA-co-MMA) system.

TABLE II
Molecular Weights and Polydispersity Index

of the Polymers

Sample Mw � 104 Mn � 104 Mw/Mn

Poly(NBOEMA) 7.25 4.20 1.72
Poly(MMA) 9.13 5.45 1.67
Poly(NBOEMA-co-MMA)

7/93 8.75 4.90 1.78
23/77 7.80 4.50 1.73
35/65 7.50 4.18 1.79
46/54 7.25 4.10 1.77
62/38 6.55 3.60 1.81
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Determination of the monomer reactivity ratios

The monomer reactivity ratios for the copolymeriza-
tion of NBOEMA with MMA were determined from
the monomer feed ratios and the copolymer compo-
sition. The plot of the molar fraction of NBOEMA in
the feed (M1) versus that of NBOEMA in the copoly-
mer (m1) is shown in Figure 6. The Fineman–Ross
(FR)37 and Kelen–Tudos (KT)38 methods were used
to determine the monomer reactivity ratios. The sig-
nificance of the parameters of the FR and KT equa-
tions are presented in Table III. According to the FR
method, the monomer reactivity ratios (r1 and r2)
can be obtained as follows:

G ¼ Hr1 � r2 (1)

where r1 and r2 correspond to the reactivity ratios of
the NBOEMA and MMA monomers, respectively.
The parameters G and H are defined as follows:

G ¼ F=ðf � 1Þ=f and H ¼ F2=f (2)

with

F ¼ M1=M2 and f ¼ m1=m2 (3)

where M1 and M2 are the monomer molar composi-
tions in the feed and m1 and m2 are the copolymer
molar compositions.
Alternatively, the reactivity ratios can be obtained

with the KT method, which is based on the follow-
ing equation:

g ¼ ðr1 þ r2=aÞn� r2=a (4)

where g and n are functions of the parameters G
and H:

g ¼ G=ðaþHÞ and n ¼ H=ðaþHÞ (5)

where a is a constant equal to (Hmax � Hmin)
1/2,

where Hmax and Hmin are the maximum and mini-
mum H values, respectively, from the series of meas-
urements. From a linear plot of g as a function of n,
the values of g for n ¼ 0 and n ¼ 1 can be used to
calculate the reactivity ratios according to the follow-
ing equations:

n ¼ 0 ! g ¼ �r2=a and n ¼ 1 ! g ¼ r1 (6)

The graphical plots concerning the methods previ-
ously reported are given in Figure 7(a,b), whereas

Figure 6 Copolymer composition diagram of poly
(NBOEMA-co-MMA).

TABLE III
FR and KT Parameters for the Poly(NBOEMA-co-MMA) Systems

Sample number F ¼ M1/M2 f ¼ m1/m2 G ¼ F(f � 1)/f H ¼ F2/f g ¼ G/(a þ H) e ¼ H/(a þ H)

1 0.111 0.073 �1.410 0.169 �1.521 0.182
2 0.429 0.302 �0.952 0.609 �0.726 0.446
3 0.667 0.542 �0.564 0.821 �0.357 0.520
4 1.000 0.866 �0.155 1.155 �0.081 0.603
5 2.330 1.598 0.872 3.397 0.210 0.818

a ¼ (Hmax � Hmin)
1/2 ¼ 0.758.

Figure 5 GPC traces of the some copolymers (with THF
as an eluent, 0.3 mL/min).
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the reactivity ratios are summarized in Table IV. In
all cases and for all graphical methods, the plots
were linear, and this indicated that these copolymer-
izations followed conventional copolymerization
kinetics and that the reactivity of a polymer radical
was determined only by the terminal monomer unit.

The difference between the reactivity ratio values
obtained by the FR and KT methods was negligible.
The reactivity ratio of MMA (r2 ¼ 1.38) was greater
than 1, and that of NBOEMA (r1 ¼ 0.78) was less
than 1. The reactivity of growing radicals with the
NBOEMA unit, as measured by 1/r2, seemed to be
higher toward the MMA monomer than toward its
own monomer. The r1 and r2 values strongly sug-
gested that the copolymer chain contained a greater
number of MMA units and fewer NBOEMA units

than in the feed. Because the value of r1 was less
than one and the value of r2 was greater than one,
this suggests the presence of a lower amount of
NBOEMA units in the copolymer than in the feed.
However, product of r1 � r2 was greater than one,
which indicated that the system led to a random dis-
tribution of monomer units with a longer sequence
of MMA units in the copolymer chain.

Decomposition kinetics

The thermal stabilities of the polymers were investi-
gated by TGA in a nitrogen stream at a b of 20�C/
min. In Figure 8, the TGA thermograms of the poly-
mers are shown. The degradation of poly(NBOEMA)
occurred in three stages. The first stage was
observed at 220–280�C. The second-stage decomposi-
tion commenced at 320–380�C, and the last stage
was observed at 415–450�C. The copolymers with 65,
54, and 38% MMA decomposed in a single stage;
the other copolymers decomposed in three stages.
The actual decomposition temperature range of the
two stages and the initial decomposition tempera-
ture of the copolymers depended on the copolymer
composition, and the initial decomposition tempera-
ture shifted toward higher temperatures with in-
creasing MMA content. The thermal degradation of
poly(n-alkyl methacrylate)s typically produces the
monomer as a result of depolymerization. The for-
mation of cyclic anhydride type structures by intra-
molecular cyclization is another main process in the
degradation of these polymers. The latter produces
some low-molecular-weight products, depending on
the chemical structures of the side chain of poly(me-
thacrylic ester)s. For the study of the kinetics of the
thermal degradation of polymers, one can select iso-
thermal thermogravimetry (ITG) or thermogravime-
try (TG) at various b values.39 ITG is superior for
obtaining an accurate activation energy for thermal
degradation, although it is time-consuming. For the

Figure 7 KT and FR plots for the poly(NBOEMA-co-MMA)
system.

TABLE IV
Copolymerization Parameters for the Free-Radical

Copolymerization of NBOEMA with MMAa

Method r1 r2 r1r2 1/r1 1/r2

FR 0.67 1.27 0.85 1.49 0.79
KT 0.88 1.48 1.30 1.14 0.68
Average 0.78 1.38 1.08 1.28 0.72

a r1 and r2 are the monomer reactivity ratios for
NBOEMA and MMA, respectively.

Figure 8 TGA curves for poly(NBOEMA-co-MMA) and
some copolymers.
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thermal degradation of polymers in which depoly-
merization is competing with cyclization or cross-
linking due to the side groups, TG at various b val-
ues is much more convenient than ITG for the
investigation of the thermal degradation kinetics.
Therefore, in this study, we obtained TG curves at
b values, and the activation energies for the thermal
degradation of the polymers were calculated with
Ozawa plots, which are widely used. Degradations
were performed in the scanning mode from 35 to
500�C under a nitrogen flow (20 mL/min) at various
b values (7.0, 10.0, 15.0, and 20.0�C/min). In Figure
9, the TGA thermograms of poly(NBOEMA-co-
MMA) (0.07 : 0.93) are shown. Samples (5–8 mg)
held in alumina open crucibles were used, and their
weights were measured as a function of the temper-
ature, and the results were stored in a list of data of
the appropriate built-in program of the processor.
The TGA curves were immediately printed at the
end of each experiment, and the weights of the sam-
ple at various temperatures were then transferred to
a personal computer.

According to the method of Ozawa,40 the apparent
thermal decomposition activation energy (Ed) can be
determined from the TGA thermograms at various b
values, such as those in Figure 10, with the follow-
ing equation:

Ed ¼ �R

b

d log b
d 1=Tð Þ

� �
(7)

where R is the gas constant, b is a constant (0.4567),
and b is the heating rate (�C/min). According to
eq. (7), Ed can be determined from the slope of the
linear relationship between log b and the reciprocal
of the temperature, as shown in Figure 10. The Ed

values for the polymers are given in Table V. Ed cal-
culated from the Ozawa method is superior those
calculated by other methods for complex degrada-
tion because it does not use the reaction order in the
calculation of Ed.

41 Therefore, Ed calculated from the
Ozawa method is superior to the former methods
for complex degradation.

Antimicrobial screening

The biological activities of the monomers and their
homopolymers and copolymers were tested against
different microorganisms with DMSO as the solvent.
The sample concentrations were 100 lg. All micro-
organism strains were obtained from the Culture
Collection of Microbiology Laboratory of Afyon
Kocatepe University (Afyon, Turkey). In this study,
Staphylococcus aureus ATCC 29213, Escherichia coli
ATCC 25922, Pseudomonas aeruginasa ATCC 27853,
Proteus vulgaris, Salmonella enteridis, and Klebsiella
pneumoniae were used as bacteria. Candida albicans
CCM 31 was a fungus. A Yeast Extract Peptone Dex-
trose (YEPD) medium cell culture was prepared as

Figure 10 Ozawa’s plots of log b versus the reciprocal
temperature (1/T) at different conversions for poly
(NBOEMA-co-MMA) (0.35 : 0.65).

TABLE V
Apparent Activation Energies of the Investigated Copolymers Under Thermal Degradation in N2

Sample 10 20 30 40 50 60 70 80

Poly(NBOEMA) 98.5 94.8 88.1 81.2 — — — —
Poly(NBOEMA 7%-co-MMA) 95.4 93.7 111.2 103.0 113.3 95.8 111.6 121.1
Poly(NBOEMA 35%-co-MMA) 93.6 91.0 91.2 101.4 105.3 89.8 98.1 101.6
Poly(NBOEMA 62%-co-MMA) 88.7 85.7 86.8 99.1 100.8 85.1 91.8 99.7

Figure 9 Thermal degradation curves of poly(NBOEMA-
co-MMA) (0.07 : 0.93) at different b values.

NEW METHACRYLATE COPOLYMERS 287

Journal of Applied Polymer Science DOI 10.1002/app



described by Connerton.42 YEPD medium (10 mL)
was inoculated into each cell from plate cultures.
Yeast extract (1% w/v), bactopeptone (2% w/v), and
glucose (2% w/v) were obtained from Difco. The
microorganisms were incubated at 35�C for 24 h.
About 1.5 mL of these overnight stationary-phase
cultures were inoculated into 250 mL of YEPD and
incubated at 35�C until OD600 reached 0.5.

The antibiotic sensitivity of the polymers was
tested with an antibiotic disk assay, as described
previously.43 Nutrient agar was purchased from
Merck. About 1.5 mL of each prepared different cell
culture was transferred into 20 mL of nutrient agar
and mixed gently. The mixture was inoculated into
the plate. The plates were rotated firmly and
allowed to dry at room temperature for 10 min. Pre-
pared antibiotic discs (50 and 100 lg) were placed
on the surface of the agar medium.44 The plates
were kept at 5�C for 30 min and then incubated at
35�C for 2 days. If a toxic compound leached out
from the disc, that indicated that the microbial
growth was inhibited around the sample. The width
of this area expressed the antibacterial or antifungal
activity by diffusion. The zones of inhibition of
microorganism growth of the standard sample
monomers, homopolymers, and copolymers were
measured with a millimeter ruler at the end of the
incubation period.

The results were standardized against penicillin G
and teicoplanin under the same conditions. All of
the compounds exhibited moderate activity compa-
rable to that of the standard drugs. The NBOEMA
monomer and its homopolymer were the most effec-
tive in inhibiting the growth of the microorganisms;
this may have been due to the high oxime ester and
ether contents of these compounds. As the percent-
age of MMA in the copolymer increased, the effec-
tiveness of the copolymers at inhibiting the growth
of the microorganisms decreased. The data reported
in Table VI are the average data of three experi-

ments. The results show that the investigated poly-
mers had good biological activity, comparable to
that of standard drugs such as penicillin G and tei-
coplanin. The results suggest that the monomers and
polymers and some copolymers had good biological
activity against S. aureus microorganisms in compari-
son with standard drugs.

UV spectra of the polymers (Fig. 11)

A solution of poly(NBOEMA) and copolymers in
DMSO was cast onto a quartz glass plate with a
spin coater and was then annealed for 30 min at
40�C. The thin film (0.8–1 lm) was irradiated with a
fixed energy of light from a Spex Fluorolog 2 with a
450-W xenon lamp. Figures 6 compares the absorp-
tion spectra of the polymers, and the following

TABLE VI
Antimicrobial Effects of the Compounds (mm of Zones)

Compound P. aeruginasa E. coli P. vulgaris S. enteridis K. pneumoniae S. aureus C. albicans

NBOEMA 16 14 16 16 15 17 16
Poly(NBOEMA) 13 13 13 14 12 14 15
Poly(NBOEMA-co-MMA)

7/93 11 11 10 12 9 10 11
23/77 12 13 12 — — 11 —
35/65 — — 13 — 11 13 14
46/54 13 14 14 13 13 14 15
62/38 14 15 — 15 — 15 —

Penicillin G 16 16 9 16 18 17 35
Teicoplanin 18 18 11 22 25 12 15
DMSO — — — — — — —

Compound concentration ¼ 100 lg/disc. The em dash (—) reveals that the compounds had some activity against the
microorganisms.

Figure 11 UV–vis absorption spectra of poly(NBOEMA-
co-MMA) (0.23 : 0.77) in DMSO (irradiation times ¼ 0, 1, 2,
3, 6, 10, 12, 15, and 20 min).
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includes the absorption characteristics in the UV
spectra. The UV spectra of the polymers showed an
absorption maxima at 250 nm for poly(NBOEMA)
and one at about 255 nm for copolymers due to the
p–p* transition of C¼¼C (phenyl) and C¼¼N of the
pendant oxime ester group chromophore present in
the polymer unit. The absorption spectrum of poly
(NBOEMA) suggested that the energy states of the
chromophore substituted by two phenyl groups dif-
fered somewhat from those of other chromophores.
In fact, we anticipated that the chromophore interac-
tions in these polymers would have been suppressed
between the C¼¼N groups attached in the vicinity of
each chromophore group, such as ester. The absorp-
tion properties were only slightly affected by the
ester group. This was attributed to a S0!S1 transi-
tion localized on the oxime moiety. Because of their
structural analogy and the presence of an electron
lone pair on the heteroatom, ketones are often com-
pared with the corresponding oximes,45 the question
being the nature of the electronic transitions. The
transition observed for these oxime ester polymers
was of p–p* nature, and the presence of a lone pair
on the nitrogen atom did not lead to any observable
n-p* transition.

To obtain more information about the UV stability
of the polymers, we investigated the structural
changes of the oxime ester chromophore in each co-
polymer. For the poly(NBOEMA-co-MMA) solution,
the absorption maxima were centered at about
275 nm. Figure 9 presents a typical example for the
change in the UV absorption curve during photode-
composition. The oxime ester chromophore absorp-
tion band at 275 nm decreased with irradiation time.
In addition, although all of the polymers were solu-
ble in CH2Cl2, CHCl3, 1,4-dioxane, and so forth
before irradiation, none one of the polymers was
soluble in any solvent. All of the experimental data
indicated that photodegradation in the oxime ester
region occurred and followed crosslinking. The dis-
sociation of oxime led to iminyl radicals and acy-
loxyl radicals (RCO2�). If the decarboxylation was
not fast enough, these two radicals could recombine
to give the starting oxime, and therefore, the global
efficiency of the photodissociation decreased.46 On
the contrary, the occurrence of the decarboxylation
process led to the formation of carbon dioxide and a
new radical (R�). The latter could also react in-cage
with the iminyl radical to form an imine, which
resulted in a decrease in the free iminyl radical
quantum yield. Similar results were obtained for the
other NBOEMA–MMA copolymers. The polymers
reacted photochemically according to a mechanism
similar to that found for O-acyloximes and its deriv-
atives.47 Although practical evaluation from the
spectral data was rather dubious because the sensi-
tivity of photocrosslinkable polymers is a function of

the Tg, molecular weight, polymer solubility, and so
on, the discrimination of the photoresponsibilities of
the chromophores themselves was possible to a cer-
tain extent.

CONCLUSIONS

The synthesis of new methacrylate monomers
(NBOEMA) with pendant oxime ester and ether
moieties have been reported for the first time. The
structures of the monomer and its polymer were
characterized by spectroscopic methods. Copolymers
of NBOEMA with MMA were prepared by free-radi-
cal polymerization in 1,4-dioxane at 65�C. The reac-
tivity ratios of the copolymers were estimated with
linear graphical methods. The r2 values were higher
than the corresponding r1 values in all cases, and
this means that a kinetic preference existed for the
incorporation of MMA in the copolymer structure.
The values strongly suggested that the growing radi-
cals of both monomeric ends preferentially added to
the MMA monomer; this led to the formation of a
copolymer with a higher amount of MMA. GPC
data implied that the polydispersity index of the
copolymers was nearly equal to 2, and this implied
a strong tendency for chain termination by dispro-
portionation. Ed of the investigated polymers was
calculated by the Ozawa method with the TGA data.
The polymers had good biological activity, which
was comparable to that of standard drugs such as
penicillin G and teicoplanin. Finally, the photocros-
slinking behavior of the polymers as thin films was
tested in the presence of UV light. The increasing
utility of photosensitive polymers in many applica-
tions, such as microelectronics, printing, and UV-
curable lacquers and inks, has provided us with an
incentive to obtain novel polymers.

The authors are indebted to Zeki Gürler for the biological
activity studies.
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