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Abstract

Cross-linked resins of poly(divinylbenzene-co-ethylvinylbenzene) were

characterized and modified by a variety of reactions with the pendant

vinylbenzene groups. Laboratory-prepared resins of a known composition were

compared and contrasted to a commercial version with regard to surface area,

porosity, and vinyIbenzene content. The commercial resin, Amberlite XAD-4

(Rohm. and Haas Company), had a higher surface area (831 m2/g), porosity

(1.18 mL/g), and accessible vinylbenzene groups (2.5 mmollg, degree of

functionalization 33%). Modifications of both resins by radical addition of a

variety of thiols led to higher conversions (of vinylbenzene groups to modified

groups) with use of the commercial resin (as high as 76%). Further modifications

were done strictly with XAD-4. Sorne thioi additions to XAD-4 were done with

water as the solvent, with conversions as high as 43%. Disulfides were added

across the vinylbenzene groups of XAD-4 with iodine catalysis, with conversions

as high as 55%. This simple one-step reaction has never been done with a

polymer system before. XAD-4 was compietely epoxidized using a solution of

dimethyldioxirane in acetone, and completely brominated to form a resin with

(1,2-dibromoethyl)benzene groups (3.76 mmol Br/g). Resins with (l-hydroxy-2­

bromoethyl)benzene groups (1.5 mmollg) were prepared by reaction of XAD-4

\vith N-bromosuccinimide and \vater, with 73% conversion. Resins with thiol

groups (2.5 mmol SIg) were prepared by a one-pot reaction of brominated XAD-4

with N ,N-dimethylthioformamide followed by methanolysis. From one

commercially-available resin, several polymers with a variety of functional

groups have thus been prepared by simple one- to three-step modifications.
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Résumé

Des résines réticulées de poly-divinylbènzene-co-éthylvinylbènzene ont

été charactérisées et modifiées par diverses réactions sur les groupes

vinylbènzenes latéraux. Les résines de composition connue, préparées au

laboratoire, ont été comparées et opposées à une résine commerciale du point de

vue de la surface unitaire, la porosité et la proportion de vinylbènzene. La résine

commerciale, l'Amberlite XAD-4 (de la Compagnie Rohm et Hass) , possède une

plus grande surface unitaire (831 m2/g), une plus grande porosité (1.18 mUg)

ainsi que des groupes vinylbènzene plus accessibles (2.5 mmol/g, le degré de

fonctionnalisation étant de 33%). Les modifications des deux résines par

l'addition radicalaire de divers thiols ont conduit à un nombre plus important de

conversions (des groupes vinylbènzenes en groupes modifiés) avec la résine

commerciale (jusqu'à 76%). D'autres modifications ont été effectuées sur la

résine XAD-4 seulement. Des additions de tillols sur la résine XAD-4 en solution

dans l'eau ont donné jusqu'à 43% de conversions. Des disulfides ont été ajoutés

le long des groupes vinylbènzene de la résine XAD-4 et catalysés par de l'iode, ce

qui a mené à des taux de conversion de 55%. Cette simple réaction en une étape

n'ajamais été réalisée auparavant sur un système polymérique. La résine XAD-4

a été complètement époxidée par une solution de diméthyldioxirane dans

l'acétone et complètement brominée pour aboutir à une résine contenant des

groupes 1,2-dibromoéthyLbènzene (3.76 mmol Br/g). Des résines comprenant des

groupes I-hydroxy-2-bromoéthylbènzene (1.5 mmol/g) ont été préparées par

réaction de N-bromosuccinimide et d'eau sur la résine XAD-4, ce qui a mené à

des conversions de 73%. Des résines avec des groupes thiols (25 mmol Sig) ont

été obtenues grâce à une réaction de La résine XAD-4 brominée, avec du

N,N-diméthylthioformamide, puis d'une méthanolyse, ces réactions ont été

effectuées dans une solution unique. À partir d'une résine commerciale, plusieurs

polymères avec divers groupes fonctionnels ont été ainsi préparés au cours de

simples réactions de modifications d'une à trois étapes .
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Chapter 1

Introduction to the Study of

poly(Divinylbenzene-co-Ethylvinylbenzene)

and

Modifications to the Pendant Vinylbenzene Groups

1.1. Overview of research

The modification of styTenic resins can lead to a variety of functional

polymers. Traditional methods include cWoromethylation with subsequent

reactions, sulfonation, nitration, and amination [1]. This work demonstrates simple

alternatives to these methods, aIl of which stem from the modifications of the

pendant vinylbenzene (or vinyl) groups in cross-linked poly(divinylbenzene-co­

ethylvinylbenzene). This resin is commercially available as Amberlite XAD-4

(Rohm and Haas Company), and was the starting matrix in the majority of the

modifications.

Chapter 2, a survey of the available literature, reviews the occurrence and

introduction of vinyl groups in polymers, modifications ta these polymers

(including ta the vinyl groups), and the XAD series of commercial resins. One of

the objectives of this thesis was ta compile information on XAD resins, with the

main focus on XAD-4. Chapter 3 further examines XAD-4 and related commercial

resins, with comparison ta laboratory-made analogues.

The remaining chapters (4-8) study the exploitation of the vinylbenzene

groups in a series of one- to three-step modifications, as illustrated in scheme 1.1.

Sorne of these modifications have never been performed on a polymer substrate

before; none have previously been done to the vinylbenzene groups of commercial

poly(divinylbenzene-co-ethylvinylbenzene). AIl of these methods are transferable

to other vinyl-containing polymers. In total, slightly more than 350 polymer

modifications were carried out. The calculations of percent conversions (cf» of

vinylbenzene groups to modified groups were based on elemental analyses.
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Characterization by infrared, Raman, and 13C NMR spectroscopy verified the

structures of the functional groups of the modified resins.

One of the initial goals of tbis project was to develop coordinating and ion

exchange resins. This work led to the development of a methodology to screen the

complexing ability of ligands with metaIs by simple pH titration, as featured in

appendix 1.

The objectives which were met for this work include a thorough

characterization of commercial poly(divinyLbenzene-co-ethylvinylbenzene),

development of alternate methods of polYmer modification, adaptation of small

molecuie reactions not previously done with macromolecules, the introduction of

specifie functional groups onto a polymer matrix, and modifications done entirely

by reaction(s) with the vinylbenzene groups initially present in the resin.

The vinylbenzene groups were modified to prepare resins with thioether

groups linked through a dimethylene spacer to the resin, as weil as with vicinal

groups such as l,2-dithioether, l,2-dibromo, l,2-dithiol, and bromohydrin

groups. Functional intermediates included resins with epoxide, bromohydrin, or

dibromo groups, which could be used for further modifications (scheme 1.1).

~SR ~SR

r tSSR 12 HSR\
HSR base

AIBN

~ Br,~ ~Br

1~
HO

DlvID or ~NBr 2 ~œ
mCPBA ~ Br

o

~o ~~.

Scheme 1.1. Modifications of poly(divinylbenzene-co-ethylvinylbenzene)

1.2. References

[1] l.M.J. Frechet and M.l. Farrall, in s.s. Labana (Editor), Chemistry and

Properties of Crosslinked Polymers, Academie Press, New York, 1977, p. 59.
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Chapter 2

A Review of the Preparation, Characteristics and

Modifications of Polymers with Pendant Vinyl Groups,

including poly(Divinylbenzene-co-Ethylvinylbenzene)

and Related Resins

Forward to Chapter 2

The content of the following section is comprised of a paper with the same

title which was subrnitted to the journal Reactive and Functional Polymers

(K.L. Hubbard, G.D. Darling and J.A. Finch, submitted April 1997).

This chapter revie\vs information on polymers which have unsaturated

groups, particularly styrenic resins having pendant vinylbenzene (also called vinyl)

groups. This is the frrst review which compiles information about divinylbenzene

copolymers, including the commercially-available crosslinked resin. Topies include

the preparation, characteristics, spectral data available, and modifications to these

polymers.

The main purposes for preparing this review were to compile avaiIable

information about the commercial resin Amberlite XAD-4 (poly(divinylbenzene-co­

ethylvinylbenzene», and to review modifications of this resin, including those of its

pendant vinylbenzene groups .
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Abstract

This paper reviews polymers with pendant vinyl functionalities focusing on

their preparations, characteristics and modifications. Of particular interest are

poly(divinylbenzene-co-ethylvinylbenzene) and related cross-linked resins,

including some of the commercially-available Amherlite resins. Styrenic resins are

excellent substrates for the preparation of functional polymers. Modification

through the vinyl functionality is generally underutilized. and further research in this

area as an altemate to more traditional polymer modification techniques such as

chloromethylation is encouraged.

Keywords: pendant vinyl groups, Amberlite XAD-2, Amberlite XAD-4,

poly(divinylbenzene-co-ethylvinylbenzene), divinylbenzene copolymers

2.1. Introduction

This review concerns resins and related polymers with pendant vinyl groups

and modifications to these polymers. The emphasis is on polystyrene-like matrices

and their functionalization, including those of their pendant vinylbenzene groups.

The physical characteristics of these polymers will aIso he examined with particular

attention to commercial resins such as Amherlite XAD-2 and XAD-4 (Rohm and

Haas). Styrenic resins are regularly used as solid supports for the preparation of

functional polymers; however, the information with regard to the presence of

residual vinyl groups and any modifications involved has not been reviewed. One

of the primary goals of this review is to compile the available information on these

resins. Many researchers use styrenic resins to prepare functional polymers without

regard to the vinyl content or consequences of their presence on modification side­

products and side-reactions. Few researchers have actually taken advantage of the

presence of vinyS groups.

2.2. Non-Styrenic Polymers with VinyI Groups

Although this review concentrates OIl polystyrene-like resins, other

polymers which have vinyl groups will first he introduced. There are several

papers which coyer the rubber family of polymers and only a brief mention of them

is made.
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Pinazzi and co-workers extensively discussed the modification of

polydienes[l]. They compared the reactivity of the 1,2- and 3,4- units of

polybutadiene and the 1,4-units of polYisoprene in reactions such as cyclization,

epoxidation, hydroboration and reactions with maleic anhydride and trichlorosilane.

The order of reactivity varied with reaction conditions and mechanisms. Their

conclusion was that polymers with vinyl groups are excellent reactive polymers and

precursors for functional polymers.

Golub and co-workers discussed the photorearrangements of polymers with

internai and/or pendant vinyl groups such as polybutadiene, polYisoprene, and other

related polydienes [2]. They compared their photorearrangements to thermal

rearrangements and discussed cis-trans isomerization and [2 + 2] cycloaddition.

A review on the chemistry of unsaturated polymers by Schultz and co­

workers covers reactions of the polydienes and sorne other unsaturated polymers

[3]. Topics included hydrogenation, halogenation, hydrohalogenation, cyclization,

cis-trans isomerization, epoxidation and other reactions to the vinyl groups.

Of particular interest to the authors is the work by Boutevin and co-workers

[4]. They modified the vinyl groups of carbox:ytelechelic polybutadiene by the

radical addition of mercaptoacetic acid, Yielding a polymer with pendant carboxylic

acid functionalities linked via a thioether to the backbone.

y oshida and co-workers prepared and modified a polycarbonate having

pendant vinyl groups (figure 2.1) [5]. The polymer was prepared by the

copolymerization of carbon dioxide with butadiene monoxide (BMO), using a

diethylzinc-water catalytic system. They modified the vinyl groups by either

bromination or reaction with a platinum(II) complex.

r
-(~CH-o 01­

)( n
o

Fig. 2.1. BMO-C02 copolymer [5].

Taking advantage of residual unsaturation in polyethylene and poly(vinyl

chloride), Bergbreiter and co-workers showed that grafting chemistry can he

applied to these systems [6]. They performed hydroboration followed by grafting

of various monomers .

Samarkandy modified polymers, referred to as inner olefins, by reaction

with residual double bonds [7]. He focused on the attachment of acetylacetone in

order to produce a polymer-chelate-metal complexa
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Percee and Auman prepared polymers with pendant vinyl or ethynyl groups

[8]. Their method involved a multi-step preparation from poly(ether sulfone) or

poly(oxy-2,6-dimethyl-l ,4-phenylene). The poLymers were first chloromethylated,

followed by conversion into their phosphonium saIts and then into vinyl groups by

a Wittig reaetion. Bromination, followed by dehydrobromination, converted the

vinyl groups into ethynyl groups. Altemately, the methyl groups of poly(oxy-2,6­

dimethyl-l,4-phenylene) were monobrominated and then converted to the vinyl

groups using the same methods as for the chloromethyl groups.

In order for a polymer to be successful as a functionaI polymer, it needs ta

have certain characteristics which make it suitable for the intended application. Use

offunctionaI polymers in columns or other systems, generally requires mechanical

strength and integrity. Polystyrene-based resins are superior with regard to these

features and are commonly used because of this. The modifications to the vinyl

groups of polymers mentioned in tms section equally apply to styrenic resins having

vinyl functionalities.

2.3. Styrenic Polymers with Vinyl Groups

There are t\VO main routes to prepare polystyrene-based polymers with

vinylbenzene groups Calso called pendant vinyL groups, the entire repeat unit is

called the vinylstyrene unit). The first route is the modification of a preformed

polystyrene-like matrix and the second route is the polymerization of suitable

monomers with possible further modification to form the pendant vinyl groups.

23.1 Preparation by modification of preformed matrices

One popular route ta prepare polystyrene-based resins with pendant vinyl

groups is by the multi-step conversion of the styrene unit to the vinylstyrene unit by

chloromethylation, followed by conversion into their phosphonium salts and finally

by a Wittig vinylation. Neumann and Peterseim. prepared poly(para-vinylstY[ene)

from various commercial macroporous resins using this method [9]. The vinyl

groups were theu hydrostannylated and modified further. The vinyl group content

was determined by conversion to the dibromo group and then performing bromine

analysis. The degree of functionalization of vinyl groups was between 6 and 41 %.

The vinyl content was dependent on which resin was used and whieh method of

ehloromethylation was used. After complete conversion of the vinyl groups to the
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tin-containing functionality, it was stated that the tin was homogeneously distributed

across the beads. This was detennined by the use of energy-dispersive analysis of

X-rays (EDAX) in conjunction with scanning electron microscopy (SEM) to plot

the tin and chlorine distribution across the internai cross-section of a haIved bead.

Thus, by inference, they concluded that the vinyl groups were evenly distributed

throughout the resin. It should he noted that the experimental details did not

mention the resolution of the EDAX linescans.

Hodge and Waterhouse aIso worked on the conversion of chloromethylated

polystyrene to various vinyl-containing resins by a Wittig synthesis using a variety

of aIdehydes, incIuding formaIdehyde and a ferrocene complex [10]. The resin

with pendant vinyl groups had a degree of functionaIization of only 6%.

To prepare polystyrene with pendant vinyl groups, Farrall and co-workers

started with soluble polystyrene and used either of two routes [Il]. The fust was

the chloromethylation, a Wittig reaction pathway, and the second involved

tithiation, conversion to the aIdehyde by reaction with N ,N-dimethylformamide,

fol1owed by reaction with methyltriphenylphosphonium bromide and potassium

tert-butoxide to form the vinyl groups. The vinyl content was found by conversion

to the dibromide, fol1owed by bromine analysis. The degree of functionalizations

were 12% and 36% for the chloromethylation route (done twice) and 29% for the

aIdehyde route. For all three polymers, the percent conversion to the vinyl group

from the chloromethyl group or the aldehyde was between 86% and 92%.

Frechet and Schuerch prepared polystyrene matrices with pendant allyl acid,

allyl ester and allyl alcohol groups from the conversion of chloromethylated

polystyrene to the aldehyde group with further subsequent reactions [12]. The

Wittig reaction was used to convert the chloromethyl groups to allyl chloride groups

by addition of cWoroacetaldehyde to the phosphonium salt.

Frechet did further work on preparing polystyrene with pendant para­

vinylbenzene groups using phase-transfer conditions [13]. The method of

conversion was the Wittig reaction ta chloromethylated groups. Bromination of the

vinyl groups, fol1owed by bromine analysis, gave a degree of functionalization of

42%.

Frechet and co-workers also prepared polystyrene resins with pendent

sulfone groups including one with an allyl group (P-S02CH2CH=CH2) [14].

An alternative to working with chloromethylated polystyrene was the use of

meta-(l,2-dibromoethyl)styrene as a monomer which was then copolymerized with

sty[ene or meta-divinylhenzene [15]. The monomer was prepared by selectively
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brominating one vinyl group of meta-divinylbenzene using pyridinium

hydrobromide perbromide. The dibromoethyl groups of the copolymers forme<!

were then converted to vinyl groups by heating in the presence of sodium iodide ta

eliminate bromine. They reported that the copolymer with styrene as co-monomer

had 134 mmol vinyl/g, and the copolymer with divinylbenzene as co-monomer had

1.77 mmol vinyl/g. However, they did not mention the percent conversion of the

dibromoethyl groups to vinyl groups, or whether any dibromoethyl groups were

still present.

In the preparation of resins \vith vinyl groups from preformed matrices,

side-reactions and incomplete conversions in each step can lead to a mixture of

functional groups. Further modifications to the polymer with vinyl groups could

then also cause side-reactions, leading to more side-products. The presence of

undesired functional groups may change the resin characteristics and create

difficulties in analysis of the functionalized resin.

23.2 Preparation of poly(divinylhenzene) and related polymers by polymerization

of suitable manomers

This methodology tends to be the preferred route due ta the rninimization of

side-products which can occur in the multi-step procedures mentioned in the

previous section. Depending on polymerization methodologies, either linear or

crosslinked polymers or copolymers of divinylbenzene can he prepared. Many use

commercial (technical grade) divinylbenzene, which contains meta- and para­

isomers of DVB and ethylvinylbenzene (EVB), usually composed of 50 ta 80

weight percent DYB .

23.2.1 LinearpoLy(divînyLbenzene) and related polymers

The most popular method of forming linear poly(divinylbenzene) is by

using anionic polymerization techniques. In 1968, Aso and co-workers anionically

polymerized ortho-divinylbenzene [16]. They used organolithiurn. and alkali metal­

naphthalene catalysts in various ethers. The extent of cyclization for anionie

polymerization was found to he less than for cationic or free-radical

polymerizations.

In 1978~ Nitadori and Tsuruta polymerized meta-divinylbenzene, as weIl as

para-divinylbenzene, using lithium diisopropylamide (LDA) or butyl lithium as
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initiators [17]. It was found that the para-isomer polymerized more readily than the

meta-isomer. They varied the quantities of düsopropylamine and butyl lithium

used, as well as the choice of solvent. The best reaction conditions ta produce a

linear poLymer involved the use of LDA as initiator and tetrahydrofuran as soLvent.

When benzene was used as the solvent, or, when butyl lithium \Vas used as

initiator, either aLone or with onLy a small amount of diisapropyLamine, a gel or

oligomer was produced. The relative reactivities of each unit were determined

(figure 2.2). This dernonstrated that the pendant vinyL group has a lower reactivity

than DVB, hence the absence of cross-linking.

~ > ~ > ~ > tNGh)' > ~N~b
2.7 1.6 L 0.6 l 0.27

Fig. 2.2. Relative reactivities of monomers [17].

In 1985, Tsuruta prepared soluble poly(para-divinylbenzene) of varying

malecular weights (MW) by anionic polymerization methods [18]. E"<tensive

studies, induding the use of l3e Niv1R. spectroscopy, were done to compare

monomer reactivities and degree of functionalization. For a polymer of MW 18000,

there were 98.1 vinyl units per 100 repeat units; whereas for a polymer of MW

32000, there were 95.6 vinyi units per 100 repeat units. The remaining repeat units

"vere branched groups. Further work ta study the reaction mechanism was

presented in 1986 and the 13e Niv1R. spectral peak assignments for linear

poly(para-divinylbenzene) were given [19].

Further work on the anionic polymerization of divinylbenzene was carried

out by Bates and Cohen [20]. They used technical grade divinylbenzene (60%

DVB,4O% EVB, 75% meta-, 25% para-isomers for bath monomers), and either

Il-butyllithium or sec-butyllithium. They were able to produce homogeneous gels

of divinylbenzene-ethylvinylbenzene having pendant vinyl groups. The presence of

THF or dioxane with benzene as co-solvent gave dear homogeneaus gels; whereas

the use ofbenzene alone created opaque inhomogeneous po\vders.

The use of divinylbenzene to form linear polymers where the vinyl groups

were in the backbone of the polymer instead of existing as pendant vinylbenzene

groups was discussed in two papers.

Hasegawa and Higashimura cationically polymerized a mixture of meta- and

para-divinylbenzenes (meta:para, 70:30) using axa acids such as CF3S03H,
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AcCl04,p-CH3C~S03H or B~-OEt2 as catalytic initiators, and either benzene

or 1,2-dichloroetbane as soLvent [21]. Except for the system using BF3-0Et2 and

dichloroethane, linear poLymers were formed. The best systems used benzene as

the selvent, either CF3S03H, AcCI04 or p-CH3C6~SÛ3Has catalyst, and low

monomer concentrations. For high molecular weight linear polymers, sequential

monomer addition was done to keep the monomer concentration low. Molecular

weights ofup to 25000 were attained and that polymer was still soluble in various

solvents. Its structure consisted of trans olefrnic and phenyl groups in the main

chain with vinyl groups at both ends (figure 23).

CH3 CH3 CH) CH)
CH2=CH~CH::CH+k-@œ=CH-1mb-@-&+CH=CH~b-tnCH=CH~CH=CH2

Fig. 23. Structure oflinearpoly(divinylbenzene) [21].

PoLy(I,4-phenylenevinylene) was prepared by metathesis of para­

divinylbenzene (figure 2.4) [22]. A metal-carbene complex reacted with one of the

vinyl groups to form a new metal-carbene complex, followed by reaction with

another monomer and elimination of the metal-carbene. For each monomer added

to the chain, one molecule of ethylene was evolved in the process. No solvent was

used in this process, which produced a yellow powder. It was calculated that the

number-average degree of poLymerization (n) was bet\veen 5 and 8.

Fig. 2.4. Structure of poly( 1A-phenylenevinylene) [22].

23.2.2 Cress-linked poly(divinylbenzene) and related polymers

The general structure of a cross-linked divinylbenzene-ethylvinylbenzene

random copolymer such as could be prepared from commercial DVB is shown in

figure 2.5. These copolymers have a cross-linked structure with pendant

vinylbenzene and ethylbenzene groups. The degrees of functionalization are

indicated by the symbols XCL, XVB, and XEB, (CL for cross-linked, VB for

vinylbenzene, and EB for ethylbenzene). In this example, the monomers are meta­

and para-disubstituted.
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Fig. 2.5. Structure of poly(divinylbenzene-co-ethylvinylbenzene).

Much work on the preparation of reactive microgels by polymerization of

divinylbenzene \Vas done by Funke [23-31]. Crosslinked microgel particles

(having diameters of 5-10 nm [31]) with pendant vinylbenzene groups were

prepared by emulsion polymerization of DVB. Monomers used included para­

DVB, commercial DVB, and mixtures of OVE and styrene. The vinylbenzene

groups were homogeneously distributed throughout the polymer. The microgels

were modified by the radical addition of potassium persulfate to the pendant

vinylbenzene groups to form sulfate groups, creating a hydrophilic polymer [29].

Funke suggested, but did not actually do, ather modifications to the vinyl groups

including the addition of hydrogen bromide, epoxidation, formation of hydroxyl

end groups, and formation of carboxyl end groups [31].

Commercial divinylbenzene was used in the preparation of microgels [32].

The copolymer poly(p-DVB-co-m-DVB-co-p-EVB-co-m-EVB) was characterized

using infrared spectroscopy. The vinyl group content \vas calculated from the IR

spectra, as weU as by bromination. Over 50% of the pendant vinyl groups were

consumed in cyclization and cross-linking. The rates of incorporation of each type

of monomer were different from each other due to differences in reactivities.

para-OVE was found to he t\vice as reactive as meta-DVB; while meta-EVB was

only slightly more reactive than para-EVE. The overall order of reactivity was:

para-DVB » meta-DVB > meta-EVB > para-EVE. Due to the much higher

reactivity of para-DVB, the proportion of DVE groups to EVB groups in the

polymer was much higher than in the monomer mixture.

Using a seeded polymerization technique, Okubo and Nakagawa prepared

micron-size monodisperse polymers with pendant vinyl groups [33]. The seed

particles were polystyTene and produced by dispersion polymerization. The seed

polymerization step used divinylbenzene, which swelled the polystYfene seeds, and

ran for 24 hours.

Macroporaus resins can he formed using high proportions of

divinylbenzene. Suspension (or bead) polymerization is the preferred method to
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produce beads which could have applications as solid supports. This technique has

previously been reviewed [34].

Using solution polymerization methods, commercial divinylbenzene was

polymerized in a mixture of toluene and n-butanol, and the resulting polymer

powdered [35]. Surface areas were as high as 600 m2/g [35]. The highest surface

area was produced when the non-solvent (n-butanol) to solvent (toluene) volume

ratio was 1 to 3. Commercial DVB was aIso suspension copolymerized with

styrene (90 wt % DVE to 10 wt % styrene) to form beads with surface areas as

large as 500 m 2/g. The suspension polymerization used toluene, polyyinyl aIcohol,

water and n-butanol, and ran for 6 hours at 80 oC, stirring at 550 rpm. In ail these

polymerizations, 2,2'-azobis(isobutyronitrile) (AIBN) was used as the radical

initiator. For both methods, it was found that when the toluene content was less

than 25% (rest n-butanol), the vinyl group content tended to be higher, and when

toluene content was higher than 25%, the vinyl content level1ed out. The absolute

values of the vinyl contents were not calculated; instead, a ratio technique compared

the infrared absorption spectral peaks of the vinyl peak (1630 cm-1) to a

characteristic polystyrene peak (1600 cm-1) . As weIl, the average pore diarneters

increased with decreasing toluene content. The proportions of meta- and para­

isomers ofDVB and EVB units were aImost the same as for the monomer mixture.

Gao and co-workers also produced macroporous beads by the suspension

polymerization of commercial grade divinylbenzene (55 wt % DVE, 45 wt %

ethylvinylbenzene) [36]. The reaction mixture, consisting of water, toluene, AIBN,

monomer and cellulose ether, was stirred under nitrogen at 1000 rpm for 2 hours at

70 oC. The resulting white beads were characterized using infrared spectroscopie

analysis to measure the vinyl group content. The degree of functionalization was

between 25 and 30% vinyl groups. 13 CCP-MAS (cross-polarization magic angle

spinning) and l3C CP-IvfAS-DD (DO is dipolar dephasing) NMR spectra were

taken. The 13C NMR peak assignments were as follows: 144 ppm was due ta

phenyl C, 137 ppm was due to CH=CH2, 129 ppm was due to phenyl CH, 114

ppm was from CH=CH2, 41 ppm was due to the CH2 and CH units of the

backbone, and 30 ppm and 16 ppm \vere due to the CH2 and CH3 of the pendant

ethyl groups from the ethylvinylbenzene repeat unit.

Other researchers have done similar work on the preparation of

macroporous styrene-divinylbenzene copolymers with pendant vinyl groups [37].

They varied reaction time, temperature and proportions of initiator and porogen to

control surface area and vinyl content.
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23.23 Commercial divinylbenzene polymers

Commercial copolymers based on large proportions of divinylbenzene and

little or no styrene have been available from Rohm and Haas Company for many

years. This section will review sorne of the available information on these

macroporous resins.

In 1962, Rohm and Haas announced the preparation of macroreticular

(macroporous) resins [38]. They used suspension polymerization techniques, and

modified the resins to forro anion or cation exchange resins.

In 1967, the fust of the Amberlite adsorbents became commercially­

available. The styrenic-based ones were developed as high surface area non-polar

adsorbents with applications in the pharmaceutical and water treatment industries

[39]. One of the most frequently used resins is Amberlite XAD-4 [40].

Characteristics of the styrenic Amberlite adsorbents are given in Rohm and Haas

product literature [41]. They do not, however, disclose the rnonomer compositions

of any of their products.

The preparation of this group of resins is covered by a United States patent

[42]. The method involves suspension polymerization of various monomers in

varying proportions including technical grades of divinylbenzene (between 55 and

80% DVB). Various solveuts (calIed precipitants) which act as a solvent for the

monomers, but do not induce any solvent action on the polymer (i.e. nonswelling),

were used in tbis method. E"<arnples of solvents used as precipitants include

tert-amyl alcohol, ll-butanol and sec-butano!. ft was also desired to have

precipitants which have low solubility in water, a factor which could he decreased

by the addition of salts. The precipitant caused phase separation; the copolymer

separated from the monomer phase as it formed. During polymerization, the

precipitant was squeezed out of the copolymer. forming microscopie ehannels.

These channels were larger than the micropores which typically are found in cross­

linked resins. This effect was enhanced by the presence of larger than usual

amounts of cross-linking agent (8 to 25 \vt % of monomer mixture). For aromatic

monomers, such as styrene and DVB, the preferred precipitants were either C4 to

C10 alkanols or higher saturated hydrocarbons (heptane or isooctane, etc.), used in

amounts of30 to 50% of the total weight of the monomer mixture and precipitant.

Due to higher amounts of cross-linking, these resins tended to be more resistant to

physical stresses, such as osmotic shock. Ion-exchange resins prepared from these

copolymers had an increased resistance to oxidative degradation.
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This patent mentions applications for the resins, such as adsorbents, or for

further modification including sulfonation, nitration, chloromethylation, formation

of quaternary anion exchangers, and so on. It does not, however, mention the

presence of pendant vinyl groups or modifications to the vinyl functionality.

While the exact monomer compositions or preparations for the Amberlite

series are not revealed, there are a few sources which give sorne indication of their

composition. The United States Food and Drug Administration states that a

divinylbenzene copolymer is "derived by the polymerization of a grade of

divinylbenzene which comprises at least 79 weight percent divinylbenzene, 15 to 20

weight percent ethylvinylbenzene, and no more than 4 weight percent

nonpolymerizable impurities" [43]. Amberlite XAD-4 is mentioned in this

reference.

233 Characteristics of Amberlite resins, poly(divinylbenzene) and related

polymers

This section covers the sources of information which provide physical

cbaracteristics and reveal the presence of vinyl groups or monomer content in these

commercial resins. Sorne references to other data available will also be given.

Modifications to the commercial resins, including to their vinyl groups as weIl as

those of related polymers, will then he considered.

Researchers have frequently used two of the Amberlite resins, XAD-2 and

XAD-4, as the matrix for the preparation of functional resins. Much of the work

treated these resins as standard polystyrene resins, with no mention of the presence

of vinyl groups. Very little work has been reported on the modification of these

commercial resins by reaction of their residuaI (or pendant) vinyl groups. As weIl,

only scattered information on their characteristics is available.

Since the physical characteristics of the Amberlite resins are available from

Rohm and Haas product literature, and are also published in other reviews, only a

brief mention of them will be made. The pore size and surface area are the

important physical characteristics for most applications. This infonnation is given

in table 2.1 [44]. Only XAD-4, XAD-16 and XAD-118ü were cornmercially

available as of February 1996 [45] .
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• Table 2.1. Characteristics of Amberlite XAD polyaromatic adsorbent resins
(reproduced in part from [44])

Approx. True Skeletal Mean Mean
Pore WetDensity Density Surface Pore Mesh

Resin Volume (gImL) (gJmL) Area Diameter Sïze
(mUg) (m2/g) (À)

XAD-2 0.65 l.02 1.07 300 90 20-60

XAD-4 0.98 l.02 1.08 725 40 20-60

XAD-16 1.82 l.02 1.08 800 100 20-60

XAD-1l80 1.68 l.01 1.04 600 300 20-60

XAD-2000 0.64 1.09 580 42 20-60

XAD-2010 1.80 1.09 660 280 20-60

In 1981, de Munck and co-workers conducted extensive research on

Amberlite XAD-2 and XAD-4 [46]. Using Raman spectroscopy, they revealed the

presence of vinyl groups. They calculated the vinyl group content by addition of

iodine chloride across the vinyL groups, followed by elemental analysis (iodine and

chiorine). They mentioned that the monomer content of the reaction mixture for

both of these commercial resins was 20% p-DVB as a 50% soLution in p-EVB,

mixed in a 1:3 ratio with styrene. However, the reference that they cited did not

actually contain this information. There "vas no mention of the presence of meta­

disubstituted monomers. The Raman spectrum for XAD-2 only was given, and

their peak assignments are given in table 2.2. This group aIso gave the BEr surface

area and pore size information for these resins. The adsorption and desorption

isotherms of nitrogen for XAD-4, given in the paper, showed a hysteresis loop

indicating the presence of ink-bottLe type cavities. The surface area for XAD-4 was

caIcuLated to he 788 m2/g.

Another research group performed Raman spectroscopy on a copolymer of

commercial divinyLbenzene [47]. Their peak assignments were similar to those in

tabLe 2.2, with the notable exception of the peak at 800 cm-1 which they assigned ta

the meta-disubstituted phenyl groups.

Other researchers have aIso discussed the presence of vinyl groups in

XAD-2 [48]. Infrared spectroscoPY gave cbaracteristic vinyl peaks at 1633, 1410,

990 and 905 cm- l .

•
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• Table 2.2. Raman peak assignments for Amberlite XAD-2
(reproduced from [46J)

Band (cm-L)

645.800

1006

1190. 1240

1320

1410,1450

1590. 1612

1636

2910

3006.3060

Assignment

para-disubstitution

breathing vibration of benzene ring

para-disubstitution

bending vibrations of CH2 and CH3

disubstitution

C-C stretch vibrations of benzene ring

C=C stretch vibrations of vinyl group

C-H stretch vibrations

C-H stretch vibrations of benzene ring

•

A comprehensive review published in 1986 by Albright of Rohm. and Haas

discussed the physical characteristics of many Amberlite resins, including XAD-2

and XAD-4 [49]. It does not mention, however, the presence of vinyl groups. The

review revealed that XAD-4 is a copolymer of divinylbenzene and

ethylvinylbenzene, with a glass transition temperature of 90 oC. Heating this resin

at 130 oC for 3 hours did not significantly change the pore size distribution.

Sulfonation ofXAD-4 ta forro Amberlyst XN-1010 caused a slight decrease in pore

size. The surface areas of XAD-4, XAD-16 and XN-1010 were: 841-860 m2/g,

942 m 2/g, and 401 m 2/g, respectively. Other properties mentioned included

porosity, wrnch was 55 ta 61 % for XAD-4 (1.1 to 1.4 mUg), and the cross-linking

density, in weight percent of divinylbenzene, for XN-I010 (made from XAD-4)

was 85%. Consequently, the monorner content of XAD-4 seems to be 85% DVB

and 15% ethylvinylbenzene.

Periyasamy and co-workers performed l3C NMR studies on

divinylbenzene-based resins including Amberlite XAD-l, XAD-2 and XAD-4 [50].

Isotopically labelled poly(para-divinylbenzene-co-styrene) resins were prepared.

Analysis included brornination to measure vinyl content. The peak assignments

Were the same as by Gao and co-workers, mentioned previously [36]. The l3C

CP-MAS NMR spectra for XAD-2 and XAD-4 were shawn and were like that for

poly(divinylbenzene-co-ethylvinylbenzene) [36]. No dipolar-dephased spectra

were taken. It was reported that the DVB content of XAD-1, XAD-2, and XAD-4

were 20, 50 and 80 weight percent respectively, however no reference was given.
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A method for the determination of vinyl group content for divinylhenzene

copolymers using infrared spectrometry has been reported [51]. Using absorbance

mode, an extinction coefficient was calculated for each relevant peak. By

comparison of the peak heights multiplied by their coefficients, the vinyl group

content could he calculated using a ratio technique. The infrared peak assignments

are given in table 23 [51]. This method has not previously been used ta

quantitatively determine the vinyl content of the Amberlite resins.

Table 23. Infrared peak assignments for divinylbenzene copolymers [51]

Band (cm.- l ) Assi!!lliIlent

1630, 1410, 1015, 990 vinyl group

1510 para-disubstituted phenyl ring

1493, 1028,760 monosubstituted phenyl ring

905 mi:'{ed band, weak monosubstituted phenyl ring,
medium to weak disubstituted phenyl ring
and strong vinyl group

838 mL"<ed band, weak monosubstituted phenyl ring
and strong para-disubstituted phenyl ring

795 meta-disubstituted phenyl ring

Faber and co-workers modified XAD-2 and XAD-4 [52]. They found by

transmittance infrared spectroscopy that XAD-2 was composed of styrene,

divinylbenzene and ethylvinylbenzene, whereas XAD-4 was composed of

divinylbenzene and ethylvinylbenzene. The IR spectrum of XAD-4 was shown.

Addition ofHBr to the pendant vinyl groups gave 0.95 mmol Br/g for XAD-2 and

1.95 mmol Br/g for XAD-4. This would have meant that the degree of

functionalization of vinyl groups was 13.5% for XAD-2 and 30.2% for XAD-4.

They mentioned that the vinyl content was 0.7 mmoUg for XAD-2 and 1.95 mmoVg

for XAD-4; however, based on the bromine content, the vinyl contents are

calculated to be doser to 1.0 mmoUg and 23 mmol/g, respectively. (Calculated by

dividing the degree of functionalization by the average molecular weight per repeat

unit).

Two papers discussed solvent uptake and wetting of resins, including sorne

of the XAD resins [53,54]. The solvent uptakes for XAD-l and XAD-2 are given

in table 2.4 [53]. The wetting behaviorand adsorption of polar organic solvents of

XAD-2 and XAD-4 were studied by Rixey and King [54] .
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Table 2.4. Solvent uptake for Amberlite XAD-1 and XAD-2 (g solvent per g resin)
(re roduced in art from [53])

Solvent XAD-1 XAD-2 Solvent XAD-1 XAD-2

water 0.061 0.072 dioxane 121 0960

methanol 0.488 0.699 ethyl acetate 0.907 0.816

ethanol 0507 0.719 aceticacid 1.872 1.00

n-propanol 0535 0.757 chloroform 159 122

isopropanol 0509 0.721 carbon tetrachloride 1.64 135

n-butanol 0527 0.758 benzene 0.993 0.779

acetonitrile 0.688 0.743 hexane 0.515 0540

nitromethane 1.00 0.872 cyclohexane 0.728 0.656

tetrahvdrofuran 1.05 0.736 isobutvl methvl ketone 0.818 0.745

2.4. Modification of Amberlite Resins

Many researchers have used XA_D-4 and related resins to prepare functional

resins. Unless otherwise noted, the following researchers did not mention the

presence of pendant vinyl groups.

Zuo and Muhammed used XAD-2 and XAD-4, and other styTernc resins te

prepare coordinating resins [55]. The styrene units were chloromethylated,

aminated with hexamethylenetetramine and then converted to the polymer-bound

thiourea functionality by reaction with NH4SCN. The introduction of spacer

groups was accomplished by modification with either l,2-diaminoethane or

1,3-diaminopropane, instead of by amination.

Fritz and co-workers used XAD-4 as a rnatrix for the preparation of many

modified resins [56-60]. One modification invoLved first acetylation, follo\ved by

hydrolysis to the benzyl aLcohoL functionaLity, then esterification with thioglycolic

acid to produce a resin with thioglycoLoylmethyl groups [56]. The infrared spectra

were shown for the resins, and vinyl peaks were visible in the spectrum for the

starting materiaL, XAD-4. In the spectrum for the modified resin, weak peaks

between 2600-2700 crn-1 may he attributed to the presence of thiol groups, although

this was not mentioned in the paper. Reduction of the vinyl peaks in the spectra for

the modified resins was also not noted, nor the presence of side-products attributed

ta reactions with vinyl groups.

XAD-4 has been used to prepare anion-exchange resins [57]. It was

chloromethylated and then arninated with trimethylamine.
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Various hydroxamic acid resins have been prepared from XAD-4 [58, 59] .

The first step involved acetylation, followed by oxidation of the acetophenone

groups to carboxylic acid groups. The carboxy groups were then converted to acid

chloride (chloroformyl) groups by reaction with thionyl chloride. The addition of

various hydroxyl amines to the acid chloride groups formed hydroxamic acid

groups.

The surface characteristics ofXAD-4 were aIso altered by modification [60].

Functional groups added, using Friedel-Crafts methods, included: -C(CH3h,

-CH20H, -COCH3, -COCH2CH2COOH, and -CH2CN. The modified resins

showed differences as chromatographie materials due to differences in their

hydrophilicity.

Armer studied the effects on sorptive properties by modification of XAD-4

[61,62]. Functional groups which were incorporated included: alkanes, ketones,

amines, sulfonamides, fluorocarbons, polyglycols with or without methyl-capping,

benzyl alcohol, chloromethyl, bromo, pentafluorophenyl, and phosphonic acid.

Established POlymer modification techniques, such as chloromethylation, were

used. The content of XAD-4 was incorrectly stated as being poly(styrene-co-2%

divinylbenzene). The research focused on applications of the functionaJ. resins, and

no spectral data ta characterize these resins were given. It was not indicated

whether XAD-4 had pendant vinyl groups.

XAD-2 has been brominated in the presence of ferric chloride [63,64]. The

only structure shown was: XAD-2-CH2CH2Br [64]. This structure is

questionable because the reaction conditions used would form aryl bromide groups,

but there was no structural information given in the papers. No characterization

details were induded, and there was no mention of pendant vinyl or ethyl groups.

XAD-4 and related resins have been used as substrates to immobilize

functional groups by physical adsorption because of their high surface areas and

porosities. For example, zerovalent palladium catalysts were created by the

impregnation of lipophilic palladium complexes into XAD-2 and XAD-4, followed

by reduction \vith hydrazine to Pd(O) [65].

Immobilization of various functional chemicaIs by adsorption into XAD-4

has been done by severa! researchers to prepare functional substrates. LiPOphilic

tetraaza macrocycles were impregnated into XAD-4 by adsorption from organic

solutions [66]. These resins were tested for trace metal uptake from seawater.

SoLvent extraction reagents, such as dihexyL N ,N-diethylcarbamoyl­

methylphosphonate [67, 68], di(2-ethylhexyL)phosphoric acid [69], and
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di(2-ethylhexyl)dithiophosphoric acid [70], were physically adsorbed into XAD-4

to fonn solvent-impregnated resins. These were tested for metal uptake ability.

Functional groups have been bonded to XAD-4 through long spacer groups

[71]. Using Friedel-Crafts methods, the acid chloride of a monoalkyL ester of an

alkanedioic acid was attached to the styrene units. The pol.ymer-bound keto group

was converted to tosylhydrazone followed by selective reduction to either retain the

ester functionality or to convert it to an alcohoL group. The ester group was aIso

furtherconverted into carboxylic acid, amide, and hydroxamic acid functionalities.

De Munck and co-workers modified XAD-2 and XAD-4 by

chloromethylation, phosphination, and chlorophosphination, in order to coupLe a

rhodium complex to the resin [46]. They notOO that the presence of vinyl groups

contributed to undesired side-reactions. They also suggested that it may be possible

to couple the rhodium complex to the resin through the vinyl groups.

Likewise, Bootsma and co-workers found that the presence of vinyL groups

caused side-reactions in chloromethylation of XAD-2 [48]. They suggested that

chLoromethyl methyl ether had added across the vinyl groups to forro a Less reactive

aliphatic chloride towards nucleophilic addition in comparison to the benzylchloride

group.

2.5. Modification to Vinyl Groups of Styrenic, including Amberlite,

Resins

There is a broad spectrum of the type of reactions which can invoLve vinyL

groups. As with the non-styrenic polymers discussed previousLy, many

modifications have been done to vinyL groups present in styrenic resins, sorne of

which have been briefly mentioned.

Macroporous styrenic resins with pendant vinyl groups have been modified

by graft polymerization. Schutten and co-workers grafted N-vinyl­

tertbutyLcarbamate by radical addition ta the vinyl groups [35]. HydroLysis

converted the grafted carbamates to amines. Cobalt-containing catalysts were then

fixed to the resins by interaction with the amine groups.

Brunelet and co-workers aIso grafted various monomers to the pendant

vinyl groups of styrenic resins [72]. The resins were swollen with monomer

ovemight before grafting. Depending on the starting resin and reaction conditions

used, the porous structure was either retained or filled in by grafted poLymer.
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In sorne cases, it is undesirable to have residual unsaturation in styrenic

polymers. The Dow Chemical Company developed a method to reduce the

pyrolytic behaviour of divinylbenzene cOPQlymers by either hydrogenation,

balogenation or hydrobalogenation [73].

Using ,nCPBA (m-chloroperbenzoic acid), Frechet and Eichler epoxidized

pendant vinyl groups of a styrenic resin [13]. Sorne ring-opening of the epoxide

occurred.

As outlined in the section on non-styrenic polymers, Boutevin and co­

workers modified a butadiene polymer by the radical addition of mercaptoacetic acid

to the vinyl groups [4]. Similarly, Gao and co-workers modified

PQly(divinylbenzene-co-ethylvinylbenzene) by the anti-Markovnikov radical

addition of thiols to the pendant vinyl groups [36]. The thiols they used were:

benzenethiol, mercaptoethanol, n-butanethiol, ten-butyl mercaptan, mercaptœcetic

acid, l,2-ethanedithiol, l,3-propanedithiol, 1,4-butanedithiol, and

3-mercaptopropionic acid. The one-step modification involved stirring polymer,

excess thiol and AIBN in toluene at 70 oC undernitrogen for 1-2 days.

Only two paPers were found that described the functionalization of the

commercial Amberlite XAD resins by modification to pendant vinyl groups [52,

74]. In both cases, the aim was to prepare polymer-supPQrted catalysts.

Faber and co-workers modified the vinyl groups of XAD-2 and XAD-4 te

prepare solid-phase catalysts for the benzoin condensation [52]. Anti-Markovnikov

and Markovnikov hydrobrominations were performed; the first method used radical

addition of hydrogen bromide (:HBr) to form -CH2CH2Br groups, and the second

method used electrophilic addition of HBr to form -CHBrCH3 groups.

5-Hydroxyethyl-4-methylthiazole \vas immobilized by reaction with the

-CH2CH2Br groups, joining it through a dimethylene spacer to the polymer

backbone. The bromine distribution profile for anti-Markovnikov hydrobrominated

XAD-4 was determined using electron probe X-ray microanalysis. It was found

that the distribution of bromine was homogeneous, inferring that the vinyl group

distribution is aIso homogenous throughout the bead. It should be noted that the

bromine distribution shown was only for 1/3 of the diameter (300 ~m of a 900 J.tm

bead) with 6 data points at approximately 42 ~ spacing. The distribution was on

the micron-scale and it was noted that at the submicron scale, the distribution of

vinyl groups was inhomogeneous, they being situated primarily in the cores of the

resin microspheres .
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The vinyl groups of XAD-2 and XAD-4 have been used as graft sites for the

addition of poly(methylhydrosiloxane) using a platinum catalyst [74]. The Si-H

groups were further modified to prepare chiral catalysts containing the ephedrine

group.

2.6. Discussion

The preparation of styrenic resins having pendant vinyl groups has been

successful either by modification of a preformed polystyrene matrix, or by

polymerization of diviny1benzene in various proportions with other optional

monomers, such as ethylvinylbenzene.

Researchers utilizing the fIfSt route have prepared resins with vinyl contents

rangÏng from 6 to 42%, depending on preparative conditions [9-11, 13].

Unfortunately, many involved time-consuming, costly multi-step reactions. It is

important to minimize the presence of other functionalities, which means that each

step should have complete conversion; this is unrealistic in most cases.

The preparation of linear polyDVB cao create polymers with 95 to 98%

vinyl content, but the preparation involves very stringent and hazardous reaction

conditions and requires very pure reagents. For the preparation of functional

resins, these polymers would not have the proper structural characteristics, such as

porosity, high surface area and structural integrity.

The best route to prepare a structurally-ideal styrenic matrix with pendant

vinyl groups is by the polymerization of technical grades of divinylbenzene,

preferably with the highest possible amount of DVB (i.e. 80 wt % DVB is

commercially-available). Gao and co-workers prepared such a resin from 55 wt %

DVB (45 wt % EVB) [36]. They found that the vinyl content ranged from 25 te

30%. However, they did not measure the surface area and porosity.

The Amberlite resins, including XAD-2 and XAD-4, are ideal for the

preparation of functional resins based on their porosity and surface areas (table 2.1,

[44]). From the data of Faber and co-workers, the vinyl content was calculated te

be 13.5% for XAD-2, and 30.2% for XAD-4 [52]. They were able to completely

convert the vinyl groups to the hydrobrominated groups (-CH2CH2Br) J indicating

accessibility of the vinyl groups ta reagents. The other advantage is that XAD-4 is

commercially-available, so the focus can he on the modification of the resin, not its

preparation. Complete spectral characterization of XAD-4 or comparison ta a

polymer of known composition have not yet been done. There are no published
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Raman or 13C CP-MAS-DD N11R spectra. The method using FITR spectrometry

to measure vinyl content [51] has aIso not yet been used for XAD-4 or related

Amberlite resins.

One question which arises is the composition of resins prepared from large

proportions of DVB. When commercial divinylbenzene was used in the preparation

of microgels, it was found that the polymer was richer in DVB than the monomer

mixture [32]. The relative monomer reactivities were: p-DVB» m-DVB >

m-EVB > p-EVB, which accounted for the higher DVB content.

Conversely, when suspension polymerization methods were used ta

polymerize commercial divinylbenzene to prepare macroporous beads, the

proportions of rneta- and para-isorners of DVB and ethylvinylbenzene units were

aImost the same as for the monomer mixture [35]. This contradicts the expected

composition based on the relative reactivities of the monomers. However, as DVB

is consumed during the reaction, more ethylvinylbenzene may be incorporated

towards the end of the polymerization. Within a polymer, portions will most likely

be higher in one monomer, with varying compositions throughout the polymer. As

seen by these two different stuclies, it would seem that reaction conditions,

including time of reaction, probably play a significant role in monomer

incorporation.

2.7. Conclusions

Amberlite XAD-4, a styrenic copolymer of meta- and para-isomers of

divinylbenzene (80-85 wt %) and ethyh'inylbenzene (15-20 wt %), is an ideal

matrix for preparing functionalized resins. It has high surface area, porosity,

structural integrity, pendant vinyl groups which can act as sites for modification,

and has the advantage of being commerciaIly-available. Modification to these

pendant vinyl groups has thus so far been underutilized in favour of more traditional

polymer modification techniques such as chloromethylation.
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Chapter 3

The Preparation and Characteristics of

poly(Divinylbenzene-co-Ethylvinylbenzene),

including Amberlite XAD-4.

Styrenic Resins with Pendant Vinylbenzene Groups.

Forward to Chapter 3

The content of the following section is comprised of a paper with the same

tide which was submitted to the journal Reactive and Functional Polymers

(K.L. Hubbard, G.D. Darling and J.A. Finch, submitted April 1997).

Upon reviewing material on poly(divinylbenzene-co-ethylvinylbenzene),

including the commercial resin Amberlite XAD-4, it was found that the available

literature had incomplete information. This chapter will compare and contrast

laboratory-prepared poly(divinylbenzene-co-ethylvinylbenzene) with XAD-4 with

regard to physical features and monomer content. Comparison of XAD-4 to other

related XAD resins is also made. Spectral information not previously available on

XAD-4 is presented in this chapter. The location of vinylbenzene groups is mapped

for beads of XAD-4. The goal of this chapter was to develop a better understanding

of the features of XAD-4 since it is the starting matrix for the majority of the

polymer modifications presented in this thesis.

28



•

•

Abstract

The preparation and characteristics of poly(divinylbenzene-co-

ethylvinylbenzene), including the resin Amberlite XAD-4 available from Rohm and

Haas Company, were studied. The monomer and vinylbenzene group content,

swface area, and pore size of lab-made resins were cornpared to those of the

commercial resin. Compared to Iab-made resins, we have found that Amberlite

XAD-4 has a much higher surface area and porosity, making it an ideal mat:ri"<. for

preparing funetional resins by modification of pendant vinylbenzene groups. The

degree of functionalization of vinylbenzene groups for XAD-4 ranged from 29 ta

41%, approximately one-third of repeat units having a pendant vinyl group.

Keywords: Amberlite XAD-4, Amberlite XAD-16, .A..mberlite XAD-1180, pendant

vinyl groups, poly(divinylbenzene-co-ethylvinylbenzene)

3.1. Introduction

This paper presents our work on the preparation of a polystyrene-like matrix

with pendant vinylbenzene groups. The characteristics of these cross-linked resins

are examined along with thase of the commercial resin Amberlite XAD-4 (Rohm

and Haas Company). Other related Amberlite resins, including XAD-2, XAD-16,

and XAD-1180, are also briefly examined.

Styrenic resins are regularly used as solid supports for the preparation of

functional polymers; in future work, we intend to take advantage of the presence of

residual vinyl groups. We will discuss the method of preparation, the spectroscopie

eharacterization, surface area and pore size measurements, and vinyl group content

and distribution within the resin.

The literature has considerable information (sorne of it conflieting) with

regarà to the monomer content of Amberlite XAD-4. The literature on XAD-4 and

related resins has recently been reviewed [1]. The key information follows.

Amberlite x..A.D-4 is a rnacroporous resin prepared from technical grade

divinylbenzene (DVB), whieh is approximately 80 to 85 wt % DVB and 15 to 20

wt % ethylvinylbenzene (EVB) [2-6]. The monomers are meta- and para-isomers in

a ratio of approximately 70:30 to 75:25. XAD-4 has a high surface area (725 ta

860 m2/g) and porosity [6-8]. Very little work has been done on characterizing tbis

resin and the related XAD-2 with regard to vinyl group content; as well, only five
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• other research groups have mentioned the presence of vinyl groups [8-12] ~ and only

two actually modified these resins by reaction with the vinyl functionality [11 ~ 12].

The following spectra have been published elsewhere: the transmittance infrared

spectrum of XAD-4 [11] ~ the Raman spectrom ofXAD-2 (but not XAD-4) [8] ~ and

the 13C CP-MAS NMR spectra of XAD-2 and XAD-4 [10].

Here, we are the flfSt to completely characterize XAD-4 spectroscopically

and compare it to a polymer of known composition. This includes adapting a

method that uses infrared spectrometry to measure vinyl content [13] for XAD-4

and related AmberIite resins.

Copolymers of divinylbenzene and ethylvinylbenzene, referred to as

polyDVB henceforth, have a cross-linked structure with pendant vinylbenzene

groups and ethylbenzene groups (figure 3.1). The degrees of functionalization are

indicated by the symbols XCL, XVB, and XEB, (CL for cross-linked, YB for

vinylbenzene~and EB for ethylbenzene). Since the cross-linked and vinylbenzene

groups result from the divinylbenzene monomer, XCL plus XVB will add to the

monomer content (i.e. 55% for polyDYB prepared from 55% technical grade DVB,

assuming monomer composition equals polymer composition). The monomers are

meta- and para-disubstituted, giving a total of 6 randomly-occurring repeat units.

-~

•

Fig. 3.1. Structure of poly(divinylbenzene-co-ethylvinylbenzene).

We wanted a resin with accessible pendant vinyl groups in arder to modify

these groups with various functionalities. We frrst prepared resins from two grades

of commercial DVB (55% and 80% DVB, rernainder ethylvinylbenzene). A

comparison of the ulab-madeu resins to the commercial resins was then made in

terms of surface area, porosity ~ and monomer and vinyl group content. Further

studies were aIso done on XAD-4, including Raman and 13C NMR spectroscopy.

The most important features are the vinyl group content and accessibility. We aIso

attempted to determine the location of vinyl groups by bromination of XA.D-4, and

mapping the bromine distribution across bead cross-sections using electron

microprobe anaIysis.
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3.2. Experimental

3.2.1 Materials

Unless otherwise noted, all materials were purchased from Aldrich

Chemical Company and used as received. Two grades of commercial

divinyIbenzene (DVB) were used. One had a monomer content of 55 weight

percent DVB and 45 weight percent EVB, the other had a monomer content of 80

weight percent DVB and 20 weight percent EVB. The meta- to para-isomer ratio

for all monomers was 70 to 30. SampIes of different lots of Amberlite XAD resins

were obtained from either Aldrich Chemical Co., Supelco Inc., Rohm and Haas

Co., or Millipore Corp. AlI resins were pretreated by Soxhlet extraction with

acetone for severa! days, followed by drying under vacuum overnight at 60 oC.

3.2.2 Preparation of poly(divinylbenzene-co-ethylvinylbenzene)

Using the methodology of Gao and co-workers, macroporous beads were

produced by the suspension polymerization of commercial grade divinylbenzene

[14]. A typical preparation follows.

To a 2 L 3-neck round bottom flask fitted with mechanical stirrer and

condenser, commercial divinylbenzene (50 g, 385 mmol), 50 mL toluene, 500 mL

distilled water, 0.25 g of cellulose ether (Dow Methocel KI00LV) and a radical

initiator, AIBN (22'-azobis(isobutyronitrile), 0.5 g, 3 mmol) were added. After

stirring at 1000 rpm under nitrogen at 70 oC for 2 hours, the resin was fl1tered and

washed with toluene, then acetone, purified for 2 or more days by Soxhlet

extraction using acetone, and then dried under vacuum at 60 oC overnight.

3.23 Bromination of XAD-4

XAD-4 (lot #1090-7-1473) was brominated using a slight excess

(1.1 equiv) of bromine. In a 1 L round bottom flask equipped \Vith magnetic

stirring bar, XAD-4 (50 g, 2.5 mmol vinyl/g) in 500 mL of carbon tetrachloride

was cooled to aoC. Bromine (7 mL, 140 mmol) in 20 mL CC14 was added, and

the reaction stirred in the dark at room temperature overnight. The resin was filtered

and Soxhlet extracted for one day with dichloromethane, followed by drying under
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vacuum at 60 oC overnight. Samples were analyzed for bromine content (Robertson

Microlit Laboratories, Inc., Madison, NJ).

3.2.4 Characterization

3.2.4.1 Infrared spectroscopy

The resins were characterized using infrared spectroscopie analysis ta

measure the vinyl group content [13]. Samples were ground into powder with

FTIR-grade potassium bromide (KBr) and pressed into disks. Fourier transfonn

infrared absorbance spectra were taken with a Bruker IFS 66 spectrometer, using a

DTGS detector and 2 cm-1 resolution, with 120 to 200 scans.

3.2.4.2 Raman spectroscopy

Fourier transform Raman spectra were taken using a Bruker IFS 88

spectrometerwith FRA-lOS Raman module using a Nd+3:YAG laser (1064.1 nm).

Samples were ground into powder and packed lightly into an aluminum sampIe cup.

The number of scans ranged from 250 to 5000, with a 4 cm- l resolution.

3.2.43 BC NMR spectroscopy

Solid-phase 13C NMR spectra were obtained with a Chemagnetics Inc. M­

100 instrument. 13C CP-MAS (cross polarization-magic angle spinning) N11R

spectra were obtained at 25.1 MHz with contact time of 2 ms, pulse delay of 2 s,

spinning rate of 3-4 kHz, and high-power proton decoupling during acquisition.

The 13C CP-MAS-DD (DO is dipolar dephased) N1v1R. spectra had a dephasing time

C,;) of 4S!-lS. Samples were referenced to hexamethylbenzene.

3.2.4.4 Surface area and pore size measurements

To determine the surface area and porosity, BEr gas adsorption

measurements were perfonned on a Coulter SA-3100 surface area and pore size

analyzer (Coulter Scientific Instruments) with nitrogen.
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• 3.2.4.5 Particle size

Samples were screened through a series of sieves of standard mesh size ta

determine particle size distributions.

3.2.4.6 Electron microprobe analysis of brominated XAD-4

Beads of the brominated XAD-4 were embedded in t\vo different epoxy

resins, Epo-Tek-301, and Epo-Tek-377, from Epoxy Technology Inc., Billerica,

MA. The first epoxy had a diamine cure agent, while the second had an anhydride

cure agent which necessitated a cure temperature of 70 oC. Polishing was done

using diamond paste, and the samples were then coated in carbon. Cross sections

of the beads were scanned for bromine (Br La) using a JEOL 8900 electron

microprobe. The instrument pararneters were: 15.0 kV accelerating voltage, 8 ta

15 nA probe cUITent, 5 J.UD. beam diameter, 20 sec dwell time, and 15 ~m distance

between points.

3.3. Results and Discussion

33.1 Calculation of vinyl content from FTIR absorbance spectra

Table 3.1 gives the infrared spectral peak assignments for divinylbenzene

copolymers [13]. Using sorne of these peaks, the vinyl content of severa! resins

was calculated (table 3.2). The precision of this technique ranged from 2-10%

standard deviation, with the majority of samples having less than 5% eITor. For our

applications, a standard deviation of less !han 5% is acceptable.

Since the resins studied contained no styrene, we modified the technique of

Bartholin ta calculate vinyl content [13]. The degree of functionalization of

vinylbenzene groups (XVB, percentage of double bonds) is calculated according ta

equation 3.1.

The peak heights multiplied by their various extinction coefficients give A,

B, C, and D, for the vinyl peaks at 1630 cm- 1 CA) and 990 cm-1 CB), and the para-•
Equation 3.1 X

VB
= (A+B) x 100%

2(C+D)
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• (1510 cm-l, C) and meta-disubstituted (795 cm-l, D) peaks. C and D account for

al! of the repeat units in the polymer since all of the monomers were either para- or

meta-disubstituted.

Table 3.1. Infrared peak assignments for divinylbenzene copolymers [13]

Band (cm-1) Assignment

1630. 1410. 1015.990 vinyl group

1510 para-disubstituted phenyl ring

1493. 1028. 760 monosubstituted phenyl ring

905 mi..~ed band. weak monosubstituted phenyl ring.
medium to weak disubstituted phenyl ring
and strong vinyl group

838 mixed band. weak monosubstituted phenyl ring
and strong para-disubstituted phenyl ring

795 meta-disubstituted phenyl ring

It is assumed that the monomer content of the polymer is similar to that of

the starting monomer mixture. The relative reactivities of the various monomers are

p-DVB » m-DVB > m-EVB > p-EVB, and it was previously found that the

proportion of DVB to EVB in a microgel of commercial DVB was much higher than

in the monomer mixture [15]. Conversely, macroporous beads of DVE and EVB

have been prepared by suspension polYmerization having aImost identical

proportions of meta- and para-isomers of DVB and EVE as the monomer mbtture

[16]. There would probably be regions with varYing monomer compositions within

the overall polymer structure, with incorporation of mostly DVB at the beginning of

polymerization, and with more of the less reactive monomers towards the end as the

OVE concentrations decrease. It would seem that reaction conditions, including

time of reaction (3 hours in [15], 8 hours in [16]), probably play a significant role

in monomer incorporation. Whether the proportions in the resin are different from

the monomer mixture or not, it should not affect the calculation of vinyl content

since a ratio technique is used. However, it will affect the calculation of the degree

of cross-linking, since the degree of cross-linking (XCL) is the difference benveen

the (assumed) divinylbenzene content (% OVB) and the (measured) vinyl content

(XYB) (equation 3.2) .

•
Equation 3.2 X CL = %DVB - X VB
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• The vinylbenzene content in mmol/g is calculated from the XVB and the

average molecular weight per repeat unit (avg. MW) (equation 33). The average

MW is the weighted average of the molecular weights of the monomer fractions.

The molecular weights of the monomers are 130.2 g/mol for DVB, and 132.2 g/mol

for ethylvinylbenzene. For a copolymer containing SO mol % DVB, the average

rvfW per repeat unit is 130.6 g/mol (O.S x 130.2 + 0.2 x 132.2). (Note:

commercial grades of DVB are supplied in weight %, but since the MW of DVB

and EVE are similar, the mole fractions are almost the same as the weight fractions,

i.e. SO% DVB is composed of 80.2 mol % DVB and 19.5 mol % EVB.) Likewise,

for a cOPQlymer containing 55 mol % DVB, the average MW per repeat unit is

131.1 g/mol. Again, the assumption is that the proportions remain the same in the

polymer as in the monomer mixture.

Equation 33
XVBmmol VB / g = x 10

avg.MW

•

As can he seen from the data in table 3.2, the lab-made resins which were

made using 80 mol % DVB (polyDVB-80) have a much higher vinyl content than

the commercial resins. Of these, XAD-4 tended ta have the highest XYB (29-41 %) ,

followed by XAD-16 (30-31%), and lastly XAD-1180 (21-24%). With XAD-4

there was a 12% range in vinyl content from lot to lot. We also assumed that XAD­

16 and XAD-11S0 are composed of 80% DVB, as is XAD-4. We need resins

which have high vinyl contents, but also other important features such as structural

integrity and accessibility of the vinyl groups. As we will see later, the commercial

resins are superior with regard ta these requirements, even with lower vinyl

contents .

35



• Table 3.2. Vinyl contents of divinylbenzene copolymers

Degree of Degree of Vinyl
Resin & Lot Functionalization Cross-Linking Content

<XVB. %) (Xcr.. %) (mmoUg)

polyDVB-55-a 20 ± 2 35 ± 3 1.5 ± 0.1

polyDVB-55-b 30 ± 3 25 ±3 23 ±02

polyDVB-55-c 24 ± 2 31 ± 3 1.8 ± 02

polyDVB-55-d 21 ± 2 34 ±3 1.6 ± 0.1

polyDVB-80-a 47 ± 2 33 ± 2 3.6 ± 02

polyDVB-80-b 47 ±3 33 ± 3 3.6 ± 02

polyDVB-80-c 58 ± 1 22 ± 1 4.5 ± 0.1

polyDVB-80-d 55 ±3 25 ±3 4.2 ± 02

XAD-4-a lot #2-0028 34 ± 1 46 ± 1 2.6 ± 0.1

XAD-4-b lot #00126BZ 29 ± l 51 ± 2 2.2 ± 0.1

XAD-4-c lot #03803HF 41 ± 1 39 ± 1 3.1 ± 0.1

XAD-4-d lot #1090-7-1473 33 ± l 47 ±2 2.5 ± 0.1

XAD-16-a lot #013154 31 ± 2 49 ± 2 2.4 ± 02

}CAj)-16-b lot#62165~ 30 ± l 50 ± 2 23 ± 0.1

XAD-1180-a lot #62157A3 21 ± l 59 ± 1 1.6 ± 0.1

XAD-1180-b lot #62165CRA 24 ± 6 56 ± 6 l.8 ± 0.5

•

Figure 3.2 compares the FrIR spectra of the lab-made reslns and the

commercial resins. The lab-made resins, caIled polyDVB-55 and polyDVB-SO,

were prepared from 55 wt % and 80 wt % commercial DVB, respectively. The

spectrum of polyDVB-8ü resin has the most prominent vinyl peaks (1630, 1410,

1015, and 990 cm- l ). Otherwise, the spectra of the resins are identical, with the

exception ofXAD-2. The spectra for the other XAD resins are identical to that of

the lab-made resins, indicating a monomer composition of DVB and EVB only.

The spectrum of XAD-2 has peaks which are attributed to monosubstituted styrene

(1028 and 760 cm-1). Our results agree with those of Faber and co-workers who

also found by IR spectroscopy that XAD-2 was composed of styrene,

divinylbenzene and ethylvinylbenzene, and that XAD-4 was composed of

divinylbenzene and ethylvinylbenzene [11] .
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Fig. 3.2. FfIR absorbance spectra of divinylbenzene copolymers.
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• 33.2 Bromination of XAD-4 and calculation of degree of functionalization

The general equation for calculating the degree of functionalization of

modified XAD-4 (Xfg) is based on the average MW per repeat unit of unmodified

resin (130.6 for 80% DVB content), the mole content of functional group (mol fg/g,

calculated from elemental analysis), and the molecular weight (MW fg) of the

modifying reagent (equation 3.4). The degree of functionalization of brominated

XAD-4 (X I ,2-Bd was calculated based on the brornine content. Since each

functional group contains two bromine atoms (-CHBrCH2Br), the (mol fg/g)

equaIs (mol Br/g -:- 2) and the (MW fg) equals (MW Br x 2), simplifying equation

3.4 to equation 3.S.

Equation 3.4

Equation 35

X =
130.6 x (molfg/g)

x 100%
fg 1 - (molfg/g x MWfg)

130.6 g 1 mol x (molBr/g -:- 2) x 100%
X 1.2-Br = 1 - (molBr/g x MWBr)

•

The bromine content was 3.76 ± 0.02 mmoVg (1.88 ± 0.01 mmol fg/g),

giving a degree of functionalization (XI .2-Br) of 35.1 ± 0.2%. This was in close

agreement to the vinyl content calculated using the FTIR spectroscopie technique of

the starting XAD-4 (lot #1090-7-1473), X VB, 33 ± 1 %. This would indicate that

the vinylbenzene groups were converted entirely to (l,2-dibromoethyl)benzene

groups without further cross-linking or any side-reactions. The FrIR absorbance

spectra of XAD-4 and brominated XAD-4 (designated XAD-4-Br) are shown in

figure 33. For the brominated XAD-4, the vinyl peaks (1630, 1410, 1015, and

990 cm-1) are absent, and peaks due to the (l,2-dibromoethyl)benzene functionality

are seen (1236, 1215, 1176, 1130,602, and 571 cm- l ) [17]. The peak at 900 cm- l

is aIso reduced, with a second peak at 892 cm- l visible.

Faber and co-workers modified XAD-2 and XAD-4 by anti-Markovnikov

hydrobromination, using radical addition of hydrogen bromide (HEr), to fonn

-CH2CH2Br groups [11]. The bromine content was 0.95 mmol Sr/g for XAD-2

and 1.95 mmol Br/g for XAD-4. Using our formula to calculate degree of

functionalization, \ve fmd that the degree of functionalization of hydrobrominated

groups, and thus vinyl groups, was 13.5% for XAD-2 and 30.2% for XAD-4.

They mentioned that the vinyl content was 0.7 mmol/g for XAD-2 and 1.95 mmoVg
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for XAD-4; however, we calculate that the vinyl contents were doser ta 1.0 mmollg

and 23 mmollg respectively. The vinyl content of XAD-4 (from [11]) is

comparable to our findings for XAD-4 (table 3.2).

333 Raman spectroscopy

Raman spectra taken with samples in glass melting point tubes had

fluorescence due to the glass which obscured most peaks, so samples were packed

into cups. Figure 3.4 shows the Raman spectrum of XAD-4 (lot #1090-7-1473).

While the spectrum for the related Amberlite XAD-2 has been published [8], that for

XAD-4 has not been. The resolution of the spectrum for XAD-4 (figure 3.4) is

higher than that previously published for XAD-2 (8]. Although peaks were

previously assigned for XAD-2, the researchers assumed only para-disubstitution

[8]. Amberlite XAD-2 is composed of styrene and meta- and para-isomers of

divinylbenzene and ethylvinylbenzene, whereas XAD-4 has no styrene [6, 10, Il].

Another research group did Raman spectroscopy on a copolYIDer of commercial

divinylbenzene [18]. The peaks for XAD-4 are assigned in table 33.

Table 33. Raman
Barrl

Assignment Assignmentcm-1

3056. C-H stretch vibrations of benzene ring 2910 C-H stretch vibrations
3008

1632 e--e stretch vibrations of vinyl group 1610 C-C stretch vibrations of benzene ring

1447 meta-disubstitution (ethylbenzene) 1409 meta-disubstitution (vinylbenzene)

1315 bend vibrations of CH2 and CH3 1232 para-disubstitution (ethylbenzene)

1209 para-disubstitution (vinylbenzene) 1181 para-disubstitution

1065 benzene ring C-H wagging 1001 breathing vibration of benzene ring

90S C-H out-of-plane 800 meta-disubstitution

734 C-H out-of- lane 643 ara-disubsti tution
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Fig. 33. FTIR absorbance spectra of XAD-4 and brominated XAD-4.
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Fig. 3.4. Raman spectrum of XAD-4.
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• 33.4 l3e NMR spectroscopy

Figure 3.5 shows the soIid-phase l3e CP-MAS N1v1R and 13C CP-MAS­

DD NIv1R speetra for XAD-4 (1ot#1090-7-1473). l3C NMR peak assignments for

modeI compounds such as styrene (137.54, 136.85*, 128.45*, 127.72*, 126.16*,

113.69 ppm, * denotes odd parity, i.e. CH or CH3), and l,3-diethyIbenzene

(144.17,12833*,127.44*,125.07*,28.88,15.61* ppm) aid in peak assignment

for the resin [19].

Table 3.4 gives the 13C NlvfR speetral peak assignments for XAD-4 [10,

14, 20]. Sinee dipolar dephasing eliminates immobile CH and CH2 groups, the

previous assignment of 137 ppm for CH=CH2 is incompIete. This peak is also due

ta the phenyl C attached ta the vinyl group. This can aIso he seen based on the

peak assignments for styrene. The peak for the CH2 units of the polymerie

baekbone may have been assigned ta 30 ppm, if compared ta the peaks of

diethylbenzene as a model compound. However, this peak is mueh smalIer than

would he expected if attributed to the baekbone contribution. Other researehers

published the 13C CP-MAS NMR spectra of XAD-2 and XAD-4, but not the

dipolar-dephased spectra [10]. The peaks of the published l3C CP-MAS NMR

spectra are identicaI to those of the l3e CP-MAS NMR spectrum in figure 3.5. Our

spectra of XAD-4 are aIso the same as those of poly(divinylbenzene-co­

ethylvinylhenzene) which appear in the work by Gao and co-workers [l4]. We

also took spectra of a sample of poly(divinylbenzene-co-ethylvinylbenzene)

(polyDVB-55), with the sarne results as Gao and those of XAD-4. Peak height

proportions varied for all samples due to differences in monomer and vinyl content.

Table 3.4. Be NMR peak assignments for XAD-4

•

Peak (ppm)

144ppm

137 ppm

129 ppm

114ppm

41 ppm

30 ppm

16 ppm

Assirnment

phenyl C

CH=CH2 and adjoining phenyl C

phenyl CH

CH=CH2

CH2 and CH units of the backbone

CH2 of the pendant ethyl groups

CH3 of the pendant ethyl groups
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Fig. 35. Solid-phase l3e NMR spectra of XAD-4.
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• 335 Surface area, pore size and particle size distribution

Table 3.5 gives the results of BEf (Brunauer-Emmett-Teller)[21a] sUIface

area, total pore volume, and the desorption BJH (Barrett-Joyner-Halender)[21a]

pore size distribution of severa! resins. The pore size distribution is based on the

volume percentage of the total pore volume for pores with a given diameter. For

example, 92.4% of the total pore volume exists as pores with less than 6 nm

diameters for polyDVB-55-a. The adsorption and desorption isotherms for the

polyDVB-55 resins and for XAD-4 gave a hysteresis loop, indicating the presence

of ink-bottle type cavities [21b]. The polyDVB-SO resins did not have this. Our

results for XAD-4 are similar ta those of de Munck and co-workers, who published

in 1981 the isotherm and pore size distribution [8]. Their sample of XAD-4 had a

surface area of 788 m2/g. In 1986, Albright determined the surface area of other

samples of XAD-4 ta he between 841-869 m2/g [6]. Sorne samples of XAD-4,

produced more recently (the 1990's), have an even higher surface area.

Although called macroporous resins, based on the measured pore sizes the

commercial resins are actually mesoporous, according to a common classification of

size: micropores < 2 nm, mesopores 2-50 nm, and macropores > 50 nm [2Ic].

Table 35. Surface areas and pore sizes of divinylbenzene copolymers
Surface Total Pore Pore Size

Resin Area Volume (nm)
(m2/g) (mIJg)

polyDVB-55-a 499 0.483 < 6 (92.4%)

polyDVB-55-b 58 0.046 < 6 (99.8%)

polyDVB-55-c 455 0.425 < 6 (87.7%)
6-12 (9.6%)

polyDVB-55-d 504 0502 < 6 (92.4%)

polyDVB-80-a 0.08 0.0005

polyDVB-80-b 2.9 0.0067 < 6 (5.9%)
6-16 (845%)

polyDVB-80-c 0.16 0.0010 < 80 (94.6%)

polyDVB-80-d 0.25 0.0015 < 80 (97.1%)

XAD4-d 831 1.181 <6(173%).:

lot #1090-7-1473 6-10 (205%)
10-20 (595%)

XAD-4-e lot #24023 1040 1.546 595 (average)

• (1vfillipore results) 984 1.411 5.73 (average)
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• The physical characteristics of the XAD resins available in product literature,

are given in table 3.6 [7]. Again, this data is a few years old, and as cau be seen for

XAD-4 the surface area seems to have increased recently when compared to the

results in table 3.5. This may he due to changes in the manufacturing process.

Although XAD-4, XAD-16 and XAD-118ü have similar surface areas, the mean

pore diameter, pore volume~and amount of cross-linking is higher for XAD-16 and

XAD-lI8ü than for XAD-4. Higher porosities are probably due to higher amounts

of cross-linking which may he needed to form the more porous structure.

XAD-II8ü has the largest pores, highest amount of cross-linking, and

consequently the lowest amount of vinyl groups; while XAD-4 has the smalIest

pores, least cross-linking, and highest amount of vinyl groups. Depending on the

end-use of the XAD resins, and the types of chemicaIs used for modification, the

porosity of XAD-4 is probably sufficient for the absorption of reagents to modify

the vinyl groups.

Table 3.6. Characteristics of commercial divinylhenzene copolymers
(reproduced in part from [7])

Resin

Approx. True Skeletal
Pore Wet Density Densîty

Volume (g/mL) (g/mL)
(mUg)

~rean

Surface
Area

(m2/g)

Mean
Pore

Diameter
(nm)

Mesh
Size

XAD-4

XAD-16

XAD-1180

0.98

1.82

1.68

1.02

1.02

1.01

1.08

1.08

1.04

725

800

600

4

10

30

20-60

20-60

20-60

•

In contrast to the lab-made resins, the commercial resins are higher ln

surface area and porosity. The polyDVB-8ü resins had the highest amounts of

vinyl groups, but almost no internai surface and almost no porosity. The

polyDVB-55 resins had high surface areas, but much smaller pores than the

commercial resins. It should be noted that our method of preparation was different

than that for the commercial resins. The commercial resins are prepared in the

presence of a soivent (called precipitant) which acts as a soivent for the monomers,

but does not induce any solvent action on the polymer (i.e. is nonswelling) [4].

The result of using a precipitant is the formation of microscopic channeis which are

larger than the micropores which typically are found in cross-linked resins. This

effect is enhanced by the presence of large amounts of cross-linking agent (8 to 25

wt % of the monomer mixture) [4]. Our suspension polymerization used toluene,
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which is a good solvent for both the monomer and polymer. But the overall trend

seems to be a correlation between amount of cross-linking and porosity.

Table 3.7 gives the weight percentage of beads retained on each sieve when

samples were dIy sieved through a series of sieves for samples of polyDVB-55

(lots a, b, c, and d) and XAD-4 (b and c). The polyDVB beads were smaller, with

a greater size range than XAD-4. The size distribution also varied greatly from lot

to lot of polyDVB. Overall the majority of polyDVB beads were between 63 and

249 ~m. The beads of the t\vo lots of XAD-4, in contras!, were larger, with the

majority ofbeads larger than 425 ~m. The fÏrst sample, XAD-4-b had mos! of the

beads in the 425 to 849 ~m range, whereas the second sample, XAD-4-c had

approximately hal[ the beads greater than 850 ~m, and the other half between 425

and 849 ~ in size. Depending on the application, sieving of samples before use

may he recommended. XAD-4 is in the size range used for many engineering

applications (columns, etc.), while the smaller polyDVB beads may be unsuitable

(i.e. due to a potential reduction in fluid pressure in columns).

Table 3.7. Particle size distribution
Minimum

Particle Weight % Retained for polyDVB-55 Weight % Retained for XAD-4
lvlesh Size
Size Retained -a -b ~ -d -b ~

(!-lm)

20 850 0.0 0.1 0.0 0.0 12.5 51.7

40 425 03 03 0.0 0.0 79.7 46.9

60 250 10.2 6.4 0.2 0.5 7.7 1.4

100 150 62.5 15.8 28.8 14.7 0.0 0.0

140 106 23.6 17.5 47.9 55.9 0.0 0.0

230 63 2.6 48.6 20.2 23.7 0.0 0.0

325 45 0.5 8.8 2.1 3.5 0.0 0.0

> 325 <45 03 2.4 0.7 1.7 0.0 0.0

Overall, it would seem that XAD-4 is the best choice of resin for the

preparation of functional resins by modification to the pendant vinyl groups based

on its high surface area, porosity, particle size and vinyl group content.
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33.6 X-Ray microprobe analysis to measure bromine distribution

Similar experiments to ours have been done to determine the distribution of

functional groups within a resin. Polystyrene resins were sulfonated using a variety

of methods, which affected the functional group distribution within the beads [22].

EDAX (energy dispersive analysis of X-rays) with scanning electron microscopy

(SEM) was used to determine the sulfur and sodium (for salts of the sulfonic acid

groups) distributions across a bead cross-section. Variation of reaction conditions

led to either homogeneous, surface, or gradient distributions of functional groups.

It was found that functionalization occurs from the surface and progresses

successively inward [23]. Shell-progressive sulfonation into each microparticle

also occurred. When a solvent, such as nitromethane, that could penetrate the

matrix, was used in sulfonation, homogenous modification occurred. It was also

noted that based on different reactivities of the monomers, the cross-linking density

was inhomogeneous within the microparticles, higher in the centre and less at the

surface of each microparticle [23] . Variations of porosity showed that the

accessibility for modification varied with surface area, though longer reactions times

could overcome any barriers to diffusion [23]. Unfortunately, no experimental

details with regard to sample preparation for the EDAX-SEM work was included in

either paper.

Commercial macroporous polystyrene resins were used to prepare resins

with pendant vinyl groups by the multi-step conversion of the styrene unit to the

vinylstyrene unit by chloromethylation, followed by conversion into their

phosphonium salts and fmally by a Wittig vinylation [24]. The vinyl groups were

then hydrostannylated and modified further. Beads bearing the hydrostannyl group

were halved with a microtome, and the tin and chlorine distributions across the

internal cross-section \vere determined by the use of EDAX-sar. It was stated that

the tin and chiorine were homogeneously distributed within the beads, implying that

the vinyl groups were evenly distributed throughout the resin. The difference \vith

respect to our work is that they introduced the vinyl groups into a preformed matrLx,

whereas XAD-4 already has vinyl groups, sa the vinyl groups distribution is not

based on the modification of a resin, but the method of polymerization. It was not

mentioned in the experimental whether the beads were embedded in any substrate

for microtoming.

As mentioned earlier, Faber and co-workers modified the residual vinyl

groups of XAD-4 [Il]. The bromine distribution profile for anti-Markovnikov
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hydrobrominated XAD-4 was determined using electron probe X-ray

microanalysis. It was found that the distribution of Br was homogeneous, implying

that the vinyl group distribution was aIso homogenous across the bead. It should

he noted that their data was restricted to only 113 of the diameter from the bead edge

(-300 f.lm of a 930 ~ bead), and ooly 6 data points at intervals of approximately

42 f.llU were collected. The sample width was on the micron-scale and it was notOO

that, at the submicron scale, the distribution of vinyl groups could be

inhomogeneous, with vinyl groups situated primarily in the cores of the resin

microspheres. They also did not give specifie experimental details, such as the tyPe

of epoxy the beads were embedded in.

We did similar experiments with the brominated XAD-4 as a way ta map the

vinyl group distribution. However, we sampled every 15 ~lm across the entire bead

diameter, to give as manyas 70 data points. When an epoxy with an amine cure

agent (Epo-Tek-301) was used, we found that the bromine concentration at the

outer edges was approximately twice that of the centre, as seen in figure 3.6 (counts

are proportional to concentration and the probe cUITent, which was 15.6 nA). It

\vas thought that the amine may have reacted with the bromine-containing functional

groups, affecting the distribution. Indeed, the regions with higher bromine content

became more smoothly polished, whereas the inner regions tended to he softer due

to a lack of penetration of the epoxy and were consequently pitted slightly. The

added depth in the inner region may have also contributed ta the lo\ver measured

bromine content. We repeated the experiment on beads of the same sample of

brominated resin using an epoxy which had an anhydride cure agent

(Epo-Tek-377). This time, the epoxy fully penetrated the entire bead, leading to

uniformly-polished surfaces. However, results were inconsistent for this case, as

shawn for one bead in figure 3.7. The probe CUITent used, 8.3 nA, was

approximately half of that used for the previous bead, resulting in proportionately

lower bromine counts. The bromine distribution was not ooly inhomogeneous

across the bead, but also varied significantly from bead to bead. The morphology

of the beads may play a raIe, regions where lower bromine concentrations were

measured, the structure may have been more parous.

Figure 3.8 shows the SEM secondary electron micrographs of the two

beads for which bromine distribution profiles were shown in figures 3.6 and 3.7.

The left image (3.8A) shows the bead embedded in Epo-Tek-301 (bead A

henceforth), while the right image (3.88) shows the bead embedded in

Epo-Tek-377 (bead B henceforth). The diameters ofbead A and bead B were 0.93
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mm and 1.2 mm. respectively, and the magnifications were 95X and 65X. The

pitting in bead A is visible, the outer edge accounting for approximately 25% of the

diameter. Bead B was polished much more uniformly. The bumps are due to dust

particles on the sample surface. The points where the electron beam scanned the

bead cross-sectional diameters are visible as a series of small dots along a line on

each bead, approximately horizontally for bead A and vertically for bead B.

Figure 3.9 shows the S8vf backscatter micrograph of the same two beads.

As for figure 3.8, the left image shows bead A, while the right image shows bead

B. The fluorescence varies with average atomic nwnber and roughly indicates the

variations in bromine content. The brighter areas, around the outer edges of the

beads indicate higher levels of bromine, whereas the inner region gets darker

towards the centre, indicating a lower bromine content. It would appear that the

bromine seems more concentrated towards the outer region of the beads. This

confirms that the outer parts of the beads are richer in vinyl groups.

Even though the bromine distribution profùe for bead B was very

inhomogeneous, the micrographs show an agreement in overall bromine

distribution as for bead A. Although we cannot conclude with certainty whether the

distribution of bromine (and thus vinyl groups) is more like that of bead A (figure

3.6) or bead B (figure 3.7), we can conclude that all the vinyL groups are accessible

for modification since the vinyL groups were compLetely consumed by bromination

as seen in the FfIR spectrum (figure 3.3), without further cross-Linking, aryl or

alkyl bromination (the bromine content was in close agreement to the vinyl content) .
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Fig. 3.8. Secondary electron micrographs ofhead cross-sections ofhrorninated

XAD-4 embedded in Epo-Tek-301 (Bead A) and Epo-Tek-377 (Bead B).

Fig. 3.9. Backscatterelectron micrographs ofhead cross-sections ofhrominated

XAD-4 embedded in Epo-Tek-301 (Bead A) and Epo-Tek-377 (Bead B).
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3.4. Conclusions

Amberlite XAD-4, a styrenic copolymer of meta- and para-isorners of

divinylbenzene (80-85 wt %) and ethylvinylbenzene (15-20 wt %), is an ideal

matrix for preparing functionalized resins. Since it is commercially-available, the

need to prepare a matrix for the synthesis of functional resins is eliminated. It has

high surface area, porosity, and accessible pendant vinyl groups which can act as

sites for modification. Bromination of XAD-4 showed complete conversion of

vinylbenzene groups to (l,2-dibromoethyl)benzene groups. XAD-4 has a vinyl

content ranging from 29-41%, meaning that approximately one-third of repeat units

provide sites for further modification.
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Chapter 4

Thiol Addition to the Pendant Vinylbenzene Groups of

poly(Divinylbenzene-co-E thylvinylbenzene),

Including Amberlite XAD-4.

Modification in Organic and Aqueous Solvents.

Forward to Chapter 4

The content of the following section is comprised of a paper with the same

title which was submitted to the journal Reactive and Functional PoLymers

(K.L. Hubbard, G.D. Darling and J.A. Finch, submitted May 1997).

The initial goal of fuis thesis was ta modify Laboratory-prepared

poly(divinyLbenzene-co-ethyLvinylbenzene) by the radical anti-Markovnikov

addition of tillois to the pendant vinyLbenzene groups. Work on tms tapie was

previousLy done in Dr. G.D. Darling's group by J.P. Gao and B. Stranix, and my

work presented in tms chapter expanded upon their methodology. The tbiois used

for modification had functional groups which could potentially render the modified

resins useful for ion-exehange, metal coordination, or other applications. l

discovered, while searehing the literature, that poly(divinylbenzene-co­

ethylvinylbenzene) was commercially-available as Amberlite XAD-4, and attention

turned to modification of the commercial resin. This chapter expands on the choices

of thiols used in modification of poly(divinylbenzene-co-ethyLvinylbenzene),

compares the modification of the laboratory-prepared and commercial forms of the

resin, and explores on the use of various solvents, most notably water.

55



•

•

Abstract

Laboratory-prepared poly(divinylbenzene-co-ethylvinylbenzene) resin, and

the commercial version, Amberlite XAD-4, were modified by the anti-Markovnikov

addition of tmols to pendant vinylbenzene groups, linking functional groups

through a thioether-dimethylene spacer to the resÎn. Depending on the thiol,

different solvents and radical initiators were used to optimize functionalization. The

most important factors for maUmum modification were the solubility of the thiol

and the accessibility of vinyl groups. Compared to lab-made resins, Amberlite

XAD-4, which has a much higher surface area and porosity, couId he modified to a

greater extent. The degree of modification of vinyl groups for XAD-4 was as much

as 25%, up ta 76% of vinyl groups were converted to thioether groups.

Keywords: Amberlite XAD-4, poly(divinylbenzene-co-ethylvinylbenzene),

pendant vinyl groups, thiol addition

4.1. Introduction

This paper discusses the modification of vinyl groups in a poIystyrene-like

matrix by the radical addition of thioIs. We compare the use of lab-made and

commercial resins as the starting material, as weIl as the variation of reaction

conditions and thiols used. We have previously studied poly(divinylbenzene-co­

ethylvinylbenzene), including the commercial resin Amberlite XAD-4 (Rohm and

Haas Company) [1,2], and have found it to contain pendant vinylbenzene groups.

This work presents the modification of this polymer by reaction with these groups.

4.1.1 Review of poly(divinylbenzene-co-ethylvinylbenzene), including XAD-4

Amberlite XAD-4 is a macroporous resin prepared from commercial grade

divinylbenzene, approximately 80 to 85 wt % divinylbenzene and 15 to 20 wt %

ethylvinylbenzene [1-7]. It is an ideal matrix for the preparation offunctional resins

based on its structural characteristics: XAD-4 has a high surface area (725 ta

1040 m2/g) and porosity (0.98 to 155 mUg) [1,2, 7-9]. The vinyl content ranges

from 29 to 41 % (2.2 to 3.1 mmollg), depending on the lot [2]. Only five research

groups have mentioned the presence of vinyl groups in XAD-4 [9-13], and of
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• these, only two have actually modified the resm by reaction with the vinyl

functionality [12, 13].

Copolymers of divinylbenzene and ethylvinylbenzene, referred to as

poIyDVB henceforth, have a cross-linked structure with pendant vinylbenzene and

ethyIbenzene groups (figure 4.1). The degrees of functionalization are indicated by

the symbols XCL, XVB, and XEB, (CL for cross-linked, VB for vinyIbenzene, and

EB for ethyIbenzene). The monomers are meta- and para-disubstituted, giving a

total of 6 randomly-occuning repeat units. The most important features of a resin

are the vinyi group content and accessibility. Sïnce commercial XAD-4 has a high

surface area and porosity, vinyl groups should he accessible to chemicals used

during modification.

-l-®J\

•

Fig.4.1. Structure of poly(divinyIbenzene-co-ethylvinylbenzene).

We intend to demonstrate that XAD-4 cau he modified by the radical

addition of thiois to its pendant vinylbenzene groups.

4.1.2 Review of thiol addition to vinyl-containing polymers

Researchers have previously modified polymers by the addition of thiols ta

form polymer-bound thioethers. Pendant allyl groups of hydrophilic

polytriallylamine were reacted with bisulfite and sorne thiois [14]. Reactions of the

resin as its hydrochioride salt were done in water, methanoI, dimethyl sulfoxide

(DMSO) with or without water, or N ,N-dimethylfonnamide (DMF), with initiators

being either air, benzoyi peroxide with N,N-dimethylaniline, ultraviolet (UV) light

with acetone, hydrogen peroxide with ferrous Lon (H20 2/Fe+2), or

azobisisobutyramidinium dihydrochloride. Although modification was attempted

with many thiols, only two reacted quantitatively: mercaptoethanol and thioglycolic

acid (done in water with either air or H20 2/Fe+2 as initiator). Thiophenol and

thioacetic acid did not react under any conditions attempted. Hydrogen sulfide and

methanethiol reacted \vith the polymer in water with H202/Fe+2 as initiator with

20% and 52% Yields (percent conversion of vinyl groups to functional groups),

respectively. 2-(N,N-D iethylamino)ethanethiol hydrochloride reacted with the
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polymer in as much as 32% yield using water and air initiation, whereas use of the

azo initiator yielded only 5% conversion. The experimental conditions were not

described in detail, 50 it is not known if radical reactions were done in the absence

of oxygen. Higher yields were attributed to solubility of the thiols in water, which

swells the polymer, as weIl as to stene factors.

Photochemical addition of thiols to linear poLymers with pendant vinyl ether

groups was done using benzophenone CBP) as a photosensitizer [15, 16]. The

addition of methyL 3-mercaptopropionate \vas highest in benzene, toluene, and

tetrahydrofuran (THF) (67 to 83% yield) , followed by 1,4-dioxane (46%) and

N-methyl-2-pyrroLidone (NMP) (18 to 43%). Reaction did not occur \vhen DMSO

was used [15]. Addition of ethyl3-mercaptopropionate in benzene to the polymer

gave 93% yield [15]. Addition of N-acetyl-L-cysteine in THF gave optically-aetive

polymers with as mueh as 71 % yield [15]. ft was found that degradation of the

polymer backbone occurred. The presence of a sensitizer such as benzophenone

increased yieLds [15].

Further work with the same polymer was done using more thioIs

(benzenethioI, benzyLmercaptan, 2-mercaptoacetic acid, ethyL 3-mercaptopropionate,

N-acetyl-L-cysteine, oxy(dibenzenedithiol), and 1,4-phenyLenedi(methylthïol»

[16]. The reaetions were carried out in THF with benzophenone (BP). It was

found that yields were dependent upon the molar ratio of thiol to vinyl group

(ma~um yield was with 3 equivalents benzenethiol), and the amount of

photosensitizer added, with a maximum of 16 mol % for BP (with benzenethiol).

Larger amounts of photosensitizer interfered with the penetration of UV light to the

reacting system. Excess dithioiled to reaction of only one of the thiol groups with

the polymer, leaving a soluble polymer bearing thioi groups, whereas lower

amounts of dithiolled to cross-linking and less or no free thiols.

Octanethiol and 3-(trimethoxysilyl)-1-propanethiol were added free-radically

to butadiene polymers [17, 18]. It was round that the l,2-vinyl group was most

reactive, followed by the 1,4-cis double bond. The l,4-trans double bond \vas

unreactive.

The vinyl groups of carboxytelechelie polybutadiene \Vere modified by the

radical addition of mercaptoacetic acid, yielding a polymer with pendant carboxylic

acid functionalities linked via a thioether to the backbone [19]. Ruorinated thiols,

of the formula CnF(2n+l)CH2CH2SH (n = 6 to 8), were also grafted to the vinyl

groups photochemically [20] .
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Polymers contarmng the norbomene moiety were modified by radical

addition of thiols [21]. Mercaptoethanol and 1,2-ethaneditilloi were added to the

alkene groups by reaction in tetrahydrofuran at 80 oC for 18 hours with

2,2'-azobis(isobutyronitrile) (AIBN) as initiator. Conversions of alkene groups

were high (90 to 100%); cross-linking occurred with the dithiol.

4.13 Review of thio1 addition to halogen-containing polymers

Polymer-bound thioethers have also been prepared by Williamson-type

(thio)ether synthesis from resins such as chloromethylated polystyrene [22].

Sodium salts of various thiols were formed in an ethanoI-THF swelling mL'Cture

which was then refllL'Ced with the resin for 8 to 90 hours. ft was not mentioned

whether the reactions were done under inert atmosphere. Purification of the beads

involved washing with THF and water, followed by Soxhlet extraction with THF.

Up to 95% of the chlorine was replaced, the best yields were attained with shorter

thioethers (i.e. 1,2-ethanedithiol, 2-mercaptoethyl sulfide).

Chloromethylated polystyrene was modified \vith 2,3-dimercaptopropanol

using phase-transfer conditions and sodium hydroxide as base [23]. The modified

resin had thiol and alcohol groups.

Linear poly(vinyl chloride) was modified by reaction with 1,3 ,4-thiadiazole­

2,5-·dithiol in N ,N-dimethylformamide at 97 oC for 10 hours with triethylamine as

base [24]. Sorne cross-linking occurred, and less than approximately one-third of

the chlorine was replaced with the thioether functionality, yielding (by our

deduction from their data) 3.4 mmollg functional groups.

The same methodology was used to modify chloromethylated polystYrene

with 1,3 ,4-thiadiazole-2-amino-5-thiol [25]. The reaction was carried out at 85 CC

for 2 hours, yielding a resin with 3.4 mmollg of functional groups.

4.1.4 Addition of thiols to poly(divinylbenzene-co-ethylvinylbenzene)

Previously, our group modified lab-made poly(divinylbenzene-co­

ethylvinylbenzene) (polyDVB-55) by the anti-Markovnikov radical addition of a

few simple thiols to the pendant vinyl groups [26]. The truols used included

benzenethiol, mercaptoethanol, ll-butanethiol, tert-butyl mercaptan, mercaptœcetic

acid, l,2-ethanedithiol, l,3-propanedithiol, 1,4-butanedithiol, and

3-mercaptopropionic acid. These one-step modifications involved stirring polymer,
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excess thiol and AIBN in toluene at 70 oC under nitrogen for 1-2 days. Excess

reagent was removed by SoxWet extraction with acetone. Degrees of

functionalization of the modified resins were beaveen 25 and 30%.

We are the frrst to take advantage of the ideal characteristics of commercial

poly(divinylbenzene-co-ethylvinylbenzene) (XAD-4) to prepare functional resins by

modification of the vinyl groups through the addition of thiols. We will present our

results on modifying XAD-4 with a variety of thiols and reaction conditions, and

aIso compare the degree of modification of XAD-4 to that of the lab-rnade

analogous resin (polyDVB-55). For sorne water-soluble thiols, we will compare

the extent of modification when either water or organic solvents were used. \Ve

will also study the distribution of modified groups within the beads for resins

modified with !Wo amounts of mercaptoethanoL

One advantage of using this method to prepare functional resins is that oruy

a one-step modification of a commercially-available preformed matrix is needed.

The reaction conditions are straightforward, of short duration, and no side-products

are fonned. Purification of the modified resin is done simply by Soxhlet extraction

with suitable solvents. Introduction of a wide range of functionalities is possible,

with the only restriction being that the modifying chemical has to have a !hiol to

forro. the thioether linkage ta the resin.

4.2. Experimental

4.2.1 Materials

Unless otherwise noted, all materials were purchased from Aldrich

Chemical Company and used as received. Samples of different lots of Amberlite

XAD-4 were obtained from either Aldrich Chemical Co. or Rohm and Haas Co.

XAD-4 cornes imbibed with sodium chloride and sodium carbonate to retard

bacterial growth [27]. Unless otherwise noted, ail unmodified resins were

pretreated by Soxhlet extraction with acetone for severa! days, followed by drying

under vacuum overnight at 60 oC. Two initiators were used, one soluble in organic

solvents and the other soluble in water: AIBN (2,2'-azobis(isobutyronitrile), CAS

registry number [78-67-1]) and Wako V-50 ((2,2'-azobis(2-amidinopropane)

dihydrochloride, CAS registry number [2997-92-4], Wako Pure Chernical

Industries). ArBN is soluble in solvents such as toluene, ethanol and methanol,
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while V-50 is very soluble in water and sparingly soluble in methanol, ethanol,

acetone, dioxane and dimethyl sulfoxide (DMSO) [28].

4.2.2 Preparation of poly(divinylbenzene-co-ethylvinylbenzene)

Macroporous beads (polyDVB-55) were prepared by the suspension

polymerization of commercial grade divinylbenzene (55 wt % DVB, 45 wt %

ethylvinylbenzene), as previously reported [2, 26].

4.23 Anti-Markovnikov addition of thiols to pendant vinylbenzene groups

Addition of thiols to the vinylbenzene groups of the resin was done using a

similar methodology as in previous work in our lab [26]. Typical experimental

details folIow.

In a 50 mL 2-neck round bottom f1ask equipped with condenser and

magnetic stirring bar, 1 g of resin, 1.5 to 5 equivalents thiol, 25 mL of solvent,

1 to 2 wt % azo initiator, and optionally la wt % PEG-600 (poly(ethylene glycol),

molecular weight of 600) were added. The stirring mixture was flushed with

nitrogen, heated to 70 oC, and the reaction ,"vas alIowed to run between 0.5 and

4 days. In sorne reactions, more solvent or initiator was added after one or more

days. Afterwards, the resin was fiItered, rinsed with various solvents, and Soxhlet

extracted for severa! days with various solvents, generally with acetone as the last

solvent. The purified resin was dried under vacuum (70 OC) for one day.

The solvents used for the reaction included toluene, dioxane,

N ,N-dimethylformamide (Dtv1F), ethanol, N-methyl-2-pyrrolidone (NMP), or

water with methanol or ethanol. The solvents used for Soxhlet extraction included

dioxane, methanol, ethanol, tetrahydrofuran, dichloromethane, water or acetone.

Scheme 4.1 illustrates the reaction scheme for modification of the resins.

The thiols used are listed in table 4.1. The IUPAC names and CAS registry

numbers are included. The solubilities of these tmoIs in various solvents were

qualitatively determined by adding a fe\v milliliters of solvent (at room temperature)

to a few milligrams of thiol in a test tube and shaking.
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Scheme 4.1. Anti-Markovnikov thioi addition to vinyIbenzene

groups of poly(divinylbenzene-co-ethylvinylbenzene).

Table 4.1. Thiois used in modification of
Reagent ruPAC Name Reagent
Structure CAS number Strucrure
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12.6-hexanetriol
trithioglycolate
[19759-80-9]

tritbiocyanuric acid
[638-16-4]

3-amino-5-mercapto­
-l.2.4-triazole
[16691-43-3]

2-mercaptoethyl sulfide
[3570-55-6]

3-mercapto-1,2-propanediol
[96-27-5]

2-dimethylaminoethanethiol
hydrochloride [13242-44-9]

3-mercapto-1-propanesulfonic
acid (sodium salt) [17636-10-1]
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mercaptosuccinic acid
[70-49-5]

2-aminothiophenol
[137-07-5]

2-mercaptoethanol
[60-24-2]

2,3-dîmercapto-1­
propanesulfonic acid

(sodium. salt) [74-61-3]

2-aminoethanetbiol
hydrochloride [1.56-57-0]

2,3-dimercapto-1-propanol
[59-52-9]

2-mercaptoethanesulfonic acid
(sodium salt) [19767-45-4]

8-quinolinethiol hydrochloride
[34006-16-1]

4-amino-2-mercaptopyrimidine
[333-49-3]
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4.2.4 Characterization

4.2.4.1 Elemental analysis

Sorne sampies were analyzed in-house for sulfur content [29]. The majority

of samples were sent to the University of British Columbia or Robertson Microlit

Laboratories (Madison, NJ) to he analyzed for sulfuf and nitrogen, where

applicable.

4.2.4.2 Infrared spectroscopy

The unmodified resins were characterized using infrared spectroscopie

analysis to measure the vinyl group content [2, 30]. Modified resins were

characterized to determine consumption of vinyl peaks and appearance of new peaks

due to the modifying groups. Samples were ground into powder with FfIR-grade

potassium bromide (KBr) and pressed iuto disks. Fourier transform infrared

absorbance spectra were taken with a Bruker IFS 66 spectrometer, using a DTGS

detector, at 2 cm-1 resolution, with 120 to 200 scans.

4.2.43 Raman spectroscopy

Fourier transfonn Raman spectra were taken using a Bruker IFS 88

spectrometer with FRA-105 Raman module using a Nd+3:YAGlaser (l064.1 nm).

Samples were ground into powder and packed lightly into an aluminum sample cup.

The number of scans ranged from 250 to 5000, with a 4 cm-1 resolution. It should

be noted that spectra taken with samples held in glass melting point tubes had

fluorescence due ta the glass, obscuring most peaks, sa this method was not used.

4.2.4.4 13C NMR spectroscopy

Solid-phase l3C CP-MAS (cross-polarization magic angle spinning) NMR

spectra were obtained with a Chemagnetics Inc. M-100 instrument, at 25.1 MHz,

contact lime of 2 ms, pulse delay of 2 s, spinning rate of 3-4 kHz, and high-power

proton decoupling during acquisition. The l3C CP-MAS-DD (dipolar dephasing)

NMR spectra were obtained with a dephasing time te) of 45 ~lS. Samples were

referenced ta hexamethylbenzene.
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4.2.4.5 Surface area and pore size measurements

As previously reported [2], BEf gas adsorption measurements were

performed on a Coulter SA-3100 surface area and pore size analyzer (Coulter

Scientific Instruments) with nitrogen to determine the surface area and porosity.

42.4.6 Electron microprobe analysis of mercaptoethanol-modified XAD-4

Beads of t'va samples of XAD-4 modified with varying amounts of

mercaptoethanol, were embedded in an epoxy resin, Epo-Tek-301, from Epoxy

Technology Ine., Billerica, MA. Polishing was done using diamond paste. and the

samples were then coated in carbon. Cross sections of the beads were scanned for

sulfur (S Ka.) and oxygen (0 Ka) using a JEOL 8900 electron rnicroprobe, using

15.0 kV accelerating voltage, 15 nA probe current, 5 ~m beam diameter, 20 sec

dweU time, and 15 (.lm distance between points.

4.3. Results and Discussion

43.1 Charaeteristics of starting materials

Previously, we characterized the starting materials with regard to vinyl

content, surface area, porosity, and monomer content, and the results are fully

presented elsewhere [2]. Table 4.2 summarizes the vinyl content of the starting

materials calculated using FTIR spectroscopy [2, 30]. The degree of

functionalization CXVB, %) is the percentage of repeat units which are vinylbenzene

groups, and the degree of cross-linking (XCL, %) is the percentage of repeat units

which cross-link the resin. The commercial resins had higher vinyl contents and

cross-linking due to a higher DVB content (80 wt %). Table 43 gives the sUIface

areas and porosities for two resins, one lab-made, and one commercial [2]. The

pore distribution is based on the percentage of the total pore volume with pores of a

given diameter. In contrast ta the lab-made (polyDVB-55) resins, the commercial

resins were higher in both surface area and porosity. The polyDVB-55 resins had

high surface areas, but much smaller pores and total pore volume than the

commercial resins.
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• Table 4.2. Vinyl contents of divinylbenzene copolymers

Degree of Degree of Vinyl

Resin Functionalization Cross-Linking Content
(XVB. %) (XCL. %) (mmolJg)

LI polyDVB-55-d 21 ± 2 34±3 1.6 ± 0.1

Xl XAD-41ot #1090-7-1473 33 ± 1 47±2 25 ± 0.1

X2 XAD-4lot#03803f.UF 41 ± 1 39 ± 1 3.1 ± 0.1

X3 XAD-41ot #OO126BZ 29 ± 1 51 ± 2 2.2 ± 0.1

Pore Size
(nm)

Resin

Table 43. Surface areas and porosities of divinylbenzene copolymers
Surface TotaI Pore

Area Volume
(m2fg) (mL/g)

polyDVB-55-d (LI)

XAD-41ot #1090-7-1473 (Xl)

504

831

0502

1.181

< 6 (9239%)

< 6 (173%)
6-10 (205%)
10-20 (595%)

43.2 Modification of XAD-4 by addition of thiols

43.2.1 Calculation of the degree of functionalization

The general equation for calculating the degree of functionalization of

modified XAD-4 (Xrg) is based on the average MW per repeat unit of unmodified

resin (130.6 g/mol for 800/0 DVB content, 130.2 g/mol for polyDVB-55), the mole

content of functional group (mol fg/g or functional capacity, Crg, calculated from

elemental analysis), and the molecular weight (MW fg) of the modifying group

(equation 4.1). For thiol-modified XAD-4, the calculation of degree of

functionalization (X2-SIÙ is shown as equation 4.2. The value "nu is the number of

sulfur atoms per modifying group (i .e. 2,3-dimercapto-l-propanol (7) has 2 sulfur

atoms, so n =2). The percent conversion (4)) of vinyl groups (double bonds) te

modified groups is given in equation 43.

•
Equation 4.1

Equation 4.2

x = 130.6 x (mol fg/g) x 100%
fg 1 - (molfg/g x MWfg)

130.6 x (mol Sig + n)
x 100%

1 - (mol Sig + n) x MW HSR)
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• Equation 43 <1>= x 100%

•

43.2.2 Comparison of modification of resins using various organic solvents

During the optimization of reaction conditions, various solvents were tried.

A balance between using a solvent whicb. could swell and penetrate the resin, and

one that could also dissolve the reagent, was needed to maximize the conversion of

\-;nyl groups to functional groups (<t>, yield of reaction). Table 4.4 lists the

solubilities of the thiols studied (listed in table 4.1) in various solvents: NMP

(N-methyl-2-pyrrolidone), dioxane, THF (tetrahydrofuran), toluene (or benzene

(bz) as indicated), D~ (N,N-dimethylformamide), DMSO (dimethyl sulfoxide),

CH3CN (acetonitrile), H20 (water), EtOH (ethanol) and MeOH (methanol). Sorne

data is from the literature, as noted [31-33].

Table 4.5 gives results of thiol additions to polyDVB-55 and XAD-4 in a

range of solvents. The modified resins are listed with bold numbers which

indicates the thiols used in the functionalizations. The amount of functional group

(C2-SR, in mmoVg resin, found by elemental analysis), degree of functionalization

CX2-SR> and percent conversion (cf» of starting vinyl groups to medified groups are

given along with the reaction conditions and starting resin used. The reaction

conditions that were varied included the resin, thiol, solvent, and presence of

PEG-600 or other co-solvent. The fonn of the modified resin is alse noted.

Generally, rapid stirring with a magnetic stir bar ground the beads into powder.

This may have improved conversions due to an increase in accessibility of vinyl

groups, but at the expense of structural integrity. More gentle stirring or use of a

mechanical stirrer would rninimize bead destruction.

Since we originally chose solvents whicb. tend to swell polystyrene

matrices, not all of the solvents listed in table 4.4 were used, but further work using

a wider range of solvents is recommended with the principle requirement being the

ability to dissolve the thioi used. Generally, there was no one best solvent for aU

thiols; which one gave the best conversions depended on the thio!. In sorne cases,

such as for thiol 17 , no method worked in modification of the resin; whereas in

other cases, high conversions were round, such as for thiol 7 using toluene as the

solvent (7a, 76% conversion using XAD-4). Ethanol was used in sorne

modifications, inc1uding in the preparation of lOa (39% conversion). Since

methanol and 2-propanol swell XAD-4 by 20% in cornparison to the shipped
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• volume (imbibed with salts and sorne water) [27], these solvents are aIso

recommended for further studies.

Table 4.4. Solubilities of thiols at room temperature (a)
Thioi N1vfP Dioxane TIIF Toluene D~IF DMSO CH3CN H20 EtOH MeOH

(1) S

(2) S

(3) 5

(4) S5

(5) 5

(6) S

(7) (b)

(8) Cc)

(9) S

(10) (d)

(11) 5

(12) S

(13) 5

(14) S

(15) SS

(16) 5

(17) S

l

l

l

l

S5

S

S

5

S

S

l

l(Q

l

S

5

5

S

S

l

S

5

S

[ 55

l S

5S 5

5S S

S S

SS (bz)

S S

l (bz)

S 5

S S

S S

l S

S

S

S

S

S

S

S

s

S

S

S

S

S

S

S

S

S

S

S

S

55

s

s S

S 5S

S

S

S SS

S

SS S

S S

S S

S

S Ce) S

l l

l l

S S

r(n

S

5

S

S

5

S

S

5

SS

S

•

(a) S is soluble, SS is slightly soluble and 1 is insoluble.
(b) [31, volume 5, page 4450]. Note: aIso soluble in "oils ll

•

Cc) [31. volume 5, page 4332].
(d) [31]. volume 2, page 1807].
Ce) [32, volume 6. page 6003].
(t) [33, page 107]. Note: soluble in hot pyridine, slightly soluble in hot ethanol and hot dioxane.

Likewise, the use of additives, including PEG-600, may or may not affect

results based on which thioL is used. For thiol l, the conversions were 35% (la)

and 390/0 (lb) for the reactions using DMF aLone and with PEG-600, respectively

(for polyDVB-55, LI). When DMF with PEG-600 was used in the modification of

XAD-4 with thioII, the conversion increased to 63% (le). The trend in increased

conversions when the commercial resins were used (instead of the Lab-made resins)

was seen for mast modifications, and will he further explored in section 43.23.

With thiol 2, a hydrochloride salt of an amine, other additives were tried,

triethylamine (NEt3) or sodium bicarbonate (NaHC03). In general, the
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modification using the free base formed from the presence of either additive reduced

the conversion of vinyl groups. For polyDVB-55, the highest conversion with 2

used toluene-PEG-600 (2b, 35%), followed by toluene (2a, 17%), then with

NaHC03 present (14% for toluene, with (2e) or without (2d) PEG-600), and lastly

with NEt3 present (2e, 12%). This may be explained by the fact that

~-aminomercaptanshave low chain transfer constants which may be increased by

masking the basicity of the amines by formation of a salt [34]. In general,

however, these amines tend to he very good transfer agents for styrene [34].

Sorne of the highest conversions for modification of XAD4 were attained

using toluene and thiols soluble in it, such as for resins 6a (70%), 7a (76%), Sa

(59%), and 9a (66%, with PEG-600). These four tmols are also liquid at room

temperature, and may have been more able ta penetrate the resin regardless of their

solubility.

In other cases, solubility was not the factor contributing to low conversions.

Thiol 17 is soluble in hot pyridine and aqueous sodium. hydroxide, and slightly

soluble in hot ethanol, hot dioxane, and hot acetone [33]. Even though sorne of

these solvents were used, conversions were negligible « 2%). This thioI exists as

a tautomer [35], which may reduce its reactivity towards radicals, and its ability ta

forro radicals. Using an additive such as NaHC0:3, may have helped in this case by

converting 17 to the mono- or di-sodium salt. Altematively, the reaction could

have been done in an aqueous system, with careful pH adjustment (pH < 8, 1 or 2

equivalents of base per tmol molecule) .
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• Table 4.5. Degree of functionalization (C2-SR (mmol SR/g), X2-S~ and percent
conversion (clJ) of thioi modification of vinyIbenzene grOUpS in organic solvents

Product Thiol Startïng Solvent C2-SR X2-SR (%) clJ
Resin Resin (mmol SRJg)

la (P) 1 LI D~ 055 75% 35%

lb (P) 1 LI DrvlF with PEG-600 0.61 8.4% 39%

le (P) 1 Xl Dj\l1F with PEG-600 13 21% 63%

2a (P) 2 LI toluene 027 3.6% 17%

2b (P) 2 LI toluene \Vith PEG-600 055 7.6% 35%

2e (P) 2 LI toluene with 0.20 2.7% 12%
1.25 equiv NEt3 per HSR

2d (P) 2 LI toluene with 0.23 3.0% 14%
125 equiv NaHC03 per

HSR

2e (P) 2 LI toluene with PEG-600, 022 2.9% 14%
125 equiv NaHC03 per

HSR

2f (P) 2 X2 toluene with PEG-600 l.1 18% 43%

2g (P) 2 LI NlvfP 037 5.1% 24%

3a (P) 3 LI DMF 055 7.8% 36%

3b (P) 3 LI DtvŒ with PEG-600 0.56 8.0% 37%

3e (P) 3 LI dioxane with PEG-600 0.23 3.1% 14%

3d (B) 3 Xl Dtv'Œ with PEG-600 0.75 11% 34%

4a (P) 4 LI dioxane with PEG-600 0.077 1.0% 4.7%

4b (P) 4 LI ONŒ with PEG-600 0.48 6.9% 32%

4c (B) 4 Xl OrvŒ with PEG-600 0.77 12% 36%

4d (P) 4 X2 ONŒ \Vith PEG-600 13 22% 53%

Sa (P) S LI DtvlF \Vith PEG-600 0.40 5.7% 27%

Sb (B) S Xl ONŒ with PEG-600 0.44 6.4% 19%

6a (P) 6 Xl toluene 1.4 23% 70%

7a (P) 7 Xl tolut::ne 1.6 25% 76%

Sa (P) S Xl toluene 13 20% 59%

9a (E) 9 Xl toluene with PEG-600 1.5 22% 66%

Reaction conditions unless otherwise noted: 15-2 equiv HSR, 1-2 wt % AIEN, 70-80 oC,
N2 atmosphere, 0.5-4 days. Modified resins were either in powder (P) or bead (B) Conn.
(a) PEG-600: 10 wt % MW 600 poly(ethylene glycol) added.
(h) LI is polyDVB-55-d (XVB = 21 ± 2 %).
(c) Xl is XAD-4lot #1090-7-1473 (XVB =33 ± 1 %).

• (d) X2 is XAD-4lot #03803HF (XVB = 41 ± 1 %).
(e) X3 is XAD-4lot #O0126BZ (XVB = 29 ± 1 %).
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• Table 4.5. (continued)

Product Thiol Startïng
Resin Resin

Solvent CZ-SR XZ-SR (%)
(mmol SR/g)

lOa (B)

lIa (P)

12a (P)

13a (P)

13b (P)

13c (P)

13d (P)

14a (P)

14b (P)

15a (P)

15b (P)

ISe cP)

15d (P)

ISe cP)

16a (P)

17a (P)

17b (P)

17c (B)

17d (P)

17e (B)

10

Il

12

13

13

13

13

14

14

15

15

15

IS

15

16

17

17

17

17

17

Xl

LI

Xl

LI

Ll

X3

X2

LI

LI

LI

LI

LI

LI

X2

LI

XI

Xl

Xl

Xl

Xl

ethanol

dioxane

toluene

dioxane

dioxane \Vith PEG-600

dioxane with PEG-600

dioxane with PEG-600

nrvIF
dioxane \Vith PEG-600

toluene

DrvIF

D~ \Vith PEG-600

toluene \Vith PEG-600

toluene \Vith PEG-600

DMF

toluene with PEG-600

DMF \Vith PEG-600

dioxane. 9S oC

ethanol

pyrieline

0.85

029

1.0

O.5S

0.68

0.72

1.6

0.15

0.03

0.009

0.02

0.02

0.007

1.1

0.007

0.04

0.04

0.05

0.03

O.OS

13%

43%

lS%

79%

10%

11%

27%

2.0%

<1%

<1%

<1%

<1%

<1%

16%

<1%

<1%

<1%

<1%

<1%

<1%

39%

20%

4S%

37%

47%

51%

66%

93%

<2%

< 1%

<2%

<2%

<1%

39%

< 1%

<2%

<2%

<2%

<2%

<2%

•

Reaction conditions unless otherwise noted: 1.5-2 equiv HSR. 1-2 wt % AIEN. 70-80 oC.
Nz atmosphere. 0.5-4 days. ~'[odified resins were either in powder (P) or bead (8) form.
Ca) PEG-600: 10 wt % ~[W 600 poly(ethylene glycol) added.
(b) LI is polyDVB-55-d (XVB = 21 :t: 2 %).

Cc) Xl is XAD-4lot #1090-7-1473 (XVB =33 :t: 1 %).

Cd) X2 is XAD-41ot #03803HF (XVB =41 :t: 1 %).
Ce) X3 is XAD-4lot #O0126BZ (XVB =29 :t: 1 %).

43.23 Comparison of modification ofXAD-4 and polyDVB-55

Table 4.5 aIso compares the results of thiol addition to lab-made

polyDVB-55 and to commercial XAD-4. Generally, two equivalents of thiol and

one weight percent AIBN were used with a temperature of 70-80 oC and a tinle of

2-4 days. Since the comparison is based on the use of matrix, consistent reaction

conditions were used for each thiol. Reactions were frrst optimized with
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polyDVB-55, by variation of conditions such as solvent and the presence of other

additives. The method which gave the highest conversion of vinyl to functionaI

groups was then used with XAD-4. Most of the modified resins were in powder

fonn.

Since different resins with varying vinyl contents were used, the best basis

of comparison is the percent conversion (<p) of vinyl groups to functional groups.

For most resins, the percent conversion was higher when XAD-4 was used as the

matrix. This is attributed to the higher porosities and surface areas of XAD-4 (table

43), allowing the penetration of reagent into the resin leading to higher degrees of

modification. In sorne cases, large increases in conversion occurred when the resin

used was changed from the lab-made polyDVB-55 to XAD-4. For thiol l, yields

increased from 39% (lb) to 63% (le) when XAD-4 was used in place of

polyDVB-55. Like\vise for thiol2, conversions improved (from 35% (2b) to 43%

(2f) with the use ofXAD-4.

Increasing amounts of vinyl groups aIso tended to increase the conversion;

for example, resins 13c and 13d were prepared using two different lots of XAD-4

(X3, XVB = 29%, and X2, XVB =41 %, respectively) and a higher conversion "vas

seen for the resin with the higher initial vinyl content (13d, 66%, compared to 51 %

for 13e). This increase in vinyl group conversion cau aIso he seen with resins 4c

(36%) and 4d (53%) which were prepared from Xl (XVB = 33%) and X2

(XVB =41 %), respectively. Resins with higher vinyl contents have less cross­

linking (table 43) which may allow easier penetration of reagents iuto the beads_

Beads with high amounts of vinyl groups may have a higher concentration of them

situated at the outer edges, where they are more accessible for modification. We

previously found that the vinyl group concentration is higher by as much as 2-fold

towards the outside of XAD-4 beads compared to the bead core [2].

43.2.4 Comparison of modification of resins using organic solvents and water

Water was used as the solvent with a water-soluble azo initiator (V-50) for

sorne modifications with a few of the water-soluble thiols. Table 4.6 summarizes

the results of these reactions and compares them to reactions using organic solvents

and similar reaction conditions. The use of water as the solvent eliminates the need

for organic solvents, lowering cost and environmental impact. The one-step

modification can add functional groups such as sulfonates, attached through spacers

ta the resin.
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Three types of thiol were used: f3-aminoethylmercaptans (1 and 2),

sulfonates (3,4, and 5) and a dicarboxylic acid (10). The same lot of XAD-4 was

used for all experiments. In sorne cases, XAD-4 that was not pretreated by Soxhlet

extraction with acetone, but only dried in vacuo, was used ta see if the presence of

the imbibed salts (NaCl and Na2C03) affected the results. Since the resins were

dried, wetting with pure water was difficult, so small amounts of alcohol were

added.

In the case of the amines (1 and 2), a significant reduction in yield was seen

when \vater was used as the solvent. For resins modified with sulfonates 3 and 4,

the yields were approximately the same when either an organic solvent or water was

used. An almost two-fold increase in yield was seen for sulfonate 5. A slight

increase in yield occurred for the dicarboxylic acid (10). The presence of salts did

not affect results, as cao he seen for the reactions using water and thiols 3 and 4.

The presence of additives such as PEG-600 may aid in solubilizing the reagents, or

\vetting the resin, but no improvement in yield was seen on cornparison of results

using water for thiols 3 (no PEG-600) and 4 (PEG-600). Overall, if water is a

goad solvent for a thiol, it will he an acceptable solvent for its addition ta

poly(divinylbenzene-co-ethylvinylbenzene). We encourage further studies with a

larger variety of thiols and reactiôn conditions than presented here. Further wark

could include the variation of pH, which may aid in dissolving thiols like 17.

Although XAD-4 does not swell in water, functionalization was successful.

The high degree of cross-linking (39 to 51 %) maintained the structural integrity

enough ta allow penetration of reagents. The most important factors for high

conversions of vinylbenzene groups appear ta he the solubility of the reagent and

the ease of radical formation (chain transfer constant) .
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• Table 4.6. Corn arison of modification of XAD-4 using or anic solvents or water

Thiol Organic Solvent
C2-SR (mmolJg)

Aqueous
~-SR (mmolJg)

Used Reaction Conditions Xl-SR (%) Reaction Conditions X2-5R (%)
cp cp

1 DMF 13 ± 0.2 4 parts H20. 1 part MeOH 0.64 ± 0.03
10 wt % PEG-600 21% 10 wt % PEG-600 9.0%

1.7 wt % AIBN (63%) 1 wt % V-50 (27%)
3 days le (P) 3 days Id (B)

(XAD-4 not pretreated)

2 toluene 0.69 ± 0.04 4 parts H20, 1 part l\1eOH 034 ± 0.05
10 wt % PEG-600 10% 10 wt % PEG-600 4.8%

1 wt%AIBN (30%) 1.4wt % V-50 (14%)
after 1 clay: 1 wt % AIBN 2h (B) after 1 clay: 1 wt % V-50 2i (B)

2days 2days
(XAD-4 not pretreated) (XAD-4 not pretreated)

3 Di\rfF 0.745 ± 0.001 4 parts HlO. 1 part MeOH 0.78 ± 0.01
10 wt % PEG-600 11% 1 wt % V-50 12%

1 wt%AIBN (34%) 3days (36%)
3 days 3d (B) 3e (B)

4 Di\rfF 0.773 ± 0.001 4 parts H20. 1 part i\rIeOH 0.773 ± 0.002
10 wt % PEG-600 12% 10 wt % PEG-600 12%

1 wt%AIBN (36%) 13 wt % V-50 (36%)
2days 4c (B) after 1 clay: 6 parts H20 4e (P)

(XAD-4 not pretreated) and 1 wt % V-50
2days

(XAD-4 not pretreated)

5 DMF 038 ± 0.01 5 parts H20. 1 part i\rfeOH 0.599 ± 0.001
1.75 eq HSR 5.4% 1.75 eq HSR 9.1%

10 wt % PEG-600 (16%) 10 wt % PEG-600 (28%)
1 wt%AIBN Se (P) 1 wt % V-50 5d(B)

after 2 days: 1 wt % AIBN after 2 clays: l wt % V-50
4days 4days

(XAD-4 not pretreated) (XAD-4 not pretreated.)

10 ElOH 0.85 ± 0.02 4 parts H 20, 1 part ElOH 0.930 :!: 0.005
15 wt % AIBN 13% 1 wt % V-50 14%

3 days (39%) 3 days (43%)
IOa lOb (B

Reaction conditions unless otherwise noted: 2 equivalents thiol (HSR) , N2 atmosphere, 70-80 cC.
XAD-410t #1090-7-1473 used (XI , X VB == 33 ± 1%), pretreated by Soxhlet extraction with acelone
to remove NaCl and Na2C03. Initiators used were AIBN (2,2'-azobis(isobutyronitrile». and Wako
V-50 «2,2'-azobis(2-amidinopropane) dihydrochloride). i\rfodifications in water used a solution of 4
to 5 parts (by volume) water to 1 part alcohol (methanol (MeOH) or ethanol (EtOH». Modified
resins were either in powder (P) or bead (B) forro..

•
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• 433 X-Ray microprobe analysis to measure sulfur and oxygen distribution

Previously, we brominated XAD-4 to determine the vinyl group distribution

in the bead by using X-ray microprobe analysis to map the bromine distribution [2].

Here, we have modified XAD-4 with less than an equivalent, and with an excess,

of mercaptoethanol, and studied the sulfur and oxygen distribution in each. The

results ofthese modifications are given in table 4.7. Although an excess of 9 was

used for 9a, only 66% of the vinyl groups were modified. The modifications were

carried out as all of the thiol additions were done: addition of all reagents followed

by fiushing with nitrogen and then heating to 7üoC. This gave the reagents time ta

penetrate the beads before the reaction started. Figure 4.2 sho\vs the elemental

distributions found by X-ray microprobe analysis for 9a. The results were similar

for 9b.

Table 4.7. Results of modification ofXAD-4 with varying amounts of
mercaptoethanol

Modified Resin

9a

9b

Reaction Conditions

toluene
1 wt % AffiN
2equiv HSR

10 wt % PEG-600
3 days

toluene
1 wt % AIBN

-05 equiv HSR
10 wt % PEG-600

3 days

C2-SR (mmoUg) X 2-SR (%) <P

1.473 ~ 0.008 22% 66%

134 ~ 0.03 20% 59%

•

Reaction conditions: N2 atmosphere, 70-80 oC, XAD-4 (Xl, XVB = 33 :t: 1 %),

pretreated by Soxhlet extraction \Vith acetone.

The oxygen distribution is not uniform which is due to the fact that the

beads were embedded in an oxygen-containing epoxy during sample preparation.

Even at the bead edges, the oxygen count was not zero; whereas the sulfur

distribution is uniform across the bead, dropping to zero at the edge. The uni[orm

distribution of functional groups in the resin is contrary to our findings for the

brominated XAD-4 (same lot XAD-4 modified by bromination and thioi addition)

[2]. We found that the outer edge of the beads were more concentrated in bromine,

and since the conversion was 100%, that the bromine distribution reflected the vinyl

group distribution [2]. If the vinyl groups had completely reacted with thiol 9

(instead of 66%), then we would have seen the same sulfur distribution as for
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• bromine. It is interesting to note that even the interior of the bead was modified

with thiol to the same extent as the rest of the bead, meaning that under optimum

conditions reagents are able to fully penetrate the bead. Sterie hindrance may have

prevented further modification of the vinyl groups situated in the vinyl-rieh outer

regions.

09
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Fig. 4.2. Sulfur and oxygen distribution profiles of 9a,

mereaptoethanol-modified XAD-4.

43.4 Spectroscopie eharacterization

The modified resins were spectroscopically characterized and compared ta

the starting material using infrared, Raman and l3e NMR spectroscopy. In

general, speetra of the resins with the highest percent conversions (<1» are shown.

43.4.1 Infrared spectroscopy

•

Figures 43a ta 43e compare the FfIR absarbance spectra of XAD-4 and

the thiol-madified resins, indicated with a bald number correspanding ta the resin

characterized. The thiols used (1-15) are Listed in table 4.1. In most cases, the

resin used for each modification was XAD-4.

Peak assignments were do~e by comparison to the starting thiols and

analogous model compaunds [36], and with the help of !Wo references on

spectroseopy [37,38]. The peak assignments for unmodified poly(divinylbenzene­

co-ethylvinylbenzene) (XAD-4 and palyDVB-55) have been published elsewhere
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• [2, 30]. Table 4.8 lists the peak assignments for thiol-modified

poly(divinylbenzene-co-ethylvinylbenzene). On comparison of the spectra for

XAD-4 and the modified resins, the five peaks due to the vinyl groups decrease in

relation to the degree of functionalization. The peak at 905 cm-1 is due ta bath vinyl

groups and disubstituted phenyls, sa it is never completely eliminated.

Table 4.8. Infrared peak assignments for thiol-modified resins

Resin Band (cm-I ) Assi!!IlID.ent Reference Notes

1700 e--G stretch of residual D!vfF

2770 N-H str. of hydrocbloride salt
1117, 1097, C-N stretches
1056, 1043

1360- 1120. S=ü stretches of sulfonate group
1123, 1049

le

2b

3e,
4e.
5d

590,530 S02 rocking, scissoring.
deformation

[38], p. 195

[37]. p. 125
[37]. p. 124

[37]. p. 129-130

[38]. p. 177

D!vfF used as solvent

modifications done in
water for these examples

5d 613 C-S stretch

6a 2550 S-H stretch

7a

1271, 1200 wagging and twisting of
methylenes in functional group

3571 O-H stretch

1273. 1220. varions C-O stretches
1065, 1046

[38]. p. 217

[38] p. 217

[38] p. 202

[38]. p. 209 thiol peak was not visible
for resin 7a

[38]. p. 169.207

Sa 3571 O-H stretch [38], p. 209 simiIar ta spectrum. of
resin modified with 7a

1276.1169. varions C-O stretches
1066, 1019

[38], p. 169. 207 peaks listed were more
prominent due ta the
dioi (compared to 7a)

9a 3460 O-H stretch

1277. 1221. 1061 cm' I (strong) c-o stretch
1061. 1019,
930

lOb 1740.1717 carboxylicacid,e--G stretch

1373-1172 broad peak

[36], Volurne l,
p.263

[38], p. 209

[36], Volurne l,
p.265

[38]. p. 195

peaks similar to model
3-ethylthio-l,2­
propanediol

peaks similar to model
2-(methylthio)ethanol and
ta resin Sa

notdimeric
(dimerpeaks accur at
1720-1680 cm- I )

•
The spectra for the aminoethylmercaptan-modified resins (le and 2h, figure

43a) show reductions in the vinyl peaks with the greatest reduction for le (63%

conversion, compared ta 30% for 2h). Resin le also had a peak at 1700 cm-l,
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•

attributed to residual DMF, the solvent used in this case. The spectrum of another

resin modified with 1 (Id) in water did not have tms peak, but was otherwise

identica1. Besides a reduction în vinyl peaks, the spectrum of resin 2h had new

peaks due to the functional group (table 4.8).

Table 4.8. Infrared peak assignments for thiol-modified resins (continued)

Resin Band (cm-1) Assignment Reference Notes

lla 1739 e--Q stretch [37]. p. 118-120 peaks due to 3 esters

1373,1275. ester C-O stretches
per functional group

1147,1122,
1063,966

I2a 3468,3362 N-H stretches of primary amine [37], p. 123 peaks similar to model

1606 aromatic stretch [37], 158
2-(methylmercapto)aniline
[36], Volume l, p. 1196

1309 C-N stretch [37], p. 124 aromatic stretch larger

747 ortho-disubstituted phenyl [38]. p. 197 than unmodified XAD-4

13d 1420.1370 [36]. Volume 2, peaks similar to thiol 13
1245,1116, p.650
1055 no thiol peaks visible

652 C-S stretch [38]. p. 217

I4a 3500.3397 N-H stretches of primary amine [37] p. 123

1587.1550, peaks due to the pyrimidine ring [38] p. 221
1361,1342 stretching

ISe 3380.1644 [36], Volume 2, may have had sorne 15

1539,1349, triazole and amine functionalities
p.628 physicallyembedded,~ce

peaks due to the starting
1275, 1094, [38]. p. 221 material were prominent
1065

Figure 43b shows the spectra of XAD-4 and resins modified with the

sulfonate-thiols 3,4, and 5. The conversion for each resin (alI prepared in water)

was 36%, 36%, and 28%, respectively. AlI three spectra have peaks due to the

sulfonate groups (table 4.8).

Figure 43c shows the spectra of XAD-4 and resins modified with thiols 6 ,

7, and 8. The conversion for each resin (ail prepared in toluene) was 70%, 76%,

and 59%, respectively. The spectra have peaks due ta the functional groups (table

4.8). A thiol peak was not visible for resîn 7a. The spectrum for resin Sa,

modified with the diol, is similar ta that of resîn 7a, with more prominent peaks due

ta the dio!. The peaks are similar to that of the analogous model compound

3-ethylthio-I,2-propanediol [36].
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Fig.43a. FrIR absorbance spectra of XAD-4 and thiol-modified resins (1-2) .
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Fig. 43b. FrIR absorbance spectra of XAD-4 and thiol-modified resins (3-5) .
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Fig. 43c. FTIR absorbance spectra of XAD-4 and thiol-modified resins (6-8) .
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Figure 43d shows the spectra of XAD-4 and resins modified with thiols 9 ,

10, and 11. The conversion for each resin was 66%,43%, and 20%, respectively.

The spectrum for resin 9a has peaks which are similar to that of the model

compound 2-(methylthio)ethanol [36] and of resin Sa. Resin lOb has very strong

peaks due to the two carboxylic acids per functional group and resin Ila has peaks

due to its three esters per functionai group (table 4.8).

Figure 43e shows the spectra of XAD-4 and resins modified with thiols

12, 13, 14 and 15. The conversion for each resin was 45%, 66%, 93% and

39%, respectively. The spectrum for resin 12a has peaks which are similar to that

of the model compound 2-(methylmercapto)aniline [36]. Resin 13d had no thial

peaks visible in its spectrum, but has ather peaks that are similar ta sorne of thase of

the starting !hial 13 [36]. The spectrum of resin 14a has peaks due ta the

pyrimidine ring stretehing [38J. Resin ISe may have had sorne thial physically

embedded, since peaks due ta thial 15 were praminent at 3380 and 1644 cm-1 (in

comparisan ta the spectrum of thial 15, [36]). Other peaks which are present can

he attributed ta the triazole and amine functionalities [38] .
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Fig. 43d. FfIR absorbance spectra. of XAD-4 and thiol-modified resins (9-11) .
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Fig. 43e. FrIR absorbance spectra of XAD-4 and thiol-modified resins (12-15) .
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43.4.2 Raman spectroscopy

Figures 4.4a to 4.4e compare the Raman spectra of XAD-4 and the thiol­

modified resins. The resins used were the same as for the previous section. In

most cases, the resin used in the modification was XAD-4. The Raman spectral

peaks have previously been assigned for unmodified XAD-4 [2].

As for the infrared spectra, the decrease of vinyl peaks was notable for all

spectra. These peaks included 3008, 1632, 1409, and 1209 cm-1 [2]. An increase

of peak 2910 cm-l was seen for resins modified with aliphatic groups. Raman

spectroscopy was most useful in determination of the presence of tmols, and ta

verify infrared spectral data.

Figure 4.4a compares the spectra of XAD-4 and resins modified with thiols

1 and 2. A weak peak which may he due to the C-S stretch is visible at 531 cm-l

[38, p. 181] for resins le and 2h. Resin 2h also bas a peak at 2778 cm-1 due ta

the -NMe2H+CI- [38].

Figure 4.4b compares the spectra of XAD-4 with those of the resins

modified with the sulfonate-thiols, 3, 4, and 5. Weak peaks around 530 cm-1 may

be due to C-S stretches. Resin 5d has a very weak peak at 2577 cm-l, indicating

the presence of a thiol [38].

Figure 4.4c shows the spectra of XAD-4 and resins modified with dithiols 6

and 7, and thio-diol 8. The spectrum for resin 6a has a peak due to the thiol at

2569 cm-1 and a C-S stretch at 750 cm-l. These are comparable ta sorne of the

Raman peak assignments for the starting thioI: 2560 and 750 cm-l [31]. Resin 7 a

aIso had peaks due to the thiol (S-H) and C-S at 2570 and 735 cm-l, respectively.

No thiol peaks were evident for resin 8a, which would he expected since the

starting thiol was not a dithiol, but a dia!.

No thiol peaks could be seen in the spectra of resins 9a, lOb or lIa (figure

4.4d). A small peak due to the C=O stretch of the carboxylic acid groups in resin

lOb is seen at 1704 cm-1 and the C-S stretch is seen at 545 cm-l [38]. A small

peak due to the c=o stretch of the ester groups in resin Ila is seen at 1790 cm-l,

C-S stretches are seen at 591 and 536 cm-l and a peak at407 cm-1 may be due to an

S-S stretch [38]. The formation of disulfides of the thiol groups in the 1- and

2-positions of thiol Il may have occurred.
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Fig.4.4a. Raman spectra ofXAD-4 and thioL-modified resins (1-2) .
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Fig.4.4b. Raman spectra of XAD-4 and thiol-modified resins (3-5) .

86



•
J

(7a)

(6a)

(Sa)

XAD-4

1 i 1 Iii i 1 Il! 1 ! Iii [ i : i ; i Iii : 1 i 1

3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400

•
wavenumber (cm- 1

)

Fig.4.4c. Raman spectra of XAD-4 and thiol-modified resins (6-8) .
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Fig.4.4d. Raman spectra of XAD-4 and thiol-modified resins (9-11) .
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Fig.4.4e. Raman spectra of XAD-4 and thiol-modified resins (12-15) .
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Figure 4.4e gives the spectra of XAD-4 and resins 12a, I3d, 14a and

ISe. The spectrum of resin I2a has a slightly larger peak (due to C-H stretches of

the benzene rings) at 3055 cm-1 than for XAD-4. Peaks attributed to the functional

group include 1085, 1027, 836, and 681 cm-1 [31]. A C-S stretch is seen at

562 cm-1 [38]. No thiol peaks are evident for resin l3d, the functional group may

he in the thione-form. New peaks due to the functional group in I3d are seen at

1487,712,653,553,486,393, and3!? cm-1 [31]. The spectrum for 14a has a

new peak at 2933 cm-1 likely due to the amine (N-H stretch) or pyrimidine. The

spectrum for ISe has two C-S stretches at 501 and 466 cm-la

43.43 l3C N1v1R spectroscopy

Figure 4.5a shows the salid-phase 13C CP-MAS NMR spectra and figure

4.Sb shows the salid-phase 13C CP-MAS-DD NMR spectra for XAD-4 and the

resins modified with thiols S, 6, 7, 8, and 10. For all cases, XAD-4 was used in

the modification.

The l3C NMR spectral peaks have previousLy been assigned for unmodified

XAD-4 [2]. Table 4.9 gives the l3C CP-MAS-DD NMR spectral peak assignments

for modified XAD-4 and for the starting thials or analogaus model cornpounds [22,

39]. DipoLar dephasing eliminates the peaks due to the vinyL carbons, the

dimethylene spacer linking the thioether ta the resin, and the polymer backbone

(CH2, CH, phenyl CI-I) [26]. The peak at 144 ppm corresponds to the

(non-hydrogen) substituted phenyL carbons and the peak at 15-16 ppm corresponds

to the methyl carbon of the pendant ethylbenzene groups [26].

The NMR spectra of the modified resins are similar to those of modified

polyDVB-55 [26]. As for the infrared and Raman spectra, the intensities of the

peaks due to the vinyl group are less in the modified resins (137 and 114 ppm,

figure 4.5a). The dipolar-dephased spectra (figure 4.5b) show sorne of the

functional graup carbon peaks clearly. For resin 5d, the peak at 68 pprn is due te

the methylene carbon next to the sulfonate group, and the peak at 30 ppm is due ta

the methylene carbon next ta the thioether.

For resin 6a, the peaks correspond to the carbons in the order of the

following structure, XAD-4-S-CH2CH2-S-CH2CH2-SH, at 32, 25, 25, and

36 ppm.
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• Table 4.9. 13C CP-MAS-OO NMR peakassignments for thiol-rnodified XAD-4

Thiol Thioi 13C ~1R peak assignments C (ppm) CH3 (ppm) CH2 (ppm)
Used (a)

5 144 15

6 3626.3431. 31.71. 24.75. 1556* 144 15
(h)

7 6534.45.00*.29.46 Cc) 144 15

8 70.54*.6537.35.09. 2638. 14.79* 144 15
(d)

10 17332. 171.60.3952.35.48* (e) 178. 172. 144 15

(a) Data from [39]. unless otherwise noted. * means odd parity (i.e. CH, CH3).

(b) CH3SCH2CH2SCH2CH2SH, [22].
(c) 2,3-Dimercapto-l-propanol. [39. Vol. 1, p. 423].
(d) 3-Ethylthio-l.2-propanediol, [39. Vol. 1. p. 445].
(e) N[ercaptosuccinic acid. [39, Vol. 1. p. 819].

68,30

36.32,25

66,30

72,66.36.30

29

•

The peaks of resin 7a correspond ta the C-OH group (65 pprn), and a braad

peak bet\veen 25 ppm and 50 pprn may he due to the t'wa ather carbons in the

group. As with tillaI 5, there were twa thiol groups in 7, and either cauld have

acted as a point of attachment ta the resin. Unfartunately, we were unable ta

detennine which linked the functional group ta the resin, and a mixture of

functionalities is possible. l H N1vffi. spectroscopy could help ta detennine this, but

we were not able to perform tms experiment since the resins are insoluble.

Comparisan of the spectra ta that of resin Sa did not aid in solving this question.

The resin madified with the thio-dio!, Sa, had peaks correspanding to the

carbons in the structure, XAO-4-S-CH2CH(OH)CH20H, at 36, 72, and 66 ppm.

The peak at 30 ppm may have been due ta the rnethylene (of the former

vinylbenzene) attached to the thioether or to the pendant ethylbenzene units.

For the resin modified with the thio-dicarboxylic acid, lOb, the peaks at

178 ppm and 172 ppm are due ta the carboxylic acid carbons, and the peak at

29 pprn is likely due ta the methylene carbon in the functional group.
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Fig.4.5a. l3e CP-MAS NMR spectra of XAD-4 and thiol-modified XAD-4.
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Fig.45b. 13e ep-MAS-DD NMR spectra of XAD-4 and thiol-modified XAD-4.
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435 Potential applications of thiol-modified resins

We have prepared resins which may have potential applications as ion­

exchangers, coordinating resins, solid-phase protecting groups and adsorbents.

Modification can change properties of the resins, such as hydrophilicity, which may

change behaviour in separation applications such as chromatography [1]. XAD-4

\vas previously modified for these applications using traditional methodologies,

such as chloromethylation with subsequent reactions [40]. No one has previously

modified the vinylbenzene groups ofXAD-4 to change its sorption properties.

We modified XAD-4 with some thiols used by other researchers in the

modification of different types of polymers. Like tilloi 17, thiol 13 exists as a

tautomer, having four forms [24,41]. However, unlike thiol17, modification was

successful when 13 was used (13d, 66% conversion using XAD-4 and dioxane,

PEG-600, table 4.5). Three of the tautomers have at least one thiol present. It is

known that 13 adds to a variety of alkenes, including styrene [42]. As mentioned

in the introduction, this thiol bas been used in the modification of PVC [24]. The

Yield for the functional polymer was 3.6 mmol SR/g; compared to 1.6 mmol SRJg

for our resin. Since PVC has one chlorine atom per repeat unit, a higher quantity of

functional groups would he possible. However, only one-third of the chIorine

atoms were substituted by the thiol, giving a conversion (and degree of

functionalization) of33%. Side-reactions also occurred, such as cross-linking and

dehydrochlorination. XAD-4 initially had 41 % of the repeat units ha\ing a vinyl

group (XVB), X2-SR was 27%, and the conversion was 66%. Overall, the degrees

of functionalization (33% for theirs and 27% for ours) are similar, with a higher

conversion in our case. The advantages of using XAD-4 over PVC are that the

reaction does not leave any reactive precursor functional group (such as alkyl

chloride), and XAD-4, being a cross-linked styrenic resin, has a more appropriate

morphology for engineering applications.

A similar thio!, 1,3 ,4-thiadiazole-2-amino-5-thioI, was used by others te

modify chloromethylated polystyrene with a 77% degree of functionalization

(83% conversion) and 16% of the chloromethyl groups remaining unreacted

[25, 43]. Although we did not use this thiol, it would he possible to modify

XAD-4 with it using our methodology. Resins modified with 13 and

1,3 ,4-thiadiazole-2-amino-5-thiol have been used as coordinating resins for

selective metal uptake~ including for precious metals (gold, silver and platinum­

group) [24, 25,43].
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Sorne of the resins may be used for solid-phase protecting groups~ such as

those modified with thiols 7 (thiol-alcohol group) and 8 (l~-diol group). Since the

introduction is one-step~ the presence of other functionalities is prevented in

general. However, since 7 has two truoi groups~ modification may have occurred

through either thioi. We were unable to determine spectroscopically which thiol

was converted to the thio-ether linkage.

Resins modified with sorne of the thiols can he used as ion-exchangers.

Weak acid exchangers with carboxylate groups (i.e. XAD-4 modified with 10) may

he advantageous over the traditional acrylic acid polymers in their structural features

and integrity. Stronger-acid functionalities~ such as sulfonates (3, 4, 5), can aIso

he added to XAD-4 using our methodology. These resins may have different

behaviors than the traditional sulfonated polystyrenes. Many of the resins prepared

can act as weak-base resins due to the presence of amines, and with further

modification as strong-base resins. Thiois used which introduced amine groups

include 1, 2, 12~ 14~ and 15.

The preparation of resins with free thioi groups is aIso desired. They can

act as redox polymers and are excellent for mercury removal [44-46]. Preparations

of thiol-containing resins have been multi-step~ involving Iaborious conditions. We

were able to prepare thiol-containing resins by the use of the one-step addition of

cornpounds having more than one thiol group to the vinyi groups of resins. These

thiols included S~ 6, 7, Il, and 13. Sorne of these were multi-functional and \vere

attached through spacers to the resin. Resins modified with thioi Il have two

thioglycolate functionalities per functional group added~ the third being used in

attachment to the resin. Resin lIa had 0.29 rnmol SRlg~ with a rnmtimum of

0.58 mmol thioglycolate groups per gram, with X2-SR 43% and a conversion of

20% (prepared using polyDVB-55). This one-step modification to introduce

thioglycolate functionalities is advantageous over the tedious three-step modification

of XAD-4 to introduce the same type of functionality done by other researchers

[47]. Their resin was able to extract various metal ions (silver, gold, mercury,

bismuth, tin, antimony, lead and uranium) from acidic solutions. Our preparative

method eliminated the risk of introduction of other functionalities, and aIso

introduced a Iarger spacer group. Modification of XAD-4 with our procedure will

most likely lead ta higher conversions than for the resins prepared with Iab-made

polyDVB-55 (LI).

The choice of thiols to attach ta the resin depends on the intended

application. For the development of coordinating or ion exchange resins, PQtential
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ligands could he pre-screened using titration techniques [48]. In order to properly

gauge a ligand's behaviour, models which emulate how the ligand is attached. ta the

resin should he studied. For example, thioethers of the thiols should aIso he

studied since the coordinating ability of a thioether is much less than a thiol. We

have studied the interactions with various base metals of some of the ligands used in

tbis paper [48]. Two model compounds studied were 2-(ethylthio)ethylamine

hydrochloride and 2-(methylmercapto)-aniline which were equivalent ta thiols 1 and

12. The models showed little metal-complexing ability compared to the thiols.

4.4. Conclusions

Amberlite XAD-4, a commercially-available styrenic copolymer, is the best

choice of resin for the preparation of functional resins by modification to the

accessible pendant vinylbenzene groups based on its high surface area, porosity,

and vinyl group content. We have demonstrated that the anti-Markovnikov addition

of a wide-range of tmols can lead to a great number of functionalized resms, using a

simple one-step reaction. Conversions were as high as 76%, and degrees of

functionalization were as high as 27%. The most important variables for high

conversions of the vinyl groups are the solubility of the thiol in an appropriate

solvent, the thiol's chain transfer constant, and the use of commercial resin.

Further work \vith regard to expanding the choice of solvents and tmols is

encouraged. \Ve have shawn that water can be used for many reactions. As we

have shown for one thiol, ethanol can aIso he used successfully. Ethanol,

2-propanol, and methanol, should also he tried with more thiols.
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Chapter 5

Disulfide Addition to the Pendant Vinylbenzene Groups of

Commercial poly(Divinylbenzene-co-Ethylvinylbenzene).

Modification with Alkyl and Aryl Disulfides.

Forward to Chapter 5

The content of the following section is comprised of a paper with the same

titIe which was submitted to the journal Reactive and Functional Polymers

(K.L. Hubbard, G.D. Darling and J.A. Finch, submitted May 1997).

Since the previous chapter concluded that the commercial resin has superior

qualities over the laboratory-prepared resin, commercial Amberlite XAD-4 was

used for the remainder of the work presented in this thesis. Since it was also found

that the degree of functionalization depends on the vinylbenzene group content,

even with different lots of XAD-4, one lot was used for the remainder of the work

performed. Use of a consistent starting polymer matrix allowed comparison of

modifications without matrix effects.

The previous chapter facused on the radical addition of thiols ta

poly(divinylbenzene-co-ethylvinylbenzene) to prepare monosubstituted resins in

which the functional groups were attached to the resin via a thioether-dimethylene

spacer linkage. For the lang-term goal of preparing resins which could have

applications in separation science, the introduction of vicinal groups which could

possibly internct cooperatively with a molecule or ion is desirable. The frrst group

studied was 1,2-dithioether groups, formed by the addition of disulfides to the

vinylbenzene groups of the resin. Since this type of reaction has been relatively

obscure in the past, simple disulfides were used in this study. A novel polymer

modification technique has now been developed, utilizing simple chemistIy and

reaction conditions. The work presented here is by far the mast extensive ta date

utilizing this chemistry.
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Abstract

Poly(divinylbenzene-co-ethylvinylbenzeneL commercially-available as

Amberlite XAD-4, was modified by the iodine-catalyzed addition of disulfides to its

pendant vinylbenzene groups. Depending on the disulfide, different solvents were

used in order to optimize functionalization. The most important factors for

maximum. yield were the solubility of the disulfide and the ability to form the

sulfuryl-iodide intermediate. The degree of functionalization of modified XAD-4

was as much as 18%, representing a conversion of vinylbenzene groups to

(l,2-dithioether-ethyl)benzene functional groups by as much as 55%. Other

methods attempted with limited success for disulfide addition included the use of an

azo initiator, a photochemical reactor, or boron trifluoride etherate as catalyst.

Keywords: Amberlite XAD-4, pendant vinyl groups, PQly(divinylbenzene-co­

ethylvinylbenzene), disulfide

5.1. Introduction

This paper discusses the modification of vinyl groups in a cross-Linked

polystyrene-like matri"<.. Commercial poly(divinylbenzene-co-ethylvinylbenzene)

was modified by the addition of disulfides to the pendant vinyLbenzene groups.

Variations of reaction conditions and disulfides used were studied. We also

compare these modifications to those done by the radical addition of analogous

thiols.

Previously, our group modified laboratory-made PQly(divinylbenzene-co­

ethylvinylbenzene) by the anti-Markovnikov radical addition of a few simple thiols

to the pendant vinyl groups [1]. We have recently expanded upon this work to

include the use of a commercial resin, Amberlite XAD-4, as weIl as a greater range

of thiols and conditions [2].

5.1.1 Review of poly(divinylbenzene-co-ethylvinylbenzene) , including XAD-4

Copolymers of divinylbenzene and ethylvinylbenzene have a cross-Linked

structure with pendant vinylbenzene and ethylbenzene groups (figure 5.1). The

degrees of functionalization are indicated by the symbols XCL, X VB, and XEB, (CL
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• for cross-linked, VB for vinylbenzene, and EB for ethylbenzene). The randomly­

occurring repeat units are meta- and para-disubstituted.

-~

•

Fig.5.L Structure of poly(divinylbenzene-co-ethylvinylbenzene).

Amberlite XAD-4 (Rohm and Haas Company) is a macroporous resln

prepared from 80 to 85 wt % divinylbenzene and 15 to 20 wt % ethylvinylbenzene

[3-9]. Since XAD-4 has a high surface area (725 to 1040 m2/g) and porosity (0.98

to 155 mUg), vinyl groups should be accessible to mod.ifying reagents, which

would tend to promote high conversions to functional groups [3, 4, 9-11]. The

vinyl content ranges from 29 to 41% (2.2 to 3.1 mmollg) depending on lot [4].

Besides ourselves, only five research groups have mentioned the presence of vinyl

groups in XAD-4 [11-15], and of these, only t\vo actually modified the resin by

reaction with the vinyl functionality [14, 15].

5.1.2 Review of disulfide chemistry, including thermal and radical reactions with

alkenes

To our knowledge, no researcher has previously modified polymers by the

addition of disulfides to forro polymer-bound l,2-dithioether groups. We will

review sorne chemistry of disulfides and their use in polymer chemistry.

The dihedral angle between the two substituents of the disulfide is normally

5X]0 to minimize electron repulsions of the lone pairs on each sulfur [16]. Cyclic

5-membered ring disulfides have a torsional strain, increasing the reactivity of the

disulfide. Since lipoic acid (1,2-dithiolane-3-pentanoic acid) has a dihedral angle of

27°, cleavage of the S-S bond occurs more readily [16]. Disulfides can dissociate

homo- and heterolytically, depending on conditions. They react readily with free

radicals with homolytic cleavage of the S-S bond [16]. The reactivity depends on

the steric bulk of the substituents on the disulfide. The greater the substitution on

the a-carbon, the lower the disulfide reactivity. Upon comparison of the reactivity

of various disulfides (RSSR) in competition with CC14 in reaction with phenyl
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radicals, the ratio of rates (of reaction of phenyl radical "vith RSSR to that with

CCI4) has been determined (table 5.1) [16].

Table 5.1. Relative reactivities of disulfides compared to CCG
in reaction \Vith phenyl radicals (reproduced from [16])

R of RSSR Ratio of rate constants \Vith RSSR to CC4

-CH3 (methyl) 31

-CH2CH3 (ethyl) 17

-CH2CH2CH3 (n-propyl) 16

-CH(CH3h (isopropyl) 33

-C(CH3h (tert-butyl) 0.23

Disulfides can also be homolytically cleaved by photolysis with

wavelengths of light above 230 nm. Shorter wavelengths cause C-S bond cleavage

[17].

Radical addition of disulfides to double bonds to produce 1,2-bis­

monosulfides (l,2-dithioethers) is possible [18]. For example, n-butyl disulfide

was reacted with vinyl acetate to produce l,2-bis(n-butylthio)ethyl acetate using

photoinitiation [19]. Thiocyanogen, (SCN)2, has been reacted "vith many alkenes,

with products resulting from either addition to the double bond or allylic

substitution [19]. Trifluoromethyl disulfide was added to many alkenes using

photoinitiation [20]. Disubstitution with ethylene and propene predominated,

whereas for fluorinated alkenes, telomers were also formed [20].

5.13 Review of reactions of styrene with disulfides

Styrene has been polymerized thermally (130-150 oC) in the presence of

n-butyl disulfide or diethyl ether disulfide Ca cyclic disulfide) [21]. With the use of

the cyclic disulfide, copolymerization occurred, incorporating larger amounts of the

disulfide into the polymer compared to end-capping of polystyrene with the use of

n-butyl disulfide [21].

Further studies involving the polymerization of styrene in the presence of

various disulfides were done using thermal and photochemical initiations [22]. The

disulfides studied were phenyl, benzyl, benzoyl, benzothiazoyl, and various tetra­

substituted thiuram disulfides. The thiuram disulfides were the most effective
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• thermal initiators, while all, except for benzyl disulfide, were able to act as photo­

initiators.

The chain transfer constants were calculated for many disulfides in the

polymerization of styrene [23]. Table 5.2 lists sorne of the disulfides studied and

their chain transfer constants. Aryl disuifides tended to have higher transfer

constants than alkyl disulfides. Methyl substitution of these was more effective in

the ortho position than the para position. Methyl substitution in both ortho

positions further increased the transfer constant. 2-aminophenyl disulfide had the

highest constant for the phenyl disulfides, followed by the 2-chloromethyl and

2-bromomethyl-substituted phenyl disulfides.

Table 5.2. Chain transfer constants of disuifides Cre roduced in art from [23])
Transfer Transfer

Disulfide Constant Disulfide Constant

2-ethyl hexyl disulfide < 0.005

phenyldisulfide 0.06 benzyl disulfide 0.03

a-tolyl disulfide 0.23 p-tolyl disullïde 0.11

2,6-xylyl disulfide 0.69 2,3 .s.6-terramethyl phenyl disulfide 0.73

2-chloromethyl phenyl disulfide 13 2-bromomethyl phenyl disulfide 1.0

2-aminophenyl disulfide 3.0 2-benzothiazyl disulfide 2.1

0.11 4-carboethoxyphenyl disulfide 0.11

0.09 ISO ro l-xanthoe:en disulfide 53

•

Lipoamide (4-(12-dithiolan-3-yl)valeramide), a cyclic disulfide, was

successfully copolymerized with styrene [24]. Thermal copolymerization was

initiated by the formation of styryl radicals; whereas photopolymerization was

initiated by the homolytic ring-opening of the disuifide to form a diradical. The

random copolymer had sulfide and disulfide linkages.

Styrene was thermally polymerized in the presence of tetramethylene

disulfide, a six-membered cyclic disulfide [25]. A living radical polymerization

mechanism was suggested: a styryl radical attacks the disuifide, causing ring­

opening and one thiyl radical which can further react with either another disulfide,

styrene, styryl radical or polymer chain. The C-S bonds of the polymer could then

dissociate, forming more radicals, continuing the process.

Styrene, methyl methacrylate, or ethyl methacrylate were photochemically

polymerized in the presence of various disulfides to synthesize macroinitiators for

use in the preparation of black copolymers [26]. Sorne of the disulfides used were
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phenyl disulfide~ 2~4,5-trichlorophenyl dis1Jlfide~ 2-aminophenyl disulfide~

4-aminophenyl disulfide~ 2-nitrophenyl disu1fide~ and benzyl disulfide. Styrene

was the least reactive of the three monomers. The highest yields for the

polymerization of styrene with the phenyl disulfides occurred with those having

chloro or amino substituents~due to their resonance stabilization of the phenylthiyl

radical. Yields were negligible when 2-nitrophenyl disulfide or benzyl disl.Ùfide

were used with styrene.

Modifications to a cross-linked polystyrene matrix using disulfides has so

far been limited to conversion of the 4-bromobenzene functionality to a thioether

group [27]. Polystyrene resin was brominated in the para position~ lithiated~ and

then reacted with methyl disulfide to produce 4-(methyImercapto)benzene groups.

The resin had 3.56 mmol Sig and ...vas used as a soIid-phase reagent in the oxidation

of primary and secondary alcohols.

5.1.4 Iodine-catalyzed addition of disulfides to alkenes

Various synthetic methods have been used to convert alkenes to

12-disubstituted thioethers using disulfides. Iodine has been used to catalyze the

addition of disulfides to styrene since 1938 [28, 29]. Holmberg studied the

addition of dithioglycoIic acid to styrene using iodine in anhydrous ether [28].

Other disulfides \Vere then used: ethyl dithioglycolate, methyl disulfide, ethyl

disulfide, and phenyl disulfide [29]. Solvents used (optional, in arder of

preference) included absolute (dry) ether~ benzene, ordinary ether (trace water

present), carbon disulfide~ acetone, and acetic acid. Yields for the reaction of

styrene with methyl disulfide, ethyl disulfide, and phenyl disulfide were 75% ~

90%, and 75%, respectively. Reactions were fUll at room temperature between

2 and 10 days.

Holmberg's method was aIso used to modify n-butyl vinyl sulfide with

n-butyl disulfide in 21 % yield, and methyl vinyl sulfide with methyl disulfide in

54% yield [30]. No solvents were used and reactians ran for 4 to 5 days at room

temperature.

The iodine-catalyzed addition of methyl disulfide to linear alkenes has been

used for derivatization purposes [31]. The reaction involved mixing 1 equivalent

alkene~ 6 equivalents disulfide and 0.05 equivalents iodine for one day at room

temperature in a nitrogen atmosphere. When the reaction was run at 80 °C~ it was
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• complete after 2 hours, but side-products containing only one methylthio group

were aIso produced.

Styrene and p-tert-butyIstyrene were reacted with phenyl disulfide and

p-tolyl disulfide using iodine as the catalyst [32, 33]. The syntheses were done

using 1.0 equivalent each of disulfide and styrene, 0.76 equivalents of iodine,

anhydrous ether and ron for 2 days at room temperature [33]. Mass spectrometry

and NMR spectroscopy aided in characterization of products. The proposed

reaction pathway is shown in scheme 5.1 [32]. Table 53 lists the adducts

prepared, their yields, melting points and spectral information [32,33].

@rSS,@ + r2 ~ 2@-SI
1

@-SI + ~ --.... ~s'@

1 .@
~s s
tgJ '© + @-sr --.... ©J"s1§J + 12

Scheme 5.1. Proposed steps of iodine-catalyzed

addition of disulfides ta styrene [32].

Table 53. Results of iodine-catalyzed addition of aryl disulfides to styrene
derivatives (Data taken from [32, 33J, published with permission of the authors)

Product

U
CH3

S

~s~
CH3

mp 73 oC

Yield IH NIv1R shifts (ppm)

89% 7.2. 43,35

99% 73-6.9.42,3.4.231

13C N1vIR sbifts (ppm)

139.91-12759.52.68.
40.14,21.09, 21.00

•

)Q1
s

~s,©
(H3ChC

(oil)

)§JCH3

s

(H3C~C~S '©lCH
3

(oil)

99% 7.6-7.1,432,3.4,1.28 150.09,136.28-125.12,
51.91,39.60,34.16,31.16

95% 75-6.9,42,335, 2.28, 150.13. 13725-125.14.
2.26,128 5238,40.17,3430,31.25,

20.9
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5.1.5 Other catalyzed additions of disulfides to alkenes

Disulfides have aIso been added to alkenes using boron trifluoride etherate

[34]. Methyl disulfide, ethyl disulfide, isopropyl disulfide, tert-butyl disulfide and

phenyl disulfide were used with a variety of alkenes. With cis- and trans-2-butene,

yields were high using methyl disulfide (91-96%), ethyl disulfide (90-92%) and

phenyl disulfide (98% with eis-2-butene). Yields were lower with the use of

isopropyl disulfide (20% with trans-, 76% with cis-) and no reaetion occurred with

tert-butyl disulfide. The reaetion involved mixing 1 equivalent disulfide with 2

equivalents alkene in a dicWoromethane-nitromethane solvent mixture (1:1 v/v),

eooling to 0 oC, adding 0.08 equivalents (per RSSR) boron trifluoride etherate and

after 30 minutes, warming to room temperature and stopping the reaetion by

addition of sodium bicarbonate solution. When methyl disulfide was reaeted with

phenylacetylene, the yield was less than 10%.

Hydrogen fluoride has also been used to catalyze the addition of disulfides

to alkenes [35]. Ethylene was reacted with ethyl disulfide in the presence of

anhydrous HFat31 oC for 1 hour,yielding 70% produet.

5.1.5 Addition of disulfides to poly(divinylbenzene-co-ethylvinylbenzene)

We have used sorne of these techniques in order to modify the pendant

vinylbenzene groups of XAD-4 by disulfide addition. We will also compare the

addition of analogous thiols in terms of yield and spectroscopie information.

Seheme 5.2 illustrates the reaction scheme for modification of XAD-4 with

thiols to produce a monosubstituted pendant group, and with clisulfides, catalyzed

by iodine, to produee a l,2-disubstituted pendant group. The thiols and disulfides

used are listed in table 5.4 in the experimental section. The IUPAC names and

CAS registry numbers are included.

We are the rust to take advantage of the ideal characteristics of XAD-4 to

prepare functional resins by modification of the vinyl groups through the addition

of thiols and disulfides and present our results on modifying XAD-4 with a variety

of disulfides and reaetion conditions.

One advantage of using this method to prepare functional resins is that only

a one-step modification of a eommercially-available preformed matrix is needed.

The reaetion conditions are straightforward and no side-produets are formed .

Purification of the modified resin is also simple.
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Scheme 5.2. Thiol and disulfide addition to vinylbenzene

groups of poly(divinylbenzene-co-ethylvinylbenzene).

5.2. Experimental

5.2.1 Materials

Unless otherwise noted, ail materials were purchased from Aldrich

Chemical Company and used as received. The same lot (#1090-7-1473) of

Amberlite XAD-4 was used throughout tbis study, obtained from Rohm and Haas

Co. XAD-4 cornes imbibed with sodium chloride and sodium carbonate to retard

bacterial growth [36]. AIl resins were pretreated by Soxhlet extraction with acetone

for several days, followed by drying under vacuum overnight at 60 oC. Reactions

used either iodine, boron trifluoride-diethyl etherate, UV light (365 nm) or AIBN

(2,2'-azobis(isobutyronitrile)). Unless otherwise noted, solvents were used as

received. For sorne experiments (as noted), solvents were pre-dried with

appropriate reagents and rnethods. Table 5.41is15 the thiols and disulfides used and

table 5.5 gives a list of sorne of the solvents that these reagents are soluble in [37].

5.2.2 Addition of disulfides to pendant vinylbenzene groups

Work-up for all reactions involved fùtering the resin, \vashing with solvent

and then Soxhlet extraction for severa! days with a variety of solvents (choice

depended on solubilities, table 5.5). The solvents used for Soxhlet extraction of

modified resins included dioxane, methanol (MeOH), ethanol (EtOH),

tetrahydrofuran (THF), dicWoromethane (CH2CI2) , water, ethanol-dioxane

azeotrope (90.7:93 w/w, bp 78.1 OC), water-dioxane azeotrope (18.4:81.6 w/w,
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• bp 87.8 OC), or acetone. The purified resins were dried under vacuum (70 oC) for

one day.

Table 5.4. ThiaIs and disulfides used in modification of vin lbenzene rou s
Thiol IUPACName Disulfide IUPACName

St:r'lli;ture CAS number Structure CASnumber

HS~ I-propanethiol ...............5,5~ n-propyl disulfide

(la) [107-03-9] (lb) [629-19-6]

HS-< 2-propanethiol
)-s·5'(

isopropyl disulfide
[75-33-2] [4~-:3-89-8]

(2a) (2b)

HS-k 2-methyl-2-propanethiol )-s·S-f tert-hutyl disulfide
[75-66-1] [110-06-5]

(3a) (3b)

HS-@
thiophenol @-S·s-@ phenyl disulfide
[108-98-5] [882-33-7]

(4a) (4b)

HS-@-CH3 p-toluenethiol -@-s. -@-eH3 p-tolyl disulfide

[106-45-6] H3C S [103-19-5]

(Sa) (Sb)

H~:© 2-aminothiophenol Na, s J9J 2-aminophenyl
[137-07-5] &'S Na,

disulfide
HS [1141-88-4]

(6a) (6b)

HS-@-NH2 4-aminothiophenol HZN-@-S'S-@-NH
l 4-aminophenyl

[1193-02-8] disulfide
(7a) (7b) [722-27-0]

N~ J9J 2-nitrophenyl&S.o 5 N0
2

disulfide
[1155-00-6]

(Sb)

HS-@-N~ 4-nitrothiophenol o~-@-S.s-@-N0
2

[1849-36-L]
(9a) 9b

5.2.2.1 Iodine-catalyzed addition

•
In a 50 mL 2-neck round bottom flask with magnetic stirring bar, 1 g of

resin, 5 equivalents disulfide (per vinyl group), 25 mL of soivent and 0.1

equivalent iodine (per vinyi group) were added. The stirring mixture was flushed

with nitrogen, and the reaction was allowed ta run at room temperature under
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• nitrogen between 1 and 14 days. The solvents used (both pre-dried and as

received) for the reaction included toluene, N ,N-dimethylformamide (DNIF),

dichloromethane, diethyl ether, dimethyl sulfoxide (DMSO), acetone,

tetrahydrofuran, nitromethane (MeN02), and nitromethane-dichloromethane

(50:50 v/v). A control experiment was done using n-propyl disulfide and no

catalyst to determine if any disulfide was physically adsorbed.

Table 5.5. Solubilities of reagents (Data from [37})

Thiol Solvents Disulfide Solvents

(la) H20. EtOH. ether. acetone. benzene

(2a) H20. EtOH. ether. acetone. chloroform

(3a) heptane. carbon tetrachloride

(4a) EtOH. ether. acetone. chloroform..
carbon tetracWoride

(Sa) EtOH. ether. chloroform

(6a) EtOH. ether

(7a) H20. EtOH

(9a) H20. EtOH. ether. acetone. acetic acid,
ligroin

(lb)

(2b)

(3b)

(4b)

(Sb)

(6b)

(7b)

(8b)

(9b)

EtOH. ether. benzene. CS2

EtOH. ether. acetone

EtOH.ether

H20.EtOH. ether, acetone, chloroform.
ligroin

EtOH. acetone. benzene, acetic acid

EtOH. acetic acid

•

5.2.2.2 Boron trifluoride-diethyl etherate-catalyzed addition

Using a similar set-up as above, 1 g dried resin was mixed with disulfide

(5 equiv), and 40 mL nitromethane-dichloromethane (dried, 50:50 v/v) solvent

mL~ture, flushed \vith nitrogen, and cooled ta a oc. Boron trifluoride-diethyl

etherate (0.1 equiv per vinyl group) was slowly added to the stirring mixture. The

reaction proceeded at room temperature and was either stopped after one day, or

continued with the addition of more catalyst (0.1 equiv) for an additional day. The

reaction was quenched with water, followed by purification in the usual manner.

5.2.23 AIBN initiated radical addition

In a 100 mL 2-neck round bottom flask equipped with condenser and

magnetic stirring bar, 1 g of resin, 2 to 5 equivalents disulfide (per vinyl group),
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50 mL of toluene (or D:MFt both as received)t and 0.1 equivalent AIBN (per vinyl

group) were added. The stirring mixture was flushed with nitrogent and the

reaction was allowed ta run at 70 oC under nitrogen for 2 days.

5.2.2.4 Ultraviolet-light initiated radical addition

In a 30 mL glass vial with screw cap lidt 0.5 g resLnt 20 mL solvent

(cyclohexane or ethanol)t and disulfide (5 equiv per vinyl group) were mixed, and

the vial flushed with nitrogen then sealed with electrical tape. The vial was placed

in a Rayonet Photochemical Reactor (The Southem New England Ultraviolet Co.)

and exposed to UV-light (365 nm) for 2 to 6 days at room temperature.

5.23 Addition of analogous thiols to pendant vinylbenzene groups

Using methods previously established [1, 2], we modified XAD-4 with

thiols analogous to the disulfides studied (table 5.4). In a 250 mL 2-neck round

bottom flask equipped with condenser and magnetic stirring bar, 2 g of resin,

5 equivalents (per vinyl group) thiol, 100 mL of toluene, and 0.1 equiv (per vinyl

group) AIEN were added. The stirring mixture was flushed with nitrogen, heated

to 70 oC, and the reaction was allo\ved to mn for 2 to 5 days.

5.2.4 Addition of analogous thiols to pendant (1 ,2-dibromoethyl)benzene groups

XAD-4 was brominated in carbon tetrachloride at room temperature for

12 hours as reported elsewhere [4]. The resin was then reacted with tmols (table

5.4) in basic media to convert the (l,2-dibromaethyl)benzene groups to thioether

groups. The procedure involved adding 5 equiv thiol (per Br), 5-6 equiv base, and

100 mL solvent to 1 g resin, and heating at 78-90 oC under nitrogen for 3-5 days.

Either DMF with triethylamine or absolute ethanol with potassium hydroxide were

used.
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• 5.25 Preparation of model compounds

5.25.1 Preparation of 2-(4-methylphenylthio)ethylbenzene

In a 100 mL 2-neck round bottom tlask equipped with condenser and

magnetic stirring bar~p-toluenethiol (5a~ 251 g, 20.2 mmol), potassium hydroxide

(1.13 g, 20.2 mmol) and 50 mL of anhydrous ethanol were mixed. The stirring

mixture was flushed with nitrogen~ and (2-bromoethyl)benzene (2.73 mL,

20 mmol) was added drop\vise. The mixture was refluxed (78 oC) under nitrogen

for 2 hours. Work-up involved filtration of KBr salt, evaporation of solvent,

extraction with dieth.yl ether and water (pH la fust then pH 7 until washings were

neutral). The ether layer was dried with magnesium sulfate and evaporated. The

crude product was distilled under vacuum (115-118 °C/a.1 mm Hg) to yield a pale

yellow oil, 70% yield. Characterization was done by NMR.

~BrQ + HSR
EtOH
KOH ..

Scheme 53. Preparation of monosubstituted model compound.

5.2.5.2 Di-l,2-(4-methylphenylthio)ethylbenzene prepared by iodine-catalyzed

addition ofp-tolyl disulfide to styrene

In a 50 mL 2-neck round bottom flask, styrene (1.2 mL, 10 mmol) , p-tolyl

disulfide (Sb, 2.46 g, 10 mmol) and iodine (0.25 g, l mmol) were dissolved with

anhydrous dichloromethane (20 mL). The flask was left under nitrogen at room

temperature for one week. Work-up of the reaction involved washing with sodium

thiosulfate solution, !heu water, and drying the dichloromethane layer with

magnesium sulfate fol1owed by evaporation. The product was recrystaIlized with

ice-cold ethanol to produce white crystals, mp 61-62 oC, in 54% yield.

Characterization was done by NMR.

Scheme 5.4. Preparation of disubstituted model compound.•
~ + RSSR

solvent
12 N2 20°C ~

l week
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5.2.6 Characterization

5.2.6.1 Elemental analysis

Samples were sent to the University of British Columbia or Robertson

Microlit Laboratories (Madison, NJ) to he analyzed for sulfur, nitrogen, bromine

and/or iodine, where applicable.

5.2.6.2 Infrared spectroscopy

The unmodified resin was characterized using infrared spectroscopie

analysis ta measure the vinyl group content [4, 38]. Modified resins were

characterized to determine reduction of vinyl peaks and introduction of peaks due ta

the modifying groups. Samples \vere ground into powder with FTIR-grade

potassium bromide (KEr) and disks were prepared. Fourier transform infrared

absorbance spectra were taken with a Bruker IFS 66 spectrometer, using a DTGS

detector and 2 cm-1 resolution, with 120 to 200 scans. Model compounds were

characterized neat bet\veen NaCI plates.

5.2.6.3 Raman spectroscopy

Fourier transfonn Raman spectra were taken using a Bruker IFS 88

spectrometer with FRA-l05 Raman module using a Nd+3:YAG laser (1064.1 nm).

SampIes were ground ioto powder and packed lightly into an aluminum sample

cup. The number of scans ranged from 250 to 5000, with a 4 cm-1 resolution. It

should he noted that spectra taken with sampLes heLd in glass rnelting point tubes

had fluorescence due ta the glass, obscuring most peaks, so tms method was not

used. The liquid model compound was characterized with the sampIe in an NMR

tube.

5.2.6.4 1H and 13C NMR spectroscopy

Solid-phase 13C N1vfR. spectra "vere obtained with a Chemagnetics Inc.

M-lOO instrument. 13C CP-MAS (cross-polarization magic angle spinning) NMR

spectra were obtained at 25.1 MHz with contact time of 2 ms, pulse delay of 2 s,

spinning rate of 3-4 kHz, and high-power proton decoupling during acquisition.
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• The l3C CP-MAS-DD (DD is dipolar dephasing) NMR spectra were obtained

similarly, with dephasing time CL) of 45 f-lS. Samples were referenced to

hexamethylbenzene. lH NMR spectra were not taken for solid samples.

Model compounds were dissolved in either deuterated chloroform or

deuterated benzene, with tetramethylsilane as internal standard. 1H and l3C N11R

spectra were measured on either a Gemini 200 Iv1Hz or a Jeol 270 NlHz

spectrometer.

5.3. Results and Discussion

53.1 Characteristics of starting materials

Previously, we characterized the starting material with regard to vinyl

content, sUIface area, porosity, and monomer content, and the results are presented

elsewhere [4]. Table 5.6 summarizes these characteristics. The vinyl content was

calculated using FTIR spectroscopy [4, 38]. The degree of functionalization

(XVB, in %) is the percentage of repeat units which have vinylbenzene groups, and

the degree of cross-linking (XCL, in %) is the percentage of repeat units which

cross-link the resin. The pore size distribution is based on the percent of the total

pore volume with pores of a given diameter.

Table 5.6. Characteristics of XAD-4 (data from [4])
Surface

Area
(m2/g)

Total Pore Degree of Degree of
Volwne Pore Size Functionalization Cross-Linking
(mLJg) (nm) OCVB. %) (Xer.. %)

Vinyl
Content

(mmollg)

831 l.181 <6(173%)
6-10 (205%)
10-20 (59.5%)

33 ± 1 47 ± 2 25 ± 0.1

•

53.2 Modification of XAD-4 by addition of tbiols and disulfides

53.2.1 Calculation of the degree of functionalization

The general equation for calculating the degree of functionalization of

modified XAD-4 (Xrg) is based on: the average MW per repeat unit of unmodified

resin (130.6 for 80% DVE content), the mole content of functional group (mol

fg/g, also called functional capacity, C2-SR for thiol-modified resins and C l •2-SR for
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• disulfide-modified resins, calculated from elemental analysis), and the molecular

weight (MW fg) of the modifying group (equation 5.1). For thiol-modified

XAD-4, the calcuIation of degree of functionalization (X2-sIV is shawn as equation

5.2. The value "n" is the number of sulfur atoms per modified repeat unit

(i.e. 2,3-dimercapto-1-propanol has 2 sulfur atoms, sa n = 2). For disuIfide­

modified XAD-4, the calculation of degree of functionalization (Xl.2-SRJ is shown

as equation 53, the value for" n" will be a multiple of 2, since each repeat unit will

have two thioether functionalities. The percent conversion (cI» of vinyl groups

(double bonds) to modified groups is given in equation 5.4.

Equation 5.1
130.6 x (molfg/g)

X - x 100%
~ fg - 1 - (molfg/g x MWfg)

Equation 5.2

Equation 53

130.6 x (mol Sig + n) x 100%
1 - (Cmol Sig + n) x MW HSR)

130.6 x (mol Sig + n)
x 100%

1 - (mol Sig + n) x MW RSSR)

Equation 5.4 x 100%
XVB

•

53.2.2 Results of disulfide addition using various solvents with iodine

The results of ail disulfide additions to the pendant vinylbenzene groups of

XAD-4 are listed in table 5.7. The bold number indicates the disulfide used, as

shown in table 5.4. Most reactions ,"vere done using iodine as the catalyst, and

these results will be discussed first. In general, yields (cf>, degree of conversion of

vinyl to functional groups) increased \vith the use of anhydrous solvents. The

presence of water may destroy the sulfenyl iodide intermediate (shown in scheme

5.1). We did not attempt any reactions using the liquid disulfides without solvent

due to the hazards involved in handling these reagents, since larger volumes would

have been needed.

An increase in the amount of iodine used (from 0.1 equiv per vinyl group to

as much as 1 equiv) may increase the conversions, and this variable could he

examined in future.
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The resin with the highest yield \Vas analyzed for iodine content with a nil

result. To deterrnine if disulfide was being physically adsorbed, we ran a control

with no catalyst using n-propyl disuifide (lb) with dichloromethane for two weeks,

followed by Soxhlet extraction for a few days with dichloromethane. There was no

sulfur present, and infrared and Raman spectra were identical to those of

unmodified XAD-4.

The best results were found llsing dichoromethane and/or nitromethane.

Reactions ron for 2 weeks compared to 3 days (using dichoromethane as the

solvent in bath cases) improved results byas much as two-foid. These results were

comparable to those when nitromethane was used for only 3 days. The disulfides

giving the highest yields were n-propyl disulfide (lb, 55%), phenyl disulfide (4b,

48%), isopropyl disulfide (2b, 41%), and p-tolyl disulfide (Sb, 36%). In

comparison, the results with the other disulfides were lower (2-aminophenyl

disulfide (6b, 14%), tert-butyl disulfide (3b, 13%), 4-aminophenyl disulfide (7b,

9.4%), 4-nitrophenol disulfide (9b, 7.5%), and 2-nitrophenol disulfide (Sb,

53%)). As seen in table 5.8 for the results of addition of Il-prapyl disulfide, there

seems ta be no correlation bet\veen solvent polarity and conversion of vinylbenzene

groups.

The yields \Vith the use of the alkyl disulfides decreased with increasing

buIk of the R group on the disulfide. The relative reactivities, as found in radical

reactions, were 70, 14 and 1 for n-propyl, isopropyl and tert-butyl disulfides [16].

This trend was seen for the yields: 55%,41 % and 13%, respectively. While the

relative reactivity (in radical reactions) for n-propyl disulfide to that of tert-butyl

disulfide was 70-fold, the yield of disulfide addition was 4-fold. In general, the

bulk of the functional groups \vi11 decrease the yield to sorne extent.

In a previous study of the photochemical polymerization of styrene with

sorne of the same aryl disulfides as we have studied, yields aiso depended on the

substituents of the aryl groups [26]. The disulfides which gave the highest yields

in the polymerization of styrene were: phenyl disulfide (4b, 2.0% yield),

4-aminophenyl disulfide (7b, 2.2% yield), and 2-aminophenyl disulfide (6b, 2.0%

yield). With 2-nitrophenol disulfide (Sb), no polymer resulted (1000 equivalents

styrene to 1 equivalent disulfide) [26]. This trend was aIse seen with our results to

sorne degree: phenyl disulfide (4b, 48% conversion), 2-arninophenyl disulfide

(6b, 14% conversion), 4-aminophenyl disulfide (7b, 9.4% conversion) and

2-nitrophenol disulfide (Sb, 53% conversion) .
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53.23 Cornparison of catalysts or initiators used

The highest conversions for disulfide addition were found with the use of

iodine as the catalyst, with the exception of the radical addition of 2-aminophenyl

disulfide (17% with ArBN, 14% with iodine).

The results with iodine as the catalyst do not correlate to the chain transfer

constants found for sorne of these disulfides (table 5.2). The disulfide with the

highest constant (of those studied in [23]) was 2-aminophenyl disulfide (3.0, [23]),

while p-tolyl disuIfide and phenyl disuIfide had lower constants (0.11 and 0.06,

respectively [23]). However, when a radical initiator (AIBN) was used, disulfide

addition was highest with 2-aminophenyl disulfide (17%) followed by phenyl

disulfide (6.4%) (p-tolyl disulfide was not used). Little or no addition occurred

using the alkyl disulfides. The chain transfer constant for one alkyl disulfide

(2-ethyl hexyl disulfide) was law « 0.005) in cornparison with the aryl disulfides

[23J.

The use of boron trifluoride-diethyl etherate as the catalyst yielded products

only with n-propyl disulfide ll4-17%).

Attempts using ultraviolet Light (365 nm) also had limited results. The oost

result used phenyl disulfide (22%), followed by tert-butyl disulfide (4.6%),

isopropyl disulfide (3.6%) and Il-propyl disulfide « 3%) .
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• Table 5.7. Degree of functionalization (C1.2-SR (mmol fg/g), X 1.2-SIÙ and percent
conversion (cI» bv dislÙfide addition (a)

Disulfide used
Solvent C1,2-SR (mmol fg/g), X1.2-SR, (cI»

lb 2b 3b 4b

CH2Clz 0.71,105% 031,43% 0.02. < 1% 0.62,9.4%
(32%) (l3%) « 1%) (28%)

CH2Q 2 (dry) 0.85, 13% 037,5.1% 0.12, 1.6% 0.65.10%
(39%) (l6%) (4.8%) (29%)

CH2O Z (dry) 1.0, 16% 059,8.0% 030,4.1% 0.96,16%
2weeks (49%) (26%) (13%) (48%)

ether 029.4.0% 0.05.< 1% 0 051.75%
(l2%) «2%) (23%)

ether (dry) 051,72% 0.90,14% 0.07. < 1% 037,5.3%
(22%) (41%) «3%) (16%)

acetone 0.08. 1.1% 0.05, < 1% 0 0.10,13%
(32%) «2%) (4.0%)

acetone (dry) 026,35% 0.09, 1.1% 0.05, < 1% 0.10, 1.4%
(11%) (3.4%) «3%) (42%)

toluene 0.29,4.0%, 0.03. < 1% 0 031.4.4%
(12%) « 1%) (13%)

toluene (dry) 057.8.1% 0.12. 1.6% 0 0.61,9.0%
(25%) (5.0%) (28%)

toluene (AIBN. 75-80 OC) 0.06. < 1% 0 0 0.15. 2.1 %
«3%) (6.4%)

THF(dry) 053,7.4% 0.09.12% 0 027,3.8%
(23%) (3.6%) (11%)

D11F 0.10.13% 0.03, < 1% 0.02, < 1% 0.04. < 1%
(4.0%) «2%) «2%) «2%)

D~1F (AffiN. 75-80 OC) 0 0 0.04, < 1%
«2%)

DMSO 0.18.2.4% 0.06, < 1% 0 0.11, 15%
(7.1%) «3%) (45%)

DMSO (dry) 0.19,25% 0.09,0.12% 0.06, < 1% 0.12, 15%
(7.7%) (35%) «3%) (4.7%)

MeN02 (dry) 1.2. 18% 0.62.8.9% 0.11,15%. 0.95, 16%,
(55%) (27%) (4.4%) (48%)

MeNOr CH2C12 1.0, 16% 052,7.0% 0.11.15%, 0.90,15%
(dry) (49%) (23%) (4.4%) (44%)

MeNOr CH20 2 034.4.6% 0 0 0.03. < 1%
(dry) (BFrOEt:ù (14%) « 1%)

MeNOr CH2O z 0.41.5.7% 0 0 0
(dry) (2cX BF3-OEt:ù (17%)

cyclohexane 0.07. < 1% 0.090, 1.2% 0.11,15% 050.7.4%
initiation, 2-6 davs) «3%) (3.6%) 4.6%) 22%

(a) Reaction conditions unless othenvise noted: 5 equiv RSSR. 0.1 equiv catalyst CIz) or other

• initiator, room temperature. nitrogen atmosphere, 2-3 days.
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• Table 5.7. (continued) Ca)
Disulfide used

Solvent C 1.2-SR (mmol fg/g). X 1.2-SR, (<1»

Sb 6b 7b Sb 9b

CH2Cl2 0.05, < 1% 0
«2%)

CH20 2 (dry) 0.18,25% 0.07,1.0%
(7.0%) (29%)

CH20 2 (dry) 0.74, 12% 028,39% 0.13,1.7%

2weeks (36%) (12%) (53%)

ether 0.09,12% 0
(3.6%)

ether(chy) 0.13, 1.7% 0.08, 1.1%
(5.0%) (3.4%)

aœtone 0.06, < 1% 0
«3%)

aœtone (dry) 0.05, < 1% 0.04. < 1%
«3%) «2%)

toluene 0.03. < 1% 0
« 1%)

toluene (dry) 0.06, < 1% 0.05, < 1%
«3%) «2%)

toluene (AffiN, 75-80 OC) 038,55%
(17%)

THF(dry) 0 0.06, < 1%
«3%)

DNfF 0

D~IF (AffiN, 75-80 oC) 0

D~ISO 0.09, < 2% 0
«4%)

DMSO (dry) 0.07, < 1% 0
«3%)

MeN02 (dry) 031,4.0% 0.05, < 1%
(14%) «3%)

MeNOr CH20 2 0.27,39% 022,3.1% 0.06, < 1% 0.18,2.5%

(dry) (12%) (9.4%) «3%) (75%)
(2 weeks) (2 weeks)

MeNOz-CH20 2 0

(dry) (BF3-OEt:J

l\IfeNOr CH20 2 0

(dry) (2tX BF3-OEt;!

etbanol 0.05, < 1% 0.02, < 1%
initiation. 5 davs) «3%) <1%

(a) Reaction conditions unless otherwise noted: 5 equiv RSSR, 0.1 equiv catalyst (I,) or other

• initiator, room temperature. nitrogen atmosphere, 2-3 days .
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Table 5.8. Comparison of percent conversion (<1» to soLvent polarity for
various solvents used in the iodine-catalyzed addition of n-propyl
disulfide to the pendant vinylbenzene grOUpS of XAD-4 (a)

Solvent Dielectric Constant [39J <I>

DMSO (dry) 46.68 7.7%

DMF 36.71 4.0%

l\IfeNOz (dry) 35.87 55%

acetone (dry) 20.7 11%

CHzOz (dry) 9.08 39%

THF(dry) 758 23%

ether (dry) 434 22%

toluene (dry) 228 (benzene) 25%

l\IfeNOrCHzOz (dry) (50:50 v/v) 49%

(a) Reaction conditions: 5 equiv n-propyl disulfide. 0.1 equiv catalyst (I~. room
temperature. nitrogen atmosphere. 2-3 days.

53.2.4 Comparison of thiol and disulfide addition to XAD-4

Table 5.9 compares the results of tilloI addition to the vinylbenzene groups

ta form monosubstituted functional units and those with analogous disulfides to

fonn disubstituted functional units (as seen in scheme 5.2). The thiols \vere added

using free radical conditions (AIBN-initiated), while the disulfides were added

using iodine as the catalyst. The degree of functionalization for bath is given by the

amount of functional pendant groups (Crg, mmol/g). This (Crg) is equal to the

quantity of thioether groups for the thiol-addition resins and to half the quantity of

thioether groups for the disulfide-addition as each functionalized unit had two

thioether groups (mmoL SR/g Listed below Crg in table 5.8). For example, resin la

was modified \vith I-propanethiol (la) with 1.1 mmol SRlg, X2-SR 16% and yield

(<1» of 49%, while resin lb was modified \vith n-propyl disulfide (lb) with

1.2 mmol fg/g (or 2.4 mmol SRlg) , X 1.2-SR 18% and yield (cf» of 55%. \\t'bile the

conversions of vinylbenzene groups to modified groups were similar, the disulfide­

modified resin had t\vice the quantity of thioether groups. The advantage of

disulfide addition is this increase in functional groups and aIso the possibility of

interactions between t\VO functionalities. The general trend was a lower conversion

of vinyl groups \Vith disuLfide addition, but an overall larger amount of thioether

groups in comparison to thiol addition .

119



• Table 5.9. Comparison of the degree of functionalization and conversion (cI» of
modified XAD-4 by thioi addition (C2-SR (mmoi fg/g), X2-sIV to best disulfide
results (C12-SR (mmoi fg/g and mmoi SRlg), X 1.2-SIV (a, b)

Thiol or Disulfide used
CCg (mmol fgfg). Xfg • (cP)

la lb 2a 2b 3a 3b 4a 4b

1.1 1.2 1.2 0.90 0.74 030 1.4 0.96
(2.4) (c) (1.8) (c) (0.60) Cc) (19) Cc)

16% 18% 18% 14% 10% 4.1% 21% 16%
(49%) (55%) (53%) (41%) (31%) (13%) (64%) (48%)

Sa 5b 6a 6b 7a 7b 9a 9b

1.11 0.74 1.0 031 0.27 0.22 0.11 0.18
(l~) (c) (0.62) (c) (0.44) (c) (036) Cc)

17% 12% 15% 4.0% 3.6% 3.1% 15% 2.5%
(51%) (36%) (45%) (14%) (11%) (9.4%) (4.6%) (75%)

(EtOH) (EtOH)

Ca) Reaction conditions for thiol addition unIess otherwise noted: 5 equiv HSR. 0.1 equiv AIBN.
toluene.70-80 oC. nitrogen atmosphere. 2-3 days.
(b) See table 5.7 for details of disulfide additions. all done using iodine as catalyst.
Cc) Quantity of thioether groups in mmol SR/g resin (twice the number of functionalized repeat
units. Crg • mm.o~ fgig).

Table 5.10 summarizes the results of radical addition of thiols and iodine­

catalyzed addition of disulfides to the pendant vinylbenzene groups of XAD-4 in

order of percent conversion. As previousLy noted, the conversions tended to he

higher for each thioL compared to its disulfide analogue. Sterie hindrance may he a

factor in disulfide addition, especially with the alkyl disulfïdes. Yields were

significantly lower with substitution on the aryl disulfides. Electronic and steric

factors and differences in solubility likely all contributed to variations in percent

conversions of vinylbenzene groups to modified groups .

•
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• Table 5.10. Comparison of percent conversion (cI» of thiol and disulfide
addition ta the pendant vinyLbenzene groups of XAD-4, in order of yield (a, b)

Thiol ct> Disulfide cI>

(4a) as-@ 64% (lb) ~s~s~ 55%

(la) HS-< 53% (4b) @-S's-@ 48%

(Sa) HS-@-CH3 51% (2b) )-S·5-( 41%

(la) HS~ 49% (Sb)
-@-s. -@-CH

3
36%H3C S

a.,N:©
NH, ~

(Ga) - 0 45% (6b) ©fS'S NH, 14%
as

(3a) HS-k 31% (3b) ~s,s-f 13%

(7a) HS-@-NH:! 11% (7b)
-@-s. -@-NH2

9.4%H2N 5

(9a) HS-@-NO:! 4.6% (9b)
-@-s -@-NÛ2

7.5%02N '5

(8b) ND, ~ 53%©fS'So NOl

(a) Reaction conditions for thiol addition: 5 equiv HSR. 0.1 equiv AIENt 70-80 oC. nitrogen
atmosphere.2-3 days (see table 5.9 for details).
(b) Reaction conditions for dislÙ1ïde addition: 5 equiv RSSR. 0.1 equiv iodine. room temperature.
nitrogen atmosphere. 2-3 days or 2 weeks (see table 5.7 for details).

5.3 .2.5 Camparison of disulfide addition to XAD-4 with thiai modification of

brominated XAD-4

•

Table 5.11 gives the results of modification of the

(1 ,2-dibramoethyl)benzene groups of brominated XAD-4. The method using

ethanol and KOH gave higher quantities of thioether groups than when DNIF and

triethylamine were used (based on sulfur contents). However, conversion was

incomplete in all cases with bromine-containing units present. Elimination aIso

occurred (as will be seen in the spectral characterization section). The quantities of

thioether groups were also less than when thioi or disulfide addition was done to

XAD-4. Many functional units were possible: l,2-dibromo, l,2-dithioether,

I-bromo-2-thioether, I-thioether-2-bromo, as well as unsaturated groups \vhich

may have had functionalities. Because of a less-defmed structure and Low
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• conversion of functional groups, this method is not recommended for the addition

of thiols. However, the brominated XAD-4 is useful in the preparation of other

functional resins, as will he seen in sorne of ourother work [40].

Table 5.11. Degree of functionalization (C[g (mmol SR/g) for the modification of
Cl ,2-dibromoeth l)benzene ou s with analooous thiols Ca)

Reaction Conditions

Thiolused
(Cfg1 • nunol SR/g)

(Cegl, mmol Br/g)

la 2a 3a 4a

Ethanol
5 equiv HSRper Br 037 mmol SRJ"g 032 mmol SR/g 032 mmol SRig 0.99 mmol SRig
6 equiv KOH per Br
78°C, Nz, 5 days 134 mmol Br/g 136 mmol Brlg 139 mmol Br/g 1.46 mInol Brlg

DtvIF
5 equiv HSR per Br 0.14 mmol SR/g 0.096 mmol SRIg 0.92 mmol SRIg
5 equiv NEts per Br
90°C.Nz.3 days 2.89 mmol Brlg 2.83 mmol Br/g 1.75 mmol Br/g

(a) BrominatedXAD-4had399 nunol Br/g (2.0 nunol fgfg).X1.2-Br= 35%.

533 Model compounds

Table 5.12 lists the results and NMR spectral infonnation for the model

compounds. Both had been prepared previously, and spectral data matches the

literature values [33, 41] .

Table 5.12. Results of preparation of model compounds

Product IH ~N1R shifts (ppm) 13C N!v1R shifts (pprn)

•

~S'©l.
CH3

bp 115-118 °C/O.l mm Hg
lit. [41] bp 105-106 °C/O.05 mm Hg

pale yellow oil, 70% yield

ffCH3
s

©f'-S'©l.
CH3

mp 61-61 oC
lit. [33] mp 73 oC

white crystals. 54% yield

2-43 (s. 3H. CH3 ).

3.01-324 (m. 4H. CHz),
7.2-7.43 (m. 9H. aromatic)

1.96 (s, 3H, CH3 ).

2.00 (s, 3H, CH3).

325-3.57 (m. 2H, CHz)
434-436 (m. IH, CH)
6_72-6.79 (m. SH. aromatic)
7.04-720 (m. 8H, aromatic)
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The monosubstituted adduct was previously prepared by the radical addition

ofp-toluenethiol to styrene using AIBN as the initiator with 91% yield [41]. These

model compounds confmn the proposed structures of the pendant groups (in the

modified resins) with regard ta substitution patterns since they have been prepared

using the same methods as the polymer modifications [33~ 41]. Samples were aIso

blended with unmodified XAD-4 for infrared spectroscopie examination and

compared to the modified resins, as will be discussed in the next section.

53.4 Spectroscopie eharacterization

The modified resins were characterized and compared to the starting material

using infrared~ Raman and 13e NMR spectroscopy.

53.4.1 Infrared speetroscopy

Figures 5.2a to S.2d compare the FrIR absorbance spectra of XAD-4 and

the modified resins, indicated with a bold number corresponding to the thiol or

disulfide used. Figure S.2e compares the FfIR absorbance spectra of brominated

XAD-4 and the thiol-modified resins prepared from brominated XAD-4.

Peak assignments were done by camparison to the thiols, disulfides and

analogous model compounds [33, 41,42], and with the help of a reference book on

spectroscopy [43]. The FrIR spectral peaks have previously been assigned for

unmodified poly(divinylbenzene-co-ethylvinylbenzene) (XAD-4) [4, 38]. Table

5.13a lists the peak assignments for thiol and disulfide-modified XAD-4 for the

resins with n-propyl (la, lb). isopropyl (2a, 2b), and tert-butyl groups (3a, 3b).

Table 5.13b lists the peak assignments for the resins modified with aryl tbiols and

disulfides (4a-9b).

On comparison of the spectra for XAD-4 and the modified resins, the five

peaks due ta the vinyl groups decrease in relation to the degree of functionalization.

The peak at 90S cm-1 is due to bath vinyl groups and disubstituted phenyls, so it is

never completely eliminated.

Figure 5.:2a compares the IR spectrum of XAD-4 with those of XAD-4

modified by a.lk..yrl thiols (la, 2a, 3a) and disulfides (lb, 2b, 3b). The resins

modified with 1-propanetbiol (la) and n-propyl disulfide (lb) were comparable in

their degrees of functionalization, 49% and 5S% yields, respeetively. The

disulfide-modified resin bad twice as many propyl groups (23 mmol SR/g
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compared ta 1.1 mmol SR/g for thiol-modified resin) and consequently had more

prominent peaks due to the functional groups. Peaks due to the functional groups

were seen and were comparable to those of the starting materials [42].

Table 5.13a. Infrared peak. assignments for thiol and disulfide-rnodified resins

Resin Band (cm.- l) Assi2DlIlent Reference Notes

la 1375 symmelrical deformation of CH3 [43Lp·201 peaks similar to starting

and 1294.1239 CHI wagging and twisting [43]. p. 202
thiol (la). disulfide (lb)
and n-propyl sulfide

lb [42]. Volume 1.
p.255.266
Vol. 3. p. 349

2a 1381.1365 symmetrical deformation of CH3 [42]. Volume 1, peaks due to isopropyl

and
of isopropyL groups (2 bands) p. 257.267-268 groups

2b
1244.1156. [43]. p. 201 peaks similar to starting
1052 thiol (2a). disulfide (2b)

and isopropyl sulfide

3a 1365 symmetrical deformation of CH3 [43]. p. 201 peak: due to tert-butyl

and
of tert-butyL groups (2 bands. groups

1165
weak one -1395 cm-l, fiat seen)

[42]. Volume 1, peaks similar to starting
3b p. 258. 268-269 thiol (3a). disulfide (3b)

and tert-butyl sulfide

Figure 5.2b shows the spectra of XAD-4 and resins modified with two of

the aryl thiols (4a, Sa) and disulfides (4b, Sb). Resins 4a and 4b were modified

with thiophenol (4a) and phenyl disulfide (4b) which introduced monosubstituted

phenyl groups. In comparison to the spectrum of XAD-4, sorne peak heights

increased (1586, 1482, and 1449 cm-1), and new peaks due to the monosubstituted

phenyl groups \vere introduced [42, 43]. Resins Sa and Sb were modified with

p-toluenethiol (Sa) and p-tolyl disulfide (Sb) which introduced para-disubstituted

phenyl groups. In comparison to the spectra of XAD-4, the model campaunds,

and XAD-4 with either model compound mLxed in, peaks due ta the functional

groups of the modlfied resins were elucidated. Since the peaks due to the resin

obscure mast of the functional group peaks, no dïfferentiation could he made

between the resin with the monosubstituted groups (Sa) or the disubstituted groups

(Sb). In comparison to the spectrum for XAD-4, the peak at 1511 cm-1 decreased,

the peak at 1492 cm- 1 increased, and new peaks, which were also seen in the

spectra of the model compounds, were seen.
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• Table 5.13b. Infrared peak assignments for thiol and disulfide-modified resins

Resin Band (cm-1) Assi2IlIIlent Reference Notes

4a 737,690 manasubstituted aromatic [43]. p. 197 peaks similar ta starting

and AIso: 1439. [42], Volume l,
thiol (4a). disulfide (4b)
and thioanisale

4b
1273. 1156, p.1173.
1091. 1025 1182-1183

Sa 500 C-S stretch [43], p. 219 peaks similar to starting

and AIso: 1211, [42]. Volume 1.
thiol (Sa), disulfide (Sb)
and modei compounds

Sb
1179, 1092 p. 1177, 1185

6a 1309 or phenyl-N stretch [43], p. 211 peaks similar to starting

and
1251 thiol (6a), disulfide (6b)

and

6b
747 ortho-disubstituted aromatic [43], p. 197 2-(methylmercapto)aniline

458 C-S stretch [43], p. 219

AIso: 1158, [42]. Volume 1.
967 p.1196-1197

7a 1352 or phenyl-N stretch [43]. p. 211 peaks similar to starting

and
1316 thiol (7a), disulfide (7b)

7b
515 C-S stretch [43]. p. 219

AIso: 1290, [42]. Volurne 1,
1177 p. 1210

8b 1340 N02 symmetric stretch [43]. p. 211 peaks similar ta starting

733 ortho-disubstituted aromatic [43], p. 197
disulfide (8b)

[42]. Volume 1.
p. 1210

9a 1340 N02 symmetric stretch [43], p. 211 peaks similar to starting

and 852 para-disubstituted aramatic [43]. p. 197
thiai (9a), disulfide (9b)

9b AIso: 1182, [42], Volume 1.
1116, 1089, p. 1341, 1386
742

•

Figure S.2e shows the speetra of XAD-4 and resms modified with the

amino-aryl thiois (6a, 7a) and disulfides (6b, 7b). Resins 6a and 6b were

modified with 2-aminothiophenol (6a) and 2-aminophenyl disulfide (6b) whieh

intfoduced ortho-disubstituted phenyl groups. Resins 7a and 7b were modified

with 4-aminothiophenol (7a) and 4-aminophenyl disulfide (7b) whieh introduced

para-disubstituted phenyl groups. Resin 6a had 1.0 mmol SR/g, X2-SR 15% and

yield of 45%, whereas resin 6b had 0.6 mmol SR/g (03 mmol fg/g), Xl,2-SR 4%

and yield of 14%. Peaks due to the funetional groups eauld he seen in the spectra

of both resins, although more predominately for 6a. Compared ta the speetrum of
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XAD-4, the peak at 1606 cm-l increased, and new peaks were seen. Resins 7a and

7b also had peaks due ta the functional groups, and the peaks at 1599 cm-1 and

1494 cm-1 increased in comparison to those of the spectrum ofXAD-4.

Figure 5.2d shows the spectra of XAD-4 and resins modified with the

nitro-aryl truals (9a) and disulfides (Sb, 9b). Resin Sb was modified with

2-nitrophenyl disulfide (Sb), introducing ortho-disubstituted phenyl groups, while

resins 9a and 9b were modified with 4-nitrothiophenol (9a) and 4-nitrophenyl

disulfide (9b ), introclucing para-disubstituted phenyl groups. Although resin 8 b

had a Low quantity of functional groups (0.26 mmol SRlg, X 1.2-SR 1.7% and yield

of 53%), the peaks due to the vinyl groups were reduced slightly in comparison to

XAD-4, and peaks due to the functional group were seen.

Resins 9a and 9b also had low quantities of functional groups (0.11 mmol

SRlg, X2-SR 15% and yield of 4.6% for 9a, and 036 mmol SR/g, X 1.2-SR 2.5%

and yield of 75% for 9b). Nevertheless, the peaks due to the vinyl groups were

reduced slightly in comparisan to XAD-4, and peaks due to the functional group

were seen.

Figure 5.2e compares the spectra of brominated XAD-4 to the resins

prepared by the base-induced thioi addition to brominated XAD-4 (results in table

5.9). For the brominated XAD-4, the vinyi peaks (1630, 1410, 1015, and

990 cm-1) were absent, and peaks due to the (l,2-dibromaethyl)benzene

functionality were seen (1236, 1215, 1176, 1130, 602, and 571 cm- 1) [42]. The

peak at 900 cm-1 was aIso reduced, with a second peak at 892 cm-1 visible. As

with figures 5.2a and 5.2b, peaks due ta the functional groups were also seen in the

spectra of the modified resins.

For the resins modified using ethanol (EtOH) and potassium hydroxide,

vinyl peaks (1630 and 990 cm-1) appeared in the spectra. Other peaks at 1472 and

1020 cm-1 appeared, attributed ta the presence of an unsaturated bromine­

cantaining group (e.g. -CR=CBrR', where R or RI is phenyl or H) [43]. Peaks

due to CH-Br at 1236 and 1176 cm-1 [43] were aIso present, but ta a lesser degree

than brominated XAD-4. For the resin modified with thiophenol (4a) using

ethanol-KOH, peaks due ta the thiophenyl groups were seen as weil (1439, 1273,

1156, 1091, 1025, 737, and 690 cm-l, as in figure 5.2b).

For the resins modified using Dtv1F and triethylamine, elimination did not

occur as extensively. Peaks at 1472 and 1020 cm-l appeared, but little or no peaks

were seen at 1630 and 990 cm-l .
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• Fig. 5.2a. FITR absorbance spectra of XAD-4 and modified resins.
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Fig. 5.2b. FrIR absorbance spectra of XAD-4 and modified resins.
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Fig. S.2e. FfIR absorbance speetra of XAD-4 and modified resins.
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Fig.5.2d. FfIR absorbance spectra of XAD-4 and modified resins.
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Fig. S.2e. FfIR absorbance spectra of XAD-4-Br and thiol-modified XAD-4-Br.
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53.4.2 Raman spectroscopy

Further characterization included Raman spectroscopy. Essentially, a loss

of vinyl peaks was seen (1632, 1409, and 1209 cm-1). No tilloi CS-H) or disulfide

(S-S) peaks were seen in any spectra, confmning that reagents were not physically

adsorbed. Spectra did not vary substantially from XAD-4 ta modified resins, so

none are shown. We have previously shawn Raman spectra for XAD-4 [4], and

for thiol-modified resins [2].

53.43 l3e N1v1R spectroscopy

The 13e NMR spectral peak assignments for unmodified XAD-4 have been

presented eisewhere [4]. Table 5.14 gives the 13C ep-MAS-DD NMR peak

assignments for modified XAD-4 and for analogous model compounds [44]. The

peak at 144 ppm corresponds ta the (non-hydrogen) substituted phenyi carbons and

the peak at 15-16 ppm corresponds ta the methyl carbon of the pendant

ethylbenzene groups. The dimethylene spacer was not seen due to limited mobility.

Figure 53a shows the solid-phase l3e CP-MAS NMR spectra and figure

53b shows the solid-phase 13e CP-MAS-DD NMR spectra for XAD-4 and for the

resins modified by alkyl thiois (la, 2a, 3a) and disulfides (lb, 2b, 3b).

Figure 5.4a shows the solid-phase 13C CP-MAS NMR spectra and figure

5.4b shows the solid-phase 13e ep-MAS-DD NMR spectra for XAD-4 and for the

resins modified by aryl thiols (4a, Sa, 6a) and disulfides (4b, Sb, 6b).

As was seen with the infrared spectra, the intensity of the vinyl peaks were

less (137 ppm and 114 ppm) for all modified resins in comparison to XAD-4. The

only difference in the spectra of the thiol and disulfide modified resms was the peak:

intensities, which are dependant on the degree of functionalization as weIl as the

mobility of the functional groups. Dipolar dephasing eliminated the peaks due to

the vinyl carbons, the dimethylene spacer linking the thioether(s) ta the resin, and

the polYmer backbone (CH2, CH, phenyl CH).

The resins modified with 1-propanethioi (la) and n-propyl disulfide (lb)

were comparable in their degrees of functionalizatian; the disulfide-modified resin

had twice as many propyl groups (1.1 mmol SRlg, X2-SR 16% and yie1d of 49%

for la, and 2.3 mmol SRlg, XI,2-SR 18% and yield of 55% for lb). Unlike the

infrared spectra, however, the peaks ,vere more prominent in the NMR spectrum of

resin la than that of resin lb. This is probably due to the lower mobility of the
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• second propyl group attached to the a carbon in the disubstituted functional group .

This trend was seen for the NMR spectra of all resins.

Table 5.14. 13C CP-MAS-DD NMR peak assignments for modified XAD-4

Reagent 13C~:IR peak assignments for C (ppm) CH3 (ppm) CH2 (ppm) CH (ppm)
Used model compounds (a)

144, 135 15

144, 135-8 20. 15

la, lb

2a.2b

3a,3b

4a,4b

Sa. Sb

6a.6b

3420,23.07, 1354* (b)

33.45*,23.66* (c)

4550,33.15* (d)

135.74, 130.95*, 129.08*,
12693* (e)

140.71, 137.82, 136.45, 133.92,
132.87-132.05, 128.80-127.70,
5335,40.60,21.17*,21.12* (f)

147.82, 134.11*, 12959*,
120.92, 119.43*, 115.59*,
18.46* (g)

144

144

144,42

144, 138

14

22.14

31, 15

14

35,23

35

129

130

115-120

•

Ca) Data from [44]. unless othenvise noted. * means odd parity (Le. CH. CH3).

Cb) n-Propyl sulfide, [44. Vol. L p. 428]. Peak at 14 ppm due ta CH3 of n-propyl and
ethylbenzene groups.

Cc) Isopropyl sulfide, [44, Vol. l,p.430].
(d) Tere-butyl sulfide. [44. VoL 1. p. 431].
(e) Phenyl sulfide. [44, Vol. 2, p. 440].
Cf) Table 5.12. Broad peak at 135-8 ppm due ta phenyl carbons (C and CH) of functional group.
Cg) 2-~lfethylmercapto)aniline. [44. Vol. l.p.465]. Broad peak. at 115-120 due ta many phenyl

carhons CC and CH) of functional group.

Figures 5.5a and 5.5b show the solid-phase 13C CP-MAS and

l3e ep-MAS-DD NMR spectra for brominated XAD-4 and for the resins modified

by base-catalyzed tmol addition to brominated XAD-4 using 1-propanethiol (la)

and thiophenol (4a) with ethanol and potassium hydroxide (results in table 5.11).

The model compound, (l,2-dibromoethyl)benzene, has peaks at 138.53, 129.07*,

128.76*, 127.57*,50.85*, and 34.99 ppm [44]. These peaks overlap the polymer

backbone peaks in the CP-MAS spectrum (figure 5.5a), and the methylene and

methine carbons are not mobile enough to be seen in the dipolar-dephased spectrum

(figure S.Sb). No peaks due to vinyl groups were seen for the CP-MAS spectrum

of brominated XAD-4, whereas the modified resins had vinyl peaks (137 and

114 ppm, figure S.5a). Small peaks due to the n-propyl (la) or phenyl (4a)

functional groups were seen in the CP-MAS-DD NMR spectra (figure 5.5b) as for

the spectra of thiol and disulfide-modified XAD-4 (figures 53b, S.4b, table 5.14) .
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Fig. 53a. 13C CP-MAS Nlv1R spectra of XAD-4 and modified XAD-4.
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Fig. 5.4a. l3C CP-MAS~ spectra of XAD-4 and modified XAD-4.

Fig.5.4b. l3e ep-MAS-DD N1vfR spectra of XAD-4 and modified XAD-4.•
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Fig. 5.5a. Be CP-MAS NMR spectra of brominated XAD-4 and

thiol-modified XAD-4-Br.
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Fig.55b. Be ep-MAS-DD MvfR spectra of brominated XAD-4

and thiol-modified XAD-4-Br.
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535 Potential applications of modified resins and suggestions for further

investigations

We have prepared reSlns which may have potential applications as

adsorbents or solid-phase reagents. Modification can change properties of the

resins, such as hydrophilicity, which may change behaviour in separation

applications such as chromatography [3J. XAD-4 was previously modified for

these applications using traditionaI methodologies [45]. No one has previously

modified the vinylbenzene groups ofXAD-4 to change its sorption properties.

This modification could aIso be expanded to other vinyl-containing

polymers, such as rubbers or black copolymers, possibly changing various

physical characteristics. Linear poly(divinylbenzene) could aIso he modified to

further aid in structure elucidation in comparison of the use of thiol and disulfide for

modification.

The use of solvent is not necessary for liquid disulfides; however, due to

the noxious qualities of disulfides, solvent use is recommended in order to

minimize the voLume of disulfide used. Other soLvents which could be tried include

carbon disulfide or acetic acid [28]. Increasing the amount of iodine used (from

0.1 eqwv per vinyl group to as much as 1 equiv) may increase the percent

conversion; fuis could be examined in future studies.

The reaction of allyl disulfide with iodine may lead to a cross-linked resin,

rubber or dendrimeric structure since it contains both alkene and disulfide moieties.

Variation of reaction conditions such as time, stoichiometries of disulfide and

iodine, and the use of soLvent may influence structure.

Other disulfides which couLd he tried include thiocyanogen, (SCN)2,

isopropyl-xanthogen disulfide, lipoic acid and its derivatives, tetramethylene

disulfide, dithioglycoLic acid and its derivatives, methyl disulfide, n-butyl disulfide,

henzothiazoyL disulfide, o-toLyL disulfide, 2,6-xylyl disulfide, 2,3 ,5,6-tetramethyl

phenyl disulfide, carboxyphenyl disulfide and its ethyl ester, 2-hydroxymethyl

phenyl disulfide, and halogenated disulfides, including trifluoromethyl disulfide,

2,4,5-trichlorophenyl disulfide, chloromethyl phenyl disulfide, and bromomethyl

phenyl disulfide. Many of these have been used in reactions with alkenes, and

many have chain transfer constants comparable to those of the disulfides we studied

(table 5.2) [19,20, 23-26, 28, 29]. The presence of these functional groups may

change the resin's qualities (such as hydrophobicity), or introduce functionalities

such as carboxylic acids, or precursors to other groups. Comparison of degree of
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functionalization with the use of cyclic disulfides, halogenated disulfides, and

disulfides with bulky groups could he made. The addition of carboxylic acids to

the vinyl groups may also he possible, as done by Holmberg with dithioglycolic

acid [28].

5.4. Conclusions

Amberlite XAD-4, a commercially-available styrenic copolymer, can he

modified by disulfide addition ta the accessible pendant vinylbenzene groups. We

have demonstrated that disulfide addition uses a simple one-step reaction with

yields as high as 55%. The most important variables for high conversions of the

vinyl groups are the solubility of the disulfide in an appropriate dry solvent, and its

ease of cleavage of the S-S bond. Further work with regard to expanding the

choice of disulfides and polYmers is encouraged.
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Chapter 6

Epoxidation of the Pendant Vinylbenzene Groups of

Commercial poly(Divinylbenzene-co-Ethylvinylbenzene).

Forward to Chapter 6

The content of the following section is comprised of a paper with the same

titIe which will be submitted ta the journal Reactive and Functional Polyrners

(K.L. Hubbard, G.D. Darling and J.A. Finch, expected submission June 1997).

The previous sections focused on modification of poly(divinylbenzene-co­

ethylvinylbenzene) by the addition of thiols and disulfides to the pendant

vinylbenzene groups, producing resins with mono- and disubstituted thioether­

linked functionalities. This chapter expands on the methods used to modify

poly(divinylbenzene-co-ethylvinylbenzene), by epoxidation of the pendant

vinylbenzene groups to produce a functional resin with epoxy groups which has the

potential to act as a precursor for the introduction of other functionalities. Many

methods which were either not previously used with a polymer system, or were

used with a few polymers, or were traditional polymer epoxidation methods, are

compared fi the modification of commercial paly(divinylbenzene-co­

ethylvinylbenzene). Commercial poly(divinylbenzene-co-ethylvinylbenzene) has

not previously been used ta prepare resins with epoxy groups by oxidation of the

pendant vinylbenzene groups.
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Abstract

Amberlite XAD-4, the commercial form of poly(divinylbenzene-co­

ethylvinylbenzene), was modified by the oxidation of its pendant vinylbenzene

groups. Of severa! methods used, only oxidation with dimethyldioxirane in acetone

produced pendant epoxides without further rearrangement. Attempted conversion

to episulfide groups led to ring-opening with a mixture of functional groups.

Keywords: Amberlite XAD-4, poly(divinylbenzene-co-ethylvinylbenzene),

epoxidation, pendant vinyl groups

6.1. Introduction

This paper discusses the modification of vinyl groups in a polystyrene-like

matrix. Commercial poly(divinylbenzene-co-ethylvinylbenzene) was modified by

the oxidation of the pendant vinylbenzene groups. Variation of reaction conditions

and reagents were studied. Conversion of the epoxide to episulfide was attempted.

Previously, our group modified laboratory-made poly(divinylbenzene-co­

ethylvinylbenzene) by the anti-Markovnikov radical addition of a few simple thiols

to the pendant vinylbenzene groups [1]. We have recently expanded upon this

work to include the use of a commercial resin, Amberlite XAD-4, as weil as a

greater range of thiols and conditions [2]. Further work studied the addition of

various disulfides and analogous thiols [3].

One advantage of modifying XAD-4 by epoxidation of the vinylbenzene

groups to prepare functional resins is that only a one-step modification of a

commercially-available matrix is needed. The reaction conditions are generally

straightforward and purification of the modified resin is simple.

6.1.1 Commercial poly(divinylbenzene-co-ethylvinylbenzene)

Copolymers of divinylbenzene and ethylvinylbenzene have a cross-linked

structure with pendant vinylbenzene and ethylbenzene groups (figure 6.1). The

degrees of functionalization are indicated by the symbols XCL, XVB, and XEB,

(CL for cross-linked, YB for vinylbenzene, and EB for ethylbenzene). The

randomly-occurring repeat units are meta- and para-disubstituted.
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Fig. 6.1. Structure of polyedivinylbenzene-co-ethylvinylbenzene).

Amberlite XAD-4 (Rohm and Haas Company) is a macroporous resin

prepared from 80 to 85 wt % divinyIbenzene and 15 to 20 wt % ethylvinylbenzene

[4-10]. Since XAD-4 has a high surface area (725 to 1040 m2/g) and porosity

(0.98 to 1.55 mL/g), vinyl groups shouid be accessible to reagents used during

modification which will promote high conversions to functional groups [4~ 5, 10­

12]. The vinyl content ranges from 29 to 41 % (2.2 to 3.1 mmoVg) depending on

lot [5]. Besides ourselves, only five research groups have mentioned the presence

of vinyl groups in XAD-4 [12-16], and of these, only two actually modified the

resin by reaction with the vinyl functionality [15~ 16].

6.1.2 Introduction of epoxy groups into polymeric substrates, and subsequent

reactions

A styrenic resin with epoxy groups can act as a precursor for many

functional polymers. Previously, work on epoxide-containing polymers has

included ring-opening reactions with amines, carboxylic acids, and other

nucleophiles [17].

Many preparations of polymers with epoxy groups have been done

previously. Pendant vinyl groups of a styrenic resin were epoxidized using

m-chloroperbenzoic acid (mCPBA) to form poly(p-oxirane-styrene) [18]. Sorne

ring-opening of the epoxide occurred. Poly(p-oxirane-styrene) was also prepared

by reaction of polystyrene carboxaldehyde with trimethyl sulfonium chloride using

phase transfer conditions [18]. The epoxide groups were further reacted with

amines such as dimethylamine.

Cross-linked poly(glycidyl methacrylate-co-ethylene glycol dirnethacrylate)

was prepared using suspension polymerization to produce a resin with 60% epoxy

content (degree of functionalization) [19]. Amines which were then reacted with the

epoxy group included 2-aminomethyl pyridine and 2-aminothiophenol to form

chelating resins with degrees offunctionalization of33% and 19% respectively.
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• Further work was done using poly(glycidyl methacrylate-co-ethylene glycol

dimethacrylate) [20, 21]. Conversion of the epoxy groups to thiirane groups was

accomplished by reaction with thiourea in the presence of dilute sulfuric acid [20].

Characterization of both the epoxy and thiirane resins included solid-state

l3C CP-MAS NMR, infrared (FTIR) and Raman spectroscopy [20]. NMR spectral

peaks for the epoxy were seen at 48 ppm, and for the thiirane at 30.5 and

38.3 pprn. The FTIR spectra had peaks for the epoxy at 850, 910, 1340, and

1480 cm-l, and for the thiirane at 620, 910, 1330, and 1440 cm- l . Addition of

various azoles to either the epoxy resin or thiirane resin was done with conversions

ranging from 50 to 78% [20]. A benzimidazole-containing ligand was aIso added

either through addition of the pre-synthesized ligand or by a multi-step polymer

modification [21]. Addition of the ligand to the resins led to 18.7% (epoxy resin)

and 27.1 % (thiirane resin) conversions compared to 10.7% conversion of the epoxy

group to the functional group through the multi-step modification.

Styrenic resins with pendant epoxy groups were prepared from

poly(hydroxyethylstyrene) [22]. Two methods were used: the addition of

epichlorohydrin under basic phase transfer conditions, and the addition of

epichlorohydrin with boron trifluoride-etherate, followed by cyclization of the

chIorinated alcohol derivative with sodium methoxide (scheme 6.1). The latter

method gave a higher yield of epoxy groups (1.5 mmoUg compared to 1.25 mmollg

for the fust method). However, the flfst method was reported to be easier and more

reproducible. Reactions of the epoxy groups included with various concentrations

of hydrochloric acid to produce either the chlorinated alcohol derivative (0.25 M

HCI) or the chlorinated aIcohol derivative with sorne diol groups (0.05 M Hel),

with dilute sulfuric acid (0.05 to 0.25 M) to produce only the diol, and additions of

either aldehydes, chlorinated alcohols, carboxylic acids, or amines.

•

Scheme 6.1. Preparation of styrenic resin with epoxy groups [22].

Styrene-butadiene-styrene linear block copolymer was epoxidized with

hydrogen peroxide (H202) and a phase transfer catalyst, methyltrioctylammoniurn

tetrakis(diperoxotungsten)phosphate (3-) [23]. A biphasic mixture of 30% H20 2

and either toluene or 1,2-clichioroethane was used, with toluene giving better
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resuIts. The order of reactivity of double bonds in the butadiene block toward

epoxidation was cis-l,4 > trans-l,4 » 1,2.

The previous method was attempted with no success to epoxidize a black

copolymer consisting of styrene and 1,2-butadiene units [24]. The polyrner was

epoxidized successfully with mCPBA in toluene. Other solvents tried included

dichloromethane (CH2CI2) and chloroform (CHCI3), with toluene giving the best

resuIts. The epoxy groups were then modified with various nucleophiles such as

diethylamine, ethylenediamine, 2-mercaptobenzothiazole, and 2-mercaptopyridine,

benzoic acid and varioas acid chlorides, to produce amphiphilic block copolymers.

Poly(~-malicacid) with pendant allyl groups was epoxidized with mCPBA,

as weil as dimethyldioxirane (DIvID) [25]. The polyrner, dissolved in anhydrous

CH2Ch, was reacted at room temperature either with mCPBA (1.3-2 equiv, 1.5 to

10 days, yield 40-100%) or with a solution of DIvID in acetone (6 equiv. 1 day,

100% yield).

Dimethyldioxirane has also been used in the oxidation of polymer­

containing silanes to form polymer-containing silanols [26, 27]. DMD has aIso

been use to bleach Kraft pulps [28]. We have not found any other references to the

use of DMD in epoxidation of polymerie substrates (besides [25]).

Epoxidation of polybutadiene and styrene-butadiene-styrene black

copolyrners was done using monoperoxyphthalic acid (NIPPA) [29]. Either

dioxane or dioxane-CHC13 (1:2 v/v) were used as solvent, with ternperatures

ranging from 25 oC to 50 oC, and reaction times up to 100 minutes. Polybutadiene

was epoxidized with as much as 54% conversion at 50 oC in 40 minutes using

dioxane as the solvent.

We are the frrst to take advantage of the ideal characteristics of XAD-4 ta

prepare functionaI resins by conversion of the vinylbenzene groups to epoxides and

present our resules on modifying XAD-4 with a variety of reaction conditions,

including with dimethyldioxirane (scheme 6.2). Many different epoxidation

techniques were attempted. Sorne methods have been previously used in polymer

modification, as noted above, while others have not, and were adapted from

syntheses involving small molecules.
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Scheme 6.2. Epoxidation of vinylbenzene groups of

XAD-4 with dimethyldioxirane.

•
6.13 Introduction of thiirane groups into polymeric subs trates

We also wanted to prepare thiirane-containing resins by modification of the

pendant vinylbenzene groups. The most straightforward technique would be

conversion of the epoxide to the thiirane. Previously, resins based on glycidyl

methacrylate (2,3-epoxypropyl methacrylate), were converted to thürane resins

using either thiourea or potassium thiocyanate [30]. Reaction conditions which

were varied included solvent and temperature. The optimal conditions were with a

water-dioxane solvent mixture (1: 1 v/v), 10 equiv thi0urea, 90 oC, and 1 day ta

produce a resin with33 mmol thürane/g (87% conversion of epoxide groups). An

alternative method used dilute sulfuric acid to catalyze the addition of 5 equiv

thiourea in water at room temperature for 6 hours , with a yield of 3.0 mmol

thiirane/g. The optimal conditions when potassium thiocyanate was used were: 10

equiv KSCN, dioxane as the solvent, 100 oC, and 1 day with a yield of 2.9 mmol

thÏirane/g (76% conversion).

6.2. Experimental

6.2.1 Materials

•

Unless otherwise noted, all materials were purchased from Aldrich

Chernical Company and used as received. The same lot (#1090-7-1473) of

Amberlite XAD-4 was used throughout this study, obtained from Rohm and Haas

Co. XAD-4 cornes imbibed with sodium chloride and sodium carbonate ta retard

bacterial growth [31]. Unless otherwise noted, all resins were pretreated by

Soxhlet extraction with acetone for several days, followed by drying under vacuum

overnight at 60 oC. Water \vas doubly-distilled.
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6.2.2 Epoxidation of pendant vinylbenzene groups

Work-up for most reactions involved filtering the resin, washing with

solvent and then Soxhlet extraction for severa! days with a variety of solvents. The

solvents used for Soxhlet extraction of modified resins included methanol (MeOR),

dichloromethane (CH2Cl2), water, ethanol-dioxane azeotrope (90.7:9.3 w/w.

bp 78.1 OC), water-dioxane azeotrope (18.4:81.6 w/w, bp 87.8 OC), or acetone.

The purified resins were dried under vacuum at 70 oC for one day.

6.2.2.1 Epoxidation with hydrogen peroxide and acetonitrile, benzonitrile. or

trichloroacetonitrile

Using methods which were modified from epoxidations of small molecules.

including styrene, epoxidation was done using hydrogen peroxide and acetonitrile

[32, 33], benzonitrile [34], or trichloroacetonitrile [35]. The pH of the H202 was

adjusted with potassium carbonate (K2C03). Typical modified procedures follow.

In a 100 mL 2-neck round bottom flask with magnetic stirring bar and

condenser, 1 g of resin (2.5 mmol vinyl), 20 mL methanol, 30% H202 (3 mL, 25

mmol, 10 equiv per vinyl group, pH 8-8.5) and either acetonitrile (3 mL, 50 mmol,

20 equiv per vinyl group) or benzonitrile (5 mL, 50 mmoI, 20 equiv per vinyl

group) were added. The stirring mixture was heated to 65 oC, and additionai

amounts of H202 (10 equiv) and nitrile (20 equiv) were added at 30 minute

intervals over 3 hours (total of 6 additions). The resin was then filtered and purified

with Soxhlet extraction using methanol.

A similar method was used for epoxidation using trichloroacetonitriIe and

hydrogen peroxide. The reactions conditions included: 1 g of resin, 50 mL

methanoI. 30% H202 (3 mL, 25 mmol, 10 equiv per vinyl group, pH 7.5-8),

trichloroacetonitrile (5 mL. 50 rnmol, 20 equiv per vinyl group), and temperature

75 oC. Additional amounts of H20 2 (l0 equiv) and nitrile (20 equiv) were added at

6 hour intervaIs over 1 day (totaI of 4 additions).

6.2.2.2 Epoxidation with hydrogen peroxide and ethyl chIoroforrnate

We adapted a small molecule epoxidation method which generates

O-ethylperoxycarbonic acid in situ by the reaction of hydrogen peroxide with ethyl
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chlorofonnate [36]. The pH of the HzOz was aàjusted to 9.5 with sodium

phosphate (Na3P04).

In a 50 mL round bottom flask with magnetic stirring bar, 1 g of resin (2.5

mmol vinyl)~ 15 mL dichloromethane, and 30% HzOz (4 mL, 38 mmoI, 15 equiv

per vinyl group, pH 9.5) were cooled to 0 oC with an ice bath. Ethyl chloroformate

(1.2 mL, 13 mmot 5 equiv per vinyl group) was added dropwise. The stirring

mixture was allowed to warm to room temperature and taken off after one day. The

resin was then filtered and purified with SoxhIet extraction using methanoI, then

acetone.

6.2.2.3 Epoxidation with hydrogen peroxide and methyltrioctylammoniurn

tetrakis(diperoxotungsten)phosphate (3-)

The phase transfer epoxidation catalyst, methyltrioctylanunoniurn

tetrakis(diperoxotungsten)phosphate (3-), was prepared using the method of

Venturello [37]. Reaction was done in either toluene or 1,2-dichloroethane. In a

typical reaction, resin (5 g, 12.5 mmol vinyl groups) was swelled in 50 mL toluene,

and catalyst (2.8 g, 1.3 rnmol, 0.1 equiv per vinyl group) and 30% HzOz (15 mL,

125 mmol, 10 equiv per vinyl group) were added. The mixture was stirred at 85 CC

for one day, with additional HZ02 (15 mL) added after 12 hours. The resin was

then fl1tered and purified with Soxhlet extraction using ethanol-dioxane azeotropic

mixture. then acetone.

Reactions using an excess of the catalyst and no H20Z were done in bath

toluene and 1.2-dichloroethane. Resin (0.5 g, 1.25 mmol vinyl groups) and

catalyst (4.5 g, 1.9 mmol, 1.5 equiv per vinyl group) were swelled in 30 mL

solvent. The reaction proceeded at 85 oC (toluene) or 70 oC (1,2-dichloroethane) for

one day. The resin was then fl1tered and purified with Soxhlet extraction using

dichloromethane, then acetone.

6.2.2.4 Epoxidation with m-ehloroperbenzoic acid (mCPBA)

Epoxidation with mCPBA was done using two methods. In both methods.

mCPBA was added to a chilled mixture of resin in solvent (0 oC) and the mixture

was allowed to warm to room temperature. The fIfSt method was adapted from that

of Ziffer using a biphasic system [38]. A mixed solvent of diehloromethane and

water (2: 1 v/v, water adjusted to pH 8 with NaHC03) was used with two additions
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of mCPBA (1 equiv per vinyl group for each addition)~ one at the beginning and

one after 1.5 hours. The reaction continued after the second addition for another

1.5 hours.

The second method used either chloroforrn~ toluene or dichloromethane~and

one addition of mCPBA (1.05 equiv per vinyl group). The reaction ran at room

temperature for either 1.5 hours or 1 day. With both methods, Soxhlet extraction

was done using dichloromethane followed by ethanol.

6.2.2.5 Epoxidation with magnesium monoperoxyphthalate (MMPP)

Reactions with rvtl\1PP were done with many solvents incIuding:

N,N-dimethylformamide~ ethanol, dioxane~ chloroform, water, and solvent

mixtures such as dioxane-chloroform (1:2 v/v), chloroform-water (1:8 v/v)~

isopropanol-water (1:8 v/v), methanol-water (1:8 v/v)~ and ethanol-water (1:8 v/v).

A typical reaction involved stirring resin Cl g, 2.5 mmol vinyl groups), MNrPP

(7.7 g of80% MMPP, 13 mmol, 5 equiv per vinyl group)~ and 85 mL solvent for

2 days at temperatures ranging from 50 oC to 100 oC. In sorne reactions,

poly(ethylene glycol) (M.W. 600) was also added (12-25 wt % to resin). The resin

was then filtered and purified with Soxhlet extraction using water-dioxane

azeotropic mixture, then acetone.

6.2.2.6 Epoxidation with peracetic acid

Resin (1 g, 2.5 rnrnol vinyl groups) was swelled in dichloromethane

(15 mL) and cooled to 0 oC. Peracetic acid (2.5 mL of a 32% solution, 10 mmol,

4 equiv per vinyl group) was added and the mixture stirred for 6 hours. Other

solvents used were ethanol and chloroforrn. The resin was purified by Soxhlet

extraction with acetone.

6.2.2.7 Epoxidation with dimethyldioxirane (DMD)

Two methods of epoxidation with DrvID were used. The frrst involved the

in situ generation of DMD~ as previously described [39]. Essentially, resin,

buffered water (pH 7.5, phosphate buffer) and acetone (22-27 equiv per vinyl

group) were mixed, and small quantities of Oxone (3-5 equiv per vinyl group in

total, 2KHSOs-KHS04-K2S04) were added. To maintain the pH at 7.5, a pH stat
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method was used with potassium hydroxide solution (0.5-10 M) as titrant. Soxhlet

extraction was done with water, followed by acetone.

The second method used a prepared acetone solution of DMD. The method

of DlvID preparation was a variation of Adam's rnethod [40]. A 5 L glass reaction

vessel was fitted with a mechanical stirrer, a water condenser was attached and

connected with glass tubing in sequence to a dry ice-acetone condenser, followed

by a cold trap (dry ice-acetone), and then a water aspirator. The dry ice-acetone

condenser had a receiving ilask in a dry ice-acetone bath. The reaction vessel was

cooled to less than 10 oC with an ice-water bath. Water (250 mL), reagent grade

acetone (190 mL), and NaHCÜ3 (60 g) were added and stirred vigorously (650

rpm). Oxone was added at 3 minute intervals in 5 portions (24 g each). After the

last addition, the water aspirator was turned on and a yellow solution of DNID in

acetone slowly distilled and was collected in the receiving flask. Sorne DtvID

solution was also collected in the trap. The D.NID was stored at -20 oC until used,

within a few days. The concentration of DtvID was 0.05 M, as measured by

iodometric titration [28].

In all reactions with acetone solutions of DMD, work-up involved

evaporation of the acetone followed by dfYing in vacuo at 70 oC for one day. Resin

(0.5 g, 1.25 mmol vinyl groups) was mix.ed with DMD solution (30 mL,

1.5 mmol, 1.2 equiv per vinyl group). The mixture was left for one day at -20 t

and then for an additional 8 hours at room temperature or just at room temperature

for 8 hours. An altemate method involved contacting severa! smaller volumes of

D1vfD solution followed by evaporation each time after a 45 minute contact. Resin

(0.5 g, 1.25 mmol vinyl groups) was mixed a total of 6 times with fresh DIvID

solution (5 mL each, 1.75 mmol in total, 1.4 equiv per vinyl group in total) at room

temperature.

6.23 Acid-catalyzed reaction of epoxy groups with N ,N-dimethylthioformamide

One sample of XAD-4 epoxidized with DrvID was further reacted to convert

the epoxide groups to thiirane groups. A method previously used to convert styrene

epoxide to the thiirane was adapted for use with a polymerie system [41].

Epoxidized resin (epoxy-XAD-4, 1 g, 2.4 mmel epoxy groups) was swelled in

12-dichloroethane (25 mL), and N,N-dimethylthioformarnide (TDMF, 4 mL,

24 nunol, 10 equiv per epoxy group) was added, follewed by trifluoroacetic acid

(as a solution in 1,2-dichloroethane, 0.5 mmol, 0.2 equiv per epoxy group). The
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mixture was then heated for 3 hours at 60 OC under nitrogen. Soxhlet extraction

was done using acetone, tetrahydrofuran, and then acetone again for one day each.

6.2.4 Characterization

6.2.4.1 Elemental analysis

Samples were sent to Robertson Microlit Laboratories (Madison. NI) to he

analyzed for sulfur or oxygen, where applicable.

6.2.4.2 Infrared spectroscopy

The unmodified resin was characterized using infrared spectroscopic

analysis to measure the vinyl group content [5. 42]. Modified resins were

characterized to determine reduction of vinyl peaks and introduction of peaks due to

the modifying groups. Samples were ground into powder with FTIR-grade

potassium bromide (KEr) and disks were prepared. Fourier transform infrared

absorbance spectra were taken with a Bruker IFS 66 spectrometer, using a DTGS

detector and 2 cm- l resolution, with 120 to 200 scans.

6.2.4.3 Raman spectroscopy

Fourier transform Raman spectra were taken using a Bruker IFS 88

spectrometer with FRA-l05 Raman module using a Nd+3:YAG laser (1064.1 nm).

Samples were ground into powder and packed lightly into an aluminum sample cup.

The number of scans ranged from 250 to 5000, with a 4 cm- l resolution. It should

he noted that when spectra were taken with samples in glass melting point tubes had

fluorescence due to the glass. obscuring most peaks, so this method was not used.

6.2.4.4 l H and l3C NMR spectroscopy

Solid-phase l3C NN1R. spectra were obtained with a Chemagnetics Inc.

CMX-300 instrument. l3C CP-MAS (cross-polarization magic angle spinning)

NMR spectra were obtained at 75.3 MHz with contact rime of 3 ms, recycle delay

of 1 5, number of transients of 2000-8000, and spectral window 30 kHz. The FID

was sampled with 256 points, zero-filled to 2048 points and apodized with 50 Hz
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• of line-broadening before Fourier transformation. The spinning speed was 4000

Hz. Spinning sidebands were eliminated by the application of the TOSS pulse

sequence. Proton decoupling \-vas done at a field strength of 60 kHz. The 13C CP­

MAS-DD (DO is dipolar dephasing) N1.1R spectra were obtained similarly, with a

dephasing time (l;) of45 ~lS. Samples were referenced to hexamethylbenzene.

One sample of XAD-4 epoxidized with DrvID was swelled in deuterated

chloroform. IH and 13C NMR spectra were measured on a Jeol 270 lvfHz

spectrometer referenced to tetramethylsilane.

6.3. Results and Discussion

63.1 Characteristics of starting materials

Previously, we characterized the starting material with regard to vinyl

content, surface area, porosity, and monomer content and the results are fully

presented elsewhere [4]. Table 6.1 summarizes these characteristics. The vinyl

content was calculated using FTIR spectroscopy [4, 42] . The degree of

functionalization (XVB, %) is the percentage of repeat units which have

vinylbenzene groups, and the degree of cross-linking (XCL, %) is the percentage of

repeat units which cross-link the resin. The pore size distribution is based on the

percent of the total pore volume with pores of a given diameter.

Table 6.1. Characteristics ofXAD-4 (data from [4])
Surface

Area
(mz/g)

Total Pore Degree of Degree of
Volume Pore Size Functiona1ization Cross-Linking
(mL/g) (nm) (XVB, %) (XCL, %)

Vinyl
Content

(mmoUg)

831 l.181 < 6 (173%)
6-10 (20.5%)
10-20 (59.5%)

33 ± 1 47 ±2 25 ± 0.1

•

63.2 Epoxidation ofXAD-4

63.2.1 Comparison of epoxidation techniques

Spectroscopie analyses aided in detennining the conversion of vinylbenzene

groups to styrene oxide (epoxy) groups. The methods which led to reductions in

vinylbenzene content, as seen by comparison of the infrared spectra, are listed in
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• table 6.2. Of these. the methods which produced resins with epoxy groups were

reaction with either mCPBA (in dichloromethane) or dimethyldioxirane (DMD. as

acetone solution). The DMD method. gave no reactive by-products. only acetone.

Use of mCPBA could lead to ring-opening by any m-chlorobenzoic acid present

[18]. This is of particular concem since the matrix is cross-linked. and the acid may

not eIute out of (or even back into) the bead before reacting with epoxy groups.

The method using mCPBA with reaction times of 1.5 hours showed only

slight reductions in vinyl peaks in the FITR spectra. whereas reactions mn for one

day showed significant reductions in vinyl peaks. The rnethod using a biphasic

selvent system (H20-CH2Ch) also had sorne reduction in vinyl peaks, but with the

presence of side-products resulting from ring-opening of epoxy groups. This

method had previously been used ta prepare styrene oxide from styrene, with 95%

yield [38].

Table 6.2. Methods wrnch gave reductions of vinylbenzene groups

Resin and Label Modification reagent used

1 H20 2-CH3CN hydrogen peroxide with acetonitrile

2 H20 2-PhCN hydrogen peroxide with benzonitrile

3 H20 r CCl3CN hydrogen peroxide with trichloroacetonitrile

Notes

results similar for aIl 3
methods using H20 2 and
nitriles

4 mCPBA

5 MMPP

8 TDMF

m-chloroperbenzoic acid

magnesium monoperoxyphthaIate

peracetic acid

dimethyldioxirane

N.N-dimethylthioformamide
(thÜrane attempt)

best solvents: CH2CI2•

then toluene

best solvents: MeOH-H20.
EtOH-H20. iPrOH-H20

best solvent: CH2C12

use of acetone solution of
DMD gave 100% conversion

reaction of 7 with TDMF

•

The other methods gave resins with a mixture of functionalities due to

incornplete reaction. epexidation. as weil as subsequent ring-opening reactions.

The presence of side-products. including diol groups. will he discussed in the

section on spectroscopic characterization.

Epoxidation with hydrogen peroxide in the presence of nitriles gave a

mixture of functionalities, the nature of which will be discussed later. Styrene was

epoxidized in 74% yield using this technique [32]. This method has not previously
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been used on polymeric systems, as with the method using hydrogen peroxide with

ethyl chloroformate which did not give any reduction in vinyl peaks in the infrared

spectra. Since these reagents are relatively inexpensive, further investigation of

their use is recommended. This could include variation of amounts of reagents

used, beyond what was done here. Our experiments used excess quantities of

reagents, which likely led to ring-opening.

Epoxidation aIso failed with use of the tungsten phase transier catalyst, as

was aIso discovered in the attempted epoxidation of a block copolymer consisting of

styrene and 1,2-butadiene uoits [24]. Styrene was epoxidized in 74% yield using

this same catalyst [37]. Since this method uses a biphasic solvent system,

penetration of the reagent into the polyrner, or regeneration of any catalyst inside the

resin with more hydrogen peroxide, may not have occurred.

The method giving complete conversion of vinylbenzene groups to epoxy

groups was epoxidation with dimethyldioxirane in acetone. This was determined

by the complete absence of vinyl peaks in the infrared, Raman, and l3C NMR

spectra, and verified by elemental analysis (table 6.3).

In-situ techniques of preparation of Dl\1D were not successful in the

epoxidation of XAD-4, most likely due to the presence of two solvent phases,

minimizing penetration of DMD from large volumes of water into the matrix.

The methods which involved either contacting resin with an acetone solution

of DrvID at -20 oC for one day, followed by allowing the mixture to warm to room

temperature for 8 hours, or using repeat contacts of small quantities of fresh

solution, were both effective in complete epoxidation of XAD-4. This would

suggest that this modification method could be adapted to a column set-up.

As with most of the other methods used in this work, the methods using

DrvID were adapted from small molecule syntheses. Styrene oxide was prepared by

reaction of l.1 equiv of DMD in acetone with styrene in > 95% yield [42 ,43].

Even with a polymerie system, this method is an effective means of epoxidizing

vinylbenzene groups.

Table 6.3 lists the data from the elemental analyses of resin 7 and 8. Resin

8 was prepared by acid-catalyzed reaction of N,N-dimethylthioformamide (TDMF)

with epoxy-XAD-4 (7), and will be discussed in the next section. The degree of

functionalization of epoxy-XAD-4 (Xepox) and the percent conversion (et» of

vinylbenzene (VB) groups to epoxy groups were calculated according to equations

6.1 and 6.2, respectively.
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• Equation 6.1 X epox = 130.6 x (moIO/g)
x 100%

1 - (moIO/g x MWO)

Equation 6.2 <1>=
Xepox. x 100%
X VB

Table 6.3. Elemental contents of resins 7 and 8 Ca)

Resin mmolO/g mmol SIg Xepox XSHOH cI>

7 2.41 ± 0.06 0 32.8 ± 0.9% 0 99%

8 2.48 ± 0.05 l.44 ± 0.04 -15% (b) -20% 61%

(a) XAD-4 lot #1090-7-1473 (Xva = 33 ± 1 %) used to prepare 7. No nitrogen present.
(b) Combination ofepoxide and groupes) resulting from rearrangement of epoxide.

An analogous resin to epoxidized XAD-4, poIy(p-oxirane-styrene), was

prepared from cross-linked polystyrene [18]. However, a 4-step modification of

polystyrene was required, starting with chloromethylation of polystyrene,

conversion to the phosphonium salt, elimination to p-vinylbenzene groups, then

epoxidation with mCPBA which was accompanied by ring-opening. The altemate

3-step procedure involved oxidation of chloromethylated polystyrene to fOnil resins

with benzaldehyde groups, followed by reaction with trimethyl sulfonium chloride

under phase transfer conditions. Our method involved the one-step epoxidation of

commercial polYCdivinyIbenzene-co-ethylvinylbenzene).

The advantage of epoxidation with acetone solutions of DrvID is that the

modification only needs contact times as short as 8 hours, and work-up simply

involves filtration and drying to remove acetone. The only drawback ta the use of

DMD is that only dilute solutions (0.04- 0.12 M) can he prepared due ta the

instability of this cyclic peroxide [44].

Thus, XAD-4 was successfully modified by complete reaction of the

vinylbenzene groups with dimethyldioxirane to form a resin (epoxy-XAD-4, 7),

with 2.4 mInoi epoxy/go

6.3.2.2 Attempted conversion of epoxide to episulfide

•
Epoxy-XAD-4 (7) was reacted with N,N-dimethyIthioformamide using acid

catalysis. This method has previously been used with success to convert styrene

oxide to the thiirane in 92% yield [41], but never attempted on a polymer matrix.
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Table 6.3 compares the elemental contents of resins 7 and 8. Resin 8 had

the mole content of oxygen calculated by difference of the carbon~ hydrogen,

nitrogen and sulfur contents (wt %). Based on the elemental contents, all the

functional groups present had oxygen, and these included mercaptoethanol groups

(e.g. R-CHSH-CR'OH, where R or R' is phenyl or H), accounting for

approximately 20% of the repeat units~ while approximately 15% were oxygen­

eontaining~ most likely either as epoxide or acetophenone groups. It is likely that

the catalyst, trifluoroacetic acid, caused ring-opening, and rearrangement of the

epoxy group. No nitrogen was present in either resin 7 or 8. The functional

groups present will be further discussed in the section on spectroscopie

characterization. Approximately 61 % of the epoxide groups reacted with

NN-dimethylthioformamide.

Altemate methods which have been used to convert polymer-bound epoxy

groups to thürane groups should also be attempted. These include use of thiourea

or potassium thiocyanate [30]. Previously, styrene sulfide was prepared by

reaction of styrene oxide with potassium thiocyanate in water-dioxane with 72%

yield [45].

6.3.3 Spectroscopie characterization

The modified resins were characterized and cornpared to the starting material

using infrared, Raman and l3C NMR spectroscopy. Peak assignments were done

by comparison to analogous model eompounds [46, 47], and with the help of

referenee books on spectroscopy [48,49].

6.3.3.1 Infrared spectroscopy

Figure 6.2 compares the FfIR absorbance spectrum of XAD-4 and those of

XAD-4 modified by the reagents listed in table 6.2, indieated with a label

corresponding to the method used (listed in table 6.2). This includes the resin

formed by reaction of epoxy-XAD-4 (7) with N,N-dimethylthioformarnide (TDMF,

8) is aIso shown. Only spectra of modified resins with noticeable changes are

shawn.

The infrared spectral peaks have previously been assigned for unmodified

poly(divinylbenzene-co-ethylvinylbenzene) (XAD-4) [5,42]. Tables 6.4a and 6.4b

note any peaks which appear in the speetra of the modified resins.
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On comparison of the sPectra for XAD-4 and the modified resins~ the five

Peaks due to the vinyl groups (1630. 1410~ 1015, and 990 cm- l ) decrease in

relation to the degree offunctionalization. The peak at 905 cm- l is due to both vinyl

groups and disubstituted phenyls. so it is never completely eliminated.

Table 6.4a. Infrared peak assignments for modified resins (1-5)

Resin Band (cm-1) Assignment Reference Notes

l 3578 Q-H sttetch [48], p. 188 vinyl peaks less

Ill6 c-o stretch, secondary alcohol [48], p. 207
(than XAD-4),
diol present

1067 or 1048 C-Q sttetch. primary aIcohol [48]. p. 207

2 3587 O-H stretch [48], p. 188 viny1 peaks 1ess.

llI5 C-O stretch. secondary aIcohol [48], p. 207
spectrum same as 1 with
stronger peak at 1115 cm-l,

1067 or 1048 C-O stretch. primary alcohol [48}, p. 207 diol present

3 3586 O-H sttetch (48J, p. 188 vinyl peaks less.

Ill6 C-O stretch, secondary aIcohol [48J, p. 207
spectrum same as 1 with
stronger peak at 1115 cm-l,

1067 or 1049 C-O stretch, primary aIcohol [48J, p. 207 diol present

4 3565 O-H stretch [48}, p. 188 almost no vinyl peaks.

1255 ring breathing of epoxy group [49J, p. 113
epoxy and alcohol group

[18}
Il20 C-O stretch, secondary aIcohol [48J, p. 207

5 3586 Q-H stretch [48]. p. 188 almost no vinyl peaks

1727 C=O stretch [48], p. 195
MMPP embedded.
diol present

1421, 1374

1285 C-Q stretch of carboxylic acid [48], p. 207

1256 ring breathing of epoxy group [49J, p.ll3 sorne epoxy groups
[18]

1120 C-Q stretch. secondary alcohol [48], p. 207

1072 C-O stretch. primary alcohoI [48], p. 207

873

747 ortho disubstitution (of MMPP) [48}, p. 197

Resins 1,2, and 3 had similar spectra. The vinyl peaks decreased from 1

to 2 to 3. and the peak at 1115 cm-1 (C-Q stretch) increased from 1 to 3, indicating

a higher conversion of vinylbenzene groups to functional groups. most likely the

diol.

Resins 4 and 7 had similar spectra~ both with peaks corresponding to epoxy

groups (1255 cm-1). Resin 7 had no vinyl peaks, whereas resin 4 had very small
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peaks due to the vinylbenzene groups~ as weIl as peaks wrnch indicated that ring­

opening of the epoxy group had occurred.

The spectra of resins 5 and 6 were similar. No epoxy peaks were visible,

and, since there were significant reductions in vinyl peaks~ epoxidation followed by

ring-opening reactions most likely occurred. Resin 5 may have had ~p

physically embedded in the resin~ while resin 6~ formed by reaction of XAD-4 with

peracetic acid~ probably had alcohol (possibly including diol groups) and ester

(acetate) groups.

Table 6.4b. Infrared peak assignrnents for modified resins (6-8)

Resin Band (crn-l) Assümment Reference Notes

6 3567 O-H stretch [48], p. 188 almost no viny1 peaks

1740 C=O stretch [48], p. 195 may have diol, alcohol.

1373 CH3 symmetrical deformation [48], p. 175
acetate groups

1239 antisymmetric C-Q-C stretch, [48], p. 207
acetate ester

1158 C-O stretch. secondary alcohol [48], p. 207

1064 C-O stretch, primary alcohol [48]. p. 207

7 1253 ring breathing of epoxy group [49], p. 113 no vinyl peaks.
[18] epoxy group

8 3567 Q-H stretch [48], p. 188 no vinyl peaks.

1789 C=O stretch. possibly aromatic [48]. p. 195
no epoxy peak

ester possible functionalities:

1732 C=O stretch [48], p. 195 thio-alcohol, diol, ketone.
ester

1683 C=O stretch, possibly aromatic [48].p.195
ketone (acetophenone group)

1225 [46], Vol. l. Like mercaptoethanoI:

1169
p. 262 -1225 cm-l, 1169 cm-l,

1049 cm- l

1064 C-O stretch [48], p. 207

1043 C-O stretch. primary alcohol [48J. p. 207

Resin 8, the product of reaction of 7 with N ,N-dimethylthioformamide in

the presence oftrifluoroacetic acid, did not have any peaks (1440, 1330, 910, and

620 cm-1 [20]) corresponding to a thiirane group. It seems to have a mixture of

functionalities including a mercaptoethanol group, and either acetophenone~ diol~ or

ester groups.
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As will be discussed in the next section~ Raman spectra were taken of 7 and

8~ and compared to that ofXAD-4.

6.3.3.2 Raman spectroscopy

Figure 6.3 compares the Raman spectra of XAD-4, XAD-4 epoxidized with

dimethyldioxirane (DMD, 7), and the resin prepared by reaction of epoxy-XAD-4

(7) with N,N-dimethylthioforrnamide (TD~. 8), in an attempt to convert the

epoxide to the thiirane group. The Raman spectral peak assignments for XAD-4 are

presented elsewhere [5].

No vinyl peaks were seen (1632~ 1409. and 1209 cm- t ) in the spectra of the

modified resins. Resin 7 had peaks corresponding to the epoxy group at 1470.

1388, and 1255 cm- l [48, p. 180; 50~ vol. 4. p. 3803~ Raman peaks for styrene

oxide].

The Raman spectrum of resin 8 had no epoxy peaks. but new peaks at

2573 cm-1 (S-H stretch) [48, p. 181]~ 674 and 620 cm- t (C-S stretches)

[48. p. 181]. No other peaks which could aid in detennination of the other

functionalities were visible.
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JI (8)TDMF ~~

1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500

wavenumber (cm- l
)

Fig.6.2. FITR absorbance spectra of XAD-4 and modified resins (1-8).
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Fig. 63. Raman spectra ofXAD-4 and modified resins (7 and 8) .
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63.23 13e Ntv1R spectroscapy

The Be NMR spectral peak for unmodified XAD-4 have previously heen

assigned [5]. Dipolar dephasing eliminated the peaks due to the vinyl carhons, the

epoxy carhons, and the polymer backhone (CH2, CH, phenyl CH).

Figure 6.4 shows the solid-phase 13e CP-MAS N1vfR spectra for XAD-4

and for the modified resins. The labels used are the same as for the IR and Raman

spectra (table 6.2). As was seen with the infrared and Raman spectra, the intensity

of the vinyl peaks were less (137 ppm and 114 ppm) for all modified resins in

comparison to XAD-4. Table 6.5 lists the l3e CP-MAS NMR peak assignments

formodified XAD-4 and for analogous model compounds [47]. Peaks due to the

polymer backbone are excluded from table 65.

For the dipolar dephased NMR spectra, the only peaks visible in most cases

corresponded to those of the resin backbone: 144, 137, 30, and 16 ppm. Peaks

due to the carhons of the rnodified dimethylene spacer (i.e. the ePQxy group) were

generally not seen in the diPQlar dephased spectra due to limited mobility.

Besides solid-phase Nlv1R spectroscopy, liquid NMR techniques were used

for resin 7. A sample was swelled in deuterated chloroform using a new N1t1R tube

(i.e. not previously in contact with solvents such as acetone). The only peaks

visible \vere for chloroform and acetone. Acetone peaks were not seen in the solid­

phase 13C NMR spectra for any of the resins. Altbough the resins were dried at

60 oC under vacuum, sorne acetone remained entrapped in the polymer, giving

infrared peaks in the carbonyl stretching region (- 1700 cm-1).

The NMR spectral data indicate that the best method to prepare

ePQxy-XAD-4 is by epoxidation of XAD-4 with dimethyldioxirane (resin 7). No

other functionalities were seen since the reaction generates a non-reactive by­

product (acetone). Epoxidation with mCPBA (resin 4) was aIso successful, but

sorne ring-opening of the ePQxy groups occurred due to the presence of

lrl-chlorobenzoic acid. Even lightly cross-linked resins modified by epoxidation of

vinylbenzene groups with mCPBA had ring-opening occurring [18].

The spectra of the other resins (l, 2, 3, S, 6) showed ather peaks which

would indicate ring-opening reactions of epoxy groups. The spectrum of resin 8 ,

the product of reaction of epoxy-XAD-4 (7) \vith N ,N-dimethylthioformamide

(TDlvfF) , had no peaks due to either epoxy or thiirane groups, and likely

functionalities include (l-mercapto-2-hydroxyethyl)benzene and acetophenone

groups.
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Table 6.5. l3e CP-MAS NMR peak assignments for modified XAD-4• Resin Peak (ppm) (a)
13C NMR peak assignments
for model compounds (b) Notes

1

2

85.5, 67.5

85.2, 67.2

54.4 (a)

140.43, 128.39*, l27.80*, 126.02*. diol group
74.67*, 67.93 (c)

(c) diol and sorne epoxy group

137.53, 128.41*, 128.09*, 125.40*.
52.30*.51.15 (d)

•

3 84.7, 67.5 Cc) diol and sorne epoxy group

55.5 (a) (d)

4 55.5 (a) (d) epoxy group

67.9 (a), 26.0 (a) 145.78. 128.37*, 127.31 *. 125.33*, small peaks at 67.9 ppm and
70.24*. 25.09* (e) 26.0 ppm due ta alcohal

side-product

5 74.7, 67.9 (a) (c) dio1 group

6 - 170 170.71,135.90,128.49*,128.17*. srnall bump at 170 ppm may
66.24. 20.95* (t) be due to acetate group

170.84. 137.76. 128.81 *. 128.43*. combination of
126.49*. 64.87, 35.09, 20.90* (g) functianalities including

ester-alcohol, dio!. diester

109.5 (a) 108.40, 64.46. 25.62* (h) peak at 109.5 ppm may be

79.5-62.5 (c, e)
due ta C(ORh group. farmed
by reaction of diol with

26.0 (a) acetone during purification

7 51.2 Ca) (d) epoxy group

8 - 200 197.93,137.14.133.01*, 128.51*, small bump at 170 ppm may
128.24*, 26.52* (i) he due to acetophenane group

-160 small bump at 160 ppm rnay
he due ta adsarbed DMF

67.8, 26.4 (a) 63.95, 27.54 (i) mercaptaethanol group,
(e) probably (1-mercapta-2-

hydroxyethyl)benzene

36.0*, 27.2 (k) no thiirane group

(a) Alsa visible in 13C CP-MAS-DD specrrum.
(b) Data from [47], unless otherwise nated. * means odd parity (i.e. CH, CH3).

(c) I-Phenyl-1,2-ethanediol, [47. Vol. 2, p. 393].
(d) Styrene oxide, [47, Vol. 2, p. 219].
(e) sec-Phenethyl alcohol, [47, Vol. 2, p. 327].
(f) a-Methylbenzyl acetate, [47. Vol. 2. p. 1201].
(g) Phenethyl acetate, [47, Vol. 2, p. 1203].
(h) 2,2-Dimethyl-l,3-dioxalane, [47, Vol. l, p. 396].
(i) Acetophenone, [47, Vol. 2, p. 802].
(i) 2-Mercaptoethanol, [47, Vol. l, p. 422] .
(k) Styrene sulfide, peaks of thiirane carbons, [41].
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• Fig. 6.4. 13C CP-MAS mm spectra of XAD-4 and modified resins (1-8).
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6.3.4 Potential applications of modified resms and suggestions for further

investigations

We have prepared resins which may have potential applications as

adsorbents or solid-phase reagents. Modification cau change properties of the

resins~ such as hydrophilicity, which may change behaviour in separation

applications such as chromatography [5]. XAD-4 was previously modified for

these applications using traditional methodologies [51]. No one has previously

modified the vinylbenzene groups of XAD-4 to change its sorption properties.

Linear poly(divinylbenzene) could also be modified using the methodologies

described in this paper. This may also aid in structure elucidation, and comparison

of epoxidation methods ta cross-linked XAD-4. For example, though epoxidation

with the tungsten phase transfer catalyst was unsuccessful with XAD-4, it may

work with the linear polymer, as it did for a styrene-butadiene-styrene linear black

copolymer [23].

Modification of XAD-4 with DMD could he done using column techniques,

which could be transferable ta a larger (industrial) scale. The other modification

methods which led ta epoxy groups, but with subsequent ring-opening reactions,

should be further investigated because these reactions have simple conditions and

potentially low cost.

Since resins with thürane groups can act as reactive polymers in the

preparation of functional polymers [20, 30], further methods to prepare thiirane­

XAD-4, either from epoxy-XAD-4 or XAD-4 should be investigated.

Polymers with epoxide and thiirane groups can be modified by addition af

variaus nucleophiles. Applications of these modified resins include use as

coardinating polymers (19, 20, 24, 30]. We have recently develaped a simple

screening methad involving pH titration to elucidate a potential ligand's ability to

complex various transition metaIs (52]. This method can be used as the fIfst step in

the develapment of coordinating or ion exchange resins. In order ta properly gauge

a ligand's behaviour. models which emulate how the ligand is attached ta the resin

should be studied. Sorne of the ligands studied have been used ta modify resins by

reaction with epoxy groups [19,24]. These ligands include: ethylenediamine [24],

2-mercaptobenzathiazole [24], 2-aminomethylpyridine [19], and 2-aminothiophenal

[19]. Any of the ligands mentioned in these references [19, 24, 30, 52] could he

used ta madify epoxy-XAD-4. Thus a coordinating resin with an alcohol group

and ligand can he prepared in !Wo steps.
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Epoxy-XAD-4 could also be used in the preparation of solid-phase catalysts

for various reactions including lipase hydrolysis. Styrene oxide has been used to

prepare various azacrown ethers which were studied for lipase-catalyzed hydrolysis

of 2-cyano-l-methylethyl acetate [53}. It was found that the azacrown ethers

enhanced both the enantioselectivity and reaction rate. Epoxy-XAD-4 could be used

to prepare polymer-supported analogues of th.ese azacrown ethers by the one step

addition of the commercially-available precursor azacrown ethers.

6.4. Conclusions

Amberlite XAD-4, a commercially-available styrenic copolymer, can be

modified by epoxidation of the completely accessible pendant vinylbenzene groups.

We have demonstrated that dimethyldioxirane in acetone can he used in a simple

one-step reaction with complete conversion to epoxy groups, with a degree of

functionalization of 33%. Styrenic resins with epoxy groups could be used for the

preparation of functional resins with many diverse applications.
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Chapter 7

Bromohydration and Bromination of the

Pendant Vinylbenzene Groups of Commercial

poly(Divinylbenzene-co-Ethylvinylbenzene) Resins.

Further Reactions of the (1,2-Dibromoethyl)benzene

Groups with Thiourea, and with

N,N-Dimethylthioformamide with Subsequent

Methanolysis to Produce

Thiol-Containing Styrenic Resins.

Forward to Chapter 7

The content of the following section is cornprised of a paper with the same

tide which was subrnitted to the journal Reactive and Functional Polymers

(K.L. Hubbard, G.D. Darling and I.A. Finch, submitted May 1997).

The goal of this chapter was to expand the types of groups moditying the

commercial form of poly(divinylbenzene-co-ethylvinylbenzene), in particular with

vicinal disubstituted functionalities. These groups included (l-hydroxy-2­

bromoethyl)benzene, (1,2-dibromoethyl)benzene, and resins with isothiouronium

bromide or (1,2-dimercaptoethyl)benzene, the latter two produced by modification

of brorninated XAD-4. Resins with (l,2-dimercaptoethyl)benzene groups are

desired because of their potential for use as chelating resins in heavy metal removal

from various wastewaters. Bromohydration and the method of conversion (using

N,N-dimethylthioformamide) of brorninated groups to thiol groups have not

previously been used with a polymer matrix.
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Abstract

Amberlite XAD-4, the commercial forro of poly(divinylbenzene-co­

ethylvinylbenzene), was modified by bromohydration and bromination of its

pendant vinylbenzene groups. The vinylbenzene groups were completely converted

to (l,2-dibromoethyl)benzene groups, with a degree of functionalization of 35%.

Bromohydration of XAD-4 created a resin with (1-hydroxy-2-bromoethyl)benzene

groups, with a degree of functionalization of 24%. Further modifications to the

(l,2-dibromoethyl)benzene groups of the brominated resin were done using

thiourea, which led to a resin with a mixture of functional groups, including

isothiouronium bromide; and using NN-dimethylthioformamide with subsequent

methanolysis, which led to a resin with thiol groups.

Keywords: Amberlite XAD-4, poly(divinylbenzene-co-ethylvinylbenzene),

pendant vinyl groups

7.1. Introduction

This paper discusses severa! modifications of vinylbenzene groups in a

polystyrene-like matrix. Starting with the commercial fOfIn of poly(divinylbenzene­

co-ethylvinylbenzene), XAD-4, we have bromohydrated the vinylbenzene groups to

forro (1-hydroxy-2-bromoethyl)benzene groups, and have also brominated the

vinylbenzene groups to form (1 ,2-dibromoethyl)benzene groups. The brominated

resin was then reacted with thiourea, and also with N,N-dimethylthioformamide

with subsequent methanolysis to form resins with thiol groups.

7.1.1 Review of our previous work, including characterization of XAD-4

Previously, our group modified laboratory-made poly(divinylbenzene-co­

ethylvinylbenzene) by the addition of a few simple thiols to the pendant

vinylbenzene groups [1]. We have recently expanded upon this work to include the

use of a commercial resin, Amberlite XAD-4, as weil as a greater range of thiols

and conditions [2]. Further work studied the addition of various disulfides and

analogous thiols to the pendant vinylbenzene groups of XAD-4 [3], and the

epoxidation of XAD-4 [4] .
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•
Cross-linked copolymers of divinylbenzene and ethylvinylbenzene have

meta- and para-disubstituted vinylbenzene and ethylbenzene groups (figure 7.1).

The degrees of functionalization are indicated by the symboIs XCL, XVB, and XEB,

(CL for cross-linked, YB for vinylbenzene, and EB for ethylbenzene).

•

Fig. 7.1. Structure ofpoly(divinylbenzene-co-ethylvinylbenzene).

Amberlite XAD-4 (Rohrn and Haas Company) is a macroporous resln

prepared from 80 to 85 wt % divinylbenzene and 15 to 20 wt % ethylvinylbenzene

(5-11]. Sînce XAD-4 has a high surface area (725 to 1040 m2/g) and porosity

(0.98 to 1.55 mL/g), vinyI groups are accessible to reagents used during

modification, which promotes their high conversions to functionai groups [5, 6, 11­

13]. The vinyl content ranges from 29 to 41 % (2.2 to 3.1 mmollg) depending on

lot [6]. Besides ourselves, only five research groups have mentioned the presence

of vinyl groups in XAD-4 [13-17], and of these, only two modified the resin by

reaction with the vinyl functionality [16, 17].

7.1.2 Review of bromohydrin preparation

Small molecule bromohydrins have been prepared by the reaction of alkenes

with hydrobromous acid, formed by rnixing bromine and potassium bromide in

water or with N-bromoacetamide and water in dioxane [18]. 2-Brorno-1­

phenylethanol was prepared from styrene using these methods with 96% and 83%

yields, respectively. N-bromosuccinimide (NBS, 1 equivalent) and water have also

been used to prepare 2-bromo-l-phenylethanol from styrene in 82% yield [19].

The reaction was done at room temperature for 35 IlÙnutes with water as the

solvent. This same preparation was also done using dimethyl sulfoxide (DSMO) as

the solvent, with 2 equivalents of water and 2 equivalents of NBS and a nitragen

atmosphere, to produce 2-bromo-1-phenylethanal in 76% yield [20, 21]. Other

solvents used ta prepare bromahydrins include tert-butanoI and tetrahydrofuran

(THF) [22] .
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To our knowledge, polymers containing bromohydrins have not previously

been prepared.

7.1.3 Review ofbromination ofpolymers

Various polymers have had bromine groups introduced by a variety of

methods including addition of bromine ta vinyl groups. and by electrophilic

addition to aromatic groups. For example, a polycarbonate having pendant vinyl

groups prepared by the copolymerization of carbon dioxide with butadiene

monoxide (BMO) was brominated in chloroforrn at room temperature ta produce a

polymer with 1,2-dibromoethyl groups [23].

Polystyrene resins have been modified by bromination in the presence of

ferric ion, which was optionally followed by lithiation with subsequent reaction of

the lithiated resin with 1,2-dibromoethane to produce a resin with

2-bromoethylbenzene groups [24]. Aryl-brominated polystyrene was also reacted

with sulfur, followed by reduction of any disulfides fonned with lithium aluminum

hydride, to produce a resin with 2.9 mmol thiollg [24].

Styrenic resins with bromo-alkyl spacers have been prepared by addition of

~bromoalkenes with polystyrene in the presence of trifluoromethanesulfonic

(triflic) acid [25]. The degree of functionalization of the ro-bromoalkylated

polystyrenes was 38%.

Polystyrene resins with pendant sulfone groups having vinyl groups were

prepared in a three-step modification of polystyrene (P-S02CH2CH=CH2), and

subsequently brominated across the vinyl group [26].

Chloromethylated polystyrene was modified to have 1,2-dibromoethyl

groups by reaction vlith allylamine, followed by brominations of the vinyl groups

[27]. The 1,2-dibromoethyl groups were then reacted with sodium hydrosulfide to

produce a resin with vicinal dithiol groups.

A polyrner with (1 ,2-dibromoethyl)benzene groups was prepared by the

copolymerization of styrene or meta-divinylbenzene with meta-( 1,2­

dibromoethyl)styrene [28]. The 1,2-dibromo-monomer was prepared by selectively

brominating one vinyl group of meta-divinylbenzene uSlng pyridinium

hydrobromide perbromide. The (1,2-dibromoethyl)benzene groups of the

copolymers formed were then converted to vinyl groups by heating in the presence

of sodium iodide to eliminate bromine.
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• XAD-2, a copolymer of styrene, divinylbenzene and ethylvinylbenzene [6],

was brominated in the presence of ferric chloride to produce a resin with 4.0 mmol

Br/g [29, 30]. The only spectral data given was an infrared peak al 603 cm-1 [29].

The structure of the modified resin was given as: XAD-2-CH2CH2Br [30]. Sïnce

XAD-2 has vinyl groups [5], the brominated XAD-2 likely had

(1,2-dibromoethyl)benzene groups and bromobenzene groups.

XAD-2 and XAD-4 have previously been hydrobrominated [16]. Anti­

Markovnikov and Markovnikov hydrobrominations were performed: the rust

method used radical addition of hydrogen bromide (HBr) to form -CH2CH2Br

groups, and the second method used electrophilic addition of HBr to forro.

-CHBrCH3 groups. Anti-Markovnikov addition of HBr to the pendant vinyl

groups gave 0.95 mmol Br/g for XAD-2 and 1.95 mmol Br/g for XAD-4, and

Markovnikov addition of HBr to the pendant vinyl groups gave 2.01 mmol Br/g for

XAD-4. This would have meant that the degree of functionalization of vinyl groups

was 13.5% for XAD-2 and 30.2% for XAD-4 [6].

A polystyrene resin with bromobenzene groups is commercially-available as

Sepabeads SP-2ü6 and SP-2ü7, part of the Diaion resin series from Mitsubishi

Chemical [31]. It is claimed that this resin has a greater hydrophobicity (and thus

greater selectivity for non-polar molecules) than regular styrenic resins.

7.104 Modifications of resins with thiourea

Resins have been modified with thiourea [32-36]. Macroreticular resins

with isothiourea groups and isothiouronium groups (scheme 7.1) have been used

for the extraction of platinum group metaIs [32]. The free-base isothiourea groups

can coordinate with metaI cations, and the isothiouronium groups will bind anionic

metaI complexes by anion exchange [32].

HX

base J-®l'
NH.,s-<c,+- x-
NH2

•

Scheme 7.1. Interconversion of isothiourea groups and isothiouronium groups

[32].

Pendant chloromethyl groups of cross-linked polyepichlorohydrin (PECH)

were reacted with either thioglycolic acid, potassium hydrosulfide (KSH), sodium
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hydrosulfide (NaSH), or thiourea to produce sulfur-containing resins [33] .

Reaction of PECH with thioglycolic acid formed thioether linkages with the resin.

producing a resin with carboxylic acid groups. Reactions of PECH with KSH and

NaSH did not form resins with free thiol groups. Thiourea was reacted with PECH

using a solvent mixture of N,N-dimethylformamide (DMF) and ethanol, or DIvIF

with 2M HCL A mixture of functional groups was present including tilloI,

isothiouroruurn, and dimethylamino. In all cases, rnost of the isothiouronium

groups were hydroIyzed, as seen by comparison of the sulfur and nitrogen contents:

7.8 mmoi SIg (25 wt % S), 3.4 mmoi N/g (4.8 wt % N), giving a maximum of

1.7 mmol isothiouronium groups/g, and as much as 6.1 mmol thiol/g. The use of

HCI increased the reaction rates, but did not affect the sulfur-nitrogen ratios.

XAD-2 and XAD-4, and other styrenic resins were used to prepare

coordinating resins [34]. The styrene units were chloromethylated, aminated with

hexamethylenetetramine and then converted to the polymer-bound thiourea

functionality by reaction with NH4SCN. The introduction of spacer groups was

accomplished by modification with either 1,2-diaminoethane or

1,3-diaminopropane, instead of by amination. Unlike the previous exarnpIes, the

thiourea group was linked through the amine to the resin.

7.1.5 Thiol-containing resins

One of our research goals was to prepare thiol-containing reSlns by

modification of XAD-4. We have recently accomplished this by the one-step anti­

Markovnikov radical addition of dithiois to the pendant vinylbenzene groups of

Iaboratory-made poly(divinylbenzene-co-ethylvinylbenzene) [1] and XAD-4 [2].

Thiois used included: 1,2-ethanedithiol, 1,3-propanedithiol, 1,4-butanedithioI,

sodium 2,3-dimercapto-l-propanesulfonate, 2-mercaptoethyl sulfide, and

2,3-dimercapto-l-propanol [l, 2]. One of the thiols was consumed in the formation

of the thioether linkage to the resin. Resins modified with mercaptoacetic acid were

hydrolyzed ta forro resins with (2-mercaptoethyl)benzene groups [1].

The preparation of mercaptan-containing polyrners has been reviewed [35].

Thiol-containing resins are generally prepared by reaction of thiourea with halogen­

containing groups, forming isothiouronium halide groups, followed by hydrolysis.

Copolyrners of 4-chloromethylstyrene and styrene were rnodified by this method

[36]. The isothiouronium-containing resins were hydroIyzed under basic

conditions to produce resins with degrees of functionalization of thioi groups
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between 14 and 54%, depending on the mole fraction of chloromethyl groups in the

starting polymer (incomplete conversions of chloromethyl groups were seen).

Copolymers of4-chloromethylstyrene and N-vinyl-2-pyrrolidone were also

used to prepare thiol-containing resins [36]. The chloromethyl groups were reacted

with N,N-dimethylthioformarnide (TDMF, 100 equiv per chloromethyl group) at

80 oC under nitrogen for 3 hours, followed by methanolysis at 60 oC under nitrogen

for 1 hour. The chloromethyl groups were completely converted ta irninium salts

(96-100% conversions), and the iminium salts were completely hydrolyzed ta

produce resins with disulfide and thiol groups. The proportion of tillaI to disulfide

(and thus yieid of conversion of chloromethyl ta thioi groups) increased as the mole

fraction of chloromethyl groups in the starting polymers decreased. The polymer

with the highest amount of thiol groups was prepared from a copolymer with a mole

fraction of 57% to 43% for 4-chloromethylstyrene ta N-vinyl-2-pyrrolidone. The

thiol resin had a degree of functionalization of thioi groups of 38%, representing a

67% conversion from the chloromethyl groups.

XAD-4 was modified by acetylation, followed by hydrolysis to the benzyl

alcohol functionality, then esterification with thioglycolic acid ta produce a resin

with thioglycoloylmethyl groups [37]. The infrared spectra were shown for each

interrnediate resin, and vinyl peaks were visible in the spectrum of the starting

material. In the spectrum of the modified resin, weak peaks between

2600-2700 cm- l may be attributed ta the presence of thioi groups, although this was

not mentioned in the paper. Reduction of the vinyl peaks in the spectra for the

modified resins was also not noted by the authors, nor the presence of side­

products attributed to reactions with vinyl groups.

Polystyrene resins were modified to have either thiophenol groups or

benzylmercaptan groups [38]. Polystyrene was brominated, lithiated, and then

reacted with elemental sulfur and reduced with lithium aluminum hydride [28, 38].

Direct tithiation, without prior bromination, of polystyrene was also done to forro

resins with thiophenoi groups [38]. The fust method gave resins with as much as

2.85 mmol SHlg, and the second method gave resins with as much as

1.98 mmol SWg. To prepare resins with benzylmercaptan groups,

chloromethylated polystyrene was reacted with thiourea, followed by base

hydrolysis under nitrogen to forrn resins with 2.04 mmol SH/g [38]. When

hydrolysis was done in air, no thiols were detected. Chloromethylated polystyrene

was also reacted with 1,4-butanedithiol, using basic phase transfer conditions,

under nitrogen to form resins with 3.5 rrunol SH/g [39].
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Resins with vicinal dithiols were prepared by the copolymerization of

2,3-epithiopropyl methacrylate and ethylene glycol dimethacrylate, followed by

reaction with hydrogen sulfide [40]. A polystyrene resin containing vicinal thiois

attached through a small spacer group to the styrene unit was prepared by a three­

step modification of cWoromethylated polystyrene, as mentioned previously [29].

A thiol-containing polystyrene resin with 5.4 mmoi SH/g is commercially­

available as Duolite ES465 [33]. Duolite GT-73 is a similar product available from

Rohm and Haas [41]. Sulfur analysis of this resin gave a sulfur content of

6.6 mmol Sig (dry resin) [42].

Polystyrene resins with (l,2-dimercaptoethyl)benzene groups have not been

previously prepared, although the analogous small molecule (phenylethane-I.2­

dithiol) has been prepared by the reduction of the corresponding trithiocarbonates

[43].

7.1.6 Modifications of commercial poly(divinyIbenzene-co-ethylvinylbenzene) in

this paper

We are the frrst to take advantage of the ideal characteristics (high porosity

and surface area, accessible vinylbenzene groups) of XAD-4 to prepare functional

resins by modification of the vinylbenzene groups through the addition of thioIs,

disulfides, epoxidation, and other reactions [2-4]. We present our results on

modifying XAD-4 with N-bromosuccinimide in water to produce the bromohydrin­

containing resin, and with bromine to produce the (1,2-dibromoethyl)benzene­

containing resin, as weIl as further reactions with brominated XAD-4, as seen in

scheme 7.2.

One advantage of using these methods to prepare functional resins is that

only one- or two-step modifications of a commercially-available preformed matrix

are needed. The reaction conditions are usually straightforward, and of short

duration. Purification of the modified resin is also simple. Introduction of a wide

range of functionalities is possible.
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Scheme 7.2. Modifications to poly(divinylbenzene-co-ethylvinylbenzene).

7.2. Experimental

7.2.1 Materials and methods

Unless otherwise noted, all materials were purchased from Aldrich

Chemical Company and used as received. The same lot (#1090-7-1473) of

Amberlite XAD-4 was used throughout this study, obtained from Rohm and Haas

Co. XAD-4 cornes imbibed with sodium chloride and sodium carbonate to retard

bacteria! growth [44]. Unless otherwise noted, all resins were pretreated by

Soxhlet extraction with acetone for several days, followed by drying under vacuum

overnight at 60 oC. Water was doubly-distilled.

Work-up for all reactions involved frltering the resin, washing with solvent

and then Soxhlet extraction for severa! days with a variety of solvents. The

solvents used for Soxhlet extraction of modified resins included methanol (MeOH),

dichlorornethane (CH2Cl2), water, ethanol-dioxane azeotrope (90.7:9.3 w/w,

bp 78.1 OC), water-dioxane azeotrope (18.4:81.6 w/w, bp 87.8 OC), or acetone.

The purified resins were dried under vacuum (70 OC) for one day.

7.2.2 Bromohydration ofXAD-4

In a 50 mL 2-neck round bottom flask with magnetic stirring bar, 1 g of

XAD-4 (2.5 mmol vinyl groups), N-bromosuccinimide (NES, 1.1 to 2 equiv per
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vinyl group), 25 mL of solvent, and 1 to 25 mL water were stirred at room

temperature for 7 to 24 hours under nitrogen. Solvents used included dimethyl

sulfoxide (DMSO), ethanol, tert-butanol, tetrahydrofuran (THF), acetone, dioxane,

and water. In most experiments, Soxlùet extraction was performed using acetone,

then water-dioxane azeotrope and then acetone, each for one day.

7.2.3 Bromination of XAD-4

XAD-4 was brominated using a slight excess (1.1 equiv) of bromine. In a

1 L round bottom flask equipped with magnetic stirring bar, XAD-4 (50 g,

125 nunol vinyl groups) in 500 mL of carbon tetrachloride was cooled to 0 oC.

Bromine (7 mL, 140 auno!) in 20 mL CC4 was added, and the reaction stirred in

the dark at room temperature overnight. The resin was fùtered and Soxhlet

extracted for one day with CH2Ch, followed by drying under vacuum at 60 CC

overnight. The reaction was aIso done using CH2Ch.

7.2.4 Reactions of brominated XAD-4

7.2.4.1. Addition of thiourea to (1 ,2-dibromoethyl)benzene groups

A typical reaction involved stirring 5 g brominated XAD-4

(3.99 nunol Br/g) , thiourea (12 g, 160 mmot 8 equiv per Br), and solvent

(95-200 mL) at 80 oC for 2 to 4 days. Solvents used included: THF-ethanol

(15:4 v/v), DMSO, H20-ethanol (6: 1 to 35: 1 v/v), ethanol, methanol, DMSO-H20

(1:1 v/v), and dioxane-acetone (1:1 v/v). In most experiments, Soxhlet extraction

was performed using water or water-dioxane azeotrope and then acetone, each for

one day.

7.2.4.2. Addition of N,N-dimethylthiofonnarnide to (1,2-dibromoethyl)benzene

groups and methanolysis

Brominated XAD-4 (0.5 g, 3.76 mmol Br/g), N,N-dimethylthioforrnarnide

(TDMF, 5 mL, 58 mmol, 3 l equiv per Br) were stirred under nitrogen 80 oC for

3 hours. Sorne reactions used tetrahydrofuran (10 mL) as the solvent, with a

reaction temperature of 66 oC. SoxhIet extraction was done under nitrogen using

THF or the resin was reacted with methanol.
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Methanolysis was performed on sorne resins using a variety of methods.

The filtered resin (0.5 g) could be stirred in methanol (20 mL) under nitrogen for

1-2 hours at 60 oC. OptionallY7 methanol could he added to the TDNIF reaction

mixture without frrst filtering the resin (1 pot). Methanolysis was aIso done by

Soxhlet extraction (with methanol) of the filtered resin under nitrogen for one day.

In most cases7 the resins were purified by Soxhlet extraction under nitrogen using

methanol for one day, then THF for 2 days.

One resin had both the reaction with TDNIF and methanolysis performed

twice to deterrnine if multiple reactions would increase yield. The frrst reaction

sequence used THF, and at the end of 3 hours, methanol was added. The second

reaction sequence aIso used THF, which was removed by fùtration before

methanolysis.

7.2.5 Characterization

7.2.5.1 ElementaI anaIysis

Samples were sent to the University of British Columbia or Robertson

Microlit Laboratories (Madison, NI) to be analyzed for sulfur, nitrogen7 oxygen,

and bromine where applicable.

7.2.5.2 Infrared spectroscopy

The unmodified resins were characterized using infrared spectroscopie

analysis to measure the vinyl group content [6, 45]. Modified resins were

characterized to detennine reduction of vinyl peaks and introduction of peaks due to

the modifying groups. Samples were ground into powder with FITR-grade

potassium bromide (KEr) and disks were prepared. Fourier transform infrared

absorbance spectra were taken with a Bruker IFS 66 spectrometer, using a DTGS

detector and 2 cm-1 resolution, with 120 to 200 scans.

7.2.5.3 Raman spectroscopy

Fourier transform Raman spectra were taken using a Bruker IFS 88

spectrometer with FRA-105 Raman module using a Nd+3:YAG laser (1064.1 nm) .

Samples were ground into powder and packed lightly into an alurninum sample cup.
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• The number of scans ranged from 250 ta 5000, with a 4 cm-1 resolution. It should

be noted that spectra taken with samples heId in glass melting point tubes had

fluorescence due ta the glass~ obscuring most peaks~ sa this method was not used.

7.2.5.4 l3C NMR spectroscopy

Solid-phase 13C NMR spectra were obtained with a Chemagnetics Inc.

M-lüO instrument. Be CP-MAS (cross-polarization magic angle spinning) NMR

spectra were obtained at 25.1 NIHz with a contact time of 2 ms~ pulse delay of 2 s.

spinning rate of 3-4 kHz. and high-power proton decoupling during acquisition.

The l3C CP-MAS-DD (DD is dipolar dephasing) NMR spectra were obtained

similarly, with a dephasing time ('t) of 45 Jls.

7.3. ResuUs and Discussion

7.3.1 Characteristics of starting materials

Previously, we characterized the starting rnaterial with regard ta vinyl

content~ surface area~ porosity, and monomer content and the results are fully

presented elsewhere [6]. Table 7.1 summarizes these characteristics. The vinyl

content was calculated using FrIR. spectroscopy [6, 45]. The degree of

functionalization (XVB ~ %) is the percentage of repeat units which have

vinylbenzene groups~ and the degree of cross-linking (XCL, %) is the percentage of

repeat units which cross-link the resin. The pore size distribution is based on the

percent of the total pore volume with pores of a given diameter.

Table 7.1. Characteristics of XAD-4 (data from [6])
Surface

Area
(m2/g)

Total Pore Degree of Degree of
Volume Pore Size Functionalization Cross-Linking
(mUg) (nm) (XYB, %) (XCL' %)

VinyI
Content

(mmoI!g)

•
831 1.181 < 6 (17.3%)

6-10 (20.5%)
10-20 (59.5%)
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• 7.3.2 Modification of XAD-4

7.3.2.1 Calculation of the degree of functionalization

The general equation for calculating the degree of functionalization of

modified XAD-4 (Xfg) is based on the average MW per repeat unit of unmodified

resin (130.6 for 80% DVB content), the mole content of functional group (mol fg/g,

calculated from elemental analysis), and the molecular weight (MW fg) of the

modifying group (equation 7.1). For example, the degree of functionalization of

brominated XAD-4 (Xl,2-Br) was calculated based on the brornine content. Sînce

each functional group contains two bromine atoms (-CHBrCH2Br), the (mol fg/g)

equals (mol Br/g -:- 2) and the (MW fg) equals (MW Br x 2), simplifying equation

7.1 to equation 7.2. Similarly, the calculation for the degree of functionalization of

bromohydrated XAD-4 (functional group -CHOHCH2Br, X1.2-0HBd is shown in

equation 7.3. The oxygen content could he used instead of the bromine content.

The percent conversion (<1» of vinyl groups (double bonds) to modified groups is

given in equation 7.4.

Equation 7.1 130.6 x (molfgjg) x 100%
1 - (molfgjg x MWfg)

Equation 7.2
130.6 g / mol x (rnolBrjg -:- 2)

X1,2-Br = x 100%
1 - (rnolBrig x MWBr)

Equation 7.3 X1.2-BrOH =
130.6 g / mol x (moIBr/g) x 100%

1 - (rnolBrjg x MWOHBr)

Equation 7.4
If',. __ X fg
'*" x 100%

X VB

•

7.3.2.2 Bromohydration of XAD-4

The resins were characterized by infrared analysis to qualitatively determine

reduction in vinylbenzene groups. The methods giving the greatest reduction in

vinyl peaks in the FfIR spectra used large proportions of water. This probably

ensured penetration of water into the polymer matrix. Table 7.2 compares the

results of the two syntheses with the greatest reductions in vinyl groups.
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• Table 7.2. Results of bromohydration of XAD-4 with N-bromosuccinimide (a)

Resin Reaction Conditions C1.2-0HBr (mmoVg) X1.2-OHBr (%) <1>

1 l g XAD-4
XAO-4-0HBr 10 mL H20

10 mL acetone
1.1 equiv NBS
Soxhlet: acetone,
H20-dioxane. acetone

2 l g XAD-4 (b)
XAO-4-0HBr 20 mL H20

l.1 equiv NBS
Soxhlet: acetone

l.54 ± 0.01 mmol Br/g 24% (Brresult) 73%
(Br)

1.6 ± 0.1 mmol O/g 25% (0 result)
75% (0)

l.80 ± 0.01 mmol Br/g 29% (Br result) 87%
(Br)

l.20 ± 0.04 mmol O/g 18% (0 result)
54% (0)

•

(a) Both reactions were done under nitrogen at room lemperature for 1 day.
(b) XAD-4 was not pretreated by Soxhlet extraction with acetone, only dried in vacuo_
Imbibed with NaCI and Na2C03'

The oxygen and bromine contents (mol %) of resin 1 were comparable,

with a degree of functionalization of 24-25%, and conversion of vinyl groups by as

much as 75%. In contrast, resin 2 had more bromine than oxygen, indicating the

presence of more than one type of functional group, including the bromohydrin, but

also most likely the (1,2-dibromoethyl)benzene group (X1.2-Br as much as Il %).

Resin 2 was prepared fram XAD-4 which had nat been purified by Soxhlet

extraction to remove the salts. This was done to detennine if the reaction could he

performed with water as the sole solvent since XAD-4 can be wetted when irnbibed

with salts. Since NBS is more soluble in acetone than water, formation of bromine

may bave occurred before the NBS could have penetrated the resin and reacted to

form the bromohydrin group when water was used. The NBS was used as

received; further purification may have irnproved yields.

The small molecule analogue, 2-bromo-l-phenylethanol, has been prepared

previously from styrene [18-21]. The reaction done with styrene using

hydrobromous acid (formed by mixing bromine and potassium bromide in water or

with N-bromoacetamide and water in dioxane [18]) was not attempted because of

the possibility of side-products including (l,2-dibromoethyl)benzene groups.

N-bromosuccinimide with water has also been used to prepare 2-bromo-l­

phenylethanol from styrene in 82% yield, which is close to our yield of 75% for

resin 1 [19]. This same reaction was also done on styrene using dimethyl sulfoxide

(DSMO) as the solvent~ with a 76% yield [20, 21]. However, we did not get as

good a result with use of DMSO in comparison ta resins 1 and 2 (based on

reduction of vinyl peaks in FTIR spectra). Other solvents that we used included
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• tert-butanol and tetrahydrofuran (THF). The use of alcohol (ethanol, tert-butanol)

formed ethers on the resins. In the case of tert-butanol, the FTIR spectrum had a

strong peak at 1368 cm-l, which is attributed to the tert-butyl group_ Sînce water

was only present in small quantities for this experiment, the tert-butanol may have

acted as a reagent. In comparison to the result for resin 1, the reaction using THF

did not have as great a reduction of vinyl peaks in the FTIR spectrum, although the

other peaks were comparable. The reaction using dioxane also did not give as great

a reduction in vinyl groups, as weIl, peaks were seen at 602 and 571 cm-1 which

are attributed to the presence of the dibromo groups (as will be seen later).

7.3.2.3 Bromination ofXAD-4

We previously modified XAD-4 by bromination in order to study the

distribution of vinyl groups within the resin [5]. The brornine contents, listed in

table 7.3, were in close agreement to the vinyl content calculated using the FI1R

spectroscopie technique of the starting XAD-4 (table 7.1), XYS, 33 ± 1 %. This

would indicate that the vinylbenzene groups were converted entirely to

(1,2-dibromoethyl)benzene groups without further cross-linking or other side­

reactions.

Table 7.3. Results of bromination of XAD-4 Ca)

Resin Reaction Conditions CU-Br (mmol/g)

3 100 g XAD-4 2.00 ± 0.01 mmo1 fg/g
XAD-4-Br 750 mL CH2Ch

l.1 equiv Br2 3.99 ± 0.01 mmol Br/g

4 50 gXAD-4 1.88 ± 0.01 mmol fg/g
XAD-4-Br 500 mL CC14

1.1 equiv Br2 3.76 ± O.Ol mmol Br/g

X1.2-Br (%) <1>

39% 100%

35% lOO%

•

(a) Bath reactions were done at rcom temperature for l day.

Faber and co-workers modified XAD-2 and XAD-4 by anti-Markovnikov

hydrobromination, using radical addition of hydrogen bromide (HEr), to form

-CH2CH2Br groups [16]. The bromine content was 0.95 mmol Br/g for XAD-2

and 1.95 mmol Br/g for XAD-4. Using our formula to calculate degree of

functionalization, we fmd that the degree of functionalization of hydrobrominated

groups, and thus vinyl groups, was 13.5% for XAD-2 and 30.2% for XAD-4.
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They mentioned that the vinyl content was 0.7 mmoIlg for XAD-2 and 1.95 mmol/g

for XAD-4; however~ based on the degrees of functionalization. we calculate that

the vinyl contents were doser ta 1.0 mmol/g and 2.3 mmoIlg respectively [5]. The

vinyl content of XAD-4 is comparable to our fmdings (table 7.1) [6].

The preparation of brominated XAD-4 is a simple one-step procedure which

proàuced a functional polymer which could be further modified by reaction of the

(1,2-dibromoethyl)benzene groups as will be seen in the following sections.

7.3.2.4 Reaction ofhrominated XAD-4 with thiourea

Brominated XAD-4 was reacted with thiourea (TU) under a variety of

reaction conditions. Results of three typical reactions are given in table 7.4. Since

thiourea has two nitrogen atoms, the nitrogen content was divided by two in order

to calculate the isothiouronium bromide content. The sulfur content was always

greater than the calculated TU content~ indicating that hydrolysis or alcoholysis

occurred. The degree of uncontrolled hydrolysis/alcoholysis increased from resins

5 through to 7, as seen by the nitrogen and brornine contents (table 7.4). The

infrared spectra of each resin further supports this, as will be seen later on. Not ail

of the brornine was replaced, leading to a range of functional groups, such as

(1.2-dibromoethyl)benzene, (1,2-di(isothiouronium)ethy1)benzene, (l-isothio­

uronium-2-bromoethyl)benzene, (l-bromo-2-(isothiouronium)ethyl)benzene, as

weIl as the hydrolyzed analogues.

As mentioned in the introduction, chloromethyl groups of cross-linked

polyepichlorohydrin (PECH) were reacted with thiourea using a solvent mixture of

N,N-dimethylformamide (DMF) and ethanol, or DMF with 2M HCI [33]. As with

the resins we prepared, these resins had a mixture of functional groups including

thioI, isothiouronium~ and dimethylamino (from the solvent), and in ail cases, most

of the isothiouronium groups were hydrolyzed, as seen by comparison of the sulfur

and nitrogen contents: 7.8 rnrnol SIg, 3.4 mmol N/g, giving a maximum of

1.7 mmol isothiouronium groups/g, and as much as 6.1 mmoi thiol/g.

Although we did not do further modifications with the thiourea-modified

resins, the isothiouronium groups could have been hydrolyzed to thioi groups using

basic phase-transfer conditions, as others have done [36, 38]. An altemate method

of converting the brominated XAD-4 to a thiol-eontaining resin is presented in the

following section. The advantage over the use of thiourea is that the modifying

reagent is a liquid and can be used in the absence of solvent.
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Table 7.4. Results of reaction of brorninated XAD-4 with thiourea• Resin Reaction Conditions Elemental Contents (mmoVg) (a)

5 5 g XAD-4-Br (3) (b)
XAD-4-TU 75 mL THF, 20 mL EtOH (95%)

8 equiv thiourea (TU) per Br
80 oC. 3 days

6 1 g XAD-4-Br (3) (b)
XAD-4-TU LOO mL EtOH (95%)

8 equiv thiourea (TU) per Br
78 oC, 2 days

7 1 g XAD-4-Br (4) (c)
XAD-4-TU 30 mL H20. 5 mL EtOH (95%)

8 equiv thiourea (TU) per Br
80 oC. 3 days

2.07 ± 0.01 mmoI N/g
(1.04 ± 0.01 mmol TU/g)

1.50 ± 0.03 mmoI Sig
2.34 ± 0.01 mmoI Br/g

L.24 ± 0.02 mmol N/g
(0.62 ± 0.01 mmoI TU/g)

L.l ± O.L mmol SIg
1.70 ± O.OL mmol Br/g

1.4 ± 0.2 mmol N/g
(0.7 ± 0.1 mmol TU/g)
1.51 ± 0.03 mmol Sig

0.98 ± 0.03 mmol Br/g

•

(a) Thiourea has 2N and IS, the isothiuronium salt has 2N: IS: IBr.
(b) XAD-4-Br (3) had 3.99 mmol Br/g (2.00 mmol fg/g, see table 7.3).
(c) XAD-4-Br (4) had 3.76 mmol Br/g (1.88 mmol fg/g, see table 7.3).

7.3.2.5 Addition of N,N-dirnethylthiofonnamide to brominated XAD-4 and

methanolysis

Brorninated XAD-4 was reacted with N ,N-dimethylthioformamide to

produce a resin with irninium bromide groups (scheme 7.2). Methanolysis

converted the irniniurn brornide to thiol groups. The results of several preparations

of thiol-containing XAD-4 (XAD-4-SH), as weIl as the interrnediate

(XAD-4-TDrvIF), are shown in table 7.5.

As with the resins modified with thiourea, the unequal nitrogen and sulfur

contents of the N,N-dimethylthioforrnarnide-modified resins (8 and 10) indicated

that hydrolysis/alcoholysis had occurred. When methanolysis was performed, the

nitrogen and brornine contents decreased further and the sulfur content increased, as

would be expected (as seen for resins 8 and 9).

Approximately 75% of the bromine was replaced by sulfur in resin 9. As

will be further discussed in the section of the infrared spectra, the functional groups

most likely consisted of (l,2-dirnercaptoethyl)benzene, (1-mercapto-2­

bromoethyl)benzene, sorne (1,2-dibromoethyl)benzene, and possibly (1-bromo-2­

mercaptoethyl)benzene groups.
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Table 7.5. Results of reaction of brominated XAD-4 with
NN-dimethylthioformamide with subsequent methanolysis• Resin Reaction Conditions

8 0.5 g XAD-4-Br (4) (b)
XAD-4-TDMF 5 mL TDMF (31 equiv per Br)

80 oC, nitrogen. 3 hours
(no methanolysis)

9 0.5 g XAD-4-Br (4) (b)
XAD-4-SH 5 mL TDMF (31 equiv per Br)

80 oC, nitrogen. 3 hours, filter,
wash with THF
Methanolysis:
20 mL MeOH
60 oC, nitrogen. 1 hour

10 0.5 g XAD-4-Br (4) (b)
XAD-4-TDMF 5 mL TDMF (31 equiv per Br)

ra mL THF
66 oC, nitrogen. 3 hours
(no methanolysis)

Il 0.5 g XAD-4-Br (4) (b)
XAD-4-SH 5 mL TDMF (31 equiv per Br)

80 oC, nitrogen, 3 hours. add
20 mL MeOH
60 oC, nitrogen, 1 hour

12 0.5 g XAD-4-Br (4) (b)
XAD-4-SH 3 mL TDMF (18 equiv per Br)

80 oC, nitrogen, 3 hours,
Soxhlet extraction with MeOH
under nitrogen. 1 day

13 1 g XAD-4-Br (4) (b)
XAD-4-SH ra mL TDMF (31 equiv per Br)

10 mL THF
66 oC, nitrogen, 3 hours,
add 30 mL MeOH
60 oC, nitrogen. 1 hour

14 0.5 g 13 XAD-4-SH
XAD-4-SH 5 mL TDMF (31 equiv per original Br)

10 mL THF
66 oC, nitrogen, 3 hours,
add 20 mL MeOH
60 oC. nitrogen, 2 hours

Elemental Contents (mmollg> (a)

0.15 ± 0.01 mmol N/g
2.19 ± 0.01 mmol SIg
1.25 ± 0.01 mmol Br/g

0.07 ± 0.01 mmol N/g
2.40 ± 0.03 mmol SIg
0.92 ± 0.02 mmol Br/g

0.09 ± 0.01 mmoi N/g
0.80 ± 0.02 mmol SIg

0.08 ± 0.01 mmoi N/g
2.50 ± 0.02 mmoI SIg
1.07 ± 0.01 mmol Br/g

O. ta ± 0.01 mmol N/g
2.07 ± 0.01 mmol SIg

0.99 ± 0.03 mmol Br/g

0.08 ± 0.01 mmol N/g
0.86 ± 0.01 mmol SIg
2.33 ± 0.01 mmol Br/g

1.02 ± 0.03 mmol SIg
2.10 ± 0.01 mmol Br/g

•

(a) N,N-DimethyIthioformamide (TDMF) has IN and IS. the salt has IN: 1S: IBr.
(b) XAD-4-Br (4) had 3.76 mmoI Br/g (1.88 mmol fglg, see table 7.3).
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The use of tetrahydrofuran (THF) as solvent led to much lower sulfur

contents of the modified resins, as seen for resins 10, 13 and 14 (table 7.5). As

weIl, the use of slightly lower amounts of NN-dimethylthioformamide (TDMF)

aIso led to slightly lower sulfur contents as seen for resin 12. Repeating the

modification on a resin which had previously been modified did lead to an increase

in the sulfur content and a decrease in the bromine content as seen when resin 13

was re-modified to prepare resin 14. This may have been due to a longer reaction

period overaIt or to sterie and electronic effects: the interrnediate iminium bromide

may have prevented the addition of more TDMF to surrounding brornine groups.

Multiple contacts including methanolysis each time would form the less bulky and

neutrally-eharged thiol group, allowing further modification to take place.

The methanolysis step Was done either after filtration and rinsing off excess

TDMF from the resin (resin 9), or by addition of methanol directly to the reaction

(resins Il, 13, 14), or by Soxhlet extraction with methanol (resin 12). It would

seem from the results that filtration is not necessary when TDNIF is used neat.

Soxhlet extraction with methanol is aIso sufficient.

Overall, longer contact rimes with neat TDMF, Soxhlet extraction using

methanol under nitrogen, and repeated cycles would probably increase the

conversion ofbromine groups by more than 75%.

Table 7.6 compares our results of the introduction of tlùol groups to

poly(divinylbenzene-co-ethylvinylbenzene) by the anti-Markovnikov radical

addition of thiols to the pendant vinylbenzene groups [1, 2] and by the conversion

of the (1,2-dibromoethyl)benzene groups of brorninated XAD-4 with results of

other researchers in the preparation of thiol-eontaining resins.

Copolymers of 4-eWoromethylstyrene and N-vinyl-2-pyrrolidone were also

used to prepare thiol-containing resins by reaction of the chloromethyl groups with

100 equivalents N,N-dimethylthioforrnamide using the same reaction conditions

tbat we used [36]. The cWoromethyl groups were completely converted to iminium

salts (96-100% conversions), whereas we still had sorne bromine-containing

groups in our modified resins (table 7.5). Use of a higher amount of TDrvtF may

have improved conversions in our case.

While our resins did not have the highest sulfur contents, they were

comparable to most of the other experimental resins. As weIl, our resins have the

advantage of having a vicinal dithiol group, which can coordinate with metals more

strongly due to the chelation effect. Our method of preparation is also simpler:

bromination of XAD-4, followed by reaction with N,N-dimethylthioformamide
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• with subsequent methanolysis. This last step could he done as the purification step~

for example, Soxhlet extraction with methanol under an inen atmosphere. The

modification of XAD-4 by thiol addition [2] is only a one-step process. The use of

dithiols such as 1,2-ethanedithiol, etc., and 2-mercaptoethyl sulfide, aIso introduces

spacer groups which may make the ligands more accessible to ions. Resins

modified with sodium 2,3-dimercapto-l-propanesulfonate not oruy have thiol

groups, but also sulfonate salts which make the resin hydrophilic.

Table 7.6. Comparison of methods of introduction of thiol-eontaining groups onto
various polymers

•

Method

Anti-Markovnikov addition of dithiols to pendant vinylbenzene
groups of poly(divinylbenzene-co-ethylvinylbenzene).
a) sodium 2.3-dimercapto-I-propanesulfonate
b) 2-mercaptoethyl sulfide
c) 2,3-dimercapto-l-propanol

Conversion of the (l.2-dibromoethyl)benzene groups of
brominated XAD-4 with N N-dimethylthiofonnamide followed
by methanolysis.

Polystyrene was brominated, lithiated, reacted with S8 and
reduced with LiAlf4 to produce resins with thiophenol groups.

Polystyrene was lithiated. reacted with S8 and reduced with
LiAlf4 to produce resins with thiophenol groups.

Chloromethylated polystyrene was reacted with thiourea.
followed by base hydrolysis under nitrogen to fonn resins with
benzylmercaptan groups.

Chloromethylated polystyrene was reacted with
1,4-butanedithiol, using basic phase transfer conditions.

Duolite GT-73 (Rohrn and Haas)
(Commercial polystyrene resin with thiophenol groups)

Chloromethylated polystyrene was modified to have pendant
1,2-dibromoethyl groups which were reacted with NaSH to
produce resins with vicinal thiol grOUps.
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Result Reference
(mmol SIg)

a) 0.6 mmol fglg [2]
b) lA mmol fg/g
c) 1.6 mmol fglg

2.40 this work

2.85 [28. 38]

1.98 [38]

2.04 [38]

3.5 [39]

6.6 [42]

6.3 [29]
(calculated from:

20.2% S)
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•

7.3.3 Spectroscopie characterization

The modified resins were spectroscopically characterized and compared to

the starting material using infrared~ Raman and 13C NMR. spectroscopy.

7.3.3.1 Infrared spectroscopy

Infrared spectroscopy was used to compare the functionalities of XAD-4 to

bromohydrated XAD-4 (XAD-4-0HBr), and to brorninated XAD-4 (XAD-4-Br)

(figure 7.2). The infrared spectral peaks have previously been assigned for XAD-4

[6, 45].

On comparison of the spectra for XAD-4 and the modified resins, the five

peaks due ta the vinyl groups decrease in relation to the degree of functionalization.

The peak at 905 cm- l is due ta both vinyl groups and disubstituted phenyls. 50 it is

never completely elirninated.

For the modified XAD-4, the vinyl peaks (1630, 1410, 1015, 990 cm-1) are

decreased significantly (figure 7.2). The spectrurn of XAD-4-0fIBr (1) has new

peaks due to (1-hydroxy-2-bromoethyl)benzene groups at 3549 (O-m, 1255,

1215, 1121, 1068 cm-1 CC-D, secondary alcohol), 873, and 574 cm- l CC-Br) [46,

47]. The spectrum of XAD-4-0HBr (2) was similar to that of 1, with additional

peaks at 1722, 1686, and 599 cm- l . These peaks are possibly due ta residual

succinimide (1722 and 1686 cm-1) [48], and the presence of

(l,2-dibromoethyl)benzene groups (599 and 573 cm-1) [48]. From the elemental

analyses (table 7.2), resin 1 had only the bromohydrin group present, whereas

resin 2 had bromohydrin and (1 ,2-dibromoethyl)benzene groups.

Resins 3 and 4, both brominated XAD-4 (XAD-4-Br), had identical

infrared spectra. The FfIR spectrum of resin 4 is compared to those of XAD-4 and

resin 1 in figure 7.2. In comparison to the spectrum of XAD-4, the peak at

900 cm-1 is reduced, with a second peak at 892 cm-1 visible. Peaks due to the

(l,2-dibromoethyl)benzene functionality are seen (1236, 1215, 1176, 1130. 602

CC-Br), and 571 cm-1 (C-Br)) [47, 48]. In comparison to the spectral peaks

assignments of hydrobrominated XAD-4 [16J, the -CH2Br group had aC-Br

stretch at 571 cm-1 and the -CHBr group had a C-Br stretch at 602 cm- l •
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Fig. 7.2. FITR absorbance spectra of XAD-4 and modified resins .
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The infrared spectrum of brominated XAD-4 (XAD-4-Br~4) is compared to

those of brominated XAD-4 modified with thiourea (XAD-4-TU, 5, 6, 7), and

with N,N-dimethylthioformamide (XAD-4-TDMF, 8) followed by methanolysis

(XAD-4-SH, 9), in figure 7.3. For the modified resins (XAD-4-TU,

XAD-4-TDMF, and XAD-4-SH), reductions in the C-Br peaks at 602 and 571 cm-l

are seen. In all cases (5, 6, 7, 8, 9), the peak at 602 cm-1 is reduced to a greater

extent than that at 571 cm-l, indicating that the secondary benzylic bromide

(Ph-CHBr-) is more reactive than the bromomethyl (-CH2Br) group.

The spectra for the XAD-4-TU resins (5, 6 and 7, figure 7.3) are similar.

On comparison of the elemental contents (table 7.4), the resins showed a decrease

in nitrogen and bromine contents from 5 through to 7. It would appear that the

isothiouronium groups were hydrolyzed. The sulfur contents are higher in all cases

than the thiourea content, calculated by division of the nitrogen content by 2 (table

7.4). Resin 7, which was prepared in water, had the lowest thiourea and bromine

contents. On comparison of the FfIR spectra of these resins (figure 7.3), the peak

at 1650 cm-l, which is likely due to C=N of the isothiouronium group [46],

decreases from resin 5 to 7. For 6, an additional peak at 1685 cm- l was seen

which may bave been due to N-OH [47]. Other peaks in the spectra of resins 5, 6

and 7 were: 1472, 1254, 1120, 1019, and 873 cm-l. Resin 6 had an additionaI

peak at 1270 cm-l. The peaks in the spectrum of 7 were less prominent than for 5

and 6, in agreement with a 10ss of isothiouronium groups. Other side­

functionalities such as cyclic structures may have aIso been present.

As mentioned in the introduction, other researchers have modified cross­

linked polyepichlorobydrin (PECH) resins with thiourea using a solvent mixture of

N,N-dimethylforrnamide (D:MF) and ethanol, or Drv1F with 2M HCI [33]. The

product had a mixture of functionaI groups including thiol and isothiouronium, and

in all cases, most of the isothiouronium groups were hydrolyzed, as seen by

comparison of the sulfur and nitrogen contents. This is a similar situation as we

encountered.

As with the resins modified with thiourea, the spectrum of the

N,N-dimethylthioformarnide-modified resin (XAD-4-TDMF~ 8, figure 7.3)

showed a decrease of peaks associated with the (1 ,2-dibromoethyl)benzene group:

1236~ 1215,1130,602, and 571 cm- l . The peak at 1674 cm- l was due to C=N of

the iminium bromide [46, 49]. As with the thiourea-modified resins, the nitrogen

content was less than the sulfur content, indicating hydrolysis. This modification

technique has been done with benzyl bromide~ forming benzyl mercaptan in 100%
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yield [49]. However~ the intermediate was not isolated~ instead, a one-pot reaction

was done, fust fonning the adduct with TDMF, followed by methanolysis.

Compared to the spectrum of XAD-4-TDlVIF (8), the peak due to C=N at

1674 cm-1 was weaker in the spectrum ofXAD-4-SH (9)~ as were the nitrogen and

bromine contents (table 7.5). As with 8, the peaks due to C-Br were reduced

significantly. Sïnce the secondary benzylic bromide (Ph-CHBr-) is more reactive

than the bromomethyl (-CH2Br) group and approximately 75% of the bromine was

replaced by sulfur-eontaining groups in XAD-4-SH (9), the functional groups

present would most likely include (l,2-dimercaptoethyl)benzene~ (1-mercapto-2­

bromoethyl)benzene, and sorne (1 ,2-dibromoethyl)benzene groups.

7.3.3.2 Raman spectroscopy

Figure 7.4 compares the Raman spectra of XAD-4 and the resins modified

with N-bromosuccinimide and water (XAD-4-0HBr, 1), bromine (XAD-4-Br~4),

and N,N-dimethylthioformamide (XAD-4-TDMF, 8) followed by methanolysis

(XAD-4-SH, 9). The Raman spectra of the thiourea-modified resins were similar

to that for the N,N-dimethylthioformarnide-modified resin and are not shown. No

thiol peaks were visible for the spectra of XAD-4-TU (5, 6, 7). The peak

assignrnents for XAD-4 have been determined and are presented elsewhere [6J.

As for the infrared spectra, the decrease of vinyl peaks (3008, 1632~ 1409 ~

and 1209 cm-1) was notable for the spectra of the modified resins compared to

XAD-4.

In the Raman spectrum of XAD-4-0HBr (1), new peaks were seen at 835

(C-C-O symmetric stretch, [47]), 678, and 581 cm- 1 CC-Br stretch, [47]).

The Raman spectrum of XAD-4-Br (4) had a greater peak intensity at

1236 cm-1 than for XAD-4. New peaks were seen at 691 and 575 cm-1

(C-Br stretches, [47]), and at 406 cm-1 (C-C-Br stretch~ [47]).

Comparison of the Raman spectrum of brominated XAD-4 (4) to those of

the N,N-dimethylthioforrnarnide-modified resin (XAD-4-TDMF, 8) and the

methanolyzed product (XAD-4-SH~ 9)~ shows that the peaks due to the

( 1,2-dibromoethyl)benzene groups are almost eliminated~ in contrast ta the infrared

spectra where sorne C-Br peaks were still visible (figure 7.3). The Raman

spectrum of XAD-4-SH (9) had a peak due to the thiol groups visible at 2575 cm- 1

(S-H stretch, [47]). A peak at 689 cm-1 may be due to the thiol group (C-S stretch~

[47J) or residual bromine-containing groups (C-Br stretch, [47J).
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Fig. 73. FITR absorbance spectra of XAD-4-Br and modified XAD-4-Br.
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Fig. 7.4. Raman spectra of XAD-4 and modified resins.
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Figure 7.5a shows the solid-phase 13C CP-MAS NMR spectra and figure

7.Sb shows the solid-phase 13C CP-MAS-DD N11R spectra for XAD-4 and the

modified resins XAD-4-OHBr (1) and XAD-4-Br (4).

The 13e NMR spectral peak assignments for unmodified XAD-4 have aIso

been detennined and are presented elsewhere [6]. Dipolar dephasing eliminates the

peaks due ta the viny1 carbons and the polymer backbone (CH2~ CH~ phenyl CH).

The peak at 144 ppm corresponds ta the (non-hydrogen) substituted pheny1 carbons

and the peak at 15-16 ppm corresponds ta the methyl carbon of the pendant

ethy1benzene groups.

As \vith the infrared and Raman spectra, the intensities of the peaks due ta

the vinyl group are less in the modified resins (137 ppm and 114 ppm, figure 7 .5a).

The dipolar-dephased spectra (figure 7 .5b) show none of the functional group

carbon peaks since they are not mobile enough [1]. This phenomenon was

previously seen for resins modified with tmols and disulfides: the dimethy1ene

spacers were not detected in the dipo1ar dephased spectra [2, 3]. Table 7.7

compares the peak assignments of analogous mode1 compounds with the modified

resins [50].

Table 7.7. 13C CP-MAS NMR peak assignments for modified XAD-4
13e Ni\lIR peak

Resin assignments of C (ppm) CH3 (ppm) CH2 (ppm) CH (ppm)
mode! compounds (a)

1 62.73,3530 (b) 144 15 41.30 129.74.41

4 138.53, 129.07*. 144 15
128.76*. 127.57*.
50.85*.34.99* (c)

(a) Data from [50]. * means odd parity (Le. CH. CH3).

(h) 2-Bromoethanol. [50, Vol. 1. p. 267].
(c) (l.2-clibromoethyl)benzene. [50. VoL 2. p. 65].

41.30 129,41

•

As cau he seen, besides the 10ss of vinyl peaks~ the only peak of value is

that for the alcohol of XAD-4-0HBr (1) at 74 ppm. XAD-4-üHBr (2) had

identical NMR spectra to resin l, including a peak at 74 ppm. The peaks due ta the

bromine functionalities in the spectra for XAD-4-üHBr (1) and XAD-4-Br (4) are

under the broad peaks of the resin backbone (50 ppm and 35 ppm) , and were

eliminated with dipo1ar dephasing.
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The NMR spectra of XAD-4-TDl\1F (8) and XAD-4-SH (9) were identical

to those of XAD-4-Br (4)~ and are not shown. Absence of peaks attributable to the

functional groups is due to them lying in the same regions as the backbone, and

elimination during dipolar dephasing due to lack of mobility of the relevant carbons.

7.3.4 Potential applications of modified resins and suggestions for further work

We have prepared resins which may have PQtential applications as

coordinating resins, solid-phase protecting groups and adsorbents. The

bromohydrated XAD-4 and brominated Xi\D-4 can act as functional precursors as

seen in the modifications of brominated XAD-4. Modification can change

properties of the resins, such as hydrophilicity, which may change behaviour in

separation applications such as chromatography [5]. XAD-4 was previously

modified for these applications using traditional methodologies [51], aIthough no

one has previously modified the vinylbenzene groups of XAD-4 for this purpose.

The preparation of resins with free thiol groups is desired because they cao

act as redox polymers and are excellent for mercury removal [52-54]. Preparations

of thiol-containing resins have been multi-step~ involving laborious conditions. We

were previously able to prepare thiol-containing resins by the use of the one-step

addition of compounds having more than one thiol group to the vinyl groups of

resins [2]. We aIso were able to prepare resins by the modification of brominated

XAD-4 using simple conditions: reaction with TDIv1F followed by methanolysis.

This promising modification technique may also be applied to other polymers with

unsaturation, such as rubbers, or to halogen-containing polymers, such as

poly(vinyl chloride). Yields of the modification of brominated XAD-4 with TDrv1F

may be improved by reaction with larger amounts of IDMF, longer reaction times,

or multiple reaction cycles.

The introduction of thiourea groups may be more successful and usefuI as a

coordinating resin by attachment through the amine. This was already done to

XAD-4 using chloromethylation, amination and then conversion to the polymer­

bound thiourea functionality by reaction with NI4SCN. The introduction of spacer

groups was accomplished by modification with either 1,2-diaminoethane or

L3-diaminopropane, instead of by amination [34]. A similar resin couid he

prepared by the radical addition of 2-aminoethanethiol to XAD-4 (done previously

to produce a resin with 1.3 mmol fg/g, [2]), followed by reaction of the polymer­

bound amines with ~SCN.

198



•

XAD-4-Br (4)

XAD-4-0HBr (1)

XAD-4

225 200 175 150 125

ppm

100 75 50 25 o

Fig. 7Sa. l3e CP-MAS N1tfR spectra of XAD-4 and modified resins.

XA.D-4-Br (4)

XAD-4-0HBr (1)

XAD-4

Fig.7.Sb. 13C CP-MAS-DD N11R. spectra of XAD-4 and modified resins.•
2"­-" 200 175 150 125

ppm

100 75 50 25 a

199



•

•

7.4. Conclusions

Several functional polymers were prepared from the commercial resin,

XAD-4, by modification to its vinylbenzene groups. Quantitative bromination

produced a resin with 3.76-3.99 mmoi Br/g OCl,2-Br 35-39%). Bromohydration of

XAD-4 produced resins with (1-hydroxy-2-bromoethyl)benzene groups in 75%

conversion with 1.5 mmoi fglg (X1,2-0HBr 24-25%). Brominated XAD-4 was

converted to a resin with as much as 2.5 mmo]Jg thioi groups by reaction with

NN-dimethyIthioformarnide followed by methanolysis.
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Chapter 8

Modifications to the Pendant (l,2-Dibromoethyl)benzene

Groups of Brominated Commercial

poly(Divinylbenzene-co-Ethylvinylbenzene).

Reaction with Amines.

Forward to Chapter 8

The content of the following section is comprised of a paper with the same

ritIe which will be submitted to the journal Reactive and Functional Polymers

(K.L. Hubbard, G.D. Darling and J.A. Finch, to be submitted June 1997).

The previous sections included modification of poly(divinylbenzene-co­

ethylvinylbenzene) by bromination of the pendant vinylbenzene groups, producing

a resin with (1,2-dibromoethyl)benzene groups. This chapter expands on the

methods used to modify brominated poly(divinylbenzene-co-ethylvinylbenzene), by

reaction with a variety of amines. The goal was to introduce arnine-containing

functionalities which were vicinal to each other which could interact in meral

coordination. This is of interest since coordinating resins are used in water and

wastewater treatment to remove metaIs. The amines used in modification of

brominated poly(divinylbenzene-co-ethylvinylbenzene) have been studied for their

complexing ability with various metals, which is the topic of appendix 1.

Commercial poly(divinylbenzene-co-ethylvinylbenzene) has not previously been

used to prepare resins with vicinal diamine groups by reaction of amines with the

(1,2-dibromoethyl)benzene groups of the brominated resin.
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Abstract

Amberlite XAD-4~ the commercial fonn of poly(divinylbenzene-co­

ethylvinylbenzene)~ was modified by bromination of its pendant vinyIbenzene

groups. The vinyIbenzene groups were completely converted to

(l,2-dibromoethyl)benzene groups, with a degree of functionalization of 35%.

Further modifications to the (1,2-dibromoethyl)benzene groups of the brominated

resin were done using various amines, which led to resin with a mixture of

functional groups

Keywords: Amberlite XAD-4. poIy(divinylbenzene-co-ethylvinylbenzene),

pendantvinyIgroups,arrrines

8.1. Introduction

This paper discusses modification of (1 ,2-dibromoethyI)benzene groups in a

polystyrene-like matrix. Starting with XAD-4, we have brominated the

vinylbenzene groups to form (1 ,2-dibromoethyl)benzene groups. The brominated

resin was then reacted with various amines.

8.1.1 Review of previous modifications of poly(divinylbenzene-co-

ethylvinylbenzene)

Previously, our group modified laboratory-made poly(divinylbenzene-co­

ethylvinylbenzene) by the radical addition of a few simple thiols to the pendant

vinylbenzene groups [1]. We have recently expanded upon this work to include the

use of a commercial resin~ Amberlite XAD-4, as weil as a greater range of thiols

and conditions [2]. Thiois with amine functionalities such as 2-aminoethanethiol,

2-dimethylaminothiol, 2-aminothiophenol, 4-amino-2-mercaptopyrimidine, and

3-amino-5-mercapto-l,2,4-triazole were used [2]. The molecules were attached to

the resin through a thioether linkage. Other work studied the addition of various

disulfides and analogous thiols to the pendant vinylbenzene groups of XAD-4 [3] ~

epoxidation of XAD-4 [4], bromohydration of XAD-4 [5], and bromination with

subsequent reactions with thiourea or with N ,N-dimethyIthioformamide followed

by methanolysis [5] .

205



• 8.1.2 Review of poly(divinylbenzene-co-ethylvinylbenzene), including XAD-4

Cross-linked copolymers of divinylbenzene and ethylvinylbenzene have

meta- and para-disubstituted vinylbenzene and ethylbenzene groups (figure 8.1).

The degrees offunctionalization are indicated by the symbols XCL, XVB, and XEB,

(CL for cross-linked, VB for vinylbenzene, and EB for ethylbenzene).

•

Fig. 8.1. Structure of poly(divinylbenzene-co-ethylvinylbenzene).

Amberlite XAD-4 (Rohm and Haas Company) is a macroporous resin

prepared from 80 to 85 wt % divinylbenzene and 15 to 20 wt % ethylvinylbenzene

[6-12]. Since XAD-4 has a high surface area (725 to 1040 m2/g) and porosity

(0.98 to 1.55 mL/g), vinyl groups are accessible to reagents used during

modification which promotes high conversions to functional groups [6, 7, 12-14].

The vinyl content ranges from 29 to 41 % (2.2 to 3.1 mmol/g) depending on lot [7].

Besides ourselves, only five research groups have mentioned the presence of vinyl

groups in XAD-4 [14-18], and of these, only two actually modified the resin by

reaction with the vinyl functionality [17, 18].

8.1.3 Review of modifications of resins with amines

Various polymers have had bromine groups introduced by a variety of

methods, which we have reviewed [5]. We have previously brominated XAD-4 to

produce a resin with (1,2-dibromoethyl)benzene groups [5]. Brominated XAD-4

was useful in the preparation of resins containing vicinal functional groups such as

dithiols [5].

Other researchers have modified styrenic resins and other polymers with

amines, including sorne of the amines that we have used. Generally

chloromethylated polystyrene has been reacted with various amines [19-27]. No

one has modified resins by reaction of amines with vicinal dihalo groups before.

This methodology could he expanded to include the preparation of cyclic

functionalities .
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XAD-2 and XAD-4, and other styrenic resins were aminated to prepare

coordinating resins.[19] The styrene units were chloromethylated, aminated with

hexamethylenetetramine and then converted to the polymer-bound thiourea

functionality by reaction with NH4SCN. The introduction of spacer groups was

accomplished by modification with either 1,2-diaminoethane or

1,3-diaminopropane, instead ofby amination.

Ethylenediamine (BD), diethylenetriamine (DETA), and triethylenetetramine

(TI) were fDœd to polystyrene resins having between 16 and 100% (degree of

functionalization, Xa) chloromethyl groups [20]. The reaction conditions included

using pyricline as the solvent, a reaction time of 4 to 30 hours, a ten-foid excess of

amine, and a temperature of 95 oc. The results are shown in table 8.1. We have

converted the elemental contents which were given in weight percent to the

millimolar amounts and calculated the quantity of functional groups (fg) by dividing

by the number of N atoms per molecule (i.e. 2 for ED). It was found that the

amines tended to cross-link the resin. TI gave the greatest amounts of cross­

linking, folIowed by DETA. Longer reaction times were needed for the resins with

the higher chloromethyl contents: 4 hours for 16%, 8 hours for 50%, and 30 hours

for 100% chloromethyl content, respectiveIy.

Table 8.1. Results of reaction of chioromethylated polystyrene with amines
(data from [20])

Resin Used XCl Amine Used mmol N/g mmol fglg mmol Cl/g

lA mmol CI/g 16% ED L81 0.90 0

lA mmol ClIg 16% OETA 2043 0.81 0

lA mmol C1/g 16% TI 2.50 0.64 0

II 3.6 mmol CI/g 50% EO 4.60 2.30 0.020

II 3.6 mmol CI/g 50% OETA 5.30 1.76 0.003

II 3.6 mmo[ ClIg 50% TI 6042 1.61 0.022

III 6.6 mmo[ CI/g 100% ED 7.65 3.83 0.55

III 6.6 mmol ClIg 100% OETA 6.66 2.22 1.11

III 6.6 mmol ClIg 100% TI 4047 1.12 2.73

Chioromethylated polystyrene was aIso reacted with diethylenetriamine

(OETA), lV-(2-(2-pyridyl)ethyI)ethylenediamine, or 2-pyridyimethylamine by

swelling in toluene at 60 oC [21]. Thürane was added to the reaction, the

temperature increased to 120 oC and the reaction proceeded for 6 to 30 hours. The
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DETA-modified resin reacted with 4 equivalents of thiirane per DETA, or

2 equivalents per free amine (-NHCH2CH2SCH2CH2SH), giving a resin with

1.5 mmol fg/g. The central imino was the site of attachment to the resin.

Diethylenetriamine-containing resins were fonned by the reaction of

chloromethylated polystyrene with bis(salicylidene-iminate)diethylenetriamine (the

Schiffbase of DETA) by refluxing in dioxane for 2 days [22, 23]. The Schiff base

resin had 2.10 rnmol fg/g and hydrolysis was done with 6 M HCI at 60 oc for

6 hours to produce the DETA-containing resin with 3.02 mmol fg/g. Carbon

disulfide in sodium ethoxide/ethanol solution was reacted with this resin to give a

resin with dithiocarbamate groups (1.8 mmol fg/g).

In contrast, diethylenetriarnine was aIso reacted directly with

chlorornethylated polystyrene by refluxing in dioxane for 2 days to produce a resin

with 2.3 mmol fglg [23]. The resin had cross-linking due ta the amine groups,

unlike the resin formed by modifying with the Schiff base followed by hydrolysis.

XAD-4 was chloromethylated and modified with anthranilic acid [24-26].

The reaction was done in ether for two days [24], or with ethanol at 55 oC for

3 days, using 1.5 equivalents anthranilic acid [25]. Other solvents used included

acetone and Nft-dimethyIformarnide, with reactions done at room temperature for

20 hours [26]. Resins with as much as 0.30 mmol fg/g were produced [26]. The

resins were then reacted with rhodium trichloride or palladium dichloride to forro

hydrogenation catalysts [24-26].

Chloromethylated polystyrene resins were grafted with polyethylenimine

blacks which were then reacted with thiirane to form thiol-containing resins [27].

Reaction was aIso done with carbon disulfide ta form resins with dithiocarbamate

groups.

8.1.4 Addition of amines to (1,2-dibromoethyl)benzene groups of brominated

poly(divinylbenzene-co-ethylvinylbenzene)

We are the frrst to take advantage of the ideal characteristics of XAD-4 to

prepare functional resins by modification of the vinylbenzene groups through the

addition of thiols, disulfides, epoxidation, and other reactions [2-5] We present our

results on rnodifying the groups (1,2-dibromoethyl)benzene of brominated XAD-4

with a variety of amines (scherne 8.1).

One advantage of using this method to prepare amine-eontaining resins is

that only a two-step modification of a cornmercially-available preformed matrix is
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• necessary. The reaction conditions are straightforward and of short duration.

Purification of the modified resin is also simple. Introduction of a wide range of

functionalities is possible.

HNRR' 1 ~~RR'• (\S2J -

•

Scheme 8.1. Modifications to poly(divinylbenzene-co-ethylvinylbenzene).

8.2. Experimental

8.2.1 Materials and methods

Unless otherwise noted, all rnaterials were purchased from Aldrich

Chemical Company and used as received. The same lot (#1090-7-1473) of

Amberlite XAD-4 was used throughout this study, obtained from Rohm and Haas

Co. XAD-4 cornes imbibed with sodium chloride and sodium carbonate to retard

bacterial grO\vth [28]. Unless otherwise noted, all resins were pretreated by

Soxhlet extraction with acetone for several days, followed by drying under vacuum

overnight at 60 oC. Water was doubly-distilled. Table 8.2 lists the amines used.

The salicylaldehyde Schiff base of diethylenetriamine (bis(salicylidene­

irrùnate)d.iethylenetriamine) was prepared l1sing a published technique [29].

8.2.3 Bromination of XAD-4

XAD-4 was brominated using a slight excess (1.1 equiv) of bromine. In a

1 L round bottom flask equipped with magnetic stirring bar, XAD-4 (100 g,

250 mmol vinyl groups) in 700 mL of dichloromethane was cooled to 0 oC.

Bromine (14 mL, 280 mmol) in 50 mL CH2Ch was added, and the reaction stirred

in the dark at roorn temperature overnight. The resin was filtered and Soxhlet

extracted with ethanol-dioxane azeotrope (90.7:9.3 w/w, bp 78.1 OC), then acetone,

each for one day, followed by drying under vacuum at 60 oC overnight.
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• 8.2.4 Addition of amines to brominated XAD-4

A typical reaction involved stirring brominated XAD-4 (1 g~ 3.99 rr~ol

Br/g), amine (table 8.2~ 4-5 equiv per Br)~ and solvent (50 mL) at 20 to 100 oC for

2 days. Solvents used included: ethanol (loo%)~ dioxane~ diethyl ether. acetone,

or NN-dimethylfonnamide.

Table 8.2. Amines used in modification of brominated XAD-4

Amine

1

2

3

4

5

6

Structure

H!N~ ~NH!
N
H

rRY'oH HO

~N~ /"...,/N:;r§J
N
H

H
H2N,-""" .-......"N~

N NH..
H -

lfNH!

IUPACName
[CAS numberJ

ethylenediamine (BD)
[107-15-3J

diethylenetriamine (OETA)
[111-40-0]

bis(salicylidene-iminate)­
diethylenetriamine (SAL)

triethylenetetramine hydrate
(TI)

[112-24-3]

anthranilic acid (ANTH)
(2-aminobenzoic acid)

[118-92-3J

2-(arninornethyI)pyridine (AP)
[3731-51-9J

•

Work-up for ail reactions involved fùtering the resin, washing with solvent

and then Soxhlet extraction for severa! days. Soxhlet extraction was generally

perfonned using ethanol-dioxane azeotrope (90.7:9.3 w/w, bp 78.1 oC) and/or

water-dioxane azeotrope (18.4:81.6 w/w, bp 87.8 OC), and then methanot each for

one day. The purified resins were dried under vacuum (70 OC) for one day.

8.2.5 Characterization

8.2.5.1 Elemental analysis

Samples were sent to the University of British Columbia or Robertson

Microlit Laboratories (Madison, NJ) to be analyzed for nitrogen and bromine.
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8.2.5.2 Infrared spectroscopy

XAD-4 was characterized using infrared spectroscopie analysis to measure

the vinyl group content [7, 30]. Brominated XAD-4 and the amine-modified

brominated resins were also charaeterized. Samples were ground into powder with

FITR-grade potassium bromide (KEr) and disks were prepared. Fourier transform

infrared absorbanee spectra were taken with a Bruker IFS 66 spectrometer, using a

DTGS deteetor and 2 cm- l resolution, with 120 to 200 scans.

8.2.53 Raman speetroscopy

Fourier transform Raman spectra were taken using a Bruker IFS 88

spectrometer with FRA-lOS Raman module using a Nd+3:YAG laser (1064.1 nm).

Samples were ground into powder and packed lightly into an aluminum sample cup.

The number of scans ranged from 250 to 5000, with a 4 cm- l resolution.

8.2.5.4 13C NMR spectroscopy

Solid-phase 13C N1v1R spectra ,vere obtained with a Chemagnetics Ine.

CIv1X-300 instrument. 13C CP-MAS (cross-polarization magÏc angle spinning)

NMR spectra were obtained at 753 MHz with contact time of 3 ms, recycle delay

of 1 s, number of transients of 2000-8000, and spectral window 30 kHz. The RD

was sampled with 256 points, zero-filled to 2048 points and apodized with 50 Hz

of line-broadening before Fourier transformation. Spinning sidebands were

eliminated by the application of the TOSS pulse sequence. The spinning speed was

4000 Hz. Proton decoupling was done at a field strength of 60 kHz. The

13e ep-MAS-DD (DD is dipolar dephasing) MvfR spectra were obtained similarly,

with a dephasing time CL) of 45 ~s. Samples were referenced ta

hexamethylbenzene.
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• 8.3. Results and Discussion

8.3.1 Characteristics of starting materials

Previously, we cbaracterized the starting rnaterial with regard to vinyl

conten~ surface are~ porosity and monomer content [7]. Table 8.3 summarizes

these cbaracteristics. The vinyl content was calculated using FI1R spectroscopy [7,

30]. The degree of functionalization (XVB. %) is the percentage of repeat units

which have vinylbenzene groups, and the degree of cross-linking (XCL, %) is the

percentage of repeat units which cross-link the resin. The pore size distribution is

based on the percent of the total pore volume with pores of a given diameter.

Table 8.3. Characteristics ofXAD-4 (data from [7])
Surface

Area
(m 2/g)

Total Pore Degree of Degree of
Volume Pore Size Functionalization Cross-Linking
(mUg) (nm) CXVB. %) (Xer., %)

Vinyl
Content

(mmol/g)

831 1.181 < 6 (17.3%)
6-10 (20.5%)
10-20 (59.5%)

33 ± 1 47 ± 2 2.5 ± 0.1

8.3.2 Modification of XAD-4

8.3.2.1 Brornination of XAD-4

8.3.2.1.1 Calculation of the degree of functionalization of brorninated XAD-4

The degree of functionalization of brominated XAD-4 (XAD-4-Br, X1.2-Br)

was calculated based on the bromine content (equation 8.1) [5].

Equation 8.1 130.6 g 1 mol x (mol Br/g -:- 2) x 10007.
0X 1,2-Br = 7ll - (molBr/g x MWBr)

•
8.3.2.1.2 Results of bromination of XAD-4

We previously modified XAD-4 by brornination in order to study the

distribution of vinyl groups within the resin [7]. The brornine content, (C 1,2-Br, in

mmol functional groups/g, and XI,2-Br), listed in table 8.4, was slightly higher than
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•
the vinyl content calculated using the FI1R spectroscopie technique for the

unmodified XAD-4 (table 8.3), XVB, 33 ± 1 %. Since the FfIR method to

calcuIate the vinyl content is only semi-quantitative, it can he assumed that the

vinylbenzene groups were converted entirely to (1 ,2-dibromoethyl)benzene groups

without further side-reactions (note: percent conversion of vinylbenzene groups to

functional groups represented by <1». This was confirmed spectroscopically [S, 7].

Table 8.4. Result of bromination of XAD-4

Resin Reaction Conditions

XAD-4-Br 100 g XAD-4
750 mL CH2CI2

1.1 equiv Br2
20 oC. 1 day

CU-Br (mmollg) X1.2-Br (%)

2.00 ± 0.01 mmo1 fglg (a) 39%

3.99 ± 0.01 mmo1 Br/g

cp (b)

100%

•

(a) C 1•2-Br (mmol fglg) is the quantity of (1.2-dibromoethyl)benzene groups in mmollg resin.
Cb) <1> is the percent conversion of viny1benzene groups to functional groups.

The preparation of brominated XAD-4 is a simple one-step procedure which

produced a functional polymer which could then he further modified by reaction of

the (1 ,2-dibromoethyl)benzene groups, as will be seen in the following section.

8.3.2.3 Reaction ofbrominated XAD-4 with amines

Brominated XAD-4 was reacted with several amines using simple reaction

conditions. Results of typical reactions are given in table 8.S. The resin with the

highest nitrogen content for each amine used is numbered in boldo Sînce each

amine had between one and four nitrogen atoms, the nitrogen content was divided

by the number of N atoms in order to calculate the amine (functional group, fg)

content.

Not all of the bromine was replaced, leading to a mixture of functional

groups, which may have included (1,2-diaminoethyl)benzene, (l,2-dibromoethyl)­

benzene, (1-amino-2-bromoethyl)benzene, (l-brorno-2-aminoethyl)benzene, as

well as cyclic moieties (where 'amino' represents the amine used in modification).

Elimination of hydrogen bromide also led to functionalities such as

(2-bromoethenyl)benzene and (l-bromoethenyl)benzene, as weIl as amine­

substituted functionalities. The infrared spectra of each resin further supports this,

as will be seen later on.
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•
Table 8.5. Results ofreaction ofhrominated XAD-4 with amines Ca)

Resin Reaction Solvents used for EIemental Contents Amine Group
Conditions Soxhlet extraction (mmoVg) Content (mmoI fg/g)

(h)

la 5 equiv 1 per Br water-dioxane, 0.603 ± 0.005 nunol N/g 0.302 ± 0_002
50 mL ethanoI dioxane, ethanol, 2.885 ± 0.007 mmol Br/g mmoI fg/g
55 oC, 2 days methanol

2a 5 equiv 2 per Br water-dioxane, 1.130 ± 0.003 mmol N/g 0.377 ± 0.001
50 mL dioxane methanol 1.86 ± 0.02 mmol Br/g mmol fg/g
100°C, 2 days

2b 5 equiv 2 per Br water-dioxane, 0.879 ± 0.006 mmol N/g 0.293 ± 0.002
50 mL ethanol ethanol-dioxane, mmol fg/g
55 oC, 2 days methanol

3a 5 equiv 3 per Br water-dioxane. 0.622 ± 0.001 mmol N/g 0.2073 ± 0.0005
50 mL ethanol ethanol-dioxane, 3.21 ± 0.03 mmol Br/g mmoI fg/g
55 oC. 2 days methanol

3b 5 equiv 3 per Br water-dioxane, 0.594 ± 0.008 mmol N/g 0.198 ± 0.003
50 mL dioxane acetone rnrnol fg/g
100 oC, 2 days

4a 5 equiv 4 per Br water-dioxane, 0.884 ± 0.005 mmol N/g 0.221 ± 0.001
50 mL ethanol ethanol-dioxane, 2.75 ± 0.01 mmoI Br/g mmoI fg/g
55 oC, 2 days methanol

Sa 4 equiv S per Br ethanol-dioxane. 0.37 ± 0.03 mmoI N/g 0.37 ± 0.03
50 mL ethanol methanol 3.593 ± 0.001 mmol Br/g mmol fg/g
55 oC, 2 days

Sb 4 equiv S per Br ethanol-dioxane, ommol N/g ommol fglg
50 mL diethyl methanol

ether
20 oC, 2 days

Sc 4 equiv S per Br ethanol-dioxane, 0.033 ± 0.003 mmol N/g 0.033 ± 0.003
50 mL acetone methanoI mmol fg/g
20°C. 2 days

Sd 4 equiv S per Br ethanol-dioxane, ommoI N/g ommol fg/g
50 mL DMF methanol
20°C, 2 days

6a 5 equiv 6 per Br ethanol-dioxane, 1.4751 ± 0.0005 mmol N/g 0.7375 ± 0.0002
50 mL dioxane methanol 2.021 ± 0.001 mmol Br/g mmol fg/g
100°C, 2 days

6b 5 equiv 6 per Br ethanol-dioxane, 0.807 ± 0.005 mmol N/g 0.403 ± 0.003
50 mL ethanol methanol mmol fg/g
55°C, 2 days

(a) Reaction conditions: 1 g XAD-4-Br (3.99 mmol Br/g, 2.00 mmol fglg) used.
The amine used indicated by bold number.
Cb) mmol fglg is mmol N/g divided by number of N atoms per amine.

•
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8.3.3 Spectroscopie charaeterization

8.3.3.1 Infrared spectroscopy

Infrared spectroseopy was used to compare brominated XAD-4

(XAD-4-Br) to the arnine-modified resins (figure 8.2). The FrIR peak assignments

for unmodified XAD-4 have been presented elsewhere [7]. Table 8.6 lists the peak

assignments for arnine-modified brominated XAD-4. Peak assignments were done

by comparison to spectra of the amines used to modify XAD-4-Br [31], and with

the help oftwo reference books on spectroscopy [32,33].

In the infrared spectrum of brominated XAD-4, peaks due to the

(1,2-dibromoethyl)benzene functionality are seen (1236, 1215, 1176, 1130, 602

CC-Br), and 571 cm- l (C-Br), figure 8.2) [5, 31, 32]. These peaks are present to

varying degrees in the spectra of the modified resins, in correlation to the bromine

content (table 8.5). Resin 2a had the lowest bromine content, and the peaks due ta

(1,2-dibromoethyI)benzene were the least prominent for the spectra of the modified

resins.

Ali the spectra of the modified resins had peaks at 1473 and 1020 cm-l, and

the peak at 891 cm- l was more intense than for the spectrum of XAD-4-Br. The

peaks at 1473 and 1020 cm- l were aIso seen for resins formed by reaction of

brominated XAD-4 with thiois using basic conditions (KOH with ethanoI, 78 oC,

[3]), and have been attributed to the presence of unsaturated groups containing

bromine (Ph-CH=CHBr and/or Ph-CBr=CH2) [3, 32]. Unlike the brominated

resins which reacted in the presence of KOH [3], no peaks were visible which

wouid indicate the presence of vinylbenzene groups at 1630 and 990 ern- l , with the

exception of resin 3a.

The spectrum of 3a aIso had only a small peak at 1684 cm-l, indieating that

sorne of the imine groups of the amine used (bis(saIieylidene-iminate)­

diethylenetriamine) hydroIyzed, possibly during Soxhlet extraction since a water­

dioxane azeotrope was used.
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• Table 8.6. Infrared peak assignments for amine-modified resins

Resin Band (cm- I ) Assignment Reference Notes

la 1685 C=N stretch [33], p. 127 imine

1473 and [3] aromatic vinyl bromide
1020

633 C-Br stretch or ==CH2 twisting [32], p. 177

2a 1685 C=N stretch [33], p. 127 imine

1473 and [3] aromatic vinyl bromide
1020

Il21 C-N stretch [33], p. 124

633 C-Br stretch or =CH2 twisting [32], p. 177

3a 1684 C=N stretch [33], p. 127 imine

1631 C=C stretch [7] like unmodified XAD-4

1472 and [3] aromatic vinyl bromide
1020

754 onho-disubstituted benzene [32], p.176 presence of imine of 3

633 C-Br stretch or ==CH2 twisting [32], p. 177

4a 1683 C=N stretch [33], p. 127 imine

1473 and [3] aromatic vinyl bromide
1020

633 C-Br stretch or =CH2 twisting [32], p. 177

Sa 1694 and C=O stretch. carboxylic acid [32], p. 174 presence of S
1588 benzene ring stretch [32], p. 175

1472 and [3] aromatic vinyl bromide
1020

750 onho-disubstituted benzene [32], p.176 presence of 5

6a 1685 C=N stretch [33], p. 127 Imme

1591. 1571, pyridine [31], Volume 2 presence of 6.
1434, and p.764 2-substituted pyridine
995

1473 and [3] aromatic vinyl bromide
1020

1169 C-N stretch [33], p. 124

749 2-substituted pyridine [33J, p. 164

•
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• Fig. 8.2. FrIR absorbance spectra of brominated XAD-4 and modified resins.
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• Table 8.7 lists the possible functionalities which were present on all of the

amine-modified brominated poly(divinylbenzene-co-ethylvinylbenzene).

Table 8.7. Possible functional groups of amine-modified brominated XAD-4

~Br ~
Structure A

NRR'

~NRR'

Structure B

~.

Structuree

~NRR'

Structure D

Structure E Structure F Structure G

~RR' ~~r ~NRR'
Structure H and
other cyclic moieties

Structurel Structure J

•

Structures B, C, and D result from the amines acting as bases, causing

elirnination of hydrogen bromide (HBr). Structures F and G could have resulted

from addition of one equivalent amine to A ta forrn 1 or J with subsequent

elimination of HBr, followed by tautomerization of the enamine formed to the irnine

(Schiff base), or by the less likely reaction of amine with B, C or D, followed by

tautomerization to the ÏInine. Cyclic functionalities, including the aziridine H, may

also have been present.

8.3.3.2 Raman spectroscopy

The Raman spectral peak assignments for XAD-4 have been determined,

and are presented elsewhere [7]. The Raman spectrum of brorninated XAD-4 has

also been presented elsewhere [5]. The Raman spectra of brominated XAD-4 and

the amine-modified resins were compared and found ta be very similar to each other

and of not much use in structure elucidation.

The main difference was that the peak due ta C-Br at 691 and 574 cm- l [5]

were less in the spectra of the modified resins.
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8.3.3.3 13C NMR spectroscopy

The solid-phase 13C CP-MAS NNIR and l3C CP-MAS-DD NMR spectra

for XAD-4-Br and the amine-modified resins were taken and compared to each

other, that of unmodified XAD-4, and model compounds.

The 13e NMR peak assignments for unmodified XAD-4 are presented

elsewhere [7]. Dipolar dephasing eliminates the peaks due to the vinyl carbons and

the polymer backbone (CH2, CH, at 41 ppm. and phenyl CH at 129 ppm). The

peak at 144 ppm corresponds to the (non-hydrogen) substituted phenyl carbons, the

peak at 137 ppm is due to both the vinyl CH and the phenyl C attached to the vinyl

group, and the peak at 15-16 ppm corresponds to the methyl carbon of the pendant

ethylbenzene groups.

For the spectrum of brominated XAD-4, there are no peaks corresponding

to the vinyl groups (137 pprn and 114 ppm) (as seen in [5]). The dipolar-dephased

spectra show none of the (1 ,2-dibromoethyl) carbon peaks since they are not mobile

enough [5]. This phenomenon was previously seen for resins modified with thiols

and disulfides: the dimethylene spacers were not detected in the dipolar dephased

spectra [2, 3].

The spectra of the amine-modified XAD-4-Br showed minor differences in

comparison to the spectrum of XAD-4-Br, especially in the dipolar dephased

spectra, and these peaks are noted in table 8.8. Table 8.8 also compares the peak

assignments of analogous model compounds with the modified resins [34].

No or small peaks were seen in the spectra of the amine-modified resins

which would indicate the presence ofvinylbenzene groups (i.e. at 137 ar 114 ppm).

Ali the l3e CP-MAS spectra had peaks due to the palymer backbane (144, 129,41,

30, and 16 ppm), and sorne ofthese were in the dipolar-dephased spectra (144, 16

ppm). These peaks are excluded in the peak assignments of the amine-modified

resins. Sorne of the peaks were visible in the CP-MAS but not the CP-MAS-DD

spectra, and others were only seen in the CP-MAS-DD (indicated in table 8.8 by

DD) spectra since they were overlapped by peaks due to the backbone in the

CP-MAS spectra. It should he noted that the baselines of these spectra were not

srnooth, and most of the peaks listed were small in comparison ta those due to the

backbone. Of ail the techniques used for characterization of these resins, infrared

spectroscopy was the most usefui.
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• Table 8.8. 13C NMR peak assignments for modified XAD-4

Resin
BC NMR peak

Peaks Assignment Notesassignments of
modeI compounds (a) (ppm)

XAD-4-Br 138.53, 129.07*, 144 (DO) phenyl C 13C CP-MAS-DD NMR
128.76*, 127.57*, 15 (DO) CH3 of pendant ethyl spectra
50.85*, 34.99* (b)

Morlel 137.07*, 135.84.
128.68*, 128.16*.
126.01*. 106.44* (d)

la 52.61. 44.07. 42.00. 132, 128. 122 Peaks at 132. 128. 122.
15.44* (e) (all DO) 105 ppm possibly due to

117 CH=CH2 aromatic vinyI brornide
105
45-35 (DO) CH2 0famine

2a 52.56. 41.96 (f) 137 phenyI C and CH=CH2 Peaks at l32, 128. 122.
132. 128. 122 105 ppm possibly due ta

(all DO) aromatic vinyl bromide
117 CH=CH2
105
67 (g) C-O (h)
45-35 (DO) CH2 0famine

3a 132 (DO)
121 (DO)
- 45-30 (DO) CH2 0famine

4a 52.65. 49.46. 41.92 137 phenyl C and CH=CH2 Peaks at l32, 121. 105
(i) 132. 121 ppm possibly due to

(both DD) aromatic vinyl bromide
Il7 CH=CH2
105
-45-30 (DO) CH2 0famine

5a 169.48. 15l.38, 132 (DO) Peaks very small, none
133.59*, 131.07*, 121 (DO) seen due to amine (5)
116.22*. 114.48*,
109.54 (j)

6a 16l.93. 149.17*, 160 (g) pyridine (6) Peaks at 132. 128. 122.
136.43*. 12l.69*, 137 (g) phenyI C and CH=CH2 ppm possibly due to
121.09*,47.81 (k) 132, 128. 121 aromatic vinyl brornide

(all DO)
LIS CH=CH2

(a) Data from [34], * means odd parity (i.e. CH, CH3).
(b) (l,2-dibromoethyl)benzene. [34, Vol. 2, p. 65].
(c) Peak assignments ofXAD-4 in reference [7].
(d) ~-Bromostyrene (mixture of isomers). [34. Vol. 2, p. 136].
(e) N-Ethylethylenediamine, [34, Vol. 1, p. 488].
(f) Diethylenetriamine, [34, Vol. 1. p. 499].
(g) Seen in both CP-MAS and CP-MAS-DD spectra.
(h) May he due to presence of dioxane, [33 • p. 261].

• (i) Triethylenetetramine. [34, Vol. 1, p. 501] .
(j) Anthranilic acid, [34, Vol. 2. p. 1066].
(k) 2-(Aminomethyl)pyridine, [34, Vol. 3, p. 288].
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8.3.4 Potential applications ofmodified resins and suggestions for further work

Since the modification of brominated XAD-4 has led to an indeterminate

mixture of functionalities. further work to determine these functionalities is

recommended. These same preparations could be done using the model compound

C1.2-dibromoethyl)benzene with simple amines (i.e. methylamine), as weIl as with

the amines used in this study. The product ratio and structure could then he

elucidated using traditional organic synthetic methodologies, including l H NMR

spectroscopy. Further amine-modification of XAD-4 could be done to

Markovnikov and anti-Markovnikov hydrobrominated XAD-4, using established

preparation techniques [17]. This could be done to compare functionalities of

modified resins, as weIl as yields.

XAD-4 was previously epoxidized using dimethyldioxirane [4]. The epoxy

groups could act as sites for modification by ring-opening reactions with amines.

This has been done similarly by the addition of amines, including

2-aminothiophenol and 2-(aminomethyl)pyridine, to the epoxy groups of a cross­

linked methacrylate resin [35].

Modification can change properties of the resins, such as hydrophilicity,

which may change behaviour in separation applications such as chrornatography

[6]. XAD-4 \Vas previously modified for this application using traditional

methodologies [36], including by the modification of chloromethylated XAD-4 with

ethylenedian1.ÎIle, diethylenetriamine, triethylenetetramine and ather amines. No one

has previously modified the vinylbenzene groups of XAD-4 to prepare sorbents.

The amines used in this study have been used to modify chloromethylated

polystyrene resins to prepare functional palymers [20, 21, 25, 26]. These resins

have been used for metaI uptake [20, 21], and to prepare salid-phase palladium cm
or rhodium (I) hydrogenation cataIysts [25, 26]. We have aIso studied these and

other amines with respect to their metaI-complexing ability by pH titration [37], and

want ta find suitable methods to modify soIid-supports with them for applications in

water, wastewater, and sIudge treatment, with particuIar attention to the mining

industry.
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8.4. Conclusions

Severa! functional polymers were prepared from brominated XAD-4, by

modification of its (1,2-dibromoethyl)benzene groups with amines. The presence

of peaks in the infrared spectra of the amine-modified resins indicates that many

undesired functionalities are present, and further studies with model compounds are

warranted. Modification of XAD-4 with amines to create coordinating resins is

desired for various applications, and further methods of modification should he

explored.
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Chapter 9

Conclusions

9.1. Modifications of the pendant vinylbenzene groups 0 f
commercial poly(divinylbenzene-co-ethylvinylbenzene)

Commercial poly(divinylbenzene-co-ethylvinylbenzene) resins are ideal

substrates for the preparation of functional polymers based on their high surface

areas, porosities, and accessible sites for grafting. It has been demonstrated that the

pendant vinylbenzene groups can be used as sites for modification with as much as

100% conversion of the vinylbenzene groups to functional groups. Many of the

modifications performed were one-step with straightforward reaction conditions.

One-step reactions were successfully used to introduce a diverse group of

functionalities onto the resin including thiol, amine, sulfonate, diol, carboxylic acid,

bromine, bromohydrin, and epoxide groups. Sorne of these resins were functional

precursors to other resins; for example, brominated poly(divinylbenzene-co­

ethylvinylbenzene) was converted ta a resin with vicinal dithiol groups.

9.2. Contributions to knowledge

XAD-4 can be used in simple one or multi-step modifications ta prepare

resins with a variety of functionalities. Many of these modifications had not been

previously done on polymer substrates, and none had heen previously done using

commercial poly(divinylbenzene-co-ethyIvinylbenzene) resins by reaction with the

pendant vinylbenzene groups. These modification methods cao he used as

alternatives to traditional methodologies, and are generally simple reactions.

Highlights of the contributions ta knowledge are listed by chapter.
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Chapter 2. A Review of the Preparation, Characteristics and Modifications of

Polymers with Pendant Vinyl Groups Including polYCDivinylbenzene-co­

Ethylvinylbenzene) and Related Resins

and

Chapter 3. The Preparation and Characteristics of polYCDivinylbenzene-co­

Ethylvinylbenzene), including Amberlite XAD-4. Styrenic Resins with Pendant

Vinylbenzene Groups

• comprehensive literature survey of the field of polymers with pendant vinyl

groups including poly(divinylbenzene-co-ethyl styrene) and related resins

• investigated the commercial Amberlite XAD resin series with regard to

comparison of vinyl content (XAD-2, XAD-4, XAD-16 and XAD-1180)

• compiled information on Amberlite XAD-4 which reveals its composition,

structural characteristics, and presence of vinylbenzene groups

• comparison of commercial resins to lab-made resins of similar composition

showed higher surface areas and porosities for commercial resins

• determined the distribution of vinyl groups in XAD-4 beads

• found that XAD-4 is superior with regard to structural features for modification

of vinylbenzene groups than the lab-made resins of similar composition

Chapter 4. Thiol Addition to the Pendant Vinylbenzene Groups of

poly(Divinylbenzene-co-Ethylvinylbenzene), including Amherlite XAD-4.

Modification in Organic and Aqueous Solvents.

• first to add thiols to vinylbenzene groups of commercial poly(divinylbenzene­

co-ethylvinylbenzene) (XAD-4)

• used water and water-soluble initiator for modifications with water-soluble

thiols

• introduction of variety of functional groups by one-step modification: thiol,

amine, sulfonate, diol, carboxylic acid, aniline, alkyl or aryl groups, all attached

by a thioether linkage

• compared use of various solvents: solubility of thiol more important than ability

of solvent to swell resin

• compared modification of lab-made versus commercial reSln, higher

conversions with commercial resin due to higher surface areas and porosities

• distribution of functional groups within bead found to he uniform
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Chapter 5. Disulfide Addition to the Pendant Vinylbenzene Groups of

Commercial polyCDivinylbenzene-co-Ethylvinylbenzene). Modification with Alkyl

and Aryl Disulfides.

• one-step disulfide addition a simple7 under-utilized synthetic methodology

• first to modify vinyl groups of any polymer with disulfides

• compared use of various solvents

• compared modification methods and disulfides used

• compared disulfide-modified resins to resins modified with analagous tillols

Chapter 6. Epoxidation of the Pendant Vinylbenzene Groups of Commercial

poly(Divinylbenzene-co-Ethylvinylbenzene).

• fust to epoxidize vinylbenzene groups of commercial poly(divinylbenzene-co­

ethylvinylbenzene) (XAD-4)

• compared various one-step epoxidation methods to frnd dimethyldioxirane

epoxidized resin with no side-reactions

• first to used method wmch attempted to convert epoxide to thürane with

polymer system

• first to use sorne epoxidation methods (i.e. hydrogen peroxide with nitriles or

ethyl chloroformate) with polymer system

• expanded on previous use of dimethyldioxirane to epoxidize polymers

• sorne methods produced vicinal diol group as side-functionality

Chapter 7. Brornohydration and Bromination of the Pendant Vinylbenzene

Groups of Commercial poly(Divinylbenzene-co-Ethylvinylbenzene) Resins.

Further Reactions of the (l,2-Dibromoethyl)benzene Groups with Thiourea7 and

with N ,N-Dimethylthioformamide with Subsequent Methanolysis to Produce

Thiol-Containing Styrenic Resins.

• new modifications to XAD-4 by reactions with vinylbenzene groups

• bromination with subsequent addition of thiourea

• bromohydration not previously done on polymers

• prepared polymer-bound vicinal dithiols by bromination, reaction with

N ,N-dimethylthioformamide followed by methanolysis using an underutilized

method
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Chapter 8. Modifications to the Pendant (l,2-Dibromoethyl)benzene Groups of

Brominated Commercial poly(Divinylbenzene-co-Ethylvinylbenzene) . Reaction

with Amines.

• preparation of amine-containing resins by 2-step modification

• attempted introduction of amines to l,2-dibromo groups for potential

applications for ion exchange and use in metallurgy

• side-reactions included elimination

Appendix 1. Screening Ligands for Metallurgical Applications by the

Determination of pH of Complexation with Metals

• use of titration to screen ligands for metallurgical applications

• quick screening procedure using constant background matrix

• compiled and organized data for 45 ligands with 3 metals
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9.3. Suggestions for further work

Discussed in the previous chapters were suggestions for future research

using methodologies studied in this work. Sorne highlights of these ideas are

mentioned below.

• use of other vinyl group-containing substrates such as rubbers

• linear poly(divinylbenzene) could he modified to further aid ln structure

elucidation

• potential applications of sorne modified resins as adsorbents, ion exchange or

coordinating resins should be investigated

• further improvements to modification yjelds by variation of reaction conditions

• further studies on modifications with a larger range of tmols using water as the

solvent

• modification of epoxide-containing resin by nucleopmlic ring-opening

reactions, preparation of thiirane

• expansion of choice of disulfides, for example: thiocyanogen, isopropyl­

xanthogen disulfide, henzothiazoyl disulfide, cystine, cyclic disulfides such as

lipoic acid and its derivatives, dithioglycolic acid and its derivatives, and other

alkyl and aryl disulfides with various functionalities including halogen, alcohol,

ester, etc.

• use other solvents in disulfide addition reactions including carbon disulfide and

acetic acid, vary amounts of iodine used

• react allyl disulfide with iodine under various conditions, may produce polymer

• use of (l,2-dibromoethyl)benzene as a model compound to study reactions with

amines, thiourea, and N,N-dimethylthioformamide

• modification of vinylbenzene groups to prepare resins with aziridine groups
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Appendix 1

Screening Ligands for Metallurgical Applications by

the Determination of pH of Complexation with MetaIs

Forward to Appendix 1

The content of the following section is comprised of a previously published

paper from Minerals Engineering, Volume 10, K.L. Hubbard, G.D. Darling and

J.A. Finch, Screening Ligands for Metallurgical Applications by the Determination

of pH of Complexation with Metals, pages 41-54, copyright 1997, reprinted with

permission from Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington

OX5 1GB, UK.

This work was done to develop a screening methodology which would aid

in the choice of ligands to attach to a solid support. Sorne of these ligands were

attached to poly(divinylbenzene-co-ethylvinylbenzene) by thiol addition, and

addition of amines to brominated poly(divinylbenzene-co-ethylvinylbenzene), as

outlined in chapters 4 and 8, respectively. The resin was modified to contain other

related functionalities, such as 2-mercaptoethanol and 1,2-dithiol groups (chapters 6

and 7, respectively), which were also studied for their metal-ligand interactions in

this paper.
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Abstract

Ligands containing thiol and/or amine groups were screened for their metal­

complexing ability with various metal chlorides (Fe+2, Fe+3, Co+2, Ni+2, Cu+2,

Zn+2, and Pb+2) in aqueous solution by pH titration. Use of a consistent

background matrix (0.1 M NaCI) and methodology overcame the difficulty of

comparison of stability constants available from different sources in the literature.

This fast, simple screening technique allows the comparison of many ligands with

regard to the pH of complexation of metal ions without the difficult or time­

consuming task of caIculating stability constants.

Keywords: Hydrometallurgy, ion exchange, solvent extraction, extractive

metallurgy, environmentaI

Al.!. Introduction

The use of complexing agents has a long history in the metaIs extraction

industry. They have been employed for leaching, solvent extraction, design of

coordinating resins, and flotation [l]. We are working on the use of various

ligands to selectively extract metaIs from waste sludges [2], and to attach to solid

supports such as polystyrene resins or magnetic particles; these can selectively

absorb metaIs from dilute streams [3].

To save time and resources, a primary screening step bas been developed

involving the pH titration of ligands in the presence of individual metaI ions. From

this information, appropriate ligands can be chosen for a more detailed exploration

of the application in mînd.

In the case of the development of coordinating resins, the titration of the

"free" ligand (not attached to the solid support) can be used to aid in the choice of

which ligands to attach to the resin (solid support). This will rninirnize the work

needed to he done as titrations with the free ligand can he done more quickly and

easily than ion-exchange studies on the coordinating resin. The free ligand's

behaviour should be similar to its behaviour once attached to a resin. It should he

noted that model compounds which emulate how the ligand is attached to the

support may aIso need to be studied if the mode of attachment changes the

functionality of the ligand; for example, the conversion of a thioi to a thioether will

diminisb the binding ability of the suifar in aqueous solutions. In that case, a
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suitable model compound would he a thioether of the original free ligand.

Ligands in the presence of individual metaIs were titrated with base from pH

2 to Il to detennine the pH of complexation. A consistent matrix: (0.1 M sodium

chloride solution) has been used. This is advantageous because, although the

literature includes stability constants for many ligands with different metals, the

problem is the use of differing experimental conditions [4-14]. This makes it

difficult to compare stability constants since they vary with the matrix and method

used. It is also time-consuming and arduous to calculate stability constants from

titration data. The literature is aIso not complete in eomparison of the stability

constants of the ligands with the metals that we are interested in. In metallurgy,

knowledge of the pH of complexation is more important than the actual stability

constants. We present here a summary of sorne of our work which will prove

useful for choosing ligands to complex metaIs at given pR's.

AI.2. Experimental work

A 1.2.1 Materials

Allligands and metaI chlorides were purchased from Aldrich Chemical Co.

Lead nitrate was used instead of lead chloride due to solubility reasons. A list of

the ligands studied follows in tables 1 and 2. Standard 0.1000 M sodium

hydroxide solution was purchased from VWR Seientific. Doubly distilled water

was used for all work. 1 M hydrochloric acid and 1 M sodium hydroxide solutions

were used for pH adjustments. The metals studied were Fe+2, Fe+3, Co+2, Ni+2,

Cu+2, Zn+2, and Pb+2. Titrations involving Fe+2 were done under nitrogen to

minimize oxidation. Chlorides were used instead of sulfates to rninimize

consumption of base around pH 2 to 3 (pKa of sulfate).

A 1.2.2 Equipment

A Mettler autotitrator (model DL 21) interfaeed with a persona! computer

was used. The data collection software used was TS 1 Titration Software, version

3.1, available from McIntosh Analytieal Systems, Ine. XY data were eonverted to

overlaid titration curves using Microsoft Excel on a Macintosh computer.
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A1.2.3 Method

0.1 M solutions of ligands were prepared immediately before use. To aid in

solubilizing ligands~ the pH of each solution was adjusted accordingly. 0.1 M

solutions of individual metal chlorides were prepared by dissolving the metal salt in

pH 2 hydrochloric acid. AIl titrations were performed from pH 2 to Il ~ by the

addition of standardized base (0.1000 M NaOH) to the hydrochloric acid solution.

Each solution for titration was prepared by adding the metal and/or ligand

solutions to 40 mL of pH 2~ 0.1 M sodium chloride solution (the background

matrix). For each ligand~ one equivalent (1 mL of 0.1 M solution~ 0.1 mmol) was

titrated fIfSt to determine its pKaCs) and concentration. Then one equivalent of

each metal was titrated individually (1 mL of 0.1 M solution, 0.1 mmol). From

this, the pH of metal hydroxide formation was determined~ as weil as the

concentration of the metal. The metal solution previously titrated was then re­

acidified to pH 2, and one equivalent of ligand was added. Further pH adjustment

to pH 2 was made as needed. Titration was then repeated from pH 2 to pH Il with

observation of changes such as colour or precipitation. The mixture was again re­

acidified and a second equivalent of ligand was added and the titration repeated.

This procedure was again repeated for a third equivalent of ligand.
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Structure
IUPAC Name. [CAS numberJ

HS...............
SH

L,2-etbaneditbiol [540-63-6]

HS
~OH

2-mercaptoerhanol [60-24-2}

- ';:O..-Na'"HS.r '-/"" -

2-mercaptoethanesuLfonic acid
(sodium salt) [L9767-45-4}

HS-.../'NH2

2-aminoerhanerhiol hydrochloride
<cysteamine) [156-57-0)

N .....
HS~ '\

2-dimethylaminoethanethiol hydrochloride
[13242-44-9}

H,N "'rA1-N
HS

2-aminothiophenol [L37-07-5]

o
HS il
~OH

mercaptoacetic acid [68- [ L-[ )

HS)l-:J
2-rnercaptothiazoline [96-53-7}

N-rô
HS,J.!.N~

H
2-mercaptobenzimidazole [583-39- [)

N-N

HSÂSJl.SH
2.5-dirnercapto-l.3.4-thiadiazole

[L072-7L-5}

HS~9J
2-mercaptopyrimidine [[ 450-85-7}

~
SH

8-quinoIinethiol hydrochIoride
[34006- L6-1]

Structure
IUPAC Name. [CAS numberJ

HS.---.s...............SH

2-mercaptoethyl sulfide [3570-55-6]

HS~OH
OH

3-mercapto- L.2-propanediol [96-27-5}

HS~S03-Na'"

3-mercapto-I-propanesulfonic acid
(sodium salt) [L 7636-1O-1}

........,.,s ...............NH2

2-(ethylthio)ethylamine hydrochloride
[54303-30-9}

..r-­
HS-fN\-­

2-diethylaminoethanethiol hydrochloride
[1942-52-5]

H,N 'l'A1-N
~

2-(methylmercapto)aniline [2987-53-3}

HO~OH
o

mercaptosuccinic acid [70-49-5]

N~
HS..Jl.S~

2-mercaptobenzothiazole [149-30-4]

N~03-Na'"

HS)tN~
H

2-mercapto-5-benzimidazolesulfonic acid.
sodium saIt dihydrare

N-N

HS
A

S
Â

NH2

5-arnino- 1.3.4-thiadiazole-2-thiol
[2349-67-9]

4-amino-2-mercaptopyrimidine
(thiocytosine) [333-49-3}

NH,N-n -
HS)l.N-N

H
3-amino-5-mercapto- [.2,4-triazole

[ 16691-43-3]
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Structure
IUPAC Name. [CAS numberl

HS~OH
SH

2.3-dimercapto-1-propanol [59-52-9]

HS~S03-Na'"
SH

2.3-dimercapto-l-propanesulfonic acid
(sodium salt) (DMPS)

HS......,,-N~

H

2-(butylamino)erhanethiol [5842-00-2)

HS~

HS~
3.4-dimercaptotoluene [496-74-2]

o

HO~
2-mercaptobenzoic acid [L47-93-31

HO,- ~ Jl
1f T "OH
o SH

meso-2.3-dimercaptosuccinic acid
[304-55-2]

N~
HS~~

H

2-mercapto-5-methylbenzimidazole
[2723 L-36-3]

SH

NaN
HS,J:N~SH

trithiocyanuric acid [638-16-4]

NH,

N6i
HSAN NH2

4.6-diamino-2-mercaptopyrimidine
hemihydrate [1004-39-3]



Table A1.2. Amine-Containing Ligands Studied• Structure
IUPAC Narne, (CAS number]

~o
OH

quinaldic acid
(2-quinolinecarboxylic acid) [93-10-7]

~o
OH

picolinic acid [98-98-6]

oOCOH

NH!

anthranilic acid (2-amînobenzoic acid)
[118-92-3]

H~N~
- NH2

ethylenediamine [107-15-3}

H
H:N...",- N ............... N ............-NH..

H -
triethyleneretrnrnine [112-24-3]

Structure
IUPAC Name. [CAS number]

o9!:?
8-quinolinecarboxylic acid [86-59-9}

°Ao
OH OH

2.6-pyridinedicarboxylic acid
(dipicolinic acid) [499-83-2}

"©rNH
,

NH:

3.4-diamînololuene [496-72-0}

H:N~N..............,NH!

H
dielhylenetriamine [1 11-40-0}

H
H:N~N~~N..............,NH!

H H
letraelhylenepemamine [112-57-2]

Structure
IUPAC Name, [CAS numberJ

,.-... fNH:
HN N
~

H2-aminoethy1)piperazine [140-31-8]

~NH!

2-(aminomelhyl)pyridine
(2-picolylamine) [3731-51-9)

rAr"NH..

~~H2
2-aminobenzylamine [4403-69-41

H
H2N..........-....N~NH2

N-(2-aminoethyl)-1.3-propanediamine
[13531-52-7]

o 0

HO~ f\.,-JZOH

H0q-t ..J '\_~OH

a 0

elhylenediamineletraaceüc acid
(EDTA) [60-00-41

•

AI.3. Results and Discussion

The simplest way ta present the results of the titrations for each metal with

all of the ligands studied was ta prepare a summary chart showing the pH of

complexation for an individual metal by positioning the ligand at the approximate

pH that complexation was observed. The results of the titration of the thiol­

containing ligands and of the amine ligands in the presence of nickel, copper and

zinc ions are summarized in tables Al.3, A1.5, Al.7, Al.9, A1.II, and Al.I3.

For ligands complexing below pH 4, they are ail approximately equivalent based on

the titration data; ligand positions in this pH range on the tables are not relative to

each other. For sorne of the ligands, it was difficult to discern where complexation

was occurring; both pH values are given in these cases. For many of the titrations,

precipitation occurred. Tables A 1.4, A1.6, A1.8, A1.l0, A1.12, and Al.14

compare the stability constants (pKl 's only) obtained from the cited literature

(references 4 to 14) for the three metals. As can be seen, the literature did not

contain stability constants for all the ligands studied; as weIl, they were evaluated
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using different techniques and experimentaI. conditions.

The stability constants are related to the pH of complexation. The lower the

pH of complexation, the more stable the complex, and the higher the stability

constant. This trend should he evident in comparison of the pH of complexation to

the cited stability constants. As we have simplified the technique, sorne

discrepancies may occur, but our method gives a good fust approximation of a

ligand's behaviour.

The average time it took to screen one ligand with seven metals, including

preparation time, was approximately six hours.

Figure A 1.1 shows the titration curves of one equivalent of nickeI(TI) ion

(curve A, 1 NiCm), two equivalents of one thioI ligand CL), 2-aminoethanethiol

(curve B, 2 L), and one equivalent of nickel ion in the presence of one (curve C, 1

Ni(II) : IL) and two equivalents of ligand (curve D, 1 Ni(II) : 2 L). Changes in the

curves can be seen when comparing these four titrations. The plateaus in the curves

indicate changes in speciation, such as the formation of nickel hydroxide,

deprotonation of the ligand, or formation of the complexa As can he seen, nickel

hydroxide forrns around pH 8.25 to 8.5 (curve A), the ligand is converted to the

free amine at pH 8.25 (coincidentally), (curve B), while the complex forros at a

much lower pH (6), (curves C and D). When only one equivalent of ligand is

used, the remaining ligands on nickel are two water molecules, one of which gets

deprotonated to form a hydroxide ligand, as can be seen on titration curve C (pH

8.75). With two or more equivalents of ligand (curve D), the second plateau

disappears, as only the two equivalents of aminoethanethiol complexes the nickel.

The stoichiometry of the changes in speciation can he observed from the

titration data. The width of each plateau, taken from bath inflection points, gives

the amount of hydroxide added. The titration solution had 0.1 mmol of metal

present (1 mL of 0.1 M solution used) (with the exception of the titration of ligand

alone). Likewise, the quantities of ligand added were 0.1, 0.2. or 0.3 mmol (l, 2.

or 3 mL of 0.1 M solution). Sïnce the concentration of titrant added was 0.1 M,

0.1 mmol (1 mL) hydroxide added was equal to one equivalent (ofhydroxide).

In the plateau region of curve A, the nickel precipitated as Ni(OH)2, two

equivalents (0.2 mmol) of hydroxide being consumed for each equivalent of nickel

ion (0.1 mmol). In curve B, two equivalents (0.2 mmol) of ligand were titrated,

and each consumed one equivalent (0.1 mmol) of base to fOfIn the free amine from

the hydrochloride. Since there were two equivalents of ligand present, the total

base consumption was two equivalents (0.2 mmol), as cau he seen. For the
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titration of the solution of one equivalent nickel to one equivalent ligand (curve C),

the stoichiometry for the fIfSt plateau (pH 6) was two equivalents of base. This

was due to the simultaneous deprotonation of the thiol and the amine hydrochloride

to enable complexation with the metal. The second, smaller plateau on curve C (pH

8.75) was due to the conversion of one bound water molecule to a bound

hydroxide, consuming one equivalent of base. For curve D, the thiol and amine

groups were both deprotonated for the two equivalents of ligand, consuming four

equivalents of base. Sînce the nickel was complexed by the two ligands.. no water

acted as a ligand, so there was only the flISt plateau.

This is typical behaviour of a system with cornplexing agents in solution.

From the titration curves, we generated the summary tables of the pH of

cornplexation of the rnany ligands with each of nicket copper, and zinc. This way,

a fast cornparison can he made which will aid in the choice of ligands for different

applications.

When copper(ll) ion and 2-aminoethanethiol hydrochloride were titrated, an

indigo-coloured precipitate formed. This was observed for sorne of the thiol­

containing ligands studied with copper. A cupric-cuprous redox couple occurs with

thiols, yielding a mixture of Cu(II), Cu(D, thiol and disulfide [15, 16, 17].

A comparison was made between two thiols and their model compound

thioethers. This was done because one of the methods of resin modification being

explored creates a thioether linkage to the resin. As the coordination chemistry of

thiols and thioethers is different, it was prudent to study the thioether ligand, once

the original thiol ligand was screened. The two thiols chosen were

2-aminoethanethiol hydrochloride and 2-aminothiophenoI which both cornplexed

metais (see tables Al.3, Al.5, and A1.7). The corresponding thioethers were

2-(methylmercapto)-aniline and 2-(ethylthio)ethylamine hydrochloride. As

expected, the coordinating ability of the thioethers was very low, the only observed

complexations were of 2-(ethylthio)ethylamine hydrochloride with Cu+2 and Ni+2.

The colour of the copper complex was bright blue, similar to that of amine

complexes of copper, while the colour of the nickel complex was a yellow-green.

Sïnce the screening step showed little cornplexing ability, it saved much time and

resources as no work was needed on resin modification or characterization of the

resins for metal-uptake to arrive at the sarne conclusion.

Results of titrations involving lead, cobalt, ferric and ferrous ions were not

as well-defined. Many of the titrations gave precipitated species. Most of the ferric

titrations precipitated ferric hydroxide at pH's higher than 4. Likewise, ferrous ion
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tended to precipitate the hydroxide around pH 8. As lead chloride is insoluble~ for

many titrations involving lead~ the chloride would precipitate out. With these

complications~ it was decided not to present the results for these metals in this

paper.
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•
Figure Al.l. Titration curves of Ni+2 CA), 2-aminoethanethiol hydrochloride

(L, curve B), and Ni+2 in the presence of one CC) and two (D) equivalents of

2-aminoethanethiol hydrochloride.
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Table Al.3. lexation of Ni+2 with Various Thiol Li(Tands

Li ands Which Corn lex Ni+2

N-N

HS~ÂSH
(6.5 - 7.25)

N-N

A Jl.
HS S NH;:

(5 - 7)« 3 or 6 - 7.5)« 7)

HS-----rOH
OH

NH..

HS"""-N~ HS~ J..~
H OH HS N NH!

(7 - 8.5) (6 - 8) (6 - 8)
NH,N-n -

HS)J.N _N

H

(6.25 - 7.25)
SH

NaN
HS.J.N~SH

(> 5.5)

(5.5. - 7.5)

HS............... NH !

".................,.s N
~NH! HS--../""" \.--

(8 - 9) (6.5 - 8)

6

~7

5.5

4

:S;;3
0

~
NH..

::©r H'N~ NÔJ-HO:JQJ -0
HS HS SH HS~N

HS"""""""-SH HS~"""""""'SH
HS~S03-Na- HS-----rOH

SH SH

SH 0 HoN0 HO~
HS~ OH OH

OH 0 o SH

Conditions: 0.1 M NaCI background. pH adjusted with 1 M HCI. 0.1000 !'vI NaOH titrant

•
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• Table A 1.4. Cited Stability Constants (pKI> of Complexation of Ni+2

with Variaus Thiai Li ands

Li ands Which Corn (ex Ni+2

3-9

9 - Il

HO~ r li
'Y~ "OH

o
7.97

HS...............
NHZ

LO.OS

o

HO:©

8.1

11 - 12 ~
SH

1l.0

HS~OH
OH

Il.25

HO~OH
o SH

11.69

•

• Note: Stability constants are from different references with different experimental conditions
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Table A1.5. lexation of Cu+2 with Various Thiol Lirrands

Li ands Which Corn lex Cu+2

6
~"""""""'NH2

(6)

N"....
HS-f \.
(5.5 - 7)

~
;-N

HS-..../ \--

(5.5 - 6.5)

HS
~OH

(6 - 7 or < 3)

N-N

HsAsJ.l...NH2

(5 - 7)

5.5

(5 - 6)

HS...........- N ...............
H

(5.25 - 6)

NH.,

Nôi
HS~N NH2

(> 5)

HS---Y-OH
OH

« 5.5 - 6.5)

HS---Y-OH
SH

« 2 - 7)

5

4

HS')A/ HO~ H,NYJ~
HS~ HS~ HS~ SH

SH
1

N---N

.;LOA
HS N SH

NlY
HS..J....Y)

HS~"""""""'SH

HO, X JL
'"!! T --OH
o SH

HO_ r Ji
'r(~ 'OH

o

o
HS II
~OH

$3

NI N---rtJ
HS)ls"" HS..J.lS~

Conditions: 0.1 M NaCl background. pH adjusted with 1 M HCI. 0.1000 M NaOH titrant

•
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• Table A1.6. Cited Stability Constants (pKI) of Complexation of Cu+2

with Various Thiol Lio-ands

Li ands Which Corn Iex Cu+2

5-9

9 - i2

12 - 14

HS...............SH

7.31

N/
HS-f \.

9.76

~
SH

i2 - 14

•

Note: Stability constants are From different references with different experimentaI conditions
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Table Al.? lexation of Zn+2 with Various Thiol Liaands

Ligands Which Corn Iex Zn+2

'?:.7

6.5

HS
~OH

(6 - 7.5)

NH~

Nôi
HSAN NH!

(7.5 - 9)

HS~OH
OH

(6 - 7)

N/
HS~ \.

(5.5 - 7.5)

HS........".....N~

H

(5.5 - 7.5)

HS~03~a~

(5.5 - 7.5)

N~o:;·Na~

HSfiN~
H

« 3 or 6 - 7)

N-N
.J(A

HS S NH:

(5.5 - 7.5)

6

NH~N-n -
HS~N-N

H

(- 6 - 6.5)

~

HS-f
N

\,..-

(5.5 - 7.25)

N-N

HS~)lSH
(5 - 6.5)

5

4

HS---y'S03-Na"
SH

(4 - 6)

HS~OH
SH

« 3 - 6)

53
o

HS~ ~
HS~ HOHSJOJ

Hf<~ ~
HS SH

NeYHS.J...\()

o

HS~OH
HO.. r 1l

y- "-'" "OH
o

HO, J:. Jl
!r T --OH
o SH

•

Conditions: 0.1 M NaCI background, pH adjusted with 1 M Hel. 0.1000 M NaOH titrant
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• Table A1.8. Cited Stability Constants (pK}) of Complexation of Zn+2

with Various Thiol Licrands

Li amis Which Corn lex Zn+2

6-8
H,N "'l'A-kJ;
HS

7.33

8 - la
o

HS U
~OH

8.36

o

HO~
HS~
8.45

HO_ r 1
Y~"""OH

o
8.47

la - 13

13 - 15
HS~OH

SH

13.5

~
SH

11.0

HS~S03·Na·
SH

14.09

15 - 17

17 - 19

HOWOH
o SH

15.82

HS~OH
OH

18.00

•

Note: Stability constants are from different references with different experimental conditions
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Table A1.9. lexation of Ni+2 with Various Amine Liaands

Li amis Which Corn lex Ni+2

6.5

6
(6 - 7)

H
HzN N -.../"'NHz

(6 - 7)

5
HzN -../""N ...............NHz

H

(- 5 or < 3)

~NH1

(- 5 or < 3)

~OH
NHz

(- 5 or < 3)

4

~3

H
HzN -../""N~ """"""-N ._.._NHz

H H

« 3 - 5)

H
H1N....,/'N__N ...............NH.,

H -

~O
OH

~O
OH

« 3 -4)

~a OH

« 3 - 5)

•

Conditions: 0.1 M NaCl background, pH adjusted with 1 M HeL O.lOoa M NaOH titrant
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Li ands Which Corn lex Ni+2

0

©C0H

NH2

2.12

~o
OH

4.6

9©N

o OH

4.4 - 6.2

~NH2 H..,N ..../"-
~o

- NH2 OH

7.32 7.45 6.80

°Ao
OH OH

8

2-5

5-8

8 - Il

Table A1.l0. Cited Stability Constants (pKt) of Complexation of Ni+2

with Various Amine Li ands

pK l•

H2N"""""-"N-...........NH2
H

10.7

H
H2N~N ..../"- N H2

11.0

14 - 17

H
H2N......,.,.-..N~N .........,.....NH ...

H -

14.5

17 - 20
H

H2N"""""-"N .....·''''...N· ............... N-...........NH2

H H

17.51

o 0

HO~ j\ ,,..Jl..OH

HOV..J N~OH

o 0

18.56

Note: Stability constants are from different references with different experimental conditions

•
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6

5

4

Table A1.Ii. Iexation of Cu+2 with Various Amine Liaands

Li ands Which Corn lex Cu+2

H.,N...-/'
• NHz

(4 - 6)

H

H"-N~N ------NH:

«4)

::;3 H
H;!N.....,.".,....N ............... N ............... NH.,

H -

H;!N .....,.".,....N ............... NH1

H

H
H;!N """""""'N .....-......... -.../'"N ............... NH;!

H H

~NH! ~OH ~O
NH;! OH

~~O
a OH OH

o 0

HO~ f\ ,,-1{OH

HOV ~ ~~OH

o 0

•

Conditions: 0.1 M NaCI background, pH adjusted with 1 M Hel. 0.1000 M NaOH titrant
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• Table A1.12. Cited Stability Constants (pKt> of Complexation of Cu+2

with Various Amine Li ands

Li ands Which Corn lex Cu+2

4-8

©l0H
NH!

4.25
OH

5.9l

7.8

~O
OH

7.96

8 - la

lO - 17

O~O
OH OH

8.9

,........ JNH!
HN N

'--/

9.3
H,N .../"-

- NH!

10.44

~NH!

9.64

H!N~N ............... NH!

H

l6.1

H
H,N~N~

- NH!

16.3

l7 - 21

21 - 24

o 0

HO~ f\ ,-'J..OH

H0n-J ...; ~~OH

o 0

l8.79

H
H!N~N ...............N~NH,

H -

20.9

H
H!N~N~""""""-N ............... NH!

H H

23.58

•

Note: Stabilîty constants are from different references with different experimental conditions
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7

6.5

6

Table Al.i3 . lexation of 20+2 with Various Amine Li(Tauds

Li ands Which Corn lex Zn+2

H~N....,..-..
- NH1

(6.5 - 8)

H
H!N ...............N ..../" NHz

(6 - 7)

5
H

HzN...../"N ..............."l -..../""N -.........,.NH!

H H

(4.5 - 5)

~OH
NH!

(- 5)

4
HzN ..../""N ...............NH!

H

(- 4 or < 3)

~O
OH

« 3 - 4)

S:3
H

HzN..../""N~N """""""'NH"
H -

~NH!

~O
OH o9?

•

Conditions: 0.1 M NaCI background. pH adjusted with 1 M Hel, 0.1000 M NaOH titrant
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• Table Al.14. Cited Stability Constants (pKl) of Complexation of Zn+2

with Various Amine Liaands

Li2:ands Which Corn Lex Zn+2

2-5

a

OCOH

NHz

2.57

~
O~O:

4.9

~O
OH

5.L

5-7
~o

OH

5.3

~NH2

5.41 5.53

7-9
°Ao

OH OH

7.0

H

H2N~N~NH2

8.62

H2N ---N --... NH2

H

8.9

9 - L3

L3 - L5

15 - L7

H
H2N __ N -..............N ---NH,

H -

12.05

H

H2N ---N~~N --...NH2

H H

15.4
o 0

HO~ A ,'l..OH
HO~..J ~OH

o 0

16.26

•

Note: Stability constants are from different references with different experimental conditions
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Al.4. Conclusions

The screening of ligands by use of pH titration is described. The pH of

complexation with metals is in general agreement with the stability constants where

available. The results should help in the choice of complexing agents for particular

applications.
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• Appendix 2

Derivation of Degree of Functionalization Equations

RIR" ..

Scheme A2.1. Modification of poly(divinylbenzene-co-ethylvinyLbenzene).

Terms and Symbols

XVB

XIVB

avgMW

XCL

Xfg

XEB

MWfg

mol fglg

average moLecular weight per repeat unit (g/mol)

degree of functionalization of cross-linked groups (as fraction)

(note, for simplification assume it does not change, although it can

without changing the outcome of the equations)

degree of functionalization of vinylbenzene groups (as fraction)

degree of functionalization of vinylbenzene groups in modified resin

(as fraction)

degree of functionalization of functional groups (as fraction)

degree of functionalization of ethyLbenzene groups (as fraction)

molecular weight of modifYing reagent (R~II, i.e. RI + RII)

moles of functional group per gram modified resin (generally found

by elemental analysis)

MW of divinylbenzene (DVB): 130.2 glmol

MW of modified unit: (130.2 + MW fg) g/mol (since it is due to modification of

vinylbenzene group)

MW of ethylvinylbenzene (EVB): 132.2 gfmol

•
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• General equation for avg tv1W of modified resin:

(1) avg MW =132.2 x XEB + 130.2 x (XCL + XIVB) + (130.2 + MW fg) x Xfg

(2) XEB + XCL + XIVB + Xfg = 1.00 (total of the mole fractions of all units)

For a resin prepared from 80 mol % DVB and 20 mol % EVB (i.e. XAD-4),

and since CL, VB and functional (fg) groups were derived from DVB:

(XCL + XVB + Xfg) =0.80 and XEB =0.20

When Xfg =0 (i.e. unmodified XAD-4), then

(3) avg MW =132.2 X XEB + 130.2 x (XCL + XVB)

avg MW = 132.2 x 0.20 + 130.2 x 0.80

avg MW =130.6 g/mol (avg MW per repeat unit of unmodified resin)

For a resin modified with R'R II having MW fg

(l) avg MW =132.2 X XEB + 130.2 x (XCL + XIVB) + (130.2 + MW fg) x Xfg

rearranging (1) gives:

(4) avg MW ={132.2 X XEB + 130.2 x (XCL + XIVB + Xrg)} + MW fg x Xfg

and

for XEB =0.20 and (XCL + XIVB + Xfg) =0.80, substituting into

{132.2 x XEB + 130.2 x (XCL + XIVB + Xrg)} simplifies to: 130.6 g/mol

= avg MW per repeat unit of unmodified resin (having 80:20 DVB:EVB)

Thus, for a resin with 80:20 DVB:EVB composition, (4) becomes:

(5) avg MW =130.6 + (MW fg x Xfg)

and since

(6) mol fg/g =Xfg + avg MW

rearranging (6) gives:

(7) Xrg =(mol fglg) x avg MW

then substituting (5) into (7) gives:

• (8) Xrg =(mol fg/g) x {130.6 + (MW fg x Xrg)}
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(9)• rearranging (8) and multiplying by 100% gives Xfg (in %):

X = 130.6 x (molfgjg) x 100%
fg 1 - (molfgjg x MWfg)

For example, when various RR' groups are used, and substituted into (9), the

equation for the degree of functionalization of modified XAD-4 (in %) becomes:

When RIR" = HSR, and n is the number of S atoms per HSR molecule:

(10) 130.6 x (mol Sjg + n) x 100%
1 - (mol Sig + n) x MW HSR)

When R'R" = RSSR, and n is the number of S atoms per RSSR molecule:

(11) X 1,2-SR =
130.6 x (mol Sig + n) x 100%

l - (mol Sig + n) x MW RSSR)

When R'R" =Br2:

(12)
130.6 g / mol x (mol Br/g + 2) x 100%

X 1,2-Br = 1 - (molBr/g x MWBr)

When R" = Br and RI = OH (bromohydrin):

(13)
130.6 g / mol x (mol Br/g)

X = x 100%
l,2-BrOH 1 - (molBr/g x MWOHBr)

When R'R" =0 (epoxide):

(14) x = 130.6 x (moIO/g) x 100%
epox 1 - (mol 0/g x MWO)
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