
Synthesis and Characterization of Reactive Macroporous
Poly(glycidyl methacrylate-triallyl isocyanurate-ethylene
glycol dimethacrylate) Microspheres by Suspension
Polymerization: Effect of Synthesis Variables on Surface
Area and Porosity

Ata ur Rahman,1 Mahmood Iqbal,2 Faiz ur Rahman,1 Dayan Fu,1 Muhammad Yaseen,1

Yongqin Lv,1 Muhammad Omer,3 Michael Garver,4 Li Yang,1 Tianwei Tan1

1College of Life Science and Technology, Beijing University of Chemical Technology, Beisanhuan East Road No.15,
Beijing 100029, People’s Republic of China
2PCSIR, Karachi, Pakistan
3Department of Polymer Science & Engineering, Kyungpook National University, Daegu, South Korea
4State University of New York, College of Environmental Science and Forestry,1. Forestry Drive, Syracuse,
New York 13210

Received 19 December 2010; accepted 16 May 2011
DOI 10.1002/app.35026
Published online 11 October 2011 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: A novel macroporous poly(glycidyl methac-
rylate-triallyl isocyanurate-ethyleneglycol dimethacrylate)
copolymer, hereinafter PGMA-TAIC-EGDMA, of controlled
bead size was prepared via free radical suspension copoly-
merization. The effects of varying the concentration of
crosslinking agents and porogenic diluent on the average
pore diameter, pore size distributions, specific surface area,
and pore volume of the copolymer matrix were thoroughly
investigated. The spherical beads were characterized by
elemental analysis, Fourier transform infrared spectros-
copy, and thermogravimetric analysis. The specific pore
volume, average pore diameter, pore size distribution, and
the specific surface area were measured by Mercury intru-
sion porosimetry and BET adsorption method, respectively.
The porous properties of the polymer matrix are a direct
consequence of the amount and quality of the porogenic

solvent, the percentage of crosslinking monomers, and the
ratio between the monomers and porogen phases. When
the polymer was prepared at 30 and 40% crosslinking den-
sity, and 75 and 100% diluents, respectively, it showed a
fine beads morphology, mechanical stability and pore size
distributions. By comparing the copolymers PGMA-TAIC-EGDMA

and PGMA-EGDMA, it was found that the former is more
stable both thermally and mechanically than its predeces-
sor. The presence of epoxide functionalities of macro-
porous PGMA-TAIC-EGDMA beads makes it a versatile
carrier. The resulting polymers have the potential for wide
applications. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 124:
915–926, 2012
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INTRODUCTION

Macroporous polymers are characterized by their
rigid porous matrix that perseveres in both the dry
and swollen states. They are produced almost exclu-
sively as spherical beads by conventional suspension
copolymerization process. They have many applica-
tions in chromatography (gas chromatographs, high-
performance liquid chromatography, gel permeation
chromatography) and for the separation of biological
compounds using modes such as reversed-phase,
hydrophobic interaction, affinity, and ion-exchange
chromatography, support for immobilization of
enzymes in biosynthesis and carriers of classical cat-

alysts. These polymers have also been used as
adsorbents for the removal of metal ions (synthesis
of selective complex-forming and chelating resins),
solid-phase combinatorial and parallel synthesis,
surface and groundwater purification, downstream
treatment of organic chemical streams, and biochem-
ical aqueous streams.1–7 Various kinds of beaded
homopolymers viz polymethacrylates, polystyrene,
and heteropolymers or copolymers such as poly(sty-
rene-divinylbenzene), poly(glycidyl methacrlate-
divinlybenzene), poly(glycidyl methacrylate-ethylene
glycol dimethacrylate), or PGMA-EGDMA and terpoly-
mers like poly(GMA-HEMA-EGDMA) and poly
(GMA-MMA-EGDMA) have been reported in the lit-
erature for this purpose.1,2,8–17 Polymers having a
functional group in its structural unit and capable of
further transformations are termed as reactive poly-
mers. The accessibility of this reactive group
depends upon the type of compounds in which it is
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present. In homogenously crosslinked polymers, the
reactive groups are accessible for the agent only after
sufficient swelling of the polymer matrix, that is,
when polymer chains are sufficiently separated by
action of osmotic forces. However, this presents a
serious limitation to the selection of solvents applica-
ble for the reactions. If the polymer matrix does not
swell in a certain solvent, the reaction can occur
only on the surface which contains only a slight
amount of functional groups as compared with the
whole polymer volume. A drawback of the homoge-
neously crosslinked polymers is also represented by
slow diffusion of the reactant into the swollen poly-
mer network and/or of reaction products from the
polymer bulk.

The problems can be eliminated, to a remarkable
extent, in heterogeneously crosslinked polymers
which are characterized by a high porosity even in
the dry state. Reactions of their functional groups
occur on a large internal surface, usually independ-
ent of the thermodynamic quality of the solvent.13,18

In some cases, the presence of reactive glycidyl
methacrylate in these copolymers made them quite
convenient for further changes. Glycidyl methacry-
late (GMA) monomer has dual functionality, con-
taining both methacrylic and epoxide groups. Both
of these groups readily react with a wide range of
monomers and functionalized molecules to provide
the user with maximum freedom and flexibility in
polymer design. The dual functionality of GMA also
brings together the desirable properties of both
methacrylics and epoxies.19 However, their mechani-
cal and thermal stability is not quite up to the mark.

This work was aimed to prepare a novel reactive
macroporous poly(glycidylmethacrylate-triallylisocy-
nurate-ethyleneglycoldimethacrylate) abbreviated as,
PGMA-TAIC-EGDMA, copolymer matrix by suspension
polymerization of reactive monomers to extend the
range of applications and possibly to overcome
drawbacks of existing materials. This kind of poly-
mer matrix has not been reported in the literature so
far. The new carrier is promising owing to the pres-
ence of trially isocyanurate as a crosslinker. Triallyl
isocyanurate (TAIC) possesses some unique proper-
ties, it has a thermally stable triazine ring and allyl
groups, providing a polymer with improved charac-
teristics, including heat resistance, mechanical prop-
erties, and resistance to hydrolysis and weathering.2

The TAIC and EGDMA were used as crosslinkers
due their comparable reactivity and similarity with
functional monomer GMA.

This article also investigates the influence of cross-
linking density and porogen volume on the pore
size, pore size distribution, specific pore volume,
and surface area. Because, physicochemical parame-
ters like, the level of crosslinker and the type and
level of porogens, are very important in controlling

the morphology and internal structure of the result-
ing copolymers.20–22 These are the main variables
which affect the porosity, specific pore volume, and
surface area significantly.23 In addition, the effect of
stirrer speed on beads size distribution was also
determined. The thermal and mechanical stabilities
of PGMA-EGDMA and PGMA-TAIC-EGDMA were com-
pared. The copolymers were extensively character-
ized by various techniques. The term ‘‘macroporous’’
in this article is used in the light of IUPAC rules
versus the conventional sense. According to IUPAC
definitions, the terms macropores, mesopores, and
micropores are referred to pores having diameter
>50 nm, 2–50 nm, and <2 nm, respectively.24

EXPERIMENTAL

Materials

The crosslinkers, EGDMA (98.0%) and TAIC (98.0%)
were purchased from Acros Organics, New Jersey
and were used without further purification. The
functional monomer glycidyl methacrylate (GMA,
95.0%, stabilized with monomethyl ether hydroqui-
none (MEHQ)) was obtained from Tokyo Chemical
Industry, Tokyo, Japan. The stabilizer PVA was pur-
chased from Beijing Xudong Chemicals Factory; Bei-
jing, China. The initiator 2, 20-Azobisisobutyronitrile
(�99%) was obtained from Sinopharm Chemical Re-
agent, Shanghai, China, and was purified by recrys-
tallization from ethanol before use. All other
reagents were of analytical grade from local suppli-
ers and were used without further purification.
Deionized water was used for making the aqueous
phase.

Preparation of copolymer beads

The macroporous PGMA-TAIC-EGDMA copolymers were
synthesized by suspension polymerization in a
500 mL trineck round bottom flask equipped with a
mechanical stirrer and a reflux condenser under
nitrogen atmosphere. The dispersed organic phase
was comprised of 140 mmol (� 22 mL), containing
monomers mixture (GMA, TAIC, and EGDMA), azo-
bisisobutyronitrile as an initiator (0.500 g) along
with toluene and n-heptane as porogen (constant
ratio of 9 : 1 vol % based on toluene for all series of
copolymers). The above mixture was suspended in
the aqueous continuous phase consisting of 250 mL
of a 1% (w/v) aqueous solution of a suspension
stabilizer PVA by agitation at 400 rpm optimized
conditions under a nitrogen atmosphere at 45�C. The
combined volume of the two liquid phases was cho-
sen such that the height of the liquid was almost
equivalent to the inner diameter of the reactor. The
volumes of GMA and crosslinkers (TAIC and
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EGDMA) were adjusted to a constant ratio for the
monomer. The relative molar ratio between TAIC
and EGDMA was always 1/1 (50/50%) and, this
ratio was maintained constant in all the series of res-
ins prepared. The size of the bead was controlled by
adjusting the stirring speed after the required size of
beads was attained. The contents of the reaction ves-
sel were mixed using an anchor type stirrer powered
by an IKA Eurostar Digital overhead stirrer (IKA-
Werke GmbH and Co-KG, Staufen, Germany). The
anchor type agitator was capable of radial mixing to
prevent ingress and entrapment of air in the droplet,
which could create artifacts due to uncontrolled
additional voids/pores. The temperature of the sus-
pension was then linearly raised from 45 to 65�C
with a gradient of 0.33�C/min and was kept at 65�C
for 1 h, then increased to 75�C in single step and
maintained there for 2 h, and finally at 85�C for 2 h.
The temperature regime was adjusted to make sure
that the process did not occur too rapidly and to
avoid formation of bubbles in the beads. Scheme 1
describes the copolymerization process. After com-
pletion of the reaction, the copolymer beads were

filtered and washed thoroughly with hot water.
Porogenic solvents in the beads were removed by
ethanol in a Soxhlet extractor for 12 h. The copoly-
mer beads were then dried in vacuo oven at 45�C for
24 h. Beads in the range of 106–250 lm were
obtained for all series at 400 rpm, with exception of
the effect of stirring speed on bead size, where the
size of beads varies.
Several series of copolymers of differing crosslink-

ing densities were synthesized at a constant volume
of the inert diluent. Similarly, polymers of a specific
composition i.e., crosslink density, were prepared
with differing volumes of the porogen. Eight series of
copolymers were synthesized at 10, 25, 50, 75, 100,
125, 150, and 200 vol % of porogen relative to the vol-
ume of the monomers, as presented in Tables I–VI.
Here the mole percent of the crosslinking monomers
relative to the moles of functional monomer or the
mole ratio between the reactive monomer GMA and
the crosslinkers (TAIC and EGDMA) is termed as
crosslink density (CLD). The volume percent of the
porogen in the organic phase is known as percent
dilution. Since all the polymers were taken to the
100% conversion, the average CLD in all polymers is
effectively the relative mole fraction of the crosslink-
ing comonomer in the feed. Within each series, the
crosslinking comonomers (TAIC and EGDMA) were
varied at 10, 20, 30 40, 50, 75, and 100 mol % of (based
on) glycidyl methacrylate. For the effect of stirring
rate on bead size, the rpm was changed from 200 to
1000 for a specific copolymer having the same CLD
and porogen volume as shown in Figure 1. To com-
pare the composition, mechanical and thermal stabil-
ities of PGMA-TAIC-EGDMA and PGMA-EGDMA copoly-
mers, the latter was prepared by the same procedure
as above with the concentration of diluent mixture
and crosslinking density shown in Table V.

Physicochemical characterization

Fourier transform infrared spectroscopy

Infrared spectra from 4000 to 400 cm�1 were
recorded on a Varian 3100 Fourier transform

Scheme 1 Schematic representation of the copolymeriza-
tion process.

TABLE I
Elemental Analysis Data of PGMA-TAIC-EDGMA Copolymer Matrix

Elemental analysisa Epoxy content

Theoretical value
(calculated)

Actual value
(experimental)

Functional
monomer

Theoretical Experimental
Polymer code %C %H %N %C %H %N GMA (%)b (mmolg�1) (mmolg�1)

GTE-20/75 59.07 6.67 7.13 57.34 6.83 6.85 80 4.86 2.97
GTE-50/75 59.07 6.67 7.13 58.16 7.21 6.97 50 3.83 1.93
GTE-75/75 59.07 6.67 7.13 57.96 6.31 6.49 25 2.68 1.26

a Elemental analysis was calculated from multiple determinations within 60.2% agreement.
b mol % of GMA in the feed.
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infrared Excalibur Series, spectrophotometer (Varian,
Palo Alto, CA) and peaks are reported with resolution
in reciprocal cm in the transmission mode. The poly-
mer beads, 2 mg, was milled, mixed with potassium
bromide (KBr), 100 mg, and pressed into a solid disk
of 1.2 cm diameter prior to the infra-red measure-
ment. A total of 40 scans were performed at a resolu-
tion of 1 cm�1 and the temperature of 21 6 1�C.

Scanning electron microscopy

Surface morphology of the polymer matrix was
observed using Hitachi S-4700, scanning electron
microscope (Hitachi, Tokyo, Japan). Dried samples
of PGMA-TAIC-EGDMA and PGMA-EGDMA copolymer
beads were mounted on aluminum studs using ad-
hesive graphite tape and sputter coated with
approximately 10 nm of gold before analysis. For the
inner structure of the matrix, beads were cut into
pieces for inspection.

Mercury intrusion porosimetry

AutoPore IV 9500, mercury porosimeter from Micro-
meritics Instrument (Norcross, Georgia, USA) was
used to determine the pore size distribution, mean
pore diameter, and total pore volume of the copoly-

mer beads. Samples were subjected to a pressure
cycle starting at approximately 0.5 psia, increasing to
60,000 psia in predefined steps to give pore size/
pore volume information.

N2 Sorption porosimetry (BET)

N2 sorption isotherms were generated using a ST-
2000 surface area analyzer from Beijing Beifen
Instrument Company, China. Samples were dried at
90�C for at least 6 h at high vacuum before sorption
was started. The packaged software was used to
compute copolymer specific surface areas using a
BET model. The data obtained are summarized in
Table I–VI.

Thermogravimetric analysis

Thermal stability and degradation of the polymers
PGMA-TAIC-EGDMA and PGMA-EGDMA beads were
determined by thermogravimetric analysis (TGA).
TGA was carried out using TGA (Mettler-Toledo
TGA/SDTA 851 e, Switzerland) with the Mettler
STARe system. The measurement was typically car-
ried out on 5.4 6 0.4 mg size samples with a heat
rate of 10�C/min from 30� to 800�C in a nitrogen
atmosphere.

TABLE II
Characteristics of Macroporous Copolymers Matrix Synthesized at 25% Porogen Volume (Series 1)

Serial No.
Polymer
code

Crosslinking
density (%)

Yield
106–250 lm (%)

Mean pore
diametera (Dp, nm)

Specific pore
volumeb (Vp, mL/g)

Specific surface
areac (Sg, m

2/g)

1 GTE-25/10 10 80.7 123.6 0.53 10.2
2 GTE-25/20 20 82.2 105.4 0.55 13.2
3 GTE-25/30 30 85.6 97.3 0.56 16.4
4 GTE-25/40 40 87.3 91.7 0.59 18.6
5 GTE-25/50 50 83.6 85.4 0.62 22.3
6 GTE-25/75 75 81.4 78.2 0.69 25.2
7 GTE-25/100 100 78.1 71.6 0.73 29.1

a Mean pore diameter calculated from mercury porosimetry data.
b Pore volume determined by mercury intrusion porosimetry.
c Specific surface area calculated from the BET isotherm of nitrogen.

TABLE III
Characteristics of Macroporous Copolymers Matrix Synthesized at 50% Porogen Volume (Series 2)

Serial
No.

Polymer
code

Crosslinking
density (%)

Yield
106–250 lm (%)

Mean pore
diametera (Dp, nm)

Specific pore
volumeb (Vp,mL/g)

Specific surface
areac (Sg, m

2/g)

8 GTE-50/10 10 85.3 151.2 0.78 43.2
9 GTE-50/20 20 91.3 145.3 0.81 51.3
10 GTE-50/30 30 92.0 130.3 0.83 62.5
11 GTE-50/40 40 95.4 123.5 0.87 69.1
12 GTE-50/50 50 94.8 112.7 0.91 71.9
13 GTE-50/75 75 88.2 95.4 0.98 78.9
14 GTE-50/100 100 86.1 87.6 1.11 85.8

a Mean pore diameter calculated from mercury porosimetry data.
b Pore volume determined by mercury intrusion porosimetry.
c Specific surface area calculated from the BET isotherm of nitrogen.
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Measurement of bead strength

The deformational characteristics of the individual
beads in the dry state were measured at 20�C. An
Instron Universal Testing Machine (Instron, Nor-
wood, MA) was used to measure the mechanical
properties of all samples in compression mode. A
speed of 1 mm min�1 was used for all measure-
ments. The planes compressing the bead were made
of steel.25–27 The force transducer had a maximal
range of 10 kg, and the deformation indicator oper-
ated with the accuracy 6 0.0005 mm. Five samples
of bead of approximately 200 lm in diameter were
tested for each copolymer. The beads were loaded
until a displacement of half the height of the exam-
ined bead was reached. The beads strength was
expressed in MPa. The value of the compression
stress and the Young’s modulus were determined
from an average of five samples.

Elemental analysis

The composition of the copolymers PGMA-TAIC-EGDMA

and PGMA-EGDMA was analyzed using the Perki-
nElmer 2400 Series II CHNS/O Elemental Analyzer,
in triplicate, after heating the samples at 100�C,
under vacuum for 1 h. The theoretical and experi-

mental percentage of carbon, hydrogen, and nitrogen
is given in Table VII.
Determination of epoxy groups content. The content of
epoxide groups was determined by volumetric titra-
tion as follows: the copolymer beads were dispersed
in 0.1 mol/L tetraethyl ammonium bromide in acetic
acid solution and titrated with a 0.1 mol/L perchloric
acid solution in acetic acid until the crystal violet
indicator changed to blue-green end point.28

RESULTS AND DISCUSSION

Synthesis of copolymer beads

Polymer particles were prepared by a standardized
radical suspension copolymerization procedure.
Once the polymerization conditions detailed in the
Experimental Section were established, high-quality
resin beads in the size range 106–250 lm were
obtained consistently in high or very high yields.
This confirms the effectiveness of polyvinyl alcohol
as a robust stabilizer for the suspension copolymer-
ization of these monomers. Series 7 and 8 being pre-
pared at 10 and 200% volume of diluents, respec-
tively, were not processed further due to poor beads
quality and yield. Here, ‘‘% yield’’ can be defined as,
the weight fraction of beads having diameter in the

TABLE IV
Characteristics of Macroporous Copolymers Matrix Synthesized at 75% Porogen Volume (Series 3)

Serial No.
Polymer
code

Cross-linking
density (%)

Yield
106–250 lm (%)

Mean pore
diametera (Dp, nm)

Specific pore
volumeb (Vp, mL/g)

Specific surface
areac (Sg, m2/g)

15 GTE-75/10 10 98.6 351.3 1.24 38.3
16 GTE-75/20 20 98.9 310.4 1.28 43.8
17 GTE-75/30 30 99.5 282.6 1.32 46.0
18 GTE-75/40 40 99.1 262.6 1.35 51.3
19 GTE-75/50 50 97.2 223.5 1.38 55.4
20 GTE-75/75 75 95.4 196.9 1.42 58.6
21 GTE-75/100 100 91.8 154.7 1.53 61.7

a Mean pore diameter calculated from mercury porosimetry data.
b Pore volume determined by mercury intrusion porosimetry.
c Specific surface area calculated from the BET isotherm of nitrogen.

TABLE V
Characteristics of Macroporous Copolymers Matrix Synthesized at 100% Porogen Volume (Series 4)

Serial No.
Polymer
code

Crosslinking
density (%)

Yield
106–250 lm (%)

Mean pore
diametera (Dp, nm)

Specific pore
volumeb (Vp, mL/g)

Specific surface
areac (Sg, m

2/g)

22 GTE-100/10 10 97.8 534.7 1.52 34.2
23 GTE-100/20 20 98.6 513.7 1.58 38.4
24 GTE-100/30 30 99.6 503.8 1.63 39.6
25 GTE-100/40 40 99.4 486.8 1.68 42.7
26 GTE-100/50 50 97.4 460.1 1.73 45.8
27 GTE-100/75 75 94.1 443.9 1.81 49.6
28 GTE-100/100 100 91.5 421.9 1.88 52.9

a Mean pore diameter calculated from mercury porosimetry data.
b Pore volume determined by mercury intrusion porosimetry.
c Specific surface area calculated from the BET isotherm of nitrogen.
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range of 106–250 lm. Physicochemical parameters
such as the concentration of the crosslinking agent
and type, composition, and concentration of the inert
diluents mixture in the organic phase i.e., the ratio
of monomers to porogens, can affect this yield. The
data for the Series 1 to 6 of copolymer beads are
documented in Tables I–VI. It can be observed that
the yield of copolymer beads in Tables I–IV
decreases beyond 40% CLD, this is probably associ-
ated with the increasing copolymerization rate
owing to the increases in the molar concentrations of
double bonds, thus resulting in beads with relatively
large diameter and rough surfaces, similar results
have been reported elsewhere.29

Effect of stirring rate on bead size distribution

Stirring speed plays a key role in particle size regu-
lation. The higher the stirring speed, the smaller the
beads size. Figure 1 shows the effect of stirring
speed on the mean bead size for the copolymer
GTE.75–40. It is obvious that particle size reduces
significantly with an increase in agitation rate. The
average particle size is 560, 200, and 80 lm at 200,
400, and 1000 rpm, respectively. Higher stirring in-
tensity leads to particle disintegration at higher rpm
because the probability of interactions between the
beads is higher at increased stirring rates. The por-
tion of smaller particles increases with increasing
stirrer intensity. Smaller beads can find analytical
use. Beads of sizes higher than 100 lm are suitable
for preparative and industrial scale applications e.g.,
Amberlite, Dowex, etc. Beads of very large diameter
are not suitable for use because of high diffusional
constraints; it can hinder the transportation of reac-
tants and products in the bulk of copolymer beads.

Characteristics of the copolymer beads

Fourier transform infrared spectroscopy spectroscopy. The
composition of copolymer matrix was analyzed by

Fourier transform infrared spectroscopy (FT-IR)
spectroscopy and elemental analysis (EA). The FT-IR
spectrum of a typical PGMA-TAIC-EGDMA (a) and
PGMA-EGDMA (b) beads are presented in Figure 2
which ensured the presence of oxirane functionality
and triazine ring of TAIC. The IR spectrum gave a
prominent band at 1260 cm�1 due to the symmetri-
cal stretching of the oxiranoyl ring.8,30 Another band
at 908 cm�1 due to epoxy ring out of plane vibration
further confirmed the presence of epoxy group and
hence GMA.31 The distinguishing absorption band at
763 cm�1 is attributed to isotriazine ring of TAIC, in
contrast no such band appeared in PGMA-EGDMA, cf.
(a) and (b) Figure 2.32 Among the characteristic
vibrations of both GMA and EGDMA is the methyl-
ene vibration at � 2988 cm�1. A doublet band at
1730 and 1698 cm�1 represents the ester configura-
tion of both EGDMA and GMA, and TAIC, respec-
tively. On the other hand, several bands appear in

TABLE VI
Characteristics of Macroporous Copolymers Matrix Synthesized at 125% Porogen Volume (Series 5)

Serial
No.

Polymer
code

Crosslinking
density (%)

Yield
106–250 lm (%)

Mean pore
diametera (Dp, nm)

Specific pore
volumeb (Vp, mL/g)

Specific surface
areac (Sg, m

2/g)

29 GTE-125/10 10 75.9 2035 2.13 19.7
30 GTE-125/20 20 78.6 1198 2.21 23.5
31 GTE-125/30 30 83.5 1097 2.29 25.9
32 GTE-125/40 40 89.3 1016 2.32 27.4
33 GTE-125/50 50 91.8 981.9 2.39 30.6
34 GTE-125/75 75 93.1 851.7 2.46 34.9
35 GTE-125/100 100 94.2 757.7 2.52 38.4

a Mean pore diameter calculated from mercury porosimetry data.
b Pore volume determined by mercury intrusion porosimetry.
c Specific surface area calculated from the BET isotherm of nitrogen.

Figure 1 Effect of stirring rate on the mean particle size of
the copolymer matrix. Crosslinking density 30%, porogen
volume 100%. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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the finger print region for the samples between 1600
and 1200 cm�1. These prominent absorption bands
at 1150 and 1463 cm�1 are assigned to the ACH2

scissoring and bending modes (dHCH) of both GMA
and EGDMA, respectively. The broad absorption
band at 3400–3600 cm�1 in both the spectra (a, b)
can be attributed to the OAH stretching of hydro-
gen-bounded alcohol.8,33

Composition and oxirane content of PGMA-Taic-Egdma

copolymer

The EA data for the PGMA-TAIC-EGDMA copolymer
samples are presented in Table VII. The results show
the presence of nitrogen in the copolymer matrix.
The theoretical content of the elements in the synthe-
sized PGMA-TAIC-EGDMA, calculated on the basis of
molecular formula of participating monomers is
given for comparison. The EA data are in good
agreement with these theoretical values. The differ-
ence is within the error limits of suspension poly-
merization. From the viewpoint of employing this
reactive polymer to further conversions, it is impor-
tant to know the actual content of accessible oxirane
groups in the matrix. Epoxy content of the copoly-
mer matrix which corresponds to mole % of GMA is
also given in Table VII. The concentration of admis-
sible epoxy groups not only depends on the GMA
content in the feed or crosslinking density, and on
the internal surface area, but also to a remarkable
extent on the inert phase composition.21 The epoxy
groups content for the samples; GTE-20/75, GTE-
50/75 and GTE-75/75 are 3.27, 2.93 and 1.86 mmol/
g, respectively. The values drop with a reduction of
GMA content in the feed.

Surface morphology and internal structure

The scanning electron micrographs of typical sample
GTE-30/100 beads are depicted in Figure 3. The
image shown in Figure 3(a) documents the shape,
size, and surface morphology of the polymeric

beads. It can be seen that the shape of bead is sym-
metric and strictly spherical with a narrow size dis-
tribution, and that the morphology of the surface is
porous. The scanning electron microscopy (SEM)
micrograph of a cross section of the bead depicts the
internal structure of the bead [Fig. 3(b)] at a higher
magnification. It clearly demonstrates the highly
reticular, three dimensional porous matrix of the
bead, which was formed by clusters of globules and
numerous interconnected channels and pores. The
globules in the bead are formed by the agglomera-
tions of microspheres and microspheres are made by
the coagulations of nuclei.34 The pores show a rather
large size distribution and appear to be intercon-
nected by numerous channels in the pores walls,
and pore diameter reaches up to 4 lm, moreover,
globules having diameter in the range 100 to 300 nm
can also be observed.

Effect of diluent concentration on beads porosity
and surface area

A number of studies have been performed concern-
ing the effects of variations in the concentration and

TABLE VII
Characteristics of Macroporous Copolymers Matrix Synthesized at 150% Porogen Volume (Series 6)

Serial No.
Polymer
code

Crosslinking
density (%)

Yield
106–250 lm (%)

Mean pore
diametera (Dp, nm)

Specific pore
volumeb (Vp, mL/g)

Specific surface
areac (Sg, m

2/g)

36 GTE-150/10 10 68.6 3118 2.65 3.7
37 GTE-150/20 20 72.4 3103 2.66 4.6
38 GTE-150/30 30 76.3 2956 2.71 6.4
39 GTE-150/40 40 78.0 2895 2.73 7.3
40 GTE-150/50 50 79.8 2794 2.79 7.1
41 GTE-150/75 70 81.6 2743 2.82 8.3
42 GTE-150/100 100 83.4 2643 3.01 9.6

a Mean pore diameter calculated from mercury porosimetry data.
b Pore volume determined by mercury intrusion porosimetry.
c Specific surface area calculated from the BET isotherm of nitrogen.

Figure 2 Comparison of the FT-IR spectra of the copoly-
mer: (a) PGMA-TAIC-EGDMA and, (b) PGMA-EGDMA.
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type of diluent used.1,34–37 For oil in water systems,
the porogenic diluents are generally saturated
hydrocarbons, aliphatic alcohols, and carboxylic
acids. The pore size obtained will depend on the
mutual solubility of the monomer mixture and the
diluents, and the concentration, structure and polar-
ity of the diluent. A porogen must be soluble in the
organic phase, insoluble in the aqueous phase and
perfectly chemically inert toward the various constit-
uents of the mixture. Moreover, it must be easily
extracted from the final copolymer. A mixture of tol-
uene and heptane was chosen as the porogenic
diluents; because of their good miscibility with the
monomer mixture, for the synthesis of PGMA-TAIC-

EGDMA copolymer. Toluene is a thermodynamically
good solvent for the resulting polymer matrix and
hence creates small pores. In contrast, use of a ther-
modynamically poor diluent such as heptane is
known to yield polymer with modest surface area
having macropores and a broad pore size distribu-
tion.38 It was observed earlier that the addition of
heptane to toluene used as porogenic solvent results
in the formation of larger pores in poly(glycidylme-

thacrylate-triallylisocyanurate-ethylene dimethacry-
late) beads.32 This is also confirmed in this study.
The details of composition and concentration of
porogenic solvent and monomers used is described
in the Experimental Section. Tables I–VI summarizes
the results of BET nitrogen adsorption measure-
ments and mercury intrusion porosimetry (MIP) for
all copolymer matrices prepared.
Figure 4 depicts the effect of diluent concentration

on the resulting surface area of the copolymer beads.
If the concentration of the inert mixture in the dis-
persed phase is lower than 10 vol %, the matrices
formed are nonporous spherical particles with an
immeasurable specific surface area. This is because
at low dilution of porogen a large number of nuclei
are formed which tend to grow through each other
and eventually result in low internal surface area.39–
41 There is a remarkable increase in surface area
with increase in quantity of porogen from 10 to 50
vol %. This dramatic increase in surface area is due
to porosity increase with diluents quantity. At the
course of polymerization, monomers are trans-
formed into a copolymer, while the inert solvents
mixture fills up the pore space of the particles
formed. The more inert components there are in the
solvents mixture, the higher the porosity. After pass-
ing through a maximum, the curve moves down-
ward. This trend can be explained on the basis of
average pore diameter of the given polymers with
constant crosslinking density, which is presented in
Tables I–VI. It can be seen that diameter of the aver-
age pore increases monotonically with porogen con-
centration. The decrease in surface area beyond 50
vol % is due to this fact. Particles formed at 25% are
quite strong due to low porosity. Beads formed

Figure 3 Scanning electron micrograph of the macropo-
rous PGMA-TAIC-EGDMA Beads, Sample : GTE-30/100. (a)
Morphology of microspheres at �250, (b) cross section of a
bead observed at a magnification of 3000.

Figure 4 Effect of porogenic solvent concentration on the
specific surface area of the resultant copolymer beads.
CLD in legend shows the crosslinking density of different
series. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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below 100 vol % are much stronger mechanically
than the beads formed at even higher concentration.
Beads synthesized at 150 and 200 vol % are soft and
easily collapsible due to large voids inside the beads
structure. Figure 5 demonstrates the effect of
diluents concentration on the specific pore volume.
It can be observed that pore volume increases
monotonically with increase in concentration of
porogen. Similar results have been reported for other
copolymer systems in the literature.1,36 Log differen-
tial pore size distribution dv/day(logD) curves of
the PGMA-TAIC-EGDMA beads as measured by MIP, for

the samples being prepared at 30% crosslinking den-
sity and is shown in Figure 6. It is obvious that the
lognormal pore size distributions shift toward larger
pore diameter with an increase in the concentration
of diluent.

Effect of crosslinking density on beads porosity
and surface area

Crosslinking density plays an important role because
it not only affects the chemical properties but also
the physical characteristics of the final copolymer
matrix. Varying the concentration of crosslinker
leads to a polymer with different chemical composi-
tion and hence different characteristics. For instance,
increasing the percentage of crosslinker results in
lower concentration of functional monomer GMA
and indirectly to epoxide groups’ content. The data
of surface area, average pore diameter and specific
pore volume obtained from the nitrogen sorption
isotherm and mercury porosimetry for the copoly-
mers synthesized at 25, 50, 75, 100, 125,150, vol % of
diluents are given in Tables I–VI (Series 1-6). The
first series GTE-20/10 to GTE-25/100 employed 10,
20, 30, 40, 50, 75, and 100 mol % of crosslinker and
25 vol % of porogen. Surface area is observed to
increase with crosslinking density at constant diluent
concentration as shown in Figure 7. The same phe-
nomena are noted for all series but in different mag-
nitude because each series is being synthesized at
different amount of porogen. The increase in surface
area with crosslinker concentration is due to a
decrease in the size of the microspheres which itself
are formed by the agglomerations of nuclei inside a
bead.36,39–42 The portion of the defective particles

Figure 5 Effect of the concentration of porogenic solvent
on the specific pore volume of copolymers prepared at
different crosslinking densities. [Color figure can be
viewed in the online issue, which is available at wiley
onlinelibrary.com.]

Figure 6 Log differential pore size distribution [dv/day
(LogDp)] curves of the PGMA-TAIC-EGDMA beads as meas-
ured by MIP. Legends show the copolymer samples.
Crosslinking density, 30%. Volume of porogen, 25 to
200 vol % based on monomers. [Color figure can be
viewed in the online issue, which is available at wiley
onlinelibrary.com.]

Figure 7 Effect of crosslinker concentration on the
specific surface area of copolymers at different percent
dilutions. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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increased with the content of the crosslinking agent
in the feed. This is probably associated with the
increasing polymerization rate owing to the
increases in molar concentrations of double bonds.
Moreover, for every series the specific pore volume
increases with an increase in crosslinking density.
This trend is summarized in Figure 8, a plot of pore
volume against crosslinking density. Each curve is
representative of pore volume relative to crosslink-
ing density for a particular volume of porogen. It
can be observed from Figure 8 that the effect of
polymer composition is not as significant as that of
diluents concentration on the pore volume of the
copolymers.

In a nutshell, a polymer prepared at 30–40 mol %
crosslinking density and 70–100 vol % porogen pro-
vide the best chemical and physical characteristics

like, surface area, specific pore volume, pore size
distribution, content of epoxy groups, and mechani-
cal stability. Mole fractions of crosslinker higher
than 50% leads to poor bead morphology and com-
promised epoxide content, on the contrary, lower
mole fractions of crosslinker (<20%) causes weaker
beads with respect to mechanical and thermal stabil-
ity (discussed in Section 3.8). Beads prepared at
porogen concentrations higher than 100 vol %,
resulted in soft and easily collapsible beads struc-
ture, while copolymers synthesized at lower diluent
concentrations do not provide the desired essential
parameters, like specific pore volume, pore size dis-
tribution, and surface area for the final polymer
matrix.

Comparison of the mechanical and thermal
stability of the beads

A comparison of the mechanical stabilities of
PGMA-EGDMA and PGMA-TAIC-EGDMA copolymers are
shown in Table VIII. The comparing pairs of the
copolymers have the same concentration of cross-
linker and inert porogenic solvent. It can be
observed that the penetration modulus and stress at
break of the copolymer beads increases with increas-
ing in the concentration of the crosslinking agent
(Table VIII, polymer 1-3). Increase in crosslinking
density results in a finer globular structure of hetero-
geneous polymers and, hence mechanically strong
and more rigid beads. For pairs of beads with the
same crosslinking density and diluent concentration,
the PGMA-TAIC-EGDMA beads are much stronger than
the corresponding PGMA-EGDMA beads due to the
presence of TAIC as a robust crosslinker in the for-
mer. The effect of porogen volume on the mechani-
cal properties of the two copolymers is also
presented in Table VIII. It is clear that at constant
crosslinker concentration the mechanical stability of

Figure 8 Effect of the mole fraction of crosslinking agent
on the specific pore volume as determined by MIP. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE VIII
Characteristics of the Copolymers: Comparison of Thermal and Mechanical Stability

Copolymer
Porogenvolume

(Vol %)
Crosslinking

density (mol %)

Mechanical stability Thermal stability

PGMA-EGDMA PGMA-TAIC-EGDMA
PGMA-EGDMA PGMA-TAIC-EGDMA

Aa

(MPa)
rb

b

(MPa) kb
c

Aa

(MPa)
rb

b

(MPa) kb
c

Tonset

(�C)d
Tonset

(�C)d

1 75 20 20.4 15.6 0.31 32.7 22.3 0.35 246 275
2 75 50 32.6 26.3 0.35 43.4 37.2 0.38 257 293
3 75 75 41.7 37.1 0.39 56.8 44.9 0.41 278 311
4 25 40 223 186 0.51 295 251 0.53 254 289
5 75 40 31.2 25.7 0.37 45.2 36.7 0.37 255 285
6 125 40 6.41 5.21 0.25 9.71 7.83 0.29 253 287

a Penetration modulus.
b Stress at break
c Relative compression at break.
d Temperature at the onset of decomposition.
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the resultant beads decreases with increase in the
concentration of diluents due to higher porosity. If
the content of inert solvents and, consequently, the
porosity is higher, the surface shell is less compact
and the penetration modulus A and the stress at
break rb, are lower than those observed with less
porous samples. The strain at break Eb does not
depend on the content of the inert solvents to any
considerable extent. Extreme values for modulus
A and stress at break rb and an unusually compact
submicroscopic structure can be observed in poly-
mer 4. When prepared at low concentration of
the inert mixture and high interfacial tension, the
system is more rigid. Comparing the copolymers
pairs at the same crosslinking density shows that,
the polymer prepared with TAIC as a crosslinker
provide more rigidity to the copolymer system in
PGMA-TAIC-EGDMA.

Table VIII provides an insight into the thermal
stabilities of the two copolymers compared at vari-
ous concentrations of diluents and crosslinker. For
assessing relative thermal stability of polymers with
different compositions, bead samples were character-
ized by determining the onset temperature of
decomposition. TGA data shows that, the Tonset

increases with increasing concentration of crosslink-
ing agent (copolymer 1, 2, and 3). Pairs of the beads
of the two copolymers having the same crosslinking
density show that PGMA-TAIC-EGDMA is more stable
thermally than PGMA-EGDMA due to the presence of
trially isocyanurate as a crosslinker. This phenom-
enon cab be explained by the following mechanism;
the inherent instability of all polyMETHacrylates
arises from the low-ceiling temperature Tc of these
monomers. The consequence of this is that if a termi-
nal radical is formed on a polyMETHacrylate chain
at modest temperatures above the Tc the polymer
chain ‘‘unzips’’ to form monomer molecules. So seri-
ous is this that commercially produced polymethyl-
METHacrylate (PMMA, Perspex) has to be stabilized
by including some methyl acrylate (or other acrylate)
in the polymerization. The acrylate segments mini-
mize any tendency to ‘‘unzip’’ because terminal free
radicals are able to abstract the backbone H atom in
the acrylate segments forming a relatively stabilized
tertiary radical. PolyMETHacrylates therefore would
be expected to have improved thermal stability in
the presence of other groups capable of yielding an
H atom to abstraction. One such group is the allyl
group, of which there are three in TAIC. Allyl
monomers polymerize only with difficulty because
propagating radicals tends to abstract the allylic
atoms forming stable allyl radicals in preference to
adding to the allyl C¼¼C bond. Polymers formed
with TAIC contain some unreacted allyl groups and
these would act as excellent free radical traps in the
PGMA-TAIC-EGDMA terpolymer. Thus, the improved

thermal stability of these polymers can be attributed
to the above mechanism. Increasing the porogen
concentration at constant crosslinking density does
not affect the Tonset value for copolymers 5, 6, and 7,
because all these samples have the same chemical
composition.

CONCLUSIONS

In this study, a novel reactive macroporous
PGMA-TAIC-EGDMA copolymer of controlled bead size
was prepared via free radical suspension copolymer-
ization. Toluene and n-heptane was used as poro-
gen. The effect of the concentration of crosslinking
agent and porogenic diluent on the average pore
diameter, pore size distributions, specific surface
area and pore volume of the copolymer matrix were
thoroughly investigated. The EA and FT-IR spectros-
copy confirmed that the copolymer is a matrix of
GMA, TAIC, and EGDMA. The SEM data revealed
the excellent morphology and highly reticular inter-
nal structure. The porous properties of the polymer
matrix was a direct consequence of the amount and
quality of the porogenic solvent, as well as the per-
centage of crosslinking monomers and the ratio
between the monomers and porogen phases.
Copolymers prepared at 30 and 40% crosslinking
density, and 75 and 100% diluent, respectively,
showed a fine bead morphology, mechanical stabil-
ity and pore size distributions. Beads prepared at
higher crosslinker concentrations were mechanically
stable but their bead morphology was not satisfac-
tory, similarly beads synthesized at 125 or higher
vol % of diluent were not strong enough to with-
stand mechanical stresses due large pores in their
structure. We also documented that the copolymer
PGMA-TAIC-EGDMA was more stable both thermally
and mechanically than its predecessor PGMA-EGDMA.
The copolymer can be customized further thanks to
the presence of versatile epoxy groups. The resulting
polymers can find many applications in chromatog-
raphy, immobilization of biomolecules, solid phase
organic synthesis, separation, etc.
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