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There are two tragedies in /ife. One 

is nol to gel what your heart desires. 

The other one is to gel it. 

Bernard Shaw 
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Introduetion 

I mmobi/i zation 

The use of insoluble polymer support as carrier for reagents was first 

introduced by Merrifield1. The principle is basically simple: a partially 

protected amino acid was attached to a functionalized polymer support. After 

deprotection, this immobilized amino acid was reacted with a second suitable 

protected amino acid, and so on. After the desired peptide was synthesized, a 

decoupling reaction liberated the peptide. Some general advantages of reactive 

polymers are, (I) simple reaction work-up, (2) reuse of precious reagent, (3) 

intrinsic possibilities of continuous operation and (4) reduced toxicity. But 

immobilization a lso introduces some disadvantages, that is, (I) possible 

occurrence of diffusional problems resulting in a lower activity, (2) higher 

costs compared with low molar mass analogues, (3) large quantities of polymer 

support are needed, (4) possible instability of the polymerie reagent after 

multiple use and (5) inability to separate polymer-bound impurities. In 

multistep synthesis as described above, these polymer-bound impurities may be 

introduced by incomplete reactions. In order to obtain quantitative yields, 

Merrifield used a large excess of (costly) reagents. The so-called transfer 

polymerie reagent metbod provides another way to solve this problem2. In this 

case the partially protectedpeptide to be modified is dissolved in the 

eluent. Reaction with the polymer-bound amino acid releases the desired 

product. Advantages of this metbod are that the excess of polymerie reagent 

needed to obtain quantitative yields can be reused after the reaction,. and 

that the desired product can be purified by the usual methods. 

Since the introduetion by Merrifield many articles have been publisbed in 

this field and nowadays reactive polymers are being widely used on a 

laboratory scale3-7. Due to the above-mentioned problems, polymerie reagents 



are still seldom used in industrial processes. However,in future, polymer 

anchored reagents may be expected to be preferably used in the production of 

new specialty chemicals, for instanee as pharmaceuticals. 

Although most of the above advantages and drawbacks of immobilization onto 

polymer support also hold in the case of catalyst immobilization, polymer 

anchored catalysts are more widely used than polymerie reagents. Catalysts 

should be stabie and allow multiple use. Obviously, some drawbacks of 

polymerie reagents .do not bear u pon polymer-bound catalysts, for instanee the . 

often expensive regeneration process is not necessary, and since the catalyst 

is attached to the polymer matrix, all impurities or contaminants can easily 

be removed. Moreover, as catalysts are mostly used in smal! quantities, 

relatively small amounts of .polymer-supported catalysts are needed. Well-:known 

polymer-immobilized catalysts are the. ion-exchange resins8
-

10 used in the 

synthesis of the petrol additive methyl tert-butyl ether11
. Furthermore, ion

exchange resins are widely used in water softening and deionization. 

The insoluble polymer matrix can easily be prepared by suspension

(co)polymerization of a functional monomer and a cross-linker .or by post

polymerization modification12
- 111• Depending on the experimental conditions 

used during the suspension polymerization, the res1,1lting polymer support (also 

called beads or resin) is of the• gel or macroporous typ_e. Gel-type resins (low 

degree of cross-linking) exhibit high swellability in suitable solvents, that 

is good solvents· for the polymer matrix, while in the pr~ence of a 

nonsol vent, or in the dry·state, the . beads become mi"roporous. Macroporous 

(macroreticular) resins (high degree of cross.,.linking) exhibit a permanent 

porosity îrrespective of ·solvent; In .many cases,: macroporous supports are 

preferred to gel-type supports as their porosity is .ltardly affected by solvent 

and the active sites are ·more accessible;.owing to the .large pores. Moreover, 

the macroporous supports are mechanically more stabie as a result of a high 

degree of cross-linking. 

Furthermore, soluble polymers can be· used as polymerie reagents or 
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catalysts17
•18. Although continuous operation of this type of polymerie 

support is not possible, reaction work-up can still be achieved by 

precipitation of the soluble support. Moreover, due to the complete 

solubilization of the polymer, rnass-transport limitations can normally be 

ruled out, and in basic studies such polymers can therefore be favourable. 

Soluble polymerie supports can be considered as intermediates between the low 

molar-mass analogue of a polymerie reàgent and a reagent immobilized onto an 

insoluble polymer matrix. 

Immobilization of polymer chains onto insoluble supports combines the 

advantages of heterogeneaus and homogeneaus polymer-bound reagents or 

catalysts. Silica bound initiator was used to immobilize macromolecular copper 

complexes19 and macromolecular flavin20
. Macromolecular flavin was also 

anchored by adsorption onto silica21
• Laible et al. outlined some methods to 

anchor polymers onto silica22
• 

Polymer catalysis 

An interesting effect of polymer ancboring is that, in some cases, the 

support plays an active role in the reactions. Immobilization may cause "site

isolation" of the reactive group or catalyst in the polymer matrix23
• Due to 

this restricted motion of the attached groups, self-condensation could be 

avoided24
, cyclic peptides synthesized4 and the formation of lesser active 

dimers of catalysts prevented26.26
• Another example of site-isolation is the 

increased lifetime of polymer-bound benzyne37
• On the other hand, Koning et al 

reported a promoting effect on the desired site-site interactions in the case 

of the polymer-catalyzed oxidative coupling of 2,6-dimethylphenol28. 

Polymer-bound catalysts in a way resembie the natorally occurring 

catalytically active biomacromolecules, i.e. the enzymes. 1t is therefore not 

surprising that enzyme-like behaviour was found forsome polymer-bound 

catalysts28
•
30

• Enzyme-like polymers (or polymer catalysts) can be prepared by 

binding active groups of amino acids, coenzymes, specific binding sites, or 
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metal ion complexes into or onto a polymer backbone. Another interesting Jorm 

of polymer catalysis is the introduetion of ebiral cavities in a polymer 

matrix31
• 

During the past decade, the Eindhoven polymer research group st.udied the 

effects of binding cobalt(II)phthalocyanine-tetrasodiumsulphonate (CoTSPc) to 

soluble cationic polymers, on the oxidative coupling of thiols in the presence 

of molecular oxygen32
-
35

• CoTSPc attached to cationic polyelectrolytes 

appeared to have strongly enhanced the observed catalytic activity and also to 

have affected reaction kinetics. and mechanism. Thiols, present in crude oil, 

are known to contaminate oil refining catalysts, to enhance corrosion of the 

apparatus and to pollute the environment after combustion. For that reason, in 

the petroleum industry, thiols are converted by oxidation via the so-called 

Merox process (mercaptan Q3.idation) 36
•
87 to the less harmful disulphide (oil 

sweetening38•
39

) and removed where required. 

The oxidative coupling of thiol group also plays an important role in 

living organisms40•41, where the disulphide linkage is an important element in 

the structure of proteins. 

Outllne of this thesis 

Most of the researctt in the field of CoTSPc-ca~yzed .thiol oxidation has. 

been focused on the .elucidation of tpe polymerie effects of cationic 

polyelectrolytes on the reaction mechanism and kinetics. As outlined above, 

insolubilizatio!l of catalysts allow contipuoJ,Js op,eration, which is a 

prerequisite for possible use in industry. Also, from the scientific, p()int of 

view, immobilization of this highly active system onto insoluble polymer 

particles was found to be very interestin,s, as it l~ads to a more general 

insight into the consequences of immobilizing extremely active systems. 

In chapter 2 the effect on thiol oxidation of molar mass of the water

solobie and catalytically highly effective polycationic ligand 2,4-ionene is 
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described. 

Chapters 3 and 4 describe the immobilization of 2,4-ionene on 

poly(styrene-divinylbenzene) macroporous resins and its effect on thiol 

oxidation. 

Chapter S deals with the syntbesis of latex particles stabilized and 

modified by a block copolymer of styrene and quaternized N-methyl-4-

vinylpyridine. The behaviour of the latex immobilized systems is compared with 

systems containing homogeneaus block copolymers and homopolymers of 

quaternized N-methyl-4-vinylpyridine. 

In chapters 6 and 1 the synthesis and purification of 3-

(methacrylamidinopropyl)-trimethylammoniumchloride (MAD) modified latices is 

described. These latices were also tested as co-catalyst in the thiol. 

oxidation. The insigbt gained leads to a model description facilitating the 

design of highly active cationic supports. 

The appendix deals with various attempts that have been made to 

synthesize polyelectrolyte-containing macromonomers, initiators and block 

copolymers. Althougb not yet directly applicable in the present investigation, 

some of these lines of inquiry seem to be of potential interest in future 

research. 

Parts of this thesis have already been publisbed or will be publisbed soon: 

- partsof chapter 2 in ref.42 

- partsof chapter 3 and 4 .in ref." 

- partsof chapter 5 in refs.44
•
46 
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2 

Effect of 2,4-ionenes of different molar masses on the oxidative coupling of 

thiol catalyzed by cobaltphthalocyanine 

K. H. van Streun, P. Piet and A. L. German 

Summary 

A photometric metbod is developed for the determination of the molar 

mass of 2,4-ionene by attaching a chromophoric moiety to its end groups. Molar 

mass determination of these polyelectrolytes by acid-base titration of the 

amine end groups is also possible, and confirms the photometric method. The 

effects of molar mass of 2,4-ionenes on the oxidative coupling of 2-

mercaptoethanol (ME) were studied in the presence of cobalt(II)phthalocyanine

tetra-sodium-sulphonate (CoTSPc). Monomeric analogues of 2,4-ionene showed no 

increase in reaction rate compared with the polymer-free system. However, 

relatively low molar-mass ionene (Mn = 1740) showed a dramatic increase in 

reaction rate. The reactivity showed an optimum around pH • 8. Saturation 

kinetics (Michaelis-Menten kinetics) was observed. The calculated turnover 

number was 3300 s-1 and 3700 s-1 for Mn = 6600 and Mn = 1740, respectively. 

The stoichiometry of the reaction was distorbed at low thiol concentration. 

Introduetion 

In our Iabaratory webave studied the effect of cationically charged 

polymers on the so-called Merox-process, that is the oxidative coupling of 

thiols to disulphides in the presence of the catalyst, cobalt(II)phthalo

cyanine-tetrasodiumsulphonate (CoTSPc, !, scheme 1)1•2• Polyvinylamine (PVAm) 

and 2,4-ionene, a poly(quaternary ammonium) salt (2., scheme 2) were found in 
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4 RSH • O ColSPe 
2 OHe 2RSSR • 2 H20 

1 

Seheme 1 Conventional (polymer-free) tillol oxidetlon 

partienlar to give a surprisingly high increase in reaction rate. Experiments 

showed that an inerease in the positive charge density on the polymer chain 

resulted in an enhancement of the catalytic activity2
•
3

• Two major effects are 

believed to cause this phenomenon: (l) coulombic interaction between the 

negative charge of the sulphonate groups of CoTSPc and the positive charge on 

the polymer backbone and (2) an increase in the degree of dissociation of the 

thiol in the cationically charged polymer domain, resulting in a locally 

enhanced thiolate anion concentration. In the case of PV Am, coordinative 

binding between the roetal complex and the polymer is also assumed to occur4•5 

and Michaelis-Menten kinetics in thiol and oxygen have been observed6
• The 

reaetion rates with both PV Am and 2,4-ionene showed an optimum around pH = 

82•7, caused by two opposing effects on inereasing the pH; an increase in both 

thiolate anion coneentration and ionie strength. In the case of PV Am, the 

collapse of the catalytic activity above the pH-optimum is also due to lossof 

polymer charge (deprotonation). Most interestingly, a molar mass dependenee on 

the catalytic activity was observed in the case of PV Am8
• We therefore 

deseribe our investigations on molar mass dependenee of the catalytic 

activity and kinetics of ionene eontaining systems in this chapter. The 

synthesis of 2,4-ionene involves a step reaction of N,N,N',N'-tetramethyl

ethylenediamine (TMEDA, 1) with 1,4-dibromobutane (~) (Scheme 2). In 
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Scheme 2 Synthesis of 2,4-ionene 

literature, the molar mass of these types of polymers has been determined by 

viscometry, light scattering and ultracentrifugation9
-

11
• However, these 

methods are often complicated and laborious, due to the polyelectrolytic 

character of these polymers. Therefore, we present in this chapter two 

relatively simpte methods of determining molar masses of 2,4-ionenes, both 

based on the deterf.!)i,nation of amine end groups of aminated 2,4-ionenes. The 

first metbod measures the UV-absorbance of a chromophore (a benzylic group), 

chemically bonded to the amine end-groups. The second metbod determines the 

amount of amine end-groups by direct acid-base titrations. These methods will 

be shown to be sufficiently accurate to determine the relatively slight molar 

mass dependenee of the activity and kinetics of catalytic systems based on 

2,4-ionene. 

Experimeotal 

All chemieals and solvents were used as purchased unless otherwise 

stated. TMEDA, 1,4-dibromobutane and 2-mercaptoethanol were obtained from 

Fluka. 

Synthesis of 2,4-ionene: 2,4-ionenes were synthesized according to the 

metbod described by Rembaum et al.9 with a few modifications. The reaction 

conditions were adapted in such a way as to accomplish the complete solution 

of the resulting polymer throughout the reaction. A typical experiment 4.063 

g TMEDA (3) and 7,560 g 1.4-dibromobutane (!) (scheme 2) were dissolved in 70 · 
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g water-dimethylformamide (DMF) (1/1, w/w) and placed in a water bath at 4o•c 

under nitrogen atmosphere. After two days or more an excess of TMEDA was added 

to the reaction mixture in order to aminate the product. After two more days 

the reaction mixture was precipitated in acetone. After fiJtration and washing 

with acetone, the product (i, scheme 3) was dried uilder reduced pressure (0.1 

kPa) at so•c. Yields, determined by mass, were between 90 and 100%. In order 

to obtain higher molar masses, reaction times (2-14 days), temperature (20-

6o•q and solvent combinations (e.g. DMF/methano1 (1/1, w/w) and DMF/water 

(4/1, wfw) varied. However, the use of these solvent combinations appeared to 

carry the risk of precipitation of polymer as polymerization proceeds. Only if 

experimental conditions were used as reported by Brouwer et al.2 (concentrated 

solutions of TMEDA and I ,4-dibromobutane in DMF /methanol at room temperature 

and long reaction times) could high molar mass polyelectrolytes be 

synthesized. 

(CH
3

)
2
N-[2,4-IONENE]-Br • xs TMEDA ~ (CH

3
J
2
N-[2,4-IONENE]-N(H

3
)
2 

_2.. 1. ..2. 

Scheme 3 Amination and benzylation of 2,4-ionene 

Determination of molar mass 

Photometric method: The aminated 2,4-ionene (i) was reacted with an excess of 

benzylbromide ® (scheme 3) in DMF/water (1/1, w/w) at 4o•c under nitrogen 

atmosphere for two days. The product work-up was similar to the procedure used 

for the aminated 2,4-ionenes. The UV spectra were rneasured with a Hewlett 

Packard 8451A diode array spectrophotometer at 2s•c in a 0.4 M NaCI solution 

at À = 264 nm. The slope of the plot of absorbance vs. concentration of 

ionenes (in g/dm3
) gives the absorptivity (a, in 10 drn2 /g). 
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Tilration method: Titration of the aminated 2.4-ionenes was carried out in a 

0.4 M NaCl solution under nitrogen atmosphere. A 0.1 M HCl (Merck, Titrisol) 

solution was added until pH ~ 3 was reached. Then this solution was titrated 

with a 0.01 M NaOH solution (Merck, Titrisol). The pH was monitored with a 

combi-electrode (Radiometer, GK 2401B) connected to a digital pH meter 

(Radiometer PHM 82). The molar mass can be calculated from the equivalence 

points and the total mass of 2,4-ionene . 

Kinetics of 2,4-ionene: 4.0627 g TMEDA (34.96 mmol) and 7.5596 g 1,4-

dibromobutane (35.0 mmol) were dissolved in 70 g DMF/water (1/1, wfw) and 

stirred under a nitrogen atmosphere at 40°C. At intervals a sample was taken 

and terminated with an excess of TMEDA for at least 48 hrs at 40°C. After 

precipitation in acetone and drying under reduced pressure, the molar mass was 

determined by acid-base titration. 

Catalytic experiments 

CoTSPc was synthesized according to the metbod described by Weber and 

Bush12
• The substrate, 2-mercaptoethanol (scheme I, R .. CH2CH20H, abbreviated 

as ME), was distilled before use. Activity measurements were carried out at 

constant oxygen pressure in an all-glass double-walled Warburg apparatus 

equipped with a powerfut mechanical glass stirrer. The stirring speed was 

maintained at 2500 rpm during the reaction. The Warburg apparatus was further 

equipped with a pH-electrode (Radiometer GK 2401B). The catalyst was prepared 

by adding an aqueous solution of CoTSPc to the reactor containing an aqueous 

ionene solution. Adjustments of pH were accomplished by adding minor amounts 

of a 0.01 M NaOH solution (Merck, Titrisol). The mixture was degassed twice 

and saturated with oxygen. During the reaction, the temperature was maintained 

at 25"C and the oxygen pressure at 100 kPa. After injecting ME into the 

reactor, a drop of pH was observed due to the acidity of the thiol. The oxygen 

uptake rate was monitored with a digital flowmeter (Inacom). The initial 

reaction rates were determined as the maximum oxygen consumption. The total 
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reaction volume was 0.1 dm3• The peroxide content of the reaction mixture was 

determined by iodometry as described by Vogel14
• 

Results and Discussion 

Determination of the molar mass of 2,4-ionene by measuring the UV

absorbance of a chemically bonded chromophore (benzylbromide, 2.. scheme 3) 

requires the value of the molar absorptivity (e, in 10 dm2 /mol) of the 

chemically bonded benzylbromide. In addition, it should be proved 

experimentally that e is independent of the length of the attached 2,4-ionene 

Table 1 Molar absorptivity (() of various ionene analogues at >. = 264 nm 

COIIIpOI.I'Id 

* 

8 
9 

10 
11 

M 

230 
396 
458 
790 

two c:hi"CCIIIIIPhoric graups per molecule 

352 
344* 
m. 
761 

Sch- 4 Ch•ical structure of ~ used in Table 1 
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chain. In Table I, where some chromophoric analogues of 2,4-ionene are listed, 

it is shown that e is relatively insensitive to the chain length. We have 

chosen compound il as reference compound. From Lambert-Beer's law it follows 

that Mpol = Ereriapol where Mpol is the molar mass of aminated 2,4-ionene 

(including its chromophoric end groups) and apol is the absorptivity of the 

unknown ionene, calculated from the slope of the absorbance vs. concentration 

curve (c in g/dm8). The latter measurement requires that 2,4-ionene is first 

aminated with TMEDA (l) teading to (i) and then reacted with the chromophore 

benzylbromide (2.) (scheme 3). The calculated molar mass minus the molar mass 

of the benzylbromide groups gives the molar mass of the aminated 2,4-ionene. 

As, in fact, the total number of end groups are measured, the calculated molar 

mass is the number average molar mass (Mn). In Fig. l absorbance vs. 

concentration curves are plotted for several modiried 2,4-ionenes. The 

1.2 ~81100 ! 
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Fig. 1 Absorbance (À = 264 nm) versus concentration of the modified 2,4· 

ionene (gtdm3> at 25°C, [NaClJ = 0.4 moltdm3• 

0; referenc:e coq:>oUI'\d, .À: Mn = 1800, 0: Mn = 2750, Ä: Mn = 8800, 

•= Mn" 16600 

Fig. 2 Dependenee of Mn as a func:tion of time at 40°c. 
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Table 2 C~rlson between mo!ar IIIIISS (Mn) of aminated 2,4·1onenes detenained 

by the photometrie and titration methods 

Photometrie 

1810 
2650 
8800 

16600 

fitration 

1740 
2750 

10100 
18300 

linearity of the curves proves an important prerequisîte, i.e. that Lambert

Beer's law is obeyed in the present case. An alternative metbod of determining 

the amount of end groups of aminated 2,4-ionenes is acid-base titration. The 

molar mass calculated in this manoer is again the number average molar mass 

and can therefore be compared with the results of the photometric metbod 

(Table 2). The two methods are in good agreement although the relative 

discrepancy tends to increase toward higher molar mass. The calculated molar 

masses of the ionenes, though relatively low, tie within the range of data 

reported in literature9•11• 

The kinetics of the polymerization can now be monitored by one of these 

determination methods. In Fig. 2 the dependenee of molar mass (Mn) as a 

function of time is depicted (Mn determined by acid-base titration). Assuming 

that the Flory principle is valid in this case, that is tbe reactivity of the 

end-group is independent of the cbain length, the theory prediets tbat tbe 

degree of polymerization (Mn == degree of polymerization x molar mass of 

repeating unit) is linear with time15
• The observed deviation from linearity 

cannot be due to the invalidity of the Flory principle since, in the present 

case. tbe molar masses are relatively smalt. Similar tendencies were also 

found for other ionenes. In the case of 3,3-ionenes, depolymerization was 

observed at elevated temperatures10 and reaction of 1,5-dibromopentane with 

DMF was observed in tbe case of 6,5-ionene9
• 
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Fig. 3 Dependenee of catalytlc activity on pil at 25°C 

[CoTSPcJ • 2x1o"7 rooltdln3 , [ME] • 0.14 rooltdm3, [N+l • 10"3 rooltdln3 , 

0: Mn • 1740, A: Mn • 6600 

Catalytic experiments 

In Fig. 3, reactivity vs. pH is shown for 2,4-ionenes of different number 

average molar mass (Mn=l740 and Mn=6600). Both curves show a broad maximum 

around pH= 8. The curves indicate an overall lower activity for Mn = 6600. 

The pH optimum suggests a dependenee of the reactivity on the local thiolate 

anion concentration (pKa (ME) = 9.613
). The moderate decrease in reactivity 

above pH = 8 is thought to be caused by an increase of ionic strength ·of the 

reaction mixture, includil)g competitive ion effects (RS- and OH-). This effect 

is less pronounced than in the case of PV Am2• The latter can be explained by 

the fact that PV Am, in contrast to the ionenes, suffers from coil 

deprotonation as pH increases8
• The reactivity of the monomeric analogues of 

2,4-ionene and the conventional system (without polymer) are listed in Table 
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Table 3 Reactivity of some monome~ic analogues of 2,4·1onene end of the 

conventional system 

System 105 Reaction 3ate8 

(mol ME/á!i S) 

;:~;::~~;;~;;.:.:~;~~;~2 .............. ·; ~ ;· ... ---
N,N'·diethyl·N,N,N',N'·tetramethyl 

!thylene dia~~~~~on~f' di bromide 1. 9 
OH (c:onventional) 0.6 

8 Resetion conditions: tempersture = 25°c, [CoTSPc] = 2x1o'7 moltdm3, 

[ME] = 0.14 1111Jl/dm3, [N+l = 10'3 mol;dm3 (except for the conventional 

system), pil = 8. 

3. Comparing reaction rates in Table 3 and Fig. 3, it can be seen that a 

cationic charge density together with a minimum polymer chain length are 

required to increase catalytic activity. Similar molar mass dependenee was 

observed in the case of PV Am8• Only few quaternary ammonium groups are 

involved in binding the cobalt complex to the polymer backbone. The residual 

quaternary ammonium groups of the backbone are available to create a cationic 

polymer domain, thus increasing the local thiolate anion concentration. For 

PV Am, the dependenee of the reaction rate on thiol concentration can be 

described by MichaeJis-Menten kinetics6
: 

kt k, 

E+S=ES- E+P 

k.t 

in which E stands for catalyst (CoTSPc), S for substrate (mercaptoethanol) and 

P for products (disulphide). It can be derived that 

R • k2 [Eo) [SJ 

KM+ [S] 

which can be rewritten as 
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Fig. 4 Catalytie activity as a tunetion of the substrata concentration at 
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0: Mn = 1740, Ä: Mn = 6600 

Fig. 5. Llneweaver·Burlc plot. Reection conditions as for Fig.3 

80 

where R stands for the reaction rate (expressed in mol ME/dm8.s), KM for the 

Michaelis constant ((k.1+k2)/k1) and [E0 ] for the initial catalyst 

concentration. K8 is the substrate-binding constant (k1/k.1). k2 is also 

called the turnover number (dimension s"1
). In Fig. 4 the reactivity is 

plotted. vs. the thiol concentration. It appears that a plateau is reached at a 

relatively low thiol concentration, whereas deviations from saturation 

behaviour are observed for high thiol concentrations (> 0.15 mol.dm-8
). Any 

possible deviation from Michaelis-Menten kinetics should manifest itself in 

the nonlinearity of the so-called Lineweaver-Burk plot, i.e. a double 

reciprocal plot of reactivity vs. thiol concentration as shown in Fig. 5. In 

spite of some nonlinearity, it seems justified to draw some major conchisions 
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Table 4 Comparison between the turnover numbers Ck2> and the Michaelis 

constants (KM) of 2,4-ionene and PVAm containing systems8 

2,4-ionene Mn = 1740 
Mn = 6600 

PVAm Mn = 30000 

3700 +/· 200 
3300 +/· 200 
2800 +/· 200 

a Reaction conditions are as in Table 3. 

11.3 +/· 2.3 
6.8 +/· 1.4 

90.0 +/· 20 

from these curves. The turnover number and Michaelis constant can be estimated 

from the slope and both are listed in Table 4. Assuming that k2 « k. 1 i.e. KM 

1'1:$ K8 -l, the smaller Michaelis constants for the ionen es indicate a stronger 

substrate binding compared with PV Am. The reactivity vs. the co balt complex 

concentration is shown in Fig. 6. The observed linearity indicates the absence 

of mass transport limitations (identical reaction conditions were used). The 

slopes of the curves, i.e. the turnover numbers, are 3600 s·1 and 3200 s· 1 for 

Mn = 1740 and Mn = 6600, respectively, and confirm the k2 data from the 

Lineweaver-Burk plots. The effect of ionene concentration on the catalytic 

activity is shown in Fig. 7. The ionene concentration is expressed as [N+], 

calculated from the nitrogen content of 2,4-ionene determined by elemental 

analysis (i.e. 8.37%). Apparently, a minimum ionene concentration is required 

to enhance the reaction rate. As expected, further increase of the ionene 

concentration will diminish the thiolate anion concentration locally, i.e. 

around the active centre. In scheme I, the overall reaction equation is 

presented, which according to earlier work in our laboratorl results from: 

2 RSH + 02 -+ RSSR + H202 (a) 

2 RSH + H202-+ RSSR + 2H20 (b) 

4 RSH + 02 -+ 2 RSSR + 2H20 

The stoichiometry of the reaction can be checked by measuring the peroxide 
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Fig. 7 Catalytic activity vs ionene concentration (expressed in [N+l, see 

text) at 25°C. [CoTSPcl "2x1o·7 molJcin3, [MEl "0.14 mol/dm3, 

pH = 8.2, 0: Mn = 1740, 1::.: Mn " 6600 

content after the reaction by iodometry14
• The results are listed in Table 5. 

The high residual peroxide content (relative to the initia! thiol content) at 

Iow thiol concentration is very striking. Apparently, under these conditions, 

peroxide and thiol concentrations in the bulk are too low for the second 

oxidation (b) to occur. This unfortunately affects the stoichiometry of the 

reaction. The observed (apparent) reaction rate, as calculated from the 

measured oxygen uptake and the assumed stoichiometry of the overall reaction, 

will be higher than the "true" reaction rate based on thiol conversion, in 

partienlar at low thiol concentrations. This will influence the Lineweaver

Burk plot in such a way that the "true" constants, k2 and KM, will be smaller 

and greater, respectively, than the calculated (apparent) ones. These 

deviations are negligible at the thiol concentrations used throughout the 

present kinetic investigation, i.e. 0.14 mol/dm3
• 
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Tabte 5 Residuat hydrogen peroxide content of the reaction mixture8 

ME (mmol) 

1.4 
14 
21 

5.63 
5.35 
2.56 

79.5 
7.6 
2.4 

~n = 6600 
10 H202cmot > "'.ab 

5.12 
4.41 
2.60 

73.2 
6.3 
2.5 

a Reaction conditlans are as described in Table 3 

b Percentage of thiol reacting with oxygen only, i.e. thiol consumption during 

the ti rst step (a) 

Conclusions 

The photometric and titration techniques developed correspond wel! and 

are satisfactory methods of determining the molar mass of 2,4-ionene. The 

latter polyelectrolyte shows a behaviour similar to PV Am in the catalytic 

oxidation of thiols in the presence of CoTSPc. Advantages of the ionene

containing system over the PV Am-containing system are: (I) higher turnover 

numbers (3300-3700 s-1), (2) smaller Michaelis constants ((6.8-ll.3)xl0-s 

mol/dm3
) indicative of a stronger substrate binding, and (3) a pH independent 

cationic charge on the polymer backbone, providing high activity over a wider 

pH range. Monomeric analogues of 2,4-ionene showed no increase in catalytic 

activity compared with the conventional (polymer-free) system. However, 

relatively low molar mass ionene (Mn = 1740) appeared to enhance the reaction 

rate dramatically. Evidently, a cationic charge density on the polymer 

backbone, tagether with a minimum polymer chain length are necessary to induce 

the observed rate accelerations. The residual peroxide content at low thiol 

concentration, as determined by iodometry, is relatively high, which indicates 

that the assumed overall stoichiometry of the reaction is disturbed at low 

thiol concentration. 
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Immobilization of 2,4-ionene on a macroporous poly(divinylbenzene-styrene) 

resin. I synthesis and characterization 

K.H. van Streun and A.L. German 

Summary 

2,4-ionene, a poly(quaternary ammonium)salt, has been immobilized on a 

chloromethylated poly(styrene-divinylbenzene) resin. The ionene content on the 

resin, determined by CHN elemental analysis, was 50.2 gjkgresin· The most 

important side effect of the modified resin, catalyst bleeding, can be 

detected by a spectrophotometric method capable of determining extremely low 

concentrations of free ionene in the supernatant of the immobilized ionene 

resin. 

Introduetion 

In our laboratory we have studied the effects of positively charged 

polymers on the so-called Merox process, that is the oxidative coupling of 

thiols to disu\phides in the presence of cobalt(II)phtha\ocyanine

tetrasodiumsulphonate(CoTSPc) (!,scheme I )1
•
2

• Especially polyvinylamine 

(PVAm) and 2,4-ionene a poly(quaternary ammonium)salt (2. and 1 respectively, 

scheme 2), showed a considerable enhancement compared with the polymer free 

system. 

It is believed that the cationic charge on the polymer backbone has a 

twofold function:(a) binding the cobalt complex by coulombic interaction, (b) 

increasing the thiolate anion concentration in the polymer domain, thus 

bringing the cobalt centre and the substrate together. For both polymers, 
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ColSPe 
4 RSH • 02 OHe 2 RSSR • 2 H20 

Scheme 1 Conventional (polymer free) thiol oxidation 

1 

Scheme 2 Repeating Lnit of PVAm (~) and 2,4-ionene (~) 

Ào 
NJ:J-N 

NoO.S«N-Ct-N»SO>'Io 

'Q' 
SO.No 
! 

Michaelis-Menten kinetics is observed in thiol and oxygen3
•
4

• 2,4-ionene is 

preferred over PVAm for a number of reasons: (a) its simple synthesis,(b) its 

cationic charge independent of pH, and (c) the higher overall reaction rate. 

In this paper we describe the immobilization of 2,4-ionene on a 

poly(styrene-divinylbenzene) resin. The advantages of immobilization are 

several, for instanee simple reaction work-up, no loss of the (often) precious 

catalyst, and intrinsic possibilities for continuous reaction systems6
• 

The strategy for the immobilization of 2,4-ionene on a poly(styrene

divinylbenzene) resin, implies the functionalization of the starting resin by 

chloromethylation, foliowed by a reaction of this activated resin with 

aminated 2,4-ionene (scheme 3). An organic support was preferred to a modified 

silica resin, as the former is insensitive to pH = 8-12 in contrast to siliea, 

which solubilizes in this pH region6
• 
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Experimental 

lmmobilization 

The XAD-2 resin (Rohm&Haas Co., average partiele diameter 50-100 JLm, 

specific surface area 300 m2 /g and average pore diameter I 0 nm) was thoroughly 

cleaned before use. It was washed twice with water, methanol, I ,4-dioxane and 

once with methanol and then dried at 5o•c (0 .1 kPa). The resin was 

chloromethylated as described by Bootsma et al7
. The number of chloromethyl 

groups was determined by CHN elemental analysis from the diminishing 

percentage of carbon compared with the starting resin. CHN elemental analysis 

was carried out using a Perkin-Eimer 240 CHN elemental analyzer. 2,4-ionene 

and aminated 2,4-ionene were synthesized and characterized as described 

previously8
. In a typical experiment the immobilization proceeds as follows: 2 

g chloromethylated resin (1, scheme 3) and 1.63 g aminated 2,4-ionene (2, 

scheme 3; Mn = 1630,as determined by titration) in 2 g methanol and 3.3 g 

water were reacted at 6o•c for two weeks. After fiJtration and washing with 

water, the resin was extracted with water in a soxhlet-apparatus for at least 

48 hrs. Water was added to the resin and the supernatant was tested for the 

presence of free ionene by the spectrophotometric method based on 

considerations described in the results. The spectrophotometric measurements 

Scheme 3 Synthetic route to i..obilization of 2,4-ionene on a 

chlor~thylated XAD-2 resfn 
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were performed on a Hewlett Packard 8451A diode array spectrophotometer in a 

1 cm cell at 25°C. 

The amount of ionene per gram resin was determined by CHN elemental 

analysis. Knowing the percentage of nitrogen of the starting ionene (8 .37%), 

the ionene content on the resin is (%N/8.37)xl000 g ionene/kgreoin· The resin 

was stored in water, fittered off and washed with water before use. 

Results 

For immobilization of 2,4-ionene, a commercially available poly(styrene

divinylbenzene) resin (XAD-2) was used. This XAD-2 resin, a macroporous type 

of resin, is preferred to a gel type resin (e.g. Merrifield resin) because of 

its well-defined pore volume, specific area, and being nonswellable (for 

specifications see experimental). After chloromethylation the chloromethyl 

content, determined by CHN elemental analysis, was 1.26 mol CH2Cl/kgreoin 

(Table 1). 

The immobilization of 2,4-ionene is accomplished by reacting the 

chloromethylated resin (~. scheme 3) with the aminated 2,4-ionene (.~. scheme 

3). The 2,4-ionene content of the resulting product (6_, scheme 3), after the 

product was thoroughly extracted with water, was also determined by CHN 
Table 1 Elemental analysis of the resins used 

XAD-2 
XAD-2! 
chloro
methylated 
XAD-2/ 
ionene 

C(X) H(X) N(X) mol CH2Cl/ 

91.40 8.35 
87.68 7.84 

86.72 8.34 0.42 

kgresin 

1.26 

g ionene/ 
k9resin 

a 31 nmol ionene/k9resin• based on Mn = 1630, chemica! yfeld = 2.5X based on the 

chloromethyl groups 
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elemental analysis, was 50.2 g ionene/kgreain (Table I). 

Earlier results from our laboratory showed a dependenee of the catalytic 

activity on the ionene concentration (expressed in [N+], calculated from the 

nitrogen content of ionene, 8.37%)8
•
9

. Since even very low ionene 

concentrations ([N+] = 10-2 mol/mL 8) en ha nee the reaction, we developed a 

sensitive spectrophotometric method to determine these minor amounts of free 

ionene in the reaction mixture, based on the clear difference between the VIS

spectra of CoTSPc and the CoTSPc/ionene. complex. Van Welzen et ai10 showed 

that a dimer peak around ). = 630 nm was observed for CoTSPc in the. presence of 

Iow molar mass ionene in a molar ratio(N:Co) of 2: I. If this ratio was less 

only the mononier peak around ). = 660 nm showed up. As the minimum detectable 

CoTSPc concentration is 10-4 mol/mL8
, the deleetion limit for ionene is four 

500 800 700 900 

VAVELENGTH <n•> 

Fig. 1 UV-VIS spectra of CoTSPc in water, 25°c 

-3 3 3 [CoTSPcl = 2x10 molint , 3.4 k9res in/"t 

(A). CoTSPc in pure water 

(8). supernatant of immobilized ioneneresin before 

extraction with water(resin present) 

(C). supernatant of immobillzed Ioneneresin 

after extraction wlth water (resin present) 
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times higher, i.e. 4xlo-• mol/mL3• 

In Fig. I, some typical spectra of the supernatant of the resin are shown 

after actdition of CoTSPc. Curve A is the spectrum of CoTSPc in water in the 

absence of free or resin-immobilized ionene, i.e pure water. Curve B shows the 

spectrum of the supernatant of the insufficiently washed, immobilized ionene 

resin (in the presence of the resin), after actdition of CoTSPc. The peak 

around .>. = 630 nm is indicative of the presence of free 2,4-ionene in the 

supernatant. No difference in spectra is observed if the resin is removed 

before adding CoTSPc, indicating that no absorption of CoTSPc on the resin 

takes place. Curve C shows the spectrum of the supernatant after extracting 

the resin for 48 hrs with water in a soxhlet .apparatus. Evidently all CoTSPc 

has been bound by ionene on the resin, which indicates that no free ionene is 

present in the supernatant. If the resin is filtered off before adding CoTSPc, 

a spectrum identical to curve A is observed. 

In order to estimate the amount of quaternary ammonium groups on the 

resin available for CoTSPc binding, the concentration of CoTSPc in the 

supernatant was determined spectrophotometrically on increasing the total 

amount of CoTSPc in the system.The results are shown in Fig. 2. Curve A shows 

the dependenee of the absorbance at .>. = 660 nm as a function of the total 

amount of added CoTSPc in the presence of the chloromethylated resin. This 

curve coincides with the curve for CoTSPc alone, indicating there is no 

adsorption of CoTSPc on the chloromethylated XAD-2 resin. Curve B shows the 

dependenee of the absorbance of CoTSPc on increasing the total amount of 

CoTSPc in the presence of the resin-containing immobilized ionene. Up to a 

total concentration of 22xl0-3 mol CoTSPc/mL3 ([resin] = 4.2 kg/mL3
) hardly 

any absorbance is monitored, indicating that, up to this value, practicaUy 

all CoTSPc added is being adsorbed on the resin. From these data one .can 

estimate the total amount of CoTSPc on the resin. used in the kinetic 

experimentsas 5.2xl0-3 mol CoTSPc/kgreain· 

The maximum theoretica! amount of adsorption of CoTSPc on the ionene-
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0: chloromethylated resin, 3.75 kgtmt3 (curve A) 

0: inmobilized ionene resin, 4.20 kg/ml3 (curve 8) 

modified resin can be calculated from the amine content of the immobilized 

ionene resin and an assumed N:Co ratio of 4:1 (CoTSPc is fourfold negative) 

and amounts to 75xl o-3 mol/kgreain• this means that only 7% of the quaternary 

ammonium groups is available for CoTSPc complexation. We believe that 

interaction of CoTSPc with the immobilized ionene at the outer surface of the 

particles and at the entrance of pores, blocks off the "interior" of the 

resin, a phenomenon also observed in the case of cross-linked PV Am11
. 

On the other hand, the proposed CoTSPc distribution on the particles may 

facilitate substrate accessibility in the kinetic experiments. The effect of 

the present immobilization on the CoTSPc catalyzed oxidative coupling of 

thiols will be presented in the next chapter. 
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Conclusions 

The strongly cationic polymer 2,4-ionene can be chemically bonded onto 

chloromethylated macroporous poly(styrene-divinylbenzene) resins. The ionene 

content on the resin, determined by CHN analysis, was 50.2 g/k&reoin· 

Due to limited accessibility of the polymerie quaternary ammonium groups 

on the macroporous particles, only 7% of these groups are available for 

complexation with CoTSPc, indicating that CoTSPc is being adsorbed at the 

outside of the particle. 

A spectrophotometric method that has been developed proves the absence of 

(any possible) traces of ionene in the supernatant, which would highly disturb 

the kinetic measurements. 
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4 

Immobilization of 2,4-ionene on a macroporous poly(styrene-divinylbenzene) 

resin: 2. Effect on the rates of the cobaltphthalocyanine-catalyzed oxidative 

coupling of mercaptoethanol. 

K.H. van Streun, J. Meuldijk and A.L. German 

Summary 

A poly(quaternary ammonium)salt, 2,4-ionene, has been immobilized on a 

macroporous chloromethylated poly(styrene-divinylbenzene) resin (XAD-2). The 

activity of these immobilized 2,4-ionene/cobalt-phthalocyanine

tetrasodiumsulphonate (CoTSPc) complexes towards the oxidative coupling of 

thiols is much lower than in the homogeneous case, but is still considerably 

higher than for the polymer-free system. The observed decrease in reaction 

rate is not caused by mass transfer limitations alone, but is also affected by 

catalyst properties, such as a very low local N+ /Co ratio. The active sites 

appear to be present only in the outer shell of the resin particles. 

Introduetion 

The effects of positively charged polymers on the oxidative coupling of 

thiols to disulphides in the presence of cobalt{II)phthalocyanine

tetrasodiumsulphonate (CoTSPc) have been studied intensively in our 

laboratory1
•
2

: 

4 RSH + 02 = 2 RSSR + 2 H20 

Special attention was paid to cationic polymers, such as polyvinylamine (PV Am) 
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and 2,4-ionene, a poly(quaternary ammonium)salt, because both polymers caused 

a considerable enhancement of the reactivity compared with the polymer-free 

system. Recent attempts to immobilize PV Am 3
•
4 often resulted in the collapse 

of the activity. 

lmmobilization of soluble precious catalysts is very interesting because 

it offers the possibility of an easy work-up of the reaction mixtures. 

Moreover, immobilized systems allow continuous operation5
•
6

. One of the 

disadvantages of immobilization may be a decrease in the activity of the 

immobilized catalyst system compared with the homogeneaus system. This can be 

caused by collapse of the intrinsic reaction rate due to loss of 

conformational freedom of the catalytic centre, to a microenvironmental 

effect, to mass transport limitations, or to a combination of these causes. 

In this paper we describe the effects of immobilization of 2,4-ionene 

onto a macroporous chloromethylated XAD-2 resin on the oxidation of 2-

mercaptoethanol (ME) in the presence of CoTSPc. lmmobilization of the catalyst 

is achieved by first anchoring the polymer onto reactive support particles and 

subsequently binding CoTSPc to the immobilized ionenes. The features of the 

catalyst concerned in the observed reduced activity of the immobilized system 

will be described. 

Expertmental 

lmmobilization 

The macroporous XAD-2 resin (Rohm&Haas Co., partiele diameter 50-100 Jlm, 

specific surface area 300 m2 jg and average po re diameter 10 nm) was 

chloromethylated and characterized as described in our previous paper7
. 2,4-

ionene and aminated 2,4-ionene (Mn = 1630) were synthesized and characterized 

as described previousll. The immobilized 2,4-ionene resin was synthesized and 

thoroughly cleaned by the method described in7
• Characterization of the 

immobilized ionene resin by CHN elemental analysis showed a nitrogen content 
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of 0.42 % (i.e. 0.3 mol N+ /kgresin) 

Kinetic runs 

CoTSPc was synthesized by the method described by Weber and Bush9
. 2-

Mercaptoethanol was used as substrate and distilled before use. Before the 

reaction was started, a CoTSPc solution was added to the reactiori vessel 

containing the resin. The total reaction volume was 10-4m3
• The reaction rates 

were measured in an all-glass double-walled reactor (diameter= 6.5xl0-2 m) 

equipped with four symmetrically located haffles ( widths = 10-2 m). A four

bladed turbine impeller with a diameter of 2.5xl0-2 m was used. The stirring 

speed was about 2500 rpm (41.7 rps). The reaction was carried out at 0.1 MPa 

partial pressure of oxygen and a temperature of 25.0 +/- 0.1 ·c. The 

monitoring system was identical to that described earlier8
. 

Results and discussion 

lnfluence of pH 

Fig. I shows the effect of pH on the rate of the oxidative coupiing of 2-

mercaptoethanol (ME) catalyzed by CoTSPc/ionene immobilized on XAD-2 resin 

(2,4-ionene/XAD catalyst). The optimum pH for this catalyst is found to be 

7.3, being significantly lower and less pronounced than in the case of the 

homogeneous system8
• For the latter system the pH optimum around 8 was f~und . 

The relatively weak pH dependenee of the reaction rates in slurries of the 

immobilized system probably originates from the adsorption of the substrate at 

the resin surface. In the case of an almost complete saturation of ammonium 

groups on the resin partiele with the thiolate anions, a pH variation will 

hardly affect the concentration of reactive thiolate anions at the surface. 

This saturation effect is also clearly demonstrated in Fig. 2. In this figure 

the oxygen consumption rates are plotted as a function of the mercaptoet~anol 

concentration. The relatively slight increase in the rate of the oxygen 
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Fig. 2 Oxygen consumption rate as function of the mercaptoethanol 
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consumption on increasing the substrate concentration indicates a tendency 

towards saturation with the thiolate anion for mercaptoethanol concentrations 

above 50 molfmL 3. This saturation effect results in a relatively slight 

influence of the pH on the substrate concentration above 50 mol/mL3
. The 

rather low activity of the immobilized system compared with the homogeneaus 

system will be explained in due course. 

Influence of catalyst toading 

The reaction rates, -rw 02• expressed in mol 0 2/(kgreoin·s) as a function 

of the mean CoTSPc concentration in the resin are collected in Fig. 3. This 

figure shows that, for CoTSPc concentrations below 2xl0-4 mol/kgreoin• there 

is an almost linear relationship between the reaction rate and the CoTSPc 
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concentration. For CoTSPc concentrations above 4xl0-4 mol/kgresin• the 

reaction rate is almost independent of [CoTSPcJreain· According to the 

Michaelis-Menten mechanism which holds for the homogeneous CoTSPc/ionene

catalyzed oxidative coupling of thiols8
•
10

, a linear relationship is to be 

expected between reaction rate and CoTSPc concentration. The observed 

deviation from linearity for CoTSPc concentrations above 2x 10-4 mol/kgreain 

may be attributed to a limited number of residual sites on the 2,4-ionene/XAD 

resin after the binding of a relatively small number of CoTSPc molecules. In 

that case, excess CoTSPc would only have a relatively small contribution to 

the observed catalytic activity. The influence of catalyst loading on the 

reaction rate can also be caused by mass transfer limitations. A detailed 

discussion of the importance of various possible mass transfer resistances 

will therefore be presented. 

6 

"' 0 

i 
L 

01 
é 
' 4 "' 0 -0 
E 

" f:j 
L 

.!., 

"' 
2 

0 

0 
0 2 4 6 8 10 12 14 

104 [CoTSPcl mollkgr.,.ln 

Fig. 3 Reaction rate (-ro/. mol Oz/Cksresin·s» as a f1o11etion of the CoTSPc 

concentratien -in the resin 
. 3 

04El = 143 moLint , pH ,; 8.3 

36 



Mass transfer 

Only mass transfer of molecular oxygen has to be considered because the 

initia! concentration of ME ([ME]= 143 mol/mL3
) is much higher than the 

equilibrium concentration of oxygen in the bulk liquid ([02]L = 1.4 molfmL 3 at 

0. I MPa partial pressure of oxygen). As a result of the macroporous character 

of the 2,4-ionene/XAD resin, it is quite obvious that mercaptoethanol is 

present in large excess over oxygen in the resin phase also. The resistance to 

oxygen transport from the gas phase to the liquid phase is negligible under 

the experimental conditions. This can be derived from the homogeneous ionene 

system where no mass transport limitation was observed at even much higher 

oxygen consumption rates than those occurring in the present study8
•
10

. 

Hence, possible remaining harriers are oxygen transport from the bulk 

liquid to the outer surface of the resin (film diffusion limitation) and the 

oxygen conversion in the resin partiele (pore diffusion limitation). These two 

effects constitute resistances in series, leading to a relation between -r02"' 

and the difference between the oxygen concentrations in the bulk Jiquid 

([02 ]L) and the outer surface of the resin ([02]s), given by 

where kLs (expressed in mL 3 /(m2.s)) stands for the oxygen mass transfer 

coefficient between the liquid and the outer catalyst surface, and aLs for the 

outer catalyst surface per unit of mass of the water-swollen resin. A value 

for aLs can be obtained from 

aLs = 6/(dp Preoin) (2) 

where dP is the mean diameter of the resin particles and Presin is the density 

of the water-swollen resin. For dP = 80xl0-6 m and Presin = 103 kg/m3
, aLs 

becomes 75 ms2 /k&reoin· kLs can be estimated with an accuracy of a bout 30 o/o 
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from the experimental relation derived by Sano et al for mass transport to 

spherical ion-exchange resin particles in a stirred tank reactor11
: 

where D02 stands for the molecular diffusion coefficient of oxygen in the free 

liquid (D02 = 2xl0-9 m2/s 12
), v for the kinematic viscosity of the liquid 

(v820(25•q = 0.9xl0-6 m2/s) and E (expressed in m2/s3
) for the energy input 

rate per unit of mass due to stirring. For agitated vessels, E can be obtained 

from11 

For our experimental setup, a power number Np s:d 5 is reasonable11
•
13 and E = 

35.2 W /kg (the values of thè impeller diameter (d5), the stirring speed (N) 

and the reaction volume (V L) are given in the experimental section). 

Substitution of the values of E, dp, v and D02 into equation (3) leads to kLs 

= (5.6 +/- 1.7)xl0-4 mL3/(m5
3.s). 

From the observed values of -r02 w and equation (I) the oxygen 

concentrations at the outer surface of the resin ([02]5) can now be 

calculated. [02] 5 decreases from 0.95 +/- 0.14 mol/rnL3 for [CoTSPc] = 10-4 

mol/kgresin to 0.53 +/- 0.27 mol/mL3 for [CoTSPc] = 2.0xl0-4 mol/kgreain· 

Although the values of [02]5 decreases on increasing catalyst loading, there 

is a linear relationship between -rw 02 and [CoTSPcJreain for [CoTSPclreain ~ 

2xl0-4 mol/kgreain· This linear relationship between -rw 02 and [CoTSPc]reain 

is only possible for a reac;tion order in oxygen close to zero and the absence 

of intrapartiele diffusion limitation of the reaction rate. A reaction order 

in oxygen close to zero for the [02] 5 values found for [CoTSPc]reain ~ 2xl0-4 

mol/kgresin agrees with the dependenee of the rates on the oxygen 

concentration as observed for the homogeneaus CoTSPc/ionene systems10
• It will 
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later be shown that, on the basis on a homogeneous distribution of CoTSPc over 

the resin particles, a linear relationship between -ro2 w and [CoTSPcJresin for 

[CoTSPclresin < 2xl0-4 mol/k&resin cannot be expected. Therefore, most 

probably CoTSPc will only be present in the outer shell of the 2,4-ionene/XAD 

catalyst. Assuming a homogeneous distribution of the active sites through the 

particle, the catalyst effectiveness factor can be obtained from observed 

reaction rates using the Weisz modulus. The modulus can be estimated from the 

observed rates13
• The Weisz modulus (~) for an nth-order irreversible reaction 

in a spherical catalyst is defined as 

~"" (n+l) (-ro2W) Presin (dp/6)2 (5) 

2 Do2(eff) [02ls .À 

where n stands for the reaction order in oxygen, D02(eff) for the effective 

diffusion coefficient in the resin partiele and .À for the partition 

coefficient of oxygen between the resin phase and the surrounding liquid. For 

oxygen .À is taken as unity. D02(eff) can be estimated from the molecular 

diffusion coefficient of oxygen D02 according to14 

Do2(eff) F (6) 

Do2 a .À 

where F is the "drag" factor representing the reduction of the mobility of a 

spherical molecule in a cylindrical pore and a is a parameter depending on the 

porosity and tortuosity of the resin. For diffusion of oxygen in the XAD-2 

resin F "" 1, because the mean pore diameter (1 0 nm) is much greater than the 

diameter of the oxygen molecule (0.46 nm as calculated from the Van der Waals 

equation16
)
16

• For poly(styrene-divinylbenzene) resins a "" 4 seems to be a 

reasonable value14
• Substitution .of the values into equation (6) gives 

Do2(eff) "" 5x 10-10 m2 /s. For -ro2 w "" 1.73xl 0-2 mol 02/ (k&reein·s) (as 
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determined for [CoTSPc]reein = 10-4 mol/kSreein) and n = 0, ~ = 3.2. For these 

values of ~ the effectiveness factor 'I can be calculated on the basis of13 

'I = 1/~ (7) 

resulting in 'I = 0.31. For zeroth-order reaction in catalyst particles wi~h a 

homogeneous distribution of active sites and ~>I, an increase in the number of 

active sites by a factor of m results in the following expression for the 

ratio before ( -r w 02(1)) and after ( -r w 02(2)) the change of catalyst 

activity13
, that is 

-rw 02(1) 

-rw 02(2) 

_1 _ J[02JS,l (8) 

v'm [02Js,2 

In equation (8) [02]s,1 and [02]s,2 stand for the oxygen concentration at the 

outer surface of the particles before and after changing the number of~ active 

sites. Relation (8) shows that, for a homogeneous distribution of active 

sites, a ra te increase from I. 73x10-2 mol 02/(kgrnin·s) ([CoTSPc]reein = ·10-4 

mol/kgreein• [02Js = 0.95 molfmL3
) to 3.29xl0-2 mol 02/(kgreein·s) 

([CoTSPc]reein = 2xl0-4 mol/kgreein• [02Js = 0.53 mol/mL3
) should only 'be 

reached for an increase of [CoTSPc]reein from 10-4 mol/kgreain to 6.5 

mol/kgreoin· Experimentally, the rate of 3.29x10-2 mol 0 2/kgrnin has already 

been found for [CoTSPcJreein = 2xl0-4 mol/kgreein· The measured behaviour of 

the rates as a function of the catalyst loading for [CoTSPcJreein ~ 2xi0-4 

mol/kgreein strongly suggests that the diffusion rates of oxygen in the pores 

of the resin do not have a significant influence on the observed rates. The 

experimentally found linear relationship between the reaction rate and 

[CoTSPcJreein for [CoTSPcJresin ~ 2xl0-4 mol/kgreain could only be obtained 

for a reaction order in oxygen close to zero and an effectiveness factor T/l:l:ll. 

On the basis of these arguments, the intrinsic activity of the CoTSPc sites on 
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the XAD/ionene catalyst in terms of the turnover frequency can now be 

calculated from the rates as a function of the [CoTSPc]resin for [CoTSPc]resin 

~ 2xl0-4 mol/kgreoin· Fora mercaptoethanol concentration of 143 mol/mL3
, a pH 

value of 8.3 and a temperature of 25°C a turnover frequency of 175 mol 0 2/(mol 

CoTSPc.s) is found for the XAD/ionene catalyst. Later in this chapter the 

difference between this turnovèr frequency and those of other CoTSPc catalyst 

systems used for the oxidative coupling of 2-mercaptoethanol wiJl be 

discussed. 

CoTSPc toading 

An effectiveness factor ('I) of almost unity, indicating an almost 

complete use of the active sites, can only be achieved when active CoTSPc is 

present in the outer shell of the resin particle. This is confirmed by the 

adsorption experiments of CoTSPc on an ionene-XAD catalyst, as shown in the 

radial position 

Fig. 4 Schematic representation of the inmobi l ized ColSPc/ionene system on. 

XA0-2 and the concentration profile for oxygen as a tunetion of the 

partiele radial position 
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previous chapter. The sudden change of the .reaction rate dependenee on 

increasing the catalyst toading above [CoTSPc] ~ 4xl0-4 mol/kgreain into a 

more saturation type of behaviour cannot be explained by mass transport 

effects alone. In that case a much slower change in the reaction rate 

dependenee on increasing the catalyst toading would have been observed. These 

considerations allow the condusion that another feature must, jn any case, be 

at least partially responsible for this rapid change. 

Apparently the reaction rate is hardly influenced by increasing the 

already high catalyst toading above 4xl0-4 mol/kgreain· This is probably 

caused by less accessibility of the immobilized 2,4-ionene to CoTSPc molecules 

due to the already high local CoTSPc concentration. From the considerations 

described above, the oxygen concentration profile in the liquid and resin 

phases can be represented as shown in Fig. 4. The film layer around the resin 

particle, the region between Rr and the partiele radius R (= 0.5 dp), has a 

considerable influence on the concentration of oxygen. As the outer shell of 

the spheres between R and Re of the partiele contains most of the reactive 

CoTSPc moieties, oxygen conversion will take place in this shell. The 

proportions of the layers are not properly scaled. In the interior of the 

support, where no CoTSPc is present, there will be no change in oxygen 

concentration. 

lnfluence of immobilizaJion of ionenes on the activity 

The catalytic activity of some CoTSPc catalysts at the optimum pH and 

25•c expressed in the turnover frequencies are given in Table 1. This table 

shows that attaching 2,4-ionene to the XAD-2 resin results in a considerably 

lower activity compared with that of honiogeneous solution of 2,4-ionene. 

However, the activity of the immobilized system is still much higher than that 

of the polymer-free system. The difference in activity between a solutîon of 

2,4-ionene and the 2,4-ionene/XAD-2 catalyst can be explained in terms of the 

N+ /Co ratio in these catalysts. For solutions of 2,4-ionene, optimum activity 
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Table 1 Turnover frequencies in the oxidative coupling of mercaptoethanol 

system pH 

OH- 2 8.2 
PVAM4 

8 1b 

2,4-ionene 8 0.1b 
2,4-ionene/ 7.3 0.3c 
XA0-2 

a [CoTSPcl = 2x10-4 mol/ml 3 

b in mol/ml3 , [CoTSPcl = 2x10-4 mol/ml 3 

turn over frequency 
mol D2/Cmol CoTSPc.s) 

7.5a 
700 
825d 
175 

c in mol/k!lresin , [CoTSPcl < 2x10-4 mol!k9resin 

d as determined by the slope of the reaction rate vs. catalyst toading 

(fig. 3), for [CoTSPcl ~ 2x10-4 mol/k9resin 

is observed for 300 < N+ /Co < 8008
. Lowering this ratio wil! dramatically 

reduce the reaction rate. Since the CoTSPc appears to be present in the outer 

shell of the ionene-modified resin particles only, the local concentration of 

CoTSPc is much higher than the overall concentration in the resin. Following 

this train of thought, the rather low activity of the 2,4-ionene/XAD-2 

catalyst can probably be explained in terms of low N+ /Co ratios in the outer 

shell of the resin particles compared with homogeneous solutions of 2,4-

ionene/CoTSPc. 

Conclusions 

Immobilization of 2,4-ionene/CoTSPc on a macroporous poly(styrene

divinylbenzene) resin (XAD-2) results in a considerable reduction of the 

reaction rate or the oxidative coupling of 2-mercaptoethanol compared with the 

homogeneous 2,4-ionene/CoTSPc systems. Although there is a significant 

resistance to oxygen from the bulk liquid to the active sites, this decrease 

at higher catalyst loadings is not a result of the limited rate of mass 

transfer alone, but is also affected by the rather low N+/Co ratio around the 
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active eentres which are localized in the outer shell of the resin particle. 

The number of binding sites for CoTSPc in the 2,4-ionene-modified i-esin is 

rather limited resulting in only a slight increase of the activity on 

increasing the CoTSPc concentration on the resin for [CoTSPc] > 4xl0-4 

moljkgr.,.in· A more reactive catalyst may be prepared by a strong enhancement 

of the N+ groups in the resin phase. These ammonium groups should be available 

to CoTSPc binding and are thus preferably located at the outer shell of the 

catalyst particle. This leads to the conclusion that the reaction rates per 

unit mass of catalyst can be considerably increased by drastically reducing 

the partiele size. In this way the complete volume of the support may become 

accessible to the CoTSPc moieties. 
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5 

Immobilization of a block copolymer of styrene and quaternized 4-vinylpyridine 

on latex and its effect on the cobaltphthalocyanine-catalyzed oxidation of 

2- mercaptoethanol. 

Karel H. van Streun, Ronald Tennebroek, Pieter Piet and Anton L. German 

Summary 

To overcome mass transport limitations that are usually encountered on 

immobilizing highly active catalysts, cationic latex particles were used as 

support for cobalt(II)phthalocyanine-tetrasodiumsulphonate (CoTSPc). The 

cationic latex was prepared by emulsion copolymerization of styrene and 

divinylbenzene in the presence of a block copolymer of styrene and 4-vinyl-N

methylpyridinium iodide (PS-b-qPVP) serving as surfactant. The latex-bound 

system was found to considerably increase the reaction rate of the oxidation 

of 2-mercaptoethanol in the presence of CoTSPc compared with the conventional 

polymer free system. Michaelis-Menten kinetics was observed for all three 

systems investigated, that is the block copolymer-stabilized latex system, the 

homogeneous block copolymer system and the quaternized 4-vinylpyridine (qPVP) 

homogeneous hQmopolymer system. Although the stability of the latex and qPVP 

containing systems af ter successive runs is rather poor, this immobilization 

method shows the great potential value of anchoring highly active systems 

while retaining the high catalytic activity. The turnover number is increased 

on immobilizing the block copolymer compared with the homogeneous block 

copolymer solution. The Michaelis constant is hardly affected by 

immobilization. Due to concentration of the polycations at the partiele 

surface on immobilization,comparison between the latex system and the 

homogeneous system containing either homopolymer or block copolymer remains 
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difficult. 

Introduetion 

Since the heterogeneous peptide synthesis introduced by Merrifield\ many 

immobilization studies on Mercifield-type resins have been published2
•
3

. This 

method not only offers a simple separation of product and unused reactants, 

but also the possibility of continuous operation. For these reasons, 

immobilization of catalysts has met with considerable academie and industrial 

interest. 

In addition to this gel-type Mercifield resin, a macroreticular 

(macroporous) resin, which has a solvent-independent pore structure was 

introduced. However, because of reactions with large substrate molecules or 

very fast reactions, or in immobilization studies, another type of support was 

needed to exclude mass transfer limitations. This kind of carrier should not 

only have a large specific surface area, but also contain no pores. For larger 

particles (usually a product of suspension polymerization with a minimal size 

of JO J'm) these are contradictory requirements. But latex particles, products 

of emulsion polymerization, combine these two features. Moreover, monodisperse 

particles can be made by emulsion polymerization techniques . 

. §. 
NoQ,S«N-+-N»SOJ>Jo 

"9.: 
2 Br e 

CH3 CH3 la I• 
-[ ~(CH2~-~(CH2 )4],; 

CH3 CH3 
_2_ 

l 

Scheme 1 Chemica! structure of CoTSPc <1> and 2,4-ionene (~) 
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Several articles have been publisbed on immobilizing enzymes•-s or 

catalysts7
- 12 on latex particles. In the paint industry, latices have been 

synthesized functionalized with fungicides to prevent mildew defacement13
•
14

. 

These chemically modified latices are sometimes called reactive latices16
• 

In the past years we have studied the cocatalytic behaviour of several 

cationic polymers, like polyvinylamine (PV Am) and a polyquaternary ammonium 

salt (the so-called 2,4-ionene, 2. scheme I) on the catalytic oxidative 

coupling of 2-mercaptoethanol (ME) to its conesponding disulphide in the 

presence of molecular oxygen and cobalt(II)phthalocyanine

tetrasodiumsulphonate (CoTSPc, !. scheme 1)16
•
17

. 

We earlier reported the immobilization of this very reactive 

(homogeneous) polymerie catalyst on a macroporous resin18
• As expected, a 

lower reaction rate was observed compared with the homogeneaus polyelectrolyte 

system. This effect was not only due to mass transport limitation of the 

reactants, but also appeared to be caused by an inhomogeneity of the catalytic 

support; CoTSPc scarcely penetrates the porous resin. A different 

immobilization strategy was therefore required to retain the high intrin~ic 

catalytic activity of the system. 

Recently, Ford et al. reported the immobilization of CoTSPc on a cationic 

latex19 and its effect on the oxidation of 1-decanethiol. A rate enhancement 

in the presence of the latex was observed compared with the conventional 

polymer-free system. 

The final goal of our investigations is the ancboring of the highly 

Scheme 2 Chemica! structure of the surfactant, PS-b·qpVP (~) 
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active CoTSPc-polyelectrolyte system onto insoluble supports while maintaining 

the high oxidation rate, that is immobilization without the above described 

disadvantages of conventional immobilization methods. In the present chapter 

we describe (I) the preparation of a cation ie latex, containing anchored 

cationic polyelectrolytes, that will serve as a support for CoTSPc and (2) the 

effect of catalyst immobilization on the oxidation of 2-mercaptoethanol. The 

cationic latex was prepared by the emulsion copolymerization of styrene and 

divinylbenzene using a block copolymer of styrene and quaternized 4-

vinylpyridine (PS-b-qPVP, .l, scheme 2) as surfactant. The resulting latex was 

tested as a cocatalyst in the thiol oxidation. A few preliminary results on 

this system have recently been mentioned in a more comprehensive survey20
. The 

complete results will be presented and discussed in the present chapter. 

Experlmental sectlon 

The quaternization of the block-copolymer styrene-b-4-vinylpyridine 

(Polyscience, PS:PVP=l:9) and poly-4-vinylpyridine (Polyscience, Mn=40,000) 

with methyliodide in DMF/DMSO (3:2, by volume) was carried out according to 

literature21
•
22

. Both the IR spectra and the quantitative yields indicated a 

high degree (>99%) of quaternization. The number average molar mass of the 

unquaternized copolymer was determined by vapour pressure osmometry in 

methanol at 45"C with a Knauer vapour pressure osmometer, and amounted to 

4,500 +/- 500. The molar mass of the quaternized product (PS-b-qPVP) was 

calculated to be 10,000 +/- 1,000. The number average molar mass of the 

quaternized PVP was calculated to be 90,000 +/- 9,000. The reduced viscosity 

('lapec/c)of qPVP and PS-b-qPVP were measured at 25.0 +/- O.l°C. Styrene 

(Merck) and divinylbenzene (Merck, teehoical grade) were distilled prior to 

use. 4,4'-azo-bis-4-cyanopentanoic acid (ACPA, Fluka) was used as purchased. 

0.92 g styrene and 0.33 g divinylbenzene were added to a solution 

containing 8.97 g distilled deoxygenated water, 60 mg K 2C08, 0.51 g PS-b-qPVP 
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and 34 mg ACPA. The emulsion was polymerized at 6o•c for 24 hrs u~der nitrogen 

atmosphere with magnetic stirring. The purification of the latex is described 

in the text. The sulphonated ion-exchange resin Dowex 50W-X4 was purified and 

used as described by Vanderhoff et al.23
•
24

• The serum replacement een (70 

cm3
) was equipped with a 50 nm filter (Nuclepore). The average flow through 

the cell was 15 cm3 /hr. The partiele size was determined by dynamic light 

scattering and scanning electron microscopy (SEM). 

The latex was diluted in the reaction vessel by adding water and a CoTSPc 

solution (2xi0-6 mol/dm3
) until the desired concentrations of-cationic groups 

(expressed in mol N+ /dm3
) and of cobalt catalyst were obtained. The catalytic 

activity was measured as the initial reaction rate by monitoring the oxygen 

consumption immediately after the addition of thiol as described earlier18
•
26

. 

All reacrions were performed at an oxygen pressure of 100 kPa, a temperature 

of 25"C and a stirring speed of 2600 rpm. 

VIS spectra were recorded at a Hewlett-Packard diode array 8451A 

spectrophotometer using a 1-cm cell. 

Results and dlscussion 

Latex preparation 

In order to prepare a cationic latex that will serve as support for 

CoTSPc, an emulsion copolymerization of styrene and divinylbenzene was carried 

out in the presence of the block copolymer PS-b-qPVP, as described in the 

experimental section. The block copolymer serves as surfactant, stahilizing 

the latex particles by its charged, hydrophilic qPVP part. The hydrophobic 

polystyrene block acts as an ancboring group. This ancboring is achieved by 

insertion of the hydrophobic polystyrene blocks into the latex particles. The 

resulting product is a latex stabilized by immobilized cationic qPVP. 

After CoTSPc was adsorbed to the cationic surfactant segments on latex, 
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Table 1 Data of the purified latex 

average partiele diameter 
sol id content 
elemental analysis of 
solid latex content 

+ a 
[N llatex 

400 +/· 30 mi 

0.26 " 
c 86.47 " 
H 8.04 X 
N 1.28 X _

3 3 2.38x10 mol/dm 

a basedon the overall nitrogen content as determined byelemental analysis 

this system was tested as a catalyst in the oxidative coupling of 2-

mercaptoethanol (ME) in oxygen atmosphere. Earlier results in our laboratory 

showed that extremely low concentrations of free cationic polymer had a 

strongly accelerating effect on the thiol oxidation (polyelectrolyte 

concentration expressed as nitrogen concentration: [N+]=I0" 6 mol/dm3,i.e. 2.6 

mg surfactant/dm3 already affects the reaction rate)26
. Before measuring the 

catalytic activity of the latex, it is therefore of essential importance to 

examine the serum of the latex for the presence of even minor traces of free 

surfactant. We developed a sensitive VIS method to detect very low 

concentrations of cationic polymer, based on the occurrence of the easily 

deleetabie monomeric or dimeric form of CoTSPc depending on the absence or 

presence respectively of cationic polymers in solution18•26. For PS-b-qPVP, 

the lowest N+ /CoTSPc ratio, that is the ratio at which the dimeric form of 

CoTSPc can still be detected, was experimentally determined to be 3, resulting 

in a deleetion limit for the polymerie surfactant of 3x 10·7 mol/dm3 at 

[CoTSPc]= 10·7 mol/dm3
• 

As expected, the unpurified latex did contain an unacceptably high level 

of free surfactant. It is obvious that, after addition of CoTSPc, such a latex 

would show the same kinetic features as a homogeneous, surfactant solution . 

Even after washing the latex with water for several days by the serum

replacement technique27 the serum still contained considerable amounts of 

surfactant. Only a combination of the ion-exchange method reported by 

Vanderhoff et al.23
•
24 foliowed by a serum-replacement procedure resulted in a 
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surfactant free serum ([N+]< 3xl0-7 mol/dm3
) . This was double-checked by 

. . ' i : 

measuring the catalytic behaviour of the serum in the thiol oxidation, afte~ 
. ' 

addition of CoTSPc. The observed serum activity appeared to be identical 'o 

that of a surfactant free solution, i.e. only CoTSPc in water. The latex data 

are summarised in Table I. 

The mechanica! strength of the latex was investigated by stirring for 30 

minutes in the reaction vessel (three times the average oxidation reaction 

time). The resulting mixture was agaiil tested on the presence of free 

polycations. Only a very low concentration of nitrogen was found in the serum 

(1.2xl0-6 mol N+/dm3
, i.e. about 2.5% of the pyridinium groups of the block 

polymer did desorb from the latex). The resulting serum still did not contain 

enough free surfactant to show an increase in reaction rate compared with a 

solution containing no surfactants. The average diameter of the latex 

particles was not affected by the continued stirring. 

Kinetics 

The kinetic behaviour of the latex oxidizing 2-mercaptoethanol (ME) in 

the presence o( CoTSPc was studied: (I) the latex system stabilized by the , 

block copolymer (PS-b-qPVP), (2) the homogeneaus block copolymer syste'm that 

may contain some form of aggregation (described later) and (3) the homog~neous 

cationic polyelectrolyte system (qPVP). The difference in molar mass of the 

surfactant and the homopolymer qPVP (10,000 and 90,000, respectively) will 

scarcely affect the reaction rate as was observed earlier26
•
28

• 

In Fig. I the catalytic activity (expressed in mol ME.dm-3.s-1
) ofthe 

heterogeneaus and homogeneous qPVP systems is shown as a function of pH. For 

all three systems a distinct optimum was found around pH=8.7: Such a pH 

optimum had already been found for PVAm and 2,4-ionene"-containing systems as 

well, resulting from the fact that the reactive species in the rate-

determining step is the thiolate anion (pK,.(ME) = 9.6)17
. The difference 

between the pH optima for PV Am and 2,4-ionene containing systems (pH ~ 8) on 
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Fig . 1 Reaction rate as a function of the pH 

[CoTSPcl= 4x10-7 rrw:Jl/dm3, [ME]= 0.143 rrw:Jl/dm3, 

() : latex [N+]: 5x10-S moltdm3, [] : qPVP [N+l= 10-4 rrw:Jl/dm3, 

~ : PS-b-qPVP [N+l= 5x10-S moltdm3 

Fig . Z Reaction rate as function of run number 

pH"' 8.7, [CoTSPC] 2 4x10- 7 rrw:Jl/dm3, [ME]= 0.143 rrw:Jl/dm3, 

synbols see Fig. 1 

NUMBER OF RUNS 

the one hand, and the qPVP-containing systems on the other, is striking 

however. This may be explained by a difference in charge density on the 

polymer backbone. The charge density of qPVP is lower and more delocalized, as 

a result of the presence of aromatic moieties, than that, for instanee of 2,4-

ionene, resulting in a lower local thiolale anion concentration at a given 

pH17
•29. This line of thought is confirmed by the earlier observed shift of 

the pH optimum towards higher pH for 2,10-ionene, that also has a lower charge 

density than 2,4-ionene30•l11• Surprisingly, the concentration of the block 

copolymer at the latex surface, likely to result in an increase of the 

apparent charge density, does not affect the pH optimum. 

The stahilities of the qPVP containing systems are shown in Fig. 2. The 

catalytic activity of the latex and qPVP systems were found to decrease after 
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successive runs. Surprisingly, the reactivity of the block copolymer 

containing solution is hardly affected at all. A similar independenee was also 

found for 2,4-ionene. However, in the case of PV Am a decrease in oxidation 

rate was also observed17
• The decrease in activity was mainly attributed to 

the formation of acidic by-products, caused by the reaction of the 

intermediale hydrogen peroxide with disulphide to form sulphur-containing oxo

acids. poisoning the basic sites32
• Decomposition of CoTSPc was also observed, 

but this was not the primary cause of deactivation. Although these oxo-acids 

are only formed in very low concentrations (less than I% of the total oxygen 

consumption) substantial accumulation of disulphide after successive runs will 

enhance their formation. The variation in deactivation of the different 

cationic complexes is not yet fully understood. Most probably, it will be 

related to the H20 2 accumulation in the microenviroment of the catalytic 

sites. The peroxide accumulation is primary determined by the intrinsic 

kinetics of the system, but it will also be dependent of the hydrophobicity of 

the polymer domain. 

In the case of the latex system, product inhibition, caused by a 

relatively slow desorption of the product from the latex surface could not be 

ruled out. Therefore, mercaptoethanol was oxidized in the presence of an 

excess (2 equivalent) of its product: 2,2•-dithiodiethanol. There was no 

change in reactivity observed compared with the regular system, indicating the 

absence of product inhibition. Hówever, during all catalytic experiments using 

latex as support for CoTSPc some coagulation was observed. The colloidal 

instability is a known problem in catalyst immobilization33
-
35

. Latex 

coagulation will likely affect the catalytic activity after successive runs, 

but it will hardly influence the catalytic activity measured as the initia! 

oxygen uptake. The deactivation of the latex and qPVP containing systems will 

be a subject for future research. 

Fig. 3 clearly shows a linear relationship between CoTSPc concentration 

and the catalytic activity (at constant [N+]). This linear relationship 
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Fig. 4 Resetion rate as a function of the thiol concentratien 
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indicates the absence of mass transport limitations. It also shows the absence 

of a saturation behaviour of CoTSPc at the surface of the latex or in the 

homopolymer domain in the case of the homogeneous systems in this 

concentration region, otherwise deviations from linearity would have been 

observed. Again, these findings are in complete agreement with the linear 

dependencies found for homogeneous PV Am and 2,4-ionene systems. The observed 

reaction rate was not affected when the Co/N+ ratio was kept constant20
. 

As the two last-named polymers showed Michaelis-Menten kinetics in thiol 

and oxygen16
•
36 the dependenee of reaction rate on thiol concentration was 

also measured for the present systems (Fig. 4). All three qPVP-containing 

systems showed saturation-type behaviour in thiol concentration, but in the 

case of the homogeneous block copolymer system it was less pronounced. 

Maintaining a high oxygen concentration brings a zeroth-order reaction in 

oxygen, and pseudo single-substrate Michaelis-Menten kinetics is observed 
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according to eq . l 

v = k2[CoTSPc][ME] (I) 

KM+ [ME] 

with k2 = turnover number (s- 1
) and KM= Michaelis constant (mol j dm3

) . From 

the double reciprocal of reactivity versus thiol concentration, the so-called 

Lineweaver-Burk plot, these constants were determined as lisled in Table :. 

For comparison, the data of PVAm and 2,4-ionene arealso listed in this 

table 16
•
25

. As can be seen from the table, the turnover number (k2 ) for the 

PS-b-qPVP (latex) system is increased on immobilization of the block copolymer 

(the saturation levels of the curves in Fig . 4 are determined by the turnO\ er 

number, as can be deduced from eq. I) . The turnover number of qPVP lies in 

between these values . Very striking are the differences between the Michaelis 

constants of the observed systems. In contrast with the turnover number, the 

Michaelis constant is only slightly affected by immobilization of PS-b-qPVP 

while the KM of the qPVP system is significantly lower than that of the block 

copolymer-containing systems. Assuming k2«k-h the Michaelis constant 

(=(k_ 1+k2)/k 1) equals the reciprocal of the binding constant K 8(=kt!Lt. i.e . 

the binding of thiolate anion to the cobalt centre). 

Table 2 Turnover numbers Ck2l and Michaelis constants (KMl of several 

cat ionic polymer containing systems 

qPVP 1400a +/- 110 2.6 +/- 0.4 
PS·b·qPVP/latex 17008 +/· 150 12 +j- 2 
PS·b-qPVP 1100a +/· 210 11 +/· 4 
PVAm 2800b +/- 200 9.0 +/· 2.0 
2,4-ionene 3300b +/- 200 0.68+/· 0.14 

a 
pH=8.7 

b pH=8.0 
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Kinetic data of latex-immobilized catalytic systems are unfortunately 

scarce. Therefore comparison is only possible with effects of latex 

immobilization on the Michaelis constants of enzymes. In these studies, an 

increase of KM was found after immobilizing enzymes, indicating a weaker 

substrate-enzyme binding. This was explained by an electrostatic repulsion 

between the negatively charged substrate and the anionic latex particles4
•
12

. 

When a neutral substrate was used, the Michaelis constant was hardly affected 

by immobilization4
• 

In our latex system, the styrene part of the block copolymer is strongly 

adsorbed to, or embedded in the polymer particles and in consequence may not 

play a role in the oxidation process that takes place in the aqueous boundary 

layer which is rich in qPVP blocks. It therefore seemed justified to compare 

the latex system with the homogeneous qPVP system. lf the important 

prerequisite (k2 « k_h KM lid Ks - l) still holds after immobilization, 

immobilization of PS-b-qPVP on latex particles, that is concentration of 

cationic charge on the latex surface, might lower the Michaelis constant as 

compared with the qPVP system, seemingly in contrast to our present findings 

as can be seen in Table 2. The Michaelis constant for the latex system is 

higher than for the homogeneous qPVP system. The higher value of KM for the 

immobilized system can not be due to diffusional problems, as was suggested by 

Brouwer et al. in the case of cross-linked PV Am37 because mass transfer 

limitations can be ruled out bere (see Fig. 2). 

However, the most important difference between immobilized enzymes and 

immobilized macromolecules is the extent of conformational change on 

iminobilization. The rather rigid three-dimensional structure of enzymes wiJl 

hardly be affected by immobilization4
• A completely different situation occurs 

when polyelectrolytes are being immobilized. In a homogeneous catalytic system 

the polymer concentration is very diluted whereas, in the case of the 

immobilized system, the polymer is concentrated at the surface of the latex 

particles. In addition, the increase of the polymer concentration affects the 
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polymer coil structure, that is immobilization (concentration) of 

polyelectrolyte on latex particles may directly influence the binding 

constant, as wiJl beseen in Fig. 5, where the reduced viscosity of qPVP is 

measured as a function of its concentration. Besides this concentration 

effect, the mobility of the polymer chain will decrease on immobilization. 

Moreover, this binding constant is actually determined by the local thiolate 

concentration (and nol by the overall thiol concentration) and is therefore an 

apparent constant. This local anion concentration depends on electrastatic 

interactions between polymer and substrate and remains unknown, Therefore 

changes in local substrate concentration due to the immobilization of the 

polycation, will affect the apparent binding constant. 

On these. grounds, comparison of the two homogeneaus systems, that is PS

b-qPVP and qPVP seems justified, although it must be emphasized that the block 

copolymer may hold an exceptional position due to its amphiphilic 

character38
•
39

. It was reported tha.t a small hydrophobic block in the block 

copolymer of styrene and 2-vinyi-N-methylpyridine40 and low concentrations of 

block copolymer of styrene and 4-vinyi-N-ethylpyridine already influenced 

(increased) the viscosity in water. This anomalous behaviour was attributed tö 

the formation of supramolecular structures as a result of incomplete 

solubilization41
. In order to investigate the presence or absence of 

aggregated structures during the catalytic experiments, reduced viscosities 

('lspec/C) of PS-qPVP and qPVP-containing solutions were measured at low 

polymerconcentrations (2-50 mg/dm3
) as used i.inder the experimental conditions 

(Fig. 5). In the case of the block copolymer, the red u eed viscosity rose on 

increasing its concentration, indicating that some kind of supramolecular 

structure may be formed at low polymer concentratiöns. For comparison, the 

reduced viscosity of the homopolymer (qPVP) is also shown in Fig. 5 and its 

concentration dependenee is typical of a common polyelectrolyte42
). The 

decrease of the. reduced viscosity of the block copolymer at higher 

concentrations may be attributed to the increase of ionic strength. Fig. 5 
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Fig. 5 Reduced viscosity <~specie) of PS-b·qPVP and qPVP 

0 : qPVP in pure water, ~ : PS·b·qPVP in pure water, 

+ : PS·b·qPVP in 0.02 M KBr 

clearly shows that increasing the ionic strength by the addition of a low 

concentration of salt ([KBr) = 0.02 mol/dm3) had a similar effect on the 

reduced viscosity of the block copolymer. This sensitivity to ionic strength 

may play a role in the catalytic experiments, where varying the thiol 

concentration, or the basicity, will have a strong effect on the ionic 

strength of the reaction mixture (I o·l - 10"4 mol/dm3
) . The addition of low 

concentration of CoTSPc ( 4x 10·7 mol/dm3
) did not affect the reduced viscosity. 

We tried to demonstrate the presence or absence of these aggregated 

structures by light scattering. Unfortunately, the block copolymer 

concentrations used (simulating the low concentrations used in the catalytic 

experiments) are too low in this technique to prove unambigiously the presence 

or absence of these structures . 
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It was mentioned earlier in this chapter that cationic polymers indoc:ed 

aggregation of CoTSPc. This aggregated form of the catalyst is believed to be 

responsible for the dramatic increase in reactivity. Extensive studies on 

several polyelectrolytes, like 2,4-, 2,6- and 2,8-ionene by van Wel;~;etl et aL 

showed that this aggregation is irreversible, whereas in the case of more 

soap-like DOiyelectrolytes, like 2,10-ionene, monornerization of CoTSPc was 

observed at high polymer concentrations (expressed as [N"J) 26_ This phenomenon 

was attributed to the hydrophobic character of the polymer backbone generating 

micelle-like structures_ In Fig_ 6 and 7 the VIS spectra of CoTSPc in the 

presence of qPVP and PS-b-qPVP are shown at [CoTSPc] = 2x 10-B molfdm3 and [N •1 

= 2xlW 4 moljdm3 (curve A) and 2x10'3 mol/dm3 (curve B)_ As can be expected, 

qPVP exhibits the behaviour of a common cationic polymer, that is strong 

aggregation of CoTSPc that is hardly disturbed at high [N-1-] (628 nm. Fig, 6l-

ln the case of the block copolymer, aggregation of CoTSPc is also observed et 

[N']- 2xl0- 4 mol/dm3 (Fig. 7, curve A)_ However, at higher polymer 

~ /"" 
~m / ....- '..... 

----~: /'"~-----------
"' 

__/ "'~--
'" '" '" 

~ig_ 6 VIS spectrun of CofSPt:; in th~ ~te$eru:::e of qPVP 

(CQTSPel = 2x10-l) mottan
1

, A: IN•l = <>1a·• MOL;an3, 

B: IN•] = 2x10·] moLJan3 

Fig_ 7 VIS spectrliTl of CoTSPc in the ~resence of PS·b-qPVP 

[ColsPc) = 2x10 -6 mol;(tn3 , A' (N
4

] = 2>10-
4 

mol(<kl>l, 

9: IN+l = 2•10-:J. m¢L/dm3 
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concentration ([N+]" 2xl0-~ mol/dm3
, curve B) the shoulder in the VIS 

spectrum of CoTSPc at 660 om sugge~t~ partial monomerization of the aggregated 

CoTSPc indicatory for the presence of micelle-like structures. The nearly 

identical catalytic activity for both the qJ>VP and PS-b-qPVP systems (see 

Table 2) confirms the absence of the less reactive, monomeric CofSf'c in the 

case of PS-b-qPVP during the catalytic reactiorrs (roa.ction conditions: [N+] = 

~~ 1 o·~ mol/dm 3
, [CoTSPc) = 4 x !0"7 mol/dm3). 

The data presented in this chapter indicate the absence of multi-

molecular micelle-like structures. However, the discrepancy between the KM 

values for these two homogeneous systems and the similarity of the constants 

of the block copolymer and the latex systems suggests a similarity between the 

micro-environment of the catalytic CoTSPc centres of the block copolymer and 

the block copolymer-stabilized latex system. 

Conclusions 

Emulsion copolymerization of ~tyrene and divinylbenzene with PS-b-qPVP as 

surfactant was found to be a successful method to prepare a cationic latex 

that serves as support for CoTSPc without the decrease in reactivity that is 

usually encountered on immobilizing this highly active system. As compared 

with the conventional polymer-free CoTSPc-containlng system all three systems, 

qPVP, PS-b·QPVP and block copolymer-stabilized latex, show a strong 

enhancement of the oxidation rate of 2-mercaptoethanol. Although the stability 

of the latex anct qPVP-containing ~y~tems after successive runs is rather poor, 

tb.is immobilization methoct shows the great potential value of anchoring highly 

active systems retaining the high catalytic activity. Tlte turnover number is 

increased on immobilization of the block copolymer. The turnover number of the 

qPVP system lies in between the values of these systems. The Michaelis 

constant for the block copolymer-containing systems is hardly affected on 

immobili:l:ation. lhe ob~erved differences between the three systems can not be 

61 



fully elucidated, due to conformational changes of the polymer domain on 

immobilization of PS-b-qPVP and the high local polycation concentration at the 

partiele surface. The KM values of the latex system and the block copolymer 

system suggest a similarity in structure between the two. 
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6 

Synthesis, purification and characterization of cationic latices produced by 

the emulsion copolymerization of styrenè with 3 ~ (methacrylamidinopropyl)

trimethylammoniumchloride. 

Karel H. van Streun, Wil J. Belt, Pieter Piet and Anton L. German 

Summary 

The effect was investigated of varying the amount of 3-

(methacrylamidinopropyl)trimethylammoniumchloride (MAD) on the emulsion 

copolymerization of styrene and MAD with azo-bis(isobutyramidine 

hydrochloride) (AIBA) as initiator. The addition of MAD accelerated the 

polymerization and decreased the partiele size . Cleaning of these latices in 

order to remove the undesired polyelectrolyte not incorporated in the latex 

particles, was found to be tedious . Serum replacement, diafiltration and 

centrifugation appeared to be unsatisfactory, si nee desorption of 

polyelectrolyte was still observed aftër standing or stirring. A combination 

of centrifugation and treatment with silica appeared to .. clean the latices to a 

satisfactory level (expressed as [N+] < Sx 10-7 mol/dm3
). Surface charge 

density , as determined by conductometric acid-base titrations, rose slightly 

on increasing the initia! MAD concentration. Shot-growth (two-step) emulsion 

polymerization or the use of a cross-linking agent (divinylbenzene) hardly 

affected the surface charge density . 

Introduetion 

The immobilization of catalytic systems onto insoluble supports has 

received considerable academie and industrial attention over the last few 
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decades. Most of these investigations focused on organic supports that can be 

functionalized by chemical reactions1
•
2

• Generally, after immobilization the 

activities of intrinsically highly reactive catalytic systems have been 

disappointing. In most cases this is due to mass transfer limitations to the 

support particles (interparticle diffusion) or within these particles 

(intraparticle diffusion). To overcome these problems smaller, nonporous 

particles are needed. However, a drawback of partiele size reduction is the 

need for more sophisticated separation techniques to purify the resulting 

products. 

Emulsion polymerization offers the possibility of synthesizing these 

small, organic, nonporous particles in the submicron region. This 

polymerization technique also allows the synthesis of particles with narrow 

partiele size distribution (monodispersity). Functionalization of these 

latices can then be achieved by emulsion polymerization in the presence of a 

functional monomer, a functional surfactant, a functional initiator or by a 

post-polymerization modification3
• 

In a conventional emulsion polymerization latices are stabilized by 

surfactants. The removal of stabilizer after polymerization is difficult, ,and 

coagulation may result4
•
6

• In the case of surfactant-free emulsion 

polymerization of styrene, particles are stabilized by ionic initiator 

residues. Potassiumpersulphate as initiator has been studied extensively and 

was found to result in sulphate stabilized latices4
-
9

. In order to obtain a 

better control of both partiele size and surface charge density, ionic 

comonomers can be used. Most studies are concerned with the stabilization by 

anionic groups10
-

14 introduced by sulphonate- containing monomers. Other types 

of ionic monomers frequently used are monomers containing carboxyl groups16
-

20, and nonionic hydrophilic monomers like acrylamide and acrylamide 

deriva~ives21 -24. Surprisingly, the use of cationic comonomers is less 

common26
-
29

• Also, the use of surfactant-like monomers has been reported30
-
32

• 

Our goal is to prepare stable, cationic latices with a high surface 
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charge density as supports for cobalt(II)phthalocyanine-tetrasodiumsulphonate 

(CoTSPc). In this chapter we describe the synthesis, purification and ' 

characterization of cationic latices prepared by emulsion polynierization of 

styrene in the presence of the functional cationic comonomer, 3-

(methacrylamidinopropyl)trimethylammoniumchloride (!, MAD) and azo

bis(isobutyramidine hydrochloride) (~. AIBA) as initiator. The immobilization 

of CoTSPc on these colloidal particles by coulombic interaction and the · 

activity of these functionalized latices in the ·oxidatiori of 2-niercaptoethanol 

will be presented in the next chapter. 

l 

Scheme 1 Structures of HAD <1> and AIBA (g) 

Experlmental Part 

Emu/sion polymerizaJion 

Styrene (Merck) and divinylbenzene (DVB,technical grade, Merck) were 

distilled before use. AIBA (Polyscience) was used as purchased. MAD (Merck) 

was received as a 50% aqueous solution. The inhibitor was removed by 

extraction with diethylether. The remaining solution was flushed with nitrogen 

and storedat -l8°C. A double-wall all-glass reactor, thermostated at 60°C and 

equipped with a mechanica! stirrer, was filled with 350 mi of distilled 

deoxygenated water and flushed with argon for 20 minutes. Styrene (30 g) was 

then added to the reactor and after 5 minutes the desired amounts of MAD and 

AIBA were added to this mixture together with 50 mi of water. The emulsion 

polymerization was carried out under argon atmosphere and the stirring speed 

was maintained at 300 rpm. All polymerizations were stopped after approx. 16 

hrs and the product was filtered over glass wool to remove any possible 

coagulum. 
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Shot-growth experiments. The first step was identical to S2 (see Table 2) 

i.e. 400 m1 water, 30 g styrene, 0.5 g MAD and 0.5 g AIBA. A second batch of 

monomers was added after 3 hrs, to wit 6 g styrene, 150 mg AIBA, a varying 

amount MAD and 50 mi of water. 

In the case of kinetic experiments, samples were taken in order to 

monitor conversion and the polymerization was stopped by the addition of 

hydroquinone-monomethylether. After evaporation of the volatile components by 

heating at 90°C and drying of the sample under reduced pressure , the styrene 

conversion was gravimetrically determined as given below. 

Styrene conversion(%) = set - SCt=O x 100 

SCt=oo - SCt=O 

where set stands for solid content of the sample ( grams solid/gram solution) 

at time t, SCt=O = solid content at the beginning of the reaction, and SCt=oo = 

so1id content at 100 % styrene conversion. 

Cleaning procedure 

The latex (ll::l 100 m1) was centrifuged twice (20,000 - 30,000 rpm for 30 

minutes, eentrikon T-2060), decanted, redispersed in water and then treated 

with 2 - 5 g silica (Merck, Kieselgel 60 for column chromatopgraphy, 63-200 

J.'m). After every treatment the silica was filtered off through a paper filter. 

Silica treatment, foliowed by fiJtration was repeated twice. The latex was 

subsequently centrifuged twice before rinsing with NaOH solution (pH = 11) in 

a serum-replacement cell. After the passage of at least 15 cell volumes of 

diluted base, the cell was.connected to water (Millipore, Milli-Q). After 

rinsing with at least 20 cell volumes the latex was titrated. 

VIS spectra were recorded at a Hewlett-Packard diode array 8451A 

spectrophotometer using a 1-cm cell. Average partiele si ze and dispersity were 

determined by Scanning Electron Microscopy (SEM). 
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Tilration 

An amount of latex was weighed and, where necessary, water •was a_dded to 

make up to a volumè of 25 mi. The latex solution was flushed with argon for at 

least 30 minutes. The inert atmosphere was maintained during the titration . 

The latex was titrated with 0.001 N HCI solution. The conductivity was 

monitored using a Radiometer CDM80 conductivity meter. The surface charge 

density was calculated as given below. 

surface charge density = vt x D x 1.753 ~moljm2 

SC X WJatex 

vt = added volume of acid (mi), D = average partiele diameter (nm), se = solid 

content latex solution and WJatex = weight of titratèd latex solution (g). 

Results and discussion 

Kinetics of emulsion polymerization 

Surfactant-free emulsion copolymerization with ionic comonomers is not as 

straightforward as it may seem. This is particularly due to the great 

difference between water-solubility of the two monomers. In a classica! 

emulsion polymerization, that is the polymerization of a scarcely water-

solobie monomer (e.g. styrene) in the presence of a water-soluble initiator 

and a surfactant, the kinetics may be described by the Smith-Ewart theorl2
. 

The most important mechanistic difference between a classica! and a 

surfactant-free emulsion . polymerization is the nucleation stage, so-called 

stage I. In the case of conventional emulsion polymerization, particles may 

originate from monomer-swollen micelles activated by initiator radicals 

(micellar nucleation). Partiele production stops when all surfactant molecules 

have been adsorbed to the already existing particles. This is the end of stage 
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I. In the case of a surfactant-free emulsion polymerization, copolymerization 

of the scarcely water-soluble styrene with the water-soluble 3-

(methacrylamidinopropyl)-trimethylammoniumchloride (MAD) the homogeneaus 

nucleation mechanism is likely to occur26
·M. Thermal decomposition of the 

water-soluble initiator starts copolymerization of MAD with styrene in the 

water phase. Copolymerization in the water phase will proceed until the 

oligomer (I) is captured by al ready existing particles, (2) reaches a critica! 

chain length after which it will "precipitate" to form a primary partiele or 

(3) terminales before it can be adsorbed or can nucleate36
• These processes 

are dependent on the solubility (hydrophobic - hydrophilic balance) of the 

formed oligomer, the capturing ability of the al ready existing particles and 

the rate of termination of the oligomers in the water phase. Primary particles 

coalesce to larger particles until their surface charge provides sufficient 

colloidal stability. Partiele production stops when all oligomeric radicals 

are captured by already existing stabie particles before nucleation can occur. 

The effect of MAD concentration on the styrene conversion as a function 
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Fig. 1 Effect of MAD concentration on the styrene conversion 

*: [lW)] = 0 rooltdlrt3 , 0: [lW)] = 2.8x10-l rooltdlrt3 , 

.ó.: [MAl)] = 5.7x10-l rooltdln3 

Fig. 2 Effect of MAD· concentration on the partiele size 
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of time is shown in Fig. I. An increase of the initia!MAD concentration 

accelerates the rate of styrene conversion. Since the rate of polymerization 

is affected by the number of particles; the partiele size of the resulting 

latices was measured as a function of the M;\D concentration (Fig. 2). Indeed, 

the partiele size drops on increasing the MAD concentration: it will be shown 

below that this is due to the increase of surface charge density. 

To eliminate any possible influence of (very small concentrations of) 

polyelectrolyte that is present in the commercially available MAD, 

unquaternized amine was treated with iodomethane. The ammonium salt formed in 

this manner appeared to be free of polyelectrolyte, and increased partiele 

size in emulsion copolymerization with styrene, compared with MAD under 

identical experimenta\ conditions. In order to determine whether the origin of 
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Fig. 3 Effect of the presence of iodine on the polyrnerization rate of 

styrene 
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[styrenel = 0.72 rooltan
3 
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this unexpected phenomenon was due to the absence of polyelectrolyte or to the 

introduetion of iodide, two emulsion polymerizations were carried out in the 

presence of MAD: one in the presence of NaCI and the other in that of 

equimolar Nal. The kinetics as depicted in Fig. 3 clearly shows that the 

retardation of styrene conversion is not caused by the presence of low 

concentrations of polyelectrolyte, but sterns from the presence of the iodide 

salt. We are not aware of any pubHeation reporting this effect. It appears 

that unstable iodine reacts as a radical scavenger, thereby reducing the 

overall efficiency of the initiator and resulting in an increase of partiele 

size. This effect is still under investigation. 

LaJex purification 

Earlier work in our laboratory showed that the CoTSPc-catalyzed thiol 

oxidation in the presence of cationic polymer is dependent on the line:h 

charge density on the backbone of the polyelectrolyte. In this line of tllought 

the catalytic activity of the latices will also be affected by its surface 

charge density. It is therefore necessary to determine the surface charge 

density of the produced latices. 

Due to the very great difference between the partition coefficients of 

both monomers, the formation of free water-soluble polyelectrolyte, that is 

copolymer of styrene and MAD not anchored onto the latex particles, is likely 

to occur. In order to determine the surface charge density in a reliable 

manner, these polymerie side products, together with low molar mass 

contaminants, must be removed prior to surface charge determination. 

In addition, the CoTSPc catalytic system is extremely susceptible to very 

low concentrations of cationic polymer, for instanee in the case of 2,4-

ionene, a poly-(quaternary ammonium salt), a reaction-rate enhancement was 

still observed at [N+]=I0-6 mol/dm3 (i.e.~ 0.12 mg/dm3 homopolymer)36
• It 

will be shown in tlle next chapter that, for the present homopolymer (PMAD}, 

the thiol oxidation is still affected at free polyelectrolyte levels 
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corresponding to [N+]= 10-6 moljdm3
• In order to measure the true activity of · 

the immobilized PMAD/latex system only, it is thus of essential importanée to 

clean the latex to such an ex tent as to obtain a polyelecttolyte concentration 

of the serum of the latex lower than [N+] = 10-6 moi;dm3
. Aiining at the 

detection of extremely low concentrations of cationic polymer, we developed a 

VIS spectrophotometric method based on the occurrence of the dimeric or 

monomeric structure of CoTSPc in the presence or absence of these charged 

polymers, respectivell7
•
38

• Due to the very high extinction coefficient of 

CoTSPc and to the clear difference between the VIS spectra of these two 

structures, this technique provided an excellent and sufficiently sensitive 

method of determining trace amounts of polycations. 

As a result of the smaller partiele diameter, purification of the latex 

requires more sophisticated cleaning techniques than those available for resin 

partiele cleaning. Recently, EI-Aasser reviewed various latex-cleaning 

techniques39
, for example dialysis, ion-exchange4 

, serum replacement40
•
41

, 

microfiltration42 and diafiltration43
• Low molar mass impurities can generally 

be removed by one of these methods. On the other hand, the removal of 

polyelectrolyte by one of these methods will usually be more difficult44• 

The often used ion-exchange method alone is known to be insufficient to 

clean latices from polyelectrolyte41
•
46

• Moreover, the purification of the 

commercially available ion-exchange resin itself, that is the removal of 

charged polymerie contaminants is laborious. In chapter 5 we therefore 

purified polystyrene latices, stabilized by a block copolymer of styrene and 

quaternized 4-vinylpyridine, by using the ion-exchange method foliowed by 

serum replacement38
. In that case, the combination of these two techniques 

appeared to be sufficient to Cleanse the latex of polymerie contaminants. 

Unfortunately, a small amount of copolymer (polymerie surfactant) was found to 

desorb after these Cleaning steps, but its concentration was too low to induce 

an accelerating effect on the thiol oxidation. Before developing a cleaning 

technique by ourselves, we tested three well-known purification methods for 
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cleaning MAD stabilized polystyrene latices, to wit serum replacement, 

diafiltration and ultracentrifugation. 

In the case of the serum replacement, Ahmed et al.40 showed that the 

removal of salt from a diluted latex-containing low molar mass electrolyte is 

somewhat slower than expected on grounds of theoretica] considerations 

implying interaction of the etectrolyte with the polymer particle. It can be 

expected that in the present case, where interaction of polymerie contaminants 

with the latex is very likely to occur, the cleaning process will be even more 

time consuming. Indeed we observed that the cleaning procedure could take days 

or weeks, depending on the water flow through the cell and on the conditions 

used during the emulsion polymerization, that is the concentration of the 

charged monomer. The total volume of cleaning water ranged between :30 and 100 

times the cell volume before the polyelectrolyte concentration in the effluent 

of the serum reptacement cell was less than 5xl0-7 N+mol/dm3 as determined by 

the CoTSPc-VIS method. 

Diafiltration, a technique very similar to serum reptacement was al.so 

investigated. Instead of pumping water through the cell containing a latex 

solution, the latex is continuously circulated in a tangential flow pattem 

through channels over a membrane by the use of a pump, because of which, 

shear-induced coagulation may occur. In our case this metbod did not appear to 

be faster than the serum-replacement technique as was claimed by others42 and 

indeed, in some cases coagulation was observed. 

Latices cleaned by serum reptacement and diafiltration were tested under 

the conditions used in the catalytic reactions. As was pointed out earlier in 

this chapter, it is of extreme importance that the serum of the latex contains 

polyelectrolyte concentrations of less than 10-6 mol N+ /dm3
. Of course, this 

stipulation also applies to the serum after the thiol oxidation. We therefore 

stirred a dilute latex solution for 15 minutes at 2600 rpm at 25°C, simqlating 

the experimental conditions of the thiol oxidation. The resulting solution was 

centrifuged and the serum tested for the presence of polyelectrolyte by the 
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CoTSPc- VIS method. In latices cleaned by serum reptacement or diafiltration, 

unacceptably high levels of polyelectrolyte appeared to be desorbed after 

stirring. Apparently, both techniques purified the latex to such an ex tent as 

to leave some polyelectrolyte adsorbed to the latex surface. This 

polyelectrolyte desorbs at such a slow rate, that its concentration in the 

effluent is too low to be detected by the CoTSPc- VIS method ([N+] < 5x I o-7 

mol/dm3
). But if these cleaned latices were left to stand for approximately 

one week, or were subjected to vigorous stirring, the sera of the latices were 

found, after centrifugation, to contain detectable concentrations of 

polyelectrolyte. 

Some authors claim the "complete" removal of polymerie contaminants by 

centrifugation 15
•
24

•
31

. We also tried to clean latices this way, that is 

repeated centrifugation, foliowed by decantation and redispersion in water. 

Unfortunately, even after six centrifugations, the serum.of the resulting 

Table 1 Effect of ionic strength on the desorption of polyelectrolyte as 

measured by the occurrence of monomeric or dimeric structure of 

ColSPe in the sera of the precipitated latlees 

nulDer of 
centrifugations 

2 
3 
4 

serun of 
sa~le A 

a 

+ 

serun of 
sa~le 8 

+ 
+ 
+ 

a = absence of polyelectrolyte according to ColSPc-VIS method 

b + = presence of polyelectrolyte according to ColSPc-VIS method 

S~le A: (1fcentrifugation, (2) redispersion in distilled water foliowed by 

centrifugation, (3) redispersion in 0.1 M KN~ foliowed by centrifugation and 

(4) redispersion in distilled water foliowed by centrifugation. S~le 8: as 

s~le A, éxcept for step (3) where distilled water was used insteadof 0.1 M 

KN~. 
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latex still contained, at least for our catalytic systems, an unacceptably 

high level of polyelectrolyte. Above all, the technique is very laborious. 

This cleaning method clearly demonstraled the effect of ionic strength of the 

serum on the desorption ra te of polyelectrolyte (Table I). As can be seen from 

Table I, the CoTSPc-VIS method suggested, af ter one centrifugation of the 

latex, the absence of free polyelectrolyte (both samples A and B). Much to our 

surprise, after redispersion of the remaining solid in pure water, foliowed by 

a second centrifugation, the CoTSPc-VIS method indicated the presence of 

polyelectrolyte (both samples A and B). After redispersion of the solid in a 

salt solution (0.1 M KN03) and subsequent centrifugation, the CoTSPc-VIS 

method again suggested the absence of polyelectrolyte (sample A), while the 

serum, after redispersion of the same solid in pure water, foliowed by 

centrifugation, contained polyelectrolyte according to our deleetion method 

(sample B). These findings are in good agreement with the theoretica! 

considerations put forward by Hesselink46
. The effect that the adsorption 

isotherm of charged polymers onto charged surfaces is determined by a 

coulombic and a nonionic adsorption term. If the charges have the same sign, 

as in our case, the latter effect must predominate, otherwise no adsorption 

would take place (the coulombic term has a negative effect on the adsorption 

isotherm due to the identical sign of the charges). Addition of salt will 

decrease the desorption rate as a result of a decrease in the electrostalie 

repulsion between the polyelectrolyte and the charged latex surface. 

From all the above attempts to clean the cationic latices, it becomes 

clear that, as far as we have been able to test the common cleaning 

techniques, none of these methods will suffice for our catalytic system, that 

is after using one of the known purification methods, the cleaned latices will 

contain unacceptably high levels of polyelectrolyte. This becomes 

understandable when we bear in mind the uttermost sensitivity of the CoTSPc 

catalyzed thiol oxi~ation to extremely low concentrations of cationic 

polymers. For example, if a latex of 10% solid content and a specific surface 
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charge of 50 pmol N+ /g(solid) (i.e. 5x 10-3 mol N+ /dm3(latex), see Table 2) 

would desorb 0.0 I% of its charged groups i.e. polyelectrolyte, this can be 

detected by the CoTSPc-VIS method and the latex wil! be denoted as unsuitable 

for a catalytic experiment. On the basis of these considerations, we believed 

it was necessary to develop a purification method to clean latices to such an 

extent as to render polymer colloids suitable for the support of CoTSPc in 

catalytic systems. 

It was found in our laboratory that cationic polymers like 2,4-ionene 

adsorb strongly to silica. Following this line of thought, we also tried to 

purify the cationic latices by this adsorption medium. In order to 

simultaneously reduce the amount of soluble charged polymer and the ionic 

strength of the latex solution, the latex was centrifuged twice before 

treatment with silica. Fig. 4 shows the effect of silica treatment on the 

presence of polyelectrolyte in the sera of these latices as determined by the 

CoTSPc-VIS method. A treatment .with silica consists of shaking the latex with 

silica for at least 12 hours, foliowed by filtration. Curve A shows the 

presence of polyelectrolyte in the serum after two centrifugations (presence 

of dimeric structure of CoTSPc at 630 nm). Curve B clearly shows that after 

one treatment with silica the serum still contained polyelectrolyte. Curve C 

and D show that after 2 and 3 treatments of latex with silicl!. the serum 

contained polyelectrolyte in concentrations of less then 5xl0-7 mol N+ /dm3 

(monomeric structure of CoTSPc at 660 nm). To rid the latex of any possible 

further impurities that cao oot be detected by the CoTSPc-VIS method, the 

latex was centrifuged 2 times after being treated with silica. Most important 

of all, the sera of the latices remained free of polyelectrolyte after 

stirring at 2600 rpm for )5 minutes, nor could anypolyelectrolyte be detected 

in the sera after the latex was left to stand for more than one week. The 

major difference between this cleaning technique and the common techniques is 

that, in the former case, the desorption of polyelectrolyte from the latex 

surface is enhanced by the addition of another strongly absorbing material 
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Fig. 4 The effect of cleaning latex with silica on the presence of 

polyelectrolyte in the serum. ): after two centrifugations, 8) 

one trestment with silica foliowed by centrifugation, C) two 

treatments with silica foliowed by centrifugation and 0) three 

treatments with silica 

during the collision of latex particles with the silica spheres whereas, in 

traditional cleaning techniques, the desorption is purely controlled by the 

adsorption-desorption equilibrium. The disadvantage of adding strongly 

adsorbing material is that, in a few cases coagulation of the latex was 

observed during the cleaning process, probably initiated by the adsorption of 

cationic particles to the silica surface. 

Latex characterization 

Only few techniques and few data appear to be available to characterize 

surface charge densities of cationic latices26
•
47

. We tried to determine the 

surface charge by potentiometric titration of the latex with silver nitrate 

immediately after the silica cleaning procedure. All ammonium groups on the 

surface of the latex particles should have chloride as counterion. lt was 
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found that the surface charge density of various latices determined in this 

way showed no relation to the initial MAD concentration. We therefore tried 

another, although more time-consuming technique, that is reptacement of the 

counterion with hydroxide by the serum reptacement technique, ril,tsing the 

latex with dil u te sodium hydroxide solution (pH F::S 11 ). This was foliowed by 

extensively washing of the latex with pure water to remove excess of base and 

by subsequent conductometric aCid-base titration of the resulting latex. The 

surface charge densities determined in this way showed a satisfactory relation 

to the MAD content and were quite different from those determined by the 

silver nitrate method. These experiments suggest that cleaning of .latices with 

silica reptaces the chloride ion by an unknown counterion that does not 

precipitate on the addition of silver nitrate. 

Fig. 5 shows a typical titration .curve of a latex-containing hydroxide as 

counterion. At first the conductivity of the latex solution hardly changes on 

the addition of the hydrochloric acid (0.001 moljdm3
) indicatory for the 

reduced mobility of the counterion. When all the hydroxide ions have .been 

replaced, the conductivity rises steeply as a result of the excess of acid. 
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The number of basic groups on the partiele surface can be calculated from the 

intersection of these two lines. The results of the titration are shown in 

Fig. 6 and Ta bie 2. · It can be seen that the surface charge density increases 

slightly on raising the initia! MAD concentration which confirms the 

conversion- time curves previously presented in this chapter. Considering the 

high affinity-type adsorption isotherm of polymers46
, it seems reasonable to 

assume that, during the emulsion polymerization, polyelectrolyte is adsorbed 

by the growing particles and, in consequence, increases the colloidal 

stability of the growing particles. On further increasing the comonomer (MAD) 

concentration, more MAD-rich copolymer or even homopolymer formation is likely 

to occur. The presence of more polyelectrolyte may result in (I) bridging 

between particles resulting in a broadening of the partiele size distrib~tion 

(Dw/Dn) (2) continuous formation of primary particles resulting in a 

polydisperse latex system. 

The formation of nonanchored polyelectrolyte may be decreased by reducing 

Table 2 surface charge densities as a f~.netion of the MAD concentratien 

103 [MADJ Dn Dw/Dn surface charge densi~y 
(mo1Jdm

3> (1"111) pmol/g pmol/m 

-------- ----------------------------------------------- ------
so 760 p 8.~( 
S1 2.8 317 1.02 b 

SZ 5.7 236 1.01 25.8 1.06 
S3 14.2 156 1.02 34.5 0.94 
S4 28.3 159 1.01 45.4 1.26 
55 56.6 162 1.06 54.5 1.54 
S6 84.9 151 1.09 80.6 2.13 
SDVB1c 5.7 239 p 18.9 
SOVB2c 5.7 238 p 19.3 

a latex cleaned by serum replacement, foliowed by Ag~ titration. 

b not detennined 

c SOVB1 = 1X techn. DVB, SOVBZ = 3Xtechn. DVB 

LAlBAl = 4.6x1o"3 mol/c:tm3, [styrenel = 0.72 mol/~3 and T = 60°C (see . 

experimentat section) 
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the critica! chain length of the growing water-soluble oligomeric radical. A 

possible way to reduce the critica! chain length without affecting the charge 

density is the addition of the cross-linking agent (divinylbenzene, DVB). 

Moreover, the cationic charges anchored this way are chemically truly bonded 

to the latex particles. The results depicted in Table 2 clearly show that the 

surface charge density decreases on the addition of DVB (compare S2 with SDVBI 

and SDVB2). Moreover, the addition of cross-linker caused a broadening of the 

partiele size distribution. Apparently, cross-linker addition causes a dual 

partiele-formation mechanism. 

Although many articles have been published in the field of surfactant

free emulsion polymerization in the presence of an ionic comonomer, only few 

studies report surface charge densities. A review is given in Table 3. We 

should like to emphasize that the different cleaning techniques used in these 

Table 3 Surface charge densities of several latices produced by the 

system 

surfactant-free emulsion polymerization in the presence of an ionic 

comonomer 

D 
(nn) 

surface charge density 
J.lmOl/g . J.lrool/m

2 

~~~;~:~~1ö---------------~------ ~;;:;-------------~:;;---

STY/BuAc/MAA~~ 2n 15.7 0.75 
STY/BuAc!ljAA 208 104.9 3.82 
STY /NaSS 165 35.2 1.02 
STY /NaV~~40 84 36.1 0.53 
BuAc/AA 67 93.0 1.09 
STY /EMVP~!6 390 15.3 1. 05 
STY/DVPM 280 19.7 0.97 
STY/AMPs13 280 40.7 1.99 
STY /MAD (56) 151 80.6 2.13 

STY: styrene, BuAc: butylacrylate, MAA: methylacrylic acid, NaSS: sodium 

styrene sulphonate, NaVTS: sodium vinyltoluene sulphonate, AA: acrylic acid, 

EMVPB: 1-ethyl 2-methyl 5-vlnylpyridinium bromide, DVPM: 1 ,2-dimethyl 5-

vinylpyridinium methylsulphate, AMPS: 2-acrylamido-2-methyl propene sulphonic 

acid 
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studies, together with the different extent of cleaning, will certainly affect 

the reported surface charge densities. In the case of emulsion polymerization 

of styrene with butylacrylate and methylacrylic acid15
, the authors in fact 

suggest the incomplete removal of adsorbed polyelectrolyte. 

The surface charge densities as depicted in Table 2 constitute cationic 

monomeric units and initiator residues at the end of polymerie chains that 

have not been buried. Since immobilization of the slightly acidic protonated 

initiator residues (pK8 Fd 12.548
•
49 

) on the latex surface will certainly 

decrease its pK8
25 

, a difference in basicity between the two types of 

cationic groups both having hydroxide as the counterion was to be expected50
. 

The titration curve (Fig .5), however, clearly demonstrales that this 

distinction cannot be made. Although the concentration of initiator residues 

at the latex surface can not be determined, an estimation can be made. Even at 

low MAD concentrations ([MAD] = 5.66 x 10-s mol/dm3
) the polymerization is 

completed within three hours (see Fig. I), which means that approx. 30% of the 

initiator has thermally decomposed ( kd(AIBA) = 3.22 x 10-5 s-I, at 60fC51 
) . 

From the polymerization conditions, as given in the experimental section, the 

maximum charge density per unit of weight due exclusively to initiator 

residues can now be calculated. They amount to 37 pmol/ g. It must be noted 

that this can only be the case if all decomposed initiator radicals induce 

polymerization, no free polyelectrolyte is formed and no initiator residues 

are being buried in the latex particles. Clearly, these prerequisites do riot 

hold in the present case; the efficiency of the initiator will be less than 

unity (for solution polymerization this value usually ranges between 0.6-

152), polyelectrolyte is formed and initiator residues will be buried inside 

latex particles. Assuming .an efficiency of 0.7, the maximum concentra·tion of 

initiator molecules at the latex surface is 26 pmol/g. The surface charge 

density of SO is much lower than this theoretica! value ([MAD] = 0, Table 2. 

It should be noted . that the reaction time in this case was much Jonger than 3 

hrs). Liu et al. reported a surface charge density due to AIBA residues of 
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Table 4 Surface charge denslty of latices produced by the shot·growth method 

latex a 
10

3 lMA~l D Dw/Dn surface charge densit~ 
(mol/cin > (M) ~mol/g ~1/m 

---------------------------------------------------------------
SG1 12.6 220 1.01 26.0 1.00 
SG2 25.2 204 1.02 28.8 1.03 
SG3 50.3 214 1.01 32.6 1.22 
SG4 75.5 218 1.16 30.9 ,_ 18 

a experimental details are given in the experimental sectien 

10.3 ~mol/g in the case of EMVPB (total charge density is 15.3 ~mol/g, see 

Table 3). 

Although the addition of charged comonomer results in latices having a 

higher solid content and a greater surface charge density than in the absence 

of ionic monomer, the surface chàrge may be further increased by the so-called 

seeded-growth method and shot-growth emulsion polymerization. The difference 

between these two methods is that in the latter case, a second charge of 

monomer is added to the emulsion while the first charge is still reacting. In 

a seeded-growth experiment the latex (seed) is purified before a second 

emulsion polymerization is carried out. It is claimed that a better morphology 

as wel! as an increase of surface charge density46•64 can be achieved in the 

case of the shot-growth method compared with the seeded-growth technique63
• 

This phenomenon has . been explained by a difference in swelling behaviour 

between a purified (i.e. monomer free) and nonpurified latex63
•
66

-
66 or by the 

presence of oligomeric radicals in the slightly monomer-swollen 

particles67
•
68

• The results of the shot-growth method are given in Table 4. 

The experimental conditions that were used during first charge of the shot

growth reaction were identical to the conditions used to synthesize latex S2 

(see Table 2 and experimental section). After three hours ( conversion > 80%) a . 

second charge of monomer, comonomer, initiator and water is added. It can be. 

concluded that the surface charge density increases slightly by using the 

shot-growth technique. In the case of high concentration of MAD, the resulting 

latex was less monodisperse. The production of polydisperse Jatices by the 
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actdition of a second charge at low conversion (50%) agrees closely with the 

findings of Sakato45
. 

From the batch and shot-growth experiments (Table 2 and 4) it can be 

concluded that in both cases the addition of comonomer slightly increases the 

surface charge density. Increasing the comonomer concentration will increase 

the total surface (as a result of particle-size reduction) and therefore rrtore 

comonomer can be built in (increase of total charge per unit of weight, 

J'moljg). We postulate that MAD can be built into the latex surface only up to 

a eertaio level of charge density. As soon as this level is reached, the 

incoming comonomer-rich oligomeric radicals are prevented from entering and 

inducing polymerization in the particles as a result of coulombic repulsion. 

The shot-growth experiments confirm this line of thought. The quasi 

indifference of surface charge densities presented in Table 3 to changing the 

comonomer, despite the great difference between ionic comonomers and the 

various experimental conditions used to prepare these functionalized hitices, 

can also be understood on these grounds. 

A possible alternative route in synthesizing highly charged latices and 

simultaneously avoiding the formation of free polyelectrolyte is the post 

polymerization method3
. However, some drawbacks are introduced by this 

technique, (I) large (unstable) particles are produced in the case of 

surfactant-free emulsion copolymerization of a hydrophobic monomer; (2) large 

quantities of comonomer will be buried inside the polymer particles at'ld thus 

be unavailable for functionalization and (3) functionalization may be 

incomplete as a result of the formation of highly charged surface during the 

modification. 

Condusion 

3-(methacrylamidinopropyl)trimethylammoniumchloride (MAD) can be used as 

a comonomer in the emulsion polymerization of styrene with azo-
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bis(isobutyramidine hydrochloride) (AIBA) as initiator. Increasing comonomer 

concentration appeared to increase the conversion rate of styrene, which can 

be attributed to partiele size reduction. Since the latices will be used as a 

support for cobalt(ll)phthalocyanine-tetrasodiumsulphonate (CoTSPc), a 

catalyst in the thiol oxidation, and since this catalytic system is extremely 

sensitive to low concentrations of inevitably produced free polyelectrolyte, 

the latices must be thoroughly cleaned prior to their use in the catalytic 

reaction. Conventional purification techniques like serum replacement, 

diafiltration and centrifugation were found to be insufficient and continuous 

desorption could be observed on standing or after stirring. Centrifugation of 

latices, foliowed by treatment with silica, was found to clean the latices to 

such an extent as to lead to serum-containing polyelectrolyte concentrations 

Iower than [N+] < 5x 10"7 mol/dm3
• Surface charge density as determined by 

conductometric acid-base titrations increased on increasing MAD concentration. 

Addition of cross-linking agent (divinylbenzene) decreased the surface charge 

density and broadened the partiele size distribution. So- called shot-growth 

emulsion polymerization hardly increased the surface charge density. 
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7 

Cationic latices as co-catalyst in the cobaltphthalocyanine-catalyzed 

oxidation of 2-mercaptoethanol 

Karel H. van Streun, Wil J. Belt, Pieter Piet and Anton L. German 

Summary 

Cationic latices, products of emulsion copolymerization of styrene with 

3-(methacrylamidinopropyl)trimethylammoniumchloride (MAD), and its homopolymer 

(PMAD) have been tested as co-catalyst in the autoxidation of 2-

mercaptoethanol in the presence of cobalt(II)phthalocyanine-

tetrasodiumsulphonate (CoTSPc). It was found that all systems enhanced the 

catalytic activity compared with the polymer-free CoTSPc containing system. 

The systems under study invariably showed an enzyme-like behaviour. 

Unfortunately, the stability after successive runs is still not quite 

satisfactory. From the observed catalytic activities and spectrophotometric 

measurements, it can be concluded that, in addition to a high surface charge 

density, flexible polymerie cationic chains of sufficient length are also 

necessary to enhance the activity of CoTSPc-bound latex systems in thiol 

oxidation. 

lotroductioo 

Catalysts play a majOI role in many biochemica! reactions and industrial 

processes. To allow continuous operation, an important requirement for 

industrial processes, many catalysts have been immobilized onto insoluble, 

often porous supportins particles. In addition, economics and environmental 

legislation favour immobilization. However, the catalytic activity often 
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decreases on immobilization as a result of mass transport limitations. In the 

last decade, attention has been paid to the immobilization of catalysts 

without the loss of reactivity. Polymer colloids (latices) offer interesting 

possibilities of combining these two requirements. Latex particles, products 

of emulsion polymerization, in spite of low porosity, exhibit a high surface 

area due to the small partiele size (submicron region). Latices can be 

functionalized during their synthesis by the addition of functional monomers 

or by post-polymerization functionalization. Functionalized latices are 

sometimes called reactive latices1. 

Polymer colloids have been used to immobilize enzymes2•3 for various 

purposes, sulphonic acid for sucrose inversion•-s and for ester hydrolysis6
•
7, 

cobalt complexes for the autoxidation of l-decanethiol8•9, 2,6-di-tert

butylphenol10 and tetralin11
, imidazole for ester hydrolysis12 and histamine

Cu complex for the oxidation of ascorbic acid13. Functionalized latices have 

also been used in diagnostic tests14 and paints1~·16 . Cross-linked polymer 

colloids, so-called microgels17, allow operations in organic solvents. For 

example microgels were used to immobilize sulphonic acid for ester18•19 and 

sucrose hydrolysis19, hydroxamic acid for ester hydrolysis20, primary amines 

for ester hydrolysis21, and phase-transfer catalysts22 in various 

applications. 

We recently reported the immobilization of cobalt(II)phthalocyanine

tetrasodiumsulphonate (CoTSPc, 1. scheme I) on latex particles stabilized by 

block copolymers of styrene and quaternized 4-vinylpyridine (PS-b-qPVP) for 

the autoxidation of 2-mercaptoethanol (ME)23. The block copolymer stahilizes 

latex partiéles, binds CoTSPc and, in addition, the cationic segments of PS-b

qPVP act as co-catalyst in the thiol oxidation. Cationic polymers are known 

accelerators in the CoTSPc-catalyzed thiol oxidation. The role of the co

catalyst is fourfold, (I) binding CoTSPc, (2) substrate enrichment, (3) 

preventing the formation of inactive oxygen-bridged dimers of CoTSPc and (4) 

formation of highly active CoTSfc aggregates. The catalytic activity observed 
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Scheme 1 Structure of ColSPe <!> and MAD (~) 

in our earlier work on the latex PS-b-qPVP bound system was found to be even 

higher than the activity encountered in the nonimmobilized block copolymer 

system. 

In this chapter we describe the effect of the immobilization of CaTSPe 

onto cationic latices on the oxidation of 2-mercaptoethanol. The cationic 

latices were prepared by the emulsion copolymerization of styrene with 3-

(methacrylamidinopropyl)trimethylammoriiumchloride (MAD, ~. scheme I) as has 

been described elsewhere24
• The activity of the homopolymer of 3-

(methacrylamidinopropyl)-trimethylammoniumchloride (PMAD) has also been 

measured in order to allow a study on the effect of immobilization. 

Experimea tal 

The latices S5 and SG3 were prepared by emulsion copolymerization of 

styrene and 3-(methacrylamidinopropyl)trimethylammoniumchloride (MAD) as 

comonomer and purified as previously described 24
• Data characterizing thè 

produced latices are presented in Table I. Poly-3-(methacrylamidinopropyl)

trimethylammoniumchloride (PMAD) was prepared by polymerization of MAD in 

methanol, using azo-bis(isobutyramidine hydrochloride) (AIBA) as initiator. 

VIS spectra were recorded at a Hewlett-Packard diode array 8451A 
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Table 1 Data of the latices used in the catalytic experiments 

latex 

ss 
SG3 

partiele 
size (1'111) 

162 
214 

surface charge density . 
2 pmol/g pmol/m 

54.5 
32.6 . 

1.54 
1.22 

spectrophotometer using a 1-cm cell. The VIS reflection spectra were recorded 

at Hitachi 150-20 spectrophotometer using an integrating sphere. 

The latices were precipitated by ultracentrifugation (20,000 - 30,000 rpm 

for 30 minutes, Centrikon T -2060). 

Catalytic measurements 

The catalyst was prepared by adding a CoTSPc solution (2xl0-6 molfdm3
) to 

the diluted latex solution prior to the reaction. The catalytic measurements 

were described elsewhere26
. This procedure was adapted ·in such a way as to 

minimize latex coagulation. pH was adjusted by the actdition of a NaOH solution 

(0.1 M) to this mixture just before the actdition of 2-mercaptoethanol. The 

initia! reaction rate was measured immediately after ME was added. General 

conditions: stirring speed = 2600 rpm, reaction volume = 0.1 dm3 and T = 25°C. 

Results and discusslon 

Catalyst bleeding and stability 

The catalytic system under study is extremely susceptible to very low 

concentrations of co-catalyst (see also Fig. 3). Clearly, in the case of the 

heterogeneaus CoTSPc böund latices the absence of free nonimmobilized 

polyelectrolyte, an inevitable side product during the synthesis of these 

latices must be demonstrated. Moreover, desorption of adsorbed polyelectrolyte 

and CoTSPc (catalyst bleeding) will lead to deactivation. We earlier reported 

a spectrophotometric method of detecting low concentrations of cationic 
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polymers ([N+] ~ 5xl0-7 M) based on the observation of monomerization or 

aggregation of CoTSPc in the absence or presence of polyelectrolyte, 

respectively26
• A cleaned latex (S5) was stirred under the experimental 

conditions for 15 minutes at 2600 rpm. The presence of free polyelectrolyte 

could not be demonstraled by spectrophotometric measurements after 

centrifugation. This was also verified by measuring the catalytic activity of 

the serum after addition of CoTSPc and pH adjustment. The oxidation rate 

observed in the serum was almost identical to that found in the polymer-free, 

i.e. conve~tional CoTSPc system, thus indicating the absence of 

polyelectrolyte. A similar experiment was carried out, but now CoTSPc was 

added prior to stirring. In this case, too, after stirring and centrifugation, 

desorption of CoTSPc or polyelectrolyte could not be demonstraled by UV-VIS 

spectrophotometry. The catalytic activity of this serum (only pH adjustment) 

was too low to be detected by our monitoring system, as is also the case in 

the oxidation of 2-mercaptoethanol catalyzed by base only. From these 

experiments it may be inferred that any possible desorption of CoTSPc and/ or 

polyelectrolyte will be highly improbable during the measurements of the 

catalytic activity of the latex systems. 

A feature that predominantly determines the possible commercial 

applicability of catalysts is their activity after reuse. The activity of the 

systems under study, as depicted in Fig. I, clearly shows a decrease in 

activity after successive runs. It has been shown in our laboratory that 

hydrogen peroxide accumulation is responsible for this behaviour. The overall 

thiol oxidation comprises two reactions, CoTSPc catalyzed thiol oxidation 

yielding H20 2 as side product (step I), that will oxidize a second thiol in a 

consecutive reaction (step 2). The second step is not affected by the presence 

ofCoTSPc or polyelectrolyte27
•
28

• 
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2 RSH + 02 --+ 

2 RSH + H202 --+ 

4 RSH + 02 --+ 

RSSR + H202 

RSSR + 2 H20 

(I) 

(2) 

In our earlier work on PV Am as polymer ligand, it was demonstrated that CoTSPc 

is deactivated by H20 2 by direct oxidation of the phthalocyanine ring, while 

the polymer backbone is affected by the oxidation by H20 2 of thiol and 

disulphide to sulphur-containing oxo-acids27
. Although these .oxo-acids are 

only formed in very low concentrations (less than l% of the total oxygen 

consumption) substantial accumulation of disulphide after successive runs will 

enhance their formation. 

Colloidal (in)stability may also play a role in the case of the CoTSPc-
100 12 ~ 
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~ ~ 

A 
0 

e 
a: ~ 

' "' a: % 
0 -;; ~ ,., g i 

a: 

~ 

RUN NUMBER 
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bound latex system. The colloidal stability is a known problem in catalyst

immobilized latex systems9•22•29. In the case of CoTSPc-bound latex system 

stabilized by a block copolymer of styrene and quaternized 4-vinylpyridine 

(PS-b-qPVP) we also observed some colloidal instabilitl3
. For the present 

latex systems (SS and SG3) we have investigated this undesired phenomenon in 

more detail. Unfortunately, due to the low latex concentrations, only 

qualitative information can be obtained. The difference observed between the 

scanning electron micrographs (SEM) of latices before and after stirring were 

too small to reveal any significant information. Both latex systems did not 

show any coagulation after stirring at 2600 rpm for 15 minutes. However, 

raising the pH to 12 some coagulation in the form of coagulum adhezing to the 

reactor wall could be observed. Similar coagulation effects were observed on 

increasing the ion ie strength of the latex salution (0.0 I M). On addition of 

CoTSPc or 2-mercaptoethanol, no further coagulation was observed. Although 

this deactivation of the catalytic systems may affect the activity in the 

reuse experiments, it hardly influences the initia! reaction rate measured. 

Kinetics 

It was shown earlier in our Iabaratory that cationic polymers as co-

catalyst in the CoTSPc-catalyzed oxidation of 2-mercaptoethanol (ME) give rise 

to an enzyme-like kinetic behaviour. In the present investigation we have 

studied the catalytic behaviour and kinetics of the colloidally immobilized 

systems. 

The pH dependenee of the oxidation rate as depicted in Fig. 2 is typical 

of a polyelectrolyte-catalyzed thiol oxidation. It is believed that the 

reactive species is not thiol, but its anion. Since 2-mercaptoethanol is 

slightly acidic (PKa = 9.6), it can be expected that the oxidation rate will 

increase on increasing pH. However, the sirriultaneous increase of ionic 

strength and hydroxide concentration leads to a competitive ion effect and 

results in the observed optimum in catalytic activity30
•
31

• Fig. 2 also 
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Fig. 3 Reaction rate vs. co·catalyst concentration (expressed as [N+J) 

at 2S0c 

[MEJ = 0.143 moltan3, [CoTSPcJ = 4x10- 7 moltan3, 

pH = 9.0, 0: SS, à: SG3, *: PMAO 

Fig. 4 Reaction rate as a f~tion of the catalyst concentration 

Ckeeping N+/Co ratio constant) at 2S°C 

tMEJ = o. 143 moltan3, pH = 9.0, 

N+/Co(SS) = 9, N+/Co(S~3) = 10.4, N+/Co(PMAD) = 2S, 

0: SS, à: SG3, *: PMAO 

clearly shows the higher activity of free PMAD compared with the latex 

systems. 

The oxidation rate as a function of the co-catalyst concentration shown 

in Fig. 3, is again typical of cationic polymer co-catalyzed thiol oxidation. 

Van Welzen et al. showed by UV-VIS spectroscopy that highly active aggregates 

of CoTSPc are formed at N+ /Co~ 432
• The optimum experimentally found at 

higher N+ /Co ratio sterns from the fact that, at N+ /Co = 4, the complex is 

electrostatically neutral (CoTSPc is fourfold negative) and hence no substrate 

enrichment can occur. After an optimum polymer/CoTSPc ratio is reached, 

further increase of the co-catalyst concentration (keeping [CoTSPc] constant) 

will lead to a decrease in the local thiolate anion concentration at the 

cobalt centre. In addition, the increase in polyelectrolyte concentration 
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at 25°C 

pH= 9.0, [CoTSPcJ = 4x1o· 7 moltan3 , 

[N+](S5) = 3.6x1o·6 moltan3 , [N+](SG3) = 4.2x1o·6 moltan3 , 

[N+](PHAD) = 10-S moltan3 , 0 : SS, ~: SG3, *: PHAD 

Fig. 6 Li neweaver-Burk plots of the catalytic systems under 

study. For experimental conditions see Fig. 5 

causes an increase of ionic strength, thus affecting the polymer coil 

structure, and simultaneously causing substrate competition between 

polyelectrolyte counterions and thiolale anions. The observed catalytic 

activities of the latex containing systems as a function of the latex 

concentration are dealt with elsewhere in this chapter. 

Before determining the reaction constants of the systems, the absence of 

mass transfer limitations must be demonstrated. The linear dependenee of the 

catalytic activity on the catalyst concentration (N+ /Co = constant) clearly 

demonstrales the absence of mass transport limitations in the present case 

(Fig. 4). 

For the three catalytic systems under study, a saturation behaviour 

typical of enzyme-like kinetics was found on measuring the reactivity as a 

function of the substrate concentration (Fig. 5). This type of kinetics can be 

described by the Michaelis- Menten kinetics 
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R = k2x[CoTSPc]x[ME] 

KM+ [ME] 

where k2 stands for the turnover number, KM for the Michaelis constant and 

[ME] for the 2-mercaptoethanol concentration . From the double reciprocal plot 

of reactivity vs . substrate concentration (the so-called Lineweaver-Burk plot, 

Fig. 6) the turnover number and Michaelis constant can be determined (Table 

2). 

Table 2 Turnover numbers and Michaelis constantsof the catalytic systems 

PMAD 
S5 
SG3 

under stUdy. Experimental conditions as in Fig. 5 

-1 
k2<s ) 

2900 +/· 190 
690 +/· 10 
630 +/· 10 

4.53 +/· 0.72 
0.95 +J· 0.09 
o.95 •J· o.o5· 

Relation between structure and catalytic activity 

The present systems, tagether with those studied earlier in our 

laboratory, are listed in Table 3. The activity of the homopolymer PMAD agrees 

closely with other homogeneaus cationic polymers systems, for example 2,4-

ionene and PV Am . Due to the long side groups carrying the cationic groups, the 

linear charge density parameter33 (o) cannot be calculated accurately. The 

estimated linear c'harge density (o RS I. I 5) lies in the sa me region as those 

calculated for PV Am (o = 0.99) and 2,4-ionene (o = 1.44). Since it has been 

shown that the catalytic activity of these polyelectrolytes is proportional to 

the linear charge- density parameter34
•
36

, the observed activity for PMAD 

closely agrees with the estimated linear charge density . 

Ho wever, charge density (in terrus of the charge density of polymers or 

surface charge density of latices) does not only dominate the catalytic 
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Table 3 Reaction rates of several CoTSPc-containing systems 

h~geneous 

OH 
PVAm35 

2,4-~~ne25 
ft'VP 
PS-b-rt>VP23 

PMAD 

heterogeneo~8 
PVAm/s il i ca 

2 2,4-ionene~~AD-2 6 

qPVP/latex 
HAD/latex 55 
HAD/latex SG3 

R/Roa 

41.1 
48.3 
20.5b 
16.1b 
42.5 

9.7 
10.3 
24.9b 
10.0 
9.1 

pH 

8.9 
8 
8.1 
8.7 
8.7 
9.0 

8 
7_3 
8-7 
9_0 
9.0 

8 Ro = 2.73x10-5 mol thioltan3.s, [CoTSPcJ = 4x10- 7 moltan3, 

[HEl = 0.143 moltan3, T = 25°C 

b measured at LMEJ when saturation is reached 

activity. This was clearly demonstraled by van Welzen et al. who compared the 

reactivities of 6,6-ionene and 2, I 0-ionene, both ha ving the same linear 

charge-density parameter (u = 0.82)36
• 

6,6-ionene behaved like a (common) polyelectrolyte. Aggregation of CoTSPc 

at N+ /Co~ 4 was not disturbed at high polymer concentrations. This strong 

aggregation of CoTSPc, responsible for the observed increase in reactivity, 

was attributed to the suppression of charge repulsion between the fourfold 

negatively charged CoTSPc molecules on addition of cationically charged 

polymers. The presence of polymer of considerable chain length is, however, of 

essential importance to CoTSPc aggregation, since monomeric analogues of PV Am 

and 2,4-ionene hardly affect the catalytic activity:w. 

In the case of the soap-like 2,10-ionene, aggregation occurring at N+ /Co 

~ 4 disappeared again on further increasing polyelectrolyte concentration. 

Th is phenomenon was attributed to the formation of micelle-like i hydrophobic 

domains, favouring CoTSPc monomerization. lnterestingly, on diluting: these 

micelle-containing solutions (keeping N+ /Co constant), aggregation of ,CoTSPc 
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showed up again. It was concluded that monomerization of CoTSPc is not 

directly induced by the hydrophobic segments on the polymer backbone, but 

indirectly through the formation of micelle-like structures. Apparently the 

polymerie effect that causes the observed rate enhancement is destroyed as a 

result of reduction of the mobility of cationic charge on micellization. On 

further addition of 2,10-ionene, more micelles will be formed and, in 

consequence, more monomerization will be observed. 

lf surfactants containing long cationic tails, for example block 

copolymers of styrene and quaternized 4-vinylpyridine (PS-b-qPVP)23 or oleyl-

3,3-ionene37, are used as co-catalysts insteadof soap-like 2,10-ionenes 

contrasting results are observed. The micellar surface of these polymerie 

surfactants contains hydrophilic polymer segments of sufficiently high charge 

density, extending into the water phase. The presence of CoTSPc aggregates in 

0.8 

"' "' u u z z ... ... 
"' "' 0: 0: 
0 0 
U) U) 

"' "' ... ... 
o.• 

... 
WAVELENGTH (nm) 

Fig. 7 VIS spectra of CoTSPc in the presence of oleyl-3,3-ionene 

[CoTSPc] = 10-S mol/an3, T= 25°C 

A: N+/Co = 1000, B: N+/Co = 3000, C: N+/Co = 10000 

Fig. 8 VIS spectra of CoTSPc in the presence of CTAB 

[CoTSPc] = 10-6 mol/an3, T= 25°C 

A: N+/Co = 100, B: N+/Co = 1000, C: N+/Co = 10000 
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PS-b-qPVP23 and oleyl-3,3-ionene containing solutions (absorbance at 628 nm, 

Fig. 7) indicates that these polymer charges have sufficient mobility arid 

charge density to allow aggregation and agrees closely with the similarity of 

the observed catalytic activities when comparing both block copolymers with 

their homopolymers. Only at relatively high polymerie surfactant concentration 

is CoTSPc deaggregation observed due to the presence of large numbers of 

micelles (absorbance at 660 nm). 

The effect of highly charged co-catalysts lacking the essential polymerie 

character on the catalytic activity . is a lso clearly demonstraled by the 

oxidation of 2-mercaptoethanol catalyzed by hexadecyltrimethylammoniumbromide 

(CT AB)38
. In spite of the high surface-charge density of the micelles formed 

by CT AB ( surface-charge density: 3.69 J.'IDOI/m2
)
9

, the observed reactivity (at 

[CTAB] > cmc) was even lower than for the polymer-free system. This observed 

decrease in catalytic activity can be understood by the VIS spectrum of CoTSPc 

in the presence of CT AB (Fig. 8). The addition of surfactant hardly affects 

the equilibrium between monoroer and aggregate of CoTSPc, even though N+ /Co >> 

4 (curve A, [CTAB] = 10-4 mol/dm3
, is nearly identical to the soap -free 

CoTSPc spectrum). At the onset of micelle formation (cmc = 9xl0-4 mol/ dm3
)
39

, 

the shoulder at 628 nm disappears, which is indicative of CoTSPc 

deaggregation. The presence of micelles in the catalytic system induces the 

formation of the less active monomeric CoTSPc and, in consequence, a lower 

activity is observed. Interestingly, Ford et al. recently reported the CoTSPc

catalyzed oxidation of the more hydrophobic 1-decanethiol in the prestmee of 

cationic latices prepared by emulsion polymerization of styrene with 

polymerisable surfactants9. The observed rate enhancement was found to be 

equal to that in experiments using only CT AB. In view of the above 

considerations, the observed rate enhancement is likely due to the partial 

solubilization of the water-insoluble 1-decanethiol. Similar results were 

found for the oxidation of 1-dodecanethiol catalyzed by CT AB38
• 

The observed reactivity of .the MAD/Iatex systems is in line with the VIS 
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Fig. 9 VIS reflection spectra of SG3fCoTSPc at 25°C 

A: N+/Co = 2.1, 8: N+/Co =· 10.4, C: N+/Co = 41.4 

reflection spectra of latex SG3 at different N+ /Co ·ratios (Fig. 9). The 

shoulder at 628 nm is indicative of the presence of the highly active CoTSPc 

aggregate. However, the adsorbance at 660 nm demonstrates the presence of the 

less active CoTSPc monomer. This monomerization is likely to be the reason for 

the observed lower reactivity compared with PMAD. lt appears that the surface 

charge density of the latices under study is too low and induces little 

aggregation. Very striking is the increase of monomerizatiori on increasing 

latex concentration ([CoTSPc] = constant), an effect that agrees closely with 

the above-meiltioned consideratioils. The latex particles can be regarded a5 
microreactors. On inc·reasing the latex· concentration (keeping CoTSPc 

concentration' constant) the· number of CoTSPc molecules per latex partiele will 

decrease aild monomerization will result: The serum of the latex ([N+] = 8. 28 

J!mol/dm3
, [CoTSPc] = 4 J!mol/dm3

, curve A in Fig. 9) was found to contain free 

CoTSPc after centrifugation. A bout 70% of CoTSPC was bound to the latex 

surf ace, i.e N+ /Co (surf ace) = 3. On doubling the latex concentration ([N+] = 

18.56 J!mol/dm3
, [CoTSPc] = 4 J!mol/dm3

), CoTSPc could not be detected in the 
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serum af ter centrifugation. A 3: I ratio implies an overall negatively charged 

latex surface, in good agreement with the observed lower reactivity compared 

with higher latex concentration (Fig. 3). The presence of the more reactive 

aggregates of CoTSPc at this Iow latex concentration is counteracted by the 

overall negatively charged latex surface that will prevent substrate 

enrichment. Increasing the latex concentration will allow substrate 

enrichment, but will also favour the undesirable CoTSPc monomerization. At 

even higher latex concentration, this monomerization will cause a decrease in 

the observed reactivity. The close resemblance between both the turnover 

number and the Michaelis constant for the two MAD containing latices implies 

that the differences in both partiele size and surface-charge density within 

this range hardly affect the catalytic activity. 

Table 3 shows that all immobilized systems exhibit a greater catalytic 

activity than the polymer-free system. It is interesting to compare the MAD

stabilized latices with those ~tabilized by a block copolymer PS-b-qPVP. The 

PS-b-qPVP-stabilized latex shows a much higher activity than the MAD/latex 

systems. Moreover, the increase in activity on immobilizing the block 

copolymer is striking. However, the methods of preparing these two latex 

systems hardly allow any comparison to be made. The block copolymer-stabilized 

latex system is prepared by emulsion polymerization of styrene in the presence 

of PS-b-qPVP as an emulsifier, whereas the MAD stabilized Iatices are prepared 

by emulsion polymerization of styrene in the presence of the cationic 

comonomer. As was pointed out in our previous paper, MAD-rich oligomeric 

radicals will scarcely be trapped by highly (also positively) charged latex 

particles before they terminate24• 1t is more probable that more hydrophobic 

styrene-rich oligomeric radicals of Iow molar . mass will be captured by the 

monomer-swollen particles and initiate polymerization. Consequently, the 

linear charge-density parameter and molar mass of such anchored polymer ebains 

will be Iower than those of the homopolymer (PMAD). 

On these grounds we pictu~:e the aggregation of CoTSPc as drawn in scheme 
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A B 

c D 

Scheme 2 Structures of ColSPe in the presence of different co-catalysts 

A: cationic polymer, B: micelle · 

C: MAD/latex, D: PS-b,qPVP/latex 

2. Structure A shows the aggregation of CoTSPc induced by common cationic 

polyelectrolytes. The flexibility of the polymer backbone, a sufficiently high 

charge density and a considerable chain length are needed to allow CoTSPc 

aggregation. The micellar structure as drawn in B lacks these mobile charges; 

the less mobile charges at the micelle surface, together with the absence of 

sufficient chain length, prevent CoTSPc aggregation. Structure C reflects the 

MAD-stabilized latex systems; some cationic charge is spread over the latex 

surface (mainly initiator tesidues) and cationic charge is present as part of 

immobilized oligomeric chains of low molar mass. This structure, that can be 

regarded as intermediale between stnictures B and D, contains both monomeric 

and aggregated forms of CoTSPc and a moderate activity is therefore observed. 

The PS-b-qPVP-stabilized latex (D) exhibits a truly immobilized 
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polyelectrolyte system. Aggregation of CoTSPc can readily occur due to the 

presence of flexible, long polyelectrolyte ebains at the latex surface and, in 

consequence, the observed catalytic activity is similar to that in the 

homogeneous system. 

From the experiments with PMAD and MAD/Iatices we derived further 

supporting evidence for our assumption that anchored cationic polymers 

solvated in the interfacial boundary layer must combine a high charge density 

with a not too low chain length. 

Conclusions 

The colloidal support systems under study showed an accelerating effect 

on the CoTSPc catalyzed oxidation of 2-mercaptoethanol compared with the 

polymer-free system. The observed stability after successive runs is rather 

poor. All three systems showed Michaelis-Menten type of kinetics. The 

differences between the two copolymeric (styrene-MAD) latex systems (particle 

size and surface charge density) do not affect the catalytic activity. The 

observed reaction rates and also spectrophotometric measurements suggest that 

charge density alone does not determine the catalytic activity. lt appears 

that flexible cationic polymer ebains of sufficient chain length are also 

needed to suppress charge repulsion between CoTSPc molecules, thus allowing 

the formation of the catalytically highly active CoTSPc aggregates. 
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Appendix 

Attempts to synthesize functional macromonomers, macroinitiators and block 

copolymers 

Introduetion 

In chapter 7, experimental evidence indicates that charge density, that 

is surface charge density for particles or linear charge-density parameter for 

linear polymers is not the only important factor in the design of a highly 

active co-catalyst in the CoTSPc-catalyzed oxidation of 2-mercaptoethanol. The 

formation of CoTSPc aggregates, responsible for the observed iricrease in 

reactivity, is found to be severely hindered if the cationic charges of the 

polymer backbone are fixed to the surface of micelles or particles in such a 

way as to diminish the mobility of the backbone. In addition, the chain length 

of the anchored polyelectrolyte must not be too small to allow CoTSPc 

aggregation. 

In order to design a CoTSPc-immobilized system that will be successful in 

the catalytic oxidation of 2-mercaptoethanol, viz. a highly active immobilized 

system exhibiting intrinsic kinetics (absence of mass transport limitation), 

we believe that the catalyst support has to futfit two requirements (I) 

absence of pores and (2) presence of cationic polymers on the surface. It can 

be concluded from chapter 4 that poróus supports of comparatively low 

catalytic activity and hoinogeneously distributed CoTSPc will certainly exhibit 

mass transport limitation. Above all, it is very unlikely that the fourfold 

negatively charged CoTSPc will peneti-ate into the porous support. 

The reduced specific surface area (m2 /g support) as a result of low 

porosity or diminished accessibility of the pores can be counterbalailced by 

partiele size redUction. An important disadvantage of partiele size reduction 

is the need for more sophisticated separation techniques, Jike membrane 
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filtration. It has already been stated that particles produced by emulsion 

polymerization may fulfil these (high) expectations and requirements. 

On the basis of chapters 6 and 7 it can be concluded that emulsion 

copolymerization of styrene and a water-soluble comonomer leads to most 

interesting results and to the best solution feasible to date, but it was 

realised that, in principle, this is not the best route for synthesizing 

highly active systems. Despite a high surface charge density, the absence of 

long flexible cationic polymer chains at the latex surface gives rise to a 

relatively low catalytic activity. The very great difference in monoroer 

partition coefficients, together with unfavourable reactivity ratios (often 

unknown for systems exhibiting big differences in partition coefficients) are 

the main reasons for the partial success of this approach. In order to 

synthesize a latex system that will be more active, we believe it is necessary 

to use tailor-made and separately synthesized polyelectrolytes during the 

emulsion polymerization. In this appendix we describe attempts that have been 

undertaken to synthesize these polyelectrolytes. Approaches that have not yet 

led to successful systems, but in our opinion, have a high potential value in 

future research. 

Experimeotal 

2,4-ionene and aminated 2,4-ionene were synthesized according to the 

method described in chapter 2. 3-N,N-dimethylamino-n-propylchloride (~. scheme 

2, DMAPCI) was isolated from its salt (Merck) according to Iiterature1. All 

polymerizations were carried out under a nitrogen atmosphere. 

Emulsion polymerizations were carried out in a way similar to that 

described in chapter 6. 

Ff -IR spectra were recorded at a Mattson Polaris Ff -IR spectrophotometer. 
1H-NMR spectra were measured using a Brooker 200MHz instrument. 
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Block copolymers ( L scheme I) 

Block copolymer of styrene and ionene 

Prior to the anionic polymerization of styrene in toluene, the usual 

precautions were taken to avoid contamination by water or oxygen. All 

reactants were distilled before use and stored under nitrogen atmosphere. The 

polymerization was initiated at -80°C by the addition n-butyllithium. The 

temperature was raised to 0°C and after 30 minutes, to 50°C. After 6 hrs the 

temperature was lowered to -80°C. Before terminating the living polymer with 

an excess of I ,4-dibromobutane, a sample was taken and precipitated in 2-

propariol. After the addition of I ,4-dibromobutane, the colour of the reaction. 

mixture changed from deep red to light yellow. The product (PS-Br) was 

precipitated in 2-propanol. GPC measurements showed a slight increase in molar 

mass af ter termination with I ,4-dibromobutane. 

4 g PS-Br (Mn = 7800) and 0.9 g aminated 2,4-ionene (Mn = J 700) were 

suspended in 35 mi toluene and 2 mi water. After reacti~g at 40°C for 26 days, 

the polymer. mixt~re was precipitated in acetone. The resulting product was 
' twice boiled in toluene foliowed by filtration. Two products were obtained, 

toluene soluble and toluene-insoluble polymer. The toluene soluble product was 

found to be polystyrene eH and 18C NMR, IR and elemental analysis). Similar 

results were obtained using DMF/water (4/1) at 54°C for 20 days. 

The polymerization of DMAPCI in the presence of functionalized 

polystyrene (R = Q., scheme 2) was carried out under different experimental 

conditions. (I) 6 g functionalized polystyrene (Mn = 5200) and 5. 7 g DMAPCI 

were dissolved in 35 mi DMF. After 5 days stirring at 55°C the reaction 

mixture was precipitated in acetone and treated as described above. (2) 3.1 g 

functionalized polystyrene and 8.2 g DMAPCI were dis~olved in 1.6 mi DMF and 

0.4 mi water. After 48 hrs at 55°C the reaction product was precipitated in 

acetone. (3) 3 g functionalized polystyrene was dissolved in 8.2 g DMAPCI and 

0.8 mi water. The product was precipitated in acetone after reacting at I 00°C 

for 24 hrs. 
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Macromonomers( ]_, scheme 1) 

4-styryloxydodecyl-3.3-ionene 

The coupling of 4-vinylphenol with I, 12-dibromododecane was carried out 

according to literature2
•
3

• The product (R = 1. scheme 2) was 

chromatographically separated over silica. The product was first eluted with 

petroleum-ether (40-60) to isolate I, 12-dibromododecane. Af ter elution with 

tetrachloromethane the desired product was isolated (chemica! yield 48%). 

The solubility of the product in DMF was very low. To improve DMF and 

water solubility, the product was reacted with N,N,N' ,N'-tetramethylethylene

diamine (TMEDA) in refluxing acetone for 2 hrs. After evaporating the solvent, 

the remaining solid was washed with hexane. After recrystallisation in di

isopropylether/dichloromethane the chemica) yield was 73%. Polymerization of 

DMAPCI in the presence of this product was carried out under experimental 

conditions similar to those described above. After freeze-drying and washing 

the remaining solid with acetone the product was identified by 1H-NMR (020). 

The coupling efficiency could be calculated from the ratio O-C-(CH2)J0-C

N(c5=1.2,m) I N-C-CH2-C-N(c5=2.2,m) 

oleyl-3.3-ionene 

Synthesis of oleyltosylate (CH3(CH2)-,CH=CH(CH2},CH20S02C6H4CH3): 5.0 g 

distilled oleylalcohol and 3.91 g tosylchloride were dissolved in 50 mi 

pyridine and stored for one night at 4°C. A precipitate was formed during the 

reaction. The reaction mixture was poured onto ice and extracted several times 

with dichloromethane. The combined organic fractions were washed with a 5% HCI 

solution, foliowed by washing with water. After drying the organic solution 

over MgS04, the solvent was removed under reduced pressure. The yield was 

nearly quantitative. 1H-NMR (CCL4) showed the absence of the starting 

oleylalcohol (C-CI:I2-0H: c5=3.6,t),(C-CH2-0S02-: c5=3.8,t). 

Synthesis of oleyliodide (CH3(CH2)-,CH=CH(CH2hCH21): 5.5 g of unpurified 
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oleyltosylate together with 2.1 g Nal, were dissolved in 75 ml acetone and 

refluxed under nitrogen atmosphere for three hours, during which a precipitate 

was formed. After filtration and evaporation of acetone, a yellow oil remained 

(yield approx. 95%). 1H-NMR showed the absence of the tosylate group ( -C-CH2-

I: ó = 3.2,t). The quality of the iodide was found to be satisfactory for the 

next step. 

Synthesis of oleyl-3,3-ionene (R = B,, scheme 2): 3.65 g DMAPCI and 0.69 g 

oleyliodide were refluxed in 5 mi water under a nitrogen atmosphere for 48 

hours. The iodide dissolved rapidly after the polymerization had started and a 

viscous reaction mixture resulted. After freeze-drying and washing the product 

with acetone the chemica! yield was found to be nearly quantitative. 

Macroinitiators( J..) 

di -(a-bromo-4-methylbenzoyl)peroxide 

Di-(a-bromo-4-methylbenzoyl)peroxide (~. scheme 3) was synthesized 

according to literature4
•
5

• Polymerization of DMAPCl in the presence of this 

peroxide coloured the solution deep brown. This discoloration was also 

observed when triethylamine was added to the acylperoxide instead of DMAPCI. 

ACPA derivatives 

ACPA-Cl was synthesized in a way similar to that described in 

literature60 4.5 g ACPA (4,4'-azo-bis-(cyanopentanoic acid, Fluka) was 

dispersed in 45 mi benzene and cooled in an ice bath to 0-5°C. 9.0 g PCI5 was 

added in small portions. Moisture was excluded from the reaction mixture by 

using a CaC12-tube. After 15 minutes the ice bath was removed and the reaction 

mixture was stirred for 2-3 hrs at ambient temperature. After evaporation of 

the solvent under reduced pressure, the precipitate was dissolved in 

dichloromethane. A precipitate was formed on the addition of hexane. After 

filtration and washing with hexane this procedure was repeated. The melting 

point, after drying under reduced pressure for at least 30 minutes, was 74-
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75°C (lit.93-9S°C). Therefore 1H-NMR spectrum (CDC!3) was measured after the 

addition of excess of methanoL !he purity of the acid chloride, calculated 

from the ratio CH3-0 I CH3-C(CN)-C, was in all cases > 90%. The chemical yield 

was 70%. This product was reacted with dimethylaminopropylamine (resulting in 

R = J.Q, scheme :>) or aminopropylbromide (resulting in R = 11. scheme 3) in 

acetonitrile at 0-5QC. Polymerization of DMAPCI in the presence of these 

products gave no satisfactory results even under very moderate conditions. 

Di-t-butyl-4,4'-azo-bis(cyanoperoxypentanoate) (R " .U., scheme 3) was 

synthesized according to literature7. Polymerization in the presence of this 

initiator with 3-(methacrylamidinopropyl)trirnethylammoniumchloride CU. scheme 

3, MAD) was catalyzed by the addition of tetraethylenepentamlne (TEPA) as 

described by Piirma et aL8 -w 0.5 g of 11. and 15 g aqueous MAD solution 

(~0%) were dissolved in 30 ml methanol. 0.2~ g TEl'A was added after flushing 

with nitrogen for at least 15 minutes. After polymerization for 5 hrs the 

mixture was precipitated in acetone, filtrated, dissolved in a little water, 

filtrated and the remaining solution again precipitated in acetone. After 

drying under reduced pressure, the chemical yield was :54%. The cyano-group 

(2260 -2200 cm- 1
) could not be detected by FT-lR .. 

Results and discu~slort 

The cationic polymers under consideration (scheme I) most somehow be 

attached to the latex surface. Although physical adsorption by the addition of 

block copolymers (1) has been shown to be successful (see chapter 5) the 

chemical attachment is to be preferred_ The addition of macromonomers {f.) 0> 

macroinitiators (3_) may lead to the desired product. 

Ford recently reported the synthesis of cationic latices by the usc of 

polymerisable low molar mass cationic su.factants, for example 4-

styryloxydodecyl-trimethylammoniumbromide, a product of I (scheme 2) with 

trimethylamine3
. It is impottant to note that considerable amounts of coagulum 
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sch..., 1 sehemotro r .. pcesentation Qf p<>lyeleetrolyte-containins b(Qek 

copolymer <ll, p<>lyelectrolyte•cont~ieil"lg mocromon011>0r (f) and 

potytle-ctrolyte-..cont&inlng Mo(:roinidator (~_) 

were reported to be formed during emulsion polymerizations. Above all, the 

resulting latices were polydlsperse. Those experiments already showed the 

difficulties encountered when applying polymerisable surfactants. On 

copolymerization with styrene, the dynamic behaviour of the surfactant 

molecules is strongly reduced as the result of chemical anchoring. The 

equilibrium of adsorption/desorption is disturbed and polydisperse latices 

will result. 

lt can be expected that the use of ml!croinitiators will also give rise 

to some difficulties. Ml!croinitiators will most likely exhibit a very low 

initiator efficiency because of the occurrence of the cage effectu. The 

process of initiation in the water phase may then lead to the continuous 

formation of new particles as a result of strongly stabiliJ:.ing effects of the 

charged polymers (both steric and charge stabilization). Consequently, 

polydisper~e latices will result, lt should be noted that the experimental 

conditions for surfactant-free emulsion polymerizations or for using 

polymerisable surfactants are not as ~rraightforward as for conventional 

emulsion polymeri:wtions. ln the first-named cases, conditions like stirring 
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speed, type of stirrer and reactor design may determine the outcome of the 

polymerization. The outcome of a standard emulsion polymerization, for 

instanee to test whether a coupling reaction has been successful, is rather 

arbitrary. Any possible success of coupling reactions can therefore not be 

determined by such standard emulsion-polymerization tests, but requires 

elaborate optimization of emulsion-polymerization conditions. 

A way to synthesize block copolymers is the coupling of end-group

functionalized polystyrene with functionalized 2,4-ionene. The complete 

synthesis of these types of block copolymers by anionic polymerization is not 

possible, as different polymerization mechanisms are required for the two 

blocks. Functionalized polystyrene was synthesized by anionic polymerization 

to low molar mass ebains terminated with I ,4-dibromobutane. After 

purification, this product was reacted with aminated 2,4-ionenes in various 

solvent combinations and at various temperatures. One of the major p~oblems is 

the insolubility of the hydrophobic polystyrene in polar solvents and the 

R = H2C=CH©O( CH2J12- R: CH
3
(CH

2
J
7
CH=CH(CH

2
J
8

-

l .11. 

Scheme 2 Synthesis of 3,3-ionene derivatives 
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insolubility of 2,4-ionene in apolar solvents. Common solvents for both 

segments of the block copolymer are thus not available. 

Another approach to the synthesis of these types of block copolymers is 

outlined in scheme 2. Since the outlined route is not possible for 2,4-ionene, 

a product of the step reaction of N,N,N',N'-tetramethylethylenediamine (TMEDA) 

and I ,4-dibromobutane, a bifunctional monomer for 3,3-ionene (2,, scheme 2), 3-

N,N-dimethylamino-n-propylchloride (~. scheme 2, DMAPCI), was used (2,4-ionene 

and 3,3-ionene both have the same linear charge density). All attempts to 

synthesize this type of block copolymer (2, scheme 2) turned out to be 

unsuccessful. Probably the extremely hydrophobic polystyrene has a too low 

reactivity to allow coupling. 

Another approach is the synthesis of macromonoroers (2_, scheme 1). Of 

course, polyelectrolytes containing one polymerisable end group wil! be 

completely soluble in water and it is therefore to be expected that problems, 

similar to those .encountered in using low molar mass hydrophilic comonomers 

wil! be encountered (chapter 6); To avoid these problems, polyelectrolytes 

were synthesized to . contain polymerisable hydrophobic segments foliowed by a 

cationic segment. Several attempts were made to synthesize these types of 

polymers. It turns out that the reaction presented in scheme 2 is not as 

straightforward as it seems. In fact, we have the same problem herè as was met 

earlier in the attempts to synthesize block copolymers of styrene and iönene. 

The reactivity of the açlded monofunctional group is too low compared with the 

homopolymerization of DMAPCI. Jn the case of 4-styryloxydodecyl-3,3-ionene (1, 

scheme 2) a smal! quantity of functional groups was embodied. Only the 

coupling of oleyliodide with 3,3-ionene (~. scheme 2) turned out to be 

successful. Unfortunately, the oleyl-3,3,..ionene was found to be too unreactive 

to be built in during an emulsion polymerization of styrene and 

divinylbenzene. 

Attempts have also been made to synthesize macroinitiators U. scheme I). 

Coupling of 2 (scheme 3) with DMAPCI did not succeed because the acylperoxide 
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readily oxidized the amine group, like the results reported on peroxide~12• 
Attempts to polymerize DMAPCI in the presence of lQ and 11 were not successful 

(scheme 3). Attempts to polymerize 3-(methacrylamidinopropyl)

trimethylammoniumchloride (U, MAD) with ll as initiator gave no satisfactory 

results (scheme 3). The thermolabile groups are very susceptible to 

temperature and therefóre only moderate reaction conditions can be used. 

All the attempts to couple functional groups to 3,3-ionene by 

polymerization of DMAPCJ in the presence of a functionalized monomer or 

initiator were unsuccessful (except for oleyl-3,3-ionene). Apparently, the 

synthesis as depicted in scheme 2 is not as straightforward as it seems. This 

is probably due to the insolubility of the furictionalized monomers and 

initiators in polar solvents, the extreme hydrophilic character of the 3,3-

ionene so formed that makes the polymer only soluble in water-contai~ing 

solvents, and the moderate experimental conditions needed to avoid 

polymerization of the polymerisable surfactants or decomposition of the 

functional initiators during their syntheses. In addition, the purificatioil of 
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the products appears to be ex:tremely difficult. Since we aim at the synthesis 

of functionalized cationic polymers of high purity (> 90%) none of the. 

described attempts (ex:cept for oleyl-3,3-ionene) were successful. 

Conclusions 

Difficulties are encountered in synthesizing block copolymers, 

macromonomers or macroinitiators. A combination of Jack of reactivity of the 

functionalized precursors in the synthetic routes outlined, the high rate of 

homopolymerization of DMAPCI, and the occurrence of chemically unstable 

functional groups are the main reasons for the Jack of success. Ho wever , it 

may be inferred that the principles of the approaches presented are of great 

potential value and interest and should be the subject of further future 

research. 
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Summary 

This thesis describes the immobilization of cobaltphthalocyanine

tetrasodiumsulphonate (CoTSPc) and cationic polymers acting as co-catalyst 

onto organic supports and its effect on the oxidation of 2-mercaptoethanol to 

its corresponding disulphide in the presence of molecular oxygen. The aims of 

the investigation are threefold, (l) the synthesis of an immobilized 

CoTSPc/polyelectrolyte system, (2) study of the effect of immobilization on 

oxidation reaction and, (3) determination of the key factors controlling the 

catalytic activity of immobilized CoTSPc-containing systems. 

Relatively low molar mass 2,4-ionene, a poly-quaternary ammonium salt, 

strongly enhances the thiol oxidation. On the other hand, monomeric analogues 

hardly affect the oxidation rate in the presence of CoTSPc. The thiol 

oxidation appeared to be extremely susceptible to low concentration of 

cationic polymer (expressed as N+: [N+] RI 10-6 - 10-5 mol/dm3). Michaelis

Menten kinetics was observed (chapter 2). 

The immobilization of low molar mass 2,4-ionene on chloromethylated XAD-2 

resin, a macroporous poly-(styrene-divinylbenzene) resin, is described in 

chapter 3. A method has been developed to detect very low concentrations of 

free ionene ([N+] > 4xl0-7 mol/dm3
). 

The observed reaction rate decreased on immobilizing 2,4-ionene on XAD-2 

resin. Calculations showed that this decrease cannot be exclusively ascribed 

to mass transport limitations. It was also shown that CoTSPc is mainly 

adsorbed to the outer surface of the resin particles and does not penetrate 

the (small) pores. This diminishes the N+ /Co ratio, which also plays an 

important role in the thiol oxidation and may contribute to the observed 

decrease in catalytic activity (chapter 4). 

To avoid the above difficulties, nonporous latex particles with a high 

specific surface area (as a result of the small partiele size) were used as 

organic supports (chapter 5). Quilternized polyvinylpyridine (qPVP)-stabilized 
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latex particles were synthesized by the emulsion polymerization of styrene and 

divinylbenzene in the presence of a block copolymer of styrene and quaternized 

vinylpyridine (PS-b-qPVP) as a surfactant. The latex cleaning was found to be 

tedious. The latex system exhibited a catalytic activity that is even somewhat 

higher than both homogeneous qPVP or PS-b-qPVP-containing systems. For all 

three systems enzyme-like kinetics was observed. The difference in Michaelis 

constant (KM) between th~ three systems is striking. Concentration of 

polyelectrolyte at the latex surface by immobilization will affect the 

conformation of the polymer chains and an explanation for the observed 

difference in KM between the qPVP-containing systems and the block copolymer

stabilized system therefore remains difficult. Even the comparison between the 

two homogeneous systems remains difficult owing to the dual character of the 

block copolymer. 

A more generally applicable way of synthesizing cationic latices is 

emulsion polymerization in the presence of a cationic comonomer, for example 

3-(methacrylamidinopropyl)trimethylammoniumchloride (MAD) (chapter 6). 

Monodisperse latices could be prepared in this manner. The actdition of the 

water-soluble MAD strongly enhanced the rate of emulsion polymerization thanks 

to the partiele size reduction. Several latex cleaning techniques were 

investigated, but no available technique was found capable of removing traces 

of free polyelectrolyte. A novel technique, centrifugation, foliowed by 

shaking with silica appeared to clean the latices to a satisfactory level. The 

surface charge density of the latices increased on increasing the initia! 

[MAD]. Other emulsion polymerization techniques did not further increase the 

surface charge density. There seeins to be an intrinsic maximum to the number 

of cationic groups incorpQrated at the surface when polymerizing in this 

manner. 

Two latices stabilized by MAD and the homopolymer of MAD (PMAD) were 

tested as co-catalyst in the thiol oxidation (chapter 7). PMAD behaved as a 

polycation giving a large enhancement of the oxidation rate. The observed 
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catalytic activity of the MAD-stabilized latex systems was much lower compared 

with the oxidation rate of the system containing free PMAD. Enzyme-like 

kinetics were observed for all three systems. The origin of the observed Jower 

activity was revealed by VIS reflection spectroscopy of CoTSPc-bound latices; 

In contrast to homogeneous cationic polymer-containing systems, in the latex 

systems the highly active aggregated form of CoTSPc was only present at low 

concentrations. The presence of the less active CoTSPc monomers was attributed 

to the presence of relatively short cationic ebains at the latex surface 

exhibiting low linear charge density and low flexibility. 

The key factors that may lead to a highly active support are: high 

surface charge density, flexible, not too short cationic polymer ebains and 

nonporosity of the supporting particles. 

In order to synthesize still more active supports, some promising 

synthetic routes are outlined in the appendix. Block copolymers, macromonomers 

and macroinitiators are believed to indicate many intrinsic opportunities for 

preparing functionalized latices. Some synthetic attempts are described. 

Generally speaking, the extreme water-solubility of the cationic polymers, the 

difficulty in separating products from starting material and undesired side 

products, and the chemolability and thermolability of the materials greatly 

hindered the synthesis of the desired components. However, the principles 

proposed are believed to be of great potential value and deserve more specific 

attention in future research. 
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Samenvatting 

Dit proefschrift beschrijft de immobilisatie van kobaltftalocyanine 

tetra-natriumsulfonaat (CoTSPc) en kationische polymeren, die als 

kokatalysator dienen, op organische dragermaterialen en het effekt hiervan op 

de autoxidatie . van 2-mercaptoethanol tot het overeenkpmstige disulfide. Het 

onderzoek had een drieledig doel : (I) de synthese van een 

CoTSPc/polyelektroliet systeem, (2) de bestudering van het effekt van 

immobilisatie op de thioloxidatie en (3) de bepaling van de faktoren die de 

katalytische aktiviteit van de geimmobiliseerde CoTSPc. bevattende systemen 

bepalen. 

2,4-ionene, een polyquaternair ammoniumzout, met een relatief laag 

molekuulgewicht versnelt de thioloxidatie aanzienlijk. Analoge, monomere 

verbindingen hebben daarentegen nauwelijks invloed op de oxidatiesneiheid in 

aanwezigheid van CoTSPc. Het bleek dat de thioloxidatie zeer gevoelig i was voor 

lage koncentraties polyelektroliet (uitgedrukt in quaternaire ammoniumgroepen: 

[N+] ~ 10-6 
- 10-6 mol/dm3

). Het polymeersysteem vertoonde Michaelis-Menten 

kinetiek (hoofdstuk 2). 

In hoofdstuk 3 wordt de immobilisatie van 2,4-ionene met een laag 

molekuulgewicht op gechloormethyleerde XAD-2 deeltjes beschreven. Allereers~ 

werd een methode ontwikkeld om zeer lage koncentraties niet gebonden ionene 

aan te kunnen tonen ([N+J > 4x I o-7 mol/dm3). 

Immobilisatie van 2,4-ionene op XAD-2 deeltjes vertraagde de 

reaktiesnelheid. Berekeningen toonden aan dat de verlaging niet alleen 

toegeschreven kon worden aan limitatie van het stoftransport . Tevens bleek 

dat CoTSPc voornamelijk aan de buitenkant van de deeltjes geadsorbeerd zit en 

niet doordringt in de kleine poriën. Dit verlaagt de N+ /Co verhouding welke 

een belangrijke rol in de thioloxidatie speelt en hier waarschijnlijk 

bijdraagt tot de gevonden verlaging van de katalytische aktiviteit (hoofdstuk 

4). Om de bovengenoemde problemen te vermijden werden niet poreuze 
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latexdeeltjes met groot specifiek opper~lak (als gevolg van de geringe 

deeltjesgrootte) gebruikt als dragermateriaal (hoofdstuk 5). Door 

gequaterniseerde poly-4-vinylpyridine (qPVP) gestabiliseerde latexdeeltjes 

werden gemaakt door middel van een emulsiepolymerisatie van styreen en 

divinylbenzeen in aanwezigheid van een blokkopolymeer van styreen en 

gequaterniseerde 4-vinylpyridine (PS-b-qPVP). Het schoonmaken van de latex 

bleek zeer moeilijk te zijn. Het latexsysteem vertoonde een katalytische 

aktiviteit die zelfs iets hoger was dan die van de homogene qPVP of PS~b-qPVp 

bevattende systemen. Alle drie systemen vertoonden enzym-achtige kinetiek. Het 

verschil in Michaelis 'konstante (KM) voor de drie systemen was opvallend. Het 

koncentreren van polyelektroliet op het latexoppervlak als gevolg van de 

immobilisatie zal de konformatie van de polymere ketens beïnvloeden. Een 

vergelijking van de KM van de qPVP bevattende systemen met die van de door 

blokkopolymeer gestabiliseerde systemen blijft daardoor moeilijk. Zelfs de 

vergelijking tussen de twee homogene systemen is moeilijk door het amfifiele 

karakter van het blokkopolymeer. 

Een meer algemeen toepasbare manier om kationische latices te 

synthetiseren is emulsiepolymerisatie in aanwezigheid van een kationisch 

coinonomeer bijv. 3-(methacrylamidinopropyl)trimethylammoniumchloride (MAD) 

(hoofdstuk 6). Op deze manier konden monodisperse latices gemaakt worden. 

Toevoeging van het wateroplosbare MAD verhoogde de 

emulsiepolymerisatiesnelheid met als gevolg een toename van het aantal 

deelt,jes. Verschillende technieken om latices schoon te maken werden 

onderzocht. maar de beschikbare methoden konden sporen polyelektroliet niet 

verwijderen. Een nieuwe procedure. centrifugeren gevolgd door schudden met 

silica. bleek de latices afdoende te zuiveren. De oppervlakteladingsdichtheid 

nam toe met stijgende MAD koncentratie. Andere emulsiepolymerisatietechnieken 

konden de oppervlakteladingsdichtheid niet verder verhogen. Deze resultaten 

wijzen op het bestaan van een intrinsiek maximum voor het aantal kationische 

groepen dat ingebouwd wordt op het latex oppervlak. 
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Twee door MAD gestabiliseerde latices en het homopolymeer van MAD (PMAD) 

werden getest als kokatalysator in de thioloxidatie (hoofdstuk 7). De gevonden 

katalytische aktiviteit van de door MAD gestabiliseerde latexsystemen was veel 

lager dan die van het PMAD bevattende homogene systeem. Alle drie de systemen 

vertoonden enzym-achtige kinetiek. De reden voor de gevonden lagere aktiviteit 

werd opgehelderd met behulp van VIS-reflektie spektroskopie van de aim latices 

gebonden CoTSPc. In tegenstelling tot homogene kationisch polymeer bevattende 

systemen bezitten de latex systemen slechts lage koncentraties van de 

katalytisch aktieve geaggregeerde vorm van CoTSPc . De aanwezigheid van de 

minder aktieve CoTSPc monomeren wordt toegeschreven aan de relatief korte 

kationische ketens op het latex oppervlak die een lage ladingsdichtheid !en een 

beperkte bewegelijkbeid hebben. 

De sleutelfaktoren die mogelijk leiden tot een zeer reaktief 

dragermateriaal .zijn: hoge ladingsdichtheid, bewegelijke, niet te korte 

kationische ketens en dragermateriaal zonder poriën. 

Om nog reaktievere dragermaterialen te synthetiseren zijn in de appendix 

enkele veelbelovende strategieën uitgestippeld. Blokkopolymeren, 

rnakromonomeren en rnakroinitiatoren bieden mogelijkheden om funktionele latices 

te maken. Enkele synthetische routes zijn beschreven. Algemeen gesproken wordt 

de synthese van de gewenste stoffen bemoeilijkt door .de extreem hoge 

wateroplosbaarheid van de kationische polymeren, de chemische en thermische 

gevoeligheid van de tussenprodukten en de problematiek bij het isoleren van 

het eindproduct. De voorgestelde principes zijn dermate interessant dat ' ze speciale 

aandacht verdienen in toekomstig onderzoek . 
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Curriculum l'itae 

De schrijver van dit proefschrift zag het levenslicht op 22 november 

1959 in Groningen. In 1978 behaalde hij het atheneum diploma aan de 

Wessel Gansfoort College in Groningen . In dat zelfde jaar begon hij 

zijn studie scheikunde aan de Rijks Universiteit Groningen. Nadat hij 

in maart 1981 het kandidaats scheikunde behaald had, begon hij aan 

het hoofdvak organische chemie in de werkgroep van prof. dr. H. 

Wijnberg. Het bijvak polymeer chemie werd gedaan in de werkgroep van 

prof. dr. G. Challa. Op 25 april 1985 werd de studie scheikunde 

afgerond met het behalen van het doctoraal examen. Tijdens zijn na

kandidaats studie was hij student-assistent bij verschillende 

paractica. In juli 1985 begon hij aan het vier jaar durend promotie 

onderzoek in de groep van prof. dr. ir. A. L. German aan de Technische 

Universiteit Eindhoven, dat geresulteerd heeft in het schrijven van 

dit proefschrift. Per I oktober 1989 heeft hij een betrekking bij AKZO 

in Arnhem als wetenschappelijk medewerker op de afdeling organische en 

polymeer chemie. 
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STELLINGEN 

behorende bij het proefschrift van K. H. van Streun 

IMMOBILIZA TION OF CA TIONIC POL YMERS AND lTS EFFECT ON THE 

CO BAL TPHTHALOCY ANINE-CAT AL YZED THIOL OXIDA TION 

I. De zuivering van latices, die gemaakt zijn in aanwezigheid van een ionisch 

monomeer, blijkt in veel gevallen te worden onderschat. 

hoofdstuk 6 11an dit proefschrift 

2. De aanname dat de kinetiek van de door geïmmobiliseerde sulfonzuur 

gekatalyseerde sucrose-inversie door adsorptie bepaald wordt, is niet terug 

te vinden in de experimenteel gevonden relaties. 

J.H. Kim, M.S. El-Aasser, A. Klein, J.W. Vanderhoff, J. Appl. Polym. Sci .. 

35, 2117 (1988) 

3. Gezien de manier van bereiding van de reaktieve latices als drager voor 

kobalt katalysatoren, is het aantonen van de afwezigheid van "intraparticle 

diffusion" tijdens de betreffende modelreaktie overbodig. 

M. Hassanein, W.T. Ford, J. Org. Chem., H, 3106 ( 1989) 

4. Bij het bepalen van de oppervlakteladingsdichtheid van methacrylzuur 

gestabiliseerde styreen-butylacrylaat Iatices wordt door onderstaande 

auteurs onvoldoende rekening gehouden met de zwelbaarbeid van de deeltjes. 

J.L. Guillaume, C. Pichot, J. Guillot, J. Polym. Sci. Polym. Chem. Ed., 

JQ, 1937 (1988) 

5. In het door de auteurs aangedragen voorstel tot het verklaren van de gevonden 

relatie tussen deeltjesgrootte en monomeer koncentratie wordt onvoldoende 

rekening met de sterke adsorptie van polymeren aan oppervlakten. 

H.S. Chang, S.A. Chen, J. Polym. Sci. Polym. Chem. Ed., 26, 1207 ( 1988) 



6. Gezien het geringe effekt van de algemene periodieke keuring van auto's 

(APK) op de verkeersveiligheid, dient deze keuring ook meer gezien te 

worden als een indirekte subsidieregeling voor de autobranche. 

7. Diegenen, die bijdragen tot het steeds maar uitstellen van een goede 

euthenasieregeling, houden onvoldoende rekening met de moderne medische 

ontwikkelingen en dragen als zodanig, morele verantwoordelijkheid voor veel 

menselijk leed. 

8. Bij het toekennen van de term "milieu-vriendelijk" aan een produkt wor;dt, 

naast de schadelijkheid aan het milieu door produktie en gebruik, 

onvoldoende rekening gehouden met de schaal waarop de produktie cq. 

konsumptie van het desbetreffende produkt plaatsvindt. 

Eindhoven, 26 januari 1990 


