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Chapter

Introduction



1 Introduction

The chemistry of reactions and functionalisation of polymers has received great
attention during the last two decades. Many fundamentally and industrially important reactive
and functional polymers have been prepared by the reactions on linear or crosslinked polymeric
reactant which introduces reactive, catalytic, or functional groups in the polymer chain.
Polymers bearing reactive functional groups are polymers capable of undergoing chemical
reactions. The term functional polymer has two meanings: (a) A polymer bearing functional
groups like hydroxy, carboxy or amino groups etc, which makes the polymer reactive or (b) A

polymer performing a specific function for which it is produced.

Macroporous crosslinked polymers are effective and efficient materials for many
separation processes, and therefore they are widely used as starting material for ion exchange
resins and as specific sorbents. As first reported in 1935 by Staudinger and Huseman, the
copolymerisation of styrene in the presence of a small amount of divinylbenzene yielded a
product that swells in good solvents but does not dissolve in them [1]. Towards the end of the
1950s, a new polymerisation technique was discovered that yielded crosslinked polystyrenes
having a porous structure in the dried state [2-12].

During the past 43 years, the synthesis of macroporous copolymer networks based on
the various chemical compositions has been the subject of many studies. After the development
of porous networks, towards the end of the 1950s, it became necessary to distinguish these new
materials from the conventional materials and the terms 'macroporous' and “macroreticular’

were introduced. Functional resins are produced in two basic morphological types:

1. Gel-type (microporous) resins without an appreciable porosity in the dry state, whose interior
is accessible only after swelling in the reaction environment.

2. Macroreticular (macroporous) resins with macropores stable even in the dry state, in addition
to the micropores generated by the swelling of the polymer skeleton.

2



The term macroporous is misleading, because according to IUPAC [13], pores of
diameter larger than 50 nm are macroporous, whereas macroporous networks usually have a
broad pore size distribution ranging from 0.1 to 1000 nm. It is now well understood that a
phase separation [14] during the formation of the network is mainly responsible for the
formation of porous structures in a dried state. In order to obtain macroporous structures, a
phase separation must occur during the course of the crosslinking process so that the two-phase
structure is fixed by the formation of additional crosslinks. The phase separation occurs at an
early stage of polymerisation, leading to the formation of microscopic globular entities that
keep growing but do not coalesce because of crosslinking. Eventually, these come into contact
with each other and associate to form clusters consisting of both interconnected globules and

voids or pores (Figure 1.1) [15].

mMacropores

S
Microgiobules

Figure 1.1: Schematic view of the morphology of macroporous polymer beads

1.1 Macroporous copolymer networks

The term macroporous resin is not intended to convey anything about the size of the
pores in a resin. Instead, the expression is used simply to indicate a class of resins which have a
permanent well-developed porous structure even in the dry state. Figure 1.2 represents the

action of porogen in forming porous morphology in a macroporous resin.



Figure 1.2: Action of porogen in forming porous morphology in a macroporous resin (a)
monomer, crosslinker and porogen in isotropic solution (b) polymerisation (c¢) polymer
network formation (d) porogen and network start to phase separate (e) porogen phase
acts as a pore template (f) porogen phase removed to yield pores

The suspension polymerisation technique has generally been used for the preparation of
macroporous copolymer networks in the form of beads of diameter ranging from 0.1 and 1 mm,
with the majority in the range 200-600 um. To illustrate the synthetic procedure, this technique
is shown schematically in Figure 1.3. First, a monovinyl-divinyl monomer mixture containing
a free-radical initiator is mixed with an inert diluent. The inert diluent must usually be soluble
in the monomer mixture but insoluble in the continuous phase of the suspension
polymerisation. The reaction mixture is then added into the continuous phase under agitation,
so that it distributes in the form of droplets inside the continuous phase. The copolymerisation
and crosslinking reactions taking place in the monomer—diluent droplets result in the formation
of beads having a glassy, opaque, or milky appearance. The beads are then extracted with a
good solvent to remove the soluble polymers and the diluent from the network.

Macroporous materials with pore diameters greater than 50 nm [16] have a wide range
of applications in chemistry. Macroporous polymers, in particular, can be used as catalytic
surfaces and supports [17-18], separation and adsorbent media [19-21], biomaterials [22-26],

chromatographic materials [27-29] and thermal acoustic and electrical insulator [29-32].
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Figure 1.3: Schematic diagram of suspension polymerisation

The suspension polymerisation technique yields macroporous polymer particles with a
relatively broad particle size distribution that cannot be used directly for fine chromatographic
separations. Alternate procedures that afford monodisperse macroporous beads have been
reported. Porous structures within the particles may be obtained upon the removal of the diluent
after polymerisation [33-34]. Hydrophilic crosslinked macroporous particles have also received
much interest in recent years. They can be prepared by the classical suspension polymerisation
technique, in which water-insoluble derivatives of the monomers are used for the
polymerisation.

Horak et al. used an aqueous solution of poly(vinyl pyrrolidone) as the water phase and

a mixture of higher boiling alcohols as the diluent of the monomer phase for obtaining



crosslinked poly(2-hydroxyethyl methacrylate) beads [35]. They pointed out that the diluent in
the monomer phase reduces the solubility of 2-hydroxyethyl methacrylate (HEMA) in water.
Mueller et al. [36], Peppas et al. [37-39], Jayakrishnan et al. [40], Okay et al. [41] and Horak et
al. [42] described the various techniques for the synthesis of poly(HEMA) beads in an aqueous
phase containing sodium chloride and other additives. The presence of sodium chloride in the
aqueous phase reduces the monomer solubility and thus allows formation of spherical,
hydrophilic beads. Several diluents soluble in the monomer mixture have been tested for their
suitability as inert diluents in the production of hydrophilic macroporous copolymer networks
[43-45]. Coupek et al. first described the synthesis of macroporous polymers from HEMA and
ethylene dimethacrylate (EGDM) [46]. Svec et al. [47-48] prepared a series of macroporous
glycidyl methacrylate (GMA)/EGDM copolymer beads by classical suspension polymerisation
technique using lauryl alcohol /cyclohexanol diluent mixture. The copolymers exhibited a high
specific surface area, which increased markedly with increasing content of the crosslinker,
EGDM. On increasing the relative volume of lauryl alcohol in the diluent mixture led to the
formation of large pores and small surface areas. Synthesis of uniformly sized porous
GMA/EGDM beads was described by Smigol et al. [49-50]. The distribution of pore sizes in a
macroporous polymer can be measured by mercury intrusion porosimetry [51]. The specific
surface area of the beads is measured by nitrogen adsorption isotherms. The Brunauer-Emmet-
Teller equation is used to analyse the nitrogen adsorption isotherms in order to calculate the

surface area of beads [52].

1.2 Suspension polymerisation
Suspension polymerisation is not a new technique, having been invented about 93 years
ago. This is a case of heterogeneous polymerisation right from the beginning. The term

suspension polymerisation is applied to a system in which monomers relatively insoluble in



water are suspended as liquid droplets, and the resultant polymer is obtained as a dispersed
solid phase. Initiators soluble in the liquid monomer phase are used in this type of
polymerisation. Terms synonymous with suspension polymerisation are pearl and bead
polymerisation, especially when porosity of particle is not of critical importance. Suspension
polymers are generally produced in the form of pearls or beads, which may be hard or soft in
nature, depending upon the monomer composition and presence of any miscible diluent [53].
The major aim in suspension polymerisation is the formation of an uniform dispersion of
monomer droplets in the aqueous phase with controlled coalescence of these droplets during
the polymerisation process. The idea of using monomer droplets in an aqueous suspension
seems to have been conceived as early as 1910 [54-55]. The first suspension polymerisation
based on acrylic monomers leading to the formation of bead was performed by Bauer and
Lauth in 1931 [56]. Several detailed and complete literature reviews on suspension
polymerisation have already been published [57-61].

The interfacial tension, the degree of agitation, and the design of the stirrer/reactor
system govern the dispersion of monomer droplets, typically with diameters in the range of 10
pum to 5 mm. The presence of suspending agents (stabilisers) hinder the coalescence of
monomer droplets and the adhesion of partially polymerised particles during the course of
polymerisation, so that the solid beads may be produced in the same spherical form in which
the monomer was dispersed in the aqueous phase. The monomer phase is subjected to either
turbulent pressure fluctuations or viscous shear forces, which break it into small droplets that
assume a spherical shape under the influence of interfacial tension. These droplets undergo
constant collisions, with some of the collisions resulting in coalescence. Eventually a dynamic
equilibrium is established, leading to a stationary mean particle size. Individual drops do not

retain their unique identity but instead undergo continuous break up and coalescence.



The most important issue in the practical operation of suspension polymerisation is the
control of the particle size distribution. The size of the particles will depend on the monomer
type, the viscosity change of the dispersed phase with time, the type and concentration of
stabiliser and the agitation conditions in the reactor. In the case of large monomer droplet in the
continuous phase, nucleation predominantly occurs in the droplets and each polymerising
droplet behaves as an isolated batch polymerisation reactor. The notation suspension
polymerisation is reserved for systems where nucleation occurs in the monomer droplet and the
average number of radicals per particle is very high (10% to 10°). This is usually obtained if the
droplets are larger than 1 um. In principle, in the suspension polymerisation process, large
particles are obtained. But the suspension polymerisation of vinyl monomers generally also
results in a small fraction of polymer particles below 1 um as well as large beads [62]. The
small particles were thought to be the result of nucleation in the aqueous phase and subsequent
latex polymerisation. According to the Laplace pressure, smaller droplets are
thermodynamically less stable than larger ones and undergo Ostwald ripening. The addition of
hydrophobe lowers the chemical potential and prevents the diffusion of the monomer to large
droplets. This leads to bimodal particle distribution with one fraction below 1 um and the other
one can be adjusted between 20 and 500 pum [63]. Beaded suspension polymers have found
important applications in the immobilisation/anchoring of enzymes and other biological
substrates [64-66]. In this polymerisation, agitation system design are critical to achieving the
desired particle size distribution in the final product. The optimal design system balances the
phenomena of coalescence/dispersion, droplet and particle suspension, and heat transfer. The
initial particle size distribution achieved in the monomer/water would not necessarily be the
same as that for the final polymer product even if particle coalescence could be completely

prevented.



There have been a number of studies on the effect of agitation on droplet size [67-71].
The initiator is soluble in the monomer phase, which is dispersed by agitation into the
dispersion medium (usually water) to form droplets (i.e. an emulsion is formed). The
combination of continued agitation and the addition of a suitable stabiliser (often a surface
active polymer) have a stabilising effect, hindering both the coalescence and further break-up
of monomer droplets. The size of the initial emulsion droplets formed is dependent upon the
balance between droplet break-up and droplet coalescence. This is in turn controlled by the
type and speed of agitator used, volume fraction of the monomer phase and the type and
concentration of stabiliser used.

The stabilised monomer droplets may be considered as "microreactors", with the
polymerisation proceeding therein [72-75]. The type and concentration of the suspending agent
plays an important role in the tendency of droplets to coalesce. As the suspension
polymerisation proceeds, the viscosity of a monomer—polymer droplet increases with
conversion. Hence, the physical behaviour of the droplets is not the same during the process.
When dispersible material is added to the existing stabilised drops, the new material and
existing drops can remain segregated for significant amounts of time [76]. The increasing
viscosity of the suspended droplets, as polymerisation proceeds, makes the quantitative analysis
of suspension polymerisation a complex problem [77]. It is possible to establish a number of
special factors, apart from the free-radical polymerisations-that exert an important influence on
particle size and particle size distribution [78-80]:

1. Geometric factors of the reactor: Profile, type of stirrer, stirrer diameter D relative to the
reactor dimensions, bottom clearance of the stirrer, and internal fittings.

2. Operating parameters: Stirrer velocity N, stirring and polymerisation time, phase volume
ratio o, fill level of reactor and temperature T.

3. Substance parameters: Dynamic viscosities M. and mg, and densities p. and pg, of the
continuous and discontinuous phases, and the interfacial tension G.

9



The monomer must be relatively insoluble in water for the droplets to form. A typical
water insoluble organic monomer has a lower surface tension than water. When such a
monomer is mixed continuously as a dispersed phase in a continuous phase of water with no
surfactants present, an unstable dispersion forms due to the continuous break up and
coalescence of monomer droplets. Much research was done during the 1950s and 1960s on the
relation of agitation to particle size. Agitation must be sufficient to prevent separation of
dispersion because of the difference of specific gravity between the two phases. Agitation
system design is critical to achieving the desired particle size distribution in the final product.
The optimal agitation system design balances the phenomena of coalescence/dispersion, droplet

and particle suspension, and heat transfer.

Advantages of suspension polymerisation process, compared to other polymerisation
processes (bulk, solution and emulsion), are: (i) Easy heat removal and temperature control; (ii)
Low dispersion viscosity; (iii) Low levels of impurities in the polymer product; (iv) Particle
size can be controlled to a fairly narrow range; (v) The ratio of surface area to volume for small
drops or particles is relatively high and local heat transfer is good and (vi) Low cost of
conversion with flexibility to vary the particle properties. The disadvantages of suspension
polymerisation are: (a) Polymer build up on the reactor wall, baffles, agitators and surfaces; (b)
Waste water problems; (c) Difficulty in producing homogeneous copolymer composition; (d)
Lower productivity for the same reactor capacity (compared to bulk) and (e) It only applies to
free radical processes. Agitation is critical because as the viscosity within the bead rises, the
reaction rate increases suddenly (Trommsdorff effect). This leads to a surge in heat generation,
which does not usually occur in solution or emulsion polymerisation. Problems associated with

continuous suspension polymerisation process are deposition of polymer on the wall of the
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reactor during polymerisation (which affects the heat transfer through the reactor jacket) and
difficulty in achieving high conversion.

1.3 Porous structures

As indicated earlier, resins can be classified under three categories: (a) microporous (b)
macroporous and (c¢) macroreticular. Microporous resin are prepared from a vinyl monomer
and a difunctional vinyl comonomer in the absence of any solvating media (porogen). In the
dry state they are microporous, with polymer chains being separated by intermolecular
distances. The preparation of macroporous resin is the same as microporous resin but with the
inclusion of an inert solvent (porogen). When the solvent solvates both monomer and polymer
a fully expanded network is formed with a considerable degree of porosity. Removal of solvent
causes a reversible collapse of the matrix and in the dry state such matrix are called
microporous resin.

When solvent employed during polymerisation is a good solvent for monomers but is a
precipitant for the polymer, the term macroreticular is employed. These are highly porous and
rigid which retain its overall shape and volume when the precipitant is removed. The structure
of these resins are quite different from microporous and macroporous resin. They have a large
and permanent pore volume and reaction sites may be regarded as being located on a
permanent interior surface of the resin. Macroporous resins are prepared using large inert
molecules which are subsequently washed away to create permanent voids.

1.3.1 Formation of porous structure

The free-radical crosslinking copolymerisation system for the production of
macroporous copolymers includes a monovinyl monomer, a divinyl monomer (crosslinker), an
initiator and inert diluent. The decomposition of the initiator produces free-radicals which
initiate the polymerisation and crosslinking reactions. After a certain reaction time, a three-

dimensional network of infinitely large size may start to form. The term ‘infinitely large size',
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according to Flory [81], refers to a molecule having dimensions of an order of magnitude
approaching that of the containing vessel. At this point (the gel point) the system (monomer—
diluent mixture) changes from liquid to solid-like state. Continuing polymerisation and
crosslinking reactions decreases the amount of soluble reaction components by increasing both
the amount and the crosslinking density of the network. After complete conversion of
monomers to polymer, only the network and the diluent remain in the reaction system.
Crosslinked copolymers prepared by free-radical crosslinking copolymerisation exhibit
different structures and properties depending on the amounts of the crosslinker and the diluent
present during the reactions as well as on the solvating power of the diluent. In free radical
crosslinking copolymerisation, inhomogeneous gel formation always occur due to the fact that
the crosslinker has at least two vinyl groups and therefore, if one assumes equal vinyl group
reactivity, the reactivity of crosslinker is twice that of the monomer. As a consequence, the
crosslinker molecules are incorporated into the growing copolymer chains much more rapidly
than the monomer molecules so that final network exhibits a crosslink density distribution [82].
Dusek proposed that a phase separation occurred during gel formation, proceeding
either in the form of macrosynersis or microsynersis [83]. The sensitive dependence of the
properties of the porous structure on the synthesis parameters allows one to design a tailor-
made macroporous material for a specific application. The main experimental parameters are
the type and the amount of the diluent, the crosslinker concentration, the polymerisation
temperature and the type of the initiator. Extensive study of macroporous morphology and
formation of porous structure have been conducted for beaded, crosslinked styrene-divinyl
benzene resins [84-85]. The internal structure of the resin beads can be controlled by different

parameters in the polymerisation process, such as the amount of crosslinking monomer used,
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type and volume of diluent/porogen/pore generating solvent (an inert organic solvent) added to
the monomer phase.

1.3.2 Effect of the porogen on the formation of porous structure

Porous structures start to form when the amount of the diluent (porogen) and the
amount of the crosslinker pass a critical value. The solvating power of the diluent has a critical
effect on the porous structure of macroporous copolymers. The net solvating power of the
medium (unreacted monomer mixture+diluent) changes during the course of the reaction as the
monomers get consumed and this change is particularly severe where the diluent is a

nonsolvent for the copolymer.

Figure 1.4: Internal structure of a macroporous copolymer bead

The preparation of macroporous copolymer beads is generally achieved as a result of
the phase separation which occurs during the copolymerisation of a monomer mixture
containing appropriate amounts of monomer, a crosslinking comonomer and a porogenic
solvent. The internal structure of a macroporous copolymer bead (Figure 1.4) shows the wide
distributions in the pore size.

The porogen is a low molar mass or polymeric substance that is miscible with the
monomers but does not react during the copolymerisation and at the end of the reaction can be

easily removed from the formed copolymer product [86]. The porogen may remain in the
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network (gel) phase throughout the copolymerisation, resulting in the formation of expanded
(swollen) particles or may separate out of the network phase resulting in the formation of
porous particle. The distribution of the diluent between network and diluent phases (diluent in
the pores) at the end of the copolymerisation determines the total porosity of the resulting
copolymer and their swelling ratio in solvent. In presence of porogen, control of porosity,
therefore the effective surface area has been extensively investigated for polystyrene,
polyacrylamide, polymethacrylates etc. [87-111]. Three main classes of porogens [112-113]
known are: (i) solvents for the polymer (ii) non-solvents and (iii) polymers soluble in the
monomer(s).

Polymeric porogens produce only large pores. The molecular weight is then an
important parameter. The pore volume is large when the molecular weight of the porogen is
high [114]. The most complex and frequently investigated systems are those incorporating a
nonsolvating diluent [115]. Here, as initially proposed by Kun and Kunin [116] and later
observed experimentally by Jacobelli et al, the bead contains large agglomerates of
microspheres (100-200 nm). Each microsphere consists of smaller nuclei (10-20 nm) which are
more or less fused together. In between the nuclei, there is a first family of very small pores (5-
15 nm) which are mainly responsible for high surface areas of these materials. In between the
microspheres a second family of intermediate pores (mesopores) is observed (20-50 nm) which
account for moderate surface areas (up to 100 m%/g). A third family of pores is responsible for
higher pore volumes, which can be seen when very high relative volume of diluent is used.
Figure 1.5 represents the macroporous resin structure. The choice of porogen has a great
influence on the shape and size of pores. The task of this porogen is to create cavities in the
polymeric structure by dissolution of the monomer, while acting as a precipitant towards the

growing polymer. Naturally, the total amount of porogenic solvent in the polymerisation
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mixture has to be sufficiently large to ensure a porous structure and a pore volume that allows

operation at reasonably low pressures in a flow through system.

First fomily
of small pores
7 {§~15 nm)

10-30 nm nucleii

infermediote pores
Large aggregates (um)  (20~50 nm)

Figure 1.5: Schematic representation of the structure of macroporous domain

The polymer phase separates from the solution during polymerisation because of its
limited solubility in the polymerisation mixture that results from either (or both), a molecular
weight that exceeds the solubility limit of the polymer in the given solvent system or
insolubility derived from cross-linking. The presence of porogen in the porogen phase is
necessary if porous beads are to be obtained. In its absence, only nonporous, transparent beads
are formed. However, some non-porous beads also appeared among the opaque porous beads.
This was related to the phase separation occurring before the gel point when the
thermodynamically poor diluent partly separates from the polymerisation mixture.
Polymerisation then results in nonporous beads.

1.4 Functional polymers

As research goes on, the demand for functional polymers have increased. A functional
polymer has chemically bound specific functional groups that can be used as a reagents,
catalyst, protecting group etc. The polymer can be modified by active functional group

introduced into the polymer chain using following processes:
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(1) by direct polymerisation/copolymerisation of monomers containing the desired
functional group;

(i1) by chemical modification of preformed polymer or
(ii1)  a combination of both of above.

A difficulty may arise in the process (i) due to considerable manipulation of co-
polymerisation procedure, which is necessary to ensure a good yield of the required polymer.
The second process is reliable because the functional group can be easily introduced by using
standard organic synthetic procedure. The chemical modification of a resin can depend
substantially on the physical properties of the resin. Functionalised polymeric support must
possess a structure which permits adequate diffusion of reagent into the reactive sites, a
phenomenon which depends on the extent of swelling, the effective pore size, pore volume and
the chemical and mechanical properties of the resin under conditions of particular chemical
reaction.

1.5 Inclusion complex formation with cyclodextrin

Cyclodextrins, cyclic oligosaccharides, were discovered by Villiers [117], about 112
years ago. The first detailed description of preparation and isolation was made in 1903 by
Schardinger [118]. Hence, cyclodextrins are also known as Schardinger dextrins. The interest
in cyclodextrins is seen from publications which has averaged annually above 1000 since 1996.
The important parameters of o, B and y cyclodextrins (CDs) are presented in Table 1.1.

o, B and y-Cyclodextrins (CDs) have six, seven and eight -glucopyranose units linking
through o 1-4-glycosidic linkages (Figure 1.6). The functional structural schemes of [3-
cyclodextrin shown in Figure 1.7 indicates the presence of a large cavity at the centre which is
of great importance to the usefulness of these compounds.

The various cyclodextrins can be considered as empty capsules of molecular size. When

this cavity is filled with compound, it is called an inclusion complex. Inclusion complexes are
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entities comprising two or more molecules, in which one of the molecules, the host, includes,
totally or in part, only by physical forces, without covalent bonding, a guest molecule [119-
121]. CDs are typical host molecules and may include a great variety of molecules having the
size of one or two benzene rings, or even larger ones, which have a side chain of comparable
size, to form crystalline inclusion complexes. The inclusion of a guest in CD cavity is
essentially a substitution by the less polar guest.

Table 1.1: Physicochemical properties of cyclodextrin

Component aCD pCD yCD

Appearance white crystalline white crystalline White crystalline
powder powder powder

No. of glucose unit 6 7 8
Mol. wt 972 1135 1297
Solubility in water, g/100 mL 14.5 1.85 23.2
Cavity diameter (A) 4.7-5.3 6.0-6.5 7.5-8.3
Cavity height (A) 7.9 7.9 7.9
Cavity volume (mL/mol) 174 262 427
Inner diameter (&) 5.7 7.8 9.5
Outer diameter (A) 13.7 15.3 16.9
Crystal water, wt% 10.2 13.2-14.4 8.13-17.7

Complex formation comprises the following elementary steps [122]:

i. The water molecules escape from the CD cavity and their energy level will
correspond to that in the gaseous state. As a consequence, van der Waals interactions
and the number of hydrogen bonds decrease, while the translational and three
dimensional rotational degrees of freedom of the released water molecules increase.

ii. The conformation of CD ring decreases on relaxing resulting in a more stable lower
energy state.

iii. The apolar guest molecule sheds its hydration shell and assumes the ideal gas state.
The empty hydrate shell collapses and rearranges.

iv. The guest molecule enters the empty CD cavity and the complex is stabilised by van
der Waals interactions and sometimes by hydrogen bonding.
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Figure 1.7: Functional structural scheme of B-cyclodextrin

v. The displaced water molecules condense from the gaseous state to the liquid state.

Changes in enthalpy and entropy can be regarded as identical with those of the well
known water condensation.

vi. The structure of water is restored around the exposed parts of the guest molecule,
and integrated with the CD ring’s hydrate shell.

CD+G CD.G
<_

hydrophobic sites \\

hydrophilic sites

Figure 1.8: Schematic representation of the hydrophobic and hydrophilic region of
cyclodextrin

Van der Waals forces, hydrophobic interactions and hydrogen bonds hold the
cyclodextrin and its guest together. The extent to which these forces contribute depends on the
nature of the enclosed guest molecule. The inherent ring structure is decisive, as inclusion

complex are formed only if there is a tight spatial fit between the host and guest components.
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The driving force is more or less independent of the guest [123], therefore thermodynamic
parameters do not show great variation [124].

The conformation of the cyclodextrin molecule can be best represented by a deformed
cone in which the primary hydroxyl groups (at position 6 of the a-D-glucose) are on the
narrower rim while secondary hydroxyl groups (at position 2 and 3 of the a-D-glucose) crown
the wider rim [125]. The cyclic nature of these molecules creates hydrophilic outer surface and
a nonpolar hydrophobic cavity, which plays an important rule in the inclusion complex

formation with various guest molecules [126-131], as shown in Figure. 1.8.

Complex formation is a dimensional fit between host cavity and guest molecule.
Molecular dimension of cyclodextrins are shown in Figure 1.9. Covalent bonds are neither
broken nor formed during inclusion complexation [132]. The binding of guest molecules within
the host cyclodextrin is not fixed or permanent but is in a dynamic equilibrium. Binding
strength depends on how well the “host—guest' complex fits together and on specific local
interactions between surface atoms. Inclusion in cyclodextrins exerts a profound effect on the
physicochemical properties of guest molecules as they are temporarily locked or caged within
the host cavity giving rise to beneficial modifications of guest molecules, which are not
achievable otherwise [133-134]. The potential guest list for molecular encapsulation in
cyclodextrins is quite varied and includes such compounds as straight or branched chain
aliphatics, aldehydes, ketones, alcohols, organic acids, fatty acids, aromatics, gases, and polar
compounds such as halogens, oxyacids and amines. Due to the availability of multiple reactive
hydroxyl groups, the functionality of CDs is greatly increased by chemical modification. These
modifications widely enhance the applicability of cyclodextrins. Cyclodextrins are used among
others in food, pharmaceuticals, cosmetics, environment protection, bioconversion, packing and

textile industry [135-136].
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Figure 1.9: Molecular dimension of cyclodextrin
There are numerous reports and reviews describing the ability of cyclodextrins (CDs) to
form inclusion complexes with many poorly water soluble molecules, such as steroids.
Inclusion complex formation by cyclodextrins with steroids has triggered many pharmaceutical
applications [137-138]. Breslow showed that cyclodextrin dimer can be used to selectively bind
cholesterol, having an end to end dimension of 15A [139].

1.5.1 Cyclodextrin polymers

Compounds consisting of two or more covalently linked cyclodextrin rings are called
cyclodextrin polymers. The cyclodextrins fixed into polymeric structures behave differently
from their monomeric derivatives.

1. Linear polymers are obtained by polymerising vinyl derivatives of cyclodextrin, when
the product is insoluble.

il. Crosslinked structure is produced when cyclodextrin reacted with bi or polyfunctional
reagent.
iil. Cyclodextrin can be immobilised on synthetic and natural supports by chemical bonds

resulting in products with the ability to form inclusion complexes.

iv. Polymeric products containing cyclodextrins have also been prepared by physically
incorporating them into synthetic polymers.

The separation potential of a particularly interesting molecule could be enhanced
several fold by incorporating cyclodextrin on to the back-bone of a polymer. Cyclodextrins can
discriminate between positional isomers, functional groups, homologues and enantiomers.
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Currently, chiral separation is one of the most important areas of application of CDs covalently
linked to a polymeric structure. A rich variety of guest binding is successfully achieved by
appropriately modifying the three CDs (partially or completely) at the hydroxyl functional
group.

1.6 Removal of metal ions using macroporous polymer

Metal ions are the most perilous water pollutants due to their toxicity and
carcinogenicity [140]. The presence of heavy metals in the environment is a cause of concern
due to their acute and long term toxicity. Some of the metal ions are cumulative poisons
capable of being adsorbed and assimilated in the tissues of the organisms causing noticeable
adverse physiological effects. Hence, removal of such metal ion are necessary, even at very low
concentration [141].

The necessity of removal of metal ions has led to an increasing interest in sorbents. It
has been reported that the same metal ion may possess different toxicity in its different
oxidation states, which are responsible for their different physico-chemical and biological
activities. Pollution by arsenic in natural and industrial waste water has been monitored and
controlled to avoid its high toxicity to living things. Arsenic, resulting from geochemical
reactions, industrial and mining waste discharges, or from the agriculture use of arsenical
pesticides, is found in many surface and ground waters. It has become a problem for water
supplies in several countries such as Bangladesh, India and China.

Arsenic exists in natural systems in a variety of chemical forms, including inorganic
arsenic (III) and arsenic (V), and several mono-, di- and tri -methylated arsenic compounds.
Both elemental arsenic and arsenic (V) are markedly less toxic than arsenic (III). The toxicity

of such compounds decreases in the order: arsine > arsenite > arsenate > alkyl arsenic acids >
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arsonium compounds and metallic arsenic. Mobility of arsenic in water is highest for arsenite,
so it is the most important species in fresh water where arsenate is also dominant.

1.6.1 Medical consequences of arsenic poisoning

Arsenic is an accumulative, potent and protoplasmic poison. It can damage the nervous
system and is a known carcinogen, responsible for lung, skin and reportedly also intestinal
cancers. It is a teratogen, meaning it can enter the metabolic system of unborn child. Its actual
toxicity depends on such factors as general health and diet. It accumulates in the body and
passes slowly out through hair and nails. Inhalation, ingestion and skin contact are the primary
routes of human exposure to arsenic. Skin contact and inhalation are occupational hazards in
the working environment with arsenic. Ingestion is a hazard for everybody. Chronic poisoning
by arsenic compounds leads to loss of appetite and weight, diarrhea alternating with
constipation, gastrointestinal problems, thickening and discolouration of the skin, stomach pain,
nausea, vomiting, numbness in hands and feet, partial paralysis peripheral neuritis,
conjunctivitis, dermatitis and sometime skin cancer.

1.6.2 Safe limit

Maximum contaminant level for safe drinking water has been 50 parts per billion
(PPB). According to World Health Organization (WHO), the recommended maximum level is
10 PPB. The maximum level of arsenic found in many parts of China, India and Bangladesh in
drinking water is 10000 PPB, which is 1000 times greater than the recommended limit. As
indicated earlier, the toxicity of As (III) is greater than that of As(V) [142]. So the speciation of
metal ions is of great importance, due to different toxicity of a particular metal ion in different
oxidation state. Arsenic removal from water has been tested by chemical coagulation, ion
exchange, adsorption processes and membrane filtrations.

Macroporous polymers impregnated with selective chelating ligands show advantages

similar to solid-liquid and liquid-liquid extraction. Polyethylenimine (PEI) attached adsorbents
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have been used heavy metal removal [143-146]. Polyethylenimine is well known for its metal
chelation potentialities [147-148]. A polymeric chelating ligand, PEI, was utilised primarily in
order to increase the number of sites for coordination and thus increase the capacity of the
adsorbent [149]. The adsorption by polymer sorbents are reported to be the best method for the
removal of metal ions at low concentration (ppm level). Presently, specific sorbents are
considered as one of the most promising techniques. Specific sorbents consist of a ligand (e.g.
chelating agents) that interact with the metal ions specifically and a carrier matrix (polymeric
beads). Polymeric macrobeads have attracted most attention as adsorbents because they can
easily be produced in different composition and modified into specific sorbents by the

introduction of metal chelating groups.
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2 Introduction

Macroporous, spherical, beaded, highly crosslinked copolymers [1-8] are commercially
pertinent because they possess permanent rigid porous structure that persists in swollen as well
as dry states. These are usually synthesised in bead form by oil-in-water (O/W) suspension
polymerisation [9-10] of a combination of vinyl and divinyl monomer in presence of inert
solvent (termed as porogen), which induces pore formation in the polymer matrix.

Suspension polymerisation process can be divided in three stages. In the first stage, a
liquid-liquid dispersion exists; the liquid monomer(s) containing soluble initiator is dispersed
as small droplets stabilised by the combined action of stirring and stabilisers. In the second
stage, also called sticky stage, a breakup-coalescence dynamic equilibrium of the monomer—
polymer droplets exists which seems to determine the final particle size. The droplets breakup
by the impellers’ shear stress and coalesce back after colliding with each other. Finally, in the
third stage, the coalescence is absent, the polymer particles are solid and they do not stick any
more [11]. The porogen (organic solvent or a linear polymer), is soluble in the monomer phase,
does not take part in the polymerisation process but remains within the formed beads,
generating pores [12-16].

Merrifield's solid phase peptide synthesis triggered the initial interest in the use for
crosslinked beaded and reactive polymers which has now been transferred to various other
areas of chemistry [17]. Macroporous crosslinked polymers, having functional group in the
back bone, have gained importance in many fields of scientific research as well as industrial
applications, and the research activity continues to increase because several possibilities to
modify their physical and chemical properties exist to tailor for specific needs such as

chromatographic materials, drug delivery devices, immobilisation supports for enzymes,
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catalysts, separation and adsorbent media, solid reagent and combinatorial synthesis, etc. [18-
34].

Molecules diffuse freely through the pores, which form a maze of tortuous
interconnected cavities differing in size. The utility of macroporous system is a sensitive
function of the internal pore diameter, their distribution and morphology [35-38]. The internal
structure are examined by mercury porosimetry and BET surface area measurements [39].

Svec et al. [40-42] were the first to synthesise and study macroporous beaded glycidyl
methacrylate-ethylene dimethacrylate copolymers. The interrelation between synthesis
variables and material properties have been examined for beaded 2-hydroxyethyl methacrylate—
ethylene dimethacrylate (HEMA-EGDM) copolymers [43]. Kotha et al. reported an increase in
porosity, surface area and average pore size, with the increase in crosslinker and porogen
concentration for glycidyl methacrylate—divinyl benzene copolymers by suspension
polymerisation [44].

In the present study, a number of copolymers of glycidyl methacrylate (GMA)-ethylene
dimethacrylate (EGDM), glycidyl methacrylate (GMA)-divinyl benzene (DVB), allyl glycidyl
ether (AGE)-ethylene dimethacrylate (EGDM), 2-hydroxyethyl methacrylate (HEMA)-
ethylene dimethacrylate (EGDM) and 2-hydroxyethyl methacrylate (HEMA)-divinyl benzene
(DVB), have been synthesised by varying the amount/type of pore generating solvent and
changing the crosslink density. The effect of these synthesis variables on material
characteristics such as particle size and its distribution, pore size and its distribution, pore
volume, surface area, surface functional groups and surface morphology have been

investigated. A selected few polymers were examined for their suitability for binding of
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cyclodextrin or grafting polyethylenimine. The modified polymers were evaluated for guest-
host interaction and metal sequestration.
2.1 Poly(glycidyl methacrylate-co-ethylene dimethacrylate)

The aim was to synthesise net-worked porous polymers in beaded form with surface
epoxy groups which undergo facile transformation with a rich variety of functional groups.
2.1.1 Suspension polymerisation of GMA with EGDM

Glycidyl methacrylate (GMA): Empirical formula: C;H;0Os; Molecular weight: 142.16;

Specific gravity: 1.042; Physical state: clear liquid; Boiling point: 195 °C. Allyl glycidyl ether:

Empirical formula: C;oH;00,: Molecular weight: 130.19; Specific gravity: 0.914; Boiling point:

153.9 °C. 2-Hydroxyethyl methacrylate (HEMA): Empirical formula: CsH;oOs. Molecular

weight: 130.14; Specific gravity: 1.073; Physical state: clear liquid; Boiling point: 205 °C.

Ethylene dimethacrylate (EGDM): Empirical formula: C;oH;404; Molecular weight: 198.22;

Specific gravity: 1.051; Physical state: clear liquid; Boiling point: 260 °C. Divinyl benzene

(DVB): Empirical formula: C;oH;o; Molecular weight: 130.19; Specific gravity: 0.914; Boiling
point: 197 °C. Cyclohexanol: Empirical formula: C¢H;,0; Molecular weight: 100.16; Specific
gravity: 0.96; Boiling point: 161 °C; Physical state: white colour liquid. Hexanol: Empirical
formula: C¢H,40; Molecular weight: 102.18; Specific gravity: 0.814; Boiling point: 156.6 °C.
Octanol: Empirical formula: CgH;3s0. Molecular weight: 130.23; Specific gravity: 0.827,

Boiling point: 196 °C. Poly(vinyl pyrrolidone) [PVP]: Empirical formula: (C¢HoNO)y;

Molecular weight: 3,60,000; Density: 1.1-1.3; Melting point: 100 °C; Physical state: off white

powder. Azobisisobutyronitrile (AIBN): Empirical formula: CgH;,N4; Molecular weight:

164.21; Specific gravity: 0.96; Melting point: 103-105 °C; Physical state: white powder.
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Glycidyl methacrylate (GMA), allyl glycidyl ether (AGE), 2-hydroxyethyl methacrylate
(HEMA), divinyl benzene and ethylene dimethacrylate (EGDM) were from Sartomer, USA and
used as received. Cyclohexanol, hexanol and octanol used as porogen, were from M/S Aldrich
Chemical Co. (USA). Poly(vinyl pyrrolidone) [PVP] was from Polysciences, USA and used as
protective colloid. Azobisisobutyronitrile [AIBN], from M/S SISCO, India was the initiator.

The suspension copolymerisation were conducted in double walled cylindrical reactor.
The continuous phase was one weight percent aqueous solution of PVP. The discontinuous
organic phase consisted of GMA, crosslinking divinyl monomer (EGDM), polymerisation
initiator (AIBN) and cyclohexanol (porogen). The discontinuous organic phase was introduced
into the aqueous phase, stirring with 8 bladed Rushton turbine was set at 300 rotations per
minute and the temperature was maintained at 70 °C for 3 h. The schematic diagram is given in
Figure 2.1. In a typical copolymerisation represented by experiment GE1 (Table 2.1, row 1),
glycidyl methacrylate (6.1 mL; 0.0447 mol), ethylene dimethacrylate (2.1 mL; 0.0111 mol),
cyclohexanol (19.9 mL) and AIBN (0.2 g) were added to 100 mL of 1 wt% aqueous PVP
solution and polymerisation was continued for 3 hours. The copolymer was obtained in beaded
form. It was separated by decantation, washed with water, methanol and dried to constant mass
at room temperature under reduced pressure. The composition of GMA-EGDM copolymers are

presented in Table 2.1. A number of experiments were conducted for each composition.

The pore generating solvent volume was varied for a given fixed monomer composition
such as [GMA]:[EGDM]=1.00:0.25 so as to generate copolymers with the same composition
but differing in the pore volume. Thus, copolymers GE1, GE7, GE13, GE19 and GE25 are
equivalent in that all have a crosslink density of 25%. The crosslink density is defined as

{{[EGDM]/[GMA]} x 100. These five copolymers, of the same structural composition but of
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varying porosity, were prepared by changing the volume of cyclohexanol (porogen) relative to
that of the combined volumes of the two monomers as 2.43:1, 1.61:1, 0.81:1, 0.405:1 and 0:1,
respectively. Similarly, six sets of copolymers, varying in their compositions, were prepared by
changing the mole ratio of GMA:EGDM, termed as the crosslink density (25, 50, 75, 100, 150

and 200). Thus, 30 poly(GMA-EGDM) were synthesised for relative evaluations.

¥

e

F
|

L

Figure 2.1: Suspension polymerisation set-up. 1. Hot water inlet, 2. Hot water outlet, 3.
Nitrogen bubbler, 4. Stirrer motor, 5. Reactor flask, 6. Stirrer.

Table 2.1: Composition of glycidyl methacrylate (GMA) and ethylene dimethacrylate
(EGDM) copolymers synthesised using cyclohexanol as porogen

Exp. GMA EGDM CLD Monomer:porogen

No (mol) (mol) % v/v)
GEl1, GE7, GE 13, GE19Y, GE 25 0.0447  0.0111 25 1:2.43, 1:1.61, 1:0.81, 1:0.405, 1:0
GE2, GE8, GE14, GE20, GE26 0.0352  0.0180 50 1:2.43, 1:1.61, 1:0.81, 1:0.405, 1:0
GE3, GE9, GE15, GE21, GE27 0.0293  0.0223 75 1:2.43, 1:1.61, 1:0.81, 1:0.405, 1:0
GE4, GE10, GE16, GE22, GE28 0.0249  0.0255 100 1:2.43,1:1.61, 1:0.81, 1:0.405, 1:0
GES5, GE11, GE17, GE23, GE29 0.0198  0.0292 150 1:2.43,1:1.61, 1:0.81, 1:0.405, 1:0
GE6, GE12, GE18, GE24, GE30 0.0161  0.0318 200 1:2.43,1:1.61, 1:0.81, 1:0.405, 1:0

crosslink density (CLD) is defined as the mole percent of crosslinking monomer relative to the moles of reactive
functional comonomer. AIBN: 0.2 g; Water: 100 mL; PVP: 1 g.
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2.1.2 Characterisation of GMA-EGDM copolymers
2.1.2.1 Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) is used to measure pore size distribution. It spans
the measurement of pores ranging from a few nanometer, to several hundred micrometers.
Mercury is a non-wetting liquid for almost all substances and consequently it has to be forced
into the pores of these materials. Pore size and volume quantification are accomplished by
submerging the sample under a confined quantity of mercury and then hydraulically increasing
the pressure of mercury. As the applied pressure is increased the radius of the pores, which can
be filled with mercury, decreases and consequently the total amount of mercury intruded
increases.

Porous properties were determined by mercury intrusion porosimetry in the pressure
range 0-4000 kg/cm® with an Auto scan 60 mercury porosimeter from Quantachrome, USA.
Porosity refers to the pore space in a material. Pores are classified according to size into three
categories; micropores (pore diameter smaller than 2 nm), mesopores (pore diameter 2-50 nm)
and macropores (pore diameter larger than 50 nm). Pore size defines an ability of the analyte
molecules to penetrate inside the particle and interact with its inner surface. Mercury

porosimetry is based on the Washburn equation, 2.1.

p.r =-2.y.cos 6 2.1

Where, p is pressure, r is the radius of the pore that mercury intrudes, y is surface tension of
mercury and 0 is contact angle of the mercury on the surface of the solid sample. The surface

tension and contact angle of mercury are 480 mNm™ and 140°, respectively. The Washburn

equation (2.1) can be derived from the equation of Yang and Dupre:

Ysv = ¥sL + YLv .cos O 2.2
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Where, ysv is the interfacial tension between solid and vapour, ys. is interfacial tension between
solid and liquid, y.v is interfacial tension between liquid and vapour and O is the contact angle
of the liquid on pore wall. The work, W, is required to move liquid up the capillary. During

capillary rise, when the solid-vapour interface disappears, solid-liquid interface appears as:

W= (YSL'YSV)- OA 2.3
Where, OA is the area of the capillary wall covered by liquid when their level rises. According

to equations 2.2 and 2.3,

W =- (yLv .cos 0).0A 24

The work required to raise a column of liquid through a height h in a capillary with radius r is
identical to work required to force the liquid out of the capillary. When a volume V of liquid is
forced out of the capillary with a gas at constant pressure above ambient 0P, the work is
presented as:

W = VoP,,, 2.5

Equations 2.4 and 2.5 are combined to yield

OPgas. V = -(y. cos 0). OA 2.6

When the capillary is circular in cross section, parameters V and A are given by mr’L and

2nrL, where L is the length of the capillary.

p.r=-2.y.cos 0 2.7

This is known as Washburn equation, the operating equation in mercury porosimetry.
The product pr is constant on keeping y and 6 constant. This implies that pressure is inversely
proportional to radius. Thus, mercury will intrude progressively into narrower pores with

increase in pressure. Using 0 (140°) and y (0.480 N/m), the Washburn equation is p = 0.736/r.
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The experimental method is dependent on the wetting or contact angle between mercury and
surface of the solid. This contact angle exceeds 90° for non-wetting liquids but is less than 90°

for wetting liquids (Figure 2.2).
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Figure 2.2: Contact angle of wetting and non-wetting liquid
In the experiment, gas was evacuated from the sample cell and mercury was transferred
into the sample cell under vacuum. Pressure was applied to force mercury into the sample.
During measurement, applied pressure p and intruded volume of mercury (V) were registered.
As a result of analysis, an intrusion and extrusion curve was obtained.

2.1.2.2 Monosorb surface area analyser for surface area measurement

The surface area of the polymers were measured using the single point Brauner-
Emmett-Teller method by measuring the adsorption of nitrogen at liquid nitrogen temperature
and at the nitrogen concentration of 30 mol% (balance helium), using a monosorb surface area
analyser (Quantachrome Corp., U.S.A.), based on dynamic adsorption/desorption technique.
Before carrying out the surface area measurements, the instrument (analyser) was calibrated by
injecting a known amount of air and the polymer (0.2-1.5 g) was pretreated in sifu in the
sample cell at 100 °C for 2 hour in the flow (30 cm’ min™) of moisture free helium in order to

remove the traces of moisture.
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2.1.2.3 Malvern particle size analyser

Mastersizer 2000 Malvern instrument was used to obtain the particle size of synthesised
polymeric beads. Mastersizer 2000 uses an integrated optical system to cover the full range
from 0.02 to 2000 um. The solid sample was dispersed in water with a stirring speed of 2350
rotations per minute. The ultrasonication was applied for 2 min at level 4.0 to make the sample
well dispersed in water. The sample was added to water till the obscuration level was between
11-15%.

2.1.2.4 Scanning electron microscopy

Surface morphology of the poly(GMA-EGDM) beads were observed using scanning
electron microscopy (SEM). Specimen preparation was as follows: dried poly(GMA-EGDM)
beads were mounted on stubs and sputter-coated with gold. Micrographs were taken on a
JEOL JSM-5200 SEM instrument.

2.1.2.5 Infra-red spectroscopy
A Shimadzu 8300-Fourier transform infrared spectrophotometer (FTIR) with a

resolution of 1 cm™ in the transmission mode was used to study the infra-red absorption. The
sample poly(GMA-EGDM) (2 mg) was milled, mixed with potassium bromide (100 mg), and
pressed into a solid disk of 1.2 cm diameter prior to the infra-red measurement.

2.1.2.6 Bead yield

The bead yield was calculated by the following expression:

Bead yield == (W¢/Wm) x 100 2.8
Where Wy is mass of clean and dry polymer beads (g), and Wm is the mass of the monomers
charged to the reactor (g).

2.1.2.7 Epoxy content

The epoxy content was determined by titration of the dried copolymer beads with a

hydrochloric acid-dioxane solution at 80 °C for 6 h. Dioxane swells the beads and therefore
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some of the epoxy group buried within the matrix will also react in addition to all present at the
surface of the pores in the beads.

2.1.3 Results and Discussion

In suspension polymerisation, monomers, initiator and porogen are dispersed as liquid
droplets, mostly in an aqueous phase, by stirring and polymerised at 70 °C for 3 hours. It was
observed that in presence of porogen, the yield of the copolymer beads were in the range 90-
99% but in absence of porogen, the yield of the beads were in the range 70-75%. This increase
in rate of polymerisation in presence of porogen, points to influence of the porogen
(cyclohexanol) on decomposition of the initiator. The porogen either chain transfers the
primary radicals formed by the decomposition of AIBN and the radicals so formed are more
reactive than the primary radicals or increases the rate of decomposition of AIBN, acting as a
co-initiator, resulting in the greater yield. In presence of porogen, the copolymer beads obtained
were opaque (white in colour) due to light scattering, an indication of porosity generated in the
matrices by the porogen. Without porogen, copolymer beads obtained were transparent,
indicating the absence of pores. Spherical nature and porous surface morphology of
poly(GMA-EGDM) beads is seen in Figure 2.3.
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Figure 2.3: Surface morphology of poly(GMA-EGDM) beads, polymer GE10
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The surface tension of GMA, EGDM and cyclohexanol in contact with water are
approximately 6.9, 33.1 and 34.4 dyne/cm. Therefore GMA molecules will tend to migrate

towards the surface of the droplets.
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Figure 2.4: Theoretical and experimental epoxide content of poly(GMA-EGDM) beads
prepared at a monomer:cyclohexanol ratio of 1:1.61

However, in actuality, the observed epoxy content is much lesser than the theoretical
value because the concentration of epoxy groups present at or near the surface, which react
with hydrochloric acid, is rather low. The polymerisation condition (pH=7) did not open up
epoxy groups. It is clear that a majority of the epoxy groups are buried in the bulk of the matrix
and are unable to react with hydrochloric acid under analytical conditions. Figure 2.4 represents
the theoretical and analysed (surface) epoxy groups in poly(GMA-EGDM) relative to crosslink
density at a monomer:porogen ratio of 1:1.61. This shows that surface tension issues are

negated by other forces which direct most epoxy groups away from the surface.

The theoretical epoxy content decreases as GMA in the copolymer decreases, from 5.22
mmol/g at 25% CLD to 1.88 mmol/g at 200% CLD. The titratable epoxy group (Figure 2.4)

decreases from 1.59 mmol/g at 25% CLD to 0.11 mmol/g at 200% CLD. Thus, while 30.4%
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epoxy groups are near the surface at 25% CLD, this drops to 5.9% at 200% CLD. With
increasing crosslink density, the polymer particle size increases, the swelling and diffusion
rates of reagents decrease, resulting in the much lower reactable epoxy groups. The copolymers
with lower CLD (25%) are suitable for chromatographic columns while those with highest
CLD are suitable for enzyme immobilisation.

The typical IR spectra in Figure 2.5 shows peaks at 1722 and 1196 cm™ due to C=0 of
ester group and C-O-C of epoxy group, respectively. It was also observed that the intensity of
band at 1636 cm™, a characteristic band of C=C does not disappear but is significantly
weakened. This means that epoxy group is present in the copolymer, and that beaded

polymerisation traps some residual vinyl double bond within the matrix.
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Figure 2.5: IR spectra of poly(GMA-EGDM) beads of 100% CLD at monomer:porogen
ratio of 1:1.61 (GE10)

2.1.3.1 Effect of crosslink density of poly(GMA-EGDM) beads on particle size

The synthesis of poly(GMA-EGDM) beads by suspension polymerisation at 300 rpm
resulted in spherical beads. Typical particle size distribution of poly(GMA-EGDM) beads as
determined by particle size analyser presented in Figure 2.6 was in the 200 to 600 um range.
The particle size distribution shifts to the higher side with an increase in the relative mole ratio

of the crosslinking comonomer, ethylene dimethacrylate (EGDM).
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Figure 2.6: Particle size distribution in poly(GMA-EGDM) beads of 100% and 200%
CLD at monomer:porogen ratio of 1:1.61 (GE10 and GE12)

With an increase of the relative mole ratio of EGDM (increasing crosslink density), the
critical chain length prior to precipitation increases, resulting in larger particles.
Simultaneously, the precipitation rate of copolymer chains increases with crosslink density, and
particles phase separate rapidly after critical chain length, resulting in a narrower distribution.
So, at lower crosslink densities particle size is smaller, with a broader distribution, compared to
copolymers with higher crosslink densities.

The solubility parameter of GMA, EGDM and cyclohexanol are presented in Table 2.2
and variance in solubility parameter of copolymers with differing crosslink density are
presented in Table 2.3.

Table 2.2: Solubility parameter 6 of GMA, EGDM and cyclohexanol

Component 3§ (cal/em®)*s
GMA 8.05
EGDM 8.90

Cyclohexanol 11.40

*8 can be calculated using the formula d .>G/M where G is the molar attraction constant, >.G is the sum for all the
atoms and groupings in the molecules, d is the density and M is the molecular weight.
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Table 2.3: Variance in solubility parameter, &, of poly(GMA-EGDM) beads with
crosslink density

CLD &

% (cal/em®)’s
25 8.27

50 8.40

75 8.48
100 8.54
150 8.62
200 8.67

The solubility parameter of copolymer was estimated by formula &' = v,8, + v,8,, where
01 and O, are solubility parameters of GMA and EGDM, v, and v, are the volume fraction of
the monomer GMA and EGDM, respectively. An increase in the percent relative mole ratio of
EGDM, crosslink density, increases the solubility parameter.

2.1.3.2 Porous properties of poly(GMA-EGDM) beads

Copolymers synthesised by suspension polymerisation have specific pore size, pore size
distribution, pore volume and surface area. The macroporous morphology and formation of
porous texture have been extensively investigated for beaded, crosslinked styrene-divinyl
benzene resins. The internal pore structure can be controlled by several parameters such as
amount of crosslinker, type and volume of porogen (also termed as diluent or pore generating
solvent) added to the monomer phase. Porogen generates permanent pores in macroreticular
polymers needed for chromatography. The larger pores, which are responsible for higher pore
volume, are located in between agglomerates and arise when larger amount of crosslinker and
porogen are used. Macroporous morphology in beaded polymers arises due to formation of gel
microspheres, agglomeration of these and binding together of the agglomerates to form the
beads. The appearance of gel microsphere is dependent on the crosslinker and to a smaller

extent on the porogen.
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During polymerisation, the polymer phase separates from the solution due to its limited
solubility in the polymerisation mixture either due to build of molecular weight beyond that is
soluble in the solvent (fractionation) or due to crosslinking. Phase separation generates
microspheres. The task of this porogen is to create cavities in the polymeric structure by
dissolution of the monomer, while acting as a precipitant towards the growing polymer.

Table 2.4: Pore volume of poly(GMA-EGDM): Effect of copolymer composition and
monomer to porogen ratio

Monomer: 25% 50% 75% 100% 150% 200%
porogen CLD CLD CLD CLD CLD CLD
ratio PV PV PV PV PV PV

(mL/g) (mL/g) (mL/g) (mL/g) (mL/g) (mL/g)

L0 0.0190 0.0125 0.0100 0.0175 0.0182 0.0155

(GE 25) (GE 26) (GE 27) (GE 28) (GE 29) (GE 30)

110,405 0.0505 0.0165 0.0135 0.0195 0.0510 0.0550

(GE 19) (GE 20) (GE 21) (GE 22) (GE 23) (GE 24)

081 0.0760 0.0440 0.0523 0.0670 0.0925 0.1660

(GE 13) (GE 14) (GE 15) (GE 16) (GE 17) (GE 18)

161 0.1075 0.5625 0.5925 0.7250 0.7400 0.8475

(GE7) (GE 8) (GE 9) (GE 10) (GE 11) (GE 12)

1243 0.4875 0.7750 0.7905 0.8058 0.8275 0.8850

(GE 1) (GE 2) (GE 3) (GE 4) (GE 5) (GE 6)

Monomer codes are in parenthesis; CLD=crosslink density defined as [crosslinking monomer]:[functional
monomer], which is [EGDM]:[GMA]; PV=pore volume, as estimated by mercury porosimetry.

Mercury porosimetry provides good estimates of pore size and pore size distribution in
the range of importance, to the utilisation of network polymers as chromatographic materials.
Copolymers prepared from monomer feed ratios low in the crosslinking comonomer (EGDM)
and porogen (cyclohexanol) have low pore volume and surface area because a large number of
nuclei are formed which tend to grow through each other. The data on pore volume and surface
area of poly(GMA-EGDM) are presented in Tables 2.4 and 2.5. A glance at the data (Table 2.4)

generated for the 30 poly(GMA-EGDM), with cyclohexanol as porogen, shows that pore
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volume increases with increase in crosslink density (left to right along the table) and porogen
volume (top to bottom), due to increase in the number of pores. Phase separation of copolymer
from the porogen present in the monomer phase contributes to the generation of pores rather
than phase separation from the monomers yet to be polymerised and linked to the growing
copolymer chains. At lower crosslink density and lower volume of porogen, the inner pore
volume is negligible because most porogen molecules are embedded in the network (gel) phase
through out the copolymerisation. At higher crosslink density and higher volume of porogen,

separation of the porogen out of the network (gel) phase results in high pore volume.

In the absence of porogen, the copolymers formed are nearly nonporous with pore
volume accounting for just less than 2% on volume basis. At low crosslink density (25%),
increased use of porogen increases the pore volume gradually till a monomer:porogen ratio of
1:1.61 and then increases it dramatically. At higher crosslink densities, this dramatic increase in
pore volume occurs at relatively lower ratio of porogen. At the highest crosslink density studied
here (200%) and at a monomer:porogen ratio of 1:2.43, the pore volume is nearly 97%,
(0.885/0.909) assuming a specific gravity of 1.1 for these copolymers. Thus, copolymers with a
wide variance in porosity can be synthesised by an interplay of crosslink density and porogen

volume.

The data on surface area, presented in Table 2.5, were determined on copolymer
particles whose diameter ranged between 150 and 450 nm. The surface area decreases initially
from 5.91 to 3.12 m*/g at a crosslink density of 25%. Similar depression is observed at all
crosslink densities excepting at 150%, which is an artifact. The higher surface area of
copolymers prepared without porogen originate from the unreacted monomers present when the

copolymerisations were terminated after a reaction time of 3 h. It may be recalled that the
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conversions (copolymer obtained at the end of 3 h) in the absence of porogen were in the range
70-75% while in the presence of porogen these were between 90-99%. On drying of the
copolymers, the volume occupied by the unreacted 25-30% monomers present at the end of the
reaction, in the reactions carried without porogen, generates these micropores which are
observed in the surface area measurements but not in mercury porosimetry measurements,
which shows up only meso and macropores.

Table 2.5: Surface area of poly(GMA-EGDM) beads: Effect of copolymer composition

and monomer to porogen ratio

Monomer: 25% 50% 75% 100% 150% 200%
porogen CLD CLD CLD CLD CLD CLD
SA SA SA SA SA SA
(m%g) (m%/g) (m%g) (m%/g) (m%/g) (m%g)
Lo 5.9126 4.345 5.1245 5.8226 5.3450 5.9340
(GE 25) (GE 26) (GE 27) (GE28) (GE 29) (GE 30)
110,405 3.1234 4.1236 3.4846 2.9525 19.8794 2.5782
(GE 19) (GE 20) (GE 21) (GE 22) (GE 23) (GE 24)
Losl 11.6203 12.6507 14.2125 20.7479 25.2349 34.6708
(GE 13) (GE 14) (GE 15) (GE 16) (GE 17) (GE 18)
L6l 22.0768 85.0631 105.7812 100.6911 110.2543 110.5787
(GE7) (GE 8) (GE 9) (GE 10) (GE 11) (GE 12)
143 70.6419 99.5830 118.4266 101.3400 125.6712 118.4266
(GE 1) (GE?2) (GE 3) (GE 4) (GE 5) (GE 6)

Monomer codes are in paranthesis; CLD=crosslink density defined as ([crosslinking monomer]/[functional
monomer]) x 100, which is [EGDM]/[GMA]; SA=surface area, as estimated by BET.

Thus, surface area is very low at low crosslink density and lower amount of porogen,
and it increases with crosslink density and volume of porogen, for copolymers of similar
particle size distribution. In the absence of porogen, copolymer particles formed are devoid of
inner pores. Surface area is entirely due to the surface of the particles. The copolymers prepared
with monomer to porogen ratio 1:0.405 were found to be almost nonporous, because the

polymerisation never reaches the critical point where the Flory-Huggins y exceeds 0.5,
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irrespective of a wide variance in monomer feed values and copolymer composition. At other
monomer:porogen ratios, the surface area increases with relative increase in porogen volume.
This increase is enhanced at higher crosslink densities. Since micropores contribute extensively
to surface area and macropores contribute like-wise to pore volume it can be assumed with
some certainty that both micro- and macropores increase with crosslink density and that there is
a polydispersity in pore size, especially at higher crosslink densities. These pore geometries are

ideally suited to anchor macromolecules such as enzymes.

The porogen present during the network (gel phase) formation may remain in the
network phase through out the polymerisation, resulting in the formation of expanded network
(swollen) or may separate out of the network phase, resulting in the formation of porous
particle. The distribution of porogen between network and porogen phases (porogen in the
pores) at the end of polymerisation determines the total porosity of the resulting polymer.
While surface area increases with crosslink density, this trend is not very exact due to a
concomitant decrease in the size of the microsphere.

Different applications of macroporous polymers require tailored pore size distributions.
Macroporous polymer that have the same chemistry but different pore size distributions can be
prepared by varying the mole ratio of monomers as well as relative volume of porogen. Tables
2.6-2.10 show pore size distribution profiles obtained for poly(GMA-EGDM) beads by

mercury porosimetry.

In Table 2.6 poly(GMA-EGDM) of identical composition, 200% CLD, are compared
for variances in pore structure induced by the change in the relative volume of the porogen,
cyclohexanol. While cyclohexanol is not a part of the final polymer structure, it is seen to

dramatically influence the formation and then distribution of the pores. When cyclohexanol is
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excluded from the polymerisation recipe (GE 30), the polymer network formed is almost
nonporous (pore volume=0.02 mL/g), with very low surface area (5.93 m*/g). Table 2.6 shows
that the internal pores present in this polymer network are in nano and micrometres. A
comparison of Tables 2.4 and 2.5 reveals that porosity is induced within this polymer network
only at a monomer:porogen ratio of 1:0.81 (GE18). The pore volume is low (0.17 mL/g) while
the surface area is reasonable (34.67 m*/g). Simultaneously, the pore size distribution broadens
dramatically and pores are observed over the entire range observable by mercury porosimetry
(<5 to >300 nm). The mean pore diameter lies between 5 and 15 nm. Further increase in the
relative volume of the porogen (1:1.61) increases the pore volume (0.86 mL/g) and surface area
(110.58 m*/g) considerably. The study of pore size distribution indicates the presence of pores
over the entire range of measurement. A further increase in the relative volume of the porogen
(1:2.43) brings forth but a marginal increase in pore volume (0.89 mL/g) and surface area
(118.43 m*/g). The pore size distribution shrinks to a narrower range (,5 to 100 nm).

Table 2.6: Effect of monomer:porogen (cyclohexanol) ratio on pore volume distribution in
poly(GMA-EGDM) beads of constant composition (200%CLD)

Code M:P distribution in pore radii (vol%), radius in nm
ratio g 5- 10- 15 20-  30-  50-  100-  >300
v/v)
10 15 20 30 50 100 300

GE6 1:2.43 5.37 14.17  13.51 12.43 16.59 1999  16.25 0.04 0.80
GE12 1:1.61 2.65 16.85 12.14 8.40 14.06  18.81 18.82 6.22 0.28
GE18 1:0.81 1.20 4598 3350 17.42 0.01 0.02 0.05 0.04 1.70
GE30 1:0.00 3871 38.71 16.13 0.00 0.00 0.00 0.00 0.00 0.00

Code=polymer code number as in Tables 2.1, 2.4 and 2.5; M:P=monomer:porogen

In the absence of porogen, pore volume (Table 2.4) and surface area (Table 2.5) are
negligible at all crosslink densities. Table 2.7 shows, rather interestingly, that at low crosslink

density (polymer GE 25; 25% CLD) pores are distributed over the total range detectable by
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mercury porosimetry. At higher CLD (100 and 200), this range shrinks. In all cases the median
pores are in the 5-10 nm range.

Table 2.7: Effect of crosslink density on pore volume distribution in poly(GMA-EGDM)
beads generated without porogen

Code CLD distribution in pore radii (vol%), radius in nm
% <5 5- 10- 15- 20- 30- 50- 100- >300
10 15 20 30 50 100 300

GE25 25 2632 5097 9.67 0.01 0.01 0.01 0.27 0.88 11.84
GE28 100 22.86 6243 14.70 0.00 0.00 0.00 0.00 0.00 0.00
GE30 200 38.71  38.71 16.13 0.00 0.00 0.00 0.00 0.00 0.00

CLD=crosslink density;

With the introduction of cyclohexanol (porogen) in the polymerisation droplets pores
begin to form when the monomer:porogen ratio reaches 1:0.81 (Table 2.8). Simultaneously, the
pore size distribution broadens while the median is still in the microporous (5-10 nm) range.

Table 2.8: Effect of crosslink density on pore volume distribution in poly(GMA-EGDM)
beads at constant monomer:porogen ratio of 1:0.81

Code CLD distribution in pore radii (vol%), radius in nm
% <5 5- 10- 15- 20- 30- 50- 100- >3
10 15 20 30 50 100 300 00

GE13 25 15.65 3096  11.33 2.04 18.77 8.40 2.34 3.10 7.26
GE14 50 40.72  57.03 0.04 0.05 0.06 0.16 0.42 1.52 0.00
GE16 150 25.38 38.8 11.94 597 0.00 0.00 1.49 0.00 4.48
GE18 200 1.20 4598 33.60 17.41 0.01 0.02 0.01 0.04 1.70

CLD=crosslink density;

With increase in the relative volume of the porogen (1:1.61), the pore volume and
surface area are seen to increase significantly over the entire composition range. Table 2.9
shows that the pores are present over the entire range. The median pores are dependent on

copolymer composition.

At still higher volume of porogen (1:2.43), increase in pore volume and surface area are

marginal at all compositions. Table 2.10 shows that pores are present in the entire range. The
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median pores are now in the mesoporous range (30-50 nm) and are independent of copolymer
composition.

Table 2.9: Effect of crosslink density on pore volume distribution in poly(GMA-EGDM)
beads at constant monomer:porogen ratio of 1:1.61

Code CLD distribution in pore radii (vol%), radius in nm
% <5 5- 10- 15- 20- 30- 50- 100- >300
10 15 20 30 50 100 300

GE7 25 0.00 39.53  39.90 0.25 0.43 1.78 3.36 13.72 0.94
GES 50 5.61 18.74 1639 13.65 2332 17.85 4.01 0.02 0.41
GE10 100 5.95 20.00 10.28  12.73 13.95 18.61 11.53 4.08 2.19
GE12 200 2.65 16.85 12.14 8.40 14.06  18.81 18.82 6.22 0.28

CLD=crosslink density;

Table 2.10: Effect of crosslink density on pore volume distribution in poly(GMA-EGDM)
beads at constant monomer:porogen ratio of 1:2.43

Code CLD distribution in pore radii (vol%), radius in nm
% <5 5- 10- 15- 20- 30- 50- 100- >300
10 15 20 30 50 100 300

GE1 25 11.28  14.87 6.84 12.14 1949  19.66 5.98 5.64 4.10
GE2 50 6.13 14.52 1258 11.92 1405 1724 1195 4.80 4.55
GES5 150 6.64 16.72  12.39 9.90 1485 1958 14.74 2.55 0.28
GE6 200 5.37 14.17  13.51 1243 1659 1999 16.25 0.04 0.80

CLD=crosslink density;

2.2 Poly(glycidyl methacrylate-co-divinyl benzene)
Syntheses of poly(glycidyl methacrylate-co-divinyl benzene) [poly(GMA-DVB)] of

differing crosslink densities (CLD) were similar to poly(GMA-EGDM), presented in Section
2.1.1. The objective was to study the effect of crosslinking comonomer type on pore structure
in polymer net-works. The composition of 25 poly(GMA-DVB) synthesised are presented in
Table 2.11. Six sets were synthesised using cyclohexanol as porogen. The monomer:porogen
ratio was varied within each set as 1:2.43, 1:1.61 and 1:0.81. The crosslink density was studied

between 25% to 200%, as earlier. Hexanol was investigated as porogen at a monomer:porogen
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ratio of 1:1.61 over the entire composition range while octanol was evaluated at one
composition (25%) a monomer:porogen ratio of 1:1.61.

Table 2.11: Composition of glycidyl methacrylate (GMA) and divinyl benzene (DVB)
copolymers synthesised using cyclohexanol, hexanol and octanol as porogens

Exp. GMA DVB CLD Monomer:porogen
No (mol) (mol) % (vIv)
GV1,GV7,GV13 0.0418  0.0176 25 1:2.43,1:1.61, 1:0.81
GV2,GVS8,GV14 0.0323  0.0267 50 1:2.43, 1:1.61, 1:0.81
GV3,GV9, GVI15 0.0264  0.0323 75 1:2.43,1:1.61, 1:0.81
GV4,GV10,GV1e6 0.0220  0.0365 100 1:2.43, 1:1.61, 1:0.81
GV5,GV1l, GV17 0.0169  0.0414 150 1:2.43, 1:1.61, 1:0.81
GV6,GV12,GV18 0.0132  0.0449 200 1:2.43, 1:1.61, 1:0.81
GV(h)1 0.0418  0.0176 25 1:1.61
GV(h)2 0.0323  0.0267 50 1:1.61
GV(h)3 0.0264  0.0323 75 1:1.61
GV(h)4 0.0220  0.0365 100 1:1.61
GV(h)5 0.0169  0.0414 150 1:1.61
GV(h)6 0.0132  0.0449 200 1:1.61
GV(0)1 0.0418  0.0176 25 1:1.61

The series GV (GV1-GV18) were synthesised using cyclohexanol as porogen; GV(h)1-GV(h)6 were synthesised
using hexanol as porogen and GV(0)1 was synthesised using octanol as porogen, respectively. Crosslink density
(CLD) is defined as the mole percent of crosslinking monomer relative to the moles of reactive functional
comonomer. AIBN: 0.2 g; Water: 100 mL; PVP: 1 g.

The pore volume, surface area, particle size, surface morphology, infra-red spectra,
bead yield and epoxy content were determined as presented in Sections 2.1.2.1 to 2.1.2.7.
2.2.1 Results and Discussion on poly(GMA-DVB) series

The characterisation of poly(GMA-EGDM) series showed that pores and inner surface
area are developed only when the monomer:porogen ratio reaches 1:0.81. Hence, poly(GMA-
DVB) system was studied only at monomer:porogen ratios of 1:0.81, 1:1.61 and 1:2.43. DVB
is extremely hydrophobic and hence polymers in the GV series are suitable for binding
hydrophobic organic molecules. The well formed pore structure by cyclohexanol were

compared with those formed by equal volumes of its linear homologue, hexanol. Theoretically,

53



it was predicted that octanol should rapidly phase separate out of the polymerisation phase and

hence the effect of this was evaluated at one composition (polymer GV(0)1).

E

188K m aoBaon

Figure 2.7: Surface morphology of poly(GMA-DVB) at 100% CLD; monomer to
cyclohexanol ratio of 1:1.61 (v/v)

The yields of poly(glycidyl methacrylate-co-divinyl benzene) beads were in the range
90-99%. All dried copolymer beads were opaque, white, indicating formation of porous
matrices, with all three porogens used. The SEM photograph in Figure 2.7 indicates formation
of spherical beads with particle size in the range 10-600 nm, having irregular surface
morphology, due to the presence of pores.

The surface state of the prepared copolymer beads is controlled by the surface tension
between the dispersed phase and the continuous phase. The interfacial tension of GMA, DVB
and cyclohexanol in contact with water are approximately 6.9, 16.5 and 34.4 dyne/cm. GMA,
with surface tension much lower than DVB and cyclohexanol, should be enriched on the
interface between the continuous phase consisting of an aqueous solution of PVP and the

dispersed phase consisting of the porogen and the monomers with the polar epoxy group facing
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the aqueous continuum. This should be greater than that in poly(GMA-EGDM), since the

interfacial tension of EGDM, as seen in Table 2.2, is much lower (8.9) than DVB (16.5).
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Figure 2.8: Surface epoxide group in poly(GMA-DVB) beads prepared with
monomer:cyclohexanol v/v ratio of 1:1.61

The theoretical epoxy content in poly(GMA-DVB) studied here varies from 5.08 to 1.71
mmol/g (from 25 to 200% CLD). The experimentally observed epoxy content by titration was
in the range 1.78 to 0.26 mmol/g (from 25 to 200% CLD). Thus, only a fraction the epoxy
group in poly(GMA-DVB) beads react with hydrochloric acid, just as observed with
poly(GMA-EGDM) series. A major fraction of the epoxy group in the beads are buried and are
unable to react under analytical condition. However, in comparison to poly(GMA-EGDM)
series, where 30.4 to 5.9% of epoxy groups were near the surface (from 25 to 200% CLD), in
this series 35.0% to 14.9% were near the surface. Figure 2.8 shows the effect of crosslink
density on epoxide content. Thus, substituting EGDM with a more hydrophobic comonomer
(DVB) marginally reorients the epoxy group towards the surface of the pores. The other trends
were along lines observed in poly(GMA-EGDM) series.

The solubility parameter of monomer, comonomer and porogen are presented in Table

2.12 and that of copolymers of differing crosslink density are presented in Table 2.13.
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Table 2.12: Solubility parameter, 5, of monomers and porogens

Component

GMA
DVB
Cyclohexanol
Hexanol

Octanol

3§ (cal/cm®)**

8.05
9.30
11.40
10.76
10.34

?8 can be calculated using the formula d .>G/M where G is the molar attraction constant, >.G is the sum for all the
atoms and groupings in the molecules, d is the density and M is the molecular weight.

Table 2.13: Variance in solubility parameter, &, of poly(GMA-DVB) with crosslink

density

CLD%

25
50
75
100
150
200

& (cal/em®)™®

8.43
8.63
8.75
8.84
8.95
9.02

The solubility parameter of poly(GMA-DVB) increases with CLD, as seen in

poly(GMA-EGDM) series, indicating that phase separation will occur more gradually with

increasing CLD, resulting in larger beads at higher crosslink density.
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Figure 2.9: IR spectra of poly(GMA-DVB) of 100% CLD synthesised at
monomer:cyclohexanol ratio of 1:1.61
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IR spectra of poly(GMA-DVB) in Figure 2.9 shows peaks at 1733, 1123 cm™ due to
stretching vibrations of C=0O of ester group and C-O-C of epoxy group, respectively. It was
also observed that the band at 1636 cm™, a characteristic band of C=C stretching, disappears.
This indicates that epoxy group is not consumed and that polymerisation proceeds with
complete consumption of the vinyl double bond, unlike the poly(GMA-EGDM) series in which
some vinyl groups are trapped in the matrix.
2.2.1.1 Porous properties of poly(GMA-DVB) beads

The pore volume and surface area of poly(GMA-DVB) beads synthesised in the
presence of different porogens (cyclohexanol, hexanol and octanol), are summarised in Tables
2.14 and 2.15. The dielectric constant of cyclohexanol (¢=17.7) is higher than hexanol (¢=13.3)
and octanol (¢=10.3). Thus, cyclohexanol is the best while the octanol is the worst solvent, of
the three porogens. Copolymers prepared using hexanol show higher pore volume (compared to
cyclohexanol) at the same monomer to porogen ratio (v/v). The solvating power of the porogen
increases with polarity, resulting in a less pronounced phase separation, thereby decreasing the
porosity. Copolymers prepared with lower amount of crosslinker (DVB) and porogen
(cyclohexanol) are less porous, with low pore volume and surface area, because a large number
of nuclei are formed which tend to grow through each other, just as observed in poly(GMA-
EGDM) series. As the crosslink density increases, the pore volume increases rapidly, indicating
separation of cyclohexanol out of the network (gel) phase. However, with hexanol the phase
separation out of the network (gel) phase is very rapid. Pore volumes generated by
cyclohexanol (Table 2.14) are marginally better compared to those for poly(GMA-EGDM) in

Table 2.4 at a monomer:porogen ratio of 1:0.81. At 1:1.61 and 1:2.43 these are much better
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indicating extensive phase separation here vis-a-vis poly(GMA-EGDM). This pore volume is
much higher with hexanol and octanol, as predicted by solubility parameter (Table 2.12).

Table 2.14: Pore volume of poly(GMA-DVB) synthesised using cyclohexanol, hexanol and
octanol: Effect of copolymer composition and monomer to porogen ratio

Monomer: 25% 50% 75% 100% 150% 200%
porogen CLD CLD CLD CLD CLD CLD
ratio
PV PV PV PV PV PV
(mL/g) (mL/g) (mL/g) (mL/g) (mL/g) (mL/g)
1081 0.15 0.16 0.19 0.21 0.40 0.20
e (GV 13) (GV 14) (GV 15) (GV 16) (GV 17) (GV 18)
L6l 0.75 0.93 0.97 1.04 1.13 1.16
o (GV 7) (GV 8) (GV 9) (GV 10) (GV 11) (GV 12)
1243 0.33 1.00 1.15 1.32 1.80 1.81
< (GV 1) (GV 2) (GV 3) (GV 4) (GV 5) (GV 6)
6L 1.47 1.53 1.70 1.88 1.84 1.89
= (GV()1) (GV(h)2) (GV(h)3) (GV(h)4) (GV(h)35) (GV(h)6)
1:1.61° (G{;gf)l) NS NS NS NS NS

*=using hexanol as porogen; "=using octanol as porogen; NS=not synthesised; CLD=crosslink density defined as
([crosslinking monomer]/[functional monomer])100; which is [DVB]:[GMA]; PV=pore volume, as estimated by
mercury porosimetry.

Table 2.15: Surface area of poly(GMA-DVB) synthesised using cyclohexanol, hexanol and
octanol: Effect of copolymer composition and monomer to porogen ratio

Monomer: 25% 50% 75% 100% 150% 200%
porogen CLD CLD CLD CLD CLD CLD
ratio
SA SA SA SA SA SA
(m’/g) (m?/g) (m’/g) (m?/g) (m?/g) (m’/g)
. 39.16 42.84 42.67 55.43 82.98 48.95
0. (GV 13) (GV 14) (GV 15) (GV 16) (GV 17) (GV 18)
L6l 98.10 115.44 113.20 122.14 125.43 124.95
- (GV 7) (GV 8) (GV 9) (GV 10) (GV 11) (GV 12)
24 68.20 122.00 117.31 131.20 13921 145.10
- (GV 1) (GV 2) (GV 3) (GV 4) (GV 5) (GV 6)
Lol 24.50 35.40 46.10 48.00 50.80 43.90
o (GV(i)1) (GV(h)2) (GV(h)3) (GV(h4) (GV(h)5) (GV(h)6)
1:1.61° ((}1\1/'(1())1) NS NS NS NS NS

*=using hexanol as porogen; "=using octanol as porogen; NS=not synthesised; CLD=crosslink density defined as
([crosslinking monomer]/[functional monomer])100; which is [DVB]/[GMA]; SA=surface area, as estimated by

BET.
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Surface area data presented in Table 2.15 indicates that surface area increases with
crosslink density and relative porogen volume. The data for 25% CLD polymer prepared with
monomer:cyclohexanol ratio of 1:1.61 is an artifact. The surface area of copolymers formed in
presence of cyclohexanol were greater than those synthesised in presence of hexanol. The
increase in surface area with crosslink density is due to a decrease in the size of the
microsphere. This trend relative to both CLD and porogen volume is less dramatic than that for
poly(GMA-EGDM) presented in Table 2.5. Comparing the two series, the surface area for
poly(GMA-DVB) is consistently higher than that for equivalent poly(GMA-EGDM). Thus,
micropores are generated at very low CLD and pore size distribution is broader in poly(GMA-
DVB). Also, the poly(GMA-DVB) beads are extremely porous. The poly(GMA-DVB)
synthesised using hexanol and octanol have lower surface area and higher pore volume,
indicating that the pores are more uniformly macroporous than those prepared using
cyclohexanol. These polymers are ideally suited to anchoring large molecules rather than for
chromatographic separations while those prepared using cyclohexanol can be evaluated for

both chromatographic and enzyme immobilization studies.

The variance in pore sizes with changes in copolymer composition at a constant
monomer:porogen ratio are presented in Tables 2.16 to 2.18. Table 2.16 shows data obtained at
lowest monomer:porogen (cyclohexanol) ratio of 1:0.81. The pore volume is in the range 0.15-
0.40 mL/g (Table 2.14) and surface area is in the range 39.16-82.98 rnz/g (Table 2.15). These
are generated by polydisperse pores in the range <5 to >300 nm. At intermediate (1:1.61)
monomer:porogen ratio the pore volume (0.75-1.16 mL/g) and surface area (98.10-125.43
m?/g) are considerably increased and the median pore radii is shifted to the higher side (30-100

nm). At the highest monomer:porogen ratio (1:2.43), the pore volume (0.33-1.80 mL/g) and
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surface area (68.20-145.10 m”/g) are further increased, unlike in the poly(GMA-EGDM) series.
Also, the median pore shifts to lower value at lowest (25%) CLD while this shifts to higher

value (100-300 nm) at the highest (200%) CLD.

Table 2.16: Effect of crosslink density on pore volume distribution in poly(GMA-DVB)
beads at constant monomer:porogen ratio of 1:0.81

Code CLD distribution in pore radii (vol%), radius in nm
% <5 5- 10- 15- 20- 30- 50- 100- >300
10 15 20 30 50 100 300

GV14 50 23.63  46.64 10.23 3.19 3.50 4.16 4.14 3.19 0.32
GV15 75 13.86 3273  18.27 1145 9.24 6.62 3.82 1.61 0.60
GV17 150 12.28 31.14 19.62 12.4 9.88 3.79 0.00 5.95 1.65

Porogen=cyclohexanol; CLD=crosslink density;

Table 2.17: Effect of crosslink density on pore volume distribution in poly(GMA-DVB)
beads at constant monomer:porogen ratio of 1:1.61

Code CLD distribution in pore radii (vol%), radius in nm
% <5 5- 10- 15- 20- 30- 50- 100- >300
10 15 20 30 50 100 300

GV7 25 5.21 14.87 1232 10.76  18.22 2137 10.63 4.16 1.06
GV8 50 5.27 14.05 11.28 9.79 11.82  19.69 17.51 6.12 1.97
GV10 100 4.86 15.11 9.72 8.90 10.69 1747  20.45 6.83 0.00

Porogen=cyclohexanol; CLD=crosslink density;

Table 2.18: Effect of crosslink density on pore volume distribution in poly(GMA-DVB)
beads at constant monomer:porogen ratio of 1:2.43

Code CLD distribution in pore radii (vol%), radius in nm
% <5 5- 10- 15- 20- 30- 50- 100- >300
10 15 20 30 50 100 300

GV1 25 9.99 3527  16.69  11.38 9.35 5.56 291 2.03 1.01
GV6 200 3.25 9.22 6.26 5.42 7.85 1022 18.63  25.05 7.29

Porogen=cyclohexanol; CLD=crosslink density;

The change in pore radii distribution and median pore radii for a poly(GMA-DVB) with
macroreticular pore structure (150% CLD) is shown in Table 2.19. The median pore radii

increases with the porogen volume in poly(GMA-DVB) series.
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Table 2.19: Effect of monomer:porogen (cyclohexanol) ratio on pore volume distribution
in poly(GMA-DVB) beads of constant composition (150%CLD)

Code M:P distribution in pore radii (vol%), radius in nm
ratio 5 5 10- 15~ 20- 30 50-  100- 300
v/v)
10 15 20 30 50 100 300

GV5 1:2.43 3.22 9.33 6.40 4.26 7.68 1128 1941  26.79 4.84
GV1l  1:1.61 4.78 12.65 9.91 8.27 11.6 16.98 19.82 11.16 2.24
GVv17  1:0.81 1228 31.14 19.62 12.4 9.88 3.79 0.00 5.95 1.65

Code=polymer number; M:P=monomer:porogen

Pore volume and surface area are also dictated by the subtle changes in the structural
features of the porogen molecule. A shift from cyclohexanol to hexanol dramatically increases
the pore volume (Table 2.14) while the surface area is dramatically reduced (Table 2.15). This
indicates a large shift in the median pore radii from lower to higher values, as confirmed by a
look at Table 2.20. The median pore radii shifts from 30-50 nm for cyclohexanol to 100-300
nm for hexanol to >300 nm for octanol. This means that immobilization carrier (support) for
enzymes of widely varying molecular sizes can be prepared by changing just the porogen type,
while keeping copolymer composition and porogen volumes constant. The increased phase
separation trend octanol > hexanol > cyclohexanol generates fewer pores (lower surface area)
of very large size (high pore volume).

Table 2.20: Effect of porogen type on pore volume distribution in poly(GMA-DVB) (25%
CLD) at constant monomer:porogen ratio of 1:1.61

Code Por distribution in pore radii (vol%), radius in nm
<5 5- 10- 15- 20- 30- 50- 100- >300
10 15 20 30 50 100 300

GV7 CHOL 521 14.87 1232 10.76  18.22  21.37 10.63 4.16 1.06
GV(h)1 HOL 0.48 1.05 0.75 0.71 2.89 6.18 3498 42.19 6.39
GV(0)1 OOL 2.59 5.64 0.23 0.89 0.52 2.40 4.65 36.87  46.19

Por=porogen; CHOL=cyclohexanol; HOL=hexanol; OOL=octanol;

The shift in pore size distribution with composition at constant monomer:porogen

(hexanol) ratio (1:1.61) is clearly depicted in Figure 2.10.
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Figure 2.10: Differential pore size distribution in poly(GMA-DVB) with change in CLD at
constant monomer:hexanol ratio of 1:1.61 v/v

This trend is presented in tabular form in Table 2.21.

Table 2.21: Effect of crosslink density on pore volume distribution in poly(GMA- DVB)
beads at constant monomer:porogen ratio of 1:1.61. Hexanol used as porogen

Code CLD distribution in pore radii (vol%), radius in nm
% <5 5- 10- 15- 20- 30- 50- 100- >300
10 15 20 30 50 100 300

GV(h)1 25 0.48 1.05 0.75 0.71 2.89 6.18 3498 42,19  6.39
GV(h)5 150 0.71 2.01 1.19 1.13 1.89 431 1472 64.71 9.30
GV(h)6 200 0.61 1.31 0.98 0.90 1.49 3.17 9.11 56.01 26.38

Porogen=hexanol; CLD=crosslink density;

2.3 Poly(allyl glycidyl ether-co-ethylene dimethacrylate) [poly(AGE-EGDM)]

2.3.1 Suspension polymerisation of AGE with EGDM

The aim was to investigate the effect of similar functional monomer in net-worked
polymers on pore structure. GMA was replaced with AGE. The suspension copolymerisation
procedure used to prepare poly(AGE-EGDM) is as presented in Section 2.1.1. The composition

of synthesised AGE-EGDM co-polymers are presented in Table 2.22.
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Table 2.22: Composition of Allyl glycidyl ether (AGE) and ethylene dimethacrylate
(EGDM) copolymers synthesised using cyclohexanol as porogen at a monomer:porogen
ratio of 1:1.61

Exp. AGE EGDM CLD
No (mol) (mol) %
AGl1 0.0497 0.0122 25
AG2 0.0388 0.0191 50
AG3 0.0312 0.0238 75
AG4 0.0269 0.0265 100
AGS5 0.0202 0.0307 150
AG6 0.0168 0.0329 200

Crosslink density (CLD) is defined as the mole percent of crosslinking monomer relative to the moles of reactive
functional comonomer ((EGDM]/[AGE]) x 100. AIBN: 0.2 g; Water: 100 mL; PVP: 1 g.

2.3.2 Characterisation of poly(AGE-EGDM)
The porosity, surface area, particle size, surface morphology, infra-red spectra, bead
yield and epoxy content were determined using procedures presented in Sections 2.1.2.1 to

2.1.2.7.

2.3.3 Results and Discussion on poly(AGE-EGDM) series

The data for poly(GMA-EGDM) and poly(GMA-DVB) series established that
cyclohexanol provided the best option as porogen. It generated a wide distribution in pore size
and optimal pore geometries were obtained at a combined monomers:porogen ratio of 1:1.61.
Thus, in the poly(AGE-EGDM) series six polymers were synthesised at a constant
monomer:porogen ratio of 1:1.61 by varying the CLD between 25 and 200%. Polymers with
allyl units (resulting in ethene backbones, with methoxy branch point) are known to be more
flexible than equivalent polymers with methacrylic units (ethene backbones with a methyl and
a carboxylic branch points). Thus, it was estimated that poly(AGE-EGDM) beads will be more

swellable than equivalent poly(GMA-EGDM) beads.
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Poly(AGE-EGDM) beads, produced at the uniform stirring rate of 300 rpm, were in the
range 200 to 600 um. The copolymer yield was in the range 90-97%. It was observed in this
series as well that the particle size increases with the crosslink density. As discussed earlier,
droplet size depends on the interfacial tension. Additional factors which also govern this are
density difference between the discontinuous and continuous phases and stirring rate. Greater
incorporation of divinyl monomer, EGDM, will generate more crosslinked structures. This
crosslinking insolubilises the growing polymer chains which thereby precipitate from the
droplet solution. This precipitation rate should increase with the relative mole ratio of EGDM
in the monomer feed, hence crosslink density. Rapid precipitation would lead to smaller
particles. The experimental observation indicated that the governing force was the solubility

parameter. The dried copolymer beads are white and not

oooeoa

Figure 2.11: Particles of poly(AGE-EGDM), formed at 100% CLD (AG 4)

transparent indicating pore formation due to the porogen (cyclohexanol). Figure 2.11
represents the surface morphology of poly(AGE-EGDM) beads. While beads were spherical,

there was considerable aggregation indicating that the protective colloid, PVP, is unable to
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maintain the monomer droplets well separated as in poly(GMA-EGDM) and poly(GMA-DVB)
series.

The solubility parameter of monomer, comonomer and porogen are presented in Table
2.23 and that of copolymers of differing crosslink density are presented in Table 2.24. With the
increase of the relative mole ratio of EGDM (crosslink density), the solubility parameter of
copolymers increase.

Table 2.23: Solubility parameter 5, of AGE, EGDM and porogen

Component 3§ (cal/cm®)*®
AGE 7.52
EGDM 8.90
Cyclohexanol 11.40

?8 can be calculated using the formula d .>G/M where G is the molar attraction constant, >.G is the sum for all the
atoms and groupings in the molecules, d is the density and M is the molecular weight.

Table 2.24: Variance in solubility parameter, &, of poly(AGE-EGDM) beads with
crosslink density

CLD% & (cal/em®)™®
25 791
50 8.12
75 8.28
100 8.36
150 8.50
200 8.56

Only a fraction of epoxy groups present in (AGE-EGDM) reacted with hydrochloric
acid. Since epoxy groups in allyl glycidyl ether do not react under the conditions used in the
suspension polymerisation, it can be concluded that a majority of the epoxy group in the
copolymer beads are buried in the bulk and are unable to react even over 6 hours at 80 °C,
when tested in a solvent (dioxane) that swells the polymer beads. The data on variance of

theoretical and analysed epoxide content with CLD is represented in Figure 2.12. A comparison
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with poly(GMA-EGDM) shows that the surface epoxy group concentration is higher in
poly(AGE-EGDM). In comparison to poly(GMA-EGDM) series, where 30.4 to 5.9% of epoxy
groups were near the surface (from 25 to 200% CLD), in this series 32.5% to 8.9% were near
the surface, indicating that poly(AGE-EGDM) are better suited to chromatographic

applications.

—m=— Theoretical epoxy content
—e— Observed epoxy content

Epoxy content (m.eq/g)
w

0 50 100 150 200
CLD%

Figure 2.12: Surface epoxide group in poly(AGE-EGDM) beads prepared with
monomer:cyclohexanol v/v ratio at 1:1.61

The infra-red spectra of poly(AGE-EGDM) series mirror that of the poly(GMA-DVB)
series rather than the poly(GMA-EGDM) series. The typical IR spectra in Figure 2.13 shows
peaks at 1731 and 1150 cm™ due to stretching vibrations of C=0 of ester group and C-O-C of
epoxy group, respectively. It was also observed that the intensity of band at 1636 cm, a
characteristic band of C=C stretching disappears. This indicates that epoxy group are intact in
the copolymer, and copolymerisation proceeds with the complete consumption of vinyl double

bond.
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Figure 2.13: IR spectra of poly(AGE-EGDM) of 100% CLD
2.3.3.1 Pore properties of poly(AGE-EGDM) series

The data of pore volume and surface area are summarised in Table 2.25. Poly(AGE-
EGDM) and poly(GMA-EGDM), with pendent epoxy groups, were synthesised with similar
applications in mind. Hence, the data obtained for poly(AGE-EGDM) is compared with
poly(GMA-EGDM).

Table 2.25: Pore volume and surface area of poly(AGE-EGDM) and poly(GMA-EGDM)
synthesised using cyclohexanol at monomer:porogen ratio of 1:1.61

CLD Poly(AGE-EGDM) Poly(GMA-EGDM)
% Pore volume Surface area Pore volume Surface area
(mL/g) (m’/g) (mL/g) (m’/g)
25 0.83 98.92 0.11 22.08
(AG 1) (AG 1) (GE7) (GE7)
50 1.68 87.99 0.56 85.06
(AG 2) (AG2) (GE 8) (GE 8)
75 1.28 122.45 0.59 105.78
(AG 3) (AG 3) (GE9) (GE9)
100 1.69 127.72 0.73 100.69
(AG 4) (AG 4) (GE 10) (GE 10)
150 1.56 128.98 0.74 110.25
(AG 5) (AG 5) (GE 11) (GE 11)
200 1.33 92.03 0.85 110.58
(AG 6) (AG 6) (GE 11) (GE 11)
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In poly(AGE-EGDM) series the volume of pores, as measured by mercury porosimetry
(macropores), goes through a maxima between 50 and 100% CLD (data for 75% CLD is
probably an artifact). The data for surface area is inconclusive but points to a maxima between
75 and 150% CLD. It must be added that the pore volume and surface area were collected
independently using two different instruments for the polymer samples generated in a single
batch. A comparison with poly(GMA-EGDM) reveals that these two series differ considerably,
within limits of accuracy. Pore volume is considerably higher and surface area, due to
micropores, is generated at very low crosslink density in the poly(AGE-EGDM) series. This
indicates that cyclohexanol phase separates rapidly from the polymerisation media in
poly(AGE-EGDM) while this is more gradual in poly(GMA-EGDM). This increases the
surface concentration of epoxy groups, as seen in the titration with hydrochloric acid. The pores
in both series of matrices are polydisperse, ranging from micro (large surface area) to
macropores (large pore volume).

From application perspectives, other issues like swellability, attrition, and elasticity are
issues of importance in usage under stirred tank configuration while compressability, pressure
drop are issues of concern in a column mode operation. These were not measured in the present
study. In general it can be stated that poly(AGE-EGDM) series are more swellable, have less
attritional loss because of greater elasticity, are more compressable relative to poly(GMA-
EGDM) series at equivalent composition. Overlooking these important issues, it can be said
from the studies conducted here that poly(AGE-EGDM) are better suited as chromatographic
and enzyme immobilisation matrices.

Table 2.26 presents the distributions of pore size in poly(AGE-EGDM) beads of

differing copolymer composition (crosslink density) at constant porogen volume (1:1.61). It is
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observed that the pore size distribution is broad, especially at higher crosslink density. The
median pore radii lies between 50-300 nm, excepting for polymer with 25% CLD (30-50 nm).

Table 2.26: Effect of crosslink density on pore volume distribution in poly(AGE-EGDM)
beads at constant monomer:porogen ratio of 1:1.61. Porogen is cyclohexanol

Code CLD distribution in pore radii (vol%), radius in nm
% <5 5- 10- 15- 20- 30- 50- 100- >300
10 15 20 30 50 100 300

AG 1 25 4.53 13.53  11.66 8.21 14.25  19.51 15.76 5.92 1.45
AG2 50 0.50 6.45 6.19 4.88 7.58 11.87 2043  32.59 9.47
AG3 75 4.43 12.02 8.72 7.33 10.46 1579 2253  18.70 0.00
AG4 100 3.05 8.23 5.95 5.27 7.63 11.85 1995  26.32 9.08
AGS 150 3.18 9.73 6.71 4.56 8.28 14.47 2047  25.64 5.36
AG6 200 0.00 8.66 7.66 6.40 10.05  13.05 22.13  24.55 3.12

CLD=crosslink density;

2.4 Poly(2-hydroxyethyl methacrylate-co-ethylene dimethacrylate) [poly(HEMA-EGDM)]
2.4.1 Suspension polymerisation of HEMA with EGDM

The objective was to synthesise porous networked polymer beads with hydroxy
functional groups. Synthesis of poly(HEMA-EGDM) were as that presented in Section 2.1.1.
Composition of synthesised copolymers are presented in Table 2.27. As in poly(GMA-EGDM)
series, synthesis was conducted under a variety of conditions and pore structure were evaluated
to establish the optimal ones. This polymerisation series was aimed at generating macroporous
beaded polymer with particle size in the range 150-450 nm, having pore volume between 0.5
and 1 mL/g, with surface area between 50 and 100 m?/g with hydroxy functional groups, which
could be derivatised using acids (ester), isocyanates (urethane) and halides (ethers).

The pore generating solvent volume was varied for a given fixed monomer
composition, such as [HEMA]:[EGDM]=1.00:0.25, so as to generate copolymers with the same
composition but differing in the pore volume. Thus, copolymers HE1, HE7, HE13, HE19 and

HE25 have a crosslink density of 25% but are of varying porosity, due to the changing volume
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of cyclohexanol (porogen) relative to that of the combined volumes of the two monomers as
2.43:1, 1.61:1, 0.81:1, 0.405:1 and 0:1, respectively. Similarly, six sets of copolymers, varying
in their compositions, were prepared by changing the mole ratio of HEMA:EGDM (25, 50, 75,
100, 150 and 200 CLD). Thus, 30 poly(HEMA-EGDM) were synthesised using cyclohexanol
as porogen.

Table 2.27: Compositions of poly(HEMA-EGDM) synthesised using cyclohexanol as
porogen, at varying monomer:porogen ratio

Exp. HEMA EGDM CLD Monomer:porogen
No (mol) (mol) % (v/v)
HE1, HE7,HE 13, HE19, HE 25  0.0486  0.0122 25 1:2.43, 1:1.61, 1:0.81, 1:0.405, 1:0
HE2, HES, HE14, HE20, HE26 0.0379  0.0191 50 1:2.43, 1:1.61, 1:0.81, 1:0.405, 1:0
HE3, HE9, HE15, HE21, HE27 0.0313  0.0233 75 1:2.43,1:1.61, 1:0.81, 1:0.405, 1:0
HE4, HE10, HE16, HE22, HE28  0.0264  0.0265 100 1:2.43,1:1.61, 1:0.81, 1:0.405, 1:0
HES, HE11, HE17, HE23, HE29  0.0206  0.0302 150 1:2.43, 1:1.61, 1:0.81, 1:0.405, 1:0

HE6, HE12, HE18, HE24, HE30 0.0165 0.0329 200 1:2.43, 1:1.61, 1:0.81, 1:0.405, 1:0

crosslink density (CLD) is defined as the mole percent of crosslinking monomer relative to the moles of reactive
functional comonomer. AIBN: 0.2 g; Water: 100 mL; PVP: 1 g.

Poly(HEMA-EGDM) formed were porous at the monomer:porogen ratio of 1:1.61.
However, the pore volumes were quite low, as seen in Section 2.4.3. Hence, at this fixed
monomer:porogen ratio, the effectiveness of a number of solvent combinations as porogens
were examined over the entire copolymerisation composition range (25-200% CLD). These
were: (i) 50/50 v/v cyclohexanol/paraffin oil; (ii) 75/25 v/v cyclohexanol/lauryl alcohol
(dodecanol); (iii) 50/50 v/v cyclohexanol/lauryl alcohol and (iv) hexanol. In this lot 24

poly(HEMA-EGDM) were synthesised and characterised.

2.4.2 Characterisation
The pore volume, surface area, particle size, surface morphology, infra-red spectra, and

bead yield were determined as presented in Sections 2.1.2.1 to 2.1.2.6.
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2.4.3 Results and discussion on poly(HEMA-EGDM) series

Suspension polymerisation of a monomer such as HEMA is a problem due to its
solubility in the continuous aqueous phase. Addition of higher alcohols such as cyclohexanol
solubilised HEMA in the organic phase. Thus, suspension polymerisation conditions suitable

for water insoluble monomers such as GMA could be used for HEMA-EGDM series.
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Figure 2.14: Particle size distribution in poly(HEMA-EGDM) beads of 50, 100 and 200%
CLD at monomer:porogen ratio of 1:1.61 (HES, HE10 and HE12)

The polymer conversions were above 99% in all cases, unlike in the poly(GMA-
EGDM) series. Figure 2.14 shows typically particle size distribution of poly(HEMA-EGDM)
beads as determined by particle size analyser. The particle sizes were in the range 200 to 600
pm. The particle size distribution shifted towards the higher size with an increase in the relative
mole ratio of the crosslinking comonomer in a manner akin to poly(GMA-EGDM) series. The
solubility parameter of HEMA, EGDM and cyclohexanol (monomer, comonomer and porogen)
are presented in Table 2.28 and that for poly(HEMA-EGDM) of differing crosslink density are

presented in Table 2.29.
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Table 2.28: Solubility parameter 6 of HEMA, EGDM and cyclohexanol

Component 3§ (cal/em®)"s
HEMA 114
EGDM 8.9

Cyclohexanol 11.4

*8 can be calculated using the formula d .>G/M where G is the molar attraction constant, >.G is the sum for all the
atoms and groupings in the molecules, d is the density and M is the molecular weight.

Table 2.29: Variance in solubility parameter, &, of polyf(HEMA-EGDM) beads with
crosslink density

CLD &
% (cal/em®)*?
25 10.7
50 10.3
75 10.1
100 9.9
150 9.7
200 9.5

With the increase of the relative mole ratio of EGDM (and hence crosslink density), the
solubility parameter of copolymer decreases. Unlike in the poly(GMA-EGDM) series, with
decreasing solubility parameter of copolymer, the critical chain length prior to precipitation
increases, resulting in larger particles. Simultaneously, the precipitation rate of copolymer
chain decreases with crosslink density, and particles phase separate rapidly, resulting in a
narrower distribution. So copolymer with lower crosslink densities are formed as small
particles with a narrower distribution, as compared to copolymers with higher crosslink
densities.

The typical IR spectra in Figure 2.15 shows peaks at 3421.5, 1718.5 and 1072 cm™ due
to stretching vibrations of -OH group, C=0 of ester group and C-O of -COH group,
respectively. It was also observed that the intensity of band at 1637.5 cm™, a characteristic band

of C=C stretching, does not disappear but is significantly weakened indicating that it is not
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completely consumed, but that there are still some residual vinyl double bonds buried inside the

network structure, as in the poly(GMA-EGDM) series.
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Figure 2.15: IR spectra of poly(HEMA-EGDM) beads of 100% CLD at
monomer:porogen ratio of 1:1.61 (HE10)

2.4.3.1 Porous properties of poly(HEMA-EGDM) beads

The data of pore volume and surface area for poly(HEMA-EGDM) are presented in
Tables 2.30 to 2 33. Cyclohexanol is a marginal porogen for the poly(HEMA-EGDM) series.
The pore volumes (Table 2.30) are extremely low except at higher crosslink densities and
porogen volumes. Thus, cyclohexanol increases the solubility of 2-hydroxyethyl methacrylate
in the organic phase but becomes a poorer porogen because it does not efficiently phase
separate from the growing polymer particles. In comparison, in poly(GMA-EGDM) series
(Table 2.4) higher pore volumes are obtained at lower crosslink densities and
monomer:porogen volumes.

When cyclohexanol is replaced with others as porogens (Table 2.31), the pore volumes
obtained are consistently higher. Volume increase is marginal on partial (50%) replacement of

cyclohexanol with paraffin oil (long chain alkane).
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Table 2.30: Pore volume of poly(HEMA-EGDM) beads: Effect of copolymer composition
and monomer to porogen ratio

Monomer: 25% 50% 75% 100% 150% 200%

porogen CLD CLD CLD CLD CLD CLD
(mL/g) (mL/g) (mL/g) (mL/g) (mL/g) (mL/g)

1:0 0.0017 0.0075 0.0049 0.0545 0.0329 0.0130
’ (HE 25) (HE 26) (HE 27) (HE 28) (HE 29) (HE 30)
1:0.405 0.0029 0.0097 0.0245 0.0613 0.0456 0.0373
e (HE 19) (HE 20) (HE 21) (HE 22) (HE 23) (HE 24)
1:0.81 0.0080 0.0110 0.0540 0.0630 0.1380 0.1780
e (HE 13) (HE 14) (HE 15) (HE 16) (HE 17) (HE 18)
1-1.61 0.0300 0.0460 0.2350 0.2645 0.4070 0.6740
o (HE 7) (HE 8) (HE 9) (HE 10) (HE 11) (HE 12)
1:2.43 0.1850 0.3837 0.3952 0.4229 0.4510 0.8020
- (HE 1) (HE 2) (HE 3) (HE 4) (HE 5) (HE 6)

CLD=crosslink density defined as ([crosslinking monomer]/[functional monomer]) x 100, which

[EGDM]/[HEMA]; PV=pore volume, as estimated by mercury porosimetry.

Table 2.31: Pore volume of poly(HEMA-EGDM) beads: Effect of porogen type

porogen 25% 50% 75% 100% 150% 200%
type CLD CLD CLD CLD CLD CLD
Vv PV PV PV PV PV PV

(mL/g) (mL/g) (mL/g) (mL/g) (mL/g) (mL/g)
CHOL 0.03 0.05 0.24 0.26 0.41 0.67
100 (HE 7) (HE 8) (HE 9) (HE 10) (HE 11) (HE 12)
CHOL/PO 0.08 0.40 0.32 0.11 0.18 0.22
50/50 (HE 31) (HE 32) (HE 33) (HE 34) (HE 35) (HE 36)
CHOL/LA 0.57 0.83 0.73 0.80 0.73 0.91
75/25 (HE 43) (HE 44) (HE 45) (HE 46) (HE 47) (HE 48)
CHOL/LA 0.96 0.96 0.78 1.03 0.91 1.07
50/50 (HE 37) (HE 38) (HE 39) (HE 40) (HE 41) (HE 42)
HOL 0.87 0.92 0.93 0.85 1.07 0.95
100 (HE 49) (HE 50) (HE 51) (HE 52) (HE 53) (HE 54)

is

CHOL=cyclohexanol; PO=paraffin oil; LA=lauryl alcohol (dodecanol); HOL=hexanol; CLD=crosslink density
defined as ([crosslinking monomer]/[functional monomer]) x 100, which is [EGDM]/[HEMA]; PV=pore volume,
as estimated by mercury porosimetry.

When a long chain alkane with terminal hydroxy group (lauryl alcohol) is used in place

of paraffin oil, the pore volume increases more appreciably, with the increase dependent on the
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relative volume of the lauryl alcohol. When cyclohexanol is replaced with hexanol, its linear

analogue, the pore volume increases appreciably.

Table 2.32: Surface area of poly(HEMA-EGDM) beads: Effect of copolymer composition

and monomer to porogen ratio

Monomer: 25% 50% 75% 100% 150 % 200 %
porogen CLD CLD CLD CLD CLD CLD
ratio SA SA SA SA SA SA
(m’/g) (m’/g) (m’/g) (m’/g) (m’/g) (m’/g)
Lo 0.0984 1.2976 1.3478 12.6519 4.5853 2.8745
(HE 25) (HE 26) (HE 27) (HE 28) (HE 29) (HE 30)
110405 0.1094 0.0987 8.6472 16.7574 12.7658 14.8769
(HE 19) (HE 20) (HE 21) (HE 22) (HE 23) (HE 24)
Losl 3.1395 5.2061 5.9236 22.2156 444315 52.7755
(HE 13) (HE 14) (HE 15) (HE 16) (HE 17) (HE 18)
L6l 7.2447 10.0716 83.3474 66.9399 77.7053 112.9446
(HE 7) (HE 8) (HE 9) (HE 10) (HE 11) (HE 12)
243 6.1501 77.2704 48.0534 65.0785 93.9843 76.1570
(HE 1) (HE 2) (HE 3) (HE 4) (HE 5) (HE 6)

CLD=crosslink density defined as ([crosslinking monomer]/[functional monomer]) x 100, which is
[EGDM]/[HEMA]; SA=surface area, as estimated by BET.

The surface area measurements, shown in Table 2.32 for polymers synthesised with
cyclohexanol as porogen, indicate lower values compared to an exact equivalent poly(GMA-
EGDM) composition. In the absence of cyclohexanol, copolymer particles formed are devoid
of inner pores. Surface area is entirely due to the surface of the particles. While the data is
scattered, some trends are noted. In the absence of porogen, the surface areas are lower than at
a monomer:porogen ratio of 1:0.405, unlike in the poly(GMA-EGDM) series, because
polymerisation is nearly (>99%) complete and hence the beads are free from unreacted
monomers which contribute to surface area. While surface area seems to go through a maxima

with crosslink density, in the absence of cyclohexanol, it tends to increase with cyclohexanol
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volume and crosslink density. Surface area are high only at high crosslink density (100% CLD)

and porogen volume (1:1.61 and above).

In Table 2.33 the surface area of the porous polymers are compared. In the 75-200%
CLD range, surface area obtained with other porogens are lower indicating that pores are in the
meso and macroporous range. While the pore volumes of copolymers synthesised with
cyclohexanol and cyclohexanol/paraffin oil 50/50 v/v are nearly comparable, the surface area of
the latter series are much lower, indicating that pores formed are of larger size. With partial
replacement with lauryl alcohol, pore volumes are much higher and at the same time surface
area are much lower indicating rapid phase separation of lauryl alcohol from the growing
polymer phase and thereby generating macropores. With hexanol both pore volume and surface
area are increased indicating that the pores formed are of all (micro, meso and macro)

dimensions.

Table 2.33: Surface area of poly(HEMA-EGDM) beads: Effect of porogen type

porogen 25% 50% 75% 100% 150% 200%
type CLD CLD CLD CLD CLD CLD
ViV SA SA SA SA SA SA

(m’/g) (m’/g) (m’/g) (m’/g) (m’/g) (m’/g)
CHOL 7.24 10.02 83.35 69.94 71.71 112.94
100 (HE 7) (HE 8) (HE 9) (HE 10) (HE 11) (HE 12)
CHOL/PO 11.39 93.18 25.77 17.21 20.78 24.72
50/50 (HE 31) (HE 32) (HE 33) (HE 34) (HE 35) (HE 36)
CHOL/LA 15.86 15.32 30.84 60.92 55.32 31.76
75125 (HE 43) (HE 44) (HE 45) (HE 46) (HE 47) (HE 48)
CHOL/LA 14.88 32.28 38.26 29.49 47.53 30.06
50/50 (HE 37) (HE 38) (HE 39) (HE 40) (HE 41) (HE 42)
HOL 80.72 77.82 49.29 34.74 55.79 72.55
100 (HE 49) (HE 50) (HE 51) (HE 52) (HE 53) (HE 54)

CHOL=cyclohexanol; PO=paraffin oil; LA=lauryl alcohol (dodecanol); HOL=hexanol; CLD=crosslink density
defined as ([crosslinking monomer]/[functional monomer]) x 100, which is [EGDM]/[HEMA]; PV=pore volume,

as estimated by mercury porosimetry.
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Table 2.34: Effect of crosslink density on pore volume distribution in poly(HEMA-
EGDM) beads without porogen

Code CLD distribution in pore radii (vol%), radius in nm
% <5 5 10 15 20 30 50 100 >300
-10 -15 -20 -30 -50 -100  -300

HE26 50 48.2 31.53 0.01 0.01 0.02 0.03 0.31 0.95 18.93
HE28 100 20.19  34.86 2.75 7.34 3.67 2.75 25.69 0.00 0.00
HE30 200 1846 2692 1846 13.08 10.77 7.69 231 0.00 0.00

Porogen=cyclohexanol; CLD=crosslink density;

The copolymers formed in the poly(HEMA-EGDM) series are almost nonporous in the
absence of porogen., as seen in Tables 2.30 and 2.31. The pore size distribution data, in Table
2.34, indicates that the pores are in the micro range at low (25%) CLD and spread with increase
in CLD to 100 nm, though most are still in the micro-range.

In the poly(GMA-EGDM) series, at a monomer:porogen ratio of 1:1.61, pore volume
and surface area are in the range 0.11 to 0.85 mL/g (25-200%CLD, Table 2.4). The
poly(HEMA-EGDM) series differs from the above series only in that the epoxy group is
replaced by a hydroxymethylene unit. This apparently marginal variance depresses the pore
volume considerably. Pore volume, under similar conditions, is in the range 0.03 to 0.67 mL/g

(Table 2.30).

Table 2.35: Effect of crosslink density on pore volume distribution in poly(HEMA-
EGDM) beads at constant monomer:porogen ratio of 1:1.61

Code CLD distribution in pore radii (vol%), radius in nm
% <5 5 10 15 20 30 50 100 >300
-10 -15 -20 -30 -50 -100  -300

HE7 25 4499  42.49 2.50 0.00 0.00 0.00 0.00 0.00 10.00
HE10 100 15.69 4045  17.58 8.13 8.51 3.97 2.65 0.94 0.19
HE12 200 7.64 21.29  15.65 1351 19.43  12.24 6.53 1.93 0.00

Porogen=cyclohexanol; CLD=crosslink density;
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The pore size distribution presented in Table 2.35 indicates that median continues to be
in the micro and mesoporous range, unlike that in the poly(GMA-EGDM) series. Thus,
cyclohexanol is a poor porogen for the poly(HEMA-EGDM) series.

Table 2.36: Effect of crosslink density on pore volume distribution in poly(HEMA-
EGDM) beads at constant monomer:porogen ratio of 1:2.43

Code CLD distribution in pore radii (vol%), radius in nm
% <5 5 10 15 20 30 50 100 >300
-10 -15 -20 -30 -50 -100  -300

HE1 25 0.00 0.00 0.00 0.00 0.00 50.00  50.00 0.00 0.00
HE4 100 24.83  42.81 3.60 2.29 0.00 0.98 0.00 23.20 0.00
HE6 200 2.88 3.59 2.69 2.33 3.66 6.73 18.20  52.60 3.21

Porogen=cyclohexanol; CLD=crosslink density;

At higher relative volume of porogen (1:2.43), the pore volume increases to 0.19 to 0.80
mL/g (Table 2.30). As compared to copolymers synthesised at monomer:porogen ratio of
1:1.61, the pore size distribution shifts to meso and macroporous range. This shift decreases the
surface area of copolymers (Table 2.32), indicating that the number of pores probably

decreases with the relative increase in porogen volume.

From Figure 2.16 it is indicated that, the nature of the beads is spherical.

Figure 2.16: Surface morphology of poly(2-hydroxyethyl methacrylate-co-ethylene
dimethacrylate) beads
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These copolymers will be evaluated for their suitability as base supports for anchoring chiral
ligands.
2.5 Poly(2-hydroxyethyl methacrylate-co-divinyl benzene)

The objective was to study the effect of crosslinking comonomer on the pore structure.
2.5.1 Experimental

The chemicals used are given in Section 2.2.1. The synthesis procedure for poly(2-
hydroxyethyl methacrylate-co-divinyl benzene) [poly(HEMA-DVB)] was as presented in

Section 2.1.1. The compositions of poly(HEMA-DVB) synthesised are presented in Table 2.37.

Table 2.37: Synthesis of poly(HEMA-DVB) using cyclohexanol at a monomer:porogen
ratio of 1:1.61

Exp. HEMA DVB CLD
No (mol) (mol) %
HV1 0.0453 0.0189 25
HV2 0.0338 0.0287 50
HV3 0.0272 0.0344 75
HV4 0.0231 0.0379 100
HV5 0.0173 0.0428 150
HV6 0.0141 0.0456 200

Crosslink density (CLD) is defined as the mole percent of crosslinking monomer relative to the moles of reactive
functional comonomer ([DVB]/[HEMA]). AIBN: 0.2 g; Water: 100 mL; PVP: 1 g.

2.5.2 Characterisation

The pore volume, surface area, particle size, surface morphology, infra-red spectra, and
bead yield were determined as presented in Sections 2.1.2.1 to 2.1.2.6.
2.5.3 Results and Discussion on poly(HEMA-DVB) series

Poly(HEMA-DVB) beads produced by suspension polymerisation were spherical and in
the size range 0.2-0.6 mm. The particle size increases with increase in crosslink density. The
yield was in the range 90-97%. The bulk density of copolymer beads decreases with increasing
crosslink density (Figure 2 17), indicating that the polymers become increasingly porous. This

decrease in bulk density is very sharp initially and then tends to level off at higher CLD.
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Figure 2.17: Variance in bulk density with composition for poly(HEMA-DVB) series
The typical IR spectra in Figure 2.18 shows peaks at 3567.5, 1721.8 and 1082.2 cm™

due to stretching vibrations of -OH group, C=0O of ester group and C-O of -COH group,
respectively. It was also observed that the intensity of band at 1637.5 cm™, a characteristic band

of C=C stretching disappears indicating that C=C double bond is completely consumed.
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Figure 2.18: IR spectra of poly(HEMA-DVB) beads of 100% CLD at monomer:porogen
ratio of 1:1.61
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2.5.4 Porous properties of poly(HEMA-DVB) beads

The data of pore volume and surface area for poly(HEMA-DVB) determined by mercury
porosimetry and BET are presented in Table 2.38 and compared with that observed for
poly(HEMA-EGDM) series of similar composition and porogen volume.

Table 2.38: Pore volume and surface area of poly(HEMA-DVB) and poly(HEMA-EGDM)
synthesised using cyclohexanol at monomer:porogen ratio of 1:1.61

CLD Poly(HEMA-DVB) Poly(HEMA-EGDM)
% Pore volume Surface area Pore volume Surface area
(mL/g) (m’/g) (mL/g) (m’/g)
25 0.05 8.02 0.03 7.24
(HV 1) (HV 1) (HE 7) (HE 7)
50 0.13 18.10 0.05 10.07
(HV 2) (HV 2) (HE 8) (HE 8)
75 0.50 97.26 0.24 83.35
(HV 3) (HV 3) (HE 9) (HE 9)
100 0.73 108.48 0.26 66.94
(HV 4) (HV 4) (HE 10) (HE 10)
150 0.95 127.01 0.41 77.71
(HV 5) (HV 5) (HE 11) (HE 11)
200 1.01 120.21 0.67 112.94
(HV 6) (HV 6) (HE 12) (HE 12)

From Table 2.38, it is seen that at lower crosslink density, the inner pore volume in
poly(HEMA-DVB) series is low. This continues to increase with increase in crosslink density,
due to an increase in the number of pores. Phase separation of copolymer from the porogen
present in the monomer phase contributes to the generation of pores rather than phase
separation from the monomers yet to be linked to the copolymer chains. Similarly, surface area
is low at low crosslink density, and increases with crosslink density for particles of similar size
distribution. In comparison, polymers of similar composition in the poly(HEMA-EGDM) series
are consistently less porous, both in terms of pore volume and surface area. Thus, cyclohexanol
acts as a suitable porogen in presence of more hydrophobic DVB, even though it is a solvent

for HEMA.
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Figure 2.19: Differential pore size distribution curves of the poly(hydroxyethyl
methacrylate-co-divinyl benzene) beads using cyclohexanol as a porogen with different
cross-link density

Figure 2.19 presents the differential pore size distributions in poly(HEMA-DVB) beads
of differing copolymer composition (crosslink density) at constant porogen volume which were
prepared by varying crosslink density keeping monomer and porogen ratio (1:1.61) constant. It
is seen that at higher crosslink density, the pore size distribution is broad.

The copolymer formed at high crosslink density possesses a very broad pore size
distribution because of the formation of macropores in the copolymer matrix. This makes these
matrices suitable to immobilize variety of enzymes and also to anchor chiral ligands, for used

in stereoselective resolution.
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Chapter

Study of Guest Molecule Binding
with Cyclodextrin Modified
Macroporous HEMA-EGDM Copolymers
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3.1 Introduction

Cyclodextrins are mesmeric, highly potent and promising molecules, with wide
range of action and activity, beckoning investigators from all domains of chemistry [1].
These are cyclic molecules, consisting of six to eight glucose units linked through o 1-
4-glycosidic linkage, which form inclusion complexes with a variety of components [2-
11]. The separation potential of particular interesting molecule could be enhanced
several fold by incorporating cyclodextrin on to a polymer backbone [12]. The cavity of
cyclodextrin is hydrophobic while external faces are hydrophilic. Cyclodextrins are
usually capable of forming inclusion complexes with hydrophobic compounds by taking
up a whole molecule, or some part of it [13-15]. The great interest of binding
cyclodextrin on to the backbone of macroporous crosslinked beaded polymer [16-19]
can offer a highly selective system for chromatographic separation.

The hydrophobicity and the shape of the guest molecules mainly affect the
inclusion complex formation. Due to size and hydrophobicity, steroids can form non-
covalent host—guest complexes with cyclodextrins. This phenomenon has initiated many
pharmaceutical applications [20-22]. High guest binding is successfully achieved by
placing appropriate functional residues at the required sites.

In this investigation, a number of macroporous, beaded, crosslinked copolymers
of 2-hydroxyethyl methacrylate and ethylene dimethacrylate were synthesised and used
as matrices. Diisocyanates were used as coupling agents in the preparation of affinity
chromatography matrices. The derivatisation and coupling procedure depends on the

nature of the functional group present on the model matrix as well as on the ligand.
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Here a, B and y-cyclodextrin were used as ligands and cholesterol acts as guest. This is
host-guest interaction chemistry.

3.2 Experimental

3.2.1 Materials

a-Cyclodextrin _(a-CD): Empirical formula: Cs;sHgoO30; Molecular weight: 972.86;

Melting point: 278°C; Physical state: white crystalline powder. S-Cyclodextrin ($-CD):

Empirical formula: C4H70O3s; Molecular weight: 1135.01; Melting point: 260°C;

Physical state: white crystalline powder. y -Cyclodextrin (y -CD): Empirical formula:

C4sHg0O40; Molecular weight: 1297; Melting point: 267°C; Physical state: white

crystalline powder. Toluene-2,4-diisocvanate (TDI): Empirical formula: CoHgN,O»;

Molecular weight: 174.16; Specific gravity: 1.214. Cholesterol: Empirical formula:
Cy6H4,0; Molecular weight: 386.66; Melting point: 148-150°C; Physical state: white
powder.

The details of hydroxyethyl methacrylate and other materials are given in
Chapter 2. a,  and y-cyclodextrin were obtained from Cerester (USA), 2,4-toluene
diisocyanate was procured from Sigma (USA). 1,4-Dioxane, and N,N-dimethyl
acetamide were procured from SD Fine Chemicals Boisor, India. Cholesterol was
obtained from Aldrich Chemicals and HPLC grade methanol was obtained from E-
Merck.

3.2.2 Synthesis of poly(HEMA-EGDM) of different crosslink densities

The synthesis is presented in Section 2.1.1.2. The composition of synthesised

HEMA-EGDM copolymers are presented in Table 3.1. The continuous phase comprised
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1% (wt/v) PVP in water. The discontinuous phase composed of 8.2 mL of HEMA and
EGDM with 0.2 g of AIBN. Monomer: porogen (cyclohexanol) ratio was 1: 1.61 (v/v).

Table 3.1: Monomer feed ratio of 2-hydroxyethyl methacrylate with ethylene
dimethacrylate

Polymer HEMA EGDM CLD
No. (mol) (mol) (%)
HE7 0.0486 0.0122 25
HES 0.0379 0.0191 50
HE9 0.0313 0.0233 75
HE10 0.0264 0.0265 100
HE11 0.0206 0.0302 150
HEI12 0.0165 0.0329 200

3.2.3 Synthesis of affinity matrix (HE-TDI-CD)

Poly(hydroxyethyl methacrylate-co-ethylene dimethacrylate) [HE] beads [23]
were coupled to a, B and y-cyclodextrin in two sequential steps through urethane
linkage using urethane spacer based on toluene diisocyanate (TDI). The activation step
was carried out with 1:1 molar quantities of -NCO group (present in diisocyanate) with
respect to —OH group in the HE beads. The first activation step is the reaction of -NCO
group of TDI in molar quantities with respect to specific mole of —OH group in the HE
matrix. This step was conducted in a stoppered test tube in a suitable aprotic solvent
[24] without stirring at room temperature under argon atmosphere, for one week. After
completion of the activation step, the matrices were washed 5-6 times with anhydrous
1,4-dioxane. The second step was the coupling of cyclodextrin to the activated matrices.
Cyclodextrin solution was made in anhydrous N,N-dimethyl acetamide. The solution of
cyclodextrin was added to the activated matrices. This coupling reaction was also
conducted in the same stoppered test tube in a suitable aprotic solvent at room

temperature under argon atmosphere, for one week. After completion of the reaction,
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the matrices were washed 5-6 times with dry acetone and kept in oven at 60°C. The
composition of cyclodextrin modified affinity matrix are given in Tables 3.2, 3.3 and
3.4. The reaction Scheme for the synthesis of HE-TDI-CD, are given in steps 1-3.

Table 3.2: Modification of poly(HEMA-EGDM) through urethane linkage to
covalently bind a-cyclodextrin

Polymer CLD Polymer TDI a-CD
No. (%) (g) (mL) (mmol)
HE7a 25 2.5 1.99 2.318
HE8a 50 2.5 1.58 1.818
HE9a 75 2.5 1.28 1.493
HE10a 100 2.5 1.09 1.268
HElla 150 2.5 0.84 0.975
HE12a 200 2.5 0.68 0.792

CLD = Crosslink density; TDI = 2,4-toluene diisocyanate; a-CD = a-cyclodextrin

Table 3.3: Modification of poly(HEMA-EGDM) through urethane linkage to
covalently bind p-cyclodextrin

Polymer CLD Polymer TDI B-CD
No. (%) (® (mL) (mmol)
HE7b 25 2.5 1.99 1.987
HES8b 50 2.5 1.58 1.558
HE9b 75 2.5 1.28 1.280
HE10b 100 2.5 1.09 1.087
HE11b 150 2.5 0.84 0.835
HE12b 200 2.5 0.68 0.678

Table 3.4: Modification of poly(HEMA-EGDM) through urethane linkage to
covalently bind y-cyclodextrin

Polymer CLD Polymer TDI y-CD
No. (%) (g (mL) (mmol)
HE7c 25 2.5 1.99 1.738
HES8c 50 2.5 1.58 1.363
HEO9¢ 75 2.5 1.28 1.120
HE10c 100 2.5 1.09 0.951
HEllc 150 2.5 0.84 0.731
HE12c 200 2.5 0.68 0.593
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Step 1

[PVP+ H0] 70
AIBN  13hr
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Step 2

Hs
1:4-Dioxane
R.T
CO

CHy
—CHy— CH—C
C=0
o 5
CH, GH,
CH, CH,
0 )
Hs  ¢-0 C=0
I D S
CHy
NCO

[D]
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Step 3

QH

Here x = 6 (alpha-cyclodextrin); x = 7 (beta-cyclodextrin); x = 8 (gamma -cyclodextrin).
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3.3 Characterisation

Bead yield was estimated as in Section 2.1.2.6, particle size measurement was as
in Section 2.1.2.3, porosity was estimated as presented in Section 2.1.2.1, surface area
measurement was as presented in Section 2.1.2.2, SEM is presented in Section 2.1.2.4
and IR spectra is presented in Section 2.1.2.5.

3.3.1 Elemental analysis

The nitrogen content was determined with an elemental analysis device (CHNS-
O, EA 1108 elemental analyser) from Carlo Erba Instruments.

3.3.2 Solid state NMR
CP MAS “C NMR spectra (cross-polarisation and magic-angle spinning) were

recorded on a Bruker DRX 500 spectrometer, operating at 500.13 and 125.75 MHz for

B¢, respectively. The sample spinning rate was 10 kHz. The cross-polarisation contact

time was 1.0 ms, with 3-4 s recycle delays between successive scans.

3.3.3 Estimation of o, B and y-cyclodextrin bound to polymer

The synthesised o, B and 7y-cyclodextrin affinity matrices were assayed
spectrophotometrically by using methyl orange, phenolphthalein and bromocresol green
methods, respectively [25-27]. The amount of cyclodextrin was calculated from the
difference between test and control values.

3.3.3.1 Estimation of a-cyclodextrin
Poly(hydroxyethyl methacrylate-ethylene dimethacrylate) (HE) was used as

control. Required amount of base HE matrix and a-cyclodextrin bound HE matrices
were taken in test tubes. The matrices were gradually added to solution comprised of 2
mL (18.32 mg/L) methyl orange solution, 0.1 mL 1 N hydrochloric acid and 1.1 mL

(0.05 M) phosphate buffer. The test tubes were shaken, centrifuged and the optical
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density (absorbance) was measured at 507 nm. a-CD was determined at 507 nm on the
basis of its ability to form a stable colourless inclusion complex with methyl orange,
which would depress the absorbance relative to that in the absence of the affinity
(ligand) polymer.

3.3.3.2 Estimation of B-cyclodextrin

Required amount of base HE and B-cyclodextrin bound HE matrices were taken
in test tubes. The matrices were gradually added to solution comprised of 4 mL (12.76
mg/L) phenolphthalein, 0.1 mL 1 N sodium hydroxide and 1.1 mL (0.05 M) tris buffer.
The test tubes were shaken, centrifuged and the absorbance was measured at 540 nm. 3-
CD was determined at 540 nm on the basis of its ability to form a stable colourless
inclusion complex with phenolphthalein, which depresses the absorbance relative to that

noted for the identical polymer without 3-CD bound to it.

3.3.3.3 Estimation of y-cyclodextrin

Required amount of base HE matrix and y-cyclodextrin bound HE matrices were
taken in test tubes. The matrices were gradually added to solution comprised of 0.1 mL
(3.49 g/L) bromocresol green, 0.1 mL 0.5 N hydrochloric acid, 1.1 mL (0.01 M) tris
buffer and 2 mL (0.2 M) citrate buffer solution. The test tubes were shaken, centrifuged
and the absorbance was measured at 630 nm. y-CD was determined by measuring the
change in the intensity of colour at 630 nm due to the formation of inclusion complex
with bromocresol green.
3.3.4 Estimation of cholesterol by high performance liquid chromatography

Cholesterol uptake by the affinity matrix was determined by high performance
liquid chromatography (HPLC). The HPLC system, consisting of a LDC analytical CM

4000 pump and UV-Visible detector (SM 4000), was used for the chromatographic
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studies. Mobile phase consisted of the mixture of isopropanol and methanol (10:90 v/v).
The chromatography analyses were performed at ambient temperature at a flow rate of
I mL per minute.

Affinity matrices HE10a, HE10b and HE1Oc were used to investigate
cholesterol binding. Required amount of affinity matrix were weighed into 8 mL
capacity screw cap vials fitted with HDPE lined caps. Solution of cholesterol in
methanol was added to each vial and the solutions were incubated overnight in a shaker
at room temperature. The solutions were filtered into HPLC vials using disposable
syringes. Cholesterol concentration remaining in the supernatant was determined by
HPLC. A p-bondapack C;s column in conjunction with 10% isopropanol in methanol
was used as mobile phase at a flow rate 1 mL per minute for the chromatographic
estimation.

The difference in peak height observed at 206 nm between the standard and the
supernatant was used for estimating the extent of uptake of cholesterol by the affinity
matrices.

3.4 Results and Discussion

Poly(HEMA-EGDM) beads were produced by suspension polymerisation. This
methodology resulted in spherical beads in the size range 0.1-1 mm. Typical particle
size distribution of poly(HEMA-EGDM) beads, as determined by particle size analyser,
is presented in Figure 3.1. Figures 3.2 and 3.3 show SEM micrograph after grinding of

poly(HEMA-EGDM) [HE10] and poly(HE-TDI-CD) [HE10b] matrices.
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Figure 3.1: Particle size distribution in polymer HE11 with 150% crosslink density

Figure 3.3: Surface morphology of polymer HE10b
As clearly shown, the poly(HEMA-EGDM) have a spherical form and rough

surface. The cyclodextrin modified poly(HEMA-EGDM) have also a spherical form.
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Mercury porosimetry provides good estimates of pore size and pore size (radii)
distribution in the range < 5 to > 300 nm. Copolymers prepared from monomer feed
ratios low in the crosslinking comonomer (EGDM) have low pore volume and surface
area because a large number of nuclei are formed which tend to grow through each
other. The data of pore volume and surface area for poly(HEMA-EGDM) are presented
in Table 3.5.

Table 3.5: Effect of crosslink density on pore volume and surface area of
poly(HEMA-EGDM)

Polymer CLD Pore volume Surface area
No. % [mL/g] [m?/g]
HE7 25 0.03 7.24
HES 50 0.05 10.07
HE9 75 0.23 83.35

HE10 100 0.26 66.94
HEI11 150 0.41 77.70
HEI12 200 0.67 112.94

Table 3.5 shows that the inner pore volume is low at lower crosslink density and
increases with increase in crosslink density, from 0.03 to 0.67 mL/g (25 to 200%), due
to increase in the number of pores. As the crosslink density increases, the pore volume
increases rapidly. This indicates separation of cyclohexanol out of the network phase
(gel phase). It is also seen that the surface area increases with increase in crosslink
density, but no regular trend is noted, due to concomitant decrease in the size of the
microsphere. Surface area also increases from 7.24 to 112.94 m?/g with increase in
crosslink density from 25 to 200%, due to decrease in the size of the microsphere. The
pore size distribution of poly(hydroxyethyl methacrylate-ethylene dimethacrylate) are

given in Table 3.6.
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Table 3.6: Variance in pore size distribution of poly(HEMA-EGDM) beads with
crosslink density at constant monomer to porogen ratio (1:1.61, v/v)

Polymer CJJD Pore size distribution (vol%), radius in nm
No. o) 5 10 15-  20-  30-  50-  100- 300
200 15 20 30 50 100 300

HE7 25 4499 4249 250 0.00 000 000 000 000 10.00
HES 50  22.53 2425 2428 624 245 000 434 316 698
HE9 75 590 3231 2441 13.64 962 712 197 125 0.59
HE10 100 1569 4045 1758 8.13 851 397 265 094 0.19
HEI1 150 4553 4426 957 0.00 000 000 000 000 0.00
HE12 200  7.64 21.29 15.65 13.51 1943 1224 6.53 1.93 0.00

Table 3.6 represents pore size distribution in poly(HEMA-EGDM) beads of
differing crosslink densities prepared with cyclohexanol at 1:1.61 (v/v ratio). Pores are
present over the entire range except for polymer HE11 (150% CLD), which is an
artifact. The median pores are dependent on copolymer composition. On comparing
HE10 and HE12, it is seen that the pore size widens with increase in crosslink density
from 100 to 200%. These changes brought forth by increasing crosslink density, are
mainly due to an increase in the volume of large pores (> 50 nm) and a concomitant
decrease in volume of pores with size less than 50 nm (Table 3.6).

Nayak et al. [28] evaluated a number of diisocyanates for their suitability as
spacers. They reported that the maximum amount of cyclodextrin binding was observed
on poly(hydroxyethyl methacrylate-ethylene dimethacrylate) with TDI as spacer while
phenylene methylene diisocyanate (PMDI), 1,6-hexamethylene diisocyanate (HMDI)
and IPDI (isophorone diisocyanate) were inferior. Hence, in this study of binding
cyclodextrins on to the poly(HEMA-EGDM) beads, TDI was chosen as spacer arm. For
a particular crosslink density (25%), Nayak et al. reported that the amount of o-
cyclodextrin bound to the poly(HEMA-EGDM) matrix is 83.5 mg per gram of polymer.

In our investigation the amount of a-cyclodextrin bound is 106 mg per gram of
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poly(HEMA-EGDM) matrix at fixed CLD (25%) which is 1.26 times higher [28]. The
amount of cyclodextrin bound to the HE matrices are given in Tables 3.7, 3.8 and 3.9.

Table 3.7: a-Cyclodextrin bound (mg) on to the affinity matrices

Polymer CLD a-cyclodextrin bound
No. (%) (mg/g)
HE7a 25 106
HES8a 50 165
HE%a 75 247
HE10a 100 434
HElla 150 412
HE12a 200 603

Table 3.8: B-Cyclodextrin bound (mg) on to the affinity matrices

Polymer CLD B-cyclodextrin bound
No. (%) (mg/g)

HE7b 25 83

HES8b 50 167
HE%b 75 319
HE10b 100 570
HE11b 150 473
HE12b 200 819

Table 3.9: y-Cyclodextrin bound (mg) on to the affinity matrices

Polymer CLD y-cyclodextrin bound
No. (%) (mg/g)

HE7¢ 25 43

HES8c 50 141
HE9c¢ 75 83

HE10c 100 370
HEl1lc 150 386
HE12c¢ 200 396

From Table 3.7, it is seen that the amount of a-cyclodextrin bound to the HE
matrix increases with crosslink density. A maximum of 603 mg of a-cyclodextrin was
bound to the HE12 polymer with 200% crosslink density, which is 5.7 times over that
on HE7 polymer with 25% crosslink density. From Table 3.8, it is seen that the amount
of B-cyclodextrin bound to the HE matrix increases with crosslink density. A maximum

of 819 mg of B-cyclodextrin was bound per gram of HEI2 polymer with 200%
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crosslink density, which is 9.8 times over that on HE7 polymer with 25% crosslink
density. From Table 3.9, it is seen that the amount of y-cyclodextrin bound to the HE
matrix also increases with crosslink density. A maximum of 396 mg of y-cyclodextrin
was bound per gram of HE12 polymer with 200% crosslink density, which is 9.3 times
over that on HE7 polymer with 25% crosslink density.

The cross-polarisation (CP), magic-angle spinning (MAS) >C NMR spectrum of
poly(HEMA-EGDM) is presented in Figure 3.4. The structure of poly(HEMA-EGDM)
is given in reaction Scheme (step 1). The assignment of the CP MAS °C NMR data of
poly(HEMA-EGDM) are (in ppm): 17.85 {CHj carbon (f)}; 44.88 {quaternary carbon
(d)}; 53.71 {-CH; carbon (e}; 59.50 and 66.02 {glycol region (b and c¢)} and 176.65

{C=0(0O) of ester (a)}.

Figure 3.4: C CP-MAS solid state NMR spectrum of poly(HEMA-EGDM), (a)
C=0(O) of ester (b and ¢) —-OCH,CH,0- of glycol (d) quaternary carbon (e) - CH,
carbon (f) — CH; carbon and (*) spinning side band (SSB)

The cross-polarisation (CP), magic-angle spinning (MAS) °C NMR spectrum of
poly(HEMA-EGDM)-TDI—B-CD is presented in Figure 3.5. The structure of
poly(HEMA-EGDM)-TDI-B-CD is given in reaction Scheme (step 3). The assignment
of CP MAS C NMR data of poly(HEMA-EGDM)-TDI-CD are (in ppm): 17.56 {CH;

carbon, (f)}; 44.54 {quaternary carbon (e)}; 65.26 to 59.76 {cyclodextrin + glycol
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region (d)}; 136.96 to 124.34 {phenyl group (c)}; 153.28{ NH—C=0O(O) of urethane
(b)}; 176.55 {C=0O(0) of ester (a)} and * spinning side band and one of the

cyclodextrin carbon (C,) appear at ~ 100 ppm.
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Figure 3.5: BC CP-MAS solid state NMR spectrum of poly(HEMA-EGDM)-TDI-
B-CD, (a) C=0(0) of ester (b) -NH-C=0(O)- of urethane (c) phenyl carbon (d)
cyclodextrin and glycol region (e) quaternary carbon (f) — CH; carbon and *
spinning side band + cyclodextrin (Cy)

Poly(hydroxyethyl methacrylate-ethylene dimethacrylate) should possess
specific pore size, pore size distribution, pore volume, surface area and concentration of
reactive groups to be effective for the covalent binding of the ligands. The pore surface
should possess functional groups, which can react efficiently to the ligand. Since
hydroxyethyl methacrylate has one hydroxyl (-OH) group, where as ethylene
dimethacrylate does not have OH group, an increase in % CLD decreases the number of
reactive functional groups (-OH) per gram of macroporous polymer. The pore surface
area is an important parameter for coupling of the ligand to the reactive functional
group of the copolymeric matrix, and the decreasing trend of -OH groups with an
increase in percentage of crosslink density are not sufficient data to explain the irregular

coupling of cyclodextrin. This trend of increasing cyclodextrin binding in copolymer
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with decreasing surface OH group indicates that pore size and its distribution are more
important to prevent diffusional constraints on bulky cyclodextrin units within the
pores. The pore volume and surface area of cyclodextrin modified poly(HEMA-EGDM)
are given in Table 3.10.

Table 3.10: Pore characteristic of affinity matrix (HE-TDI-CD)

Polymer CLD Pore volume Surface area

No. (%) (mL/g) (m%/g)
HE10a 100 0.34 90.73
HE7b 25 0.21 24.15
HE10b 100 0.35 69.61
HE11b 150 0.33 69.62
HE12b 200 0.28 56.87
HE10c 100 0.27 76.28

* a, b and c indicates that poly(HEMA-EGDM) bead are modified by o, B and y cyclodextrin.
The pore volume goes through a maxima, from 0.21 mL/g (25% CLD) to 0.35

mL/g (100% CLD) and decreasing to 0.33 mL/g (150% CLD), 0.28 mL/g (200% CLD).
Pore size distribution of cyclodextrin modified poly(hydroxyethyl methacrylate-

ethylene dimethacrylate) are presented in Table 3.11.

Table 3.11: Pore size distribution of poly(HEMA-EGDM) coupled to o,  and vy-
cyclodextrins

Polymer CLD Pore size distribution (vol%), radius in nm
o,
No. (%) <5 5 - 10- 15- 20- 30- 50- 100-  >300
10 15 20 30 50 100 300

HE7b 25 0.00 2199 16.69 11.08 13.00 812 9.75 13.20 6.13
HE10b 100 7.65 42.16 16.11 9.81 577 3.60 218 216 10.52
HE11b 150 16.06 4094 18.10 7.35 1.58 0.00 8.05 654 134
HE12b 200 18.25 4723 1535 557 2.89 1.95 1.60 633 0.79
HE10a 100 2127 43.10 15.63 554 578 411 237 195 025
HE10c 100 26.79 4047 10.62 517 7.63 295 1.97 130 1.45

a, b and c indicates that poly(HEMA-EGDM) bead are modified by o,  and y cyclodextrin

Table 3.11 represents pore size distribution of poly(HEMA-EGDM) bead coupled

to cyclodextrins. It is seen in Table 3.11 that pores are present over the entire range. The
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median pores are dependent on copolymer composition. It was observed that the volume
percentage of pore >50nm in B-cyclodextrin modified poly(HEMA-EGDM) {HE7b =
29.08%, HE10b = 14.86%, HE11b = 15.93% and HE12b = 8.72) decreases as crosslink
density increases, except at HE11b.

The IR spectra of poly(HEMA-EGDM), poly(HEMA-EGDM)-TDI-CD and CD, are
given in Table 3.12, 3.13 and 3.14.

Table 3.12: IR spectrum of poly(HEMA-EGDM)

Peak position (cm™) Assignment
3500 -OH stretching
1715 -C=0 stretching

Table 3.13: IR spectrum of poly(HEMA-EGDM)-TDI-CD

Peak position. (cm'l) Assignment
3300 -NH stretching
1700 -C=0 stretching
2200 absent
1020 acetal linkage

Table 3.14: IR spectrum of cyclodextrin

Peak position. (cm™) Assignment
3500 -OH stretching
1020 acetal linkage

From Tables 3.12 and 3.13, it is noted that the peak corresponding to the -OH
group in HE polymer is nearly disappeared in the HE-TDI-CD and simultaneously a
peak appears around 3300 cm™', which is due to the formation of -NH group between —
OH and -NCO groups. The absence of a peak centered 2200 cm™ indicates the
formation of -NH group between —OH and -NCO groups. On the basis of Table 3.14, it
can be said that the strong peaks centered 3500 and 1020 cm™ can be assigned to the —
OH group and the acetal type linkage of cyclodextrin.

From elemental analysis, it is seen that nitrogen content in poly(HEMA-EGDM)

is nil. The nitrogen content was observed in cyclodextrin modified poly(HEMA-
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EGDM). The nitrogen content of unmodified and modified poly(HEMA-EGDM) are
presented in Table 3.15. The presence of nitrogen in modified poly(HEMA-EGDM)
indicates the formation of urethane linkage in the reaction of poly(HEMA-EGDM) with
cyclodextrin using toluene diisocyanate as spacer arm.

Table 3.15: Nitrogen content in underivatised and cyclodextrin derivatised HE
matrix

Polymer CLD Nitrogen content
No. (%) (%)

HE10 100 Nil
HE10a 100 4.17
HE10b 100 4.05
HE10c 100 6.03

3.4.1 Cholesterol binding
Affinity matrices (HE10a, HE10b and HE 10c) with 100% crosslink density

were evaluated for cholesterol binding. The required amount of affinity matrix (0.05 g)
was weighted into 8 mL screw cap vials fitted with HDPE caps. A solution of
cholesterol (100 ppm) in methanol (5 mL) was added to each vial, and the vial was
sealed and placed in a shaker overnight at room temperature and filtered. Filtrate was
then analysed by high performance liquid chromatography to determine the
concentration of cholesterol remaining in the supernatant.

Cyclodextrin are well known to form complexes with several components
including steroid [29]. The factors mainly responsible for guest molecule binding are
hydrophobic interaction between the guest molecule and cyclodextrin cavity, hydrogen
bonding between the polar functional groups of guest molecules and the hydroxyl
groups of cyclodextrin with the release of enthalpy rich water molecules from the

cavity.

104



Table 3.17 summarises the extent of uptake of cholesterol by the cyclodextrin
modified poly(HEMA-EGDM) matrix from methanol. Polymer HE10c absorbs a higher
amount of cholesterol rather than HE10a and HE10c from methanol, indicating the
strong influence of the medium on the interaction. Cholesterol is a hydrophobic steroid
with a relatively planar structure and with one polar hydroxyl substituent in the ring
[30]. Being a hydrophobic molecule, the solubility of cholesterol is low in methanol.
This low solubility may be the driving factor for cholesterol adsorption.

Sreenivasan prepared methyl B-cyclodextrin based polymer by coupling of 2-
hydroxyethyl methacrylate with methyl B-cyclodextrin using hexamethylene
diisocyanate as coupling agent and studied cholesterol binding. Irregularly shaped
particles were obtained by grinding. The amount of cholesterol adsorption by these
particles varied between 5 to 7 mg per 100 mg of methyl -cyclodextrin polymer [31].
Sreenivasan also prepared cyclodextrin based polymer for cholesterol adsorption by
coupling of 2-hydroxyethyl methacrylate with B-cyclodextrin using hexamethylene
diisocyanate as spacer arm, copolymerised with ethylene dimethacrylate and used for
cholesterol binding. This polymer also was ground to irregularly shaped particles. The
amount of cholesterol adsorption was 14.5 mg per 100 mg for this polymer [32]. In this
present investigation of cholesterol binding, the beaded polymer (HE10a, HE10b and
HE10c) used is suited to chromatographic application and cholesterol adsorption were
5.7, 14.6 and 19.7 mg per 100 mg of HE10a, HE10b and HE10c polymer, respectively.

The peak height and peak area of standard cholesterol solutions and supernatant
of standard cholesterol solution, after keeping in polymer HE10a, HE10b and HE10c

are presented in Table 3.16.
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Table 3.16: Peak height and area of standard and supernatant cholesterol solutions

Solution No Peak height Peak area
1 9201 1012149
2 6591 725441
3 3749 229804
4 3261 140659

Solution 1 is the standard cholesterol solution while 2, 3 and 4 are the
supernatant of cholesterol solution kept in HE10a, HE10b and HE10c polymers.

Table 3.17: Extent of adsorption of cholesterol by the affinity matrix

Affinity matrix Cholesterol adsorbed Adsorption
(mg)/g %
HE10c 197 19.7
HE10b 146 14.6
HE10a 57 5.7

HE10a, HE10b and HE10c are the affinity matrix modified by a, § and y-cyclodextrin, respectively.

A typical chromatogram of standard cholesterol solution and supernatant of
cholesterol solution after keeping in polymers HE10a, HE10b and HE10 matrices are

given in Figures 3.6-3.9.
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Figure 3.7: Chromatogram of
Figure 3.6: Chromatogram of supernatant of cholesterol solution

standard cholesterol solution after keeping in polymer HE10a
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349

Figure 3.8: Chromatogram of
supernatant of cholesterol
solution after keeping in polymer
HE10b

973

A~

Figure 3.9: Chromatogram of
supernatant of cholesterol solution
after keeping in polymer HE10c

The difference in peak area between solution 1 and 2, 1 and 3, 1 and 4 are
286708, 782345 and 871490, respectively. The area decreases from 2 to 4 relative to
standard cholesterol solution 1 but the difference in peak area between 1 and 2, 1 and 3,
1 and 4 increases indicating that HE10c polymer adsorbs more cholesterol relative to
HE10a and HE10b. The cavity size of a, B and y-cyclodextrin are 4.5-6 A°, 6-8 A° and
8.0-10 A°, respectively. The end to end distance of cholesterol is 15 A°. Hence a

cholesterol molecule fits very snugly in the cavity of y-cyclodextrin rather than o and 3-

cyclodextrin modified polymer.
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Chapter

Study of Metal-ion Binding with Modified
Macroporous GMA-EGDM Copolymers
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4.1 Introduction

Metal ions are the most perilous water pollutants due to poignant toxicity and
carcinogenicity [1-3]. Some of the metal ions are cumulative poisons capable of being
adsorbed and assimilated in the tissues of the organisms and causing noticeable adverse
physiological effects [4]. Hence, removal of such metal ion are necessary, even at very
low concentrations [5]. The necessity of removal of metal ions has led to an increasing
interest in sorbents [6,7]. It is known that toxicity of a metal differs with its oxidation
state, since these have differing physico-chemical and biological activities [8]. Pollution
by arsenic in natural and industrial wastewater has been monitored and controlled to
avoid its high toxicity to living things. Arsenic (As) exists in natural systems in a
variety of chemical forms, including inorganic arsenic (III) and arsenic (V), and as
several mono-, di- and tri -methylated arsenic compounds. Both elemental arsenic and
arsenic (V) are markedly less toxic than arsenic (III). The toxicity of such compounds
decreases in the order: arsine > arsenite > arsenate > alkyl arsenic acids > arsonium
compounds and metallic arsenic. Mobility of arsenic in water is highest for arsenite, so
it is the most important species in fresh water where arsenate is also dominant. Arsenic
is an accumulative, potent and protoplasmic poison. Chronic poisoning by arsenic
compounds leads to loss of appetite and weight, diarrhea alternating with constipation,
gastrointestinal problems, peripheral neuritis, conjunctivitis, dermatitis and sometimes
skin cancer. Arsenic have been reported as acute toxic element at lower concentrations
[9]. The toxicity of As (III) is greater than the toxicity of As (V) [10]. So the speciation

of metal ions is of great importance.
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The adsorption on polymer sorbents is the best method for the removal of metal
ions at ppm levels [11]. Now-a-days specific sorbents, consisting of a ligand (e.g.
chelating agents) bound to a polymer, that interacts specifically with the metal ion [12-
14], is considered as perhaps the most promising technique. Polymeric macrobeads
have attracted attention as adsorbents as these can easily be produced and modified into
specific sorbents by the introduction of metal chelating groups.

Macroporous polymeric beads, with large surface area and average diameter
exceeding 200 um, are generally used. The surface area of the polymeric sorbents range
from 20 to 120 m?*/g. One of the most critical points in the use of porous sorbents is
their pore structure, since the pore diffusion and the surface area in the pores determines
adsorption rate and capacity, respectively. Sorbents with highly open pore structures are
needed for high adsorption rates. However, the high active surface area of the porous
sorbents is mainly due to the fine pores in the matrix, which are not available for a large
molecule. In other words, large molecules can not penetrate into these pores and
therefore can not use the active surface area, which therefore means low adsorption
capacity for large molecule. So far it can be said that optimisation of pore structure of
the carrier matrices is very important to achieve high adsorption rate and capacity.

One such carrier matrix is glycidyl methacrylate copolymers with epoxide
pendent groups, which can be easily derivatised with amine to form the chelant. The
reaction of epoxide group with amines is a nucleophilic addition, in which the nitrogen
atom attacks as a rule the least protected carbon atom of the epoxide ring [15].
Macroporous poly(GMA-EGDM) reacts with a rich variety of amino compounds to

impart new properties to the carrier matrix, thus indicating its enormous application as
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immobilization carrier for enzyme, selective chelating agent and so on.
Polyethylenimine (PEI) attached adsorbents have been reported in a series of recent
publications for heavy metal removal [16-19]. The idea of using PEI chains stems from
the fact that PEI is a very reactive with different chemicals, including metal ions. PEI
was also utilised primarily to increase the number of sites for coordination and thus
increase the capacity for the adsorbent [20]. The higher flexibility and durability of PEI
as well as significantly lower material and manufacturing costs are also very important.
In this study, polyethylenimine modified poly(GMA-EGDM) macrobeads were
prepared and the metal chelating properties for arsenic (III) were determined. The effect
of pore volume and specific surface area of copolymer beads on the adsorption of
arsenic (IIT) ion were investigated.

4.2 Experimental
4.2.1 Materials
Polyethylenimine: Molecular weight: 1300; Density: 1.06 g/cm’; Physical state: viscous

liquid. The details of glycidyl methacrylate and other material are presented in Section

2.1.1.1. Polyethylenimine (PEI) was obtained as a gift from BASF. Sodium arsenite:

(NaAsO,) was from Aldrich.

4.2.2 Synthesis of GMA-EGDM copolymer of differing crosslink densities
The detailed synthesis procedure is presented in Section 2.1.1.2.

Table 4.1 Synthesis of poly(GMA-EGDM) beads, using cyclohexanol as porogen

Expt. CLD GMA EGDM Monomer:
No. (%) (mol) (mol) porogen (v/v)
GE7 25 0.0447 0.0111 1:1.61
GES8 50 0.0352 0.0180 1:1.61
GE9 75 0.0293 0.0223 1:1.61
GE10 100 0.0249 0.0255 1:1.61
GEll 150 0.0198 0.0292 1:1.61
GEI12 200 0.0161 0.0318 1:1.61

CLD = crosslink density
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4.2.3 Modification of poly(GMA-EGDM) with polyethylenimine

The following procedure was used for the covalent attachment of PEI onto the
poly(GMA-EGDM) beads. Dry poly(GMA-EGDM) beads (2.5 g) of differing crosslink
densities were added into aqueous solution containing polyethylenimine (5 mL water,
3.13 mL PEI for polymer with 25% CLD) and kept in plastic bottles. The medium was
shaken for 7 days at room temperature.

Table 4.2: Modification of poly(GMA-EGDM) bead by polyethylenimine (PEI)

Expt. CLD Polymer PEI

No. (%) ® (mL)
GE7P 25 2.5 3.13
GESP 50 2.5 2.53
GE9P 75 2.5 2.07
GE10P 100 2.5 1.81
GE11P 150 2.5 1.37
GE12P 200 2.5 1.11

PEI-attached poly(GMA-EGDM) beads were washed several times with distilled
water to remove any physically adsorbed PEI from the beads. The modified polymer was
dried at room temperature under reduced pressure. The PEI binding capacities were
calculated based on the amount of PEI covalently attached per gram of poly(GMA-
EGDM) beads. The amount of polyethylenimine attached to the poly(GMA-EGDM)
bead was also determined using elemental analysis. Modification of poly(GMA-EGDM)
by PEI are given in Table 4.2.

4.3 Characterisation of PEI derivatised poly(GMA-EGDM)

Bead yield was estimated as presented in Section 2.1.2.6, particle size
measurement is presented in Section 2.1.2.3, porosity was estimated as presented in
Section 2.1.2.1, Surface area measurement was as presented in Section 2.1.2.2, SEM
was as presented in Section 2.1.2.4, IR spectra was as presented in Section 2.1.2.5 and

elemental analysis was as presented in Section 3.3.1.
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4.3.1 Elemental analysis of PEI modified poly(GMA-EGDM) beads
For the determination of amount of PEI attached to the poly(GMA-EGDM)

beads, carbon, hydrogen and nitrogen content of derivatised beads were determined by
an elemental analyser (CHNS-O, EA 1108-elemental analyser, Carlo Erba Instruments).
The amount of PEI attached to the bead was determined from the percentage of nitrogen
content.
4.4 Results and Discussion

As indicated in Chapter 2, poly(GMA-EGDM) beads were synthesised by
suspension polymerisation to generate spherical beads in the size range 0.1-1 mm.
Typical particle size distribution of poly(GMA-EGDM) beads as determined by particle

size analyser is presented in Figure 4.1.
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Figure 4.1: Particle size distribution of GE11 with 150% crosslink density
Figures 4.2 and 4.3 show SEM micrographs of poly(GMA-EGDM) and PEI
attached poly(GMA-EGDM). The spherical form and rough surface of the poly(GMA-
EGDM) macrosphere favour better adsorption of arsenic ion because of large surface

area. The PEI derivatisation of poly(GMA-EGDM) does not affect its spherical form.
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Figure 4.3: Surface morphology of PEI coupled poly(GMA-EGDM) (GE10P)

The macroporous poly(GMA-EGDM) beads may be visualised as crosslinked
hydrogel. They do not dissolve in aqueous medium, but do swell, depending on
crosslink density (i.e., percent EGDM). The degree of swelling decreases with increase
in crosslink density. The dry beads are opaque (white in colour), which is an indication
of the porosity in the matrix, as a result of the pore generating solvent (i.e.,
cyclohexanol) used in the polymerisation. However, the opacity of the beads are
significantly decreased when the beads are swollen in water. After the polyethylenimine

(PEI) derivatisation, the colour of the beads changes, which is a clear indication of the
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incorporation of the polyethylenimine into the structure of the beads. It should be noted
that these beads are quite rigid and strong, due to very high crosslink density.

Polyethylenimine is a highly branched polymer with 50%, 25% and 25% of
secondary, primary and tertiary amino groups, respectively. Polyethylenimine was
covalently attached to the macrobeads via nucleophilic addition between epoxy group
of poly(GMA-EGDM) and primary amino group of polyethylenimine, under basic
condition (pH=10.6). For the confirmation of PEI attachment to the poly(GMA-EGDM)
beads, elemental analysis of the underivatised and PEI derivatised poly(GMA-EGDM)
were obtained. The covalent attachment of PEI on to the poly(GMA-EGDM) bead was
also determined by the potentiometric titration of a sample withdrawn from the medium
after the adsorption, with 0.1 M standard hydrochloric acid solution. The amount of
polyethylenimine attached to the macrobeads were in the range 47-79%. The data of
PEI bound to the poly(GMA-EGDM) are given in Table 4.3.

Table 4.3: Effect of crosslink density on PEI binding to poly(GMA-EGDM)

Expt. CLD Nitrogen content PEI

No. % (%) (%)
GE7P 25 8.53 78.90
GESP 50 6.61 61.20
GE9P 75 5.46 50.50
GEI10P 100 5.34 49.39
GEI11P 150 5.19 48.01
GEI12P 200 5.10 47.17

It is seen in Table 4.3 that as the crosslink density increases, the percentage of
PEI attached to the poly(GMA-EGDM) bead decreases, due to decrease in epoxy
content with increase in crosslink density. Polyethylenimine leakage during metal ion

adsorption experiment was also investigated. The absence of PEI leakage was
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confirmed by elemental analysis. For this purpose, metal ion solution was kept in a
plastic vial containing PEI derivatised poly(GMA-EGDM) beads. The metal ion
solution was filtered and filtrate was collected for elemental analysis. The nitrogen
content in filtrate was nil, after adsorption of metal ion solution onto to the PEI
derivatised poly(GMA-EGDM) beads. This shows that washing procedure was
sufficient to removal of physically adsorbed PEI molecules from the polymer matrix.

To explain the nature of the interaction between polyethylenimine and
poly(GMA-EGDM), FTIR spectra of underivatised poly(GMA-EGDM) and PEI
derivatised poly(GMA-EGDM) were obtained. FTIR spectra of poly(GMA-EGDM)
shows peaks at 1722 and 1196 cm™ due to stretching vibrations of C=0 of ester group
and C-O-C of epoxy group, respectively. The band at 1196 cm™ due to stretching
vibration of C-O-C of epoxy group disappears in PEI derivatised poly(GMA-EGDM),
due to reaction of epoxy group of poly(GMA-EGDM) with primary amino group of
polyethylenimine (PEI) and a peak at 3450 cm™, due to stretching vibration of OH, was
observed in PEI derivatised poly(GMA-EGDM). The presence of peak at 3450 cm™
indicates the formation of -OH group after the reaction of polyethylenimine with
poly(GMA-EGDM). The peak at 3300 cm™ indicates the stretching vibration of -NH
group.

Table 4.4 represents the effect of crosslink density on pore volume and surface
area of Poly(GMA-EGDM) beads. It shows that a decrease in crosslink density from 200
to 25% results in a decrease in the pore volume from 0.85 to 0.11 mL/g, due to decrease

in the number of pores. Surface area also decreases from 110.57 to 22.07 m?/g with
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decrease in crosslink density from 200 to 25%, due to increase in the size of the
microsphere.

Table 4.5 represents the effect of crosslink density on pore volume and surface
area of PEI derivatised poly(GMA-EGDM). A decrease in crosslink density from 200 to
25% results in a decrease in the pore volume from 0.72 to 0.12 mL/g, due to decrease in
the number of pores. Surface area also decreases from 137.50 to 36.97 m*/g with
decrease in crosslink density from 200 to 25%, due to increase in the size of the
microsphere. On comparing it is seen that the pore volume of GE7P (0.72 mL/g) is less
than GE7 (0.85 mL/g) because PEI enters into the pores of poly(GMA-EGDM) beads.

Table 4.4: Pore volume and surface area of poly(GMA-EGDM) beads

Expt. CLD Pore volume Surface area
No. (%) (mL/g) (m%/g)
GE7 25 0.11 22.07
GES8 50 0.56 85.06
GE9 75 0.59 105.78

GE10 100 0.72 100.69

GE11 150 0.74 110.25

GE12 200 0.85 110.57

Table 4.5: Pore volume and surface area of PEI derivatised poly(GMA-EGDM)

Expt. CLD Pore vol. Surface area
No. (%) (mL/g) (m%/g)
GE7P 25 0.12 36.97
GE8P 50 0.39 51.19
GE9P 75 0.43 48.34
GE10P 100 0.47 69.61
GE11P 150 0.63 78.11
GE12P 200 0.72 137.50

Table 4.6 represents pore size distribution of poly(GMA-EGDM) beads. It is
seen that pores are present over the entire range. The median pores are dependent on
copolymer composition. The pore size distribution shifted towards smaller pores as the
crosslink density decreases from 200 to 25%. The changes in these characteristics,

which are obtained upon decreasing the percentage of crosslink density in the
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polymerisation mixture, are mainly due to a decrease in the volume of large pores (> 50
nm) and a parallel increase in volume of pores with size less than 50 nm.

Table 4.6: Pore size distribution of poly(GMA-EGDM) beads

Expt. CLD Pore size distribution (vol%), radius in nm

No (%) <5 5- 10-  15-  20-  30-  50- 100- 300
10 15 20 30 50 100 300

GE7 25 0.00 39.53 3990 025 043 1.78 336 13.72  0.94

GES 50 561 1874 1639 13.65 2332 1785 4.01 0.02 041

GE9 75 9.12 2169 1721 16.18 1875 11.72 450 0.00 0.00

GE10 100 595 2000 10.28 12.73 1395 1861 11.53 4.08 2.19

GEl11 150 456 1829 1372 11.68 16.88 19.53 12,53 2.12  0.00

GEI12 200 2.65 1685 12.14 840 14.06 18.81 1882 6.22  0.28
CLD: crosslink density

Table 4.7: Pore size distribution of PEI derivatised poly(GMA-EGDM) beads

Expt. CLD Pore size distribution (vol%), radius in nm

No (%) <5 5- 10- 15- 20- 30- 50- 100-  >300
10 15 20 30 50 100 300

GE7P 25 29.14 33.15 1657 0.00 000 1028 1.79 7.83 1.24
GESP 50 433 10.15 1193 1291 46.83 443 7.28 1.41 0.35
GE9P 75 0.00 0.00 36.69 1692 2434 245 1844 1.02 0.14
GEI10P 100 9.66 1340 1330 16.14 3232 3.16 0.00 0.00 7.30
GEI1P 150 327 1397 2186 17.08 2278 532 0.00 13.59 2.09
GEI12P 200 0.00 5508 339 1227 1260 093 1228 3.33 0.12

Table 4.7 represents pore size distribution of PEI derivatised poly(GMA-
EGDM) beads. Pores over the entire range are retained. The volume percentage of pores
(>50 nm) in GEI12P is 15.73%, which is less compared to volume percentage of pores
(>50 nm) in GE12 (25.32%), resulting in a decrease in pore volume from 0.85 to 0.72
mL/g (GE12 to GE12P). Similarly volume percentage of pores (>50 nm) in GEIOP is
7.30%, which is less compared to volume percentage of pores (>50 nm) in GE10

(17.8%), resulting a decrease in pore volume from 0.72 to 0.47 mL/g (GE10 to GE10P)

and so on.
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4.4.1 Effect of porosity on the adsorption capacity for metal ion

The effect of porosity of the modified beaded polymers with different crosslink
density on the adsorption of arsenic ion was investigated. The adsorption capacity for
arsenic (III) ion by the affinity matrices, in relation to the crosslinker (EGDM), is given
in Table 4.8.

Table 4.8: Effect of crosslinking on the adsorption of metal ion (As""") on the PEI
derivatised poly(GMA-EGDM) beads

Expt. CLD Metal ion adsorbed
No. (%) (umol/g of polymer)

GE7P 25 0.069

GESP 50 0.162

GE9P 75 0.177

GEI10P 100 0.232

GEI11P 150 0.254

GE12P 200 0.331

Polymer (GE12P) shows highest affinity for arsenic ion where as polymer
(GE7P) which had insufficient porosity and surface area, had a poor affinity for arsenic
ion compared to the polymer (GE12P). Adsorption is the accumulation of materials at
an interface, the liquid/solid boundary layer. It is a mass transfer process where a
substance is transferred from the liquid phase to the surface of the solid and becomes
bound by chemical forces. Since adsorption is a surface phenomenon, the greater the
surface of the medium, the greater its capacity to accumulate the material. So it clearly
indicates that the adsorption capacity of these polymers for arsenic ion is greatly
affected by their porosity. The binding of arsenic (III) ion with the secondary amine and
hydroxyl group of the PEI modified poly(GMA-EGDM) may be interpreted on the basis

of Pearson’s concept of hard and soft acids and bases.
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5.1 Summary and Conclusion

Chapter 1 is a general introduction to macroporous polymers, cyclodextrin and toxicity
of metal ions. Macroporous, crosslinked polymers are efficient materials for many
separation processes and are widely used as ion exchange resins and specific sorbents.
Suspension polymerisation technique is used for the preparation of macroporous
copolymer networks in the form of beads. The chapter also briefly describes
cyclodextrins which form inclusion complexes (host-guest complexes) with various
compounds, including steroids by molecular complexation. Finally, the chapter
describes the use of macroporous polymer modified with amino compounds (act as
chelating agent) for metal ion adsorption.

Chapter 2 describes the synthesis of a large number of porous network structures
based on copolymerisation of glycidyl methacrylate-ethylene dimethacrylate, glycidyl
methacrylate-divinyl benzene, allyl glycidyl ether-ethylene dimethacrylate (with epoxy
functional groups) and 2-hydroxyethyl methacrylate—ethylene dimethacrylate,
hydroxyethyl methacrylate—divinylbenzene (having hydroxy functional groups), by
suspension polymerisation and by varying a number of different synthesis parameters.

It can be summarised from Tables 2.4-2.10 that the porosity in network porous
copolymers prepared from glycidyl methacrylate and ethylene dimethacrylate is defined
by the presence of inert solvent which phase separates from the growing polymer
network. It can also be summarised (Table 2.4) that polymers with a very wide range of
porosity can be synthesised. Thus, the pore volume of GE30 (0.0155 mL/g) is 3.54,
10.70, 54.67 and 57.09 times less than GE24 (0.0550mL/g), GE18 (0.1660 mL/g),

GE12 (0.8475 mL/g) and GE6 (0.8850 mL/g), due to change of monomer:porogen ratio
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(v/v) from 1:0 to 1:2.43 (GE30 to GE6) at fixed composition (200% CLD). It was
observed (Table 2.6) that in absence of porogen, the volume percentage of pore >50nm
are absent while median pores are in the 5-10 nm range. The porosity of the copolymer
beads is dependent on the copolymer composition and relative volumes of monomer
mixture as well as porogen.

Subtle structural variances in the porogen (pore generating solvent) have
profound effects on pore properties. In networked porous copolymers prepared from
glycidyl methacrylate and divinyl benzene (Tables 2.14 and 2.15), at fixed
monomer:porogen ratio (1:1.61), the pore volume (GV7), in presence of cyclohexanol
as a porogen, is 0.75 mL/g, which is 1.96 and 1.81 times less than that generated by
hexanol and octanol {GV(h)l (1.47 mL/g) and GV(0)1 (1.36 mL/g)} as porogens at
fixed composition (25% CLD). Similarly, the surface area (GV7) is 98.10m?/g which is
4 and 8.38 times greater {GV(h)1 (24.50 m*/g) and GV(0)l (11.70 m*/g)} indicating
that the use of cyclohexanol generates nano and micro-pores while hexanol and octanol
generate meso and macro-pores. Table 2.20 shows that the volume percentage of pores
(>50nm) (GV7) is 15.85% which is 5.27 and 5.53 times less {GV(h)1l (83.56%) and
GV(o)1 (87.71%)}. Among the three porogens studied, relatively uniform pores were
obtained with hexanol.

The concentration of the functional groups at the surface of the pores is
dependent on the hydrophilic/hydrophobic character of both functional and crosslinking
comonomers. In copolymers prepared from allyl glycidyl ether and ethylene
dimethacrylate, the porosity of copolymer beads is dependent on the copolymer

composition. The pore volume AG1 (Table 2.25) is 0.83 mL/g which is 1.60 times less
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than AG6 (1.33 mL/g), due to increase of crosslink density from 25 to 200% at fixed
monomer:porogen ratio (1:1.61). The volume percentage of pores (>50nm) in AG1 is
23.13% (Table 2.26) which is 2.15 times less than AG6 (49.80%).

In copolymers prepared from 2-hydroxyethyl methacrylate and ethylene
dimethacrylate, (Table 2.30 to 2.33) it is seen that crosslink density, ratio of monomer
and porogen volume and porogen type, influence the pore size and porosity. Table 2.30
shows that the pore volume of HE30 (0.0130 mL/g) is 2.86, 13.69, 51.84 and 61.69
times less than HE24 (0.0373 mL/g), HE18 (0.1780 mL/g), HE12 (0.6740 mL/g) and
HE6 (0.8020 mL/g), due to change of monomer:porogen ratio (v/v) from 1:0 to 1:2.43
(HE30 to HE6) at fixed composition (200% CLD). The pore volume of HE7 (0.03
mL/g) is 2.66, 32, 19 and 27.3 times less than HE31 (0.08 mL/g), HE37 (0.96 mL/g),
HE43 (0.57 mL/g) and HE49 (0.87 mL/g) at fixed composition (25% CLD). It can also
be summarised from Table 2.36 that the volume percentage of pores (>50nm) in HE1 is
50%, which is 1.48 times less than HE6 (74.01%) at fixed monomer: porogen ratio.

Similarly in the HV series, the pore volume of HV1 is 0.05 mL/g which is 20
times less than HV6 (1.01 mL/g), due to increase of crosslink density from 25 to 200%
at fixed monomer:porogen ratio (1:1.61). Thus the porosity of the copolymer bead is
dependent on the copolymer composition.

Thus, within a series of networked porous polymers, the pore properties such as
surface area, pore size, its distribution and volume can be effectively controlled by a
combination of relative mole ratios of the monomers, porogen type and its relative
volume. The concentration of the functional groups at the surface of the pores is

dictated by the hydrophilic/hydrophobic character of the comonomer (EGDM vs DVB).
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Chapter 3 describes the modification of macroporous poly(HEMA-EGDM),
having hydoxy functional group, by suitable ligands (cyclodextrins). The binding of
cyclodextrin to the backbone of macroporous crosslinked beaded polymer offers a
highly selective system for chromatographic separation. Cyclodextrins are well known
for their ability to form inclusion complexes with a variety of components (e.g
cholesterol). The separation potential of particular interesting molecule could be
enhanced several fold by incorporating cyclodextrin in the pores of networked
polymers. It is observed (Tables 3.7-3.9) that with the increase in crosslink density the
amount of cyclodextrin bound to the poly(HEMA-EGDM) increases. It is seen (Table
3.17) that the amount of cholesterol adsorption are 197 mg, 146 mg and 57 mg per gm
of y, B and a-cyclodextrin modified poly(HEMA-EGDM). The y-cyclodextrin based
macroporous beaded affinity matrix, based on HEG using 2,4-toluene diisocyanate as a

spacer shows more cholesterol adsorption rather than o and B, due to greater cavity size

of y-cyclodextrin.

Chapter 4 describes the modification of poly(GMA-EGDM) by
polyethylenimine and investigation of arsenic binding. Macroporous poly(GMA-
EGDM) having epoxy groups have been modified by suitable chelating ligands
(polyethylenimine), which are useful for metal ion separation. It can be summarised
(Table 4.6) that the volume percentage of pore (>50 nm) in GE7 is 18.02%, which is
1.40 times less than GE12 (25.32%) at fixed monomer: porogen ratio (1:1.61). It can
also be stated that (Table 4.7) the volume percentage of pore (>50 nm) in GE7P is
10.86% which is 1.44 times less than GE12P (15.73%) at fixed monomer:porogen ratio

(1:1.61). It is noted that (Tables 4.6 and 4.7) the volume percentage of pore (>50 nm) in
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GE7P is 1.65 times less than GE7, due to PEI entering into the pore of poly(GMA-
EGDM). Table 4.8 shows that the arsenic (III) adsorption depends on the copolymer
composition (crosslink density). The adsorption of arsenic (III) ion also depends on the
porosity and surface area of the copolymer bead, since adsorption is a surface
phenomenon, the greater the surface of the medium, higher is the adsorption capacity. A
number of experimental and structural parameters determine the adsorption rate, such as
concentration, pH, swelling degree, the amount of sorbent, the ion properties (hydrated
ionic radius and coordination complex number), the initial concentration of metal ions,

the chelate forming rate between the complexing ligand and metal ions.
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Future scope of work

Modification of GMA-EGDM copolymers using chitosan, chitosan
dithiocarbamate, evaluation of the derivatised resins for selective chelation of
arsenic.

Modification of GMA-EGDM copolymers using iminodiacetic acid, bis(2-picolyl
amine), bis(3-picolyl amine) and evaluation of the derivatised resins with
chromium and cobalt.

Modification of HEMA-EGDM copolymers with derivatised cyclodextrins
(having hydroxylamine and amino groups), binding metal ions, complexing with

chiral molecules, sulphur compounds, studying stability constants etc.
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