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Considering the limitations of gel type resins, and the drawbacks of macroporous materials (slow 
reaction kinetics and wide variation in relative scavenging efficiencies) a wide range of DVB 
crosslinked solid supports with various porogen levels were investigated in a systematic manner. 
The ideal materials should have the following properties, high loading, fast reaction kinetics, 
limited swelling, ease of handling, cheapness, chemical stability and be compatible and available 
with a broad range of functionalities. Chloromethylpolystyrene resins (27 in total) were prepared 
ranging from typical gel based resins (1 - 2 % DVB) to highly crosslinked polystyrene resins 
(10 - 40 % DVB) with porogens (toluene and n-Heptane) at various levels. The 
chloromethyl polystyrene resins were prepared by suspension co-polymerisation using a 6-vessel 
reactor system and were converted to aminomethyl resin and quaternary ammonium chloride 
ion-exchange resin. Physical characteristics were investigated including loading, bead size, 
surface area, pore volume and pore size. Swelling studies were conducted on all the 
chloromethylpolystyrene resins. It was observed that as the crosslink level increased the swelling 
decreased but as the porogen level increased the amount of each solvent taken up increased. 

The chemistry of the aminomethyl and ion-exchange resins was evaluated. Reaction variables 
studied included kinetics and efficiency of scavenging. Results obtained reflected the 
composition of the basic chloromethylated polystyrene resin i.e. the crosslink level, porogen type 
and porogen level. Almost all of the aminomethyl and anion-exchange resins showed a marked 
effect of the level of the porogen on the rate of reaction. The choice of solvent was critical for a 
particular type of resin with solvent effects more pronounced on the ion-exchange resins. Six 
commercial resins were assessed, macroporous Argopore-NH;, 1 % crosslinked gel-type 
aminomethyl resin, Amberlite IRA-900, Amberlite IRA-958, Dowex 2 and Dowex 4. It was 
concluded that the reactivity of the two Amberlite resins did not compare favourably with the 20 
and 40 % crosslinked resins in any of the 3 solvent systems. 
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Chapter 1 - The Chemistry of Resins 
1.1 Introduction 

Resin quality and the reproducibility of chemistry is of paramount importance during the 

synthesis of a library and any subsequent repeat synthesis. A major drive behind the widespread 

use of polymer supports is the simplification achieved in the separation and purification of 

synthetic intermediates, products and catalysts, or decontamination of reactions from impurities 

or side-products. The basis of all these applications is the anchoring of the desired species on an 

insoluble polymer particle by ionic or covalent b o n d s . T h e aim of this project was to find the 

most suitable solid phase supports for reaction scavenging. Thus a systematic investigation was 

carried out with a range of resins ranging from typical gel based resins with 1 - 2 % crosslinking 

to highly crosslinked macroporous polystyrene based resins (20 and 40 % DVB) and resins with 

intermediate crosslink densities (5 % and 10 % DVB) with and without the use of porogen. The 

ideal resins should have the following well defined characteristics, fast reaction kinetics, non-

swelling (or limited swelling), ease of handling, cheapness and chemical stability. Some of the 

problems currently associated with resins in general include unfavourable swelling properties 

and associated handling issues, slow reaction kinetics of macroporous materials in certain 

solvents and wide variation in relative scavenging efficiencies. 

1.2 Polymerisation Chemistry 

1.2.1 Suspension co-polymerisation 

In general, radical polymerisation begins with a radical initiator i.e. (dibenzoyl peroxide) being 

homolytically cleaved. As with all radical chain reactions three steps take place, initiation 

(scheme 1), propagation (scheme 2) and termination.̂ '̂̂ ^ 
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Repetition of the propagation step in scheme 2 builds up the polymer framework. Eventually the 

growing polymer network is terminated by reactions that consume the radical (termination). 

Curing with atmospheric O2 terminates radicals while general combination or disproportionation 

of two radicals are other possible chain terminating reactions. In suspension co-polymerisation 

the monomer droplets are converted directly into the corresponding beads and initiation, 

propogation and termination steps proceed in each individual organic droplet. The radical 

induced suspension polymerization reaction proceeds through a number of phases before resin 

beads are eventually formed. Once the organic phase is added to the aqueous phase, and 

mechanical agitation started, the droplets that foim continually join and separate with other 

droplets, until an equilibrium droplet size distribution has been attained. On heating, when 
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10 - 20 % conversion of monomer to polymer has taken place the suspension enters the 'sticky 

phase'. During the sticky phase, adequate stabilisation of the droplets is essential. If the speed of 

agitation is insufficient, then the droplets will permanently associate in a sticky mass and 

polymerise as a large number of macroscopic randomly shaped aggregates, or even one large 

aggregate comprising of all the organic phase. When 70 - 80 % conversion of monomer to 

polymer has taken place and the suspension has passed through the sticky phase, the droplets 

develop a hard outer surface and harden into the form of resin beads.Polymers produced by an 

011 in water (0/W) suspension include polystyrene, poly(vinyl chloride) and poly(vinyl acetate). 

Polymers produced by a water in oil (W/0)^^ suspension include polyacrylamide and water 

soluble acrylates. 

1.2.2 Stabilisers, Initiators, Temperature and Time 

A dispersing agent is added to stabilise the suspension. The stabiliser (coagulation inhibitor) is 

usually a water soluble polymer, often a choice from methyl cellulose, poly(vinyl alcohol) 

(scheme 3) or gelatin. 

OR 
R = H(85 %) and Ac (15%) 

Poly(vinyl alcohol) 

Scheme 3 

PVA was used in this project and was 85 % hydrolysed, the unhydrolysed form (15 %) being the 

ester. The mass range of this PVA was 85000-146000 Da. If no stabiliser is used, redivision of 

the partially polymerised droplets gives way to coagulation of the entire bulk of the monomer. 

Using a stabilise/^^ maintains bead individuality. Stabilisers work by forming a thin film around 

the polymer droplets, reducing their surface tension. During suspension co-polymerisation the 

hydroxylated portion of PVA is orientated out towards the water and the ester portion is 

orientated in towards the oil. PVA is biodegradable and is produced by hydrolysis of the cheap 

starting material polyvinyl acetate and is an industrial favourite. It is available in varying 

molecular weight ranges with specified degrees of hydrolysis to the alcohol. The amount of 

suspending agent required for a system is generally determined after much optimization. Too 

little suspending agent results in droplets, which are not sufficiently stabilized, either during the 

equilibrium phase or more importantly during the sticky phase. Adding too much suspending 

agent lead to the synthesis of beads impracticably small in size. Although smaller beads may be 
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expected to suffer less from the diffusional problems of substrates, expected to be significant in 

the larger beads, a cut off point must be established because below a certain size, beads become 

difficult to manipulate. Also after suspension polymerization reactions, it is very difficult to 

remove excess suspending agent (which has a low solubility itself) from the large number of 

very small beads. The use of inorganic water insoluble salts as stabilisers has also been reported 

including calcium sulfate, calcium orthophosphate and cupric chloride. Initiators are usually azo 

compounds (e.g. AIBN) or organic peroxides (e.g. benzoyl peroxide). Higher concentrations of 

initiator result in the synthesis of a greater number of lower molecular weight polymer chains. 

This has the effect of reducing the overall yield of the reaction, as there is a greater chance that 

the polymeric chains will not be sufficiently cross-linked to be insoluble and will therefore be 

removed in the post reaction washing process. Reactions are normally carried out at 80 - 90 

Increasing the temperature of a reaction also leads to an increase in reaction rate and this 

will lead to an increase in the number of growing polymer chains. 

1.2.3 Reactor Design 

The reactor and stirrer play important roles in governing the distribution of the polymer 

droplets^^^ and should provide a turbulent free and uniform distribution of the mixing force 

throughout the suspension mixture. Resizing the droplet equilibrium diameter is not possible 

once the monomers have entered the sticky phase. Numerous factors dictate the bead size 

obtained in suspension polymerisation. Smaller beads are obtained by increasing the water to 

organic ratio and/or by decreasing the amount of crosslinking monomer. Many different types of 

reaction vessel and stirrers have been reported. One setup includes a three necked Morton flask 

with indentations which force the suspended mixture in toward the rotating stir blade, thus 

ensuring a more homogenous shearing environment for monomer droplets which results in more 

uniform droplet size. While the size and shape of the flask and impeller are important in 

determining bead size distribution, the impeller speed can also be cr i t ical .The bead size 

reproducibility was investigated by performing a suspension polymerisation of styrene with 2 % 

DVB four times at 800 rpm using a three necked Morton flask. The yield dropped at higher 

speeds due to excessive shearing. Another type of reaction set-up that has been used is a double 

sided three-blade system in a baffled conical vessel.''"^ Erbay has reported using a three blade 

curved propeller system. The two most common commercial stirrers are the anchor and half-

moon shaped stirrer. 



1.2.4 Reactivity Ratios 

It is important to appreciate that all monomers are not incorporated at the same rate. In a free 

radical co-polymerisation of two vinyl monomers, A and B, the rate at which a given monomer is 

co-polymerised depends on the reactivity of the monomer, the reactivity of the free radical 

derived from the monomer, and how these two reactivities compare with the corresponding 

reactivities of the other monomer and its derived radical. These factors are incorporated in so-

called pairs of reactivity ratios, ta and r^. Reactivity ratios are determined experimentally and 

are extensively tabulated for pairs of most common m o n o m e r s . T h e values generally fall in 

the range of 0 to 1, but can be much higher in special cases. A low value indicates low reactivity, 

a high value high reactivity. If two monomers each have a moderate value (~ 0.5) then the 

copolymer they form will have similar composition to that of the comonomer solution. If both 

monomers have a low value ( ~ 0) then copolymerisation will be slow and a rather regular 

alternating 1:1 coploymer will form, with alternate segments comprised of the different 

monomer residues. If one reactivity is low ( ~ 0) and the other high ( ~ 1), then the initially 

formed polymer will be essentially a homopolymer of the most reactive monomer, with 

extremely low incorporation of the less reactive monomer. In all cases the processes are subject 

to some statistical distribution and, in addition, in a batch copolymerisation, if the monomers are 

initially incorporated at different rates the more reactive monomer will be depleted from solution 

more quickly, and this in turn will start to slow it's incorporation. The composition of the 

copolymer formed will therefore alter with time as polymerisation proceeds (composition drift). 

A simple kinetic treatment shows that the copolymer composition, Apoi/Bpoi, is given by equation 

1(12) 

Apoi/Bpol = rAlfrArAl+FBl) 

Equation 1 

where [A] and [B] are the concentrations of the respective comonomers. Knowledge of the ta 

and TB values also allows computation of the mean sequence lengths, SA and SB, of A monomer 

and B monomer segments respectively in the copolymer, see equation 2. 

SA = + 1 and Sg = rgIB] 4-1 
[B] [A] 

Equation 2 
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The r values quoted for styrene and ra-DVB are 0.58 and 0.58, for styrene andp-DVB 0.26 and 

1.2 respectively, and for styrene and chloromethylstyrene 0.62 and 1.12 respectively which 

indicate that in radical co-polymerisation reactions both p-DVB and chloromethylstyrene are 

more reactive than styrene. 

1.3 Different Methods of Polymerisation 

1.3.1 Bulk Polymerisation^^^^ 

In bulk polymerization, component monomers are allowed to polymerize in the absence of any 

solvents, resulting in the generation of very high molecular weight ploymers. The monomers fill 

the entire container during the polymerization. A notable example of this process is the large-

scale industrial bulk polymerization to produce plastics, for example, in the production of PVC's. 

1.3.2 Emulsion Polmerisation '̂̂ ^ 

This system basically consists of water and a 1 - 3 % level of a surfactant (sodium lauryl sulfate 

or sodium dodecyl benzenesulfonate) which generates a micelle, and a water soluble free radical 

generator (alkali persulfate or hydroperoxides). Emulsion polymerisation is usually more rapid 

than bulk or solution polymerisation for a given monomer at the same temperature. The locus of 

the polymerisation is the micelle. The monomer is fed into the locus of reaction by diffusion 

through the water where the reservoir of the monomer is found. If another radical enters the 

micelle then termination results because of the small volume of the reaction site. In other words, 

in emulsion polymerisation the polymer particles are not formed by polymerisation of the 

original monomer droplets but are formed in the micelles to give polymer latex particles of very 

small size. The polymer in emulsion polymerisation is isolated by either coagulation or spray-

drying. 

1.3.3 Dispersion Polymerisation^^^^ 

In dispersion polymerization, the monomers have a very low intrinsic solubility in the medium. 

For monomers similar in nature to styrene, ethanol can be used. As the polymerization ensues, 

the growing polymer particles reach the limit of their solubility in the ethanol solution and 

coalesce to form unstable nuclei. Further adsorption occurs until the nuclei become stable and 

have formed mono-dispersed particles (particles of uniform size distribution). Dispersion 

polymerization is an excellent method to generate beads of less than 5|jm in diameter. 
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1.4 Chemical and Physical Makeup of resins, and associated characteristics 

1.4.1 Crosslink Ratios 

Increasing the level of crosslinking of a bead with DVB makes the bead more robust and the 

resin swells to a lesser extent. Other useful crosslinking monomers are ethylene glycol 

dimethacrylate (EGDMA), trimethylolpropane trimethacrylate (TRIM) and N,N-

methylenebisacrylamide (MBA). DVB has three positional isomers (o- m-, p-) and there are two 

routinely available commercial grades, each of which is a complex mixture. It contains four 

major components, m- andp- DVB, typically in a ratio of 2 : 1, and m- and ^-ethylstyrene in a 

similar ratio. In one commercial grade the DVB isomer content is ~ 50 %, and in another ~ 80 %. 

Care is required in defining or interpreting the DVB content of crosslinked polymers since this 

might be quoted as a percentage of technical DVB used to make the polymer, or the figure 

adjusted to reflect only the content of actual DVB isomers present. Bearing in mind that there is 

no unambiguous method, and certainly no simple and rapid method, for determining the real 

crosslink ratio in a polymer network, the nominal figure based on the actual DVB feed is a very 

useful parameter. During the formation of crosslinked networks it is also possible to produce 

additional (mobile) crosslinks by virtue of spurious entanglements which cannot disassemble. 

Generally 'entanglement crosslinks' increase when the rate or speed of polymerization is 

increased. This in turn can be induced by increasing the free radical flux in the polymerization by 

increasing the temperature of the reaction and/or the quantity of free radical initiator used. 

Entanglement crosslinking is also high in a non-agitated polymerization system, since vigorous 

agitation tends to minimize entanglements. The crude yield of a polymerization reaction is 

dependent on the amount of crosslinking agent added. Since increasing crosslinking confers 

upon a growing polymer increasing insolubility in the medium, it follows that a higher 

proportion of soluble polymer will remain in the cases of the lowest crosslinked resins, and given 

the fact that these will be washed out of the resins by the workup procedure, the yields of 

reaction will increase with increasing resin crosslinking. 

1.4.2 Loading Capacity 

Merrifield resin can also be produced by chloromethylation of a styrene-DVB copolymer by 

Friedel-Crafts alkylation.̂ ^®^ Original chloromethylation procedures employed chloromethyl 

methyl ether and stannic chloride as the catalyst (scheme 4), but because tin halides are among 

the stronger catalysts of Friedel-Crafts alkylations, the reaction is very fast and must be carefully 

controlled by cooling and efficient mixing. With this method it has proved difficult to obtain 
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resins with low chloromethyl substitutions (0.03 - 0.3 mmol/g) desired for the synthesis of larger 

peptides. 

Cl-CH2-0-Ct% 

R = divinyl benzene cross-linking agent 

Scheme 4 

Feinberg and Merrifield reported a more easily controlled chloromethylation for the production 

of resins of low substitution that can be achieved by using chloromethyl methyl ether and zinc 

chloride as the catalyst, however zinc chloride has the huge disadvantage that it is a hygroscopic 

solid.̂ ^̂ ^ Also as the reaction was scaled up from 0.5 g to 25 g chloromethylation of the styrene-

DVB copolymer fell by 20 - 30 %. The lower reactivity of larger batches probably resulted from 

factors such as less efficient stirring and less control over the temperature. A source of 

iiTeproducibility, when resins are post derivatised by the Friedel-Crafts method, is that the 

chloromethyl groups can act as crosslinkers thus increasing the crosslink density and reducing 

the loading capacity. Using the typical conditions to secure high levels of chloromethylation of 

aromatic groups in polystyrene resins simultaneously induces ~ 50 % of the aromatic groups to 

become methylene b r i d g e d . T h u s incorporating chloromethylstyrene in the suspension 

polymerisation mixture eliminates this problem and allows control over the desired loading level. 

1.4.3 Porogens 

The percentage of DVB can be varied in principle from zero to a very high level. For 

combinatorial chemistry a 1 - 2 % level of DVB is most common. These gel type resins are 

composed of an amorphous crosslinked "infinite" network of interpenetrating polymer chains 

without any fine structure. The polymer chains are in contact with each other and resins have 

very low surface area in the dry state when measured by N2 adsorption and application of the 

BET theory. They are typically less than 10 m^ g"' of dry resin. If suspension polymerisation of a 

styrene-DVB mixture is carried out with the co-monomer mixture also containing an appropriate 

organic solvent (diluent or porogen) at some appropriate level then the internal structure 

(morphology) of the product resin beads can be very different to that of a gel-type resin. At full 

13 



conversion each polymer bead is composed of a crosslinked polymer phase and a discrete 

porogen phase, the latter acting as a template for the permanent porous structure of the resin. 

Removal of the porogen at the end of the polymerisation can leave resin beads which are hard 

but opaque. The morphology of polymer particles in suspension polymerisation depends on 

whether they dissolve, swell or precipitate in the monomer phase. When the polymer is swellable 

in it's monomer mixture the beads have a smooth surface and a homogenous (non-porous) 

texture. Thus particle morphology can be strongly influenced by the use of a suitable monomer 

diluent. For example suspension co-polymerisation of styrene, 2,4,5-trichlorophenylacrylate and 

DVB in chlorobenzene and chlorobenzene/«-octane as the monomer diluents give non-porous 

and porous polymers respectively. These materials can have a much higher surface area in the 

dry state than gel-type resins, typically ranging from ~ 50 to ~ 1000 m^ g"'. Unlike gel-type 

resins these macroporous materials do not need to swell in a solvent to allow access to the 

interior because they possess a permanent porous structure. 

1.4.4 Swelling 

A solvent that solvates the polymer chains and allows them to move apart is termed a 

theiTnodynamically 'good' solvent. The measure of attractive strength between the molecules in 

a polymer is termed the solubility parameter (S). A solvent and polymer are likely to be 

compatible if they have similar solubility parameters (6). The 8 value for styrene-DVB 

copolymer is (~ 17 - 18) MPa. The swellability of Merrifield resin (0.97 mmol/g) in five 

common organic solvents is given in table 1 

MeOH DMF EtOAc Dioxane DCM 
2.2 4.4 4.8 5.0 5.2 

Table 1 (Swellability data in ml/g) 

The diffusion of even small molecules through gel-type resins is very slow. Gel based 

polystyrene materials will, however, swell in a good solvent, e.g. toluene (i.e. a solvent with a 

solubility parameter similar to that of the polymer), with the percentage swelling being inversely 

related to the DVB content. Very low levels of crosslinker (< 1 %) however yield mechanically 

weak resin networks, easily damaged by shear. On the other hand, highly crosslinked resin 

networks, although mechanically stronger, may swell too little in a very "good" solvent to allow 

all the network to be penetrated and exploited. If a resin produced without porogen is fully 

swollen in a "good" solvent and then introduced into an excess of "bad" solvent, the solvent 

types will exchange and the resin starts to shrink. This is the reverse of the swelling process, but 
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again shrinking takes place from the outside to the interior. This can cause very high levels of 

stress in the resin and if there are any microscopic flaws e.g. cracks, the resin particles can 

fracture or burst. The effect is known as osmotic shock, and gel-type resins are only useful if the 

matrix is able to undergo many cycles of swelling and deswelling without mechanical damage. 

Generally highly swollen gel-type resins are soft and compressible and this can restrict their use 

in packed columns, particularly on a large scale, when large back pressures can build up as the 

resin particles compress into the restricted geometric shape available to them. Many of the above 

shortcomings can be overcome by the use of macroporous resins. Provided the surface of a 

macroporous resin is wetted with a compatible solvent, the pore structure can be accessed by 

essentially all solvents whether categorised as "good" or "bad" solvents. When a "good" solvent 

is contacted with a macroporous resin then as well as filling the pore volume, the solvent may 

also swell the polymer matrix. The swelling often occurs rather rapidly because the permanent 

pore structure gives rapid access to the solvent throughout the whole resin. The swelling and 

deswelling is not restricted in direction from the outside to the interior as with gel-type resins, 

and no "shrinking core" effect is manifest. Consequently macroporous resins show much better 

resistance to osmotic shock.^^^ 

1.4.5 Morphology of resin - Brunauer-Emmet-Teller (BET) theory 

The surface area, pore size and pore size distribution can be determined by Nz adsorption and 

desoiption. It is the most widely used procedure for the determination of the surface area of 

solids and involves the use of the BET equation^^^ (equation 3), 

^ = _ 1 _ + C4 IPl 
TWrnC WmC[Pd 

Equation 3 

in which W is the weight of gas adsorbed at a relative pressure P/Pq and Wm is the weight of 

adsorbate constituting a monolayer of surface coverage. The term C, the BET C constant, is 

related to the energy of adsorption in the first adsorbed layer and consequently it's value is an 

indication of the magnitude of the adsorbate/adsorbent interactions. The BET equation requires a 

linear plot of l/[W(Po/P)-l] vs P/Po which for most solids, using nitrogen as the adsorbate, is 

restricted to a limited region of the adsorption isotherm, usually in the P/Po range of 0.05 to 0.35. 
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1.5 Resin based reagents and scavengers 

While traditional combinatorial chemistry is carried out on solid supports, the use of solution 

phase techniques is gaining momentum. The introduction of solid-supported scavengers 

facilitates this trend and several types are commercially available. Reactive groups {e.g., amines, 

aldehydes, thiols, hydrazines, isocyanates) linked to poly(styrene-divinylbenzene) beads 

(typically 1 and 2 % crosslinked) are used to quench excess or unreacted starting materials of 

complementary reactivity in solution. Amino functionalised polystyrenes in particular provide 

indispensable platforms for attachment of handles and l i n k e r s , s p a c e r arms, and other 

moieties (PEG)^^^ for facilitation of solid phase mediated organic transformations (e.g. in 

peptide, DNA and combinatorial applications). The ability to remove excess reagents from a 

library of say a 1000 compounds by filtration and rinsing of the support dramatically reduces the 

time allocated to purification. However the gel-type commercially available quenching reagents 

do have some drawbacks. First, they must be used in solvents with good swelling properties, 

such as DMF, methylene chloride or THE. These solvents are undesirable when running 

thousands of reactions, DMF is difficult to remove from the final product, methylene chloride is 

toxic, and THF may contain peroxides. Secondly, according to most manufacturers instructions, 

an excess of quenching reagent is required for a few hours to overnight to completely remove 

impurities. Nicewonger et reported the use of macroporous highly crosslinked base 

matrices for solid phase quenching reagents that would rapidly remove impurities (15 min or 

less) in solvents more suitable for parallel solution phase combinatorial chemistry, such as 

acetonitrile. Macroporous, highly crosslinked polystyrenes are the base matrices of choice for 

solid phase organic synthesis in acetonitrile because they swell equally in polar and non-polar 

solvents as long as the solvent wets the surface. They reacted three commercial chloromethylated 

polystyrene resins (table 2) with an excess of tris(2-aminomethylethyl)amine to yield the 

aminated polystyrene. They then tested the total quenching capacity of each resin by reacting 

them with an excess of trans-(S-styrenQ sulfonyl chloride in acetonitrile (scheme 5). For 

comparison they also reacted tris(2-aminoethyl)amine PS-DVB (Argonaut Technologies, 1 % 

DVB). The results of the scavenging activity of these four resins are shown in table 2. 
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Tris(2-aminoethyl)amine ,N He 

NH, 

RSOgCI 
N ^ 
SOgR 

,N NH 
SOgR 

NH 
SOgR 

Scheme 5 

Base Matrix Bead Size 
(fim) 

Pore Size 
(A) 

Quenching Activity 
(mmol/g) 

ArgoPore-Cl 190 90 0.91 
Polymer Lab's macroporous 

chloromethyl resin 
60 300 0.82 

Polymer Lab's macroporous 
chloromethyl resin 

60 1000 0.57 

Tris(2-aminoethyl)amine PS-DVB N/A 0.88 

information not supplied 
Table 2 

It was clearly seen that the scavenging activity was inversely proportional to the pore size. They 

also observed that the measured activity of tris(2-aminoethyl)amine PS-DVB in acetonitrile was 

significantly lower than in methylene chloride. This is most likely due to it's low level of 

swelling in acetonitrile. 

Booth and Hodgeŝ "̂̂  described the use of tris(2-aminoethyl)amine PS-DVB to quench excess 

reactants and remove known impurities from the crude reaction products obtained from the 

solution-phase, parallel synthesis of ureas (scheme 6), thioureas, sulfonamides (scheme 7), 

amides and pyiazoles. In conjuction with the use of other polymeric reagents during the course 

of a reaction, the addition of polymer-supported quench reagent(s) at the conclusion of the 

reaction allows isolation of the desired product by a single filtration and evaporation of solvent. 

Reaction of excess 2-(thieny-2-yl)ethylisocyanate with «-butylamine followed by quenching 

with the polyamine resin, afforded l-butyl-3-(2-thiophen-2-yl-ethyl)urea upon filtration and 

evaporation of solvent (scheme 6). 
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NHG D C M 

NCO 

2-(thieny-2-yl)ethyl isocyanate 

( 1 2 e q ) 

NH, 
H 

NH^ 

1-Butyl-3-(2-thiophen-2-yl-ethyl)urea 

Scheme 6 

For the synthesis of the sulfonamide in scheme 7, the polyamine resin was again employed as the 

scavenger of the 4-methoxybenzenesulfonyl chloride and the methylmorpholine resin was 

employed as the acid scavenger during the reaction. It was not necessary to remove the 

methylmorpholine resin before adding the polyamine resin. 

N / — \ 
N NH 

ClOgS—<( ))—OMe — /^N p 

1-(2-pyridyl)piperazine NH^ DCM 

H 
NH, 

N — S OMe 

Scheme 7 

A multiplicity of quenching reagents may be added concurrently to remove a variety of 

impurities and excess reagents since reactive groups on separate polymer supports are known not 

to interact. In a variety of examples, the Lilly group̂ ^̂ ^ demonstrated that nucleophilic 

scavengers could remove excess of isocyanates, acyl chlorides and sulfonyl chlorides. One 

example of this was when they prepared a urea library in solution using 1.25 eq of isocyanates 

reacted with equimolar mixtures of ten amines. They employed aminomethyl resin to remove the 
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excess isocyanate, and the product ureas were each screened for their activity against human 

rhinovirus-14 (HRV-14) in cell culture. 

An ion exchange resin allows the replacement of a specific ion, usually contained in the solvent/ 

elutant, with an ion that is initially polymer bound. They are used as scavengers to remove 

excess reagents by salt formation rather than through covalent bond formation. Ion-exchange 

resins have been used to scavenge excess reagents or byproducts from reaction mixtures, 

Even more rare is the application of ion-exchange resins for the purification of products of a 

solution phase reaction.*̂ ^̂ '̂ ®'̂ '̂ The synthesis of the two main types of these resins are shown in 

scheme 8 (cation and anion exchange resins). 

polystyrene 

H2SO4 

SO3H 

cation exchange resin 

NR, 

CI 

CH2CI 

chloromethyl resin anion exchange resin 

Scheme 8 

Basic ion-exchange resins are commercially available, can be used in a wide range of pH values 

{i.e. Amberlite IRA-958 can be used in a pH range of 0-14) and are inexpensive. Nine basic ion-

exchange resins were evaluated for the purification of an amide synthesised from an acid 

chloride and an amine (Gayo and Suto).^^^ Scheme 9 illustrates the use of these ion-exchange 

resins that purified the amide product without typical aqueous extraction. The amine was reacted 

with a slight excess of the acid chloride, and following this reaction a small amount of water was 

added to hydrolyse any unreacted acid chloride. The carboxylic acid and associated HCl was 

then adsorbed by the resin, leaving only purified product in solution. 
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0.95 eq RNHg Basic lon-Echange Resin 
+ f%C:0()P4 =» fRC;C)hJhHFt' 

RCOOH (+)Resin 

Scheme 9 

To quickly optimise the conditions for this reaction, Gayo and Suto ran sixty reactions in parallel 

in a 96-well format. The nine ion-exchange resins (including both weakly and strongly basic 

resins), three solvents (EtOAc, DCM and THF) and two different addition regimens were 

evaluated, prior to reaction (experiment 1) and following reaction (experiment 2). The purities of 

products were determined by HPLC and the optimum reaction conditions are highlighted in table 

3. 
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Ion-Exchange Resin Solvent Experiment 1 
Purity 

(%) 

Experiment 2 
Purity 

(%) 

Amberlyst 21 
(weakly basic) 

EtOAC 
THF 
DCM 

84 
91 
93 

84 
68 
70 

Amberlyst 27 
(strongly basic) 

EtOAc 
THF 
DCM 

77 
35 
57 

88 
58 
74 

Dowex 66 
(weakly basic) 

EtOAc 
THF 

DCM 

94 
69 
96 

94 
68 
80 

Dowex 1 X 8-50 
(strongly basic) 

EtOAc 
THF 
DCM 

91 
95 
93 

79 
62 
82 

Dowex 1 X 2-100 
(strongly basic) 

EtOAc 
THF 
DCM 

99 
60 
84 

95 
59 
65 

Amberlite IRA-68 
(weakly basic) 

EtOAc 
THF 
DCM 

99 
>99 
99 

>99 
76 
93 

Amberlite IRA-900 
(strongly basic) 

EtOAc 
THF 
DCM 

89 
63 
68 

87 
58 
77 

Amberlite IRA-904 
(strongly basic) 

EtOAc 
THF 
DCM 

99 
72 
78 

99 
63 
85 

Amberjet 4200 
(strongly basic) 

EtOAc 
THF 
DCM 

90 
65 
84 

92 
59 
65 

EtOAc 57 60 
No Resin THF 62 61 

DCM 63 62 

Table 3 (Purity of amide products from HPLC analysis) 

Several of the conditions provided products in > 95 % purity. In reactions that did not contain 

resin, the products averaged 61 % purity. As revealed in table 3, the use of Amberlite IRA-68, a 

weakly basic resin, provided products in highest purity (> 99 %). 

Wenbao and Yan̂ ^̂ ^ carried out a quantitative comparison of the kinetics of seven solid phase 

organic reactions on two commonly used resin supports, polystyrene (PS) and TentaGel (TG) 

based resins. The data they obtained contradict all the popular presumption that reactions always 

proceed more rapidly on "solution-like" TG resins. Included in the seven solid phase organic 

reactions was the reaction of both PS and TG based benzene aldehyde resin with 
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dansylhydrazine under identical conditions (scheme 10) to produce resin bound dansyl 

hydrazone. Single bead IR spectroscopy was used to monitor the reaction. In this case the 

reaction on PS resin was over 2 times faster than on TentaGel resin. 

SOgNHNHg 

NNHSO 

(a) Formyl polystyrene Dansyl hydrazine Resin bound dansyl hydrazone 

(b) TG aldehyde 

Scheme 10 

The resin can be viewed as another solvent phase. The effect of polymer backbone on reaction 

kinetics is similar to the effect of solvent on a solution reaction rate. There is no single polymer 

support that favours all reactions. Depending on the nature of a chosen reaction, TG or PS based 

resins can be a better choice for solid phase organic synthesis. PS resin is highly hydrophobic, 

being made up of mainly 1 % DVB crosslinked PS. For PS resin, the spacer separating the 

reactant and the resin matrix is usually short. Due to the short spacer length, reactions on PS 

resin tend to be affected by the hydrophobic PS matrix, which may disfavour reactions involving 

polar and charged species. The architecture of TG resin is based on a very small portion of 

crosslinked 1 % DVB-PS backbone and is extensively grafted with long PEG spacers (50-60 

ethylene oxide units). The PEG content is up to 70 % of the resin weight. Therefore, the 

properties of the PEG chains determine the mechanical and physiochemical behaviour of the 

resin. Because the reactive sites in TG resins are located at the end of a long flexible spacer and 

are therefore well separated from the PS backbone, they are less affected by the hydrophobic PS 

matrix, although the influence of the PEG spacers remains. 
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Chapter 2 - Results and Discussion 
2.1 Preliminary Studies 

2.1.1 Stirring speeds and size distribution 

Five experiments involving the synthesis of chloromethylpolystyrene were performed as part of 

the systematic study to find the most suitable stirring speed to make chloromethylpolystyrene 

resin in the size range of 45 - 125 [xm. Experiments 1-3 used the "fish bowl" type apparatus (1 

L) and experiments 4 and 5 used the 6-vessel reactor (table 4). The 6-vessel reactor contained 6 

identical cylindrical vessels each with a volume of approximately 500 ml, length of 25 cm and 

diameter of 7 cm (photograph No. 1). 

Experiment 
No. 

Stirring Rate 
(rpm) 

Yield of 
45 - 75 fim 

Yield of 
75 - 125 ^m 

(%) 

Yield of 
125 - 250 [im 

(%) 
1 280 0.07 0.20 6.8 
2 320 0.67 11 15 
3 365 1.2 1.7 4.9 
4 320 1.3 1.1 47 
5 420 14 10 26 

Table 4 

As the stirring speed was increased the percentage of beads falling in the 4 5 - 125 ixm range 

increased. However not enough of the beads fell in the 45 - 125 ixm size range and the maximum 

stirring speed of the 6-vessel reactor was increased from 420 rpm to 600 rpm. 
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Photograph 1 (6-vessel reactor) 

2.1.2 pH of reaction mixtures in suspension co-polymerisation 

Hydrolysis of chloromethylstyrene occurs under extreme basic conditions ca. pH 10 which 

reduces the CI loading of the beads. Also as chloromethylstyrene is more water soluble than 

styrene or DVB, some of it may partition into the aqueous phase during suspension co-

polymerisation and this may be the reason why the there was not ca. 100 % CMS incorporation 

into the beads. Several sets of Merrifield resin were made to check if the CI incorporation 

(conversion of chloromethylstyrene to chloromethylpolystyrene) could be increased by varying 
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the pH. hi experiments 1 - 4 (table 5), the polymerisation mixture was buffered at a pH of 7-8 

using only Na2HP04 and the percent conversions were all less than 50 %. 

Exp No. 1 2 3 4 
Theoretical CI 

(mmol/g) 
1.5 1.6 1.0 1.6 

Actual CI 
(mmol/g) 

0.64 &73 &47 &79 

Conversion (%) 43 46 47 49 

Table 5 

For all of the beads in the set of 27 resins used to make the aminomethyl and ion-exchange resins 

the suspension system was buffered at a pH of 6-7 by using a mixture of Na2HP04 and 

NaH2P04. The percent CI incorporation for beads made using a mixture of two buffers at a pH 

of 6-7 ranged from 60 - 90 %, higher than the suspension system with a basic pH. 

2.2 Synthesis of a library of 27 chloromethylpolystyrene resins 

2.2.1 Yields, bead size distribution and CI incorporation 

Twenty seven different types of Merri field resin (different crosslink densities and different 

porogen levels) were synthesised (scheme 11) in the 6-vessel reactor (see photos 2 and 3), each 

at a stirring speed of 600 rpm. Both gel type and macroporous type resins were included in this 

library of twenty seven resins. Two different porogens were used, toluene and n-heptane. All 

beads were white in color. The more highly crosslinked macroporous resins were more free 

flowing than the gel type resins. 

Photograph 2 (2 % crosslinked resin in dry state) 
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Photograph 3 (2 % crosslinked resin swollen in THF) 

\ 
CI 

PVA, Water, Porogen, Buffer, 16 h 

Benzoyl Peroxide, 80 °C, Stirring 

Vinyl benzene Divinyl benzene 4-Vinylbenzyl chloride 

Scheme 11 

A two component buffer solution containing NaH2P04 and Na2HP04 in 250 ml of a 1 % w/v 

PVA solution was used. The percentage conversions and percent yields are shown in tables 6 and 

7. The theoretical loading was calculated from the initial quantity of chloromethylstyrene used 

and the actual loading was from microanalysis. 
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Crosslink Porogen Theoretical Actual Conversion Yield 
Level Level Loading Loading (%) (%) 
(%) (%) (mmol/g) (mmol/g) 

1 0 0.99 0.68 69 61 
2 0 0.97 0.68 70 62 
5 0 1.0 (171 71 87 
5 10 1.0 &87 87 86 
5 30 1.0 (176 76 90 
10 0 &93 &76 82 65 
10 10 &93 (171 76 87 
10 30 0.94 OJT 76 95 
20 20 a65 &48 74 94 
20 30 0.97 OJl 73 84 
20 40 &69 0.54 78 94 
20 40 0.98 &65 66 90 
20 60 OJO 0.56 80 92 
20 70 1.0 &73 73 91 
40 30 1.0 &73 73 97 
40 50 0.97 &73 75 94 
40 70 1.0 &71 71 73 

Table 6 (Toluene as porogen) 

Crosslink Porogen Theoretical Actual Conversion Yield 
Level Level Loading Loading (%) (%) 
(%) (%) (mmol/g) (mmol/g) 

5 10 1.1 &73 66 92 
5 30 1.2 OJl 59 82 
10 10 1.1 &76 69 94 
10 30 1.1 OJT 65 92 
20 20 1.1 0J6 69 92 
20 40 1.1 0^2 75 94 
20 60 1.0 0^2 82 93 
40 30 1.2 0.85 71 92 
40 50 1.2 0^2 68 89 
40 70 1.4 1.1 79 87 

Table 7 («-Heptane as porogen) 

The bead size distribution is shown in scheme 12 (for toluene as porogen) and scheme 13 (n-

heptane as porogen). Most of the beads fell in the desired ranges of 45 - 75 jtxm and 75 - 125 /xm, 

for all 27 different resins using a speed of 600 rpm. Only these two size ranges were used in post 

polymerisation reactions, 45 - 75 jxm for anion-exchange resins and 75 - 125 ixm for 

aminomethyl resins. The 125 - 500 /xm sized beads were not used since the diffusion of solvents 

and reagents through bigger beads is slow. 
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Scheme 13 
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2.2.2 Swelling studies 

The beads were tested for swelling ability in 9 different solvents. 

Solvent [1] [2] 15] [5] [5] [10] [10] [10] 
(0) (0) (0) (10) (30) (0) (10) (30) 

Dry 2.2 2.0 1.9 1.9 1.9 1.8 1.9 1.9 
H2O 2.4 2.1 1.9 2.0 2.0 1.8 1.9 1.9 

MeOH 2.6 2.3 2.0 2.2 2.1 1.9 2.0 1.9 
EtOH 2.7 2.2 2.1 2.3 2.2 1.9 2.1 2.0 

2-PrOH 2.6 2.3 2.0 2.2 2.1 1.8 2.0 1.9 
DMF 6.5 5.1 2.9 2.8 3.3 2.2 2.5 2.5 
Tol 8.0 7.2 3.7 3.9 5.2 2.9 3.2 3.4 

THF 8.1 7.3 3.6 3.7 5.0 2.6 2.9 3.2 
Dioxane 8.0 7.3 3.6 3.5 4.9 2.7 2.9 3.1 

DCM 8.3 7.5 3.9 3.8 5.0 28 3.2 3.3 

Table 8 (Beads with toluene as porogen. Swelling data in ml/g. Values in curved brackets are 
porogen levels) 

Solvent [20] 
(20) 

[20] 
(30) 

[20] 
(40) 

PO] 
(50) 

[20] 
(60) 

[20] 
(70) 

[40] 
(30) 

[40] 
(50) 

[40] 
(70) 

Dry 1.8 1.9 1.9 1.9 2.0 2.0 1.8 1.9 2.1 
H2O 1.9 1.9 2.0 1.9 2.0 2.0 1.8 1.9 2.2 

MeOH 1.9 2.0 2.2 2.1 2.4 2.2 2.0 2.2 2.8 
EtOH 2.0 2.1 2.2 2.2 2.5 2.3 2.1 2.3 2.9 

2-PrOH 1.9 2.1 2.1 2.2 2.4 2.3 2.0 2.2 2.8 
DMF 2.1 2.3 2.3 2.5 2.7 2.8 2.2 2.4 3.3 
Tol 2.1 2.7 2.3 3.4 3.2 3.6 2.3 2.4 3.5 

THF 2.1 2.6 2.3 2.8 3.1 3.1 2.3 2.4 3.4 
Dioxane 2.0 2.4 2.3 2.6 3.0 3.0 2.3 2.3 3.4 

DCM 2.2 2.7 2.5 3.0 3.3 3.4 2.4 2.6 3.5 

Table 9 (Beads with toluene as porogen. Swelling data in ml/g. Values in curved brackets are 
porogen levels) 
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Solvent [5] 
(10) 

[5] 
(30) 

[10] 
(10) 

[10] 
(30) 

[20] 
(20) 

[20] 
(40) 

[20] 
(60) 

[40] 
(30) 

[40] 
(50) 

[40] 
(70) 

Dry 2.0 2.2 1.7 1.7 1.8 1.9 2.8 1.8 2.2 2.5 
H2O 2.1 2.4 1.7 1.8 1.8 1.9 3.0 1.9 2.4 2.6 

MeOH 2.3 2.7 1.8 2.0 1.9 2.0 3.1 2.1 2.8 3.1 
EtOH 2.3 2.7 1.8 2.1 2.0 2.2 3.0 2.1 2.8 3.0 

2-PrOH 2.3 2.7 1.9 2.0 1.9 2.1 3.0 2.1 2.7 3.0 
DMF 3.5 3.7 2.4 2.6 2.1 2.3 3.1 2.2 2.8 3.1 

Toluene 4.7 4.8 3.3 3.7 2.4 2.7 3.7 2.7 3.2 3.3 
THF 4.3 4.6 2.9 3.3 2.2 2.6 3.2 2.5 2.9 3.2 

Dioxane 4.4 4.6 2.7 3.3 2.2 2.4 3.3 2.4 2.9 3.2 
DCM 4.7 4.8 3.2 3.6 2.4 3.0 3.4 2.7 3.1 3.4 

Table 10 («-Heptane as porogen. Swelling data in ml/g. Values in curved brackets are porogen 
levels) 

The 1 % and 2 % crosslinked resins swelled more than the 5 % or 10 % crosslinked resins in the 

good solvents, i.e. DMF, Tol, THF, dioxane and DCM, swelling to almost 4 times their dry 

volume in DCM. The 5 and 10 % crosslinked resins (both porogens) swelled to 1 . 5 - 2 times 

their dry volume in DCM. The amount of solvent taken up by the 5 % and 10 % crosslinked 

resins (with either toluene or M-heptane as porogen) increased with increasing porogen level. The 

20 and 40 % crosslinked resins took up good solvent ca. DCM at a level that increased their 

volume by approximately 3 3 - 6 6 % relative to their dry volume. The amount of solvent taken up 

by 20 % and 40 % crosslinked resins (with either toluene or M-heptane as porogen) increased 

with increasing porogen level. Whether the porogen was toluene or «-heptane, there was no 

significant difference for the amount of any solvent taken up by any of the resins. 

2.2.3 BET results 

The surface areas, pore volumes and average pore diameters were measured using the BET/N2 

adsorption method (see tables 64 and 65 in the experimental section for results). For beads with 

toluene as porogen, the surface areas were low and as a consequence of this the pore volumes 

were also low. For example, the 40 % crosslinked resin with 70 % toluene had a surface area of 

only 2.45 mig and a pore volume of only 0.0012 ml/g. The pore diameters were in the 

mesopore range and ranged from approximately 35 - 50 A . For beads with M-heptane as porogen, 

only the 40 % crosslinked resins with 50 % and 70 % porogen and the 20 % crosslinked resin 

with 60 % porogen had high surface areas. All three types of resin had surface areas over 100 

m^/g, and pore volumes around 0.5 ml/g. The average pore diameters were higher when n-

heptane (80 - 130 A ) was used than when toluene was used but were still in the mesopore range. 
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At full conversion each polymer bead is composed of a crosslinked polymer phase and a discrete 

porogen phase, the latter acting as a template for the permanent porous structure of the resin. The 

point at which phase separation occurs depends upon the nature of the porogen, its compatibility 

with the incipient polymer matrix and the level at which it is used. These are the key factors that 

control the fine detail of the resin porous morphology. According to Sheirington^'^^ the level of 

crosslinker employed also influences the onset of phase separation. For some commercially 

produced styrene-DVB resins, the DVB level is adjusted upwards such that even with toluene, a 

theiTnodynamically good solvent for polystyrene, phase separation occurs eventually, since pure 

poly(DVB) is less compatible with toluene than is polystyrene itself Controlling the point during 

polymerisation when phase separation of the polymer network occurs is important. Thus when a 

porogen with good compatibility with the polymer network is utilised the network remains fully 

solvated up to high conversion of monomers into polymer. When phase separation finally occurs 

the microgel particles are small and discrete, and are swollen with residual monomer and 

crosslinker. Likewise the separate porogen phase contains unreacted monomer and crosslinker. 

Further polymerisation in the porogen phase creates additional polymer which acts to fuse 

microgel particles together, however, relatively low levels of polymer are formed in this way 

since the conversion of monomer to polymer at the point of phase separation is already rather 

high. The microgel particles therefore tend to retain their surface area and a pore size with a 

maximum in the micropore/mesopore r e g i o n . T h e beads with toluene in the 27 membered 

library did have pore sizes skewed towards the micropore/mesopore range. Typically for styrene-

DVB mixtures, porogens such as toluene are useful in this respect. 

When a porogen is used which induces polymer network phase separation at much lower 

conversion, then again microgel particles are formed, now swollen with a high level of monomer 

and crosslinker, and likewise the separate porogen phase contains significant levels of monomer 

and crosslinker. A great deal more copolymer is therefore formed in the porogen phase after the 

phase separation process, and this has the effect not only of fusing the microgel particles 

together, but also causing significant infilling of small pores between the microgel particles. 

According to Sherrington, typically for styrene-DVB mixtures porogens such as aliphatic 

hydrocarbons, i.e. M-heptane are useful in this context. Phase separation of styrene based 

networks with formation of stable microgel particles occurs readily even with DVB levels down 

to ~ 12 % and resins are formed with a surface area typically ~ 50 m^/g and a pore size 

distribution skewed towards the macropore region. The 5 % and 10 % crosslinked resins with n-

heptane had extremely low surface areas, much less than 50 m^/g. However the 40 % crosslinked 
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resins with 50 and 70 % M-heptane and the 20 % crosslinked resin with 60 % M-heptane each had 

surface areas greater than 100 m/g. The average pore diameter of the beads with »-heptane was 

closer to the macropore region than the average pore diameter of beads with toluene. There is no 

clear reason for the low surface areas of most of the beads in the 27 membered library, however 

the reaction of the ion-exchange and aminomethyl derivatives of these resins with brilliant 

yellow and dansyl chloride respectively, clearly showed that the porogen levels were effective. A 

clear relationship was seen for most of the post functionalised resins between the porogen level 

and the rate of reaction of that resin (see section 2.5 and 2.6). 

2.3 Synthesis of a library of 27 aminomethyl resin 

2.3.1 Microanalysis, Fmoc and ninhydrin tests 

Each type of Merrifield resin was converted to the aminomethyl functionality (scheme 14). 

DMF : Dioxane (40 : 60) 

140 o C , 4 8 h 

N2H4(excess), EtOH 
- > 

100°C,24 h 
NH. 

Scheme 14 

The percentage conversions, Fmoĉ '*"̂  and ninhydrin^^ '̂'* '̂''̂ ^ are shown in tables 11 and 12 and are 

based on microanalysis of N. 
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Crosslink Porogen Anal. N Found Fmoc Ninhydrin Conversion 
Level Level Calcd. N (mmol/g) (mmol/g) (mmol/g) (%) 
(%) (%) (mmol/g) 

1 0 0.68 0.46 0.53 — - 68 
2 0 0.68 0.54 0.57 79 
5 0 0.71 0.62 0.56 87 
5 10 0.87 0.71 0.61 82 
5 30 0.76 0.64 0.61 84 
10 0 0.76 0.50 0.43 66 
10 10 0.71 0.56 0.50 79 
10 30 0.71 0.50 0.50 70 
20 20 0.48 0.29 0.08 0.04 60 
20 30 0.71 0.66 0.26 93 
20 40 0.54 0.34 0.19 0.08 63 
20 50 0.65 0.54 0.35 83 
20 60 0.56 0.47 0.28 0.11 84 
20 70 0.73 0.60 0.43 82 
40 30 0.73 0.47 0.43 0.23 64 
40 50 0.73 0.62 0.42 0.25 85 
40 70 0.71 0.60 0.50 0.27 85 

Table 11 (Toluene as porogen. The average percent conversion is 77 %) 

Crosslink Porogen Anal. N Found Fmoc Ninhydrin Conversion 
Level Level Calcd. N (mmol/g) (mmol/g) (mmol/g) (%) 
(%) (%) (mmol/g) 

5 10 0.73 0.69 0.59 95 
5 30 0.71 0.64 0.66 - - - 90 
10 10 0.76 0.79 0.54 * 104 
10 30 0.71 0.64 0.54 — - 90 
20 20 0.76 0.60 0.24 0.08 79 
20 40 0.82 0.54 0.41 0.21 66 
20 60 0.82 0.48 0.23 0.17 59 
40 30 0.85 0.55 0.25 0.06 65 
40 50 0.82 0.66 0.29 0.11 80 
40 70 1.1 0.56 0.28 0.17 51 

Table 12 -Heptane as porogen. The average percent conversion is 78 %) 

* Within experimental error 

Fmoc tests were performed loading Fmoc-Phenylalanine onto the beads. For beads with toluene 

as porogen the aminomethyl loading capacity from microanalysis was comparable to the loading 

capacity from the Fmoc test for the 1 %, 2 %, 5 % and 10 % crosslinked beads only. For the 20 

% crosslinked beads the results of the Fmoc, ninhydrin and microanalysis of N were not 

comparable and may be due to the inability of the amino acid or piperidine to access the inside of 
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the bead through the pores. If so, then the Fmoc results indicate the level of aminomethyl groups 

on the "surface" of the beads. For the 40 % crosslinked resins with toluene the Fmoc and 

microanalysis of N were more comparable. For beads with M-heptane, the microanalysis of N and 

the Fmoc results of the 5 % and 10 % crosslinked resins were similar, but this did not apply to 

the 20 or 40 % crosslinked resins. Whether the porogen was toluene or M-heptane the ninhydrin 

results followed the same pattern as the Fmoc results. IR analysis of the 5 % crosslinked resin 

with 30 % toluene showed a fairly broad (N-F[) stretch at 2916 cm"'. 

2.3.2 Commercial aminomethyl and anion-exchange resins 

Two commercial aminomethyl resins were also investigated in this project, Argopore-NH; 

(Argonaut technologies) and Polystyrene-NH2 (Nova Biochem). The Polystyrene-NHa (0.90 

mmol/g) was 1 % crosslinked and had a size range of 75 - 150 jxm (100 - 200 mesh). Swelling 

data quoted for this resin included DCM (9.1 ml/g), THF (7.7 ml/g) and DMF (5.5 ml/g). 

Argopore-NH2 (0.93 mmol/g) displayed low swelling and excellent site accessibility according 

to Argonaut technologies. It was purchased with a standard loading capacity in the 60 - 140 mesh 

size (250-106 pm). It's swelling data includes DCM (5.6 ml/g), THF (5.4 ml/g), DMF (5.6 ml/g), 

MeOH (5.2 ml/g) and water (4.9 ml/g). It is made with highly crosslinked styrene-DVB resin, 

however the crosslink level or porogen level was not disclosed by the manufacturer. 

Four commercial anion-exchange resins were also examined. They were Dowex 2 % and Dowex 

4 % crosslinked resins (Fluka, both strongly basic), Amberlite IRA-900 and Amberlite IRA-958 

(Aldrich). The Dowex 2 % crosslinked resin was 200 - 400 mesh (75-38 |im), had 

trimethylbenzylammonium chloride functionality and the appearance of pale yellow beads. The 

Dowex 4 % crosslinked resin was 40 - 80 irni in size and had trimethylbenzylammonium 

chloride functionality and was also a pale yellow colour. Both Amberlite IRA-900 and Amberlite 

IRA-958 were strongly basic macroreticular resins. The Amberlite IRA-900 (16- 50 mesh, 

1180-300 |um) and the Amberlite IRA-958 (16 - 45 mesh, 1180-355 pm) were both pale yellow 

in colour and both had a hard opaque outer surface. The crosslink levels or the porogen levels of 

the Amberlite resins were not disclosed by it's manufacturer. The only information that could be 

found about the IRA-900 resin was that it was of moderately high porosity and had 

benzyltrialkylammonium chloride functionality, and about the IRA-958 resin was that it had 

quaternary ammonium chloride functionality and was of high porosity. Both resins are used 

commercially as decolourizing agents to decolour foods. 
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2.4 Synthesis of a library of 27 anion-exchange resins 

2.4.1 Microanalysis 

Each type of Merrifield resin was converted to the triethylammoniiim chloride ion-exchange 

functionality (scheme 15) (all 45 - 75 /xm beads). 

CI + N E t (excess) 
64 h, 110 °C 

Et,CI 
DCM ; DMF, 1 ; 1 

Scheme 15 

The percent conversions are shown in tables 13 and 14 and are based on microanalysis for N. 

Crosslink 
Level 

Porogen 
Level 

CI Loading 
of Merrifield 

N Loading 
of Ion 

CI Loading 
of Ion 

Conversion 
(%) 

(%) (%) (mmol/g) Exchange 
(mmol/g) 

Exchange 
(mmol/g) 

1 0 0.68 0.66 &42 97 
2 0 0.68 OJW &45 74 
5 0 OJT &58 0.65 82 
5 10 Oj^ OJl 0.62 82 
5 30 0J6 OJO 0.56 92 
10 0 &76 0^8 0.62 76 
10 10 0.71 0.60 0.54 85 
10 30 (171 0J# 0.59 79 
20 20 0.48 0.41 0J7 85 
20 30 (171 &44 0.68 62 
20 40 0.54 0.51 0J9 94 
20 50 0.65 0^5 0.62 85 
20 60 0.56 &56 &45 100 
20 70 0J3 0.55 0.65 75 
40 30 0J3 0.56 &64 77 
40 50 &73 0J# OJ^ 81 
40 70 0.71 &62 0^9 87 

Table 13 (Toluene as porogen. The average percent conversion is 83 %) 
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Crosslink Porogen CI Loading N Loading CI Loading Conversion 
Level Level of Merrifield of Ion of Ion (%) 
(%) (%) (mmol/g) Exchange Exchange 

(mmol/g) (mmol/g) 
5 10 a73 &59 0.51 81 
5 30 &71 0J5 0.56 77 
10 10 0.76 &71 0^6 93 
10 30 OJT &47 0^1 66 
20 20 &76 0.69 0J# 91 
20 40 0^2 &66 0.56 80 
20 60 &82 0.54 0.59 66 
40 30 &85 0.44 0.65 52 
40 50 0.82 OJl &62 87 
40 70 1.1 &79 0.87 73 

Table 14 -Heptane as porogen. The average percent conversion is 77 %) 

2.5 Evaluation of aminomethyl resins 

2.5.1 Reaction of aminomethyl resins with dansyl chloride 

The aminomethyl resins were evaluated by reacting them with a dye (dansyl chloride) and by 

observing the decrease in concentration of the dye by UV/Vis spectrometry (350 nm) (scheme 

16). A ratio of resin : dye of approximately 12 : 1 was used. 

NH 2 + 
Solvent 

- > NHSO 

SOgCI 

Yellow Solution Red beads and clear solution 

Scheme 16 

3 solvent systems were investigated DMF, THF and EtOAc. Merri field resin was used as a blank 

to check if the dye adsorbed onto the resin, and no appreciable decrease in the concentration of 

the dye was detected. The points in sections 2.5.2-2.5.5 are a summary of the results from the 

graphs of UV/Vis absorption of the dye versus time. Rate constants were also obtained for each 

reaction of aminomethyl resin with dansyl chloride (tables 15 and 16). 
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Crosslink Level Porogen k ± std error k ± std error k ± std error 
(%) Level (s-') (s^) 

(%) (DMF) (THF) (EtOAc) 
1 0 0.214 ±0.007 0.020 ± 0.001 0.019 ± 0.002 
2 0 0.213 ±0.014 0.018 ± 0.002 0.021 ±0.002 
5 0 0.115 ± 0.008 0.009 ± 0.001 0.007±0IW1 
5 10 0.208 ± 0.005 0.008 ± 0.001 0.010 ±0.001 
5 30 0.390 ± 0.018 0.010 ±0.001 0.011 ±0.001 
10 0 0.031 ±0.003 0.004 ± 0.001 0.004±0^W1 
10 10 0.024 ± 0.004 0.007 ± 0.001 0.005 ±0.001 
10 30 0.049 ± 0.011 0.011 ±0.002 0.008 ± 0.002 
20 20 0.009 ± 0.002 0.001 ±0.010 0.142 ±0.093 
20 30 0.001 ± 0.002 0.001 ± 0.004 0.001 ±0.018 
20 40 0.009 ± 0.002 0.001 ±0.011 0.277 ±0.291 
20 50 0.018 ±0.002 0.001 ± 0.002 N/A 
20 60 0.025 ± 0.002 0.003 ± 0.010 0.001 ±0180 
20 70 0.022 ± 0.002 0.002 ± 0.003 0.001 ±0.005 
40 30 0.007 ± 0.001 0.001 ± 0.005 0.001 ± 0.009 
40 50 0.011 ±0.001 0.001 ±0.003 0.002 ± 0.005 
40 70 0.051 ±0.001 0.006 ± 0.003 0.003 ± 0.005 

Polystyrene-NHi — — 0.230 ± 0.005 0.018 ± 0.001 0.018 ±0.001 
Argopore-NHz 0.007±0XW6 0.011 ±0.001 0.012 ±0.001 

Table 15 (Toluene as porogen. All correlation coefficients (R) greater than 0.98 except in DMF, 

the 10 % crosslinked resin with 30 % porogen (0.95) and the Argopore-NHi (0.93), in THF the 

20 % crosslinked resins with 20 %, 30 %, 40 % and 60 % toluene (0.81, 0.96, 0.77 and 0.82 

respectively) and the 40 % crosslinked resins, 30 and 50 % toluene, 0.95 and 0.97 respectively, 

in EtOAc the 20 % crosslinked resins with 20 %, 30 %, 40 %, 60 and 70 % toluene (0.79, 0.60, 

0.86, 0.17 and 0.94 respectively) and the 40 % crosslinked resins (30, 50 and 70 % toluene) with 

values of 0.83, 0.93 and 0.95 respectively) 
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Crosslink Level Porogen k ± std error k ± std error k ± std error 
(%) Level ( s ' ) 

(%) (DMF) (THF) (EtOAc) 

1 0 0.214 ± 0.007 0.020 ± 0.001 0.019 ± 0.002 
2 0 0.213 ±0.014 0.018 ± 0.002 0.021 ± 0.002 
5 0 0.115 ±0.008 0.009 ±0.001 0.007 ± 0.001 
10 0 0.031 ±0.003 0.004 ± 0.001 0.004 ± 0.001 
5 10 0.043 ± 0.009 0.007 ± 0.001 0.005 ± 0.003 
5 30 0.076 ±0.017 0.008 ± 0.001 0.009 ± 0.003 
10 10 0.009 ± 0.002 0.003 ±0.001 0.001 ± 0.004 
10 30 0.028 ± 0.005 0.005 ± 0.001 0.003 ± 0.004 
20 20 0.006 ± 0.003 N/A 0.001 ±0.007 
20 40 0.014 ±0.001 0.007 ± 0.004 0.001 ±0.004 
20 60 0.077 ±0.017 0.001 ±0.012 0.001 ±0.011 
40 30 0.014 ± 0.002 0.010 ±0.013 0.001 ±0.012 
40 50 0.029 ± 0.001 0.006 ± 0.007 0.001 ± 0.006 
40 70 0.086 ± 0.003 0.005 ± 0.005 0.001 ±0.005 

Polystyrene-NH2 — 0.230 ± 0.005 0.018 ± 0.001 0.018 ± 0.001 
Argopore-NHi 0.007 ± 0.006 0.011 ±0.001 0.012 ±0.001 

Table 16 («-Heptane as porogen. All correlation coefficients (R) greater than 0.98 except in 

DMF, the 5 % crosslinked resin with 30 % porogen (0.97), the 20 % crosslinked resins (20 % n-

heptane, 0.97) and (60 % »-heptane, 0.95) and the Argopore-NH; (0.93), in THF the 20 % 

crosslinked resins (40 % M-heptane, 0.95) and (60 % «-heptane, 0.75), and the 40 % crosslinked 

resins (30, 50 and 70 % M-heptane, 0.75, 0.88 and 0.93), in EtOAc the 10 % crosslinked resins 

with 10 and 30 % «-heptane (0.95 and 0.96), the 20 % crosslinked resins with 20, 40 and 60 % n-

heptane (0.89, 0.97, and 0.77 respectively) and the 40 % crosslinked resins (30, 50 and 70 % n-

heptane) with R values of 0.74, 0.92 and 0.93 respectively 

2.5.2 UV analysis - Effect of concentration of porogen 

1. The uptake of the dye by the 40 % crosslinked resins increased with increasing porogen 

(both toluene and M-heptane) level in all 3 solvent systems (graphs 1 and 2). The swelling 

studies of the original chloromethylpolystyrene also showed that more DMF and THF 

were taken up by these 40 % crosslinked resins with increasing porogen level. From the 

swelling studies and rate of uptake of the dye, the effectiveness of these porogen levels in 

40 % crosslinked resins is obvious. 

2. The uptake of the dye was proportional to the porogen level of the 20 % crosslinked 

resins in DMF only. In THF and EtOAc this pattern was not always followed, thus the 20 

% crosslinked resin with 40 % toluene reacted more slowly than the 20 % crosslinked 
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resin with 30 % toluene in THF (graph 3). The BET data showed that the surface areas 

of the 20 % crosslinked resin with 40 % toluene was 5.10 mVg compared to 6.07 m^/g for 

the 20 % crosslinked resin with 30 % toluene and this may be the reason why the uptake 

of the dye did not increase with increasing toluene levels. The thermodynamically "bad" 

solvents (EtOAc) for aminomethyl resin could not access the pores on the surface of the 

resin if the pore volumes and surface areas are too small, whereas DMF is one of the best 

solvents for swelling aminomethyl resin and thus regardless of the pore volume or 

surface area, it would still swell the resin and thus access the pores inside the resin 

(although swelling is limited due to the 20 % crosslink level). This applies to resins with 

M-heptane as well (graph 4). 

3. The uptake of the dye by the 10 % and 5 % crosslinked resins (toluene, graphs 5 and 6) 

(/7-heptane, graphs 7 and 8) increased with increasing porogen level in all 3 solvent 

systems. 

2.5.3 UV analysis - Solvent effects 

1. The 40 % crosslinked resins (30, 50 and 70 % porogen) reacted fastest in DMF, then in 

THF and slowest in EtOAc (graphs 1 and 2). The same applies to the 20 % crosslinked 

resins (20-70 % porogen, graphs 3 and 4) and all of the 10 and 5 % crosslinked resins 

(graphs 5-8 inclusive). DMF was the best solvent, then THF and finally EtOAc. 

2. DMF, THF and EtOAc are all suitable solvents for gel type aminomethyl resins (either 

commercial or non-commercial) (graphs 9-14). Only DMF is suitable for macroporous 

resins. 

2.5.4 UV analysis - Crosslink level 

1. For resins with no porogen, the rate of reaction of the resin was faster when the crosslink 

density was lower (graph 15). 

2.5.5 UV analysis - Nature of porogen 

1. In each solvent, the 5 % and 10 % crosslinked resins (10 and 30 % toluene) all reacted 

faster than the corresponding beads with M-heptane as porogen (graphs 17 and 18 

respectively). 

2. In DMF and THF the 40 and 20 % crosslinked resins reacted faster when the porogen 

was M-heptane than when it was toluene (graphs 19 and 20). 
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3. Toluene seemed to be more effective than »-heptane as a porogen when incorporated in 

the lower crosslinked aminomethyl resins i.e., 5 and 10 % and M-heptane seemed to be 

more effective than toluene as a porogen when incorporated in the higher crosslinked 

aminomethyl resins i.e., 20 and 40 %. 

2.5.6 Rate constants for reaction of aminomethyl resins with dansyl chloride 

The rate constants (k) were derived from the best fit of the plot of the data from UV 

analysis of the reaction in scheme 18. Pseudo first order kinetics were assumed. One of 

the reactants remains essentially at a constant concentration throughout the reaction, in 

this case it is the resin because a concentration of resin : dye of 12 : 1 was used. Where R 

< 0.98, the regression of the data is not reliable. Y and Yq represent the absorption values 

at time (t) and (to), x is the time, (t) and b is the rate constant. 

Y = Yo + Ae-''" 

Equation 4 

1. From table 15, for resins with toluene in DMF, the 6 most effective aminomethyl resins 

with k values in order of decreasing magnitude were the 5 % crosslinked resin (30 % 

toluene), Polystyrene-NHz (Nova Biochem), 1 % crosslinked resin, 2 % crosslinked resin, 

the 5 % crosslinked resin (10 % toluene) and the 5 % crosslinked resin with no porogen. 

All the other rate constants were smaller than these values by as much as a factor of 10. 

The 3 resins in THF with the highest k values were the 1 % crosslinked resin, the 2 % 

crosslinked resin and finally Polystyrene-NHa. In EtOAc many of the reactions of the 

resins did not obey pseudo first order kinetics very well. The UV data of the reaction of 

the 20 % crosslinked resin (50 % toluene) with dansyl chloride could not be fitted to 

equation 4 because the data could not be normalised. Although the k values for some of 

the 20 % crosslinked resins are higher than that of the 2 % crosslinked resin, the (R) 

values of the 20 % crosslinked resins (20 and 40 % toluene) are not reliable (< 0.98), and 

thus their rate constants cannot be considered to be "true". The 3 resins with the highest k 

values were (in order of decreasing magnitude) the 2 % crosslinked resin, the 1 % 

crosslinked resin and finally Polystyrene-NH]. 

2. For aminomethyl resins with ^-heptane in DMF, from table 16, the 5 most effective were 

the Polystyrene-NHz, 1 % crosslink, 2 % crosslink, 5 % crosslink and the 40 % 

crosslinked resin (70 % M-heptane). In THF, the UV data of the reaction of the 20 % 

crosslinked resin (20 % M-heptane) with dansyl chloride in THF could not be fitted to 
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equation 4 because the data could not be normalised. The resins with the highest k were 

the 1 % crosslinked resin, the 2 % crosslinked resin and finally Polystyrene-NHi. All 

other resins in THF (except Argopore-NH]) had k values that were at least 10 times less 

than these 3 resins. In EtOAc the resins with the highest k values were the 2 % 

crosslinked resin, the 1 % crosslinked resin and finally Polystyrene-NHz. Again the other 

resins (except Argopore-NH]) had k values that were at least 10 times less than these 3 

resins. 

2.6 Evaluation of triethylammonium chloride ion-exchange resins 

2.6.1 Reaction of triethylammonium chloride ion-exchange resin with brilliant yellow 

The anion-exchange resins were evaluated using the same principle as for the aminomethyl 

resins, by reacting them with another dye (brilliant yellow) and observing the decrease in 

concentration of this dye by UV spectrometry at 500 nm in solution (scheme 17). Again a ratio 

of resin ; dye of approximately 12:1 was used. 
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SOgNa sOgNa 

Yellow Solution 

EtjSOj 

Etg SO3 

Red/Orange Beads and Clear Solution 

Scheme 17 

The 3 solvent systems that were investigated were DMF, EtOH and EtOH : water, 50 : 50. A 

blank was performed using Merrifield resin. Again no appreciable decrease in the concentration 

of the dye was detected. The points in sections 2.6.2-2.6.5 are a summary of the results from the 

graphs of UV/Vis absorption of the dye versus time. Rate constants were obtained for the 

reactions of the ion-exchange resins with brilliant yellow (tables 17 and 18). 
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Crosslink Level Porogen k ± std error k ± std error k ± std error 
(%) Level ( s ' ) (s*) 

(%) (DMF) (EtOH) (EtOHAVater) 
1 0 0J73±0X%1 0.013 ±0.002 0.005 ± 0.002 
2 0 0.554 ± 0.081 &013±0XW2 0.015 ± 0.003 
5 0 0.273 ±0.018 0.011 ±0.002 0.012 ±0.001 
5 10 0J:94±0X%8 0.018 ±0.003 0.015 ±0.003 
5 30 0.546 ± 0.070 0.016 ±0.002 0.001 ± 0.001 
10 0 0.199 ±0.017 0.012 ±0.003 0.010 ±0.003 
10 10 0.187 ±0.013 0.013 ±0.002 0.007 ± 0.002 
10 30 0.188 ±0.014 0.016 ±0.003 0.015 ±0.002 
20 20 0.024 ± 0.002 0.029 ± 0.005 0.419 ±0.547 
20 30 0.021 ±0.002 0.021 ±0IW3 0.022 ± 0.002 
20 40 0.037 ± 0.005 0.012 ±0.002 0.013 ±0.002 
20 50 0^41±0I%7 0.018 ±0.003 0.016 ±0.001 
20 60 0.388 ± 0.047 0.064 ±0.012 0.056 ± 0.004 
20 70 0.427 ±0.012 0.109 ±0.013 0.064 ± 0.081 
40 30 0.032 ± 0.006 0.013 ±0.002 0.017 ± 0.002 
40 50 0.206 ± 0.032 0.014 ±0.003 0.037 ± 0.004 
40 70 0.777 ± 0.081 0.379 ± 0.013 0.081 ± 0.018 

Dowex 1 x 2 0.033 ± 0.003 0.009 ± 0.002 0.048 ± 0.006 
Dowex 1 x 4 0.379 ±0.214 0.012 ±0.002 0.032 ± 0.004 

Amberlite IRA-900 0.014 ± 0.004 0.005 ± 0.001 0.002 ± 0.001 
Amberlite IRA-958 0.026 ±0.091 0.001 ±0.002 0.001 ± 0.001 

Table 17 (Toluene as porogen. All correlation coefficients (R) greater than 0.98 except in DMF, 

the Dowex 2 % crosslinked resin (0.89) and the Amberlite IRA-958 (0.57) and in the 

EtOH/water mixture the 20 % crosslinked resin with 20 % toluene (0.67)) 
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Crosslink Level Porogen k ± std error k ± std error k ± std error 
(%) Level (s-') (s^) (s-') 

(%) (DMF) (EtOH) (EtOH/Water) 
1 0 0^73±0I%1 0.013 ±0.002 0.005 ± 0.002 
2 0 0.554 ± 0.081 0.013 ±0.002 0.015 ±0.003 
5 0 0.273 ±0.018 &Oll±0IW2 0.012 ±0.001 
10 0 0.199 ±0.017 0.012 ±0.003 0.010 ± 0.003 
5 10 0.110±0.015 0.016 ±0.002 0.011 ±0.002 
5 30 0.287 ± 0.053 0.019 ±0.002 0.017 ±0.002 
10 10 0I%2±0IW1 0.015 ±0.002 0.023 ± 0.003 
10 30 0.043 ± 0.002 0.015 ±0.003 0.023 ± 0.003 
20 20 0.008 ± 0.001 0.030 ± 0.006 0.026 ± 0.004 
20 40 0.133 ±0.011 0.015 ±0.003 0.044 ± 0.005 
20 60 0.400 ± 0.021 0.468 ± 0.031 0.174 ±0.011 
40 30 0J48±0XG2 0.025 ± 0.004 0.101 ±0.016 
40 50 0.227 ± 0.026 0.053 ± 0.008 0.182 ± 0.017 
40 70 0.302 ± 0.024 0.079 ± 0.018 0.214 ± 0.005 

Dowex 1 x 2 — — 0.033 ± 0.003 0.009 ± 0.002 0.048 ± 0.006 
Dowex 1 x 4 ——— 0.379 ± 0.214 0.012 ±0.002 0.032 ± 0.004 

Amberlite IRA-900 0.014 ±0.004 0.005 ± 0.001 0.002 ± 0.001 
Amberlite IRA-958 0IG6±0X#1 0.001 ± 0.002 0.001 ± 0.001 

Table 18 («-Heptane as porogen. All correlation coefficients (R) greater than 0.98 except in 

DMF, the Dowex 2 % crosslinked resin (0.89) and the Amberlite IRA-958 (0.57), in EtOH the 

20 % crosslinked resin (20 % n-heptane) and the 40 % crosslinked resin (70 % «-heptane) both 

had R values of 0.97, and in the EtOH/water mixture the 20 % crosslinked resin with 20 % {n-

heptane) (0.67)) 

2.6.2 UV analysis - Effect of concentration of porogen 

1. The uptake of the dye by the 40 % (graphs 21 and 22) and 20 % (graphs 23 and 24) 

crosslinked resins increased with increasing porogen level. 

2.6.3 UV analysis - Solvent effects 

1. The 40 % crosslinked resin (30 % toluene) reacted fastest in DMF, then in EtOH, and 

slowest in the EtOH/water mixture. 

2. The 40 % crosslinked resin (30 % M-heptane) reacted fastest in DMF, then in EtOH/water 

mixture, and slowest in EtOH. Both porogen and crosslink level are at play here. 

3. Overall in EtOH, the rate of reaction of the 20 % crosslinked resin (20 % toluene) was the 

slowest and the 40 % crosslinked resin (70 % toluene) was the fastest (graph 29). The 

same applies to the EtOH : water mixture (graph 30). Overall in DMF (graph 31) the 
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Amberlite IRA-900, Amberlite IRA-958, Dowex 2 % and Dowex 4 % crosslinked resins 

reacted slower than any of the beads with toluene and the 40 and 20 % crosslinked resins 

(70 % toluene) reacted the fastest. It was surprising that the Dowex resins were some of 

the slowest in DMF considering that it is generally a good solvent for gel type ion-

exchange resins. 

4. For beads with M-heptane in EtOH (graph 32), DMF (graph 33) and EtOH/water (graph 

34) the same or very similar resins were the fastest and slowest in each solvent. 

2.6.4 UV analysis - Crosslink level 

1. For resins with no porogen (graph 35), in DMF, each reacted at a similar rate. In EtOH, 

the rate of reaction of the resin was faster when the crosslink density was lower. In EtOH 

; water (50 : 50) the kinetics of the beads did not follow any distinctive pattern and may 

be due to the surface tension of the water as well as it's inability to swell gel-type resins. 

2. In DMF the commercial Dowex 2 % crosslinked resin reacted slower than the 2 % 

crosslinked resin synthesised in this project, but faster in EtOH and in the EtOH/water 

mixture, (graph 36). 

2.6.5 UV analysis - Nature of porogen 

1. The 5 % (graph 37) and 10 % (graph 38) crosslinked resins (10 and 30 % toluene) 

reacted faster than the corresponding beads with M-heptane as porogen in all 3 solvent 

systems. 

2. The 20 % (20, 40 and 60 % porogen, graph 39) and 40 % (30, 50 and 70 % porogen, 

graph 40) with M-heptane mostly reacted faster than the corresponding beads with 

toluene in all 3 solvent systems. The aminomethyl resins behaved in much the same way 

indicating that indeed the combination of toluene and the lower crossinked resins is 

effective and M-heptane with the higher crosslinked resins. 
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2.6.6 Rate constants for reaction of triethylammonium chloride ion-exchange resins with 

brilliant yellow 

The contents of tables 17 and 18 contain the rate constants (k) in 3 different solvent 

systems, DMF, EtOH and (EtOH ; water, 50 ; 50). Rate constants for the gel type and 

four commercial basic ion-exchange resins were also included. The rate constants were 

derived from the best fit of the data from UV monitoring of the reaction in scheme 19. 

Again pseudo first order kinetics were assumed and again where R < 0.98, regression of 

the data was not reliable. 

1. In DMF the 5 most effective ion-exchange resins with toluene as porogen in table 17 with 

k values in order of decreasing magnitude were the 40 % crosslinked resin (70 % 

toluene), the 2 % crosslinked resin, the 5 % crosslinked resin (30 % toluene), the 20 % 

crosslinked resin (70 % toluene) and the 20 % crosslinked resin with 60 % toluene. In 

EtOH, the resins with the highest k values were the 40 % crosslinked resin (70 % 

toluene) and the 20 % crosslinked resins (70 % and 60 % toluene). All other reactions in 

EtOH were much slower. In the mixture the 3 resins in table 17 with the highest k values 

were the 40 % crosslinked resin (70 % toluene), the 20 % crosslinked resins (70 and 60 % 

toluene). 

2. For ion-exchange resins with n-heptane as porogen in DMF (table 18) the 5 best resins 

were the 2 % crosslinked resin, the 20 % crosslinked resin (60 % M-heptane), the Dowex 

4 % crosslinked resin, the 40 % crosslinked resin with 70 % n-heptane, the 5 % 

crosslinked resin (30 % «-heptane). The only resin in EtOH with a high k value from 

table 18 was the 20 % crosslinked resin with 60 % n-heptane. The 3 resins in the mixture 

with the highest k values from table 18 were the 40 % crosslinked resins (70 % and 50 % 

M-heptane) and the 20 % crosslinked resin (60 % M-heptane). 
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Chapter 3 - Conclusions 

Preliminary studies on the 6-vessel reactor concluded that a speed of 600 rpm was suitable for 

making sufficient quantities of the desired size of beads. Studies on the pH effects on suspension 

co-polymerisation showed that when a pH of less than 7 was used higher levels of CI were 

incorporated into the beads than when a basic pH was used, presumably because 

chloromethylpolystyrene was hydrolysed under basic conditions. Having optimised the 

experimental conditions, a range of 27 different crosslinked resins (with different porogens and 

porogen levels) were synthesised by suspension co-polymerisation. Swelling studies and surface 

area analysis were performed on this series of resins. The results of the swelling studies showed 

the effect of the crosslink levels and porogen levels on the ability of the beads to take up 

solvents. It was mostly seen that as the crosslink level increased the swelling decreased but as the 

porogen level increased, solvent uptake increased as well. The results of the N2 adsorption 

measurements were lower than expected for all of the resins with toluene and most of the resins 

with M-heptane, however the effect of the surface areas and pore volumes were still observed in 

the kinetics measurements of the aminomethyl and ion-exchange resins. 

Having synthesised the library of 27 different chloromethylpolystyrene resins each was 

converted to it's aminomethyl derivative. The magnitude of the crosslinking was shown to have 

a marked effect on the accessibility of the reagents used in the ninhydrin and Fmoc tests into the 

beads and the calculation of nitrogen from microanalysis and Fmoc were similar for the 5 and 10 

% crosslinked resins but not for the 20 and 40 % crosslinked resins. Each 

chloromethylpolystyrene resin was also converted to it's triethylammonium chloride anion-

exchange derivative. 

The 27 aminomethyl resins and 27 triethylammonium chloride ion-exchange resins were 

evaluated for effect of porogen level, porogen type, crosslink level and solvent effects on 

reaction rates. The effect of both the toluene and »-heptane levels on both the 40, 10 and 5 % 

crosslinked aminomethyl and triethylammonium chloride ion-exchange resins were shown by the 

increased rate of reaction of these resins in all 6 solvent systems. 

These studies also showed that the choice of solvent was critical for a particular type of resin. 

Solvent effects on the ion-exchange resins were more pronounced than they were on the 
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aminomethyl resins. Each aminomethyl resin, whichever porogen or porogen level, reacted 

fastest in DMF, then in THF and slowest in EtOAc. The triethylammonium chloride anion-

exchange resins demonstrated a more complex relationship between the solvent, crosslink level 

and porogen level, with for example the 40 % crosslinked (30 % toluene) reacting fastest in 

DMF, then in EtOH and slowest in the EtOH/water mixture, but the 40 % crosslinked resin (70 

% toluene) reacting fastest in EtOH, then in DMF and slowest in the mixture. 

The rate of reaction of most of the resins increased with decreasing crosslink level in good 

swelling solvents only. Two porogens (toluene and n-heptane) were investigated. For both 

aminomethyl and ion-exchange resins, beads with high crosslink levels (20 and 40 %) reacted 

faster when the porogen was n-heptane than when it was toluene, but in fact the reverse was true 

for beads with low crosslink levels (5 and 10 %). 

The aminomethyl resins were assessed against 2 commercial resins, Argopore-NH] and 

Polystyrene-NH2 (1 % crosslink density. Nova Biochem). The Argopore-NHz reacted slower 

than all the macroporous resins with either toluene or M-heptane in DMF but faster than all the 

macroporous resins in THF and EtOAc. The commercial Polystyrene-NH2 (0.90 mmol/g) reacted 

slower than the 1 % crosslinked aminomethyl resin (0.46 mmol/g) synthesised in this project in 

DMF and THF but faster in EtOAc. The different reactivity rates may be due to the different 

loading capacities of the resins, since the commercial resin had almost double the amino loading 

of the resin made in this project. 

In DMF, EtOH and EtOH/water the Amberlite IRA-900 and IRA-958 reacted slower than almost 

all of the triethylammonium chloride ion-exchange resins with either toluene or ^-Heptane. It 

was obvious that the reactivity of these two Amberlite resins with brilliant yellow does not 

compare favourably with 40 and 20 % crosslinked resins in any of the three solvent systems. 

Since they are strongly basic and macroreticular, they were expected to react faster than what 

they did. 

In DMF and EtOH, the Dowex 2 % crosslinked resin reacted slower than the 2, 5 and 10 % 

crosslinked triethylammonium chloride ion-exchange resins synthesised in this project. The 

Dowex 4 % crosslinked resin also reacted slower than the 5 and 10 % crosslinked resins in DMF. 

In the EtOH/water mixture, the Dowex 2 and 4 % crosslinked resins reacted much faster than the 
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1,2,5 and 10 % crosslinked resins. These Dowex resins may thus be more suited to aqueous or 

semi aqueous systems rather than solvent systems composed of all organic solvents. 
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Chapter 4 - Experimental 
4,1 General Experimental 

Reagents and solvents were commercially available and used without further purification. 

Disodium hydrogen phosphate, sodium hydroxide, toluene, dichloromethane, tetrahydrofuran 

and diethyl ether were purchased from BDH. Dihydrogen sodium phospate was purchased from 

Fisher Scientific. Dioxane was purchased from Avocado chemicals. Water was distilled prior to 

use. Argopore-NH2 was purchased from Argonaut technologies and Polystyrene-NHi from Nova 

Biochem. All other reagents (including monomers) and solvents were from Sigma-Aldrich. A 6-

vessel reactor from Ventacon was used for the polymerisations. The reactions were worked up 

with a standard polypropylene cheese cloth to filter the reaction mixture and a Retchs automatic 

siever (45, 75, 125, 250, 355, 500 |im) was used for size separation. A Nova 3200 was used for 

surface area analysis. Kinetic measurements were performed with an Agilent 8453 UV-Visible 

spectrometer with an 8-cell compartment. A Bruker AM 300 MHz was used for NMR analysis of 

beads. IR's were analysed on a Bio-Rad Win-IR. 

4.2. General polymerisation procedure to synthesise 6 sets of resin beads by suspension co-

polymerisation. 

4.2.1 Synthesis of chloromethylpolystyrene resin 

The inhibitor (p-te/'^-butylcatechol) was removed from the styrene, divinylbenzene (DVB) and 

chloromethylstyrene (CMS) with NaOH (5% w/v) until the red colour in the aqueous layer 

disappeared. Any traces of NaOH were removed with deionised water. Disodium hydrogen 

phosphate (0.05 g, 0.4 mmol) and dihydrogen sodium phosphate dihydrate (23.95 g, 153.5 

mmol) was dissolved in the PVA solution (1.5 L, 1% w/v) and degassed. The poly(vinyl 

alcohol)/buffer solutions (6 x 250 ml) were added to the 6 suspension vessels, heated to 60 °C 

and the stirring rate set to 100 rpm. DVB and CMS were slowly added to the styrene. See table 

19 (toluene as porogen) and table 20 (77-heptane as porogen) for quantities. Benzoyl Peroxide 

(0.8 g, 3.3 mmol) was dissolved in each set of monomers, mixed with the porogen (see tables 19 

and 20) and degassed by insertion of a needle into the solutions with nitrogen flowing through it. 

The solutions containing the monomers, porogens and initiator were added to the reaction vessels 

and after 5 min of equilibration, the temperature was raised to 80 °C with a stirring rate of 600 

rpm. After 16 h the temperature was reduced to room temperature and the stirring rate to 

approximately 100 rpm and the reactions were cured by opening to the atmosphere. 
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Crosslink Porogen Styrene DVB CMS Toluene 
Level (%) Level (%) g (mmol) g (mmol) g (mmol) (ml) 

1 0 472 0^28) 0.9 (6.8) 8.5 (56.0) 0 
2 0 31.6(303^0 1.2 (8.9) 5.7 (37.3) 0 
5 0 39.3 (377.5) 3.7 (28.4) 7.8 (50.9) 0 
5 10 39.3 (377.5) 3.7 (28.4) 7.7(50.7) 5 
5 30 39.3 (377.5) 3.7 (28.4) 7.8 (50.9) 15 
10 0 39.3 (377.5) 8.2 (63.2) 7.9 (51.8) 0 
10 10 39.3 (377.5) 8.7 (66.6) 7.9 (51.8) 5 
10 30 39.2 (376.8) 8.2 (63.0) 7.9 (51.8) 18 
20 20 27.7 (259.9) 14.0(107.2) 4.6 (29.8) 11 
20 30 18.8(189/0 9.8 (75.6) 5.0 (32.7) 11 
20 40 26.6 (255.2) 14.0 (107 J) 4.7 (30.9) 20 
20 50 18.8 (180.3) 10.1 (77.2) 5.0 (33.0) 18 
20 60 26.9 (258.0) 13.7(105.3) 4.9 (31.8) 31 
20 70 18.7(180.0) 9.8 (75.2) 5.2 (33.8) 25 
40 30 15.4(148.3) 23.7 (181.8) 7.1 (46.5) 14 
40 50 15.0 (143.6) 24.4(187.2) 6.9 (45.0) 26 
40 70 14.9 (142.6) 23.4(180.1) 6.9 (45.0) 34 

TdWel9 

Crosslink Porogen Styrene DVB CMS «-Heptane 
Level (%) Level (%) g (mmol) g (mmol) g (mmol) (ml) 

5 10 30.5 (293.2) 3.0 (23.2) 7.1 (46.4) 5 
5 30 27.6 (264.7) 3.1 (23.5) 7.0 (45.9) 12 
10 10 36.6 (351.4) 8.3 (63.5) 8.5 (55.9) 6 
10 30 36.8 (353.1) 8.3 (64.0) 8.6(156.5) 17 
20 20 27.1 (259.9) 14.0 (107.2) &5(55.6) 11 
20 40 26.6 (255.5) 14.1 (108.0) 8.6 (56.2) 21 
20 60 26.6(255.1) 18.6(143.1) 8.4 (55.2) 35 
40 30 15.0(144.1) 216(18L3) 8.4 (55.4) 15 
40 50 15.0(144.5) 25J(1927) &5(55.6) 26 
40 70 14.8 (142.5) 28.2 (216.5) 11.9(783) 41 

Table 20 

The beads were washed using a standard polypropylene cheese cloth with hot water (approx. 6 x 

1 L), hot water : THF (50 : 50) (approx. 4 x 1 L) (Ih each), THF (approx. 3 x 0.5 L) (Ih each), 

THF ; MeOH (50 : 50) (approx. 3 x 0.5 L) (15 min each ), DCM (approx. 0.5 L) (15 min), 

diethyl ether (approx. 0.5 L) (Ih) and dried in vacuo at 40 °C for 48h, to yield the values in 

tables 21 (for toluene as porogen) and 22 (for «-heptane as porogen). 
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Crosslink 
Level (%) 

Porogen 
Level (%) 

Mass 
(g) 

Yield 
(%) 

1 0 34.2 61 
2 0 24.0 62 
5 0 44.0 87 
5 10 46.6 86 
5 30 45^ 90 
10 0 4&8 65 
10 10 48^ 87 
10 30 52J8 95 
20 20 474 94 
20 30 2&2 84 
20 40 444 94 
20 50 3&5 90 
20 60 417 92 
20 70 3&6 91 
40 30 44.8 97 
40 50 415 94 
40 70 311 73 

Tdde21 

Crosslink 
Level (%) 

Porogen 
Level (%) 

Mass 
(g) 

Yield 
(%) 

5 10 373 92 
5 30 3&7 82 
10 10 5&2 94 
10 30 492 92 
20 20 45^ 92 
20 40 4&4 94 
20 60 4&8 93 
40 30 411 92 
40 50 411 89 
40 70 47^ 87 

TdWe22 
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4.2.2 Size separation 

The beads were sized with screens, 500 - 355, 355 - 250, 250 - 125, 125 - 75 and 75 - 45 pm. 

The % yield for each screen is shown in tables 23 - 3 9 (for toluene as porogen) and tables 40 -

49 (for M-heptane as porogen) 

1 % crosslink level 

Bead Size Mass Yield 
(fim) (g) (%) 

4 5 - 7 5 5.5 16 
75-125 7.7 22 
125-250 8.2 24 
250-355 0.2 0.6 
355-500 4.5 13 

TdWe23 

2 % crosslink level 

Bead Size Mass Yield 
(lim) (g) (%) 

4 5 - 7 5 6.0 25 
75-125 8.0 33 
125-250 7.3 30 
250-355 0.1 0.4 
355-500 1.4 5.8 

TdWe24 

5 % crosslink level 

Bead Size Mass Yield 
ifim) (g) (%) 

4 5 - 7 5 11.0 22 
75-125 3L5 62 
125-250 1.2 2.4 
250-355 0.1 0.3 

355-500 0.2 0.4 

TdWe25 
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5 % crosslink level. 10 % Toluene 

Bead Size Mass Yield 
(pm) (g) (%) 

4 5 - 7 5 9.6 18 
75-125 2^2 54 
125-250 6.9 15 
250-355 0.1 0.2 
355-500 0.1 0.2 

Tdde26 

5 % crosslink level. 30 % Toluene 

Bead Size Mass Yield 
ifim) (g) (%) 

4 5 - 7 5 l&O 20 
75-125 2&5 64 
125-250 2.8 6.2 
250-355 0.2 0.4 
355-500 0.3 0.6 

TdWe27 

10 % crosslink level 

Bead Size Mass Yield 
(^m) (g) (%) 

4 5 - 7 5 6.5 16 
75-125 214 57 
125-250 9.8 24 
250-355 0.3 0.7 
355-500 0.3 0.7 

TdWe28 
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10 % crosslink level, 10 % Toluene 

Bead Size Mass Yield 
ifim) (g) (%) 

4 5 - 7 5 19J 35 
75-125 2&3 36 
125-250 7.6 14 
250-355 0.1 0.2 
355-500 0.3 0.5 

Table 29 

10 % crosslink level, 30 % Toluene 

Bead Size Mass Yield 
(Mm) (g) (%) 

4 5 - 7 5 14^ 27 
75-125 2&6 53 
125-250 2.9 5.3 
250-355 0.1 0.2 
355-500 0.3 0.5 

Table 30 

20 % crosslink level, 20 % Toluene 

Bead Size Mass Yield 
(fim) (g) (%) 

4 5 - 7 5 8.3 18 
75-125 329 69 
125-250 5.2 11 
250-355 0.1 0.1 
355-500 0.2 0.5 

TdWe31 
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20 % crosslink level, 30 % Toluene 

Bead Size Mass Yield 
(urn) (g) (%) 

4 5 - 7 5 5.4 19 
75-125 174 62 
125-250 4.0 14 
250-355 0.2 0.5 
355-500 0.3 1.0 

Table 32 

20 % crosslink level, 40 % Toluene 

Bead Size Mass Yield 
(lim) (g) (%) 

4 5 - 7 5 1&8 24 
75-125 21J 49 
125-250 7.2 16 
250-355 0.2 0.5 
355-500 0.1 0.2 

TdWe33 

20 % crosslink level. 50 % Toluene 

Bead Size Mass Yield 
(pm) (g) (%) 

4 5 - 7 5 1&2 33 
75-125 17J 58 
125-250 1.2 3.9 
250-355 0.2 1 
355-500 0.4 1 

Table 34 
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20 % crosslink level. 60 % Toluene 

Bead Size Mass Yield 
(/tm) (g) (%) 

4 5 - 7 5 6.0 14 
75-125 2&0 46 
125-250 122 28 
250-355 0.1 0.2 
355-500 0.1 0.2 

TdWe35 

20 % crosslink level. 70 % Toluene 

Bead Size Mass Yield 
(lim) (g) (%) 

4 5 - 7 5 6.4 21 
75-125 17.3 57 
125-250 3.2 11 
250-355 0.3 1 

355-500 0.2 0.7 

Table 36 

40 % crosslink level, 30 % Toluene 

Bead Size Mass Yield 
(Mm) (g) (%) 

4 5 - 7 5 7.2 16 
75-125 2&0 58 
125-250 1&6 24 
250-355 0.1 0.2 
355-500 0.1 0.2 

TdWe37 
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40 % crosslink level, 50 % Toluene 

Bead Size Mass Yield 
(lim) (g) (%) 

4 5 - 7 5 1L4 26 
75-125 228 52 
125-250 6.5 15 
250-355 0.1 0.2 
355-500 0.1 0.2 

Table 38 

40 % crosslink level, 70 % Toluene 

Bead Size Mass Yield 
(fim) (g) (%) 

4 5 - 7 5 17J 53 
75-125 6.5 20 
125-250 1.9 5.8 
250-355 0.1 0.3 
355-500 0.1 0.3 

TdWe39 

5 % crosslink level, 10 % w-Heptane 

Bead Size Mass Yield 
ilim) (g) (%) 

4 5 - 7 5 8.5 23 
75 -125 2&9 72 
125-250 0.3 0.8 
250-355 0.1 0.3 
355-500 0.1 0.3 

TdWe40 
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5 % crosslink level, 30 % //-Heptane 

Bead Size Mass Yield 
(pm) (g) (%) 

4 5 - 7 5 128 42 
75-125 13J 44 
125-250 3.0 10 
250-355 0.1 0.3 
355-500 0.2 0.7 

TdWe41 

10 % crosslink level, 10 % //-Heptane 

Bead Size Mass Yield 
(lim) (g) (%) 

4 5 - 7 5 lOJ 27J 
75-125 254 51 
125-250 1&6 21 
250-355 0.1 0.2 
355-500 0.1 0.2 

Table 42 

10 % crosslink level, 30 % //-Heptane 

Bead Size Mass Yield 
(/im) (g) (%) 

4 5 - 7 5 24^ 50 
75-125 122 25 
125-250 1&6 22 
250-355 0.1 0.2 
355-500 0.1 0.2 

Table 43 
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20 % crosslink level, 20 % «-Heptane 

Bead Size Mass Yield 
(lim) (g) (%) 

4 5 - 7 5 14^ 31 
75-125 272 60 
125-250 1.1 2.4 
250-355 0.4 0.8 
355-500 0.3 0.6 

Table 44 

20 % crosslink level, 40 % «-Heptane 

Bead Size Mass Yield 
(fim) (g) (%) 

4 5 - 7 5 1L2 24 
75-125 23^ 50 
125-250 4.6 10 
250-355 0.5 1.1 
355-500 0.7 1.5 

TdWe45 

20 % crosslink level, 60 % w-Heptane 

Bead Size Mass Yield 
(^m) (g) (%) 

4 5 - 7 5 144 29 
75-125 246 49 
125-250 4.7 9.4 
250-355 0.2 0.4 
355-500 0.2 0.4 

Tdde46 
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40 % crosslink level, 30 % w-Heptane 

Bead Size Mass Yield 
ifim) (g) (%) 

4 5 - 7 5 1&4 24 
75-125 24^ 57 
125-250 6.8 16 
250-355 0.1 0.2 
355-500 0.3 0.7 

Table 47 

40 % crosslink level, 50 % «-Heptane 

Bead Size Mass Yield 
(pm) (g) (%) 

4 5 - 7 5 6.6 15 
75-125 3&4 71 
125-250 5.5 13 
250-355 0.2 0.5 
355-500 0.3 0.7 

TdWe48 

40 % crosslink level, 70 % w-Heptane 

Bead Size Mass Yield 
(lim) (g) (%) 

4 5 - 7 5 5.2 11 
75-125 3&9 78 
125-250 4.9 10 
250-355 0.2 0.4 
355-500 0.3 0.6 

TdWe49 
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4.2,3 Loading capacity (CI analysis) 

The amount of CI incorporation into the beads was derived from microanalysis. The 

microanalysis results for beads with toluene as porogen are shown in table 50 and the results for 

beads with n-heptane as porogen are shown in table 51. 

Crosslink Porogen Anal. CI CI Found 
Level Level Calcd. CI Found (mmol/g) 
(%) (%) (mmol/g) (%) 

1 0 0.99 2.4 0.68 
2 0 0.97 2.4 0.68 
5 0 1.0 2.5 0.71 
5 10 1.0 3.1 0.87 
5 30 1.0 2.7 &76 
10 0 0.93 2.7 &76 
10 10 0.93 2.5 0.71 
10 30 0.94 2.5 OJl 
20 20 0.65 1.7 &48 
20 30 0.97 2.5 OJl 
20 40 0.69 1.9 0J4 
20 50 0.98 2.3 0.65 
20 60 OJO 2.0 &56 
20 70 1.0 2.6 &73 
40 30 1.0 2.6 &73 
40 50 0.97 2.6 0J3 
40 70 1.0 2.5 OJl 

Table 50 

Crosslink Porogen Anal. CI CI Found 
Level Level Calcd. CI Found (mmol/g) 
(%) (%) (mmol/g) (%) 

5 10 1.1 2.3 &73 
5 30 1.2 2.5 OJl 
10 10 1.1 2.7 &76 
10 30 1.1 2.5 OJl 
20 20 1.1 2.7 &76 
20 40 1.1 2.9 0.82 
20 60 1.0 2.9 0.82 
40 30 1.2 3.0 0.85 
40 50 1.2 2.9 &82 
40 70 1.4 3.7 1.1 

TdWe51 
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4.2.4 Resin swelling 

Each resin was washed three times with the swelling solvent and dried for 30 min at room 

temperature before the swelling measurements were performed. Swelling experiments were 

conducted by the addition of solvent to 1 g of resin in polypropylene tubes, agitation to remove 

trapped bubbles, excess solvent removal in vacuo and measurement of the volume taken up by 

the resin. The swelling studies were conducted once on each resin. The volume of each solvent 

taken up by each resin in ml/g is shown in tables 8 and 9 (toluene as porogen) and in table 10 {n-

heptane as porogen) in chapter 2. 

4.2.5 General procedure for Nz adsorption measurements 

The beads were dried at 40 "C in vacuo for 48 h. The samples were weighed into standard BET 

tubes, degassed with nitrogen using the flow degasser at 60 °C for 1 h and analysed at 56 points. 

The results are shown in tables 52 (toluene as porogen) and table 53 (n-heptane as porogen). The 

error of the instrument for measurement of pressure is 0.1 %. 

Crosslink Porogen Surface Total Pore Average Pore 
Level Level Area Volume Diameter 
(%) (%) (m /̂g) (ml/g) (A) 

1 0 4.05 0.0037 37 
2 0 5.i:z 
5 0 5.04 0.0061 49 
5 10 7.80 0.0082 42 
5 30 8.35 0.0092 44 
10 0 4.50 0.0055 49 

10 10 30.8 0.031 40 
10 30 7.93 0.0086 43 
20 20 2J^ 0.0021 42 
20 30 6.07 0.0080 
20 40 5J^ 0.0037 39 
20 50 6J8 0.0076 48 
20 60 < 1 
20 70 6.83 0.0079 46 
40 30 3.40 0.0031 36 
40 50 3J3 0.0050 54 
40 70 2.45 0.0012 

Table 52 
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Crosslink 
Level 
(%) 

Porogen 
Level 
(%) 

Surface 
Area 

Total Pore 
Volume 
(ml/g) 

Average Pore 
Diameter 

(A) 
5 10 1.50 0.0052 138 
5 30 10.1 0.028 113 
10 10 1.87 0.0040 86 
10 30 3.12 0.0094 119 
20 20 6.30 0.0041 28 
20 40 3.57 0.011 126 
20 60 126 0.39 124 
40 30 15.9 0.030 75 
40 50 270 0.50 74 
40 70 202 0.64 127 

TdMe53 

4.3 Aminomethyl resins 

4.3.1 General procedure for the synthesis of aminomethyl PS-DVB resin from 

chloromethylpolystyrene resin. 

The chloromethylated polystyrenes were added to potassium phthalimide (tables 54 for toluene 

and 55 for w-heptane) and refluxed in (dioxane : DMF, 60 : 40) (70 ml) at 140 °C for 48 h. The 

cream beads were washed with hot water, hot H2O-DMF, DCM, MeOH and diethyl ether (8 x 

100 ml) each. Hydrazine hydrate (2 ml, 64.2mmol) was added and refluxed in EtOH (70 ml) at 

100 "C for 24 h. The cream beads were washed as above, washed in a giant soxhlet for 96 h with 

EtOH (1.5 L) and finally, washed with diethyl ether (2 x 100 ml). The beads were dried in vacuo 

at 40 °C for 48 h. 
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Crosslink 
Level 
(%) 

Porogen 
Level 
(%) 

CI of 
Merrifield 

Resin 
(mmol/g) 

Resin 
g (mmol) 

Potassium 
Phthalimide 

g (mmol) 

1 0 &68 6.9 (4.7) 6.9 (37.0) 
2 0 0.68 7.6 (5.2) 7.5 (40.5) 
5 0 0.71 9.0 (6.3) 10.8 (5&4) 
5 10 &87 9.1 (7.9) 9.8 (52.8) 
5 30 &76 9.1 (6.9) 9.7 (52.5) 
10 0 &76 9.2 (7.0) 10.0(53.9) 
10 10 OJl 9.0 (6.4) 9.1 (48.9) 
10 30 0.71 9.1 (6.5) 10.4 (56.2) 
20 20 &48 9.2 (4.4) 9.1 (48.9) 
20 30 OJl 4.5 (3.2) 4.5 (24.3) 
20 40 0.54 9.2 (5.0) 9.6 (52.1) 
20 50 0.65 4.6 (3.0) 4.5 (24.3) 
20 60 0.56 9 j (5.2) 10.0(54.1) 
20 70 &73 4.6 (3.4) 4.5 (24.3) 
40 30 &73 9.0 (6.6) 9.0 (48.6) 
40 50 &73 9.1 (6.6) 9.5 (51.4) 
40 70 OJl 6.0 (4.3) 6.7 (36.3) 

Table 54 

Crosslink 
Level 
(%) 

Porogen 
Level 
(%) 

CI of 
Merrifield 

Resin 
(mmol/g) 

Resin 
g (mmol) 

Potassium 
Phthalimide 

g (mmol) 

5 10 &73 4.4 (3.2) 4.5 (24.3) 
5 30 OJl 4.5 (3.2) 4.5 (24.3) 
10 10 &76 4.5 (3.4) 4.5 (24.3) 
10 30 OJl 4.6 (3.3) 4.5 (24.3) 
20 20 &76 4.5 (3.4) 4.5 (24.3) 
20 40 0.82 4.5 (3.7) 4.5 (24.3) 
20 60 0.82 4.6 (3.8) 4.5 (24.3) 
40 30 o^a 4.5 (3.8) 4.5 (24.3) 
40 50 0^2 4.4 (3.6) 4.5 (24.3) 
40 70 1.1 4.5 (5.0) 4.5 (24.3) 

TdWe55 
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4.3.2 Microanalysis of aminomethyl resins 

The microanalysis results for beads with toluene as porogen are shown in table 56 and the results 

for beads with M-heptane as porogen are shown in table 57. The % CI found in all cases was 

either 0 %, or an amount below the limits of detection. 

Crosslink 
Level 
(%) 

Porogen 
Level 
(%) 

Anal. 
Calcd. N 
(mmol/g) 

N Found 
(%) 

N Found 
(mmol/g) 

1 0 0.68 0.65 &46 
2 0 0.68 a75 OJW 
5 0 &71 0.87 0.62 
5 10 Oj^ 1.0 a7 i 
5 30 a76 0.90 0.64 
10 0 &76 OJO OJO 
10 10 a7 i 0.78 &56 
10 30 OJl a 7 0 &50 
20 20 &48 &41 &29 
20 30 &71 0.92 0.66 
20 40 0.54 0.47 0J4 
20 50 &65 0.76 0.54 
20 60 0.56 0.66 0.47 
20 70 a73 Ô W 0.60 
40 30 &73 0.66 0.47 
40 50 0,73 a 8 7 0.62 
40 70 0.71 0.84 0.60 

TdWe56 

Crosslink 
Level 
(%) 

Porogen 
Level 
(%) 

Anal. 
Calcd. N 
(mmol/g) 

N Found 
(%) 

N Found 
(mmol/g) 

5 10 &73 0.96 0.69 
5 30 OJl 0.89 0.64 
10 10 &76 1.1 OJ^ 
10 30 &71 0.90 0.64 
20 20 &76 OjW 0.60 
20 40 &82 a76 Ô W 
20 60 0.82 0.67 &48 
40 30 Oj^ a77 OJ^ 
40 50 OjC 0.92 0.66 
40 70 1.1 a79 0J# 

Tdde57 
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4.3.3 General procedure for the Fmoc test 

The aminomethyl resin (0.1 g) was swollen in a minimum amount of DCM for 30 min. N-Fmoc-

phenylalanine (4 eq, 0.16 g) and HOBT (0.04g, 0.30 mmol) were dissolved in DCM (1 ml) with 

a few drops of DMF and stirred at room temperature for 10 min. DIC (45 j(xl, 0.29 mmol) was 

added and the mixture stirred for a further 10 min before addition to the resin. The resin was 

shaken at room temperature (until the ninhydrin test was negative) to effect coupling. The resin 

was washed with DMF (3 x 20 ml), DCM (3 x 20 ml), MeOH (3 x 20 ml) and diethyl ether (2 x 

20 ml). The resin was dried at room temperature for 24 h. 5 mg of the resin was treated with a 

solution of 20 % piperidine in DMF (1 ml) for 15 min. The solution was filtered through glass 

wool and the volume of filtrate made up to 25 ml with 20 % piperidine in DMF. The absorbance 

at 302 nm was measured against a blank of 20 % piperidine. The resin substitution was deduced 

from equation 5. 

Mmol/g= [(A302 V)/(6302 W)]xlO^ 

Equation 5 

where A302 is the absorbance of the piperidyl-fulvene adduct, V is the total volume (ml), W = the 

weight of the resin sample (mg) and 6302 is the extinction coefficient of the adduct at 302 nm 

(7800M ~'cm~'). The coupling and analysis were performed in duplicate. The resin substitution 

is shown in table 58 (toluene as porogen) and table 59 (w-heptane as porogen) 
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Crosslink 
Level 
(%) 

Porogen 
Level 

Fmoc 
(mmol/g) 

1 0 &53 

2 0 &57 
5 0 &56 
5 10 (X61 
5 30 (161 
10 0 &43 
10 10 &50 
10 30 &50 
20 20 0.08 
20 30 &26 
20 40 0^9 
20 50 035 
20 60 &28 
20 70 &43 
40 30 &43 
40 50 &42 
40 70 0.50 

TdWeSS 

Crosslink 
Level 
(%) 

Porogen 
Level 
(%) 

Fmoc 
(mmol/g) 

5 10 0.59 
5 30 0.66 
10 10 0.54 
10 30 0.54 
20 20 024 
20 40 &41 
20 60 &23 
40 30 025 
40 50 &29 
40 70 &28 

TaWe59 

69 



4.3.4 General procedure for the Ninhydrin test 

The ninhydrin test was not performed on every aminomethylresin. Approximately 5 mg of resin 

in a small test tube was treated with 6 drops of reagent A (0.7 % w/v KCN in water and pyridine 

added to 400 % w/v phenol in EtOH) and 2 drops of reagent B (5 % w/v ninhydrin in EtOH) and 

heated at 110°C for 10 min. The test tube was cooled and 60 % aqueous ethanol (2 ml) added to 

the mixture. The resin was removed by filtration through glass wool and the deep blue filtrate 

collected in a 25 ml volumetric flask. The resin was washed with a solution of Et4NCl (0.5 M in 

DCM, 2 X 0.5 ml), and the sample made up to 25 ml with 60 % aqueous ethanol. The level of 

amine present was calculated using equation 6. 

Amount of amine present (mmol/g) = [(A570 x V)/(e57o x W)] x 10̂  

Equation 6 

where 6570 is the average extinction coefficient suitable for most peptides with the value 1.5 x 10'̂  

M"' cm"', V is the final volume (ml), W is the weight of resin (mg) taken and A570 is the recorded 

absorbance at 570 nm. See table 60 for results (toluene as porogen) and table 61 (»-heptane as 

porogen). 

Crosslink 
Level 
(%) 

Porogen 
Level 
(%) 

Ninhydrin 
(mmol/g) 

20 20 0.04 
20 40 0.08 
20 60 0.11 
40 30 0.23 
40 50 0.25 
40 70 0.27 

Table 60 

Crosslink 
Level 
(%) 

Porogen 
Level 
(%) 

Ninhydrin 
(mmol/g) 

20 20 0.08 
20 40 0.21 
20 60 0.17 
40 30 0.06 
40 50 0.11 
40 70 0.17 

Table 61 
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4.4 Triethylammonium chloride ion-exchange resins 

4.4.1 General procedure for the synthesis of triethylammonium chloride resins from 

chloromethylpolystyrene resin. 

Triethylamine (TEA) (see tables 62 for toluene and 63 for M-heptane) was added to 

chloromethylpolystyrene and refluxed in (DCM : DMF, 1 : 1, 20 ml) at 110 °C for 64 h. The 

beige coloured beads were washed with DMF : DCM (1 : 1, 4 x 100 ml), washed in a soxhlet 

with DMF : DCM (1 : 8) for 48 h and finally with diethyl ether (2 x 100 ml). The beads were 

dried in vacuo at 40 °C for 48h. 

Crosslink Porogen CI of Resin TEA 
Level Level Merrifield g (mmol) g (mmol) 
(%) (%) Resin 

(mmol/g) 
1 0 0.68 2.0(1.4) 16.8 (166.3) 
2 0 0.68 3.1 (2.1) 21.1 (209.5) 
5 0 0.71 3.1 (2.2) 18.9(186.5) 
5 10 0.87 3.1 (2.7) 18.9(186.5) 
5 30 0.76 3.0(2.3) 18.9(186.5) 
10 0 0.76 3.1 (1.6) 18.9(186.5) 
10 10 0.71 3.1 (2.4) 18.9(186.5) 
10 30 0.71 3.1 (2.2) 18.9(186.5) 
20 20 0.48 3.1 (1.5) 14.5 (143.5) 
20 30 0.71 3.3 (2.3) 20.0(104.2) 
20 40 0.54 3.0(1.6) 14.5 (143.5) 
20 50 0.65 3.4 (2.2) 20.0 (104.2) 
20 60 0.56 2.7 (1.5) 14.5 (143.5) 
20 70 0.73 3.1 (2.3) 20.0 (104.2) 
40 30 0.73 3.1 (2.3) 18.2(179.4) 
40 50 0.73 3.2 (2.3) 18.2(179.4) 
40 70 0.71 3.0 (2.1) 18.2 (179.4) 

Table 62 
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Crosslink Porogen CI of Resin TEA 
Level Level Merrifield g (mmol) g (mmol) 
(%) (%) Resin 

(mmol/g) 
5 10 0.73 3.1 (2.3) 20.0 (104.2) 
5 30 0.71 3.1 (2.2) 20.0 (104.2) 
10 10 0.76 3.1 (2.4) 20.0 (104.2) 
10 30 0.71 3.1 (2.2) 20.0 (104.2) 
20 20 0.76 3.4 (2.6) 20.0(104.2) 
20 40 0.82 3.3 (2.7) 20.0 (104.2) 
20 60 0.82 3.2 (2.6) 20.0 (104.2) 
40 30 0.85 3.3 (2.8) 20.0(104.2) 
40 50 0.82 3.2 (2.6) 20.0(104.2) 
40 70 1.1 3.4 (3.7) 20.0 (104.2) 

Table 63 

13 C NMR (2 % crosslink) 8C ppm (300MHz, CDCI3) 145.6 (Ar C), 128.3, 126.0 (2 x Ar-C), 

53.1 (CH2N), 44.1 (CHz), 40.7 (CH). 
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4.4.2 Microanalysis of ion-exchange resins 

The microanalysis results for beads with toluene as porogen are shown in table 64 and the results 

for beads with n-heptane as porogen are shown in table 65. 

Crosslink Porogen Anal. N N CI CI 
Level Level Calcd. N Found Found Found Found 
(%) (%) (mmol/g) (%) (mmol/g) (%) (mmol/g) 

1 0 0.68 0.93 &66 1.5 &42 
2 0 &68 &70 &50 1.6 &45 
5 0 OJl OjW a58 2.3 0.65 
5 10 &87 0.99 0.71 2.2 0.62 
5 30 &76 0.98 a7o 2.0 0^6 
10 0 &76 OjU &58 2.2 0.62 
10 10 OJl 0.84 0.60 1.9 0^4 
10 30 &71 0J8 &56 2.1 0.59 
20 20 0.48 0.57 &41 1.3 0J7 
20 30 &71 0.62 a44 2.4 0.68 
20 40 0.54 0J2 &51 1.4 0J9 
20 50 0.65 0J7 &55 2.2 0.62 
20 60 &56 0J9 &56 1.6 045 
20 70 0J3 0J7 &55 2.3 0.65 
40 30 &73 &78 a56 2.3 0.64 
40 50 &73 &83 &59 1.3 0J7 
40 70 &71 &87 0.62 2.1 0.59 

Table 64 

Crosslink Porogen Anal. N N CI CI 
Level Level Calcd. N Found Found Found Found 
(%) (%) (mmol/g) f%) (mmol/g) (%) (mmol/g) 

5 10 &73 (182 a59 1.8 0.51 
5 30 OJl 0.77 &55 2.0 0.56 
10 10 &76 1.0 &71 2.0 &56 
10 30 0.71 0 66 &47 1.8 0.51 
20 20 &76 &96 a69 2.0 0.56 
20 40 (182 0.92 0.66 2.0 0.56 
20 60 0.82 0.76 0.54 2.1 0.59 
40 30 0.85 0.62 044 2.3 &65 
40 50 &82 1.0 &71 2.2 &62 
40 70 1.1 1.1 &79 3.1 &87 

Table 65 
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4.5 Evaluation of aminomethyl resins 

A stock solution of dansyl chloride was made up in 3 solvent systems, DMF, THF and EtOAc, 1 

L each, 0.14 g (0.0005 M). The resin (see table 66 for toluene as porogen and table 67 for n-

heptane as porogen ), approximately 0.016 mmol in each case, was added to the dye (2.5 ml, 

0.0013 mmol) in a stoppered UV cell. A ratio of resin : dye (12 : 1) was used. The absorbance 

was measured at each time point and the mixture was shaken after each reading. Merrifield resin 

was tested in each solvent system as a blank. Two commercial resins were also analysed, 

Argopore-NH] and polystyrene-NH] (1 % crosslink density. Nova Biochem). The commercial 

resins were washed with EtOH and dried in vacuo at 40 °C before analysis. 

Crosslink Porogen Loading Aminomethyl Aminomethyl Aminomethyl 
Level Level (mmol/g) Resin in DMF Resin in THF Resin in EtOAc 
(%) (%) mg (mmol) mg(mmol) mg (mmol) 

Blank 1 0 0.68 30.0 (0.020) 29.0 (0.020) 29.0 (0.020) 
1 0 &46 34^ 342 343 
2 0 0.54 2&6 29^ 29J 
5 0 0.62 26J 2&9 2&3 
5 10 OJl 22J 2L9 22T 
5 30 0.64 212 25^ 252 
10 0 0.50 322 324 320 
10 10 0.56 2&4 2&6 2&6 
10 30 0.50 3Z6 32^ 31^ 
20 20 OJ^ 54^ 55J 552 
20 30 0.66 24^ 242 24^ 
20 40 0J4 47^ 4%0 4&5 
20 50 0.54 29^ 294 29^ 
20 60 OjJ 21J 2L8 2L1 
20 70 0.60 2&4 262 2&5 
40 30 OjJ 2L1 2L6 2&8 
40 50 0.62 25 j 25J 252 
40 70 0.60 2&7 2&4 262 

Argopore-NH] — — — 0.93 17^ 17.0 17^ 
Polystyrene-NH2 0.90 17.7 17^ 17J 

TdWe66 
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Crosslink 
Level 

Porogen 
Level 

Loading 
(mmol/g) 

Aminomethyl 
Resin in DMF 

Aminomethyl 
Resin in THF 

Aminomethyl 
Resin in EtOAc 

(%) (%) mg mg mg 
5 10 0.69 212 23^ 216 
5 30 0.64 254 25^ 253 
10 10 a79 2L0 21^ 2^5 
10 30 0.64 25^ 25J 24^ 
20 20 0.60 2&9 2&4 2&2 
20 40 0.54 29J 3&0 29J 
20 60 &48 311 33^ 317 
40 30 0J# 2&0 293 2&8 
40 50 0.66 24J 24^ 219 
40 70 0J# 2&1 2&2 2&9 

TdWe67 

4.6 Evaluation of ion-exchange resins 

In 3 solvent systems, (DMF, EtOH and EtOH : water, 1 : 1), 1 L each, a stock solution of 

brilliant yellow was made up 0.32 g (0.0005 M). The resin, approximately 0.016 mmol in each 

case, (table 68 for toluene as porogen and table 69 for n-heptane as porogen) was added to the 

dye (2.5 ml, 0.0013 mmol) in a stoppered UV cell. A ratio of resin : dye (12 : 1) was used. The 

absorbance was measured at each time point and the mixture was shaken after each reading. As a 

blank, Merrifield resin was tested in each solvent system. Four commercial resins were also 

analysed, Dowex 2 % crosslinked and Dowex 4 % crosslinked resins, and, Amberlite IRA-900 

and Amberlite IRA-958. These commercial resins were washed with EtOH and dried in vacuo at 

40 °C before analysis. 
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Crosslink Level 
(%) 

Porogen 
Level 

Loading 
(mmol/g) 

Ion-exchange 
Resin in EtOH 

Ion-exchange 
Resin in DMF 

Ion-exchange 
Resin in 

(%) mg (mmol) mg (mmol) EtOH : Water 
mg (mmol) 

Blank 1 0 0.68 29.0 (0.20) 
Blank 40 70 OJl 30(0.021) 30(0.021) 

1 0 0.66 23^ 23^ 23J 
2 0 0.50 3L0 3L6 3L3 
5 0 0.58 27^ 27^ 274 
5 10 0.71 2Z0 2L8 22J 
5 30 OJO 220 22J 210 
10 0 0.58 274 274 273 
10 10 0.60 2&3 25^ 2&0 
10 30 0.56 2&2 2&2 284 
20 20 &41 3&0 3&2 3&0 
20 30 0^4 36^ 3&5 3&7 
20 40 0.51 3^8 3&5 3&9 
20 50 0.55 2&5 29J 2&7 
20 60 0.56 2&6 283 2&1 
20 70 0.55 2^6 292 28J 
40 30 0J# 27^ 282 27^ 
40 50 0^4 2&9 2&9 2&9 
40 70 0.62 252 254 254 

Dowex 1 x 2 3.8 4.3 4.5 4.4 
Dowex 1 x 4 3.4 4.6 4.5 4.4 

Amberlite IRA-900 4.0 3.9 4.2 4.3 
Amberlite IRA-958 3.7 4.0 4.5 4.4 

Table 68 
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Crosslink Porogen Loading Ion-exchange Ion-exchange Ion-exchange 
Level Level (mmol/g) Resin in EtOH Resin in DMF Resin in 
(%) (%) mg mg EtOH : Water 

mg 
5 10 0J# 2&9 273 274 
5 30 OJ^ 29J 2&0 2^5 
10 10 OJl 222 2Z8 220 
10 30 a47 344 348 314 
20 20 0.69 23^ 215 211 
20 40 0.66 242 24J 217 
20 60 0^4 29J 29.1 2^8 
40 30 &44 3&4 3&1 3&8 
40 50 a7 i 224 227 223 
40 70 0J9 2ao 2&1 204 

Table 69 

Loading of Amberlite IRA-958 based on CI 
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Graph No. 1:40 % crosslinked aminomethyl resins HF and EtOAc 
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Graph No. 2:40 % crosslinked aminomethyl resins and EtOAc 
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Graph No. 3:20 % crosslinked aminomethyl resins (toluene) in DMF, THF and EtOAc 
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Graph No. 4:20 % crosslinked aminomethyl resins (n-Heptane) in DMF, THF and EtOAc 
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Graph No. 5:10 % Crosslinked aminomethyl resins (toluene) in DMF, THF and EtOAc 
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Graph No. 6:5 % jsins (toluene) In DMF, THF and EtOAc 
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Graph No. 7:10 % crosslinked aminomethyl resins (n-Heptane) in DMF, THF and EtOAc 
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Graph No. 8:5 % crosslinked aminomethyl resins HF and EtOAc 
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Graph No, 9: All gel-type, macroporous (toluene) and commercial aminomethyl resins in DMF 
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Graph No, 10: All gel-type, macroporous (n-Heptane) and commercial aminomethyl resins in DMF 
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Graph No. 11: All gel-type, macroporous (toluene) and commercial aminomethyl resins in THF 
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Graph No. 12: All gel-tppe, macroporous resins in EtOAC 
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Graph No. 13: All gel-type, macroporous (/?• resins in THF 
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Graph No. 14: All gel-type, macroporous (n-Heptane) and commercial aminomethyl resins in EtOAC 
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Graph No. 15: Aminomethyl resins with no porogen in DMF, THF and EtOAc 
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Graph No. 16:1 %, 2 % and commercial 1 % crosslinl^ed resins in DMF, THF and EtOAc 
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Graph No. 17:5 % crosslinked aminomethyl resins (toluene and n-Heptane) in DMF, THF and EtOAc 
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Graph No. 18:10 % crosslinked aminomethyl resins (toluene and n-
EtOAc 

in DWIF.THFand 
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Graph No, 19:40 % resins (toluene and/I-
EtOAc 

in DMF, THF and 

20 40 60 80 100 120 

Time/min 

i_j_ 

D-(T)40/30 

D-(T)40/50| 

D-(T)40/70| 

D-(H)40/30| 

D-(H)40/50 

D-(H)40/70 

T-(T)40/30 

T-(T)40/50 

T-(T)40/70 

T-(H)40/30 

T-(H)40/50 

T-(H)40/70: 

E-(T)40/30 

E-(T)40/50 

E-(T)40/70 

E-(H)40/30, 

E-(H)40/50| 

E-(H)40/70̂  

140 160 180 200 

98 



Graph No. 20:20 % crosslinked aminomethyl resins (toluene and n -Heptane) in DMF, THF and 
EtOAc 
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Graph No. 21:40 % crosslinked ion-exchange resins (toluene) in EtOH, DMF and 
(EtOH: Water, 50 :50 ) 
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Graph No. 22:40 % crosslinked ion-exchange resins (n-Heptane) in EtOH, DIWF and 
(EtOH: Water, 50:50) 
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Graph No. 23:20 % crosslinked ion-exchange resins (toluene) in DMF, EtOH and 
(EtOH: Water, 50:50) 
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Graph No. 24:20 % crosslinked ion-exchange resins (n-Heptane) in EtOH, DII/IF and 
(EtOH: Water, 50:50) 
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Graph No. 2 5 : 1 0 % crossl inked ion-exchange resins (toluene) in EtOH, DMF and 
(EtOH: Water, 5 0 : 5 0 ) 
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Graph No. 2 6 : 5 % cross l inked ion-exchange resins (toluene) in EtOH, DMF and 
(EtOH: Water, 5 0 : 5 0 ) 
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Graph No. 27:10 % crosslinked ion-exchange resins (n-Heptane) in EtOH, DIWF and 
(EtOH: Water, 50 :50 ) 
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Graph No. 2 8 : 5 % cross l inked i on -exchange res ins (n -Heptane) in EtOH, DIVIF and 
(EtOH: Water, 5 0 : 5 0 ) 
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Graph No. 29: All gel-type, macroporous (toluene) and commercial i on -exchange res ins in EtOH 
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Graph No. 30: All gel-type, macroporous (toluene) and commercial ion-exchange resins in 
EtOH: Water, 5 0 : 5 0 
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Graph No. 31: All gel-type, macroporous (toluene) and commercial ion-exchange resins in DMF 
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Graph No. 32: All gel-type, macroporous (n-Heptane) and commercial ion-exchange resins in EtOH 
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Graph No. 33: All gel-type, macroporous (/i-Heptane) and commercial ion-exchange resins in DMF 
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Graph No. 34: All gel-type, macroporous (n-Heptane) and commercial ion-exchange resins in 
Eton: Water, 50:50 
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Graph No. 35: Ion-exchange resins with no porogen in EtOH, DMF and (EtOH: Water, 50 :50 ) 
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Graph No. 36:1 %, 2 %, Dowex 2 % and Dowex 4 % crosslinked ion-exchange resins in EtOH, DIVIF 
and (EtOH: Water, 50:50) 
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Graph No. 37:5 % crosslinked ion-exchange resins (toluene and n-Heptane) in EtOH, DMF and 
(EtOH: Water, 50:50) 
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Graph No. 38:10 % crosslinked ion-exchange resins (toluene and n-

(EtOH: Water, 50:50) 
in EtOH, DMF and 

- I -

-E-(T)10/10 

-E-(T)10/30 

E-(H)10/10 ! 

-E-(H)10/30 

-D-(T)10/10 

-D-(T)10/30 : 

-D-(H)10/10 

-D-(H)10/30 

-W-(T)10/10 

-W-(T)10/30 

-W-(H)10/10| 

W-(H)10/30j 

20 40 60 80 100 120 

Time/min 

140 160 180 200 

117 



Graph No. 39:20 % crosslinked ion-exchange resins (toluene and /]-Heptane) in EtOH, DMF and 
(EtOH: Water, 50 :50 ) 
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Graph No 40; 40 % crosslinked ion-exchange resins (toluene and n -Heptane) in EtOH, DMF and 
(EtOH: Water, 50 :50 ) 
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