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INTRODUCTION 

General introduetion 

According to Ostwald 1 s definition in 1901 (1), a catalyst changes 

the rate of a chemical reaction, without itself being consumed or 

altering the position of the final thermadynamie equilibrium. For this 

reason, rate enhancing catalysts are widely used in chemical processes 

in industry, enabling more efficient processes and offering new ways of 

preparing high quality products •. Also in living organisms biocatalysts, 

then called enzymes, are operative and their high specificity and 

selectivity are subject to many investigations. 

Polymers or macromolecules are long, thread-like molecules which 

in salution often exist as loosely wound coils, with average dimensions 

in the colleidal size range (Z). In special cases, e.g. when the macro

molecules bear charges, specific chain interactions may occur and rod

like or.helix-like conformations become possible (J). Polymers may 

occur naturately, e.g. starch and proteins, or may be synthesized at 

a laboratory or industrial scale. Through special synthetic methods, 

developed in polymer chemistry, copolymers can be prepared with well-known 

composition and microstructure, tailor-made for widely different 

purposes. 

Sametimes polymers possess catalytic activity in certain chemical 

reactions and are therefore called polymerie catalysts although this 

term may not be in complete accordance with Ostwald's definition, as 

was shown by Ise for polyelectrolyte catalysed reactions (4). 

A well-known polymerie catalyst is polyvinylimidazole in the 

hydralysis of nitrophenylesters (S). Here the cooperating, monomeric 

repeating units were found responsible for the catalytic action. In 

other polymerie catálysts, specific catalytic activity is obtained by 
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the introduetion of catalytically active functionalities either during 

1 • . • (G) f d • • po ymer1zat10n, e.g. act1ve monoroers , or a terwar s, e.g. trans1t1on 

metals in polymer metal complexes <7•8>. 
Often enzymes are essentially polymerie catalysts, although the 

latter term is commonly reserved for synthetic polymerie catalysts. 

It is therefore not surprising that many synthetic polymerie catalysts 

f lf 'l . . h . . f 1 . (9) u 1 one or more cr1ter1a c aracter1st1c o enzyme cata ys1s : 

e.g. specificity, rate enhancement, saturation kinetics similar to 
. h 1' k' . (1.0) d 1 . f . 1 1 . s M1c ae 1s-Menten 1net1cs an mu t1- unct1ona cata ys1s. ome 

polymerie catalysts possess high intrinsic catalytic activity, comparable 

to enzymes and are called synzymes (from synthetic enzymes). 

Hydrapbobic interactions, electrastatic interactions or both are 

of prime importance in substrate binding, while the availability of 

suitable, generally base or acid groups in the appropriate ionic forms 

and orientations are necessary for catalysis. In order to allow more 

technica! application, soluble polymerie catalysts need to be immobilized 

on solid supports, thus facilitating separation of the catalysts from 

the reaction salution and enabling its reuse. Many reviews on this topic 
. (7 11-14) appeared dur1ng the recent years • . 

Closely related to polymerie cat~lysis is the catalytic action of 
. 1 . . . 11 1 . ( 1S) 1 soaps 1n so ut1on, 1.e. m1ce ar cata ys1s • Very recent y an 

example of mixed polymerie and micellar catalysis, so-called polymer

surfactant complex catalysis was reported (1S). These rather new possibili

ties in polymerie catalysis may be of great importance to industry, 

where progressively water continuous emulsions will replace the conven

tional reaction systems in which organic solvents are used. 

The polymerie catalysts presented in this thesis are capable of 

oxidizing thiols with molècular oxygen to disulfides in aqueous media, 

exhibiting high selectivity. 

Thiol catalysis plays an important rele in oil sweetening used in 

the refining industry for rendering thiols harmless (l 9), the latter 

being invariably present in hydracarbon distillates. Sametimes thiols 
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are deliberately used in industrial processes, e.g. the addition of 

dodecanethiol as a chain length modifier in emulsion polymerization, 

but removal from the end .product is often desirabie because of their 

bad smell. In solving such problems highly effective thiol oxidation may 

offer a usefull approach. Finally, tbe formation and role of disulfide 

linkages in biologica! systems also stresses the importance of research 

on thiol oxidation ( 1S) 

All catalysts used in the present investigations contain the cata

lytically active cobalt(II)phthalocyanine-tetrasodium sulfanate (abbrev.: 

CoPc(NaS03) 4), a water soluble derivative of cobaltphthalocyanine. 

The latter is a thiol oxidation catalyst in the presence of base (l 9) 

and bas a porphyrin-like structure similar to that of all kinds of 

biologica! redox systems such as haemoglobin and vitamin B
12

• At present 

CoPc is being used in the oil refining industry. 

From earlier workof Zwart (ZO) and Schutten (21 ) in the Catalysis 

and Polymer Chemistry departments of our institute, it appeared that 

attachment of this organometal compound to a basic polymer resulted in 

a large enhancement of the catalytic activity (Z2). It was suggested 

that prevention of dimerization of the CoPc(Naso3) 4 catalyst and enrich~ 

ment of the weakly acidic substrate in the basic coils accounted for 

the enhanced catalytic activity of these multi-functional catalysts. 

All polymerie ligands used in the investigations belong to the 

group of water soluble polyamines and polyquaternized ammonium salts, 

which are at present, apart from their known industrial importance (Z3), 

of great interest for their somstimes peculiar physicochemical behavior 
(24-27) h . h h . . (28.29) d h . . , t eLr c emo-t erapeutLc propert1es · · an t eJ.r propensJ.ty 

to form polymer-metal chelates exhibiting oxygen binding ability (30) 

All these properties are undoubtedly related to the positive net charge 

these polymers bear specially at neutral pH. This polyelectrolyte 

character, as will appear from this thesis, also plays an important role 

in the polymer catalyzed thiol oxidation. 
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Aim and outline of this thesis 

The aim of this thesis is to study the promoting effects of the 

polymerie li.gand on the catalytic activity, including the commonly 

observed problem of partial deactivation when active polymerie catalysts 

are immobilized, and thiol oxidation in surfactant containing systems. 

The latter become of industrial importance. 

The polymerie catalyst, mainly used in the investigations des

cribed in this thesis is CoPc(NaS03) 4 attached to poly(vinylamine). 

Overall coil dimensions and the effect of thiol addition hereon have 

been investigated by viscometry (Chapter I). Also the incorporation 

of the CoPc(so3):- ion in the polymer was investigated. In Chapter Il 

the pH dependenee of the catalytic activity as well as its viscometric 

behavier is presented and discussed. Kinetic measurements on the 

oxidation of 2-mercaptoethanol are presented in Chapter lil and the 

enzyme-like behavior of the polymerie catalyst is established. The 

molecular weight of poly(vinylamine) has been varied and its effect on 

catalytic activity and activation parameters bas been investigated and 

discussed (Chapter IV). Copolymers of nearly randomly distributed vinyl

amine and vinylalcohol were synthesized (Chapter V) and used as poly

merie ligands for CoPc(Naso3) 4 as described in Chapter VI, in order 

to obtain insight into the relationship between catalytic activity 

and amine group density in the polymerie ligands. 

In Chapter VII the investigation has been extended to other thiols 

including the hydrapbobic dodecanethiol and the use of surfactant in 

the thiol oxidation catalysis bas been introduced. Features and draw

backs are discussed. In Chapter VIII other polycationic catalysts are 

investigated. Here the concepts basically developed in the Chapters II, 

111, VI and VII accounting for the enhanced polymer catalyst activity, 

will appear to have a more general applicability. 

Finally, in Chapter IX, matrices of cross-linked poly(vinylamine) have 

been used as insoluble polymerie supports for CoPc(Naso
3

)
4

• The effects 
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of several experimental .parameters were measured, from which suggestions 

for further impravement of the immobilized catalyst systems have 

been deduced. 

Chapters I-IX, corresponding to references 31-39, respectively, have 

been publisbed already or will be publisbed soon. 

The co-authors, Ir. P.A.M. Traa and Ir. T.J.W. de Weerd .have had a 

major part in the performance of the experiments as described in 

Chapter IX. 
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Chapter 

Viscometric characterization of a polymerie catalyst for 
the autoxidation of thiols 

W. M. Brouwer. P. Piet end A. L. German 
labotatory of Pofymer Chtlmistty. Eindhoven Unlvtllliity of Technology, Postbox 513, 5600 MB 
Eindholllifl. The Netherflinds 
(ReCIHved 8 October 1982; rtwÎ$1id 1 o-bct 1982) 

A polymerie catalyst for the oxidation of thiols to disulphides by m<~lecular oxygen was prepared by 
mixing aqueous solutions of cobalt(ll)phthalocyanine-tetra·sodiumsulphonate (CoPc(NaS03) 4 ) and 
poly(vinylamine) (PVAm). The incorporation of the CoPc(S03)~- ioa in the polymerwas investigeted 
by viscometry. Conformational changes in the catalyst u pon additionof substrate were studied. Only a 
single coordination sitelorthe CoPs(S03):- ionuppearedto be occupied by a polymerie ligand and the 
addition of substrata to the polymerie catalyst resulted in a large extension of the polymer coil. 

Keywords Thiol autoxidation; polymerie catatysis; poly(vinylamine); conformational changes; 
viscometric characterization 

INTRODUCTION 

Polymerie catalysts often shown an enhanced activity. 
Consequently, attention bas heen paid to the specific role 
of the polymer chain in this process. The apparent 
analogy with enzymatic reactions bas stimulated 
attempts to gather knowledge about enzyme action from 
polymer catalysis studies, and vice versa. Polymers can be 
tailor-made, wbich offers tbe possibility of introducing 
several compositional and configurational effects that 
may infiuence the catalytic mechanism and thus reactîon 
rate and specilicity. In our laboratory a study is in 
progress on the catalytic autoxidatîon of thiols wîth 
molecular oxygen by polymerie catalysts. The viscometric 
characterization of one such catalyst is the subject of this 
report. 

EXPERIMENT AL 

PVAm HCI was synthesized by the Hart metbod 1 with 
some minor modilications (M •. •v•m =61.103 from 
membrane osmometry experiments in water, containing 
0.01 N NaOH and 0.1 M NaCI). Aqueous solutions of 
PV Am were obtained by eluting a 3% solution of PV Am 
HCI through an Amborlite IRA-401 ion-exchange 
column. The equivalent amine concentration was 
determined by potentiometric tilration with HCI solution 
(Merck, Titrisol ampoules) in the presence of2 M NaCI. 2-
Mercaptoetbanol was purcbased from Merck and 
distiUed hefore usc. 

CoPc(NaS03)4, kindly provided by Dr T. P.M. Beelen, 
was synth.Sized aocording to an adaptation by Zwart et 
a/.2 of the metbod by Weber and Busch'- Viscosity 
measurements on liltered solutions were carried out at 
(25.00 ± O.OS)'C in a Hewlett Packard automatic salution 
viscometer ofthe Ubbelohde type. All measurements were 
performed uoder a nitrogen gas atmosphere to prevent 
absorption of oxygen and carbon dioxide. Samples were 
prepared using nitrogen purged, sealed, ampoules and 
syringes. In those experiments where thiol was added, 
measurements were conducted twenty minutes after 
addition, since smal! time effects were observed. All salts 
mentioned were p.a. 

0263-6476/83f(l7021<Hl2S03.00 
@ 19113 Butterworth & Co. (Publishers) Ltd 

.pH measurements were performed with a Radiometer 
Cbpenhagen pH-meter (PHM 62~ equipped with a 
GK 2401 B electrode. 

RESULTS AND DISCUSSION 

Cobalt(II)phthalocyanine-tetra-sodiumsulphonate 
(CoPc(NaS03)4 , (sce Figure 1), attached to the weakly 
b&sic poly(vinylamine) (PV Am) appeared to be a very 
elfective eatalyst for the autoxidation of thiols to 
disulphides4 lt is prepared by mixing aqueous solutions 
ofCoP.c(NaS03)4 and PVAm. 

In order to elucidate the mode of incorporation of 
CoPc(NaS03)4 in the polymer chain, which may be an 
important factor determining high catalytic activity, 
tbe viscosity of aqueous solutions of PV Am bas been mea
sured u pon addition of smal! amounts of CoPc(NaS034 
and other salts, whicb in contradistinction to 
CoPc(NaS03)4 , do not possess the propensity for 
interaction, other than ionogenic, with PVAm. The 
average charge number of the anions, z, varied between 2 
and 4. 1t is apparent from Figure 2 that the reduced 
viscosity deercases with increasing counter-ion charge z. 

F/gurtl 1 Structure of CoPc(NaS03) 4 

POLYMER COMMUNlCATIONS, 1983, Vol24, July 
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Figi/Tfll 2 Roduced vioeosily of PVAm vs. tbe ratio of tbe lOllil 
charge number of countor-lons (~z.c...,) and molar amine 
concentration, c_,...,. Tamperature 25.00±0.05'C; pH=10.3±0.1; 
c41" =16.4 mg eq dm-"; lil""'""' ~61000 g mot-1; e sodiumtartrate, 
z=2;' 0 sodiumcitmto. z~3; * sodiumetbylene-dt· 
amino-totra-acetate, z=3.6; * polli$Sium-'-'t·cyanolenata(ll), z 
~4; 0 CoPc(NaS0,)4, z=4 

The ad dition of salt may he expetted to affect the 'double· 
layer' hetween the slightly positively charged polymer 
chain and the negatively charged counter-ions. As a 
consequence, the presence of salt and in particular those 
possessing a high counter-ion charge will diminish the 
double-layer repulsion between separate chain segments, 
causing a shrinkage of the polymer coil and a decrease in 
viscosity. These phenomena have heen observed in the 
interaction hetween charged colloidal particles'. U pon 
addition of the hexa-cyanoferrate(ll)-ion, in which even! 
no complexation hetween the central metal atom and 
amine ligands of the polymer is to be expected, the 
reduced viscosity of the PV Am solution shows a decrease 
similar to that observed in the case of addition of the 
equally charged CoPc(NaS03)4 •- ion. This is a strong 
indication that no multi-ligand intramolecular chelate 
formation oecurs after addition of CoPc(NaS03)4 to 
PV Am sotutions. The formation of multi-ligand 
complexes between multi-denlate polymers and 
transition metal ions wiU invariably be accompanied by a 
sharp additional decrease in viscosity, due to the 
contraction of the polymer chain6 . Consequently, ihe 
viscosity experiments support the view that only one axial 
position of the central metal alom of CoPc(NaS03)4 is 
involved in the coordinative interaction with PVAm 

Schutten et a/.4 have performed e.s.r. measurements on 
the system CoPc(COOH)4-PVAm in DMSO and 
obtained an e.s.r. signa! quite typical of 5-coordinate 
cobalt complexes. The present viscosity measurements 
completely confirm these earlier findings and provide 
conclusi\le evidenee of the proposed uniaxial 
coordination. 

In order to obtain a better insight into the 
conformation of the catalyst during reaction, we have 
investigated the polymerie complex by monitoring the 

P~<SH i9 dm-li 

0 6 a 10 

10 
c 
'• 

,_J 
• 4 

:t .f 
"' J s 

0 
0 12 16 

C l=lSr .. ( C: Nt-t~ 

Figure 3 Viscosity ratio of varlous solutions relativa to a soJution 
of PVAm liS. the molar ratio of thiol (RSH) and amine ligands. In 
all measu10ments c -NH =8.4 mg eq dm-" pH of lhe system and 
weight concentration 'of thiol (PAsHl ""' also indlcated on 
sepa- axes. lfi"PVAm =61000 g mot'1. Tempe1311J"' 25.00 
±0.06"C. e CoPc(NaS03).,tNH;, =O; 0 CoPc(NOSO,).,tNH;, 
=10-'; * RSH in wa10r 

viscosity changes upon addition of substrate, viz. 2· 
mercaptoethanol (RSH). 

Because RSH is a weak acid and PVAm a polyhase, a 
pH change of the system u pon addition of RSH could he 
ex peet ed. Thus the pH was monitored during addition of 
thiol to PV Am in a separate experiment (Figure 3). The 
following conclusions can be drawn: 

The viscosity contribution of RSH itself in aqueous 
solution (marked with the asterisk) is low, as might be 
expected for a low molecular mass solute. 

The viscosity of the PVAm solution increases 
drarnatieally u pon addition of substrate ( o) and ( •) in 
Figure 3), accompanied by a distinct fall of pH. The 
polymer conformation is eonsiderably atTected by the pH, 
as reported earlier7•8 ; 

The presence ofCoPc(NaS03)4 only leadstoa stightly 
lower (ca. 8%) viscosity curve, again indicating that no 
intramolceular chelates are formed. 

Thus it may he concluded that during reaction the 
polymerie eatalyst is freely accessible to reaetanis because 
the uniaxial coordination of CoPc(NaSO.J4 to PV Am 
and the lower pH, caused by the presence of the substrate, 
are giving rise to an extended conformation. 
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Summary 

Polymar Bulletin 
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The oxidation of 2-mercaptoethanol with molecular oxygen in water with 
cobalt(II)phthalocyanine-tetra-sodium sulfanate attached to poly(vinyl
amine) has been investigated. 
Specially attention was paid to the effect of pH and chain dimensions on 
polymer activity. The polymer catalyst possesses a large conformational 
freedom at neutral pH, but at higher pH a shrinkage of the polymer coil 
occurs and diffusion limitations cannot be The catalyst shows 
an enzyme-like behaviour in the autoxidation thiol. Overall activatien 
energies appear to decrease with increasing pH. At pH~ 7.4, Ea ~ 61 
KJ mole-1; at pH = 9.5, Ea = 3 KJ mole-1. 
Electrastatic effects are of major importance in the chemica! reactivity 
since they affect the local thiol-anion concentratien in the close vicin
ity of the polymer attached oxidation sites. 

Introduetion 

In our laboratory the autoxidation of 2-mercaptoethanol (RSH) with water 
soluble cobalt(II)phthalocyanine-tetra-sodium sulfanate (CoPc(NaS03)4 ), 
attached to poly(vinylamine) (PVAm), has been investigated (SCHUTTEN and 
ZWART 1979; SCHUTTEN et al. 1979.). 

H H 
with R = H-0-~-f

H H 

PVAm 
(1) 

The cobaltphthalocyanine is an organometallic compound, consisting of 
cobalt(II) incorporated in a porphyrin ring. The derivative used here (CoPc 
(NaS03l4l carries four sulfonic groups, which makes it soluble in water. 
Thiol oxidation plays a rele in biologie systems and is an important 
process in the desulferization of oil and natura! gas. 
It was suggested that the enhanced activity of the polymerie system in oom
parisen with the system CoPc(NaS03l4/0H- in the absence of PVAm mainly 
could be attributed to the high density of basic sites on the polymer, 
which increases the thiol-anion concentration, and to the polymerie coil 
structure, inhibiting the formation of binuclear oxo-adducts, which are 1 

catalytically inactive (SCHUTTEN and ZWART 1979; SCHUTTEN et al. 1979.). 

0170-0839/82/0008102451$01.40 
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From these previous investigations it appeared that addition of base af
fected the catalytic activity. Therefore, we have éxamined the specific ef
fect of pH on the catalytic activity and on the conformation of the poly
merie catalyst. For the latter purpose viscomatry was used. 
Moreover, overall activatien energies have been determined. The results 
might elucidate some important aspects involved in the catalytic behaviour 
of the polymerie catalyst. 

Experiments 

Chemieal ~eagents 

All solutions were prepared with distilled water. PVAmHel was purchased 
from Polysciences Inc. (Warrington U.S.A.), ~ PVAmHel = 50,000-160,000 
Aquous solutions of PVAm were obtained by eluting a 3 % salution of 
PVAmHel through an Amberlite IRA-401 ion-exchange column. The equivalent 
amine concentratien (c_NH2) was determined by potentiometric titration with 
Hel salution (Merck, Titrisol ampoules) in the presence of 2 M Nael. 
CoPc(NaS03)4 was kindly provided by Dr. T.P.M. Beelen, and was synthesised 
analogous to the methad by WEBER and BUSCH (1965), as described elsewhere 
(ZWART et al. 1977). 
2-Mercaptoethanol (Merck) was distilled before use. It was stored in the 
dark at 5 oe for periods not exceeding two weeks. All salts, mentioned in 
the text were p.a. 

Visaosity 

Measurements on filtered solutions were carried.out at (25.00+0.05)dc in a 
Hewlett Packard automatic salution viscameter of the Ubbelohd; type. All 
measurements were performed under a nitrogen gas atmosphere to prevent ab
sorption of oxygen and carbon dioxide. Samples were prepared using nitrogen 
purged, sealed ampoules and syringes. In those experiments where thiol was 
added, measurements were conducted twenty minutes after addition, since 
small time effects were observed. 

CataZyst vreparation 

The catalyst was prepared by mixing aqueous solutions of PVAm and eoPc 
(NaS03)4. First the solution of PVAm was added, the salution of eoPc(NaS03)4 
immediately afterwards. 
Then the desired pH was adjusted by addition of NaOH (0.3 N) or Hel-solu
tion (0.01 N). 
The mixture was degassed twice and saturated with oxygen in twenty minutes, 
while stirring vigorously. 

CataZytieaZ aativity measurements 

Activity measurements were carried out in an all-glass double-walled, 
thermostated Warburg apparatus, equipped with a powerful mechanica! glass
stirrer, at constant pressure (0.1 MPa). Stirring speed was 2300 r.p.m. 
AlthoUgh vigorous stirring appeared imperative, this stirring speèd was not 
within a critical range, since a somewhat higher or lower stirring speed 
did not affect the oxygen uptake rate. Since even small amounts of salt 
largely affect the conformation of the ~lymeric catalyst in solution (see 
text), no buffer solutions but instead, sodium hydroxide and hydrochloric 
acid were used to adjust the pH. The Warburg apparatus was equipped with a 
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pH-electrode (Radiometer eopenhagen GK 2401 B) and the pH was measured 15 
seconds after addition of thiol. During the first minute of reaction the pH 
hardly varied at pH > 8.3, but a slight increase was observed at lower and 
intermediate values as a result of the conversion of thiol and the lower 
buffer capacity of the reaction system at these values. 
Oxygen consumption rates were measured with a digital flow meter equipment 
(Inacom Veenendaal, The Netherlands). 
The reaction was started by adding the substrate, 2-mercaptoethanol, to the 
reaction vessel with a syringe. Initial reaction rates were determined as 
the average o2 consumption rate (normalized at 20 oe and 0.1 MPa) during the 
the first minute. Such a fast maasurement is advantageous since the influ
ence of catalyst deactivation, which occurs as the reaction progresses 
(ROLLMAN 1975.), can be neglected~ besides, pH and substrate concentratien 
remain practically constant. 

Results and discussion 

Conformation of the polymer aomplex in the presenae of 2-meroaptoethanoZ 

The reduced viscosity of aqueous solutions of PVAm with and without thiol 
were determined as a function of deliberately imposed pH changes, in order 
to obtain a better insight in the conformation of the catalyst as a func
tion of pH. HCl (0.01 N) and NaOH (0.3 N) were used to adjust the pH at the 
desired values. The results are presented in Figure 1. This figure shows 

6 

4 

t 

pH 

Figure 1. 
Reduced viscosity of an aqueous salution 
of PVAm with (e) and without (O) thiol 
vs. pH. Polymer and thiol concentrations: 
c_NH2 = 1 7 mgreq dm-3, cRSH ~ 0.186 
mole dm-3. Temperature: (25.00+0.05) oe. 
pH was adjusted by addition of-Bel or 
NaOH solutions 

that the conformation of pure 
PVAm is drastically influ
enced by the pH. A maximum in 
viscosity is reached at pH ~ 

When thiol is present the max
imum is shifted to lower pH 
and above pH = 7 the viscos
ity collapses in camparisen 
with the behaviour of the 
PVAm solution without thiol. 
The viscosity increase upon 
neutralization of the basic 
PVAm solutions can be ex
plained considering an in
creasing mutual repulsion of 
neighbouring charged groups 
with increasing polymer 
charge thus causing a more 
expanded conformation 
(TEYSSIE et al. 1965; BLOYS 

VAN TRESLONG 1978.). Although 
polymer charge increases con
tinuously with lower pH 
(BLOYS VAN TRESLONG 1978.), 
polymer coil dimensions do 
not. The occurrence of a 
maximum in chain dimensions 
may be due to a very stiff 
structure at intermediate pH, 
a conformation stabilized by 
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hydragen bonding between neighbouring ammonium and amine groups (LEWIS 
et al. 1981; RINALDI et al.1981.) 
When thiol is added the viscosity of the system is somewhat higher at low 
pH and the maximum is shifted significantly to lower pH (Fi'gure 1) • Pro
bably this is caused by a specific counter-ion effect. The collapse of 
viscosity above pH 7 in cornparison with the PVAm salution without thiol 
must be attributed to the increased salt concentratien in the bulk 
(Na+RS-) under these conditions and is caused by the dissociation of the 

weakly acid RSH (pKa 9.6 (JOCELYN 1972.)). The latter effect will result 
in a shielding of the polymerie charges which in turn causes a sharp de
crease in 
The slight increase in viscosity beyond pH = 9 in Figure 1 must be due to 
increasing salt and base concentrations, while the polyrner charge is min
imal. From the above it must be concluded that the polymer catalyst is most 
eXPanded at intermediate pH and in the absence of salt, but conformational 
freedom is lost upon addition of even small amounts of base. 

16 
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Figure 2. 
Catalytic activity of polymerie systems at 15, 20, 25 and 35 °c 
vs. pH. c_NH2 = 1. 7 mgreq dm-3; ccoPc (NaS03)4 = 1. 9 10-7 mole 
dm-3. Reaction volume = 101 ml. Added thiol: 18.5 mmole. r in 
ml 02/~mole CoPc(NaS03)4 min 
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Catalytia aotivity experiments 

Because the solubility of the polymerie catalyst is not restricted by the 
pH, we were able to investigate the effect of the pH on the catalytic 
activity. The effect of temperature on the activity-pH plots has been de
termined at 15, 20, 25 and 35 oe. This is shown in Figure 2. At each tempe
rature level a maximum in reaction rate is observed at pH 8-9, depending 
on temperature. Such behaviour has often been observed in enzymatic reac
tions and generally is explained by assuming that acid as we~l as basic 
sites are playing a role in most enzyme-substrate interaction mechanisms 
(TANFORD 1961.). However, our polymerie catalyst carries only basic sites, 
and therefore this explanation does not hold for the present system. Here 
polymer charge and the presence of counter-ions ether than RS- are consid
ered to be important. It was reported that the charge on the polymer chain 
decreasas with increasing pH (BLOYS VAN TRESLONG 1978). 
Below pH= 7.4, when HCl nas been added to adjust the pH, more competing 
counter-ions are present (i.e. cl-) and the local thiol-anion concentratien 
in the close vicinity of the polymer chain is supposed to decrease and so 
is the reaction rate. Beyond pH= 7.4 the thiol-anion concentratien in the 
bulk increases considerably due to the weakly acid character of RSH. 
A slight increase in pH above 7.4 does not necessarily mean that polymer 
charge decreases in the relevant catalytic systems, because ionic strength 
is increased by Na+RS-, which enhances po1ymer chargetosome extent 
(BLOYS VAN TRESLONG 1978.). Thus at pH va1ues slightly higher than 7.4 the 
local thiol-anion concentratien near the polymer chain may be somewhat en
hanced and so is the reaction rate. At still higher pH, polymer charge de
creases and hydroxyl-ion concentratien increases and a reduction of reac
tion rate must be èxpected, although the bulk thiol-anion concentratien is 
still increasing. 
The considerations above are summarized in Table 1. 

Table 1. 

Synopsis of some important parameters in the pH-dependent behaviour of the 
catalytic activity. 

Lower pH Intermedia te Higher pH 
(<7 .4) pH (7.4-8) (>8) 

pOlVlJII'!r charge ++++ +++ + 
"stranqe" counter-anions 
other than RS- yes (cl-l no yes (oH-J 
eRS- in close vicinity 
of the polymer chain + +++ + 
eRS- in the bulk + ++ ++++ 
catalytical activity, r + +++ + 

From the above it seems that the course of the reaction rate curves can be 
explained in terms of a variatien of the local thiol-anion concentratien 
in the close vicinity of the polymer chain. 
FUrther supporting evidence to this hypothesis, has been provided by the 
occurrence of a saturation effect in the relationship between reaction 
rate and thiol concentratien and by the occurrence of a distinct fall in 
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activity upon addition of inert salt. The latter can be explained by a con
siderable decrease of thiol-anions in the near vicinity of the polymer chain 
because of repulsive forces between competitive anions (cl-) and shielding 
of the chain charge. 

The observed temperature dependenee of the reaction rate curves in Figure 2 
was a motive to determine the activatien energies accurately, by measure
ments performed in a range chosen from Figure 2, viz. 5-45 oe at pH= 7.4, 
8.75 and 9.5. Activatien energies, Ea, are given in Table 2. 

Table 2. 

Activatien energies at different pH. 

pH Ea (KJ mole-1) 

7.4 61 + 7 
8. 75 19 +3 
9.5 2.5 +2 -

In Figure 2 a shoulder appears between pH 8.5 and 9 at lower tempera
tures. This peculiar behaviour may indicate that two mechanisms are opera
tive with different activatien energies and different pH optima. In aarlier 
investigations the formation of considerable amounts of hydrogen peroxide 
at neutral pH was reported (SCHUTTEN and BEELEN 1980.}. The concentratien 
H202 decreased rapidly upon addition of smal! amounts of base which was at
tributed to a fast base catalysed reduction of the hydrogen peroxide by 
thiols. However, in the light of the present findings the occurrence of 
two pH-dependent mechanisms may also explain this phenomenon. 
on the other hand, diffusion limitation may not be excluded, particularly 
at higher pH. In the presence of thiol, the polymer coil shrinks consider
ably upon addition of base (Figure 1) . Therefore transport limitations of 
reactants or the product, which has larger dimensions, may-be easily en
countered. The apparent activatien energy for diffusion of counter-ions and 
uncharged molecules in swollen resins amounts to about 20 KJ mole-1 (MEARES 

1968.), which is not in conflict with the present experimental observations. 
In order to elucidate the phenomenon of the pH dependent activatien energies 
additional kinetic inyestigations are required. 

conclusions 

Some final conclusions may be drawn. The polymerie catalyst exhibits an 
enzyme-like behaviour in the autoxidation of 2-mercaptoethanol, in contra
distinction to the system with CoPc(NaS03)4 as a catalyst in the absence 
of polymers (ZWART et al. 1977,). 
The maximum rate is reached at pH = 8-9, depending on temperature. The 
polymerie catalyst possesses a large conformational freedom at neutral pH 
and electrostatic effects are of great importance in the catalytic activity, 
because these effects will influence the local thiol-anion concentratien 
in the close vicinity of the oxidation sites. 
The pH-dependance of activatien energies may be explained by assuming two 
pH-dependent mechanisms with different activatien energies to occur. On the 
other hand the polymer coil is considerably contracted at high pH values 
and the occurrence of diffusion controlled reactions cannot be excluded. 
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Summary 

A kinetic study is presented of the autoxidation of 2-mercaptoethanol 
using cobalt(II) phthalocyanine tetrasodium sulfanate attached to poly
(vinylamine) as a catalyst. 

Tbe main products appear to be 2,2'-dithiobis(ethanol) and hydragen 
peroxide; the measured oxygen consumption was found to be in balance 
with the theoretica! one, based on the exclusive formation of these com
pounds. Tbe catalytic system exhibits a large activity and Michaelis-Menten 
kinetics are obeyed with respect to substrate concentration and oxygen 
pressure. The reaction rate was first order in polymerie catalyst. 

Upon actdition of salt a severe decrease in activity was observed. A 
comparison of the activation energies in the presence and absence of salt 
suggests that the local thiol anion concentration in the vicinity of the oxida
tion sites is lowered upon salt addition. Although an entropy change cannot 
be excluded, this may explain the fall in reactivity. 

Ad dition of radical scavengers also led to a decrease in the reaction rate, 
indicating that radicals are reaction intermediates. Overall, the polymerie 
catalyst exhibits an enzyme-like behaviour and resembles the catalytic action 
of vitamin B12 in the oxidation of thiols. 

Introduetion 

During the past two decades much attention bas been paid to the 
autoxidation of thiols using transition metal containing compounds as 
catalysts. Some of these investigations [1] originated from a wish to develop 
catalysts which could be used for the desulfurization of natura! gas and oil. 
Other surveys [2, 3] dealt with the enzymatic conversion of thiolsin order 
to clarify thiol metabolism in biologica! systems. It has been found that 
cobalt(II) phthalocyanine (CoPc) [ 4] in the presence of alkali is a very good 
catalyst for the conversion of thiols to disulfides, the alkali increasing the 

0304-5102/84/$3.00 © Elsevier Sequoia/Printed in The Netherlands 
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Fig. 1. Structure of CoPc(NaS03)4• 

concentration of thiol anions which are the reactive species in the system. 
In many papers emphasis was laid on reaction kinetics and re-use of the 
catalysts. However large differences in kinetic behaviour were observed 
between homogeneons systems where CoPc derivatives in alkaline media 
were used as the catalyst [5, 6] and systems where CoPc was immobilized 
on porous solid supports [6, 7]. 

In our laboratory systems are being investigated where CoPc(NaS03)4 
(Fig. 1) is attached to basic polymers by complexation. In particular, the 
water-soluble poly(vinylamine) (PV Am) appears to be a very good promotor 
in the autoxidation of 2-mercaptoethanol (RSH) [ 8]. Thus, relative to the 
aqueous system CoPc(NaS03)4/0I1, the bifunctional polymerie system 
appears to be ca. 30 times more active. Our aim is to elucidate the-contri
bution of the polymerie ligand to this increased catalytic action, and in order 
to achieve this systems with other basic polymers are being investigated. 

We found earlier [9] that the coil conformation of the polymer pre
vents the formation of catalytically inactive dimeric oxo adducts of CoPc
(NaS03)4, and that the basic functionalities were an excellent substitute for 
the alkali commonly used in the homogeneons system with CoPc(NaS03)4 
[8]. Recently we have investigated the conforma~ion of the polymerie 
eatalyst during reaction and examined the influence of pH on the conforma
tion of the polymerie eatalyst and its reaction rate [10]. We now present a 
kinetie study of this polymerie system, the results being discussed in rela
tion to data obtained from homogeneons and immobilized systems. 

Experimental 

Chemical reagents 
PVAmHCl was purehased from Polyscienees Inc. (Warrington U.S.A.; 

Mn(PV Am)= 5 X 104 g mol-1 , from viscosity experiments in water eontain
ing 0.01 N NaOH and 0.1 M NaCl [11]). Aqueous solutions of PV Am were 
obtained by eluting a 3% solution of PV AmHCI through an Amberlite IRA-
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401 anion exchange column. The equivalent amine concentration was deter
mined by potentiometric titration with HCl solution (Merck, Titrisol am
poules) in 2 M NaCl (p.a.). CoPc(NaS03)4 (kindly provided by Dr. T.P.M. 
Beelen) had been synthesised by a method analogous to that of Weber and 
Busch [12] as described by Zwart et al. [5]. 2-Mercaptoethanol was distilled 
before use and stored in the dark at 5 °C for periods not exceeding two 
weeks. The thiol content after storage was checked by iodometric titration 
[13] and was found 99% pure. Distilled water was used throughout. 

Catalyst preparation 
The catalyst was prepared by mixing aqueous solutions of PV Am and 

CoPc(NaS03)4 , resulting in a polymer-organometal complex. The solution 
of PV Am was initially added to the reaction vessel and the solution of 
CoPc(NaS03) 4 immediately afterwards. The mixture was degassed twice and 
saturated with oxygen over a period of 20 min while stirring vigorously. 

Catalytic actiuity measurements 
The reaction rate was determined by monitoring the oxygen consump

tion during the oxidation reaction. 
Activity measurements were carried out at constant pressure in an all

glass double-walled thermostated Warburg apparatus, equipped with a power
ful mechanica! glass stirrer. Oxygen pressure was adjustable. A stirring speed 
of 2300 r.p.m. was maintained, although this was not critical since a some
what higher or lower stirring speed did not affect the oxygen uptake. How
ever at oxygen uptake rates exceeding 25-30 ml min- 1 , for a reaction 
volume of 0.1 dm 3 and oxygen pressure of 35 kPa, transport limitation 
problems occurred. 

The Warburg apparatus was èquipped with a pH electrode (Radiometer 
Copenhagen GK 2401 B), the pH being measured 15 s after actdition of thiol. 
Calibrated buffer solutions were employed to check that this type of elec
trode was not harmed by the presence of thiol. Oxygen consumption 
rates were measured with a digital flowmeter. (lnacom Veenendaal, The 
Netherlands). 

The reaction was started by adding the substrate, 2-mercaptoethanol, 
to the reaction vessel by means of a syringe. Initial reaction rates were deter
mined as the average consumption during the first minute. 

Analysis of the H20 2 content 
The hydragen peroxide level in the reaction mixture was analysed by 

iodometric titration [14]. 

Results and discussion 

Oxygen mass balance 
Earlier studies of the autoxidation of thiols [5, 15] have investigated 

whether disulfide was formed exclusively as the reaction product; in other 



- 20 -

words if the conversion obeyed eqn. ( 4) in Scheme 1. This reaction appears 
to be the principal one, but in some cases H20 2 could be also detected in 
the reaction mixture [3, 5]. Thus in the system CoPc(NaS03)4 /PVAm the 
existence of H:P2 at neutral pH was demonstrated spectrophotometrically 
[16]. 

2RSH + 0 2 ~ RSSR + H20 2 

2RSH + H20 2 ~ RSSR + 2H20 

(1)- (2): 2H20 + 0 2 ~ 2H20 2 

(1) + (2): 4RSH + 0 2 ~ 2RSSR + 2H20 

Scheme 1. Overall reactions in the oxidation of 2-mercaptoethanol. 

(1) 

(2) 

(3) 

(4) 

In order to check the oxygen mass balance for the CoPc(NaS03) 4 / 

PV Am system, the total oxygen consumption for complete conversion, i.e. 
the integral of the oxygen uptake curve in Fig. 2, was measured and the 
peroxide content was determined iodometrically. From the weight of added 
substrate and from the remaining hydrogen peroxide content after oxygen 
consumption had stopped, i.e. after complete conversion of RSH, the corre
sponding moles of oxygen were calculated using eqns. (3) and ( 4) in succes
sion (Scheme 1). The sum of these should be compared with the measured 
oxygen consumption, see Table 1. From a consideration of the stoichiom
etry of eqns. ( 3) and ( 4) in Scheme 1 and the results in Table 1 it appears 
that mainly RSSR, and to a lesser extent H20 2 , are formed during the 
catalytic oxidation of RSH, the hydrogen peroxide possibly as an interme
diate product*. 

It has been shown [16] that, in the absence of PVAm and at neutral 
pH, CoPc(NaS03) 4 decomposes rather slowly in the presence of H20 2• As 
stated above, initial reaction rates have been obtained in this study from the 
oxygen consumption during the first minute of reaction on the basis that 
over such short periods of time no substantial decomposition of the catalyst 
will occur. However, the existence of an oxygen mass balance does not rule 
out the formation of very small amounts of sulfur-èontaining acids arising 
from the relatively high H20 2 levels during reaction. These acids were as
sumed to be responsible for catalyst. deactivation during successive runs 
[16]. 

In some cases [5, 15] the presence of some RSH has been reported 
after oxygen consumption has stopped. However, in these studies, the 
detection of residual thiol ( which has a strong smell even as extremely small 
traces) was not possible after cessation of the oxygen uptake. Furthermore, 

*lf reaction 2 occurs. mare slowly than reaction 1, some H20 2 will remain after the 
thiol is converted to RSSR. At this stage it is not possible to verify whether RSSR is 
formed exclusively through reactions 1 and 2 proceeding consecutively or via a mecha
nism invalving several simultaneously occurring reactions. 
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10 

10-2 t /S 

Fig. 2. Oxygen uptake rate v' plotted against time. ceoPc(Naso > = 1.92 X 1<r7 M; C-NH 
• 1.5 x 10-3 N; [added thiol]= 18.5 mmol; reaction volum~ ~ 0.101 dm3; T • 25.0 f 
0.1 "C; pH= 7.4;P02 = 100 kPa. · 

TABLE 1 

Oxygen mass balance in tbe oxidation of 2-mercaptoetbanol 

Amount of product 
(mmol)11 

RSH converted (a) 18.558 

Amount of 0 2 oonsumed 
(mmol) 

0 2 (RSSR) (a/4) 4.640 

0 2 (H20z) (b/2) 0.654 
0 2 (total calc.) 5.293 
0 2 (total meas.) 5.315 

a Data after complete conversion of RSH. 
b Average of four experiment&; errors within 95% confidence limit. 

Mole fraction of 0 2 
(%) 

87.3 ± 1.8b 

12.3 ± 0.6 
99.6 ± 1.8 

100.0 

because of the metbod of analysis employed for H20 2 , any unconverted 
thiol would also react with iodine to yield RSSR, and thus not affect the 
calculated total oxygen consumption. 

Effect of thiol concentration 
The relationship between the reaction rate and the thiol concentration 

at a pH value of 7 .2, a temperature of 25.0 °C and a Co/NH2 mole ratio of 
3.9 X 10-4 is shown in Fig. 3(a). At high concentrations a saturation effect is 
observed. Michaelis-Menten kinetics [17, 18] (Scheme 2) appear to be 
obeyed, and tbe rate constants k 2 and Km have been calculated from a 
Lineweaver-Burk plot, i.e. a double reciprocal plot of the initial reaction 
rate v against the initial substrate concentration [Fig. 3(b)]. 

From the intercept in Fig. 3(b) and tbe total catalyst concentration, the 
turn-over number of the enty~e-substrate complex, i.e. the catalytic con-
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(b) 10·1 CR~H/cmole·1·dm") 
Fig. 3. (a) Reaction rate v plotted against the thiol concentration. ccoPc(NaSOa>

4 
= 3.7 x 

10-7 M; C-NH, = 0.95 x 1(}3 N; reaction volume= 0.105 dm3; T = 25.0 ± 0.1 OC; pH= 
7 .2; Po, = 100 kPa. The reaction rate v is expressedinmol RSH dm-3 s-1 , calculated on 
the basis of the stoichiometry of eqn. (4). (b) Lineweaver-Burk plot. Resetion conditions 
as given for Fig. 3(a). 

stant, can be calculated from eqn. (7) of Scheme 2 and has the value k 2 = 
1.6 X 103 s-1• Similarly, from the slope in Fig. 3(b) and v5 it follows that 
Km = 0.07 mol dm-3• 

k I .kz 
E+S ES----+ E+P 

k-1 . 

1 1 Km 
-=- +-

v. = k 2·E0 

k_l + kz 
K =---

m kt 

kt 
K = 

s k_l 

1 

(5) 

(6) 

(7) 

(8) 

Scheme 2. Summary of Michaelis-Menten kinetica. In this scheme v8 is the maximum 
reaction rate at cRSH = oo; Km is the Michaelis-Menten constant; K8 is the equilibrium 
constant for substrate binding; and E0 is the concentration of added catalyst. 

The occurrence of a saturation effect for the catalytic activity upon 
actdition of excess substrate, which is common in enzymatic reactions, bas 
also been observed in other systems involving polymerie catalysts [19], 
indicating that a complex is formed between the substrate and the catalyst 
before the actual reaction takes place. 



- 23 -

The observed value of k 2 is remarkably highfora polymerie eatalyst, 
while the value of Km is in the usual range. Values of k 2 normally lie in the 
range 10-3 • lo-1 s-1 and Km ~ 10-4 • 1 mol dm-3 for polymerie catalysts 
obeying Michaelis-Menten kinetics [19 - 21]. The value of the turnover 
number for a polymerie catalyst observed in this work is of a magnitude 
which is only commonly encountered with enzymes. 

Effect of ionic strength 
Figure 4 illustrates the catalytic activity at a pH value of 7.2 and a 

temperature of 25.0 °C as a function of the ionic strength p. (added NaCl). 
The addition of small amounts of salt leads to a severe reduction in the 
reaction rate. This behaviour may be explained by the considerable decrease 
in the concentration of the thiol anion (Rs-) adjacent to the polymer chain 
caused by repulsive forces between competitive anions (Cr) and shielding of 
the charge on the chain. Moreover, upon addition of salt the polymerie coils 
shrink considerably due toshielding of the chain charge, and this is reflected 
in a decreasing viscosity for solutions of the polymerie catalyst [22]. Hence, 
the occurrence of transport limitations of reactants, which would cause a 
lower (apparent) reaction rate, cannot be excluded. Similar electrastatic 
effects have been observed for other polymerie catalysts in aqueous solu
tions. Pecht et al. [23] have investigated the oxidation of ascorbate and 
other negatively charged ions with molecular oxygen in the presence of a 
copper(II)-poly(histidine) catalyst, the addition of salt again causing the 
reaction rate to diminish. Tsuchida et al. [24] have also reported that an 
increase of anion concentration caused by the addition of neutral salt led 
to a decrease of reaction rate in the electron transfer reactions of cobalt(Ill)
poly( 4-vinylpyridine) complexes. 

' 5 <I) 

"'· 
~ 4 

~ E 3 
'-" 

' > 
~ 2 

0 o. 0.1 0.2 Q.3 OA 

11 j (mole·dm-•) 

Fig. 4. Reaction rate as a lunetion of the ionic strength (NaCl). pH = 7 .2. Other reaction 
conditions as listed for Fig. 2. 
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Effect of temperature 
In order to adduce further supporting evidence for the hypothesis that 

addition of salt lowers the local substrate concentration (Rs-), the temper
ature dependenee of the reaction rate bas been measured at IJ = 0 and IJ = 0.1 
between 5 and 45 oe, at a fixed catalyst concentration and pH. Because the 
reaction rate largely depends upon the pH value of the system [10], this was 
controlled by addition of small amounts of Hel or NaOH to compensate for 
the thermal dissociation affects. 

Plots of ln u against the reciprocal of the temperature are shown in 
Fig. 5, the overall activation energies being listed in Table 2. In the calcula· 
tion of the activation energies, measurements above 40 oe were not taken 
into account since limitations of oxygen transport were observed at such 
temperatures. The difference in activation energy at IJ= 0 and IJ= 0.1 is 
small; however, the decrease in activity shown in Fig.-4 is quite large. For 
this reason the observed decrease in chemica! reactivity must arise from a 
smaller activation entropy, smaller Iocal reactant concentrations or both. At 
this stage of the investigation it is not yet possible to distinguish clearly be
tween these effects since ionic strength and chain conformation may also 
affect the activation entropy. We have shown earlier [10] that at interme
diate pH values no direct correlation exists between the conformation of 
the catalyst and reaction rate; however, this does not entirely exclude the 

103 T"' I K"' 

Fig. 5. A plot of In v against the reciprocal of the temperature for different ioniè strengtbs 
(NaCI). pH= 7.3 ± 0.1; other reaction conditions as listed for Fig. 2; O: J.l. = 0; •: J.l. = 0.1. 

TABLE2 

Activation energies, Ea, at different ionic strengtbs 

pH 

7.4 
7.2 

0 
0.1 

61 ± 7 
49± 2 
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occurrence of a change in the conformational activation entropy. Hence, 
irrespective of the fact that the polymerie catalyst conformation is strongly 
influenced by salt addition, it is to be expected that a lower thiol concen
tration rather than a lower activation entropy will have the greater effect 
upon the reaction rate. 

Effect of catalyst concentration 
Important kinetic features have been obtained by investigating wheth

er k 2• (eqn. (7), Scheme 2) and Km (eqn. (8), Scheme 2) remain constant 
when the catalyst concentration is varied. Since variations in the Co/NH2 

ratio affect the reaction rate [9], this ratio was kept constant at 1.3 X 10-4 

during the first set of experiments. Since polymer concentration varies, the 
pH value was controlled by the addition of small amounts of NaOH and was 
kept constant at 7 .4. Lineweaver-Burk plots have been composed for several 
concentrations of the polymerie catalyst [Fig. 6( a)] and values of Vu Km and 
k 2 determined (see Table 8). The reaction rate at infinite substrata concen
tration, V97 is plotted against catalyst éoncentration in Fig. 6(b). From the 
slope in Fig. 6(b) k2 was derived: k2 = 2.8 X 103 s- 1• The linear relationship 
found is in full accordance with eqn. (7) in Scheme 2. Also Km does not 
change significantly within experimental error. 

The higher value of k2 at lower Co/NH2 ratios (k2 = 1.6 X 103 and 2.8 X 
103 s- 1 at Co/NH2 = 3.9 X 10-4 and 1.3 X 10""4 , respectively) may be ascribed 
to effects arising from different bulk pH values at the two ratios employed. 
Evidently, the calculated values of k 2 are apparent values, since the effective 
catalyst concentration diminishes at higher Co/NH2 ratios. On this basis, an 
absolute value of k2 should be obtained on extrapolstion to Co/NH2 = 0. 

(a) 

<=' 
.r. 12 
E 
" .. 
ö 
.§. 
'-. 

>" 8 

4 

(b) 

I 
/ 

107 
• E0 / (mole ·dm·') 

Fig. 6. (a) Lineweaver-Burk plots for several catalyst ooncentrations. Co/NH2 = 1.28 > 
1tr'; pH •7.4; reaction volume .. 0.101 dm3; T= 25.0 ± 0.1 "c;P0 = 100 kPa; O: E0 = 
0.96 x 1cr7 M; e: E0 •1.92 x 10-7 M; D: E0 • 2.87 X 1cr7 M; •: 11:0 • 3.83 x 10-7 M. 
(b) Plot of the reaction ra tea at infinite substrate ooncentration against the catalyst con
centration, E0 , expressed as mol CoPc(NaS03)4 dm-3• Reaetion conditions as listed for 
Fig. 6(a). Experimental errors are within 95% confidence limits. 
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TABLES 

Values of v5 , Km and k2 as a function of the catalyst concentration Eo 

107 E0 (mol dm-3) 104Co/NH2 104v8 (mol dm-3 s-l) 

0.96 1.3 2.7 ± 0.5 
1.92 1.3 5.9 ± 0.8 
2.87 1.3 7.9 ± 0.9 
3.83 1.3 10.9 ± 1.9 
3.71 3.9 5.9 ± 0.9 

acalculated from the data in Fig. 6(a). 
bCalculated from the data in Fig. 3(b). 
e All errors are within 95% confidence limits. 

Km (mol dm-3) 

0.11 ± 0.02 
0.11 ± 0.01 
0.09 ± 0.01 
0.08 ± 0.01 
0.07 ± 0.01 

10-3k2 (s- 1) 

2.8 ± o.sa.c 
3.1 ± 0.4a 
2.8 ± 0.3a 
2.9 ± 0.5a 
1.6 ± o.ab 

The value of Km, however, is apparently not very sensitive to the Co/ 
NH2 ratio (see Table 3); obviously Kmisnot dependent on the polymer con
centration over the range studied. 

Effect of oxygen pressure 
The effect of oxygen pressure on reaction rate was investigated over 

the pressure range 10- 100 kPa at fixed substrata concentration. The results 
are shown in Fig. 7(a). The occurrence of a saturation effect and the linear 
nature of the Lineweaver-Burk plot [Fig. 7(b)] indicate that Michaelis
Menten kinatics may apply to the rate dependenee on oxygen pressure. 

Special attention bas been paid to the possibility of oxygen transport 
limitations to the reaction. A somewhat faster or slower stirring speed does 
not affect the oxygen uptake rate, even over the low pressure region, al
though the reaction rate was more dependent on oxygen pressure over this 
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Fig. 7. (a) A plot of the reaction rate against the oxygen pressure. Reaction conditioris as 
listed for Fig. 2. (b) Lineweaver-Burk plot for results depicted in Fig. 7(a). 
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latter region [see Fig. 7(a)]. What is important, however, is that even at the 
low pressure of 24 kPa the reaction rate remained first order in the catalyst 
concentration, as found earlier at a pressure of 100 kPa. These observations 
exclude the possible occurrence of transport limitations on the passage of 
oxygen from the gas phase into the bulk solution. 

Effect of the addition of p-benzoquinone 
The addition of 13 mg of p-benzoquinone to the reaction vessel (con

taining 1.5 g of thiol) caused an 80% decreasein the rate of reaction. Al
though it is possible that p-benzoquinone may take a direct part in the 
oxidation of the thiol, it is more likely that radical intermediatas are in
volved in the reaction process thus explaining why such a small quantity of 
free radical scavenger can have such a large effect on the reaction rate. 

General discussion 

The polymerie catalyst possesses many enzyme-like characteristics: 
(1) Michaelis-Menten kinetics with respect to RSH. 
(2) A dependenee of the reaction rate on pH with a maximum rate at a 

pH value of 8- 9 [10]. 
(3) First order kinetics with respect to catalyst concentration. 
(4) A relatively high turnover number (k 2 !::! 2 • 3 X 103 s- 1). 

The activation energy is similar to the values observed in the autoxidation of 
RSH by vitamin B12 , the latter system exhibiting the same kinetics as the 
present polymerie system [15]. 

The occurrence of a saturation effect in the relationship between the 
reaction rate and oxygen pressure in the present system indicates that, in 
contrast to the homogeneaus system CoPc(N aS03)4 /0H-, the amount of 
catalytically inactive binuclear oxo adducts of CoPe(NaS03) 4 is not increased 
by higher oxygen pressures. This eonfirms again that the CoPc(NaS03)4 sites 
are effectively shielded from other oxidation sites on the polymer surface. 

A eomparison of the CoPc(NaS03) 4 /PV Am system with the homoge
neaus CoPc(NaS03) 4 /0H"" system reveals that the kinetics of the two sys
tems are entirely different. The latter system appeared to have a positive, 
nearly first order, dependenee on Rs- [ 25], the reaction rate decreasing with 
increasing oxygen pressure [25] and increasing upon addition of camparabie 
amounts of salt [26]. Furthermore, in the conventional system the reaction 
rate was relatively low and the binuclear oxo-adduct content high [9]. The 
existence of H20 2 was never established, probably because the high pH value 
caused a rapid conversion of the peroxide [ 16]. 

lmmobilized eonventional systems containing CoPc(NaS03)4 behave 
differently :from the polymerie catalysts reported here. For the farmer 
systems, the influence of RSH on the reaction rate varles :from being almast 
linear for porous chloromethylated polystyrene, eross-linked with divinyl
benzene [7], to the existence of saturation kinetics for cellulose anion-
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exchange resins [6]. In all cases reported, the activity forthese immobilized 
systems is much lower than that observed for the CoPc(NaS03)4 /PV Am 
system. 

Obviously, the freely accessible polymer conformation and the special 
polymerie features of PV Am, such as tne basicity of the amine ligands and 
complexation properties towards CoPc(NaS03)4 , act together to provide a 
much more efficient catalytic system. 
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Chapter IV 
Autoxidation of thiols witb tetrasodium 
cobalt(II)pbtbalocyaninetetrasulfonate, bound to 
poly(vinylamine), 3a) 

Dependenee on molecular weight 

Wi/fried M. Brouwer*, Pieter Piet, Anton L. Oerman 

Labaratory of Polymer Chemistry, Eindhoven University of Technology, 
P. 0. Box 513, 5600MB Eindhoven, The Netherlands 

(Date of receipt: June 24, 1983) 

SUMMARY: 

Polymerie catalysts consisting of cobalt(II)phthalocyanine, CoPc(NaS03 )4 , coordinatively 
bound to poly(vinylamine) of various molecular weight, were used as oxidation catalysts in the 
conversion of thiols to disulfides. The moleculàr weight of the polymerie ligand, poly(vinyl
arnine), largely affects the reaction rate below a critica! polymer concentration of about 0,01 
w /v OJo. The activation enthalpy t:.H2* does not depend on the degree of polymerization (DP) of 
the polymerie ligand and from visible light spectra it appears that electron transfer of the thiol
anion to Co(II) to yield Co(I) is favored when low instead of high molecular weight ligands are 
used. The observed catalytic oxidation rate of thiol is considerably higher for low molecular 
weight ligands (DP 20 -40) in the low polymer concentration region. This may be attributed to 
a change in base· strength in the micro-environment of CoPc(NaS03 )4 due to conformational 
differences between low and high molecular weight ligands, manifestedat low polymer concen
tration. When the !igand bas no polymerie character, e.g. 1,3-propanediamine, low catalytic 
activity is observed. 

Introduetion 

Thiol oxidation is of great interest in industrial sweetening processes and in biologi
ca! systems. It is well known 1> that beside other metal compounds specially tetraso
dium cobalt(II)phthalocyaninè-2, 7 ,12,17-tetrasulfonate, CoPc(NaS03)4 , (Fig. 1) in 
alkali, possesses catalytic activity in the conversion of thiols to disulfides. 

It was shown by other investigators in our institute that. upon attachment of 
CoPc(NaS03)4 toa basic polymerie ligand, the reaction rate increases strongly2>. 

Our aim is to elucidate the role of the polymerie Iigand in the increased catalytic 
action observed. As a model reaction the oxidation of 2-mercaptoethanol in water 
with molecular oxygen into 2,2'-dithiodiethanol is being studied using CoPc(NaS03 )4 

attached to poly(vinylamine) (PV Am) as a catalyst. 
In earlier communications we reported on the incorporation of CoPc(NaS03)4 in 

the polymerie ligand PVAm 3>, on the effect of pH on conformation and catalytic 
activity of the polymerie catalyst4>, and on other kinetic characteristics of this homo-

a) Part 2: cf. W. M. Brouwer, P. Piet, A. L. German, J. Mol. Catal. 22, 297 (1984). 

0025-116X/84/$03.00 
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Fig. 1. Chemical structure of 
tetrasodium cobalt(ll)phthalo-. 
cyanine-2, 7 ,12,17-tetrasulfonate 

geneous polymerie eatalyst system 5). lt appeared that the polymerie catalyst exhibits 
an enzyme-like behaviour, including high aetivity ( turnover number per Co site 3 · 1(13 
s-t). 

The present study is eoneerned with the relation between molecular weight of the 
polymerie ligand and the catalytic aetivity. Recently, experimental results dealing with 
this peculiar, rarely observed, phenomenon have been published6l. Now a more 
extended investigation is presented based on eomplementary experimental data. 

Expertmental part 

Synthesi.s 

Since monomeric vinylamine is very unstable, poly(vinylamine hydrochloride) (PVAmHCI) 
can only be prepared via a prepolymer. Several methods to prepare PV AmHCl are described in 
the literature 7 -l 2). We prepared PV AmHCl by hydralysis of poly(tert-butyl N-vinylcarbarnate) 
(PTBNVC) in 10 M HCI/ethanol, since this metbod was reported to yield linear PV AmHCI with 
1000/o protonated amine groups. The monomer tert-butyl N-vinylcarbamate (TBNVC) was 
prepared starting from acryloyl chloride and proceeding via acryloyl azide, vinyl isocyanate to 
TBNVC. Basically we have used the procedure described by Hughes and St. Pierre12), butsome 
modifications were applied to increase the yield. 

Reduction of reaction times as well as a direct distillation of vinyl isocyanate as soon as it is 
formed durlog the decomposition of acryloyl azide largely have contributed toa rise of the yield 
from 350/o to 850Jo on the basis of acryloyl chloride. 

Polymerization of dry TBNVC was carried out at 60 ~C in benzene (dried on Cafla) with 2,2 '
azoisobutyronitrile (AIBN) as initiator. The product PTBNVC was precipitated in a stirred 20-
fold excess of cold hexane. 

Acryloyl chloride (Fiuka, practical grade) and tert-butyl alcohol (Merck, p.a.) were distilled 
prior to use. Sodium azide (Fluka, pure) was used as provided. Toluene (p.a.) and benzene 
(p.a.) were driedon CaH2 • AIBN (Fluka, pure) was recrystallized from diethyl ether. Hexane 
was practical grade and heptane was p.a. 

Varlation of molecular weight 

Variation of molecular weight was achieved by ~hanging the monomer/initiator ratio in the 
polymerization reaction of TBNVC. PTBNVC was precipitated in an excess of cold hexane. 
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The high molecular weight samples were isolated by filtration, but the products with a low 
degree of polymerization (DP) could only be successfully isolated by centrifugation of the white 
colloidal solutions during 10 min at 2000 r.p.m. 

In order to obtain low molecular weight products, relatively large initiator concentradons had 
to be used. Unreacted initiator could be removed by redissolving the dried crude polymerization 
product in benzene and precipitation in hexane. All samples were purified twice in this way and 
afterwards wasbed with heptane p.a. The samples were driedat room temperature at 10-2 Pa. 
In Fig. 2 a gel permeation chromatagram of a low molecular product is shown before and after 
one purification step. Peak (2) originates from unreacted AIBN and disappears after further 

Fig. 2. Gel permeation chro
malogram of PTBNVC II; (a) crude 
polymerization product (dried), (b) 
purified (1 x) polymerization 
product (dried). (1) PTBNVC; (2) 
AIBN. Conditions: 0,4 mg of 
PTBNVC II; mobile phase: THF; 
flow rate: 0,9 mi· min -l; temp.: 
23 °C. Metbod of detection: 
differential refractive increment 
(DRI). Columns: 11-styragle 1o2, 
tol, Hl", toS A 

" 0 

"----- b 

40 

ratention volume/ mi 

purification. By application of Benoit's universa! calibration concept 13> the metbod of Maha
badi and O'Driscoll 14> was used for developing a GPC eaUbration curve for PTBNVC. The 
dispersity (Mw/M0 ) appeared to have values between 2 and 2,5 for all samples. 

A summary of the various polymerization conditions is shown in Tab. 1. The molecular 
weight of the PTBNVC samples was deterrnined by membrane and vapour pressure osmometry 
and is also listed in Tab. 1. For the isolation of low molecular weight PV AmHCI centrifugation 
appeared to be imperative. The yields of both high and low molecular weight PV AmHCl were 
about 90..:95% on the basis of PTBNVC. 

Tab. 1. Polymerization conditions and number average molecular weight M0 of poly(tert
butyl N-vinylcarbarnate) (PTBNVC)a) 

Sample 'TBNVC CAIBN 10-3 ·Mn oph> 
mol· dm- 3 mol· dm- 3 g· mol- 1 

I 0,54 0,050 3,3 23C) 
II 0,66 0,046 5,9 41 c) 

lil 1,01 0,043 8,7 61 c) 

IV 1,00 0,030 22 154d) 
V 1,17 0,003 103 720d) 
VI 1,10 0,002 133 930d) 
VII 1,15 0,002 148 1 030d) 

a) Conditions; solvent: benzene; temp.: 60 °C; reaction time: 20 h. 
b) After purifying twice. 
c) Obtained by vapour pressure osmometry. 
d) Obtained by membrane osmometry. 
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It bas been reported that the average DP of PV AmHCl is somewhat larger than that of 
PTBNVC, whicb was ascribed to the probable lossof some low molecular weight material 15) in 
the precipitation step of hydrolyzed PTBNVC. However, with low molecular weigbt PTBNVC 
the yield of PVAmHCl was stillabout 90%, which may indicate thatno severe fractionation 
occurs during the hydralysis step. 

Since the characterization of low molecular weight PV AmHCl is rather complicated 
(PV AmHCI is a polyelectrolyte and not soluble b1 apolar organic solvents) only the number 
average DP's of PTBNVC are given. The DP's of PV AmHC! may be somewhat higher. 

Measurements 

Potentiometric titrations: Solutions of PV Am were obtained by eluting 3% aqueous solutions 
of PV AmHCI through an Amberlite IRA 401 anion-exchange column. All eluents were tested 
for the absence of chloride by adding a silver nitrate/nitric acid solution, which proved that the 
exchange had been complete. 

The concentration ef amine groups in the PV Am solution was determined by potentiometric 
titration with HCI (Titrisol ampoules, Merck) in 2 M: Na CL A Radiometer Copenhagen titration 
equipment fitted with a OK 2401 B pH electrode was used. 

The degree of protonation u was calculated as follows: 

CH.±. .. ed - CHf._ + CoHr-
U = ....... ree ree (I) 

c_N 

where CH+ ed is the proton concentration as resulting of added HCl; cHfi; and CoHr are the 
concentra~ons of free protons and hydroxyl i ons measured in the titratiJ8' vessel, res'Pectively. 
c _ N is the concentradon of titratable groups. · 

Osmometry: The molecular weight of the PTBNVC samples was determined by osmometry in 
toluene. For samples having molecular weights > 20000 a Hewlett Packard 502 high speed 
membrane osmometer thermostatted at 37 •c was used; samples with lower molecular weights 
were measured on a Knauer vapour pressure osmometer at 60 •c. Calibration was carried out 
with sucrose-octaacetate (BDH) recrystallized twice from ethanol. 

Viscometry: Viscometry measurements were per(ormed with a Hewlett Packard 5901 B auto
viscameter of the Ubbelohde type at 25,oo•c . Solutions were filtered before measurements. 
The measurements with PV Am solutions were conducted in a nitrogen atmosphere. 

Visible light spectroscopy: Visible light spectra Were obtained at room temperature under the 
exclusion of oxygen with a Unicam SP 800 D :ultraviolet speetropbolometer suitable for 
absorbances between 0-2 units. For experiments in the low concentration region of 
CoPc(NaS03 )4 a Cary 14 spectrophotometer was· used with absorbance unit scales of 0-0,1 
and 0-0,2. 

Catalytic activity measurements: CoPc(NaS03),p kindly provided by Dr. T. P.M. Beelen, 
was synthesised according to the metbod by Weberand Busch 16> as described by Zwart et al.l7). 
2-Mercaptoethanol (Merck) was distilled and stared in the dark at 5 oe for periods not 
exceeding two weeks. The thiol content was checked iodometrically before use and was found to 
be 9911/o. For every set of experiments freshly prepared stock solutions of CoPc(NaS03)4 and 
PVAm were used. Catalytic activity experiments were carried out in an.all-glass thennostatted 
Warburg apparatus, equipped with a mechanica! giass-stirrer. Stirring speed was 2 300 r. p.m. 
Oxygen consumption rates were measured with a digital flow-meter equipment (Inacom 
Veenendaal, The Netherlands). 

The polymerie catalyst was prepared by adding an aqueous salution of CoPc(NaS03 )4 to a 
PVAin salution in water, resulting in a coordinátively bound polymer metal complex. The 
catalyst solution was degassed twice and saturated with oxygen in 20 min. The reaction was 
started by adding the 2-mercaptoethanol to the reaction vessel Ul.iing a syringe. Initia) reaction 
rates were calculated from the oxygen consumption during the first minute of reaction. 

lt was assumed that at a stirring speed of 2 300 r.p. m. oxygen would notmeet any transport 
lirnitations by going from the gas phase to the bulk during reaction, since an increase of stirring 
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speed did not increase the reaction rate. Moreover, the reaction rate appeared to be flrst order in 
polymerie catalyst over a wide concentration range5>, which corroborates the above assum))
tion. 

Results and discussion 

Polymerie catalyst during reaction 

In earlier investigations it was shown that PV Am exhibits polyelectrolyte character 
and that pH affects conformation and charge density of the polymer4• 18• 19>. 

Under reaction conditions, this very pronounced polyelectrolyte character is pre
sent as is shown in Fig. 3 <•), where the reduced viscosity of the polymerie catalyst in 
the presence of thiol is shown as a function of polymerie catalyst concentration. The 
viscometric behaviour shownis characteristic of polyelectrolytes20>. As a result, it can 
be expected that during reaction the polymerie catalyst is more easily accessible to 
reactants, due to the expanded conformation. This implies that transport limitations, 
due to coil diffusion, are not likely to occur. The viscometric behaviour of the 
polymerie catalyst during reaction is in sharp contrast to the behaviour of PV Am 
solutions where the marked polyelectrolyte character is suppressed in 0,1 M NaCI and 
O,ot M NaOH (0 in Fig. 3). 

M:" 
E 6 
'"0 

oo~==~==~~=±==~~,p~==~

A>VAm/(g·dm-3) 

Fig. 3 

0 
(f 

Fig.4 

Fig. 3. Reduced viscosity, llsplp, of aqueous solutions of poly(vinylamine) (PVAm) vs. 
polymer mass concentration, p. <•>: PVAm in the presence of CoPc(NaS03 )4 (N/Co = 
7, 7 · 1 ()3) and 2-mercaptoethanol (cRSH = 0,19 mol · dm- 3 ); ( 0 ): PV Am in 0,1 M Naa and 
0,01 M NaOH; temp. 25,0 °C; Mn,PV t .n = s . 1 Q4 g . moJ-1 

Fig. 4. pH vs. degree of charge, a. PVAm DP 23 (.&); PVAm DP = 720 (~); 1,3-PDA 
( o ). (- - - ): no salt; (--): in 2 M NaCl. Conc. of titratable groups c -N = 0,01 
mol· dm- 3, temp. 22°C · 
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Degree of charge of the polymerie catalyst 

The effect of pH and ionic strength on the degree of charge of PV Am of various 
OP was determined by potentiometric titration of basic polymer solutions with HCI 
in the presence and absence of 2 M NaCI. In Fig. 4 titration curves are shown for 
PVAm withOP = 23 ("-) and 720 (I;,) and for 1,3-propanediamine (1,3-POA) (0), 
which may be regarded as the low molecular weight analog of PV Am with a OP of 
1,5. The curves in Fig. 4 clearly show that (1) the low molecular weight analog of 
PV Am ( 0) is more basic than PV Am itself, probably due to neatest neighbour 
interactions between the amine groups, present in PVAm21 •22l, but almost absent in 
1 ,3-POA; (2) in the absence of salt (- - -) the pKa of the polymerie amine groups is 
higher for the low molecular weight PVAm ("~). but at high ionic strength (--), 
where the polyelectrolyte character is suppre~sed, this molecular weight dependenee 
disappears; (3) salt increases base strength of both PVAm and 1,3-POA, and (4) 
under reaction conditions (bulk pH 5,8 -7 ,5, depending on the amine/thiol ratio) the 
PV Am is 50 -70% charged, but for 1,3-POA the degree of protonation will be about 
950/o. 

This means that PV Am possesses a larger quantity of free amine groups, able to 
form complexes with the CoPc(S03 )~- ions, than 1,3-POA does, while in both cases 
a large amount of thiol anions will be present as countertons near the protonated, 
charged amine groups. In the polymer many countertons are present in the close 
vicinity of CoPc(S03 )~-, attached to the polymer, which is not the case for 1,3-POA. 

Catalytic experiments 

In order to investigate the dependenee of reaction rate on the number average DP 
of PV Am and in order to prove whether enthalpie or entropie effects are dominant, 
catalytic activities and activadon energies wet;e determined for each polymer at rather 
low polymer concentrations. 

We have found earlier5l that the dependenee of the reaction rate on the thiol 
concentration can be described by Michaelis-!Menten kinetics 23l : 

E+P (2) 

in which E stands for catalyst, S for substratè (RSH), and P for products. Assurning 
steady state kinetics it can be derived that 

1 1 
-=---+-~-

V k2 lEoJ kz !Eo)[S] 
(3) 

where vis the initia! rate, lEol and [S] are the iinitial concentradons of CoPc(NaS03)4 

and RSH, k2 is the rate determining rate Çonstant, Km (k _1 + k2)/ k1 is the. 
Michaelis-Menten constant, and Ks = k1 V k _1 is the equilibrium constant for 
substrate binding. For polymer IV Lineweav~r-Burk plots in the temperature interval 
10-35 oe are shown in Fig. 5 a. From the :intercept, slope, and polymer catalyst 
concentrations the values of the turnover number k2 and the Michaelis-Menten 
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Fig. 5. (a) Lineweaver-Burk plots for various temperatures in the interval 10-35 oe for 
polymer IV. v expressed in molRSH · dm- 3 • s- 1• c_N = 3,8 ·10-5 mol· dm-3, N/Co = 100; 
pH = 5, 7; (b) Arrhenius plots for k2 ( •> and Km ( 0) 

constant Km can be obtained. In Fig. Sb the Arrhenius plots are shown containing the 
values of k2 and Km derived from Fig. Sa. From the slope the (aetivation) enthalpies 
were calculated: A/12* = (47 ± 4) kJ · moi- 1 and AHm ( = -AH. for k2 < k _1) = (5 
± S) kJ · mot- 1, and from the intercept at T - 1 = 0 the (activation) entropies are 
obtained: 6.52* = (- 34 ± 10) J · moi- 1 • K-t and ASm ( = - ASs for k2 < k _1) = 
( -3 ± 15)J · moi- 1 • K- 1• Evidently AH2* is about 10 times larger than AHm. 

Since determination of A/12* in this way is quite laborious, while the precision in 
determination of Km values is poor, activadon energies for polymerie catalysts with 
polymerie ligands of various molecular weight were obtained from experiments 
performed at different temperatures at constant large thiol eoncentration. ([S] = 0,37 
mol· dm-3). Since A.Hz* is so mueh larger than AHm and sinee [SJ is several times 
larger than Km, the activation energies obtained in this way are almost equal to the 
values of AHt. For all polymerie ligands of different DP Lineweaver-Burk plots at 
298 K were drawn in order to obtain the kinetic constauts k~98 and .!4n98• All these 
parameters thus obtained including ASz* (obtained from the intercept of a plot of 
ln(v(1 + ~/[S])/[E0 ]] (•lnk2 ) vs. T- 1) and AG2* (=A/12* - TAS2*) at 298 K 
are listed in Tab. 2. 

It must be mentioned that 1,3-PDA exhibits Michaelis-Menten kinetics with respect 
to thiol, but that a curved Arrhenius plot is obtained (with increasing temperature 
reaction rate increases less than expected). The value of A/12*298 must therefore be 
regarcled with some reserve. In Fig. 6 values of Km, kJ., and A/12* at 298 K are shown 
as a function of DP. These values and speeially Km and k2 depend not only on 
temperature but also on other reaction conditions such as pH and ionic strength. The 
figure clearly demonstrates the occurrence of a maximum in k2 and Km at a number 
average DP around 40. If the length of the polymerie ligand decreases from the 
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Tab. 2. Activation parameters and reaction constants at 298 K 

Sample DP AHz* !:!.~* !:!.Gz* a) to~3 ·k2 Km 
kJ ·mol~ I J • mol- 1 • K-I kJ· mol- 1 s-1 mol·dm- 3 

1,3-PDA 1,5 40 -78 63,2 0,1 0,06 
I 23 47 -31 55,8 2,5 0,10 
11 41 50 -17 55,6 2,5 0,13 
III 61 46 -34 56,0 2,3 0,12 
IV 154 47 -34 57,0 2,1 0,11 
V 720 43 -46 57,1 1,4 0,08 
VI 930 . 47 -36 57,2 1,3 0,07 
VII 1 030 46 -41 57,9 1,1 0,07 

a) l!.G2* calculated ~rom unrounded values of I:!.H2* and !:!.~*. 

OP 
Fig. 6 

104 • c_N/(mol· dm-3) 
0 5 10 

0o~~--~2--~---4~--~~6~ 

m-3 N/Co 

Fig. 7 

Fig. 6. Dependenee of Michaelis-Menten constant Km, rate constant k2, and activation 
enthalpy AHiw, on the degree of polymerization (DP) of the polymerie ligand, at 298 K. (0): 
K,i98;(.):k2 ;(•):AH2*298.c_N = 3,8·10- 5 mol·dm- 3,N/Co = IOO;pH = 5,7 

Fig. 7. Catalytic activity (expressed in mi oxygen consumed per minute per IIJilOie 
CoPc(NaS03}4 ) of polymerie catalysts at various compositions vs. N/Co ratio. <•>= DP 23, 
ccoPc(NaSO,)• = 1,9·10-7 mol·dm- 3, c_N variable. (1::::): DP = 1030, ccoPc(NaS0,)4 = 
1,9 ·10-7 mol· dm-3, c_N variable. (0): DP 1030, c_N = 10-4 mol· dm- 3, CcoPc(NaSO•)• 

variable, ionic strength was kept constant with catalytically inactive K4Fe(CN)6 at 5,7 · 10-6 
mol · qm- 3• cRSH 0,37 mol · dm- 3 

maximum value an increase ofthe reaction constants k2 and Km can be observed up to 
about 40-20 monomeric units. The values of k2 and Km for 1 ,3-PDA (DP = 1 ,5), 
where polymerie effects are absent, are very low in comparison with the polymerie 
systems, but nevertheless reactivity is still about 3 times larger than for the conven
tional CoPc(NaS03 ) 4 /0H- system 2). 
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Assuming that k1. <C k _1 (K~ 
1 

"" Ks) the slight molecular weight dependenee ~f 
Km . demonstrales that the formation of an active enzyme-substrate complex is 
not affected strongly by the higher base strength occurring in low molecular 
weight PV Am (Fig. 4}, 

From Fig. 6 it is unequivocally shown that !:Jii* does not depend on DP which 
strongly indicates that the reaction mechanism does not change when using polymerie 
ligands of different chain length. Therefore, the observed change in k2 must be 
attributed to a change in local reactant concentrations, effective catalyst concentra
tion, or activation entropy. 

The local base strength in the vicinity of the catalytic sites enhances the local 
concentration of thiol anions, being the reactive species~ From Fig. 4 it was shown 
that in low molecular weight PV Am basicity is higher than in high molecular weight 
PV Am, so this would account qualitatively for the observed molecular weight 
dependence. Moreover, at low polymer concentration differences in coil density24) 
may enlarge these differences. 

The effective C\1-talyst concentration will be maximum when all the CoPc(NaS03)4 
is present in the monomeric form, since dimeric and oligomeric CoPc(NaS03 )4 are 
less catalytically active. lt is known that steric proteetion against dimerizadon reac
tions can be achieved by the altachment of metalloporphyrins in low concentration to 
polymers25>. Nonetheless, it bas to be investigated whether the distribution of 
CoPc(NaS03 )4 among separate coils- the concentradon of the latter will be higher 
for lower DP ligands at the same bulk concentration of monomeric units - affects 
the amount of monomeric CoPc(NaS03 )4 • In other words it must be verified whether 
the catalytic activity depends on the N/Co ratio in the polymerie catalyst solution. 

In Fig. 7 reaction rateis shown versus the N/Co ratio. The latter was varled by 
changing the CoPc(NaS03)4 concentradon at constant PV Am concentration and · 
constant ionic strength for DP . 1 030, ( 0 ), or alternatively by changing the PV Am 
concentradon at constant CoPc(NaS03)4 concentration for DP = 1 030 (L:J) and for 
OP = 23 (.).T'Ite curves (L:J) and(.)are in full agreement with those publisbed 

by Schutte0:6). From a comparison of the curves (0) and ) in Fig. 7 it may be 
inferred that at these CoPc(NaS03)4 concentrations not the N/Co ratio and thus the 
distribution among the separate coils is important but merely polymer concentration 
governs reaction rate. It may therefore be expected that the effective catalyst 
concentration will not be affected by the molecular weight of the polymerie ligand 
either. Curves (L:J) and <•> in Fig. 7 clearly show that (1) the molecular weight 
dependenee of reaction rate becomes more pronounced at lower polymer concentra
tions and (2) that enhanced reaction rates are observed as polymer concentradon 
increases. According to the former observation the effect of molecular weight on 
catalytic activity is more pronounced when the polymerie ebains exist in an isolated 
fashion and chain interpenetration is pracdcally absent. 

The increase of reacdon rate as polymer concentradon becomes higher can be 
ascribed to the increase in bulk pH (observed: pH = 5,8 at c_N = 5 • w-s mol· dm- 3 
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and pH = 7,0 at c _ N = 10-3 mol · dm- 3 ) which will on itself increase reaction rate as 
we have shown earüer*>4>. 

While sommarlzing the above observations, i. e. the constancy of AH2* over a wide 
molecular weight range, the independenee of reaction rate on the CoPc(NaS03)4 

distribution among the polymer coils, and the higher basicity of amine groups in low 
molecular weight PV Am, it becomes plausible that the essence of the molecular 
weight dependenee observed for the present polymerie catalyst, is explained by the 
differences in local base strength in low and.high molecular weight PVAm. 

Visible light spectroscopy 

From the catalyt~c experiments it was inferred that the effective catalyst concentra
tion, i.e. amount of monomeric CoPc(NaS03) 4 was not affected seriously by the 
molecular weight of the polymerie ügand. VIS experiment& will conform this conclu
sion. In Fig. 8 the visible light spectra of Co;pc(NaS03 )4 in the presence of low and 
high molecular weight PV Am at rather low polymer concentrations are shown. lt 
reveals that the intensity ofboth the monomer (14900 cm -J) and dimet(16000cm- 1) 

peak of CoPc(NaS03 )4 is slightly lower in the case of high molecular weight PV Am. 
If a molecular weight dependent dimerization of CoPc(NaS03 ) 4 would play an 
important role, the intensity of the dimer peak should have increased relative to the 
monomer peak for the larger DP sample. Such behaviour, however, has notbeen 
observed. The observed slight difference between the spectra may be caused by a 
changing micro-environment of CoPc(NaS03 ) 4 when attached to polymers of 
different molecular weight. At much higher PV Am concentrations no difference in 
spectra was observed. 

The effect of local base concentration on the visible light spectra of CoPc(NaS03)4 
in the presence of thiol is shown in Fig. 9. Equimolar ligand solutions of 1 ,3-PDA and 
PVAm were used as base. The band at 2200o cm- 1 is only observed when base is 
present and must be assigned to metal-toHigand charge transfer transitions of 
Co(I) 26>. This means that reduction of CoPc(NaS03 )4 only takes place in the presence 
of base. Indeed no catalytic activity is observe~ when RSH is present in the absence of 
any base. For other systems invalving transi~ion metal compounds such as Fe(III)/ 
myoglobine27> and VitB12a 28> in the presence ~f thiols, similar spectroscopie observa
tions have been made. The reduction of the metal centre solely occurred when, apart 
from the base involved in the complexation of this centre, extra base was added. 

In Fig. 9 a band of much lower intensity at 22000 cm -t is observed for 1,3-PDA in 
comparison with PV Am giving supporting evidence that the base concentration in the 
vicinicy of the oxidation sites, which will be much higher for the polymer, dominates 
the reduction of these sites. These spectroscopie observations agree with the lower 
reaction rate observed for 1 ,3-PDA in comparison with PV Am (Fig. 6). 

•> In order to perform pH-stat measurements, we deliberately did not make use of buffer 
solutions, since salt largely affects reaction rate .. 
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Fig. 8. Visible light spectra of CoPc(NaS03 )4 in aqueous PV Am solution under nitrogen 
atmosphere. Conc. of N-groups c_N = 4·10-4 mol·dm" 3, ccoPc(NaS0

3
) 4 = 4·10-6 

mol· dm- 3; path length b = 50 mm; (--) DP 23; (· · · · · ·) DP 930 

Fig. 9. Visible light spectra of the interaction product of CoPc(NaS03)4 and RSH in the 
presence of (1): PVAm, DP = 930, c_N = 2 · to- 3 mol· dm- 3; (2): 1,3-PDA, c -N = 2 ·10-3 

mol · dm- 3; (3): no base. Nitrogen atmosphere. ccoPc(NaSOû• = 2 · 10- 5 mol · dm- 3, cRSH = 
0,07 mol· dm- 3, b 10 mm 
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Fig. 10. Visible light spectra of the interaction product of CoPc(NaS03 )4 and RSH in the 
presence of PV Am of different molecular weight. Nitrogen atmosphere, N/Co = 100; cRSH = 
0,07 mol· dm- 3• (-. --) DP = 23; ( ...... ) DP = 930. (a) Conc. ofN-groups c_N = to-2 

mol· dm-3, path length b = 2 mm; (b) c_N = 2 ·10-3 mol· dm- 3, b = 10 mm; (c) c_N = 
4·10-4 mol·dm- 3, b SO mm; (d) c~N = 8·10-5 mol·dm- 3, b SOmm 
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. The influence of polymer concentration and molecular weight on the visible light 
spectra of CoPc(NaS03)4 in the presence of thiol is shown in Fig. 10. Amine group 
concentration was varled between to-2 and 8 ·10-s mol· dm- 3• N/Co ratio and thiol 
concentration were kept constant. Fig. 10 demonstrates that at N-group concentra
tions larger than 2 ·10-3 mol· dm- 3 the spectra with the low and high molecular 
weight PV Am are identical. But below this critical concentration the spectra differ 
more when concentration is lowered. The 22000 cm- 1 band intensity indicates that 
more CoPc(NaS03 )4 exists in the reduced statewhen low molecular weight ligands are 
used. Obviously, a significant molecular weight dependent micro.:environmental 
change of the oxidation sites is observed only at N-group concentrations lower than 
2 ·10-3 mol· dm-3 (0,01 w/vll!o). These spectroscopie observations are in qualitative 
agreement with the difference in reactivity between catalysts with low and high 
molecular weight PV Am (see Fig. 7). 

Conelusions 

At low polymer concentrations ( <0,01 w/vo/o) the reaction rateis largely affected 
by the molecular weight of the polymerie ligand of .the catalyst. 

Catalysts with polymerie ligands possess higher catalytic activity than in case of a 
basic ligand without polymerie character (1,3-PDA). However, the polymerie ligand 
with the lowest molecular weight provides the highest activity. 

Neither the activation enthalpy 6.Hz* nor the effective catalyst concentration seems 
to be dependent on the DP of the ligands. Potentiometric titrations show that the 
amine groups in low molecular weight PV Am are more basic in comparison with the 
high molecular weight PV Am. From these observations it becomes plausible that 
local base con centration and thus local thiol anion concentration in the vicinity of the 
oxidation sites are molecular weight dependent and form thè essence of the observed 
molecular weight dependenee of reaction rate. At low polymer concentrations when 
the polymer ebains may be assumed to exist in an isolated fashion these molecular 
weight dependent effects are more pronounced. 

Visible light spectra of CoPc(NaS03 )4 in the presence of 1,3-PDA and PVAm 
solutions suggest that specially the local base strength in the vicinity of the oxidation 
sites dominates the amount of reduced catalyst. This may also account for the 
observed differences in the spectra of low and high molecular weight ligands, i.e. 
larger amount of polymerie catalyst in the !reduced state for low than for high 
molecular weight ligands. The spectra were in qualitative agreement with the observed 
differences in catalytic activity. 

The authors are indebted to Prof. L. A. A. E. S/uyterman, Prof. R. Prins, and Dr. T. P.M. 
Beelen for stimulating discussions and for critical reading the manuscript. 
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Summarv 

Copolymers of vinyZamine and vinylalcohol have been p~epared by 

hydroZysis of poly(N-vinyl-te~t-butylaarbamate-ao-Vinylaaetate) in 

1:1 v/v % ethanol/HCl mixtures at room temperature. 

Reactivity ratiosof the monomers:N--vinyl-tert-butylaa'l'bamate (1) 

and vinylaaetate (2) have been aalculated from monomer feed and aopolyme~ 

composition data, aaaording to the methods of Fineman-Ross and Kelen-Tûdöa, 

yielding r 1 = 1.14 Î 0.06, r
2 

= 0.47 Î 0.07 and ~1 = 1.12 Î 0.07, ~2 = 
0.46 Î O.OJ, respeatively. 

From these values the average sequence length distribution of monomer 

units was derived showing that in the reaation of N-vinyl-te~t-butyl-
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aarbamate and vinylaaetate nearoly Beronouillian (i.e. puroe'ly r-andom) 

aopolymers are formed, û'Jith a slight tendenay towa.rd alteronation. 

Introduetion 

The polymerie amine with the simplest chemical struèture is 

undoubtedly poly(vinylamine) and although its synthesis is rather 

laborious, it can be prepared according to one of the synthetic routes 
(1-5) 

already known • 

Some important features of these polymers are their water solubility, 

1 . . d . . 1 . ( 6) h h' h comp exat1on propert1es towar trans1t1on meta -1ons , rat er 1g 

baaicity of the amine groups (pKa(-NH;)~ 9) (l) and the ability of 

easy reaction with all kinds of electrophilic compounds, such as 

dyes (4). The pH dependent basicity of amine groups is of fundamental 
. 'f' . (8) sc1ent1 1c 1nterest . 

In our laboratory poly(vinylamine) is being used as a functional 

polymerie ligand of a thiol oxidation catalyst. Application of this 

polymerie base instead of NaOH was found to increase catalytic activity 

50 f ld (9) d f . . (10) (11) . . (12) - o • It appeare rom v1scos1ty , pH and k1net1c 

measurements that the amine group basicity, polymer charge and confor

mation largely affected catalytic activity. Combination of these 

properties with other desirabie functionalities can be achieved by 

appropriate copolymerization. Selection of the synthetic route will 

depend on the nature of the comonomer. 

Copolymers of vinylamine and a suitable uncharged comonomer seem 

to offer the opportunity to investigate the effect of base group 

density within the polymer chain on catalytic activity. For this 

purpose copolymers with either randomly distributed vinylamine units 

or alternating monomerunits are preferred to block copolymers. 

Until now, to our knowledge, the synthesis of only two water 

soluble vinyl copolymers containing vinylamine has been reported: 

copolymers of vinylamine with sodium vinylsulfonate, containing 
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. . d . . f . 1' . . ( 13) d f cat1on1c an an1on1c unct1ona 1t1es 1n water , an copolymers o 

vinylamine with vinylalcohol containing only cationic functionalities. 

The latter copolymers were prepared first by Nikolayev (l 4) starting 

from copolymers of vinylphthalimide and vinylacetate, whi~h could be 

aminolysed and hydrolysed, respectively, with hydrazine hydrate. 

Decomposition of the formed phthalylhydrazide salt of vinylamine was 

achieved in bydrochloric acid according to the methad of Reynolds and 
(1) 

Kenyon • Very recently, a new way of preparing copolymers of 

vinylamine and vinylalcohol, by acid hydralysis of copolymers of 

N-vinyl-tert-butylcarbamate (NVTBC) and vinylacetate (VAc~, based 

on the Hart synthesis of polyvinylamine ( 15
) was outlined briefly 

(1.6) 
by Bloys van Treslong and Jansen • 

The synthetic route they described is an important contribution 

to making these copolymers more accessible to further investigations. 

Unfortunately, only few copolymerization data were presented prohibiting 

accurate calculation of tbe reactivity ratios of tbe pre-monomers. 

Therefore, we followed their preparatien metbod succesfully (minor 

modifications) determining tbe copolymer reactivity ratios of the 

monomers from completive data, in order to get insight into the randomness 

of these very hygroscopic copolymers. 

Experimental 

Synthesis of the pre-eopolymers 

NVTBC was synthesised according to the Hart metbod ( 1S) with 

some minor modifications ( 17). After drying thoroughly, the white, 

powdery NVTBC was purified by sublimatien at 54°C at 1 kPa pressure. 

Regarding the highly poisonous character of NVTBC - in aquo the toxic 

hydralysis product ethylenimine is formed - all manipulations with tbis 

reagent were carried out under an efficient fume bood. VAc (kindly 

provided by DSM) was vàcuum distilled before use. 
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Copolymerization of NVTBC and VAc was carried out in benzene 

(Merck pro analysi, dried on CaH2) at 60°C for 6 hr with a,a'-azoisobu

tyronitrile as initiator under nitrogen. The pre-copolymers were isolated 

by precipitating the reaction product in a 20 fold excess of ice-cold 

n-hexane. After drying, the copolymers were purified by redissolution 

in toluene and precipitation in n-hexane, foliowed by washing with 

n-heptane (pro analysi) in order to remove residual initiator. The 

purified copolymers (I)(Scheme 1) were driedat 0.1 Pa, at 35°C. 

Number average molecular weights (M ) were determined in toluene . n 
at 37°C with a Hewlett Packard 502 high speed membrane osmometer, M

0 -1 
lying in the range of 30,000 - 75,000 g mole 

The molar fraction of NVTBC units in the copolymer, a, was calcu

lated either from the nitrogen content, obtained from elemental analysis 

or from the relative peak intensity of the methyl protons of the tert-
1 butyl group in the H NMR spectrum (Although the methylene peaks (a and 

b in Fig. 3) are fully separated, these peaks were nevertheless consi

dered too small for proper analysis) 

Scheme 1 

H H H H 

f-H+co+H+ 
H Nl! Cl H 0 1-Ct 

I I 
C=O C=O 
I I 

? CH3 
C(-CH

3
)

3 

(I) 

H H 

+H-+ co 
H Nl!2 o: 

(III) 

H H I I+ c-c 
I I 
H OH 1-a. 

H H H H 

--f~-{-1- co+?-~-+ 
H NH

3
Cl Cl. 

(II) 

+ aHü-C(-CH
3

)
3 

+ C<C02 

+ ( 1-<>.) HOOC-CH
3 

ll OH 1-<>. 
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Hydrolysis of aopolymers 

Two gram of (I) was dissolved in absolute ethanol and added to 

a stirred 500 ml round bottom flask by means of a dropping funnel. 

Then it was mixed with an equal amount of concentrated HCl, added in 

the same manner, while the temperature was controlled not to exceed 

30°C. The mixtures were stirred at room temperature for 48 h. From 

copolymers (II), with a> 70% (type A), white, brittle precipitates 

were formed. From copolymers with a~alues in the range 0.5-0.7 (type B), 

white clotty precipitates were obtained after a few hours of reaction, 

while from reaction mixtures containing copolymers with a lower value 

of a (type C), no precipitation was observed. 

Isolation of hydrolysed aopolymers 

Copolymers (II) of type A and B were isolated by filtration, 

wasbed with cold absolute ethanol, and dried under vacuum at room 

temperature. These products appeared to be very hygroscopic. Reaction 

mixtures containing copolymer (II) of type C were diluted with 100 ml 

of water, neutralized by hydrated sodium carbonate, and followed by 

remaval of the alcohol fraction by rotary evaporation at 50°C. 

These solutions, mostly containing.precipitated NaCl, were ultrafiltrated 

with distilled water (Diaflow Membrane YM-10, sharp cutoff: 10,000 MW), 

until no chloride could be detected in the eluent with a AgN0
3

/HN0
3 

test 

solution. It appeared that ultrafiltratien was a safe and effective 

way of purification. 

After eluting solutions of (II) through an Amberlite IRA 401 anion 

exchange resin in the OH- form, solutions of deprótonated copolymers (III) 

were obtained. These copolymers were precipitated by pouring aqueous 

solutions of (III) into acetone. 

Analysis 

Samples for IR spectra were prepared by evaporation of some drops 

of a metbanolie salution of (III) on a KBr disk. Polymers (I) were 
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dispersed in a KBr disk. Characteristic absorptions of (III) occur at 
-1 -1 -1 -1 3400 cm (OH, NH2); 2950 cm (CH2 , CH); 1620 cm (NH2); 1470 cm 

(CH
2

, CH); 1100 cm-1 (CH) and 850 cm-1 (C-C). 

Potentiometric titration of copolymers (III) were performed with 

HCl (0.03 .N) in the presence of 2 M NaCl. Titration times were not 

shorter than 20 min, for reasons of reproducibility. 

Results and Discussion 

Features of ayntheaia 

Complete hydrolysis of poly(N-vinyl-tert-butylcarbamate-co-vinyl

acetate) could be obtained after 48 hof reaction in a mixture of 1:1 

v/v % ethanol/concentrated HCl at room temperature, The hydrólysis of 

tert-butylcarbamate is completed within ! h (S), but the hydrolysis 

of the acetate is rather slow under these conditions. The rate of 

hydrolysis of the acetate group could be followed by monitoring the 

decrease in the -C=O band intensity at 1750 cm- 1 in the IR spectra 

of the copolymers (Fig. 1). It is shown that after 20 hof reaction 

1900 1700 1500 
Figure 1: IR spectra of (I} (et • 0.56) af ter hydrolysis 

during (a): 0 h, {b): 20 b, (c): 48 h. Arrows 

indicate tbe carbonyl group af the acetate 

moiety at 1750 cm-1 
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(b in Fig. 1) almost all VAc is hydrolysed and after 48 h the reaction 

is complete. 

Copolymers (II) were only soluble in water, but the deprotonated 

forms (III) were very soluble in both water and the lower alcohols 
(14) 

in agreement with Nikolayev 

Basiaity of the amine groups 

Copolymers (III) were subjected to potentiometric titration experi

ments with HCl in 2 M NaCl. The results are shown in Fig. 2, revealing 

that the individual amine groups possess a higher basicity as the 

amine group content in the copolymers' is lower. This behaviour can be 

11 

9 

7 

5 

5 10 

HCI jml 

Figure 2: Potentiometric titrations of copolymers (III) with 0.03 N 

HCl in 2 M NaCl. Solotiens contain 0. 3 mmo l.e of amine Kroups. 

a-values are given in the figU.re. 
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explained by assuming a decreased nearest neighbour interaction when 

the amine groups find themselves more isolated in the polymer chain 

at low a values. On the grounds of these experimental observations, 

copolymers with a high degree of randomness or alternation are expected 

to be formed. In the following section this inference will be confirmed 

by measuring the copolymer reactivity ratios. The titration behaviour, 

shown in Fig. 2, is in qualitative agreement with the titration experi-
( 16) . ments performed by Bloys van Treslong et al. and by K~mura et al. 

(tS) on copolymers (III) prepared according to the Hart metbod (5) and 

the Nikolayev metbod ( 14), respectively. 

Reaativity ratios of NVTBC and VAa in benzene 

The dependenee of copolymer composition on the monomer feed has 

been evaluated for initial molar monomer feed ratios, q
0

, in the range 

0.05-4. Total conversion was mostly 15% but never exceeded 30%, to 

avoid large shifts in the monomer feed ratio. 

Copolymer compositions were calculated from elemental analysis 

(C,H,N) of the purified, dried copolymers (I). Forsome of these copo

lymers the composition was determined from the methyl proton peak 

intensity of the tert-butyl group of (I) in the 1H NMR spectrum 

(shown in Fig. 3 fora= 0.43). In Table values of a, obtained from 

NMR and elemental analysis data are given, showing that within 

experimental error the NMR data are in good agreement with the elemental 

analysis results. 

The reactivity ratios of monomers (1) and (2) have been evaluated 

according to the methods of Fineman-Ross ( 19 ) and Kelen-Tüdös (20>. 
These methods were selected on the grounds of experimental convenience, 

since in the present case, copolymer compositional analysis data 

appeared to be available much more easily and accurately than monomer 

feed data during the polymerization. 

x 
In the Fineman-Ross metbod the parameters F = and 

G q(x - 1)/x are evaluated, where q = the average ratio of molar 
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b 

H H H H ) (-9-Ç ) -co- (-9-9 
H 0 1-a H NH a 

• • 
C=O C=O - c 
I I 

CH3 9 
1 c 
d (cHJ3 

7 6 

1 
9 

5 4 3 2 

Figure 3: 1H ~'MR spectrum of (I) (u • 0.43) in CDC1 3 with CHC1 3 as 

internal standard. Peaks corrc~spond to thc'" hydrogcn atoms 

indicated. 

Table 1: Gomparisou of copolymer compositional determination 

by elemental analysis (C,H,N) and 
1
H NMR. 

Molefraction of NVTBC (a) 
a( 

111 NMR) 
(b) 

in monoroer feed 
a(Cl'.N) 

0.80 0.84 ± 0.05 0.83 ± 0.06 

0.59 0.67 ± 0.04 o. 74 ± 0.05 

0.31 0.43 ± 0.03 0.44 ± 0.03 

0.18 o. 33 0.02 0.30 ± 0.02 

0.13 0.20 0.01 0.21 ± 0.02 

(a) Nitrogen content of (I) has been used 

(b) Hethyl proton peak. intensity of the tert-butyl group in (I) 

has been uscd 

9 

0 
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Figure 4: Fineman-Ross plot; the intcrcept gives -r
2

., the slopc 

gives r
1

• 
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0 

• • 

• 
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• 

1 .. ) . 
j. 

•• 

• 

Figure 5: Kelen-Tüdös plot; the intercept at Z. = 0 gives 

intercept at ~ 1 gives r 
1

. B = 0.31. 

~ the 
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concentrations of monoroers (1) and (2), and x= the molar ratio of 

these monoroers in the copolymers. This analysis is shown in Fig. 4. 

In the calculations, q0 instead of q has been used, since simulation 

experiments (2
l) show that for the present pair of r-values and degree 

of conversion any possible deviations of these r-values, introduced 

by substituting q
0 

for q, will be within the error intervals given 

for the Fineman-Ross method. Moreover, in Fig. 4 the experimental 

points derived from relatively high conversion (30%) experiments do 

not deviate significantly more from the drawn linear fit than do the 

points pertaining to lower conversion experiments. In the metbod designed 

by Kelen-Tüdös for low conversion, the experimental points are 

symmetrized by introducing the parameter S = (F . F )i in the dependent mln max 
variabie ~ = F(S + F) and n = G(S + .F). According to the latter method, 

data contained in Fig. 4 have been replotted in Fig. 5. Reactivity ratios 

calculated from Fig. 4 and 5 are given in Table 2, which shows that 

the results of both methods are in good agreement. Obviously, the 

effect on r 1 and r 2 of symmetrization of the experimental points as 

occurs in the Kelen-Tüdös method is negligible. The values of r
1 

and 

r 2 found here (1.14 ± 0.05 and 0.47 ± 0.05, crespectively) deviate 

considerably from the values recently reported by Bloys van Treslong 
(16) et al. viz. 1.8 ± 0.2 and 0.76 ± 0.11, respectively. 

!ab!e ~: Reactivity ratios of NVTBC and VAc in benzene, 

calculated according to the' methods of Fineman 

and Ross , (F-R) and Kelen and Tüdös (K-T). 

~lethoà of data 

nnalysis 

F - R 

K - T 

!. 14 ± 0.05 

1.12±0.07 

0.47 ± 0.07 

0.46 ± 0.03 
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However, their experimental points do not seriously conflict with 

ours as would appear from plotting their data in Fig. 4. The main 

reason for the discrepancy in the reactivity ratio values is that 

although the latter authors used a calculation metbod essentially 

the same as the Fineman Ross procedure ( 19) only few experimental points 

within a very narrow range of monomer feed ratios were available, not 

enough for determining the reactivity ratios sufficient accurately. 

While summarizing, more accurate reactivity ratios will be ob

tained when using more experimental data, obtained from copolymerization 

experiments over a wider range of monomer feed compositions. If 

possible, the copolymer compositional analysis should be confirmed by 

a second technique. On these grounds, we believe our present data 

to be the more reliable. 

Sequenae distribution 

The distribution of monomer units in the copolymer is directly 

related to the reactivity ratios, the latter being measures of the 

probability of occurrence of homogeneaus sequences of either monomer 

unit. In order to get insight into the randomness of the monomer unit 

distribution along the polymer chain, the relative numbers of amine

amine, amine-alcohol, and alcohol-alcohol neighbouring groups as well 

as the number average sequence length of either monomer have been 

calculated (22) and compared with a situation of Bernouillian dis

tributed, i.e. purely randomly, sequenced monomer units. In Table 3 the 

results are listed for a copolymer with a = 0.43. 

A more sensitive indicator of deviations from the Bernouillian 

distribution is the so-called monomer dispersity index, MD, wbich is 
- - (23) defined as 100/t where 2 is the number average sequence length • 

An MD value of 100 would indicate that all vinylamine units occur 

isolated in alcohol-amine-alcohol sequences. Any value below 100 is 

indicative of tbe occurren-c:e of contiguous amine-amine units. 

In Fig. 6 values of MD of vinylamine units for copolymers formed 
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Figurc 6: Monomer dispersity of vinylamine units ve-rsus G, 

(e) in the present ly synthesis~d co po 1 ymers 

(v) in hypothetical Bernouillian typ(•_ copolymt::rs 

Tab le 3: Calculated diad abundance and number 'liverage sequence 

length in one of the present copolymers as compared with 

a hypothetical Bernouillian type copolymer (ct = 0.43). 

diad abun- I 11 

dance (%) a) 

1 
12 

2~ 

seqcence g, 
length 

a) 
2 

+ 21 

present copolymer b) perfectly Bernouillian 

sequenced copolymer 

15 18 

57 49 

29 32 

1.51 1.75 

2.00 2.33 

a) 1 = vinylaoint> unit; 2 = vinylalcohol unit 

1 .. 12; r
2 

.. 0.46; q
0 

0.46 
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according to the present pair of r-values as well as for a hypothetical 

perfect Bernouillian type copolymer have been plotted versus the 

copolymer composition a •. From the calculations (Table 3 and Fig. 6) it 

may be concluded that in the reaction of NVTBC with VAc random 

copolymers are formed with a slight tendency toward alternation. 

These copolymers are therefore eminently suitable as polymerie ligands 

in a study on the relation between base density within a polymerie 

thiol oxidation catalyst and catalytic activity. The results of this 

study will be reported separately. 
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Chapter VI 

AUTOXIDATION OF THIOLS WITH COSALTUil 

PHTHALOCYANINE lETRASODIUM SULFONATE 

ATTACHED TO POLY(VINYLAMINE>. 

4. lnfluence of base denslty within the 

polymerie llgand. 

W.M. Brouwer, P. Piet and A.L. German 

Laberatory of Polymer Chemistry 

Eindhoven University of Technology 

P.O. Box 513 

NL 5600 MB Eindhoven 

The Netherlands 

Summary 

Water soluhle, polymerie aatalysts consisting of cobaU 

(II)phthaloeyanine-·tetrasodiwn sulfonate, coordinatively bound to 

poly(vinylamine-ao-vinylalaohol) have been used in the oxidation 

by oxygen of 2-meraaptoethanol to its aorresponding disulfide. 

An inarease of the intrinsic aativity of the aatalytia sites 

was observed for increasing ethylamine (base gr>oup) content in the 

aopolymers, while constant activation enthalpies indiaated that the 

reaation mechanism remained unahanged. 

From potentiometria titrations of the basic copolyrners with 

hydrochloride and from catalytic activity measurements it aould. be 

deduced that reaction rate varied linearly with the male frgction 

of charged manomeria units in these aopolymers. 

A reaation saheme has been proposed, suggesting that the 

thiol-anion is involved in the rate limiting step. 
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The pPesent polymerie cçtalyst and Vit B12 wePe found to show 

similarities in theiP o:cidation beiuzvioUP towaPd thiols. 

Introduetion 

During the last decennia many papers concerning tbe oxidation 

of thiols have been publisbed as its great importance in oil 

sweetening and biologica! processes became apparent. 

Many catalysts are known for the oxidation of thiols, whereas 

especially porphyrins and phthalocyanines appeared to be useful 

catalysts (1•2>. It has been shown that Vit B12 , containing cobalt 

within a porphyrin related structure, also catalyses the oxidation 
of thiols (l). 

In our laboratory we are using cobalt(II)phthalocyanine-tetra

sodium sulfonate (CoPc(NaS0
3

)4 , Fig. 1) attached to poly(vinylamine) 

(PVAm), as a polymerie catalyst in the oxidation of 2-mercaptoethanol 

(RSH), causing a fifty-fold enhancement of reaction rate in comparison 

to polymer free CoPc(NaS03) 4 solutions. In the presence of 1,3 

propane-diamine, which may be regarded as the monomeric analog of 

PVAm, reaction rate appeared to be also much lower compared with 

the polymer attached CoPc(Naso
3

)4 system <4>. It has been shown from 

Figure I: Chemie al structure of CoPc (Naso
3

) 
4

. 
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viscosity (S) and ESR measurements (6) that the metal centre of 

CoPc(Naso
3

)
4 

is coordinated by five nitrogen atoms at most, when 

attached to PVAm. However, the importance of Coulombic attraction 
4-between the fourfold negatively charged CoPc(so

3
)4 ion and the 

positively charged PVAm must not be ruled out and may also contri

bute to the bonding. 

So far, little is known of the detailed kinetica of the thiol 

oxidation by polymer bound CoPc(Naso3)4• Only a few studies with 

porphyrins and phthalocyanines attached to polymers and polymerie 

serbents have been publisbed (J,S). 

In order to reveal the essence of the observed enhanced activity 

when using CoPc(NaS0
3

)
4 

attached to PVAm as a catalyst the relations 

between catalytic activity on the one hand and pH, viscosity, reac

tant and catalyst concentrations, temperature and ionic strength on 

the other hand were investigated (g,JO). Kinetic resemblance was 

found with the action of Vit B12 derivatives in the oxidation of 

thiols. Recently we have shown that the enhanced basicity of low 

molecular weight PVAm with respect to high molecular weight PVAm 

caused an increase in reaction rate. Local thiol-anion concentratien 

in the vicinity of the oxidation sites was assumed to be enhanced 

by the more basic character of low molecular weight PVAm (4). 

Now the effect of local base strength has been investigated by 

varying the amine group density within the polymer chain, by inter

calation of non-charged spaeer groups of variabie length. For this 

purpose we have synthesised random copolymers of vinylamine and 

vinylalcohol (PVAm-co-VAL). 
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Experimentat 

Copolymers of vinylamine and vinylalcohol have been synthesised 

by acid hydrolysis of poly(N-vinyl-tert-butylcarbamate-co-vinylacetate) 

(PNVTBC-co-VAc) as described elsewhere (11 >. 
Different molefractions of ethylenamine, a, in the copolymers cQuld 

be obtained by varying the initial monomer feed ratio of N-vinyl

tert-butylcarbamate and vinylacetate. The total conversion was con

trolled not to exceed 30%, in order to prevent heterogeneaus copolymer 

format ion. 

Values of a were obtained from elemental analysis (N-content) of 

the pre-copolymers. The number average molecular weight of these 

polymers was determined in toluene with a Hewlett Packard 502 high 

speed membrane osmometer operating at 37°C. 

In Table 1 monomer feed, copolymer composition data, number average 

molecular weights and degree of polymerization (D.P.) have been listed. 

After hydrolysis and elution through an anion-exchange column 

(Amberlite IRA-401), stock solutions of copolymers were storedunder 

nitrogen, to prevent absorption c.f co2. 

Table. 1: Fe.ed-copolymer compositional data, nUlliber average molecular 

weigilt aw1 degree of polymerization (DP) for the copolymerization 

of NVTBC with VAc. in benzene at 6o•c. 

Molefractiou of Molefraetion of NVTBC 
Sample 

NVTBC in the fe.ed in the copolymer (=a.) 
DP 

1.00 1.00 22 154 

II 0.77 0.81 50 378 

lii 0.66 0.73 40 313 

IV 0.56 0.63 40 328 

V 0.45 0.56 33 280 

VI 0.35 0.45 32 287 

VII 0.26 0.39 27 364 

VIII 0.13 0.20 69 708 

IX 0.06 0.10 75 951 
xa) 72 1636 

a)Poly(viuylalcohol} obtaine.d from Koeh Light Laboratories England 
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The molar N-group concentration (c_N) was determined by 

potentiometric titr.ation with HCL (0.03 N) in 2 M NaCl. 

Catalytic activity measurements were carried out isobarically 

in an all-glass thermostated Warburg apparatus, equipped with a 

mechanica! glass-stirrer. Oxygen consumption rates were measured with 

a digital flow meter equipment. 

The polymerie catalyst was prepared by adding an aqueous solution 

of CoPc(Naso3)
4 

toa copolymer solution in water, resulting in a 

coordinatively bound polymer complex. CoPc(Naso3)4 concentration was 

1.9 10-7 M under reaction conditions. The catalyst solution was degas

sed twice and saturated with oxygen. The reaction was started by 

adding the 2-mercaptoethanol to the reaction vessel with a syringe. 

Initial reaction rates were calculated from the oxygen consumption 

during the first minute of reaction. Limitations of oxygen transport 

from the gas phase to the liquid were precluded by operating at a high 

stirring speed, viz 2300 r.p.m., as described earlier (9) 

Results and Discussion 

Previous investigations (9) have shown that the oxidation of 

2-mercaptoethanol catalysed by PVAm bound CoPc(Naso3)
4 

can bedescribed 

by Michaelis-Menten kinetica ( 12) which means that in the reaction 

mechanism the rate determining step takes place subsequent to enzyme

substrate complex formation: 

E + S E + p 

V = k
2 

(ES) (1] 
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where [E] = unbound enzyme, [ES] = enzyme-substrate complex and 

P = product. A plot of reciprocal reaction rate versus reciprocal 

substrate concentrations [S], aso-called Lineweaver-Burk plot, yields 
-1 -1 -1 

(k2.[E0]) as intercept, and extrapolation to v = 0 yields -Km 

as abscissa: 

where K = 
m 

1 
m 

(for k2 << k_1 : Km g: r 
s 

[EO]= total enzyme concentration,i.e .. cCoPc(N~S03 ) 4 ' 

[2] 

This type of kinetica has been observed with respect to both reactants, 

i.e. thiol and oxygen. At 02 pressures above 0,1 MPa (g: 5 

the saturation plateau was reached as no further pressure 

dependenee was observed (9). 

For the present polymer VIII (a = 0.20) we have verified the 

reaction rate to be independent of oxygen pressure around 0.1 MPa (at 

0.06 MPa reaction rate was 90% of that at 0.1 MPa). All experiments 

reported in this paper, therefore, have been performed at 0.1 MPa 

oxygen pressure, while fairly high polymer concentrations have been 

used to avoid any effects of the molecular weight of the polymers 
. (4) on react1on rate • 

For copolymers of different amine content (II, a= 0.81, VIII, 

a= 0.20 and IX, a= 0.10) the apparent reaction constauts k2 and Km 

have been eyaluated from Lineweaver-Burk plots, shown in Fig. 2 for 

II and VIII, according to eq. ·2, 

In Fig. 3 Arrhenius plots are shown for copolymers II and VIII. 

It has been shown earlier (lO) that àHm is small in comparison to 8H;, 

therefore the overall activatien enthalpy virtually equals àH; at high 

thiol concentrations, as eau be derived from eq. 2. 
~ 298 ~ 298 298 298 Values of 8H2 , às2 , k2 and Km have been listed in 

Table 2. This table shows that a four fold increase in amine group 
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10 20 

Figure 2: Lineweaver-Burk plots for systems containin!~ L po1 

(o. ~ 0.81, •) .and VIII (Ct~ 0.20, "). 

c_N = 1.5 10-3 M; cCoPc(NaS03)4 = 1.9 'Ü, i1. l.f'. ;,;.; 

adjusted with NaOH (0.1 Nl. 

Figure 3: Arrhenius plots of k2' Copolymers as in Fig. 2. 

cRSH = 0~34 M. other c:oncentrations and pH as r vGn ln 

Fig. 2. The value of k
2 

has been approximated 

298 

) 

Table 2: Effect of amine content in PVAm-co-VAl on some ir.-.jortant 

reaction parameters at 298 K. 

C! LlH; 10-3k2 

.kJ mole - 1 
J mole 

----1-
s 

1.00 43 ± 4 - 39 ± 10 4.5 ± o.r, 0 iO ± 0.01 

0.81 39 ± 4 - 53 ± 10 4.4 ± 0.5 0 !9 ± 0.01 

0.63 42 ± 4 44 ± 10 3.7 ± 0.4 0 18 ± 0.01 

0.39 36 ± 68 ± 10 2.4 ± 0.4 ± 0.01 

0.20 36 ± 4 - 70 10 1.9 ± 0.3 o. :7 ± 0.01 

0.10 41 ± - 57 ± 10 1.2 ± 0.2 o. ± 0.01 
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content in the polymer chain (a ~ 0.20 to a ~ 0.81) causes a two fold 

increase in the intrinsic activity of the catalytic sites, indicated 

by the values of k2 • The values of Km remain unchanged and no signifi-
;t • • • 

cant dependenee of ~H2 on a ~s be~ng observed. As a result, 1t may be 

inferred that the reaction mechanism remains unaltered when varying 

base density in the polymer chain, and the apparent change in k2 must 

be attributed to a change in apparent activation entropy ~S~, including 

local concentrations (i.e. nearby the catalytic sites) of reactants 
;t 

involved in the rate determining step. Unfortunately, ~H2 cannot be 

determined with an accuracy sufficient to avoid overlap of the error 
;t 

intervals of ~s2 . As a consequence, 
;t 

the changes in ~s2 , though plausible, 

cannot be evidenced conclusively. 

Since Km hardly alters when k2 changes almost four fold, it seems 

that k2 < k_
1 

and no dramatic change in the apparent value of K is to s 
be expected when increasing base density in the polymerie ligand. 

In order to find a relation between a polymerie parameter and the 

observed catalytic activity, reaction'rates have been measured at 

rather high thiol concentrations (c_RSH = 0.3 M, i.e. 3-4.Km) for all 

copolymers. At these relatively high thiol concentrations, changes in 

reaction rate in fact reflect changes in k2• Ethylenamine unit concen

tration was fixed at c_N = 1.5 mM (exeept for polymer X) and pH was 

maintained at 7.8. 

Fig. 4 (e) shows reaction rate a$ a function of a in the polymer 

chain. It is clearly shown that in thé absence of basic amine groups 

(a = 0) reaction rate is virtually zero and reaction rate does not 

increase linearly with a but instead levels off with increasing values 

of a. It might be suggested that the ~equence distribution of vinylamine 

units in the copolymer is related to the observed pattern of catalytic 

activity. This was investigated by carculating the number average 

block length I (l
3) of ethylenamine sequences in the copolymers with 

various a, from the monomer feed and copolymer composition data given 

in Table 1, and the reactivity ratiosof NVTBC and VAc in benzene. 

The latter were determined as described elsewhere ( 11 ) and found to 
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a 

fr.action of ethylenamine units in the polymerie 

ligand, a.(.) Reaction rate, v (expressed in 

converted thiol dm-3s ~ 1 , calculate.d from the 

oxygen consumption assuming that 1 mole 0
2 

reacts with 4 moles of RSH to a
2
o and RSSR) 

cRSH::::: 0.28 M. Other concentrations and pH as 

given in Fig. 2 . 

(c) Number average block length, I, of ethyle

namine units in PVAm-co-yAl, calculated 

from the reactivity ratios of NVTBC and 

VAc and from the data in Table 1. 

(a) Mole fraction of charged monomeric units, 

a.o, in PVAm-co-VAt derived from potentio-

metric titrations of the copolymers. 

"-N • 0.01 H, pH a 7 .B. 

be rNVTBC ~ 1.12 and rVAc ~ 0.46 under the relevant conditions. In 

Fig. 4 (o) the results are shown, revealing that the course of the 

catalytic activity versus a does not coincide with the dependenee 

of I on a. 

Another important polymerie parameter may be the degree of charge 

on the polymer, since this is expected mainly to determine the local 

concentration of thiolate ions by electrastatic attraction between 

RS and the positively eharged polymer chain. 

The pH as a function of the degree of protonation, cr, of the amine 

groups in the copolymers has been determined by potentiometric 

titrations of all of the basic copolymer solutions (c_N ~ 0.01 M) with 

HCl (0.03 N) at 22 ± 1°C in the absence of salt. The complete titrations 

were extended over a period of at least 20 minutes. The degree of 
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of protonation, cr, was calculated as follows: 

0 
cH+added- cH+free + cOH-free 

c_N 

where cH+added is the molar proton concentratien as resulting from 

added HCl; cH+f and c0H-f are the molar concentrations of free ree ree 
protons and hydroxyl ions measured i~ the titration vessel, respectively. 

Fig. 5 shows the pH versus o at four values of a (For the sake of 

clarity not all curves have been drawn). Evidently the intrinsic 

basicity of the amine groups increases with decreasing a, which must 

be attributed to a decreased nearest neighbour interaction when the 

amine groups find themselves more separated in copolymers with a high 

vinylalcohol content (l 4). In Fig. 4 (o) this degree of separation of 

11 

3 

0 0.5 1.0 

Figure 5: pH versus the mole fraction of charged amine groups, o, for 

= 0.20 (a); n = 0.45 (b): oe = 0.81 (c) and oe = 1.00 (d), 

Curves have been derived from potentiometrie titrations with 

HCl (0.03 N); c_N = 0.01 M. 
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amine groups is shown by the occurrence of the asymptote I = 1 when a 

adopts low values.Nonetheless, ~is .only a qualitative measure for 

the degree of separation since amine .group interactions are not exclu

sively of the nearest neighbour type. 

It can easily be seen that the degree of charge on the copolymer 

chain (i.e. the mole fraction of charged monomeric units) at a certain 

pH value is represented by a.cr. In Fig. 4 (•) a.cr. is plotted versus 

a at pH= 7.8., being the pH during the catalytic activity measurements. 

The resemblance between the curves of a.cr. versus a, Fig. 4 (•), and v 

versus a, Fig. 4 (e) is striking. This conformity is confirmed by 

Fig. 6, where reaction rate is shown to vary linearly with polymer charge. 

The polymerie catalyst in reaction solution, the latter containing a 

large excess of thiol with respect to amine groups, may be regarded as 

a concatenation of positively charged rod-like segments, surrounded by 

a diffuse double layer of negatively charged counter ions, i.e. thiolate 

ions. Accordingly, the local thiolate ion concentratien in the vicinity 

of the oxidation sites (CoPc(so
3
):-) is governed by the polymer charge. 

In view of the observed linear increase of reaction rate with 

polymer charge it seems therefore that the thiol anion is involved in 

the rate determining step. 

.Y. 

Figure 6: Reaction rate, v~ versus the mole fraction of poaitively 

charged monomeric units in the copolymers, a.cr, derived frOill 

Fig. 4. 
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4-0n the other hand the complexation of CoPc(so
3

)
4 

to the charged 

polymer chain may also depend on polym~r charge. From ultrafiltratien 

experiments with PVAm solutions containing CoPc(Naso
3
>4 (Co/N = 1: 200) 

it appeared, however, that blue CoPc(so3):- could not be rinsed out. 

This behaviour appeared to be independent of the pH in the range pH = 

4-11 and as a consequence independent of the polymer charge. This in 

contrast with the polymer free CoPc(NaS0
3

)4 solutions, which passed 

the membrane easily. 

From these observations it may be inferred that due to the large excess 

of amine ligands with respect to Co as.well as the high charge of the 

CoPc(S03):- ion, practically all CoPc(so3):- will be present in the 

polymer domain under the relevant conditions. 

It is also not probable that the rate dependenee on the ethylamine 

mole fraction in the polymerie ligand can be explained from axial 

coordination effects, since the CoPc(NaS03)4 in monomeric 1,3 propane

diamine salution appeared to be much l~ss active than the polymer 

attached CoPc(NaS03) 4• 

Another polymerie property, related with polymer charge is the 

polymer conformation. It may be assumed that the expansion of the polymer 

chain is enhanced by increasing chain charge. Conformation may affect 

catalytic activity, but neither 

products by coil diffusion nor 

to be expected in the light of 

low a values. 

transport limitations of reaetauts or 

a chang~ of the reaction mechanism is 
· An;J! the observed constancy of un2 even at 

According to the foregoing experimental observations a preliminary 

reaction scheme may be proposed as shoWn in Scheme 1 eq. 1-3. This scheme 

is consistent with the observed Michaelis-Menten kinetics in thiol 

and oxygen, although the rate limiting step (eq. 3 in scheme 1) is 

first order in local thiolate ion concentration. It may be assumed 

that at neutral pH this local concent~ation is not affected very much 

by the thiol concentradon in the bulk and therefore Michaelis-Menten 
' kinetics in thiol is still observed. ~other interesting feature, 

following from the observed Michaelis-Menten kinetics with respect to 
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(1) 

(2) 

(3) 

thiol is that obviously not thiolate but thiol interacts mainly with 

the roetal centre (eq. 1, scheme 1 ). This is npt so unexpected since 

the electrostatle repulsion between the thiolate ion and the four fold 

negatively charged CoPc(so
3
):- may hinder the approach of the roetal 

- 4-centre by RS , although the negative charge of the CoPc(so3)4 will 

be shielded by the positive polymerie charge to some extent. Probably 

fast proton abstraction will be concomitant with or subsequent to 

complex formation. In this train of thought it can be understood that 

the nucleophilic attack by RS- according to eq. 3 in scheme 1 will 

be rate determining. 

Similar kinetic observations have been made by Nome and .Fendler 

(1S) in the investigation of the oxidation of 1-cysteine by Vit B
12

a. 

They showed the equilibrium formation of a cysteine-Vit B 
2 

complex 
1 a 

prior to the rate-limiting step and the rate constant k2 appeared to 

increase linearly with cysteine concentration at fixed pH, while k
2 

increased exponentially with increasing pH, clearly indicating that the 
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rate determining step was first order in cysteinaté ion. 

The formation of H2o2 (eq. 3 in scheme 1) in the polymerie 
. (16 8) 

catalyst system at neutral pH has been shown earl1er • , although 

it has not been proven to occur stoichiometrically with the formation 

of RSSR, probably due to further reaction of H2o2 with thiol. Recently 

Jacobsen (l]) unequivocally bas shown that in the aquocobinamid (a Vit 

B
12 

derivative) catalyzed oxidation of various thiols H
2
o

2 
was formed 

stoichiometrically with RSSR. 

Obviously, in the oxidation of thiols to disulfides the polymerie 

catalyst and Vit B
12 

have many kinetic features in common, which may be 

partially attributed to the similarities in environment of the metal 

eentres in both catalysts ( 1S). A study, further revealing the polymerie 

effects in the polymerie catalysis of thiols is in progress. 

concluslons 

In this investigation dealing with the effect of base density in 

the polymerie ligand on the catalytic activity of a water soluble 

polymerie catalyst in the oxidation of thiols it has been shown that: 

- there is no direct relation between base group block length and the 

intrinsic activity of the catalytic sites; 

- the apparent rate determining constant k2 varies linearly with the charge 

on the polymer chain, while K is not affected significantly; m 
- within the experimental error the activatien enthalpy ~H; does not change 

with the amine content in the copolymer inferring that the reaction 

mechanism remains unaffected when varying base density within the 

polymerie ligand; 

it beèomes plausible that the thiol anion is involved in the rate 

determining step (eq. 3, scheme 1) and that mainly RSH instead of 

RS is involved in the complex formation step (eq. 1, seheme 1); 

- CoPc(NaS03)4 attached toPVAmshows kinetica! resemblance with Vit B
12

a 

in the oxidation of thiols to disulfides. 
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Chapter VIl 

AUTOXIDATION OF THIOLS WITH COBALTtll) 

PHTHALOCYANINE TETRASODIUM SULFONATE 

ATTACHED TO POLY<VINYLAMINEJ. 

5. Effect of surfactant and thiol variatlon. 

W.M. Brouwer, P. Piet and A.L. German 

Labaratory of Polymer Chemistry 

Eindhoven University of Technology 

P.O. Box 513 

NL 5600 MB Eindhoven 

The Netherlands 

Summary 

The autoxidntion of various thiols, viz. 2-merea:ptoethanol (ME), 

3-meraa:pto-1,2-propanediol (MP), meraa:ptoaaetia acid (Má) and dode
aylmeraa:ptan (DM) ~ith aobalt(II)phthaloayanine-tetresodium sulfanate 

(CoPa(NaS0
0

) 4; as a aatalyst in the absence and presence of the basic 

poly(vinylamine) has been detel'mined. 

Differenaes among the oxidation rates of the various thiols. aPe 

discuseed qualitative ly in tema of pK88, charge, ~ater sälupiZity 

and size of the substretes. 

The effect of anionic, nonionia and aationio surfactant on the 

oxidation rete of these thiols. is investigated. In the absence of 

polyme:r> the effect of val'ious types of surfactant is small for the 

hydrophilio ME, MP and MA. Ho~ever, for DM a miceUar, catalytic effect 
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of cationic s~factant is observed, ~he~eas anionic su~fa~tant ~eta~ 

the ~eaction. 

When CoPc(Naso3J 4 is used in the p~esence of poZ.y(vinylamine) la~ge 

diffe~nces ~e observed be~een the effeets of various ·types of 

s~factant on the o~idation rote of ME. Nonionic s~factant does not 

affect the high ~action rote, ~hereas cationic and anionic s~factants 

appe~ to diminish the ~ate eonside~abZ.y, even at coneentrutions f~ 

belo~ the enticaZ. miceUe concentration. These effects ~e discuseed 

in terms of inteructions be~een the polymer eatalyst and s~factant. 

F'u~thermo~. simil.a~ities and differences be~een polyme~ia catdZ.ysis 

and micelZ.~ catalysis in thiol oxidation a~e sho~. 

Introduetion 

The oxidation of thiols to disulfides is an important .process in 

oil sweetening and in biologica! systems. 

Among the catalysts known for tbis autoxidation (1) coqaltphthalo

cyanines in alkali appeared to be very efficient (2). Attachment of 

the water soluble cobaltphthalocyanine-tetrasodium sulfanate (CoPc(NaS03)4 , 

see Fig 1) to the basic poly(vinylamine) (PVAm) resulted in à 30-50 

fold enhancement of the oxidation.rate of 2-mercaptoethanol (ME) in 
- (3) water compared with the CoPc(NaS03\/0H system • 

Figure 1: Chemical structure of CoPe(llaS0
3

) 
4

• 
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The promoting power of the PVAm could be ascribed to prevention 

of dimerization of the CoPc(Naso3)4 catalyst ou the one 

hand and enrichment of both the weakly acidic substrate and the 

CoPc(Naso
3

)
4 

in the basic coils on the other hand. In several papers 

the effect'of pH (4 •5), molecular weight (6), polymer chain charge (7), 
• • h d b . (8 ) • 10n1c strengt an su strate concentratlon on react1on rate were 

reported. In all these investigations ME was used as substrate, serving 

as a model for other thiols. In the present paper we extend our in

vestigation tosome other thiols, i.e. 3-mercapto-1,2-propanediol (MP), 

mercaptoacetic acid (MA) and dodecylmercaptan (DM), the latter being 

sparingly soluble in water. The catalytic activity of both the con

ventional system (CoPc(NaS03)4/0H-) and the polymerie system (CoPc

(Naso3)4/PVAm) in the conversion of thesethiolsis tested. 

Furthermore, for both catalyst systems the effect of surfactauts 

on the reaction rate is studied, since the conversion of smelly thiols 

(they can be scented in ppb) in surfactant containing reaction systems 

is an important issue in industry, that farms a challenge in particular 

for chemists werking in the field of polymerie and micellar catalysis. 

Some of the results concerning the effect of surfactauts on poly

electrolyte catalysis may be valid for other polyelectrolyte .catalyst 

systems, provided only electrastatic interactions are playing a role 

in the catalysis. 

Experimental 

I 

Hexadecyltrimethylammoniumbromide! (CTAB, Fluka, purum), sodiumdodecyl-

sulfate (SDS, Fluka, purissimum) and p6ly(oxyethylene) 30-nonylphenol 

(Antarox Cû-880, GAF, abbrev.: A-Cû-880) were used as supplied. 

Aqueous solutions of poly(vinylaminehydrochloride) (3% w/v; 
- 4 -1 Polysciences Inc. Warrington U.S.A., M = 5 10 g mole , from viscosity 

experiments in water containing 0. 01 N n NaOH and 0. 1 M NaCl (g)) were 

eluted through an Amberlite IRA 401 anion exchange column to remove the 
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chloride. The PVAm solutions thus obtained were stored under nitrogen 

to prevent absorption of co2. 

2-Mercaptoethanol and dodecylmercaptan were distilled; the 

3-mercapto-1,2-propanediol and mercaptoacetic acid were used as 

supplied. Their purity (> 99%) was determined iodometrically prior 

to use. CoPc(Naso
3

)4 (kindly provided by Dr. T.P.M. Beelen) had been 

synthesised by a metbod analogous to that of Weber and Busch (lO) as 

described by Zwart et al. ( 11 ). 

Initial reaction rates were determined by monitoring the oxygen 

consumption during thefirstminute of reaction. The measurements 

were carried out at 25°C as described previously (S). 

The polymerie catalyst was prepared by mixing aqueous solutions 

of PVAm and CoPc(Naso3)4 resulting in a polymer-organometal complex. 

The mixture was degassed twice and saturated with oxygen over a period 

of 20 min while stirring vigorously. The reaction was started by adding 

the substrate to the reaction vessel by means of a syringe. 

In the micellar catalyst system the substrate was added after 

degassing and saturating the soap mixture with oxygen. The reaction 

was started 30 s hereafter by adding the CoPc(NaS03)
4 

catalyst, thus 

obtaining best reproducibility. 

The turbidity T during turbidimetric titration of the polymerie 

catalyst with SDS in the presence of ME was obtained from transmission 

measurements: T = (log I0/I)/b where I0 and I are the intensities of 

the incident and transmitted light, respectively; and b is the optical 

path length of the cell used. A Carl Zeiss PMQ II spectrophotometer 

operating at 600 nm wavelength was used with 1 cm cells. 

Viscosity me~surements on filtered solutions were carried out at 

25.0°C in a Hewlett Packard automatic salution viscameter of the 

Ubbelohde type. Measurements were conducted twenty minutes after 

addition of the thiol, since small time effects were observed. 
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Results and Discussion 

The CoPc(NaSO~/OH- catalyst system 

Effeet of thiol variation 

In several papers attention was paid to CoPc(NaSOf)Y in alkaline 

medium as a catalyst for the autoxidation of ME (3 • 11 • 2 . The alkali 

was needed to enhance the dissociation of the weakly acidic thiol 

producing thiol anions, the latter generally being regarded as the 

reactive species. 

In order to get insight into the differences among the reactivities 

of the various thiols, as well as to compare this catalyst system with 

those containing surfactant or polymer, the reaction rate at optimal 

pH was measured for ME, MP, MAand DM. The results are listed in 

Table 1, column 3-4. The negative logarithm of the dissociation 

constauts of thesulfhydryl group of these thiols is listed in column 2. 

Obviously the pH optimum increas~s with increasing pKSH' which 

corroborates the assumption that the thiol anions play a dominant role 

in the reaction mechanism. Moreover, flor the almost equally acidic 

substrates ME and MP practically equal: pH optima and reaction rates 

are observed. The oxidation rate of MA is considerably lower and only 

slightly dependent on pH. Probably th~ pH dependent dissociation of 

the carboxylic acid group will contribute to this behaviour, since at 

lower pH the low thiol anion concentration and at higher pH the high 

ionic charge (-2) will hinder a fast ~utoxidation. A similar rate 

difference bas been observed in the Vit B12 catalysed oxidation of 
ME and MA ( 16), 

The oxidation rate of DM is low in comparison with the other thiols, 

probably due to lower water solubility, and the large size of the 

substrate. 



CoPc(Naso
3

) /OH-
a) 

Thiol pKSH optimal pH v without sur- V 
f) 

V 
f) 

V 
f) 

r,SDS r,A-C0-880 r,CTAB 
f'actant 

(ml anion~ non ion. cation. 

2-aercaptoethanol (ME} 9.6 b) 10 3B 0.9 O.I. 0.) 

3-mercapto-1 ,2-propane- 9.7 c) 10 40 1.1 0.7 0.) 
diol (MP) b) e) mereaptoacetic acid (MA) 10.4 10-11 21 o.s 0.8 o. 8 

dodeeylmercaptan (DM) 11 d) 
13 o.o 0.6 23 

a) Duplicate measurementa. Thiolconcentration: cRSH 0.19 M. Initial rates determined 
at pH optimum. vr is ex.pressed relative to the rate in the corresponding aurfactant 

free CoPc(NaSO;:l 
4

/0H- systea~ Ra te expressed in ml 0 2/ ~~mol CoPc{?1aSü
3

} 
4 

.min. 

b) ref'. 13 

c) ref'. 14 

d) estimation by r&f. 15 

e) Reaction ra te is only slightly dependent. on the pH 

f) Surfaetant concentrations: •surf = 0.01 M. SOS= sodiumdodecylsulfate; A-C0-880 
= poly(oxyethylene ),30-nonylphenol; CTAB "' cetyl trimethylammoniumbromide 

g) Polymer eonc:entration (repeating units): c_N"" 1.5 10-J M 

CoPc{!~a.so3 ; 
4

/PVAm a) 

optims.l pH V 
g) 

r 

2S 

. 4 . ) 
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Effect of su~factant 

The effect of surfactant on the thiol oxidation was investigated 

at the pH optimum. An anionic, a nonionic and a cationic surfactant 

were used, viz. sodiumdodecylsulfate (SDS), poly(oxyethylene) 

3D-nonylphenol (A-C0-880) and hexadecy~trimethylammoniumbromide (CTAB) 

at 0.01 M. In Table 1, column 5-7 the relative rates v compared with 
r 

the surfactant free system (column 4) are listed. For the water soluble 

ME, MP and MA mostly a slight decrement of reaction rate occurs 

irrespective of surfactant type in comparison with the corresponding 

surfactant free reaction systems. 

However, for the DM containing sy~tem an anionic surfactant 

retards the reaction; a nonionic surfa~tant acts rather indifferently, 

whereas a cationic surfactant causes a; large enhancement. The latter 

observations are indicative of the occurrence of a so-called micellar 

catalysis in the oxidation of DM. The micellar catalytic action was 

first explained by Hartley (17) using l!imple electrostatic considerations: 

anionic micelles will retard reaction rates involving anions, whereas 

cationic micelles will cause the opposite effect. However, since for 

the present thiols only a micellar effect is observed for the long 

chain thiol DM, it seems that here also other than electrostatic, 

i.e. hydrophobic interactions, are playing a role. 

The influence of thiol and surfa~tant concentration as well as 

the effect of ionic additives on the o~idation rate of DM by micellar 

catalysis will be the subject of the n~xt subsection. 

~ella~ catalysis in the oxidation o~ dodeaylme~captan 

The effect of thiol concentration on the cationic micelle catalysed 

oxidation rate of DM appears to be of ;the saturation type and can be 

described with the Michaelis-Menten co~cept ( 18). This means that the 

rate determining reaction step takes place subsequent to substrate

catalyst complex formation: 
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E + S ES E + p 

Accordingly, linear plots of reciprocal initial reaction rate versus 

reciprocal substrate concentration.are obtained (so-called Lineweaver

Burk plots): 

V 

1 
m 

where v = initial reaction rate, [E0] = the total catalyst concentration, 

E = unbound catalyst, P = product(s), [S] = initial substrate coneen-
k-t + kz kt -1 

tration and K = with K = k-- (~ K for k2 << k_1). 
m s -1 m 

In Fig. 2 the Lineweaver-Burk plot is shown for the DM oxidation and 

in Table 2 the turn-over number k2 and the Michaelis constant Km are 

listed. These values will be discussed in relation with those obtained 

in the system CoPc(NaS03)4/PVAm in the next section. 

In Fig. 3 the oxidation rate of DM is shown as a function of 

surfactant concentration. DM concentration is 4 10-2 M. Nonionic and 

anionic surfactant retard reaction rate. The rate enhancing effect of 

CTAB, in comparison with the surfactant free system CoPc(Naso3)4/0H-, 

exhibits a maximum at cCTAB = 4 10-3 M. A maximum often bas been observed 

in micellar catalysis (19) and was explained by solubilization of 

reactive anions in cationic micelles, thus making them less active. 

In the present case it is possible that at this surfactant concentration 

part of the catalytically active anions, CoPc(so
3
):-. are solubilized 

in the cationic micelles, thus accounting for the decrease in rate 

at CTAB concentrations larger than 4 10-3 M (Fig. 3•). 

The effect of ionic additives, viz NaCl, Na benzoate and SDS, on 

the oxidation rate of DM is shown in Fig. 4. CTAB concentration was 
-3 3.8 10 M. It is obvious that NaCl, a salt with a small anion, hardly 

affects the reaction rate. The more hydrophobic benzoate ion bas 

more influence and the effect of SDS is dramatic. The latter substance 
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4 

3 

2 

1/ 

--~ 5~----.;1';;;0·····---15 Figure 2: Li~weaver-Burk plot for tbe oxidation of DM, c.atalysed 

by ~ationic micelles (CTAB} at pH = 13. 

12 

> .. 
0 .-

-7 -3 
"col'c(NaS03) 4 = 3.8 10 M and "cTAB * 3.8 10 M. 

Table 2: Reaction constauts in the oxidation of va.tious thiols .. 

Thiol pH 10-2k K 
2 m 

---~- -3 
s mole dm 

2-mercaptoethano 1 (ME) a} 7.4 31 :1: 4 0.11 :1: 0.01 

3-mercapto-1,2-propanediol (MP)a) 7.4 20 :1: 3 0.05 :1: 0.01 

dodecylmercaptan (DM}b) 13 3.9 :1: 0.5 0.06 :1: 0.01 

a} in polymerie system; CoPc{Naso
3

) 
4

/PV/!J11; 

"-N • 1.5 10-3 M; T = 25.0°C 

b} in micellar system; CoPc(Naso
3

) 
4

/cTAB; 

-3 
"cTAB • 3.8 10 M; T • 25 .o•c 

Figure · 3: Effect of surfactant concentratien on the initial 

oxidation rate, v, of DM (polymer absent). <•> CTAB, 

<o> sos, <•> A-co-aso. 
"coPc(NaS03) 4 • 3.8 10-7 M; "DT• 0.04 M; pH • 13 
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00 0.05 0.10 

Cadditlve /<mol·dm.3
l 

Figure 4: Effect of ionic additives on the initia! oxidation rate of 

DM in a cationic micellar (CTAB) catalyst system at pH • 13. 

(o) NaCl, (•) Na l>enzoate, (e) SDS (also ahown in the inset). 

Reaction conditiona as given in Fig. 3; eeTAll • 3.8 10-3 M. 

may be assumed to be entirely mixed up with CTAB in the micelles. 

The inset in Fig. 4 shows that a complete loss of catalytic activity 

occurs at equally molar amounts of SDS and CTAB, viz. 3.8 10-3 M. The 

micelles may then be assumed to have zero net charge, and no catalytic 

activity is detected anymore. 

From Fig. 4 it becomes clear that small, polar anions have little 

effect and large, hydrophabic anions have a large retarding effect on 

the micellar axidatian rate thus emphasizing that bath hydrophobic 

and electrastatic effects play a role in micellar catalytic activity. 

The importance of electrastatic as well as hydrapbobic interactions in 

micellar catalysis was aarlier stressed by ather investigators ( 19 •20) 
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In contradistinction to the bere observed small effect of NaCl on 

reaction rate in the micellar catalytical system, addition of NaCl in the 

polymerie catalytical system caused a considerable decreasein rate (S)• 

emphasizing the importance of solely electrastatic interactions between 

substrate and catalyst in pure polyelectrolyte catalysis, where 

hydrophobic functionalities are absent. 

The CoPc(NàSO~/PVAm catalyst system 

Effeat of thiol variation 

Complexation of CoPc(Naso3)4 with aquèous basic PVAm yields a 

catalyst exhibiting a much higher activity and considerably lower pH 

optimum than the polymer free CoPc(NaS03) 4 system (Table .1. column 8-9). 

The occurrence of an optimum at lower pH can be qualitativ.ely.explained 

by the high concentratien of basic .gtoups within the polymerie coils 

at intermediate pH values in the bulk. For ME the pH-dependericy of 

the oxidation rate has been investigated and discussed in more detail 

previously 
(4) 

It is striking that, using the polymerie catalyst system, different 

oxidation rates are found for ME and MP, whereas no significant .difference 

was found in the case of the polymer free catalyst system (see .Table 1). 

In previous investigations on polymerie catalytical systems it was 

shown that tbe Michaelis-Menten concept could be applied to describe 

the effect of ME concentratien on reaction rate (6- 8). This concept 

also appears to be applicable to the o~idation of MP with the polymerie 

catalyst. In Fig. 5 Lineweaver-Burk plo.ts are shown for both ME (*) 

and MP (•) at pH = 7 .4. In .Tablè 2 the values of k2 and Km are listed. 

Different values of k
2 

and Km.are obser~ed for the substrates ME and MP. 
-1 . 

It seems that the complex formation constant Ks ( ;;;. Km . ) i~ larger 

for MP, but the apparent intrinsic activity of the catalytic sites is 

lower. Since both substrates possess practically identical dissociation 

constants, the observed differences .in k2 and Km must .originate.from 
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4 6 

10·' c ·• /<dm3·mol"') 
ASH 

Figure 5: Liueweaver-Burk plots for the polymar catalysed oxidation 

of ME ( .. ) and MP (•) at pB • 7 .4. 
-7 -3 

"coPc(NaSOl) 
4 

• 1. 9 10 M; c_N • 1.5 10 M. 

differences in size. 

For DM, oxidized in the micellar catalyst system, the válue of 

K is in the same range as for ME and MP in the polymerie catalytical 
m 

system (see Table 2). It may therefore be inferred that the substrate-

catalyst formation equilibrium is not affected very much by the 

environment of CoPc(so3):- (whether polymerie or micellar}. 

The turn-over number k2 found for DM in the micellar system is 

lower than k2 observed for ME and MP in the polymerie catalyst system. 

These differences must be ascribed to differences in reactivity of the 

substrates, since also in the surfactant and polymer free catalyst system, 

CoPc(Naso
3

)
4

/0H-, the oxidation rate of DM was ten times lower than 

that of ME and MP. 

MA shows rather low oxidation activity in the polymerie catalyst 

system, probably due to (1) competieion between carboxylate and thiolate 

for a site on the catalyst and (2) electrastatic attraction between the 

negatively charged reaction product (due to the COO- moieties) and the 

positively charged polymerie catalyst. 
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With DM as a substrate, no detectable catalytic activity is observed 

in the polymerie catalyst system. After stirring a PVAm solution 

containing DM, flocculation phenomena are observed. Probably DM, being 

rather hydrophobic, will be rejected by the water phase and interact 

relatively strongly within the polymerie region. Therefore: DM may not 

be converted under these conditions. 

Effeat of eurfaatant 

In order to elucidate the effect of surfactauts on the behaviour 

of polyelectrolyte catalysts in thiol oxidation, the oxidation rate of 

ME in the polymerie catalyst system was measured upon the addition of 

increasing amounts of SDS, A-C0-880 an~ CTAB. 

In Fig. 6 (c) the initial oxidation rate of ME is plotted versus 

the logarithm of the SDS concentration, Polymer concentratien (repeating 

units) is 1.5 10-3 M. Initially, reaction rateis slightly enhanced, a 

maximum occuring at SDS/-N = 0.2; adding more of the anionic surfactant 

1.5 

I .. 
·." 

I -.... 
~· 

t 
1.0 fi 

-8 8 

~"· J!-
3, ...,. 

ö 0.5 
E 

8 - ~ --~ ·-> 0 .. 
0 4 
~ 

~\ "' 
2 

0 L 
10•$ 10 .• 10

4 10.2 

11igure 6: Effect of SDS concentrat ion ori the initial oxidation rate, 

v, of ME (polymer catalysed) (a) end on the turbidity, T, 

of the reaction solution (•). 
-7 -3 

"CoPe(NaS0
3

)
4

= 1.910 M; "-N * 1.510 M; "ME • 0.19 M; pH • 7.6 
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causes a sharp decrease in reaction rate with an inflection point at 

SDS/-N = 0.8. Beyond this point reaction rate is very low. This tremenclous 

effect of anionic surfactant on reaction rate occurs far below the 

critical micelle concentration (cmc) of SDS (cmcSDS = 8 10-3 M (21 >). 
The decrease in rate is accompanied by the occurrence of turbidity of 

the reaction solution. 

In separate experiments the polymerie catalyst solution in the 

presence of ME was titrated turbidimetrically with SDS (e in Fig. 6). 

A maximum in turbidity was observed at SDS/-N = 0.8. Addition of more 

SDS let to complete transparency of the solution, but catalytic activity, 

as ehown in Fig. 6 (o), further decreaeed, though elowly. The increaeed 

turbidity is caused by flocculation (22), of the polymerie catalyet upon 

addition of SDS and can be explained by adsorption of SDS onto the 

positively charged polymer. Addition of excees SDS resolubilizes the 

polymer-eurfactant complex (see Scheme 1) and the polymer eolution 

becomes transparent again. Similar adsorption phenomena were observed 

for the interaction of ionic surfactante with oppositely charged 

polymere (23 •24 ) or latices (25), although phase separation and 

reeolubilization of the flocculated complexes were not alwaye reported. 

Analogoue to colloid titrations of cationic polymers with anionic ones 

Scheme 1: Interaction of anionic SDS with positively charged PVAm. 

~I 
part.iallt 

eharg&d PVAa 

SDS -
rloéculation of th• poly

me:r-surraetant co11plelll 

-SOS 

resolubiliuti.on <:>i' 

the p:sl.)'ll'lQ!'wdUl'(l\(:w 

taut eempl~x 
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(see for example (26 )) the surfactant-polymer interactions cited above 

seem to occur stoichiometrically on the basis of charge. 

Application of this concept to the present observations makes it 

plausible that (1) the catalyst is 80% charged (on the ba~is of 

repeating units), and (2) the inflection point in Fig. 6 (c), where the 

reaction rate becomes negligible, occurs at zero net charge of the 

polymer-surfactant complex. The latter result (2) is in complete agreement 

with our recent findings concerning the relation between the net polymer 

charge and reaction rate in copolymers of vinylamine and vinylalcohol (7) 

In addition, the hydrophobic man,tle, formed by SDS (Scheme 1), will 

expel ionic substrate out of the polymer domain. The value found here 

for the polymer charge (80%) at pH= 7.6 is higher than that found 
(6) 

earlier from potentiometric titrations, viz. 40% • Probably due to 

an effective screening by the dodecylsulfate counter-ions, PVAm behaves 

like a strenger polyelectrolyte and a higher degree of protonation is 

tolerated. This may also account for the initial slight increase of 

reaction rate at low SDS/-N ratios, where the rate enhancing .electro

static effect still dominates the rate retarding effect of the diffuse 

hydrophobic mantle. The same discrepancy was observed in poly(ethylenimine). 

From colloid and potentiometric titrations the polymer charge at 

pH = 6.5 was found to be 65% and 32%, respectively (26 ). 

During the preparatien of this paper, preliminary results were 

published by Visser et al. concerning the enhancement of the catalytic 

activity of imidazole containing polymers of isocyanides in the hydro

lysis of 2,4-dinitrophenyl acetate upon the addition of cationic 

Surfactant (27 ). At th 1 t H 1 th 1 t• 1 e re evan p va ues e po ymer was nega Lve y 

charged. They found similar phenomena of precipitation and resolubilization 

of the polymer-surfactant complex as well as an increase of chain charge 

when adding the surfactant. The increase of reaction rate was partially 

attributed to the hydrophobic mantle enhancing the local (hydrophobic) 

substrate concentratien in the vicinity of the catalytical polymerie 

functions. 
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From these observations it may be inferred that in polyelectrolyte

surfactant complexes the hydrapbobic surfactant mantle may enhance or 

retard reaction rate, depending on the hydrophobicity of the substrate. 

In view of these findings with SDS, adsorbing on the PVAm, it is 

conceivable that DM also strongly adsorbs on the polymer, which 

accounts for the observed flocculation of PVAm in the presence of DM, 

as mentioned in the preceding section. 

In Fig. 7 the effect of the nonionic surfactant A-C0-880 on the 

oxidation rate of ME is shown, clearly indicating that catalytic 

activity is maintained. Obviously this charged polymerie catalyst 

is indifferent toward nonionic surfactant. 

""' 8 ':'É 
"9 
ö 6 E 
~ 
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'";::? 
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5 1o·• 10"3 
10

2 

Figure 7: Effect of A-co-880 concentradon on tbe initial oxidation 

rate, v, of ME (polymer catalysed) (a). Other reac.tion 

condttions as in Fig. 6. 
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CKar/<mOI·dm-3 l 

10•3 10w2 

Figure 8: Effect of CTAl! concentratiou on the initial oxidatiou 

rate, v, of ME (polymer catalysed} (a) and on the specific 

viscosity of the polymer containing reaction solution, 

nsp' (e). As a reference the effect on nsp of a si111ple 1:1 

electrolyte (l.Olr) is shown {o). Other reaction conditions 

as in Fig. 6. 

The effect of the cationic CTAB on the oxidation rate of ME is 

shown in Fig. 8 (o). Polymer concentration is 1.5 10-3 M. A decline 

in reaction rate is observed starting at very low concentrations of 
-4 (28) 

surfactant ( cCTAB « cmcCTAB = 9 10: M ). Since the charges of 

surfactant and polymer have the same sign, direct polymer-surfactant 

interactions such as adsorption are less probable. However, monitoring 

the specific viscosity of the polymerie catalyst salution in the 

presence of CTAB (Fig. 8 (e)) and of KBr, as a reference (Fig. 8 (o)), 

clearly shows that in low concentrations CTAB has a marked effect on 

viscosity, whereas a simple 1:1 electrolyte (KBr) exhibits no drastic 

effect. Obviously, CTAB bas a more charge shielding effect than KBr. 
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The great sensitivity of catalytic activity to small amounts of CTAB 

may be due to interactions directly with the CoPc(so3):-· moiety. 

Genera 1 DISCUSSIOn 

As follows from the observations above, thiols can be oxidized 

until scentlessness with high rates using polyelectrolyte or micellar 

catalysts. In order to select tbe proper catalyst system for the 

appropriate substrate, it may be useful to devide the thiol substrates 

into a polar and a hydrophobic group. Table 3 shows the catalytic 

activity expected for these types of substrate in the various catalyst 

systems. The hydrophobic substrates are best oxidized in a cationic 

micellar system, wbereas the polar thiols are oxidized very rapidly 

with a positively charged polymerie catalyst (see also Scheme .2). 

In the latter catalyst system nonionic surfactant will not affect re action 

rate, even when present in large concentrations. Other types of 

Table 3: Schematic representation of the aetivity of various catalytical systems 

for polar and hydrophobie thiols. 

Thiol type 

po lar 

hydrophobic 

no 

surf 

0 

0 

a)~ < c 
surf polymer 

anion. nonion* 

0 0 

+ large enhancement of reaction rate 

0 no significant chánge of reaction rate 

- retardation of re.action rate 

CoPe (NaS0
3

) 
4

/PVAm 

cation. no 

surf 

anion. a) nonion.a) 

0 

+ 

+ + 

in compariaon with the 

surfactent and polymer free 

sy&tem CoPc(Naso
3

) 
4

/oH-

cation.a) 
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Scheme 2: Schematic representation of thiols in polymerie and 

micellar catalysis. 

(a) 

HE in cationic polyme

rie catalysis (PVAm) 

(b) 

D'M in ca tionic micellar 

catalysis (CTAB) 

surfactant will diminish rate, aspecially at higher surfactant concen

trations due to surfactant interactions with the polymer catalyst. 

Several catalytic effects have been reported in this paper and 

though in most cases sound explanations for these observations could 

he presented, some of them are preliminary and require further 

investigations, viz.: 

(1) The origin of the maximum in the plot of DM oxidation rate versus 

CTAB concentratien (Fig. 3~ 

(2) The rate retarding effect of cationic surfactant on the .cationic 

polymerie catalytic acitivity (Fig. 8). Does it originate from 
4-surfactant interaction with the CoPc(so

3
) 4 moiety? 

(3) The precise cause of relatively low DM conversion rate in polymer 

and micelle free, aqueous CoPc(Naso
3

)
4 

solutions; which effect 
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dominatea rate: the low water solubility, its large size or the 

high pK ? 
a 

(4) The low oxidation rate of MA in the polymerie system. Is it mainly 

caused by (i) competition between the COO and RS- moiety for 

coordination with the phthalocyanine, (ii) a slow product release 

from the polymerie domain, due to electrostatic attraction or by 

(iii) an enhancement of ionic strength due to the twofold negatively 

eharged product? 

Unfortunately, these points could not be elucidated as yet. 

Till now, in thiol oxidation catalysis most attention has been 

paid to the (polymerie) catalysis of polar thiols. However, in many 

industrial systems the oxidation of more hydrophobic thiols is relevant 

and therefore mOre attention bas to he paid to catalyst systems, capable 

of oxidizing these substrates. Micellar systems, where both electrostatic 

and hydrophobic interaetions are playing a role, will be most promising 

for this purpose. 

Conclusions 

- Good water soluble thiols can be oxidized at high rates when CoPc(NaS0
3

)
4 

as a catalyst is used in the presence of the basic PVAm. For the 

sparingly water soluble, amphipolar DM no catalytic effect was observed 

in this catalyst system. 

- The oxidation rate of DM is largely enhanced when CoPc(Naso
3

)
4 

is 

used in alkaline medium in the presence of cationic micelles. Anionic 

micelles retard the reaction and nonionic micelles retard to a 

lesser extent. The oxidation rate of the good water soluble thiols is, 

however, only slightly affected by addition of surfactants. 

- In the cationic polyelectrolyte eatalysis of ME anionic surfactant 

retards the reaetion rate due to adsorption at the polymer chain, 

thus decreasing the net charge on the polymer and increasing hydro

phobicity in the neighbourhood of the catalytic sites. Nonionic 
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surfactant does not affect catalytic activity, while cationic sur

factant diminishes reaction rate, possibly due to interaction with 

CoPc(NaS0
3
)4 • 

- In the present polymerie catalyst system electrastatic interactions 

dominate, whereas in the micellar catalyst system also hydrophobic 

interactions between substrate and micelle play an important role. 
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Chapter VIII 

THE PROMOTING ROLE OF POLYCATIONS IN 

IN THE COBALT(IIlPHTHALOCYANINE TETRA· 

SODIUM SULFONATE CATALYZED THIOL 

OXI DA1'10N. 

W.M. Brouwer, P. Piet, A.L. German 

Laboratory of Polymer Chemistry 

Eindhoven University of Technology 

NL 5600 MB Eindhoven 

The Netherlands 

Summary 

The oxidation of 2-mereaptoethanoZ with polymer bound eobalt(IIJ

phthaZoeyanine eataZysts was investigated. Poly(vinyZamine) (PVAm), 

poZy(ethyZenimine) (PEI), poZy(L-Zysine) (PLL) and 2,4-, 2,6- and 

2,10-ionenehydroxide were used as polymerie ligands. All polymerie 

Zigands appeared to enhanee reaetion eonsiderably as aompared with 

their manomeria anaZogs and they exhibited similar behavior towards the 

effeat of saZt and pH. Reaation rate appeared to inarease aZmost 

Zinearly with the Zinear charge density on the ionenes, whiah is 

aansistent with reaent findings for aopolymers of vinylamine and 

vinyZaZcohoZ. 

MainZy three parameters seem to provide the enhanced poZyaationia 

aataZytia effeat: a high linear aharge density on the poZymer, a large 
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amount of base groups in the polymer domain and a low ionia strength 

in the reaation solution. Moreover, aomparison of the Unear charge 

density, aatalytia aativity and aativation parameters of the ionene 

aatalysts with those obtained earlier for the vinylamine-vinylalcohol 

aopolymers shows that the presenae of hydrophilia side groups has a 

promoting effeat on the oxidation of the hydrophiUe thiol. 

From aatalyst reuse experiments it appeared that the polyamine 

aatalysts (PVAm, PEI and PLL) have poor stability, but the ionene 

hydroxides aan be reused many times, probably due to the ahemical 

inertness of the quaternary ammonium groups in the ionenes. 

Introduetion 

Cobalt(II)phthalocyanine is a well known catalyst for the oxidation 

of thiols to disulfides (l) 

4 RSH + 02 -
Attachmènt of the water soluble cobalt(II)phthalocyanine-tetrasodium 

sulfonate (CoPc(NaS03)4 , Fig. 1) to poly(vinylamine) (PVAm) caused a 

large rate enhancement compared with the monomeric analog 1,3 propane

diamine (2). For this particular polymerie catalyst system the effect 

Fig. 1: Chemica.l structure of cobait (II)phthalocyanine-tetrasodium sulfanate. 



- 96 -

of pH (J), ionic strength, substrate concentration, oxygen pressure, 

temperature (4), and molecular weight of the polymerie ligand (2) on 

the oxidation rate of 2-mercaptoethanol (RSH) to 2,2 dithio-diethanol 

(RSSR) was investigated. The polymerie catalyst exhibited -an enzyme

like behavior, e.g. Michaelis-Menten kinetics (Scheme 1) with respect 

to thiol and oxygen and a bell shaped pH dependence. 

Scheme 1. 

E + S + o
2 

:::;=_o
2

-E-S ---~'- E + P 

E stands for polymer bound CoPc(NaS03)4; S for substrate 

(thiol) and P for products 

The enhanced polymerie catalyst activity was partially attributed 

to prevention of dimerization of CoPc(NaS0
3

)4 by the basic polymer 

coils and to enrichment of these coils with thiol-anions, the reactive 
4-species. The polymer attachment of CoPc(so3)4 was attributed to 

coordinative and Coulombic interaction with the polymer (S, 6) 

From catalytic experiments using copolymers of vinylamine and 

vinylalcohol as polymerie ligands, it could be deduced that reaction 

rate depended linearly on the positive charge density on these ligands (l) 

In order to check the more general validity of the concepts used 

to account for the catalytic behavior of the CoPc(NaS03)4/PVAm catalyst 

(i.e. polymer charge density and basic groups as the most important 

parameters determining polymerie catalytic activity), the present 

investigation is focused at other types of basic polymers. 

Branched poly(ethylenimine) (PEl}:, poly(L-lysine) (PLL) and 

poly(ammoniumhydroxides), also known as ionenes (S) have been intro

ducedas ligands for CoPc(Naso
3

) 4• The results will be compared and 

discussed with those obtained from the CoPc(Naso
3

) 4/PVAm catalyst 

system. Finally, the performance of the various polymerie catalysts 

in reuse experiments is tested. 
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Experimental 

Poly(vinylamine HCl) (Polysciences Inc), poly(ethylenimine) 

(Fluka) and poly(L-lysine) (Polysciences Inc.) were used without 

further fractienation or purification. 2,4-, 2,6- and 2,10-ionenes 

were prepared in mixtures of equivolumes of dimethylformamide and 

methanol, containing stoichiometrie amounts of tetramethylethanediamine 
-3 and dibromo-butane, -hexane and -decane (3 mole dm ), respectively. 

The solutions were left undisturbed at roomtemperature for 2 weeks. 

The polymers were precipitated in acetone, filtered and purified by 

repeated dissalution in water and precipitation in acetone. The final 

products were dried at 50°C under vacuum. Carbon, nitrogen and hydtogen 

analysis indicated that the samples had the desired composition. As 

determination of the molecular weights of the ionenes by vapor pressure 

mb f '1 (g) h . . . . . 1 or me rane osmometry ak s , t e kntrlnslc vlscoslty va ues at 

25°C in 0.4 M KBr were used to roughly estimate the molecular weights. 

For 2,4-, 2,6- and 2,10-ionenebromides, [n] was 0.08, 0.08 and 0.06 

dl g-1, respectively. The molecular weights were estimated, using the 

Mark-Houwink constauts for 3,4-ionenebromide (10) leading to Mw 
2 4

_ = 
4 -1 - 3 -1 • 

Mw 2 ,6- = 10 g mole and Mw 2, 10_ 6 10 g mole 
All polymers were eluted through an Amberlite 401 IRA anionexchange 

column, in order to obtain the amine form of the polyamines or the 

hydroxide form of the ionenebromides. After elution, the polymers 

were kept under nitrogen. Polymer concentrations, expressed in the 

monomolar concentratien of ionizable or ionized groups, were determined 

by potentiometric titration in 2 M NaCl, with the exception of PEl, 

where such method failed (1t). In this case the concentratien was used 

as provided by the purchaser. 
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Potentiometric titrations were carried out under nitrogen with 

HCl (titrisol ampoules, Merck). A Radiometer Copenhagen titration 

equipment fitted with a GK 2401 B pH electrode was used. ritration 

times were not shorter than 20 min in order to obtain reproducible 

results. 

The degree of ionization (i.e. protonation) of the polyamines 

was calculated as fellows: 

0 

- c + 
H freé 

where eH+ is the proton concentratien as resulting from added 
added 

HCl, eH+ and c0H- are the concentrations of free protons and 
free free 

hydroxyl i ons measured in the titration vessel, c_N is the concentratien 

of titratable groups. 

For analysis of the H2o
2 

content iodometric titration was used as 
(4) 

described previously 

The polymerie catalysts were prepared by mixing aqueous solutions 

of CoPc(Naso
3

)
4 

and polymer; resulting in a polymer attached organometal 

complex. Catalytic measurements were carried out in a Warburg apparatus, 

equipped with a mechanica! stirrer and a digital oxygen flow meter. 

Initia! rates were calculated from the oxygen consumption during the 

first minute of reaction. The pH was adjusted by adding HCl (0.01 M) 

or NaOH (0.3 M). A more detailed description was previously 

publisbed (4) 



- 99 -

Resu lts and DiSCUSSion 

Ionized state of the poZymers 

In Table 1 the chemica! structures of the basic polymers used in 

the investigation have been summarized. During the catalytic experiments 

with the polymerie catalysts, the pH attained values between 7 and 8, 

due to the large excess of the weakly acidic thiol to basic polymer 

groups (cRSH/c_N ~ 200). In this pH region all polymers used bear 

positive charges, as may appear from the titration plots shown in 

Fig. 2. For the polyamines (PEl, PVAm and PLL) the degree of ionization 

Table 1: Polymers used in the investigation. 

polymer abbreviation chemica! structure molecular weisht charge density 
-1 

parameter À. a) g mole 

(" )n 
i1 = 5.104 poly(vinylamine) PVAm -c-c- 0.99 

I I n 
NH

2 

I I 
i1 = 5.104 poly(ethylenimine) PEl ( -C-C-NH-) 0.45 

I I n w 

poly(L-lysine) ( 9 I PLL -c-T-N- ) n 1.42 

(-C-) 
I 4 

NH
2 

I I er- I -;- I ) 

2,4- :1.45 

poly(amnoniumhy- x,y-ionene - N-(C) -N-(C) - i1 "' 1.10
4 

2,6- :1.15 
I I X 1 l Y n w 

droxide) -c- -c- 2,10- :0.82 
I I - -OH OH 

a) at pH = 7.8 
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Fig. 2, Titration plots of basic polymers. 

polyamines: pH vs. degree of protonation. 

· cr {lower scale) 2 ,4-ioneoehydroxide' pH vs. 

amounr of added HCl (upper scale) 

0 2,4-ionenehydroxide, c_N = 6 10-J M. 

~ poly(L-lysine), c_N ~ 10-3 M. 

t poly(vinylamine), c_N = 10-2 M. 

c poly{ethylenimine), c_N = 1.6 10-2 M. 

is dependent on the pH, in contradistinction to the ionene hydroxide 

polymers, which bear permanent charges. Titration of the latter reveals 

a st rong base - st rong acid titration behavior, as expected. 

Polymer aatalytia effeats 

In order to investigate the catalytical effects of these polymers 

on the oxidation of 2-mercaptoethanol, the oxidation rates of polymer 

attached CoPc(Naso
3

)
4 

were compared with the oxidation rates of 

CoPc(Naso
3

)
4 

in the presence of the monomeric analogs (see Table 2). 

From the results of these experiments rather important conclusions 

can be drawn: 

(1) It is obvious that polymerie effects cause the observed rate enhance

ment. Moreover, the observation that all polycations presently 
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Table 2: Comparison of the eatalytic activity of polymerie eatalysts with their 
-3 

monomede analogs at pH = 8, 298 K and cRSH = 0.19 mole dm • 

polymer 

poly(vinylamine) 

poly(L-lysine) 

po ly(ethylenimine) 

2,4-ionene 

104 reaction rate 

polymer bound Col'c-. 

(NaS0
3

) 
4 

mole .-dm"--_-:;-3-.-. _.,.,1,-

5.9 

3.5 

1.9 

6.7 

monomeric analog 105 reaction rate 

Col'c(NaS0
3

) 
4 

in the 

presence of monomeric 

analog 

mole • dm-3 • s-I 

1 ,3 propanediamine 2.5 

L-lysine 2. 7 

d imethy 1 amine 1.7 

tetra-methyla.mmo- 1.7 

niumhydroxide 

k/1<* 

23 

13 

11 

40 

a)k and k* are the reaction constants in the presence and absence of polymer. respectively. 

k = v/cCoPc(NaS0
3

)
4

, where vis the reaction rata and c is concentratien 

investigated, exhibit large enhancements of the catalytic activity, 

provided that also basic functionalities are present, is indicative 

of a real polyelectrolyte catalysis, in which the long range inter

actions between substrate and polymer dominate. The precise polymer 

structure, viz. the location of charge (whether in or outside the 

main chain) or the kind of base group (amine or OH-), seems to be 

of minor importance. 

(2) Although axial coordination effects of the metal centre in 

CoPc(NaS0
3

)
4 

may occur in polyamines (S), these effects do not 

seem to play an important role in the mechanism of polymerie 

catalysis since the 2,4-ionene exhibits a very large rate enhance

ment, whereas it lacks any coordination ability. Moreover, the 

monomeric amines, possessing coordination abilities, nevertheless 

exhibit a comparatively low activity. 

(3) Due to the absence of lone pair electrons in the ionenes, effects 
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of hydrogen bonding taking part in the substrate-polymer binding, 

can be ruled out here. 

(4) All polymerie catalysts investigated exhibit a high apparent 
~ -1 

activity. Turnover numbers are in the ;range 1-4 • 10~s 
/ 

Effect of salt 

The effect of salt (NaCl) on the catalytic acdvity was investi

gated for the 2,4 ionene, PVAm and PEl (Fig. 3). An increase in ionic 

strength results in a decrease in reaction rate for all cations 

investigated. The result may indicate the importance of electrastatic 

effectsoccurring in the polymerie catalysis. The larger effect of 

salt on the activity of polycations of higher charge density corrobo

rates this assumption. However, an increase in ionic strength might 

also cause a contraction of the polymer coils, eventually lowering 

the accessibility of the catalytic sites for the reactants. Although 

the effect of diffusional limitations .did not reflect significantly 

in the overall activadon energies (4) for the CoPc(Naso
3

)
4

/PVAm 

catalyst, this effect cannot be entirely excluded. 

2 

0 ~--~--~--~--~ 
0 0.2 0.4 

p j (mole · dm-3
) 

Fig. 3: Effect of ionic strength (NaCl} on the polymerie 
l . . -7 -3 

cata yst àchvLty. eCoPc(NaSO ) = 1.9 10 M, "-N = 10 M, 

cRSH.=0.19M. 
34 

0 2,4-ionenehydroxide, pH = 1.5 

e poly(vinylamine), pH = 7.2 

c poly(ethylenimine), pH • 7.0 
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Effect of po'lymer> ahar>ge 

(7) . . . • • In a recent paper , a l1near 1ncrease 1n react1on rate Wlth 

increasing polymer charge density.was found when copolymers of 

vinylamine and vinylalcohol were used as polymerie ligands for 

CoPc(Naso
3

)4 • In order to check whether this behavier is a more 

general characteristic of other polycationic thiol oxidation.catalysts 

as well, the effect of the charge density of the 2,4-, 2,6-, and 

2,10-ionenes on the reaction rate was investigated. For the sake of 

comparison.of the results with those previously obtained for the 

vinylamine-vinylalcohol copolymers (7), the dimensionless.linear 

charge density parameter (À) of the polycations was calcuLate_d, 

according to the rigid rod cell model for polyelectrolytes .proposed 

by Katchalsky (lZ). The values of À have been calculated from·eq. 3 

and some are listed in Table 1. 

À 
2 o e 

411 e:: b kT 
[3] 

where e proton charge, a = degree of ionization of the polymer, 

o for ionenes, o = 0.35 for .PVAm at pH= 7.8, see Fig. 2; 

e:: dielectric constant; b = .average linear distance between ionizable 

(ionized) groups; kT = the ~oltzmann term; all symbols should be 

expressed in SI units; in cgs units the factor 411 should be omitted. 

In Fig. 4 the res.ults are shown, revealing that also for the 

ionene polymers an almest linear relationship is observed between reac

tion rate and polymer charge density. However, the shift between the 

data obtained from the ionenes and these from the amine-alcohol 

copolymers in Fig. 4 indicates that at constant pH resetion rates 

are not solely determined by charge density. The observed shift may 

be explained by the difference in polarity of the chain segments 

between the charges on the main chain. The copolymers possess very 
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Fig. 4: RM:action rate v as a function of the lînear charge density À on 

the polycationic ligands. cRSH = 0.3 M, 

• copolymers of vinylamine and vinylalcohol, pH ~ 7.8, data 

obtained from ref. 1. 

a ionenes., pH • 7.4 

On the right vertical axis the calculated polymer "bound" counterion 

density (RS-) as a function of À is shown. This was calculated 

with: RS-,'b d" = (1 <P ) .À, where <P is the osmotic coefficient; oun p p 
1 - ~ p reflects the mole fraction of polymer "bound" ·counterions 

either by c.ondensation or by the effect of llebye-l!ilckel intèractioll3 

on the uncondense.d counterions (l 2), 

hydrophilic chain segments (amine and 'alcohol residues), whereas the 

ionenes have hydrophobic alkyl segments. This may account for the 

observed minimal charge density of the ionenes required to exhibit 

a catalytic effect. 

In Fig. 4 also the calculated polymer "bound" counterion (RS-) 

density is plotted versus the charge density on the polymer (À), using 

polyelectrolyte theories for salt free solutions (l 2). It reveals 

that the rate enhancement by polycations equipped with basic functiona

lities can be qualitatively explained from the enhanced local 
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concentratien of thiolanions * in the vicinity of the polymer attached 

oxidation sites (CoPc(so
3
):-) resulting in an enhanced callision 

frequency. However, desolvation effects of reactants and activated 

complex, generally observed in all kinds of systems in which a number 

of charges is confined to a s~all space *, should also be considered 
. d f h b • d (13 1.4) ~n or er to account or t e o servat~ons presente ' **· 

This proposed desolvation of the activated complex should be re

flected by the values of the activatien entropy. In Table 3 rate 

constants and activation parameters have been listed for some differently 

charged copolymers and for ionenes. The increase of ~ '8~98 observed 

for both polymer types when polymer .charge density increases is con

sistent with both concepts accounting for the observed rate enhancement: 

enhanced local substrate concentratien and increased desolvation of 

the activated complex by the high electrastatic potential of the 

macro-ions. However, for the amine-alcohol copolymers the increase 

in activatien entropy is very moderate with respect to the ionenes, 

where ~s~98 is increased at the expense of a low activation enthalpy. 

Within the concept of dehydration of the activated complex, these 

differences in entropy increment may be explained from the increased 

hydrophóbic effects occurring in the ionene polymers when charge 

density decreases and the alkyl segments get longer. In this line 

of thought it might be expected that the differences in dehydration 

of the activated complex showing up in the ~8~98 values, would be 

more pronounced for the ionenes than for the copolymers, the latter 

* In accord to these explanations we recently observed a cationic micellar 

catalytic effect for the oxidation of dodecanethiol (15). 

** For various copolymers of vinylamine and vinylalcohol it was verified 
' 4-

that CoPc(803) 4 was bound tothese differently charged copolymers and 

hence a detachment of CoPc(Na8o3)4 could not account for the observa

tions, shown in Fig. 4. 
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Table 3: Activation parameters for the o""idation of thio!s in the presence of 

polycations at 298 K and pH 7 .8. 

polymer À k/k* llS~ 
J mole-lK-1 

PVAm-co-Al 

(). = 0. 20 b) 0.51 9. 5 c) >6.9 36 t 4 a) - 70 ± 10") 

Q = o. 39 0.67 12 56.3 36 
a) 

- 68 
a) 

0 = 0.81 0.99 22 54.8 39 
a) 

- 53 
a) 

ionenes 

2,10- 0.82 4 
d) 

61.1 11 ± 3 -166 ± 8 

2,6- 1. 15 28 56.3 25 -105 

2,4- 1.45 40 55.4 38 - 58 

a)Data obtained from ref. 7. 

b) a = mole fraction of ethylenamine units in the copolymêr 

c\* , . = 2 102 .-1. . 
1, .3 propanedlamlne , values of k and k* obtalned from extrapolation 

to cRsH = ro 

d)k• 83 - 1 - 0 19 1 d - 3 
tetramethylatmnonium OH = s ' cRSH - • mo e m 

being hydrophilic even at very low polymer charge density. In view of 

these considerations, the hydrophobic, activatien entropy lowering 

effects of the ionenes should vanish when the alkyl chain segments be

come very short and the charge density becomes very high as in the 

2,4-ionene. In 

the 2,4-ionene 

copolymer (a 

hypethes is. 

fact, the similar activatien entropy values found for 

(~s;98 = -58 J mole -lK-1) and the vinylamine-vinylalcohol 
:f -1 -1 0.81) (~s298 = ~53 J male K ) corroborate this 
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Effeot of pH 

A change in the pH of the reaction medium will seriously affect 

important parameters establishing catalytic activity, e.g. the amount 

.of basic groups in the polymer domain and thus the amount of thiolanions, 

the polymer charge (with the exception of the ionenes) and the ionic 

strength in the reaction medium. Also the polymer coil conformation 

will be affected. 

In Fig. 5 the effect of pH on the catalytic activity of the various 

polymerie ligands is shown. More or less bell-shaped curves are found 

f b d f (l6) h b h b . d 'd' . as o ten o serve or enzymes , w ere ot as1c an ac1 1c Sltes 

take part in the reaction. The importance of basic sites (and thus of 

RS-) in the catalyzed oxidation of thiols is reflected by the increase 

of rate for pH > 4 in Fig. 5. All polymers exhibit an optimum and at 

higher pH the reaction rates are lower. For the polyamines this rate 

retarding effect is more drastic than for the 2,4-ionene. This can be 

explained by realizing that the polyamines loose their charge at higher 

pH (Fig. 2), whereas the ionene keeps it charge, thus favoring a higher 

catalytic activity (as can be deduced from Fig. 4). 

5 7 9 11 

pH 

Fig. 5: Dependenee of the catalytic activity of various polycationic 
-7 

catalysts on pH. cCoPc(NaS0
3

)
4

= 1.9 10 .M' cRSH • 0.19 M. 

0 2,4-ionenehydroxide. c_N = 10-l M 

Jf. poly(L-)ysine), c_N = 10-4 M 

I poly(vinylamine), c_N = 10-3 M 

o poly(ethylenimine), c_N = 10-3 M 
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The increase in hydroxyl ion concentratien at higher pH, will cause a 

rate retardation for all polycations, as could be expected from Fig. 3, 

although the bulk RS concentratien increases, due to dissociation of 

the weakly acid RSH. The pH optima, observed for the polyamines in 

Fig. 5, are in the order PEl< PVAm < PLL. This can be explained by the 

basicity of the amine groups, which also increases in the order 

PEI < PVAm < PLL, as shown in Fig. 2. In other words, at pH = 6, which 

is the pH optimum for PEI, the polymer environment of PLL would be 

to acidic to exhibit optimal activity and therefore the pH optimum 

for the latter is shifted to higher pH. 

Reuse of catalysts 

Other workers in our institute found earlier that the CoPc(NaS03) 4/ 

PVAm catalyst stability waspoor (lJ). This deactivation was related 

to the formation of H2o2 during reaction. Apart from the well known 

destructien of CoPc(Naso
3

)4 by H2o2 they showed that during reaction 

small amounts of sulfur containing oxo-acids were formed, which caused 

protonation of the amine groups of PVAm thus causing a drift in the 

pH from the optimal value. In our catalyst reuse tests the latter effect 

was ruled out by adjusting the pH (pH = 8) before each run, thus titrating 

the small amounts of acids formed. 

In Fig. 6 the catalystperformance during successive runs is shown, 

revealing that the polyamines still exhibit poor stability under the 

present conditions, whereas the 2,4-ionene shows a much better performance. 

Nevertheless, the oxygen mass balance •. (Table 4) shows that in both 

the PVAm and the ionene system H2o2 and sulfur containing oxo-acids 

are formed. This makes it plausible that during oxidation the polymerie 

amine groups are chemically attacked, whereas the quaternary ammonium 

groups of the ionenes are not. Indeed there is evidence* that the main 

* Mixtures of PVAm and RSSR yield a thiol odour soon after mixing, more

over they discolor an iodine salution after acidifying, whereas a 

blank of RSSR in water does not. 
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8 12 16 

runnumber 

Fig. 6: Stability of polymerie thiol oxidation catalysts in reuse 
-3 . -7 

experiments. c_N = 10 M, cCoPc(NaSO ) = 1.9 10 M. pH = 8. 

After cessation of oxygen consumption~ 4
fresh thiol (0~ 19 M) 

was added and the pH was adj usted to 8. 

0 2,4-ionenehydroxide, * poly(L-lysine)" t poly(vinylamine), 

o poly(ethylenimine) ••••••••• : fresh portion of CaPc(NaS03) 4 
is added {1.9 10-7 M). 

Table 4: Oxygen mass balance in the polymer catalysed oxidation of 1-mercaptoethanol. 

process 
) a) 

CoPc(NaS0
3 4

/PVAsn , male 

fraction of o
2 

(%) c) 

RSH conversion to RSSR d) 

H
2
o

2 
production e) 

sulfur containing oxo-acids 
f) 

tot al 

tot al 

a\H = 7 .4, data obtained from ref. 4. 

b)pll = 7.4 

calc. 

meas. 

c)Data after complete conversion of RSH 

87.3 ± 1.8 
g) 

12.3 ± 0.6 

< 1.1 

100.7 ± 1.8 

100.0 

CoPc(Naso
3

) 
4

/2,4-ionene ~>! male 

fraction of o
2 

(%) c) 

84.5 ± 1.2 
g) 

15.4 ± 1.6 

< 1.2 

total calc. 101.1 2.0 

tot al meas. 100.0 

d) Olrtained from the stoichiometry of the reaction: 4RSH + o
2 

- 2RSSR + 2H
2
o, the weight 

of RSH was used. 

e) Obtained from the stoichioruetry of the reaction: o
2 

+ 2H
2

0 _...... 2H
2
o

2
, the amount of 

H
2
o

2 
was determined by iodometric tit-ration. 

f)Maximum value obtained from the stoichiometry of the reaction: 2RSSR + so
2 

+ 211
2
0 -4Rso

3
H, 

the amount of acids .formed during reaction were determined by titration with NaOH till 

constant pH .. 

g) Average of four experiments; errors within 95% confidence limit. 
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deactivation of the polyamine catalysts is caused by nucleophilic 

cleavage of the reaction product, RSSR, by primary or secondary amines 
(18 19) . yielding sulfenamides and thiol ' , thus destroy~ng the charge 

and base functionalities of the polyamines. The ionenes, where nucleophilic 

groups are absent, will be inert to this poisoning. Therefore, in this 

latter case the main cause of deactivation will be the destructien of 

CoPc(NaS0
3

)
4 

by H
2
o

2
• This is confirmed by the observation that 

addition of fresh CoPc(NaS03) 4 solution to the PVAm catalyst after 

4 runs does not increase catalytic activity significantly (Fig. 6), 

whereas addition of the same to the 2,4-ionene catalyst, results in 

a considerable recovery of catalytic activity, even after 19 runs. 

The significanee of this observation is even greater when considering 

the accumulation of dialeehol (RSSR) in the reaction mixture (up to 

25 v/v %) which in itself should be expected to lower the rate 

considerably (20) 

Conclus i ons 

- Cationic, basic polymers exhibit a large, rate enhancing effect on 

the CoPc(NaS0
3

)
4 

catalyzed oxidation of 2-mercaptoethanol, as compared 

with their monomeric analogs. 

- Electrastatic effects play a dominant role in the catalysis; reaction 

rate varies linearly with the linear charge density on the polycation, 

and salt has a rate retarding effect. , 

Hydrophilic side groups of the polymers have a promoting effect. An 

increased local concentratien of thiolanions in the vicinity of the 

oxidation sites and dehydration effects of the activated complex 

account for the observed rate constauts aud activatien parameters. 

- Although axial coordination of the CoPc(Naso3)4 by the polymerie 

ligand moiety may occur (e.g. in PVAm) it becomes improbable that 
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this accounts for the polymerie catalytic effect since the polycation 

2,4-ionene, which has no coordination abilities toward CoPc(NaS0
3

)4 , 

also exhibits a very proriounced enhancement of reaction rate. 

- CoPc(Naso
3

)4 attached to polycations, equipped with quaternary 

ammonium groups exhibits a very improved catalyst stability in 

reuse experiments as compared with polyamines. 
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Chapter IX 

AUTOXIDATION OF THIOLS WITH COBALT<II) 

PHTHALOCVANINE TETRASOOIUM SULFONATE 

ATTACHEO TO POLV<VINVLAMINEL 

6. lmmobilized catalysts by cross-linking 

of poly<vinylamineL 

W.M. Brouwer, P.A'.M. Traa, T.J.W. de Weerd, 

P. Piet and A.L. German 

Laberatory of Polymer Chemistry 

Eindhoven University of Technology 

P.O. Box 513 

5600 MB Eindhoven 

The Netherlands 

Summary 

Poly(vinylamineJ, being both carrier and promotor of the thiol 

oroidation aatalyst aobalt(II)phthaloeyanine-tetrasodium sulfanate 

(CoPa(Naso3J4J, was aross-linked with a,a'-diehloro-p-xylene, thus 

yielding porous hydrophilia networks. 

The effeets of experimental parameters suah as stirring speed, 

partiele size, degree of aross-linking, distribution of aatalytie 

sites (CoPa(NaS03J4J in the eatalyst particZes, pH, temperature, and 

thiol aoncentration were investigated. 

Reaction rates observed for the immobilized aatalyst systems, 

appeared to be 4-30 times lower as aompared with the water soluble 
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po~ymeria aatatyst system, but stil~ higher than the po~ymerfree 

Co Pa ( NaSO 
3

) 
4 

At a stirring speed around 3.103 rpm not mass transfer from the 

bu~k to the aata~yst partie~es but int~-partia~e diffusion ~imits 

reaetion ~te. Aeeording~y, an unaross-~inked po~ymerie aata~yst anahored 

to si~iaa, with aata~ytia sites situated a~ose to the partia~e surfaae, 

exhibited aomparative~y high aativity, i.e. on~y four times ~ower 

than the soZubZe poZymeria aata~yst. 

In addition, the heterogeneaus aqtaZyst systems showed resembZanae 

in kinetie behavior with the so~ub~e. polymerie thioZ oxidation aataZyst. 

Int roduction 

Immobilization of active soluble macromolecular catalysts is an 

important topic in the field of polymerie catalysis, as it offers the 

possibility of easy separation of the catalyst from the reaction 

products. Many reviews on heterogeneaus polymer supported catalysis 

have been publisbed (l-4) 

In general the apparent catalytic activity diminished tremendously 

after immobilization. In many cases this decrease in rate was ascribed 

to the occurrence of a rate limitation by matrix diffusion or to 

specific effects of the carrier itself, e.g. steric hindrance, 

microenvironmental effects etc. 

In this paper the effect of immobilization of the very active 

polymerie thiol oxidation catalyst co~alt(II)phtbalocyanine-tetrasodium 

sulfanate (CoPc(NaS0
3

)
4

, Fig. 1), bound to poly(vinylamine) (PVAm), 

has been examined for its catalytic activity. Immobilization was achieved 

by cross-linking tbe functional polymerie promotor, PVAm, thus serving 

as both insoluble support and catalyst promotor. When immobilizing 

in this manner, specific rate retarding effects originating from a 

"foreign" carrier surface were thought to be reduced or absent. 
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nSO,Na 

N))-N 
Na 1 N-Co-N~ --srv-

S03Na 

Fig. 1: Chemica! structure of CoPc(NaS0
3

) 
4

• 

The effects of several experimental parameters on reaction rate 

have been investigated and from these results conditions have been 

formulated to obtain optimal activity of immobilized thiol oxidation 

catalysts. 

Experimental 

Cross-linking of poly(vinylamine) 

All reagents were obtained commercially and used as supplied. 

Cross-link reactions of poly(vinylamine) (PVAmHCl, Polysciences; 
4 -1 

Mn = 5 10 g mole ) and a,a'-dichloro-p-xylene (Fluka) were carried 

out in a 1:1 v/v mixture of methanol and water at 60°C during 5 h 
-1 

(see eq. 1). Polymer concentratien (repeating units) was 1 mole kg , 

reaction volume 8 ml. 
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Cl 
~ -0- ~ I 

r~ 
CH

2 _ r-cH2 o cH
2 -•J 2 

-NH: 
+ ~2 [ 1] 

-NH Cl ClH N-3 3 
Cl 

I II 

re sin obtained was washed with 100 -3 The cru de soo ml Na OH (5.10 M) aq 
and a large excess of distilled water, in order to remove chloride 

and caustic, respectively. Hereafter, the highly swollen resin was 

wasbed with acetone, pulverized and dried at 40°C at 10 Pa. The degree 

of cross-linking was in the range 1-20%, as determined by potentiometric 

titration. 

SWelZing behavior 

The degree of swelling of the resin was determined after equili

bration of the resin particles with distilled water. The samples were 

isolated by filtration under suction, until separation of water had 

ceased. Immediately afterwards, the weight of the highly swollen samples 

was determined. 

Titration experimenta 

The basicity of the amine groupsowas determined by potentiometric 

titration of the dried resins with HCl (0.01 M) in 2 M NaCl. A PHM 62 

pH meter (Radiometer Copenhagen) fitted with a GK 2401 B electrode 

was used. In order to prevent absorption of atmospheric co
2

, the 

titration vessel was carefully kept under a stream of nitrogen. The 

titrant was added in small portions (1 ml) and the pH was measured 

25 min after each addition, when constant pH levels were attained. 
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DegPee of aPoas-tinking 

The degree of cross-linking (DC) is defined as the molar ratio 

of cross-linker (c) and polymerie repeating units (p) *: 

DC !:. • 100 (%) 
p [2] 

For the experimental determination of the degree of cross-linking, potentio

metric titrations with 0.1 M HCl on freshly prepared, crude resins 

were performed directly in the reactiori vessel. 

AnahoPage of poty(vinytamine) to sitiaa 

Macroporous silica (Merckogel 1000) was used; partiele size: 

63-125 ~m; specific surface by BET absorption: 17.3 m2/g; average pore 

radius: 55nm. 

The functional silane, y-glycidoxy-n-propyl trimethoxy-silane (Union 

Carbide Silane A-187) was kindly supplied by mr. A. Graal, Contivema B.V. 

At first the silica was treated with the functiorial silane in 

water at room temperature for 6 h (silane/silica = 1:20 w/w). Unreacted 

silane was removed by washing with water and acetone successively. One 

gram of pretreated silica was added to 4.5 mmol of aqueous PVAm. After 

standing for 24 h at room temperature, the particles were wasbed thoroughly 

with water and acetone, and driedat reduced pressure (10 Pa). Elemental 

analysis of the PVAm coated silica: 0.21% N; 0.63% C, which means that 

the ratio of polymer repeating units: silane ~ 4:1. 

The CoPc(Naso3)4 solution was added to the PVAm coated silica particles 

in the reaction vessel just before the kinetic measurements. 

* If all amine gtoups of I .are cross-linked by II, the percentage of 

cross-linking is 50. 
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Cata7_yst pPepaPation 

Active thiol oxidation catalysts could be obtained by adding a 

very dilute blue solution of CoPc(NaS0
3

) 4 to the polymerie functional 

carriers, causing the latter to take on a deep blue color. The bonding 

of CoPc(so
3
):- to the polymer has been studied earlier and appeared 

to be caused by Coulombic and coordinative interaction (S) 

In the case of cross-linked PVAm particles, two types of catalysts 

were used. Type A was obtained by adding the CoPc(Naso
3

)
4 

solution aftel' 

cross-linking of PVAm; in the preparation of type B, CoPc(NaS0
3

)
4 

was 

added to PVAm befol'e the cross-linking took place. It is expected that 

the former procedure (Type A) leads to the occurrence of CoPc(NaS0
3

)
4 

sites on the partiele surface, whereas the latter procedure (Type B) 

yields a homogeneous distribution of CoPc(NaS0
3

)
4 

sites within the 

catalyst particles. 

CoPc(Naso
3

)
4 

appeared to be tightly bound and could not be rinsed 

out. The ratio Co/N in the resins was in the range 0.001-0.002. 

Catalytia aativity measUPements 

Catalytic measurements were carried out in a double-walled 

thermostated Warburg apparatus, equipped with an all-glass mechanical 

stirrer (maximum speed 4000 rpm). Initial reaction rates were determined 

by measuring the oxygen uptake during the first minute of reaction. Rates 

were expressed either in ml o2 /~mol Co, minor in mole RSH/dm3 ,s, in 

the latter case stoichiometry was assumed according to the reaction: 

4 RSH + o
2 - [3] 

Unless otherwise stated, the initial thiol concentration was 0.19 M 

and the temperature 25°C. Oxygen pressure was 0.1 MPa. The pH was adjusted 

with NaOH ( 1 M) or HCl (0. 1 .M). Measurements were carried out as 

describede l'sewhere in detail (6) 
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Resu lts and DiSCUSSiOn 

Catalyet preparation 

In order to get insight into the effectiveness of the cross-linking 

reaction, potentiometric titration.experiments with HCl were performed. 

Under a few assumptions the (experimental) degree of cross-linking (DC) 

could be obtained from these .data ... From the molar amount of HCl (t), 

required to reach the equivalence point and the molar amount of polymer 

repeating units, (p), the DC was calculated with eq. 4: 

DC=p-t 
4p 100 (%) 

Here the following assumptions were made: 

[4] 

( 1) only primary amines can be titrated, as the basicity of .the 

secondary amine groups, formed in the cross-link resetion (eq. 1) will 

be strongly reduced due to the electron withdrawing character of the 

aromatic moiety of the cross-linker (7 ,S), and (2) no further reaction 

of secondary amine groups to tertiary or quaternary amines is taking 

place. Thus, addition of c moles of cross-linker will cause a decrease 

of 4c of titratible primary amine gtoups according to eq. 1. In Table 

the titration results and the theoretica! and observed DC, calculated 

according to eq. 2 and 4, respectively, are shown. The DC values 

obtained from the titration experiments are in very good agreement with 

the theoretical values, which indicates that the cross-link reaction 

proceeds quantitatively within 5 h and justifies the assumptions,made 

in the calculation of the experimental DG according to eq, 4 
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Table 1: Camparisen of theoretical and observed dt.~gree of cross-link ing. 

----------···---'-----------

10
4 

c 10
3 

t 
mole IOOTe 

0.234 1. 97 1.88 

1.24 1.81 1. 35 

2.66 2.52 I. 5 I 

a) According to e,quation 2. 

b) According to equation 4. 

theoretica l degrce 

of cross-linking a) 

1.2 

6.8 

10.5 

observcd dt:gree nf 

cross-linking b) 

I. I ± 0. 2 c) 

6.4 ± 0.4 

10.0 ± 1.0 

c) Error interval based on the uncertainty in the determination of tht"' 

equivalence point. 

Basiaity of amine groups in aross-linked resins 

In Fig. 2 the titration diagrams (pH vs. the degree of protonation 

of the titratible groups) are shown of a monomeric amine: 1,3 

propanediamine (1,3 PDA), poly(vinyl~ine) (PVAm) and cross-linked PVAm 

(DC: 2.5, 10 and 20%). From the figure it appears that the baaicity 

of the amine groups is reduced in PVAm and even more in cross-linked 

PVAm, with respect to the monomeric a~alog 1,3 PDA. This effect may 

be explained by taking into account neighbour interactions between 

adjacent amine groups, causing a lower, pH dependent, baaicity of the 

amine groups (g). The electron withdrawing properties of the cross

linker will contribute to this lower baaicity level as well. A similar 

decrease of basicity as the DC of the networks increases was observed 

by Bolto et al. for poly(diallylamine) networks (S) 
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0 0.2 OA 0.6 0.S 1.0 

àegree of protonation 

Fig. 2: Titration plots (pH versus degree of protonation of titratible 

base groups) of polyamines in 2 M NaCL 

• 1,3-propanedi.ac.ine; o PVAm; cross-linked PVAtn, A DC 2,5%, 

o DC 10%, • DC = 20% 

'; 
c: 
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Fig. 3: pH dependenee of catalytic activity. 

• CoPc(NaS0
3

) 
4

/cross-linked PVAm (type B, DC = 4%): 

.._ CoPc(Naso
3

) 
4

11 ,3-propanediamine/OH-; • CoPdNaS0
3

) /OH-
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dependenee of reaetion rate 

In Fig. 3(•) the pH dependenee of the oxidation rate of RSH with 

catalyst type B (homogeneously distributed CoPc(NaS0
3

)
4 

in the cross

linked PVAm matrix) is shown. An optimal reaction rate is observed 

at pH = 7 .5. In the polymer free systems CoPc(NaS03) 4 /1,3 PDA/OH- (*) 

and CoPc(NaS03)4/0H- ( e in Fig. 3) an optimal catalytic activity is 

found at pH= 10. The CoPc(NaS0
3

)
4

/1,3 PDA/OH- system is about 3 times 

as active as the CoPc(NaS03\/0H- system which is in agreement with 

previous findings (10) 

A similar shift in pH optimum as compared with the polymer free 

systems was earlier observed for the CoPc(NaS03) 4/PVAm (DC=O) system 

with an optimal activity at pH= 8 ( 1l). This phenomenon was discussed 

in terms of changes in chain charge .and local substrate concentrations, 

caused by the pH dependent baaicity of the amine groups. 

Aaaessibility of CoPa(NaS03J4 sites and degree of eross-linking of 

the partieles 

As described in the Experimental section, two types of cross-linked 

particles were investigated. Type A was prepared by adding CoPc(NaS0
3

)4 
after cross-linking of PVAm, in contrast with type B, where CoPc(NaS03)4 
was added before cross-linking of PVAm. The apparent catalytic acitivity 

of the sites in both catalyst types, and the effect of the degree of 

cross-linking on the water swellibility and on the activity of catalysts 

A and B was investigated. The results are shown in Fig. 4. System A 

appears to be at least three times more active than system B, measured 

at the same DC. From tbis result it may be inferred that in system A 

most of the large, square planar, rigid CoPc(Naso3)~- moieties are 

attached to the polymer matrix close to the partiele surface while in 

system B the CoPc(S0
3
):- will be homogeneously distributed in the cross

linked particle. This is shown schematically in Fig. 5. The rate 
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fig. 4: Effect of the degree of cross-linking of PVAm. on its 

swellibility (e) and on the ca.talytic activity, v, of 

catalyst type A {c) and B (a). 

TYPE A TV PE 8 

Fig. 5: Schematic representation of a cross-section of cross-linked 

PVAm. A: CoPc(NaS0
3

) 
4 

added aftel' cross-linking; 

B: CoPc(NaS0
3

) 
4 

added bejo?'e cros s-linking. 
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difference between A and B may then be explained by the occurrence of 

a rate limiting intra-partiele diffusion, which should be more pro

nounced in system B than in system A. 

As expected, the degree of swelling increases as the degree of 

cross-linking decreases (see Fig. 4). The water swellibility is very 

high due to the presence of polar, charged groups in the polymerie matrix. 

The catalytic activity fellows curves of similar shape (o for 

system A and • for system B in Fig. 4). This behavier is also indicative 

of a rate limiting matrix diffusion process, although the lower basicity 
I . 

(see Fig. 2) and thus the netwerk charge at higher DC, may also contri-

bute to the rate retardation (l 2) 

Stirring speed and partiale aize 

3 Variatien around the high stirring rate applied (3.10 rpm) caused 

no significant change in reaction rate for both systems A and B. This 

indicates that reaction rate is not limited by mass transfer to or 

from the catalyst particles. The effect of the partiele size of 

catalysts A and B was also measured. TWo partiele sizes, about 60 and 

10 ~ (obtained from scanning electron micrographs), were investigated. 

When using the small particles, no significant change could be observed 

in system A, but for system B the rate increased over 35%, indicating 

that the rate limiting effect of matrix diffusion in system B will be 

larger than in system A, which is consistent with the schematic 

representation in Fig. 5. 

The observed effects of experimental parameters on the reaction rate 

have been summarized in Table 2a. The effects expected when mass transfer, 

intrinsic reactivity, or both intrinsic reactivity and matrix diffusion 

limit rate, are shown in Table 2b (13- 15). It becomes evident that all 

experimental observations indicate that reaction rate is limited by 

both matrix diffusion and intrinsic reactivity. 
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Table 2a: Effect of experimental parameters on reaction rate in cróss-linked PVAm 

catalyst systems. 

stirring speed partiele size degree of cross

linking 

distribution of 

catalytic sites 

independent dependent a) dependent dependent 

a) For catalyst type A this dependency was very small. 

TabJe 2b: Effect of experimental paramete.rs on rate-limiting processes. 

process 

ma ss transfer 

intrinsic reactivity 

matrix diffusion and 
intrins ie n~activity 

Activation energy 

stirring speed partiele size 

dependent dependent 

independent independent 

independent dependent 

degree of cross

linking 

indep~ndent 

uncertain 

dependent 

distribution of 

catalytic sites 

independent 

independent 

dependent 

The importance of intra-partiele diffusion in these cross-linked 

systems may also appear from an analysis of the apparent activatien 

energies. If matrix diffusion is rate limiting, the observed activatien 

"11 b 1 th the t t' t' ( 13- 15). The latter energy w1 e ower an rue ac 1va 1on energy 

will be observed when the intrinsic reaction rate is low as compared 

with the matrix diffusion rate. Table 3 shows the observed activatien 

energies at pH = 8 in the soluble polymerie catalyst system and in the 

cross-linked systems A and B (DC = 4.9%). The Table shows that rate 

limitation by matrix diffusion is more pronounced in system B than in 

system A, suggesting a larger diffusion path in the case of catalyst B. 

These findings support our explanation of the other phenomena observed. 
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Table 3: Apparent activation energy and intra-partiele diffusion index x 

for several cata.lyst systems. a} 

Catalyst support for 

&oluble PVAm 

ca.talyst type A 

catalyst type l\ 

a) At pH 

0 

4.9 

4.9 

...... .. ... 
e 
"' .... 
;; 
!-
~ 
> 

"15! 

8 

5 

4 

40 ± 4 

33 ± 4 

24 ± 2 

0 
0 25 50 75 0 2 

•1·1; ·13 
10 CRSH mol dm 

Fip;. 6a: Effect of Z-mercaptoethanol concentratien (RSH) on reaction rate. 

Fig. 6b: Lineweaver-Burk plot. Data from Fig. 6a .. 
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Thiol aoncentration 

Initia! reaction rates were determined for different initial 

thiol concentrations ranging from 0.04-0.7 M. Fig. 6a shows the results. 

Th M. h 1' M k' . ( 16) b 1' bl e 1c ae 1s- enten 1net1c concept appears to e app 1ca e to 

these data, implying a rate law of the type 

V • [7] 

where E
0 

• the total catalyst concentratien (CoPc(NaS03)
4
), S = the 

initial substrate concentration, k2 = the rate determining reaction 

constant and K is the Michaelis constant. From the Lineweaver~Burk 
m 

plot in Fig. 6b, the apparent .values of k2 and Km have been derived and 

are listed in Table 4, together with the parameters for the soluble 

polymerie catalyst system, found previously (6) • The significantly 

Table 4: Kinetic parameters for soluble and cross-lioked 

Co Pc (Naso
3

) 
4

/PVAm catalysts 

Catalyst support pll 
K k2 m 

for CoPc (Naso
3

) 
4 

----3· ----,-
mole dm s 

catalyst type B 8.0 0.3 ± 0.1 1.2 ± 0.2 

soluble PVAm 7.4 0.09 ± 0.02 28 ± 4 
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larger value of Km as well as the lower value of k2 in the immobilized 

system B may be due to diffusional resistance, causing a lower local 

substrate concentratien in the vicinity of the catalytic sites as 

compared with the soluble polymerie catalyst system. 

SiZiaa anahored poZymeria aataZysts 

From all these observations it may be deduced-that the catalytic 

sites (CoPc (Naso
3

) J, situated at or .nearby the outer surface of the 

cross-linked polymerie particle, are the most effective ones, since 

then reaction rate is hardly limited by matrix diffusion. This ineffective

ness of the catalyst interior prompted us to substitute this inner part 

by an inert substance e.g. silica. 

A silica anchored CoPc(NaS0
3

)4/PVAm catalyst was synthesized and 

characterized (see Experimental) and its activity (see Table .S) was 

Table 5: Initial reaction rate .and pH optimum for several 

catalyst systems. 

Catal yst support 

for CoPc(Naso
3

) 
4 

catalyst type B 
(DC = 4%) 

catalyst type A 
(DC = 2.5%) 

silica anchored 
PVAm 

soluble PYAm 

pH optimum 

10 

7.5 

8 

1>) 

10-2 initia! rate a) 

ml/pm.ol, min 

0.1 

0.3 

.. L6 

2.7 

10.6 

a) -3 
At pH = 8.2; eRS!! = 0.19 mole dm 

b) Not determined 
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found to be even higher than observed for system A, but nevertheless leas 

active than the soluble non~cross-linked polymerie system. Thus, an 

improved accessibility of the catalytic sites lead to an enhanced 

reaction rate as compared to system A, but decelerated it as compared 

with the polymerie catalyst system, due to multi-anchoring of the PVAm 

onto the silanized surface, thus lowering conformational .freedom and 

accessibility or due toa specific effect of the silica surface ( 17 >. 
It seems therefore that a polymerie catalyst anchored by a single link 

on a small rigid inert carrier partiele as shown recently by Verlaan 

et al. ( 1S), will offer an approach to an even more active, immobilized 

polymerie catalyst. 

Concluslons 

- a,a'-dichloro-p-xylene appeared to be an efficient cross-linker of PVAm. 

The reaction proceeds almost quantitatively under the applied conditions. 

- The main effect introduced by cross-linking the very active water 

soluble polymerie catalyst, CoPc(NaS03)4 /PVAm, is the oècurrence of 

a rate limitation by matrix diffusion. At the applied stirring speed 

(3.103 rpm) rate limitation by mass transfer in bulk has notbeen 

observed. Therefore, more active immobilized catalysts of this type 

will only be obtained, when the accessibility to the very active catalytic 

sites is improved, as is the case for a silica anchored macromolecular 

catalyst. 

- As expected, kinetic rese'll!blance .has been found between the soluble 

polymerie catalyst system, CoPc(Naso3) 4 /PVAm, and the insoluble cross

linked polymerie catalyst: e.g. Michaelis-Menten kinetica in thiol 

and. a shift of the optimal pH value from that of the polymer free 

systems. 
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SUMMARY 

This thesis describes an investigation of the rate enhancing 

effect of basic polymers on the oxidation of thiols to disulfides, with 

cobalt(II)phthalocyanine~tetrasodium sulfonate (CoPc(Naso3) 4) as a 

catalyst. A 20-50 fold acceleration of rate was observed when using 

CoPc(Naso3)
4 

bound to basic polymers insteadof bound to monomeric analogs. 

The conversion of 2-mercaptoethanol is governed by three important 

parameters, each largely affecting polymerie catalyst activity: basicity, 

polymer charge density and ionic strength. 

Basic groups are needed to dissociate the weakly acidic thiol 

thus supplying thiol-anions which are generally considered as the 

reactive species (Ch. I). The importance of b~sic groups is also 

reflected by the molecular weight dependenee of catalytic activity 

observed for CoPc(NaS0
3

) 4/poly(vinylamine) catalysts. A low molecular 

weight poly(vinylamine) appears to be more active than a high molecular 

weight poly(vinylamine), which corresponds to the higher basicity of 

the amine groups in the low molecular weight polymers as compared with 

those with higher molecular weights (Ch. IV). 

Catalytic activity appears to increase almast linearly with the 

cationic polymer charge density for copolymers of vinylamine and vinyl

alcohol (Ch. VI) and poly(quaternary ammonium salts) (Ch. VIII). The 

electrastatic attraction between the cationic polymer and the thiol

anions play an important role in the enhancement of the local thiol

anion concentration in the vicinity of the catalytic sites. In addition, 

dehydration of the activated complex may be facilitated, thus enhancing 

reaction rate. 

Reaction rate is considerably diminished by increasing ionic 

strength, which can be explained by the shielding effect of salt on 

the electrastatic field of the macro-ions. For the same reason the 

polymer coil shrinks upon the addition of salt, but analysis of the 
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activation energies does not indicate the occurrence of rate limiting 

diffusion (Ch. II). 

The importance of .basicity, polymer charge density and ionic 

strength is also reflected by a strong rate dependenee on pH (Ch. I 

and II). 

Another polymerie feature responsible for high rates is the 

isolation of CoPc(NaS03) 4 sites by the polymerie coils, thus preventi~g 

the formation of catalytically inactive dimeric adducts. Accordingly, 

a first order rate dependenee on polymer catalyst concentratien was 

found (Ch. III). 

Kinetic investigations show rese~lance between these polymerie 

catalysts and enzymes, viz. Michaelis-Menten kinetics toward thiol 

and oxygen, a bell shaped rate dependenee on pH and high turn-over 

numbers. 

In the conversion of the hydrophobic dodecylmercaptan, not only 

cationic charge, but also hydrapbobic binding sites in the.catalyst 

domain seem to be important since this thiol, in contradistinction 

to 2-mercaptoethanol, can be converted catalytically in cationic 

micelles. Anionic micelles retard the reaction and a nonionic sur

factant acts rather indifferently (Ch. VII). These results have lead 

to the conclusion that future polymerie catalysts suitable for the 

dodecylmercaptan oxidation should not only possess cationic charge 

and basic sites, but also hydrapbobic binding sites. 

The stability of the polymerie thiol oxidation catalysts in 

successive runs is rather poor in the .case of poly(amines), but very 

good when poly(ammonium salts) are used as polymerie ligands. This 

has been attributed to the chemical inertness of the quaternary 

ammonium groups with respect to primary and secondáry amine.groups. 

These amine groups are probably attacked by the disulfides formed in 

the reaction (Ch. VIII). 

The effect of immobilization of the CoPc(NaS0
3

)
4 

on solid ·supports 

of cross-linked poly(vinylamine) was investigated (Ch. IX). Despite 
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the fact that the resins are highly swqllen in water, a rate .limiting 

matrix diffusion occurs. This prqblem is inherent to the high 

intrinsic activity of the present catalysts. Anchorage·to ~ilica 

supports shows a promising enhancement. 
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SAMENVAT~ INO 

In dit proefschrift wordt een onderzoek beschreven naar het snel

heidsverhogende effect van basische polymeren op de oxydatie van 

thiolen in disulfidèn, waarbij kobalt(II)ftalocyanine-tetra-natrium 

sulfanaat (CoPc(Naso
3

)
4

) als katalysator wordt gebruikt. 

Een 20 tot 50 voudige snelheidsteename werd waargenomen.wanneer 

CoPc(Naso
3

)
4 

werd gebruikt dat aan basische polymeren was gebonden 

i.p.v. aan de monomere analogi. 

De omzetting van 2-mercaptoethanol wordt beheerst door .drie be

langrijke parameters, die elk afzonderlijk de polymere katalytische 

activiteit sterk beïnvloeden: basischiteit, ladingsdichtheid op het 

polymeer en ionsterkte. 

Basische groepen zijn nodig om het zwakzure thiol te dissociëren, 

waarbij thiolanionen vrijkomen, welke in het algemeen als de reactieve 

deeltjes beschouwd worden (H. I). Het belang van basische groepen komt 

ook naar voren in de molecuulgewichts~fhankelijkheid van de katalytische 

activiteit van CoPc(NaS03) 4/poly(vinylamine) katalysatoren. Een poly

(vinylamine) met een laag molecuulgewicht blijkt actiever te zijn dan 

een poly(vinylamine) met een hoog molecuulgewicht, wat overeenkomt met 

de hogere basischiteit van de amine groepen in polymeren met een laag 

molecuulgewicht vergeleken met die met hogere molecuulgewichten. 

Bij copolymeren van vinylamine en vinylalcohol (H. VI) en poly

(quaternaire ammoniumzouten) (H. VIII) blijkt de katalytische activiteit 

nagenoeg lineair met de kationische ladingsdichtheid op het polymeer 

toe te nemen. De electrastatische aantrekking tussen het kationische 

polymeer en de thiolanionen speelt een belangrijke rol in de ver

hoging van de lokale thiolanion concentratie in de nabijheid van de 

katalytisch actieve plaatsen. Bovendien.kan dehydratatie van het ge

activeerd complex vergemakkelijkt worden, waardoor ook de reactie 

snelheid verhoogd wordt. 
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De reactiesnelheid wordt aanmerkelijk verlaagd bij toenemende 

ionsterkte, hetgeen verklaard kan worden door het afschermende effect 

van zout op het electrastatische veld van de macroionen. Om dezelfde 

reden krimpt de polymere kluwen door het toevoegen van zout, maar 

een analyse van de activeringsenergie duidt niet op het optreden 

van een snelheidslimitering t.g.v. diffusie. 

Het belang van basischiteit,. ladingsdichtheid en ionsterkte komt 

ook tot uiting in de sterke afha~elijkheid van de reactiesnelheid 

van de pH (H. I en II). 

Een andere functie van het pólymeer is de afscherming van 

CoPc(NaS03)4 door de polymere kluwens, waardoor de vorming van kata

lytisch inactieve dimere adducten wordt voorkomen. Dienovereenkomstig 

werd een eerste orde snelheidsafhankelijkheid van de polymere kata

lysatorconcentratie waargenomen (H. III). 

Het kinetisch gedrag van deze polymere katalysatoren vertoont 

gelijkenis met dat van enzymen, nl. Michaelis-Menten kinetiek jegens 

thiol en zuurstof, een klokvormige snelheidsafhankelijkheid van de 

pH en hoge turn-over nummers. 

Bij de omzetting van het hydrofobe dodecylmercaptaan, lijkt niet 

alleen kationische lading maar ook de aanwezigheid van hydrofobe 

bindingsplaatsen in het katalysator domein van belang want dit thiol 

kan katalytisch omgezet worden in kationische micellen, in tegenstelling 

tot 2-mercaptoethanol. Anionische micellen vertragen de reactie en 

een nonionisch surfactant heeft nagenoeg geen katalytisch effect 

(H. VII). Op grond van deze resultaten kan worden géconcludeerd dat 

toekomstige polymere katalysatoren die geschikt zijn voor de oxidatie 

van dodecylmercaptaan, niet alleen kationische lading en basische 

groepen maar ook hydrofobe bindingsmogelijkheden moeten bezitten. 

De stabiliteit van de polymere thioloxydatiekatalysatoren is 

nogal slecht in het geval .van poly(aminen), maar bijzonder goed indien 

poly(quaternaire ammoniumiouten) worden gebruikt als polymere liganden. 
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Deze waarnemingen zijn toegeschreven aan de chemische inertbeid van 

de quaternaire ammoniumgroepen in vergelijking met primaire en 

secundaire amine groepen. Deze aminegroepen worden vermoedelijk 

door het disulfde, dat tijdens de ,reactie wordt gevormd, aangetast 

(H. VIII). 

Het effect van immobilisatie ,van CoPc(Naso
3

)4 op vaste dragers 

van vernet poly(vinylamine) werd onderzocht (H. IX). 

Ondanks het feit dat het drager-hars sterk gezwollen is in.water, 

treedt een snelheidslimiterende.matrixdiffusie op. Dit,probleem is 

inherent aan de hoge intrinsieke activiteit van de onderhavi3e kata

lysatoren. Verankering aan silicadragers toont een veelbelovende 

verbetering. 
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