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1 , INTRODUCTION

1.1 Catalysis

A catalyst is a compound that accelerates a chemical reaction without
being part of the stoichiometric reaction equation or, in other words, without
affecting the position of the equilibrium of the reaction. Rate enhancement is
achieved by providing an alternative reaction pathway with a lower activation
energy and/or a higher preexponential factor.

Apart from an increase in reaction rate, application of a catalyst may
also lead to a change in selectivity, i.e. certain products will be formed in
larger relative amounts than via the uncatalyzed process.

Due to both these kinetic and selectivity effects, it is not surprising
that catalysts are widely applied in modern industrial chemistry. Nowadays,
it is estimated that about 80 - 90% of all chemicals are produced by one or
more catalytic steps.

Conventionally, catalysts are divided in two categories: homogeneous and
heterogeneous systems. In homogeneous catalysis, catalyst and reactants are
in the same (usually liquid) phase. The catalyst is then readily accessible
to the substrates and, in general, high activities can be obtained. A dis-
advantage of these systems is, that separation of the catalyst from the
reaction mixture is rather laborious and application in a continuous process
difficult, for which reason homogeneous catalysis has only played a minor role
in industry up to around 19701, However, today the importance of these well-
defined, highly active and selective systems is recognized, especially in the
synthesis of fine-chemicals?.

Heterogeneous catalysts are usually solids that catalyze reactions
occurring in either the gaseous or the liquid phase, These catalysts are often

heterogenized homogeneous catalysts, i.e. homogeneous catalysts attached to



(inert) supports, Unfortunately, upon heterogenization, generally part of the
catalytic activity is lost, due to rate limitation because of slow transport
of reactants to the catalyst particle surface. Therefore, extensive research

is being carried out attempting to overcome this problem.
1.2 Polymers in catalysis

A possible solution to the above-mentioned mass transport problem in
heterogeneous catalysis is offered by polymers: the catalytic compound may be
bound to a polymer soluble in the reaction medium, which is then coupled to
an insoluble support by way of single-link anchoring. In this way, the polymer
chain acts as a spacer between the support particle surface and the catalytic
site, so that transport of reactants from liquid to solid phase is no longer
necessary. Interesting research in this field has been carried out by e.g. Van
de Berg et al.?’), Ford et al.¥) and Van Streun et al.%.

However, the interest in polymers in catalysis is much wider. It appears
that polymers usually do not just behave as inert carriers but can exert
certain positive effects on catalytic activity and selectivity as well,

These polymer catalytic effects comprise concentratioxial (1), structural
(2) and geometric effects (3) as a result of interactions with both the catalyst
and the substrate(s). Effects on activity are primarily due to enhancement of
substrate concentration within the (catalyst containing) polymer coil domains
by e.g. electrostatic or hydrophobic interactions® (1). Furthermore, the form
in which the catalyst is stabilized by the polymer (catalyst structure (2))
may be of influence on activity: in the case of "site isolation", deactivating

7:8) is prevented,

interaction between catalytic sites like e.g. dimerization
while on the other hand it is also possible that the polymer enhances certain
(desired) site-site interactions, as was found by Koning et al. for the
polymer-catalyzed oxidative coupling of 2,6~dimethylphenolg}.

In determining the selectivity, the catalyst structure (2) is also an
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important factor'®). In addition, geometry (3) may play a dominant role. For
instance, it can be easily understood that selectivity may be affected by e.g.
steric hindrance due to bulky side-groups on the polymer chains or by a
stereospecific arrangement of polymer ligand groups”).

In general, it can be stated that polymers thus offer a wide range of
possibilities to create optimum conditions for catalytic reactions. They are
especially interesting because various functional groups may be combined
within the polymer chains, leading to "tailor-made” catalyst systems and even
allowing the mimicking of the structure and reactivity of enzymesm).

Therefore, extensive research in the field of polymer catalysis is desired,
in particular fundamental work, aimed at identifying and describing all types
of polymer effects on catalytic processes. Elucidation of the mechanisms of
polymer-promoted reactions, by means of kinetic and structural investigations,

will be of help in systematically designing better catalyst systems.
1.3 Scope of this thesis: choice of model system

The work described in this thesis aims to contribute to the world-wide
attempts to study and further understand the catalytic effects exerted by
polymers. The (fundamental) research work comprises spectroscopic and kinetic
measurements, in order to obtain a detailed mechanistic description of a
polymer-promoted model reaction. As a model reaction, the catalytic
autoxidation of thiols (eq. 1) was chosen. For several reasons, this is a very

interesting and suitable process.

cat.
4RSH + Oy ----> 2RSSR + 2 H;O (1)

In the first place, thiol autoxidation is a process of industrial

importance, since it is a necessary step in oil sweeteningw’“). Thiols are



present in hydrocarbon distillates and natural gases and can thus lead to
poisoning of metal catalysts, corrosion of apparatus and, after combustion,
environmental contamination. Therefore, thiols are oxidized into the
corresponding, less harmful disulfides (that can be easily extracted), via the
so-called Merox process {(mercaptan oxidation), using sulphonato-phthalo-
cyaninato-Co(II) complexes supported on activated carbon as catalysts'®1%),
Besides in industry, the oxidative coupling of thiols is also important

17,18) The sulfhydrylgroup is one of the chemically most

in biological systems
active groups in living cells, especially toward oxidation reactions. On the
other hand, the relatively stable disulfide linkages are important structure
eclements in proteins. This explains the wide interest in e.g. the oxidation of
cysteine, glutathione and other thiols catalyzed by vitamin B;, derivatives'®2?),
Autoxidation of thiols can be catalyzed by a large variety of

15‘16'21’25), including simple inorganic salts like CuCIzz“) and

compounds
complex molecules like bis[dimercaptomaleonitrilato(2-)]cobaltate(2-)?%). The
catalytically most active compounds appear to be four-coordinated cobalt
species, viz. vitamin B;, derivatives and phthalocyanineszz'“).

Since tetrasulphonato-phthalocyaninato-Co(Il) (abbrev.: CoPc(NaSO3)y) is
used industrially, this system has been investigated most elaborately. The
large amount of mechanistic information available on this conventional (i.e.
polymer-free) system formed the basis of the polymer catalytic research

described in this thesis.
1.4 Outline of thesis

After the above-given general introduction into the field of polymer
catalysis and the argumented choice of the model reaction, the next chapters
will be concerned with the catalytic autoxidation of thiols and, especially,
with the effects that polymers can exert on this process.

In chapter 2, an overview of the most important mechanistic information



about the polymer-free reaction is given, as well as a summary of the
previously obtained results on polymer-promoted systems.

Chapter 3 contains all information on experimental methods used in the
investigations described here.

In chapters 4 and 5 spectroscopic investigations are described, revealing
the interactions between catalyst and polymer promotor (ch. 4) and the effects
of substrates on the structure of the polymer catalyst system (ch. 5).

Chapters 6 and 7 deal with the kinetics of the catalytic thiol oxidation
reaction in the presence of polymer promotors. In chapter 6 a general kinetic
model is discussed, whereas chapter 7 contains more detailed information about
the effects of reaction conditions on kinetic parameters, These are combined
into a proposed reaction mechanism.

A study of the polymer~promoted oxidation of hydrophobic thiols is
presented in chapter 8.

Finally, all obtained results are placed in context in the general

discussion of chapter 9.

Parts of this thesis have already been published or will be published soon:
- parts of chapters 4 and 5 have been published in refs.26-28)

- chapter 6 contains major parts of the articie of ref .29 (section 6.2) and
the submitted paper of ref.3%) (section 6.3) and a minor part of ref.>!)
(section 6.2.3, stopped-flow)

- chapters 7 and 8 have been submitted for publication?’z’ss).

The co-authors A.H.J. Tullemans, H. Kramer and T.G.L. Thijssen have had a

major part in the performance of the kinetic experiments of chapters 6 and 7.



2 LITERATURE SURVEY ON THE COBALT PHTHALOCYANINE-
CATALYZED AUTOXIDATION OF THIOLS

2.1 Mechanism of the polymer-free process

The oxidation of thiols as catalyzed by CoPc(NaSQOg), has been studied
by several research groups, both via spectroscopic and kinetic measurements.

Kundo and Keier®¥ were the first to postulate a reaction mechanism of
the process. Since they spectrophotometrically established, that the addition
of cysteine to the catalyst (in the absence of dioxygen) leads to the same
spectral change as the addition of one equivalent of the reductor TiCls, they
proposed that thiol oxidation proceeds by alternating electron transfer from
thiol to the Co(II) species, generating thiyl radicals and Co(l), and
subsequent reoxidation of the catalyst by dioxygen (scheme 2.1).

RSH =2 RS + HY
Co(II) + RS™ —> Co(I) + RS' (slow)
4 Co(I) + O3 + 4 H' —> 4 Co(Il) + 2 H,O (fast) (scheme 2.1)
RS + RS —> RSSR

The superior catalytic activity of CoPc{NaSQj3)4 as compared with other
transition metal phthalocyanines and other substituted cobalt phthalocyanines®®
was explained from the relative ease of reduction of the CoPc(NaSQOg)4 complex,
Furthermore, it was shown that stabilization of the Co(IlI) state (e.g. by
KCN®® or ammonias“)) increased reduction time and simultaneously lowered
- the catalytic activity.

The model of Kundo and Keier was confirmed by Cookson et al.xe), who
studied cysteine oxidation by means of EPR spectroscopy. During reaction,

they observed the disappearance of the Co(Il) signal, which was ascribed to



reduction of the cobalt complex. It must be noted, that these experiments were
carried out in frozen solutions (- 140 °C), presumably leading to dioxygen
depletion. Therefore, the conclusion of [Co(I)Pc(NaSOgz)4]” being present under
reaction conditions is rather ambiguous.

Dolansky et al.37), who investigated the kinetics of the oxidation of
cysteine, rejected the above-mentioned reaction mechanism. An important
objection of these authors against scheme 2.1 concerned the proposed
liberation of thiyl radicals in the absence of dioxygen. Since the production
of cystine under anaerobic conditions could not be demonstrated, the
occurrence of free thiyl radicals was thought to be improbable. Nevertheless,
the occurrence of (unidentified) radicals has been proven by measuring the
effects of addition of radical scavengers to the reaction mixture?®3%),

Furthermore, Dolansky et al. argued that the assumption of Co(Il)
reduction by cysteine being the rate-determining step, is not compatible with
the linear dependence of initial rate on [Os] they observed. Since in an
earlier study, Wagnerova et al.*®) had shown that CoPc(NaSO3), has the ability
to form a stable adduct with dioxygen, and since it had been concluded®?) that
‘catalytic activity in oxidation reactions is only exhibited by metal complexes
possessing such ability, an alternative mechanism was postulated, involving
the formation of a ternary complex of the form: R§™- Co - O,. The electron
transfer leading to substrate oxidation was assumed to occur within this
complex without the valency of the cobalt centre being altered.

A similar ternary complex (however, with variable Co valency42}) was

Ks
Co + Cys <"2 Co(Cys)
Ko
Co + Oy = Co(0s) (scheme 2.2)
aKo ke
Co(Cys) + O <= Co(Cys)Oy) —> Co + products



proposed by Koziyak et al., based on spectrophotometric“z) and, especially,
kinetic®®) studies. A mechanism of the form of scheme 2.2 was proposed, in
agreement with observed two-substrate Michaelis-Menten kinetics, described by
eq. 2.1. '

vg = 0k KgK o[Colo[Cys][03]/(1 + Kg[Cys] + Ko[Oz] + aKoKs[Cys][Oz]) (2.1)

Reaction kinetics according to scheme 2.1 do not satisfy this rate law.
Two-substrate Michaelis-Menten kinetics was also reported by Hoffmann et
al.* for the catalytic oxidation of H,S. This research group paid much

38:44) which were described in

attention to pH-effects on thiol oxidation rate
terms of thiol and pyrrole nitrogen dissociation constants. They confirmed the
findings of others that the thiolate anion is the reactive species.

Finally, an elaborate study of the CoPc(NaSQg)4 catalyzed oxidation of 2-
mercaptoethanol and cysteine was performed by Zwart*®), He combined kinetic
and spectroscopic measurements, including steady-state spectral measurements.
After carefully elucidating the origin of the obtained spectra by comparison
with spectra of electrochemically generated catalyst species, it was concluded
that the reaction mechanism of the thiol oxidation process consists of two
parallel reaction paths (scheme 2.3), both involving ternary intermediate
adducts. The reductive cycle, in which the cobalt(II) centre is first reduced
to Co(I) before dioxygen addition takes place, proceeds at a high rate, as was
clearly demonstrated from the rate increase upon prereduction of the catalyst.
On the other hand, the oxidative cycle, where dioxygen is directly bound to
the unreduced RS - Co complex, slows down the reaction, because via this cycle
the relatively stable p~peroxo complex (RS- Co(III) - 032' - Co(Ill) - RS")
is formed, inactivating part of the catalyst. Occurrence of this complex
formation was even shown to cause a negative kinetic order in dioxygen. Such
kinetic behaviour was not found by other authors since they studied only

limited dioxygen concentration ranges.



scheme 2.3: , c oI! OH : 02 HO-C 6‘5 OZ-C &'CH
(14

(| Rs™
. o S - WO -
RS-Co —G RS™-Co ) RS-Co-0y
@ioz- (13) :
RS-C0-0; —— (10| co —sR
(4>l Hy0 ‘
RS-Co-G,H RS-C0-0,-Co - SR
_  REDUCTIVE | | OXIDATIVE
(5)1 g REDUCTI 2H,0
CYCLE CYCLE .
RS~ Co-OpH N\,
RS 4OH
Bl RS .m
RSSR‘/ RS-Co
RS Co-GpH )
DIES
)
3 _ - \'n
RS- C4-OH —2 R’E:/ RS-C3
N\ RS
HO, RSSR

2.2 Effects of polymers

Polymeric effects on the catalytic oxidation of thiols have been studied

45-47) (using polymers that are soluble

by several authors, both homogeneously
in the reaction medium) and heterogeneously4’5’45'49}. Although, in general,
the heterogeneous systems were, interestingly, found to exhibit higher
activities than the polymer-free catalyst (by a factor of approx. 3 - 10),
homogeneous systems have been investigated more elaborately. The latter

systems not only have still higher activities, but also offer the possibility



of studying the intrinsic polymeric effects, without the measurements being
complicated by inhomogeneities or mass transport problems.

45,50) and Schutten"e'sj‘*sz)

Zwart , who did important work in this field,
predominantly investigated the catalytic role of polyvinylamine, PVYAm, which
was chosen because of its bifunctionality: it contains basic groups to give

the necessary thiol dissociation (since RS~ is the reactive species) as well

as binding sites for the cobalt phthalocyanine complex. The complex could be
bound to the polymer either covalently, by peptide linkage of a tetracarboxy
phthalocyanine derivative to the amine groups, or coordinatively, by
complexation of amine groups to the axial position of the cobalt. Both types
of catalysts led to similarly high activities, up to 50 times the value

observed for polymer-free CoPc(NaSQaz),.

The large rate enhancements achieved, were ascribed to two effects: (1)
increase of the local thiolate anion concentration, i.e. [RS"] within the
polymer coil domains in the vicinity of the catalyst, due to the presence of
basic groups and (2) suppression of formation of the inactive p-peroxo
catalyst complex, which could be demonstrated spectrophotometricallysz).
Prevention of u-peroxo complexation was thought to be the result of isolation
of monomeric CoPc(NaSQjg)y by the polymer chains ("site isolation").

39,47,53,54,55) Louooed

Further research~-work, carried out by Brouwer
the importance of a high cationic charge density of the polymer. A series of
copolymers of vinylamine and vinylalcohol was found to show a linear
dependence of reaction rate on the linear charge densityss), as depicted in
Fig. 2.1. Analogous results were obtained when using poly{quaternary
ammonium)saltss‘*) (the so-called ionenes). From these results, it was
concluded that electrostatic interaction plays an important role in increasing
the catalyst activity by increasing the local thiolate anion concentration,

The experiments with ionenes made clear that electrostatic interaction is
sufficient to "bind” the catalyst complex (no binding sites are available) and
that the presence of basic groups, like -NH,, is not a prerequisite for

10
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Fig. 2.1 Reaction rate versus the mole fraction of positively charged
monomeric units in copolymers of vinylamine and vinylalcohol (taken
from ref.ss)).

efficient thiol oxidation.

The charge density effect also provided an explanation for the observed
variations of reaction rate with ionic strength (Fig. 2.2) and pH (Fig.
2.3)54). Upon increasing the ionic strength of the catalyst solution, reaction
rate decreased drastically. This can be easily understood as the result of
competition between thiolate and other anions for interaction with the
polycation. The same phenomenon may cause {part of) the rate decrease at high
pH found for ionenes, since, in studying the pH-dependence, the ionic strength
was not kept constant. In the case of PVAmss), however, the decrease of
activity above pH 8§ - 9 was too high to be explained on the basis of ionic
strength only. Here, the reaction rate is further lowered due to deprotonation
of the amine groups of the polymer, leading to very low (ultimately zero)
charge density. Thus, although at high pH the thiolate anion concentration
in the bulk of the solution is high, it is relatively low within the polymer
domains.

Because of the pH-dependent behaviour of PYAm, ionenes are preferred in
studying polymeric effects in catalysis, since these polymers carry a
permanent, pH-independent cationic charge. Furthermore, ionenes have the

advantage of simple synthesis, where the linear charge density can be fully

11
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Fig. 2.2 Reaction rate as a function of ionic strength (NaCl) in the
CoPc{NaS03);/PVAm system (from ref.39)).

Fig. 2.3 Dependence of catalytic activity on pH fer PVAm (@) and 2,4-ionene
{---3 (taken from ref.sa)}.

controlled (see section 3.1), and of being chemically inert with respect to

various reagents. Therefore, the stability of ionene systems in successive

54) that is probably decomposed by

catalytic runs was much better than of PVAm
the catalytically produced disulfide.

The investigations presented in this thesis have been performed with
ionene systems. Effects of e.g. pH and polymer charge density were now studied
keeping the ionic strength constant. In order to allow the investigations of
pH-effects up to pH = 13, an ionic strength of 0.1 mol dm™ was chosen,
although the activity at this value is much lower than at zero ionic strength

(Fig. 2.2).

12



3 - EXPERIMENTAL PART

3.1 Materials

3.1.1 x.y-Tonenes
2,4-Tonene (1a) was synthesized according to Rembaum et aLSG), in

mixtures of equivolumes of dimethylformamide and methanol, containing
stoichiometric amounts of N,N,N',N’-tetramethylethylenediamine (TMEDA) and
1,4-dibromo-butane (1.5 mol dm'3). The solution was kept at room temperature
for at least one week without stirring, The polymer was precipitated in
acetone, filtered and purified by washing with acetone. The product was dried
under vacuum (15 mm Hg) at 50 °C for ca. 12 hours.

To be able to determine molecular mass, the ionene chains were terminated
with amine groups by reaction with an excess of amine (0.25 g¢ TMEDA per gram

of product) in water for another 8 hours. The N-terminated ionene was washed
g
[-N*= (CH2 x—wl*— (CH2) y=1n (Br) an
|
R R

name R X y
la 2,4-ionene CH3 2. 4
1b  2,6-ionene CHz 2 6
Ic  2,8-ionene CHz 2 8
1d 2,10-ionene  cH3 2 1w
le 2,12-ionene  Ciz 2 12
If  6,4-ionene CHg 6 4
1g 6,6-ionene CHz 6 6
1h  2,xyt-ionene CHz 2 CH--CHp instead of (CH)y
1i  6,2uFionene  Chg 6 CHp-CH(CONHZ) instead of {CHp)y
1j  3,3cip-ionene Cyplips 3 3

13



with acetone and dried at 50 °C under vacuum. M, was then determined by
titration of the amine endgroups with hydrochloric acid.

The 2,y-ionenes 1b, ¢, d and e were synthesized analogously, using the
starting materials TMEDA and 1,y-dibromo-y-alkane. The ionenes 1f and g were
prepared in a similar way, using the starting materials N,N,N’,N’-tetramethyl-
1,6-hexanediamine (TMHDA) and 1,4-dibromobutane for 1f and TMHDA and 1,6~
dibromohexane for 1g.

C,H,N-analyses revealed the products were > 95% pure. Since the ionenes
are very hygroscopic, they will have contained small amounts of water.

The M, -values obtained were: 9200 for 1b, 10* for 1c, 5600 for 1d, 6200
for 1f and 1.3 10* for 1g. Since the 2,12-ionene (1¢) could not be isolated
after the N-termination procedure, M, could not be determined in this case.

The effect of this ionene was therefore studied only qualitatively.

The molecular mass of the 2,4-ionene (1a) was varied either by limiting
the polymerization time (down to 6 hours) or by non-stoichiometric combination
of the reagents. Products were obtained having M,-values of 1800, 2200, 3400,
6100, 6300, 7300, 8600, 13000, 16000 and 22000.

3.1.2 Other ionenes

2,xyl-lonene (1h) was prepared analogously to the x,y-ionenes, using
TMEDA and a,o’-dichloro-p-xylene as starting materials. M,, was determined to
be 5300 by titration with hydrochloric acid (vide supra).

6,2N@-lonene (1i) was also prepared analogously, using TMHDA and 2,3-
dibromo~N-phenyl-propionamide (see section 3.1.3) as starting materials. Since
the overall yield (including monomer synthesis) was very low (18 %), the
product was only studied qualitatively and M,, was not determined.

3,3C;-Ionene (1j) was synthesized according the the method described in
ref 57, M, was determined to be 10* by viscometric measurements.

Oleyl-ionene (2) was kindly provided by K.H. van Streun (Eindhoven
University of Technology) and was synthesized as follows: 3.65 g dimethyl~

14



%HB
CHs= (CH2) 7—=CH=CH- (CH2) g— [Il\l*—- (CH2) 3-J nXn
CHs

2 oleyl-ionene (X = Br or 1)

aminopropyl-chloride (isolated from its hydrochloric salt, according to the
method of Yen et al.ss)) and 0.69 g oleyliodide (see section 3.1.4) were
refluxed for 48 hours in 5 ml water under nitrogen atmosphere. The iodide
dissolved rapidly after the polymerization had started and a viscous reaction
mixture resulted. After freeze~-drying and washing the product with acetone,

the yield was found to be quantitative.

3.1.3 2.3-Dibromo-N-phenyl-propionamide

The monomer 2,3-dibromo-N-phenyl-propionamide was prepared from 2,3~
dibromopropionic acid via a two-step process.

10.00 g Of 2,3-dibromopropionic acid (Br-CHy-CH(COOH)-Br) was reacted
with 10 g of PCl; in 30 ml benzene at 0 °C under continuous stirring for 4
hours. Benzene was evaporated from the mixture under vacuum at 40 °C. The
product, 2,3-dibromopropionic acidchloride (Br-CH,-CH(COQCI)-Br), was
purified by vacuum distillation (48 °C, 3 Torr), resulting In a transparent
liquid (yield 67 %).

To a solution of 7.2 g of the product in ether, 2.9 g freshly distilled
aniline was added dropwise, keeping the temperature at 0 °C, Excess of
triethylamine (3.1 g) was added in order to bind the HCI formed. The resulting
precipitate was washed with water and dried under vacuum (40 °C).

The rough product (Br-CH,-CH(CONH@)-Br) was then further purified,
by dissolving in dichloromethane and extraction with base and acid solutions.

After washing with water, the solution was dried over MgS8Oy and the product
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was crystallized by slowly evaporating the solvent. A crystalline, white
material was obtained (yield 53 %), with melting point 142-144 °C.

3.1.4 Qlevliodide

The monomer oleyliodide was prepared from oleylalcohol via a two-step
process.

First, 5.0 g distilled oleylalcohol (CH3-(CHy)7-CH=CH-(CH,);-CH,OH)
and 3.91 g tosylchloride were dissolved in 50 ml pyridine and stored overnight
at 4 °C. A precipitate was formed during reaction. The reaction mixture was
poured into ice and extracted several times with dichloromethane. The combined
organic fractions were washed with 5% HCI, followed by washing with water.
After drying over MgSQ,, the solvent was removed under reduced pressure. The
vield of oleyltosylate (CH3-(CHgz);-CH=CH-(CHj)7-CH3080,-CgH4-CHj3) was nearly
quantitative. 'TH-NMR showed the absence of the starting material oleylalcohol.

In the second step, 5.5 g of the unpurified oleyltosylate was dissolved
in 75 ml acetone together with 2.1 g Nal and refluxed under nitrogen .
atmosphere for three hours, during which a precipitate was formed. After
filtration and evaporation of acetone a yellow oil remained (yield approx.
95%]). !H-NMR showed the absence of the tosylate group. The quality of the
oleyliodide (CH3-(CHy)r~-CH=CH-(CH,);-CH,l) was found to be satisfactory for

synthesis of the oleyl-ionene.

3.1.5 Other materials

MtPc(NaSOg)4 (3), with Mt = Co, Cu, Fe, Mn and VO, were kindly provided
by Dr. T.P.M. Beelen and were synthesized according to an adaptation by Zwart
et al.*®) of the method described by Weber and Busch®®).

The thiols 2-mercaptoethanol, mercaptoacetic acid, aminoethanethiol and
1-dodecanethiol (all purchased from Fluka) were (vacuum) distilled prior to
use, stored in the dark and were kept under nitrogen atmosphere in sealed

ampoules.
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All other materials used were of analytical purity and were used without

further purification. During all experiments doubly distilled water was used.
3.2 Apparatus and techniques

3.2.1 Visible light spectroscopy

Spectroscopic measurements were performed with a Hewlett Packard 8451A
Diode Array Spectrophotometer, equipped with a high intensity deuterium lamp;
1.000 cm quartz cuvettes were used, thermostatted at 25.0 + 0.5 °C unless
otherwise stated.

Whenever it was necessary, the measured phthalocyanine absorbances were
corrected for absorption by ionenes.

From the absorbance values, apparent absorptivities (€,°PP) were

calculated according to
€,*PP = absorbance at X nm/[Co] 3.1)
with [Co} in mol dm™3,
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3.2.2 Turbidimetry
The turbidity r was obtained from visible light absorption measurements

at 25.0 £ 0.5 °C, using the relationship:
7 = (log Ip/I)/b (3.2)

where Ig, I = intensity of incident and transmitted light, respectively, and

b = optical path length in cm,
Measurements were carried out at a wavelength of 800 nm. In the case of the
CoPc(NaSO3)s/ionene and the congo red/ionene systems, the values were

corrected for minor dye absorbance at 8§00 nm.

3.2.3 Viscometry ;

Measurements were carried out at 25.00 + 0.05 °C in a Ubbelohde
viscometer. The solutions were filtered before use. All values reported were
obtained by averaging the results of at least four repetitive measurements.

Apparent reduced viscosities (f,.q) are presented, as defined by equation
(3.3

Nred = (1 = MY/7 3.3)

with n = viscosity of solution, ;= viscosity of 1072 mol N* dm™® ionene
solution and ¢;= ionene concentration of the solution (= 10~ mol N*
dm™).

3.24 EPR
EPR measurements were performed at liquid nitrogen temperature on a
Varian E-15 EPR-spectrometer with E-101 microwave bridge (X-band).
Samples were freed from dioxygen by degassing on a vacuum line (freeze-

pump-thaw method). Concentrations of CoPc(NaSOz), were in the range of 2
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107* to 5 107 mol dm™3, of ionene around 0.1 mol N* dm™3.

3.2.5 Surface tension
In order to study the soap-like character of 2,10-ionene, surface tension

was measured as a function of ionene concentration, using a Kriiss Tensiometer
K10T. The apparatus was thermostatted at 20.0 * 0.1 °C, and equilibration
times of at least 24 hours were allowed.

3.2.6 Catalvytic activity measurements

Thiol oxidations were carried out in an all-glass double-walled Warburg
apparatus, equipped with a powerful mechanical glass stirrer and thermostatted
at 25.0 £ 0.5 °C. The total pressure was maintained at 0.1 MPa. The reaction
volume was always 0.1 dm®, The stirring speed was 2600 rpm (at which no
diffusion limitation occurs for the catalytic system under study, see chapter
8) unless stated otherwise, Reaction rate was measured by monitoring the
dioxygen uptake rate with a digital mass flow controller (Inacom, Veenendaal),
keeping the pressure (and thus the dioxygen concentration in the solution)
constant. Mass flow controllers with capacities of 10 (only for slow reaétions,

. especially with 2,10-ionene, section 5.3), 25 and 50 ml Oy/min were used.
During reaction, the pH was measured with a pHM 62 pH meter equipped with
a GK 2401B pH electrode (Radiometer, Copenhagen).

The polymer catalyst was prepared by mixing solutions of the appropriate
amounts of ionene and CoPc(NaSOg)4. The cobalt concentration was varied
between 1 1077 and 5 10°® mol dm™ in such a way that the dioxygen uptake
rate was kept within measuring range. To obtain the desired pH, either a few
drops of concentrated NaOH solution were added {section 5.3, chapter 8) or a
buffer was applied (chapters 6 and 7).

The following buffer compounds were used: TRIS (tris(hydroxymethyl)-
aminomethane, pH 7.9 - 8.85), sodiumtetraborate (pH 9.5), carbonate (pH 10.5),
phosphate (pH 11.5 and 12.3) and hydroxide (pH 13). The ionic strength of all
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buffers was 0.1 mol dm'a, achieved by dissolving the appropriate amounts of
buffer components. No other salts were added, in order to obtain maximum
buffer capacities. For the buffers of pH 10.5 and 11.5, buffer capacities were
still found to be insufficient. Therefore, the results presented for these pH-
values are somewhat less reliable.

The CoPc(INaSQOg)4/ionene mixture was degassed twice. The vessel was
filled with nitrogen gas between evacuations. When the desired dioxygen
partial pressure was lower than atmospheric, a dioxygen-nitrogen gas mixture
was supplied to a total pressure of 0.1 MPa. The solution was saturated with
the gas mixture for 5 minutes while stirring vigorously, Unless stated
otherwise, dioxygen pressure was kept at (0.1 MPa.

In the case of 2-mercaptoethanol oxidations, reactions were started by
the addition of the thiol (by means of a syringe) to the dioxygen-saturated
catalyst mixture (containing ionene, cobalt complex and NaOH or buffer).
When using 1-dodecanethiol as a substrate, it appeared to be more suitable to
start reactions by injection of a concentrated CoPc{NaSQ3), solution into the
reactor containing an dioxygen~saturated mixture of ionene, thiol and NaOH
(see chapter 8).

The addition of either thiol or catalyst solution to the closed reaction
vessel, leads to an increase in gas pressure. Therefore, detection of dioxygen
consumption can only start after a volume of dioxygen is consumed that
equals the injected volume of liquid. Thus, only apparent initial reaction
rates could be obtained, from the maximum observed uptake rates. Corrections
were made for the (minor) amounts of thiol converted at t = t,,,, (see Fig.
3.1). Since at these low conversions the amounts of accumulated H,O, were
still negligible, no corrections were made for the formation of this by- '
product and the stoichiometry of the reaction was taken to be 4:1 (RSH : O,).
Rates were expressed in mol converted thiol per second per mol Co, because
previously®®, first order kinetics in Co had been demonstrated.

Prior to a subsequent experiment, the reactor was washed with water
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Fig. 3.1 Schematic representation of dioxygen uptake rate curves;

experimentat (__) and theoretical (---) curves (see text).

containing a soap solution {Hellma, Baden) while stirring for 5-10 minutes. In
this way, catalyst components adsorbed to the glass wall of the vessel were

dissolved and could be washed out.

3.2.7 Kinetic measurements of the reaction of HyQ, + RSH

The kinetics of the conversion of thiol by hydrogen peroxide was
determined by investigating the absorbance increase at 280 nm with time (due
to disulfide formation) in dependence of thiol and hydrogen peroxide
concentrations.

A Reactions were carried out under nitrogen atmosphere at pH 8, 8.3, 8.85

and 9, using TRIS-buffers with an ionic strength of 0.} mol dm™3.

3.2.8 H,0,-accumulation measurements

A During several catalytic oxidation experiments, H,0, accumulation was
determined as a function of time. Samples of 0.5 ml were taken from the
reaction vessel by means of a syringe that contained 0.5 ml HCI (3 mol dm™3)
in order to quench further reactions (see section 6.2). The Hy0, content of

the samples was measured spectrophotometrically using TiClg-H30, as
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reagentso).
H,0; contents of reaction mixtures after complete thiol conversion were
determined either by the spectrophotometric method or by iodometric titration

(both methods were in good agreement).

3.2.9 Stopped-flow measurements
The stopped-flow measurements were carried out according to the method

reported by Balt and Meuldijk®). The author is indebted to Prof. dr. S. Balt
for providing the opportunity to use the stopped-flow apparatus.

3.3 Calculation methods

3.3.1 Calculation of dioxvgen and thiolate anion concentrations
Concentrations of dissolved dioxygen were calculated according to Henry’s

law from the partial pressure of dioxygen, in combination with the solubility
of dioxygen in 0.125 mol dm™® NaCI®¥ (0.0011 mol dm™3 at 1 atm. Oy).
Thiolate anion concentrations were calculated from thiol concentrations,
applied pH and thiol-pK, values at 0.1 mol dm™ ionic strength. These pK,
values were obtained from the pK, at zero ionic strengthes) and the Debije-~
Hiickel equation“) and were found to be: 8.2 for aminoethanethiol, 9.3 for 2~
mercaptoethanol, 10.2 for mercaptoacetic acid (SH-group) and 8.2 for cysteine

{SH-group).

3.3.2 Kinetics of the reaction of H,O, + RSH

The obtained absorbance versus time curves were analyzed by means of the
computer program FORK (First Order Reaction Kinetics), a modified version of
the non-linear least squares program LSG of Detar®®),

When an (at least 10-fold) excess of thiol was used, the order in
hydrogen peroxide could be determined. Its value appeared to be equal to 1,
the data fitting very well the equation
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- d[H30,)/dt = K’ [H30,] (3.4)

Using various excess concentrations of RS, a set of k’~values was obtained,

vielding the actual rate constant k according to
k’ = k [R§7] (3.5)
Analogously, k was determined by using various excess concentrations of H30s.

3.3.3 Simulation procedure
H;O3-accumulation curves and oxygen uptake rate profiles were calculated

numerically on the basis of equations (3.6) to (3.8), derived from scheme 6.2:

d[H304)/dt = v¢ - vq (3.6)
d[RSH}/dt = -2(v¢ + vg) (3.7)
d[O,]/dt = -vq (3.8)

where vg and vy are calculated according to equations (6.2) and (6.6) (see
sections 6.2 and 6.3). Numeric integration was carried out over time steps of
typically 2 s (< 2.5 % of total reaction time).

3.3.4 Fit procedure (determination of 2-substrate Michaelis-Menten parameters)
Initial rates in dependence of [RS™]p and [O4] were fitted to eq. 3.9,

using a non-linear least squares procedure, where Z((Veale - Vmeas)/vmeas)z

was minimized (for explanation of variables: see section 6.2). For each set of

data, matrices of v, as a function of kinetic parameters were calculated,

Cl[CO]tot
v = d[P]/dt = = mm e (3.9)
1+ Cy/[Sp] + Ca/[5;] + CoCy/[5:1S]
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the values of C, to C4 being varied over a wide range.

With the knowledge on Hy0, accumulation, discussed in section 6.2, it was
possible to analyze complete dioxygen uptake rate curves kinetically, deriving
pairs of [RS'}; and uptake rate at time t (see Fig. 3.1), where [RS"]; was
corrected for the amount of accumulated HyO4. In order to test the reliability
of this method, the effect of small variations in [H30,}; {(and thus [RS7},)
was studied. It appeared that, as a result of this, only k; was largely
affected (see chapter 7).

In general, relative errors in the calculated kinetic parameters were: k;

+ 40 %; k_;, k,™" and K,™" 30 %; ks + 10 %.
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4 EFFECTS OF IONENES ON THE SOLUTION STRUCTURE OF
CoPc(NaS03),

4.1 Polyelectrolyte-type ionenes

4.1.1 Salt/polysalt effects

It is well known that CoP¢(INaSQj3), in neutral aqueous solution exhibits
two absorption maxima in the visible region, due to partial dimerisation®®-¢8)

according to
2MEZD (4.1)

with dimerisation constant Kp = [D)/[M[°.

The dimeric complex D, presumébly formed by overlap of the extended x-
electron systems, shows a maximum at 628 nm, whereas the monomer M has its
maximum at 662 nm. Formation of dioxygen-bridged dimers®® {(Amax = 674 nm)
does not occur under these conditions, unless the pH of the solution is raised.

Upon addition of simple salts, like KCl, the absorptivity at 628 nm
increases®®). This means Ky is increased, probably as a result of partial
neutralisation (shielding effect) of the repulsive electrostatic forces caused
by the anionic sulfonate substituents on the phthalocyanine rings. Larger
amounts of salt cause loss of the isosbestic points and a shift of the dimer
absorption maximum to lower wavelengths (620-622 nm). This shift is thought
to be the result of the formation of polynuclear CoP¢(NaSQ3)4-aggregates, as
was demonstrated for the copper analogue by Kratky and Oelschlaegereg).

Similar effects should be expected in the case of ionene addition, since
ionenes are in fact polysalts. Moreover, charged polymers in general are known
to enhance association of oppositely charged dye molecules’®. Indeed, this

behaviour was observed for the CoPc(NaSOg),/ionene system (see Fig. 4.1). Even
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Fig. 4.1 Spectra of neutral aqueous solutions of CePe(NaSOz)y (2 10'6 mol

3) in the presence of various amounts of 2,4-ionene (M, = 22000).

i
(a) N+1Co =0, (b ¥+/CO = 0.1, (¢) N*/CO =3, () N+fCo =&, (e}

N /Co = 5, (£) N'/Co = 100.

a very dilute ionene solution (1()’5 Min N*, 10° M in Co) showed the spectrum
typical of phthalocyanine aggregates. The fact that no EPR-signal could be
obtained, confirmed the absence of monomeric species. On these grounds it was
concluded that ionenes strongly enhance the CoPc(NaSOg)4 aggregation process.

4.1.2 Effects of varving the N*/Co-ratio: 2.4-ionene system
In order to obtain more detailed information about the effects of ionenes

on the cobalt complex structure, visible light spectroscopic measurements were
carried out over a wide range of N*/Co-ratios. The results for 2,4-ionene (M,
= 22000) are given in Figures 4.1 and 4.2, Analogous measurements, performed
with NaBr instead of ionene, led to the results shown in Fig, 4.3. The

essential features of the figures are discussed below.
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Looking at Fig. 4.2, three regions can be distinguished: one where N*/Co
< 4 (1), one where N*/Co > 100 (IIl) and the intermediate region (II). In
region I, as N¥/Co increases from 0 to 4, it appears that Sgq5°FF/Cggs°PP,
which is a measure of the relative amount of aggregated cobalt species,
gradually increases. This is obviously due to dimerisation (oligomerisation),
as described in the previous section. Simultaneously, both €ggs* P and Egg5°F"
are gradually decreasing, probably as a result of strong interaction of
CoPc(SO3)s* with the highly positively charged ionene, thus lowering the
molar absorptivities of both M and D.

At N*/Co = 4 a discontinuity appears in the €gy5°PP-, the €gga**P- and
the €go5""P/EgeaFP-plots. Beyond this point, up to N*/Co = approx. 100
(region 1I), all three quantities remain constant. This strongly suggests the
formation of an ionene/CoPc(NaSOgz); complex with fixed stoichiometry (4:1).
Adding more ionene only appears to result in an increase of the concentration
of cobalt-free ionene without the existing complex being affected.

When NaBr was used instead of ionene (Fig. 4.3), the plots of the
apparent absorptivities versus the Na*/Co-ratio did not show any discontinuity
associated with the formation of strongly interacting complexes. The only
effects observed were increasing aggregation of the cobalt complex due to
increasing salt concentration and, at very high concentration, coordination of
bromide ions {(see below).

The fixed stoichiometry of 4:1 was found to hold for 2,4-ionenes with M,,
> 6100. Samples with lower molecular mass that were also investigated, gave
rise to lower values, down to 2:1 for M, = 1800, presumably as a result of
loss of coil structure for the small oligomer chains. Thus, it is clear that
there is a strong tendency toward 4:1 N*/Co complexation, provided the
ionenes contain a sufficient number of ammonium groups.

It should be noted that at a ratio of 4:1 8 positive charges on the
ionene are just matching the opposite charge on the dimeric cobalt complex.
This suggests that the high electrostatic potential of the polymer plays a
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dominant role in the interaction between the polymer and CoPc(NaSOg),.
Assuming this is true, it can be expected that other negatively charged
molecules also show a tendency to form strong complexes with ionenes at the
ratio where the charges are matching. Therefore, combinations of ionenes with
several model compounds were studied, which will be discussed in section 4.2.

Regarding region III, it appears that a large excess of ionene (N*/Co >
100) causes the absorptivities to increase again. A possible explanation of this
absorptivity enhancement is, that the bromide ions, present as Counterions
of the ionene, coordinate to the axial positions of the cobalt complex”). In
order to obtain supportive evidence to this hypothesis, the spectral change of
a CoPc(NaSO;),/ionene solution with N*/Co = 10 was measured upon the addition
of KBr. Indeed, an absorptivity increase was found, which strongly supports
the concept of coordinative interaction (see also Fig, 4.3).

In spite of the bromide coordination however, the cobalt complex remained
in the aggregated form, as can be seen from the constancy of €gpa°PF/Egga™ "
in region III. This is very surprising, since Co-site isolation was expected
to occur due to redistribution of the cobalt complex over the ionene chains in
such a way that each chain contains only one complex anion®?), However, no
evidence of an increased occurrence of the monomeric species was found.

It must be noted, that bromide coordination apparently is possible within
the aggregate structure. A possible explanation for this phenomenon is, that
the aggregates do not consist of closely spaced, stacked oligomers, but in
fact are groups of dimers, as was suggested by Elzing et al.. The
accessibility to ligands of two of the four axial positions of the two cobalt
atoms in each dimer, may be important with respect to substrate interaction in

the thiol oxidation process (see chapter 5).

4.1.3 Effects of other ionenes
Apart from 2,4-ionene, a wide variety of ionenes was studied in

combination with the cobalt catalyst complex. The results obtained were
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similar to those presented above, except in the case of polysoap-type ionenes
that will be discussed in section 4.3.

Variation of the number of methylene groups between adjacent ammonium
groups in the polymer backbone (2,6-, 2,8~ or 6,6-ionene), only affected the
molar absorptivities of the polymer catalyst complexes, but qualitatively these
systems behaved identically: aggregation of the phthalocyanine into poly-
nuclear species (A= 620-622 nm) occurred, maximum degree of aggregation was
reached at N*/Co = 4 and no monomerization could be observed up to N*/Co = 10°
(S5 PP /E6a2" PP constant), just as was found for the 2,4-ionene. The molar
absorptivities of both M and D increased with increasing N*- N* linear
distance (decreasing charge density, see Table 4,1). This suggests that the
CoPc(NaSQg),/ionene interaction decreases in intensity in this order, as the
electronic structure of the cobalt complex is apparently less affected. The
Eans PP /Egpa P -ratio (N*/Co constant) also depended on charge density (Table
4.1). It is interesting to note that for the catalytic activity the same trend
was found® (see also chapter 7).

Building aromatic groups into the polymer backbone (2,xyl-ionene) or
attaching bulky side groups as in 6,2Ng@-ionene, again led to interaction

patterns with the catalyst complex analogous to the other investigated

Table 4.1 Effect of varying the type of ionene on spectroscopic parametersa.

ionene cb 10 ¢ Eanpp 10 7 €62 PP Géggapple%zapp
2,4 1.45 2.8 1.7 1.6

2,6 1.15 2.9 2.0 1.4

2,8 0.96 3.4 3.0 1.2

6,6 0.82 4.1 3.5 1.2

2,xyt 1.25 3.0 2.3 1.3

6,2N 1.15 3.5 2.7 1.3

NaBr - 4.2 6.2 0.7

2 tcol = 2 1078 mot an™3, N*/co = 4; €37 in g mot™ T e’

b linear charge density parametersi’)

30



ionenes. Again, aggregation was induced, stoichiometric complexation occurred
at N*/Co = 4 and no site isolation was observed up to N*¥/Co = 10%. However,
these ionenes showed spectra with J,.~= 628 nm, indicating only dimers are
formed and no higher aggregates. In case of 6,2N@-ionene, this is obviously
the result of the bulky side groups, preventing interaction between individual
dimers. Apparently, the same effect can be attained by the presence of xylyl-
groups in the polymer backbone. Presumably, these chain-"stiffening” groups
cause a too large separation between the dimers: the N*- N* distance along
xylyl segments is about 8 A, whereas the phthalocyanine ring-to-ring distance
in aggregates is probably about 4 A (3.4 A in solid CoPcm). The importance
of this effect with respect to catalytic activities will be discussed in

chapter 7.
4,2 Comparison with model compounds

4.2.1 Spectrophotometry
From the spectroscopic investigations described in section 4.1, it was

concluded that ionenes strongly enhance the aggregation of CoPc(MNaSOg)y. It
was found that the same is true for other phthalocyanines, viz. copper,
manganese, iron(Il) and vanadyl phthalocyanine-tetrasodiumsulfonates. In all
these cases, addition of ionene caused a shift of the Q-band (600 - 700 nm)
absorptions to shorter wavelengths, indicating a decrease in the amount of
monomer complex present and an increase in dimer (aggregate) content,
Therefore, it can be stated that ionenes enhance phthalocyanine aggregation
independent of the central metal ion.

In order to find out if ionenes generally induce aggregation of compounds
with aggregational ability, ionene was investigated in combination with congo
red (CR). This dye is known to associate strongly in aqueous solution™ and
was therefore expected to behave similar to the cobalt catalyst, although its

structure is completely different.
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In Fig. 4.4 the spectra are shown, recorded for congo red solutions
containing different amounts of ionene. It clearly shows, that the addition of
ionene to the dye causes a decrease of absorbance over the total wavelength
range, which indicates that interaction between polymer and dye takes place.
The peak at 498 nm, that is associated with the presence of monomeric dye

species, decreases more strongly than the absorption maximum of the dimers
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Fig. 4.4 Spectra of congo red (CR)/ionene solutions: N*fCR =0 (ay, 0.5 (b),
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1 €e), 2 (d) and 100 (e). [CR] was kept constant at 10~ mol dm -,

pH = 7.
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(aggregates) at 344 nm. Thus, again it can be concluded that the ionene
enhances aggregate formation.

The congo red spectrum gradually changes upon ionene addition until a
ratio of N*: CR = 2:1 is reached, where the charges on the polyelectrolyte
are just matching those on the dye. Further addition of ionene has no effect
on the spectrum (Fig. 4.4, lines d and e: the spectrum of the solution with
N*/CR = 100 coincides with the one for N*/CR = 2), which strongly indicates
the formation of a stoichiometric polymer/dye complex. Completely analogous
results have been described for the cobalt catalyst system (section 4.1) and
were also found for the other metal phthalocyanines. In these cases
complexation occurred at N*: Mt = 4:1 (Mt = Co, Cu, Mn, Fe and VO), in
accordance with the matching charges on the components. Apparently,

stoichiometric complexation is not restricted to the catalyst system, but
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Fig. 4.5 Spectra of CuPc(NaS03)4 in 50/50 DMF/water in the absence (a) and in

the presence of ionene (b). [Cul = 8 10°° mol cin'3, w'1 = 1072 mot dm 3.
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generally occurs when ionene is combined with anionically charged compounds
with a propensity to aggregation.

It should be mentioned here that all aggregated complexes appeared to be
highly stable. In polymer-free systems the phthalocyanine aggregates are known
to dissociate into monomeric species upon addition of e.g. dimethylformamide
(DMF)75), but when this solvent was added to a solution also containing ionene,
the aggregates remained. This effect is illustrated in Fig. 4.5, depicting
spectra obtained for CuPc¢(NaSO3)4 in a 50/50 DMF/water mixture, in the
absence (a) anq presence (b) of 2,4-ionene. Spectrum a shows the
characteristics of the purely monomeric complex, spectrum b corresponds with

the dimer (aggregate) form.

4.2.2 Turbidimetry

In order to study the role of aggregation in the ionene/dye interaction,
it was desired to compare the above-mentioned systems with combinations of
ionenes with other anionic species, viz. complexes known not to aggregate in
aqueous solution, e.g. Fe(CNJ)g" (x = 3 or 4). Since such compounds can not be
studied spectrophotometrically due to low molar absorptivities, a more
suitable technique was sought,

Polymer-metal complexes as concerned here, that are primarily based on
electrostatic interaction, are often electroneutral. As a consequence, such
complexes are usually less soluble in polar solvents like water, resulting in
precipitation or formation of colloidal systems. Turbidity measurements can
therefore be a powerful tool in tracing this type of complexation, provided
that the concentrations of the compounds are chosen within the appropriate
range. k

Indeed, the formation of the catalyst complex could easily be
demonstrated in this way, as can be seen in Fig. 4.6. This figure shows that
optimum turbidity is reached at the complexing ratio of N*/Co = 4, which

is in excellent agreement with the results of the above described experiments,
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Fig. 4.6 Dependence of turbidity on the N+/COPc(SO3)44'-ratio; O: [N+] was

kept constant at 1073 mol dn™3, 1ol was increased; A: [Col was kept

constant at 2 10™% mol dn-s, IN'] was increased.
Fig. 4.7 Turbidity versus N+/congo red(CR)-ratio; O: [CR] was kept constant

at 10-3 mol dm-3, [N+] was increased; A: [N+] was kept constant at

10-3 mol dm-3, [CR] was increased.
Furthermore, it is obvious that the complex is highly stable: once it has been
formed, disturbing the stoichiometry by adding either component has no effect
on the turbidity, indicating that no resolubilization occurs. This implies
that when a solution of the catalyst system is needed, one should mix the
components carefully and in the right order, i.e. the compound desired in
excess must be taken as the one, to which the other is added dropwise
(otherwise a precipitate may be formed irreversibly). Of course, this
precaution is not necessary at low concentrations, where the complex is
completely soluble.

Analogous results were obtained for the congo red/ionene system, as

demonstrated in Fig. 4.7. In this case, the stable complex, that could not be
resolubilized either, was formed at a ratio of N*/CR = 2, again in accordance

with the matching opposite charges.

35



Finally, the model compounds Fe(CN)g™ (with x = .3 and 4) were examined
turbidimetrically. The results, depicted in Fig. 4.8, indicate that these
compounds can also form stoichiometric complexes with ionenes. Also in this
case, the charges are matching, since optimum turbidity is observed at
N*/Fe(CN)¢* = 3 and 4 for x = 3 and 4, respectively. Nevertheless, an
important difference with the dye systems remains: unlike the catalyst and the
congo red species, these model complexes resolubilize easily upon addition of
either constituent, as appears from the symmetry of the curves. This behaviour
unambiguously indicates that these complexes are less stable than those of the
dye systems, suggesting a less strong interaction between the Fe(CN)g* anions
and the polyelectrolyte.

It is postulated that this difference is a consequence of the fact that

the hexacyanoferrates can only be present in their monomeric form, whereas the

p—
1

g 157 [

il
8 10
N*/FelCN)X
Fig. 4.8 Effect of varying the N+/Fe(CN)6x'-ratio on the turbidity of the
solution; [I: x = 4, A: x = 3.

{Fe(CN)éx'] was kept constant at 10'3 mol dn-3, (N1 was varied.
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dye compounds form dimers and higher aggregates, In the previous section, this
aggregation was demonstrated spectrophotometrically and it was shown to be
strongly enhanced by the presence of ionene. In turn, turbidimetry shows that
aggregate formation enhances the electrostatic interaction between ionene and
these anions. Considering reported aggregation numbers of 45 for congo red”®

and up to 20 for CuPc(Na803)469) (both in polymer-free, salt containing solutions),
implying entities carrying charges of -80 to -90, this interaction enhancement
seems plausible. These unusually high charges should indeed lead to very

stable complexes. Even the formation of ionomeric "crosslinks” between polymer
chains is most likely to occur, which was investigated by viscometric

measurements, described below.

4.2.3 Yiscometry

Viscometry is a useful technique to study interactions between polymers
and additives, like salts or metal complexes, because interactions usually are
accompanied by changes in polymer coil dimensions. Therefore, viscometry was
applied to the CoPc(SOa).{“/ionene catalyst system, to obtain additional proof
of the proposed complex formation. Furthermore, the ionene was examined in
combination with Fe(CN)g*", an entity only interacting electrostatically. This
would make it possible to determine whether the catalyst complexation can be
completely explained in terms of electrostatic interactions or whether other
secondary binding forces are involved. The results are shown in Fig. 4.9.

As can be seen, in both systems the apparent reduced viscosity strongly
decreases as the metal complex content is raised. This effect was expected to
occur, since the added anions will shield off the positive charges on the
polymer chains, resulting in contraction of the polymer coils. A similar

1.77), who studied analogous systems

effect was mentioned by Brouwer et a
with poly(vinylamine) instead of ionene.
In their experiments, the results for the model compound Fe(CN)g*™

practically coincided with those obtained for the catalyst, indicating similar
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Fig. 4.9 Apparent reduced viscosity as a function of metal complex/ionene- =

ratio (X/N*), with X = Fe(CN)g"

-2 3

" (A) and X = CoPesO)," (O).

'] = 107° mol dm >, temp.= 25.00 & 0.05 °C.
Fig. 4.10 Schematic representation of proposed interaction structures of

Fe(cu)64'/ionene {a) and CoPc($03)44'/ionene (b) complexes.

interactions between each of the two metal complexes and the polymer (PVam).
However, the measurements of the ionene system discussed here, reveal
that CoPc(SOs)f" gives rise to a much stronger viscosity decrease than
Fe(CN)g*", especially for Co/N* > 0.02. According to Brouwer'’), such an
additional viscosity decrease can be explained by assuming the occurrence of
intra- or intermolecular chelate formation. Since ionenes contain no groups
allowing coordinative interaction, this chelation should, in the present case,
be interpreted as the formation of ionomeric "crosslinks" between the cationic

polymer chains by means of bridging cobalt complex anions. Such an effect
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becomes even more likely, when considering the aggregation of the
phthalocyanine, leading to entities that carry multiple negative charges, thus
facilitating this type of "crosslinking". Because the hexacyanoferrate does

not show aggregation, interchain interactions are expected to occur much less
in that case. On these grounds, interaction structures are proposed as
schematically given in Fig. 4.10. Non-aggregating compounds are believed to
exhibit predominantly intrachain or reversible interchain interactions with
ionene (Fig. 4.10a), whereas systems containing the catalyst or congo red may

show also irreversible interchain interactions ("crosslinks") (b).

In the previous sections, it has been demonstrated that optimum
CoPc(NaSOg)y/ionene complexation, occurring at Co/N*= 0.25, is accompanied
by maximum aggregation. Thus, the viscosity should decrease upon addition of
CoPc(NaS0s3)4 until this ratio is reached and should then remain constant.
Unfortunately, this interesting experiment, that might once more verify the
concept of stoichiometric interaction, could not be carried out, because some
precipitation of the complex occurred at the concentrations needed (i.e. [Co]
> 1072 mol/1 and [N*] = 10°% mol/1).

4.3 Polysoap-type ionenes

4.3.1 Ionene-induced deaggregation of CoPc(NaSQ4),

From the preceding sections, it can be concluded that a wide variety of
ionenes has a propensity to promote dimerization rather than to isolate the
monomeric cobalt species, since even at N*/Co = 10° no monomers can be
detected.

However, 2,10~, 2,12~ and 3,3C,,-ionene do show a site isolation effect
at high N*/Co-ratios. This effect is illustrated in Fig. 4.11 for 2,10-ionene.
It clearly demonstrates that at low ionene concentrations aggregation is

enhanced analogously to the other ionene systems, but with a large excess of
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Fig. 4.11 Ratio of absorbances at 628 and 662 rm as a function of the N+/Co-

ratio for 2,10-ionene. Aqueous solutions, [Col= 2 10_‘S mol dmﬁs.

Fig. 4.12 ESR-spectrum of monomeric Co(ll)Pc(NasO3), as stabilized by 2,10-
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fonene. [Col = 107" mol dm ~, [N+] = 0.15 mol dn'3, liquid Np temp.
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2,10-ionene (N*/Co > 103) the equilibrium is shifted back to the monomer side,
as can be concluded from the decrease of Agys/Aggs. At N*/Co = 10°, the
monomer concentration is even higher than it was at the same cobalt concentration
without any ionene present. The presence of the monomeric complex could also
be demonstrated by EPR spectroscopy (see Fig. 4.12).
A It must be noted that the distinct behaviour of 2,10- and 2,12-ionene,
as compared with the other ionenes studied, can not be explained by the
difference in charge densities: although 6,6-ionene has the same average
charge density as 2,10-ionene, it does not show any site isolation effect in
the investigated concentration range. Apparently, the effect of site isolation
is due to some other property of the 2,10- and 2,12-ionenes; most probably
the hydrophobic character’® of the Cj0- and C;s-chain segments plays a role.
Characterization of this hydrophobicity will be discussed in section 4.3.2.

Hydrophobic effects may also underlie another phenomenon observed. At
a constant N*/Co-ratio of 2000, dilution of the catalyst solution caused an
increase in the relative amount of dimeric complex: the absorptivity at 628 nm
increased while at 662 nm it decreased; for example, at [N*]= 8 102 M
Ag2s/Agez= 0.70 whereas at [N*]= 5 10" M this ratio was found to be 0.93.
Thus, in this respect the system behaves opposite to the polymer-free system.
The same behaviour was found for 2,12~ and 3,3C,s-ionene.

This effect is looked upon as an indication of the existence of micelle-

7989 of the phthalocyanine. Upon

like structures inducing the monomerisation
dilution (at constant N*/Co) the micelles will be broken down resulting in a
molecular solution that will behave more like the other (hydrophilic) ionene-
systems. Therefore, further diluting a 2,10-ionene solution at low [N*] level
should lead to identical results as were obtained for the polyelectrolyte-type
ionenes, Indeed, in these cases, no change of absorptivity with polymer
concentration was observed, indicating a constant degree of aggregation. The
constancy of absorptivity at 628 nm for 6,6-ionene and for 2,10-ionene at

N*/Co = 10 (low [N}, i.e. no micellar structures) is presented in Fig. 4.13.
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Fig. 4.13 Dependence of the absorptivity at 628 nm on the catalyst
concentration. Aqueous solutions of (J): 6,6-ionene, N+/Co = 1000, x
= 2; (®): 2,10-ionene, N /Co = 1000, x = 2; (A): 2,10-ionene, N'/Co
=10, x = 4.

By comparison, the changing absorptivity for the 2,10-ionene at N*/Co = 1000

(high [N™], i.e. micellar structures) is shown in the same figure.

4.3.2 Characterization of 2.10-ionene hvdrophobicity

Three of the investigated ionenes, viz, 2,10-, 2,12- and 3,3C;,~ionene,
were found to exhibit soap-like behaviour (foam formation, monomerization”?3%)
of the CoPc(NaSOjz)s complex (see section 4.3.1)), deviating from the behaviour
of the polyelectrolyte-type ionenes described in the preceding sections. For
3,3C;p-ionene this was expected on the basis of ref 8, However, according to
literature78), for x,y-ionenes a minimum number of 14 methyl groups between
adjacent ammonium groups is required to obtain a polysoap. Therefore, the

behaviour of 2,10~ and 2,12-ionene was rather unexpected and the soap-like
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character of 2,10-ionene was further investigated, in particular in order to
determine if it can be described in terms of a critical micelle concentration
{cmgc).

A usual method to determine the ¢cmc, is measuring the surface tension of
solutions containing varying amounts of the soap. The results of this method,
applied to the 2,10-ionene system, are depicted in Fig. 4.14. It clearly shows
that, indeed, micelles or similar associate structures are formed and the cmc¢
appears to be about 0.06 mol dm™3 N*: the surface tension gradually decreases
until [N*] & 0.06 mol dm™>, after which it remains constant.

This cmc value was confirmed by another, independent, method, in which
the shift of Ay, (fmo) in the spectrum of the dye compound methyl orange (MO)
82) that
Amax Of this dye strongly depends on the local polarity of the solvent and

was measured as a function of 2,10-ionene concentration. It is known
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Fig. 4.14 Surface tension, ¥, in dependence of 2,10-ionene concentration in
aqueous solution; temp. = 20.0 °C.

Fig. 4.15 Blue shift of /\max for methytorange (MO) as a function of the
concentration of 2,10-ionene (@) and 2,4-ionene (&) in aquecus

5 3

solution; MOl = 3 107 mol dm ~, temp. = 25.0 °C, Apay (without

fonene) = 468 .
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that MO dissolves preferably in an apolar environment. This phenomenon also
takes place in 2,10-ionene solutions, as is illustrated in Fig. 4.15, revealing
that for [N*] > 0.08 mol dm™3 the 2,10-ionene creates a micellar (apolar)
environment for the dye {8y increases). For comparison, the results of the
same experiment with 2,4-ionene are included in the figure as well. Obviously,
in that experiment no shift and thus no micellization could be observed.

Thus, it can be concluded from both cmc determination methods, that 2,10~
ionene indeed acts soap-like, having a cmc of 0.07 + 0.01 mol dm™3, which
agrees very well with the value reported for its monomeric analogue,
decyltrimethylammoniumbromidess).

With respect to the catalytic experiments with 2,10-ionene (see chapter
5), it must be noted that usually ionene-concentrations are used ([N*] = 1078
mol dm’a) far below the above-mentioned cmc. However, under catalytic reaction
conditions the cmc may well be lower, due to the presence of e.g. the catalyst
complex, thiolate anions and buffer components. In fact, it was established by
surface tension measurements, that the cmc is lowered to 0.01 mol dm™ N* when
2 10°% mol dm™2 CoPc(NaSOs), is added to the 2,10-ionene.

4.4 Conclusions

From the previous sections, the following conclusions may be drawn.
Turbidimetric and spectrophotometric investigations revealed that ionenes can
form complexes with negatively charged compounds. The stoichiometry of these
complexes corresponds to the ratio at which positive and negative charges are
just matching. Thus, it can be concluded that complexation is achieved by
electrostatic interaction,

However, to stabilize the complexes, some additional binding forces
appear to be needed. In ionene/dye systems, e.g. containing phthalocyanine or
congo red, these forces appear to be intermolecular interactions between dye

molecules by m-overlap, resulting in aggregated species. Aggregation was
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spectrophotometrically shown to be enhanced by polyelectrolyte-type ionenes.
It involves concentration of negative charges (increase of charge density),
thus leading to a stronger interaction with the ionene. Viscometric results
even suggested the formation of ionomeric "crosslinks” in the ionenes, as a
consequence of this aggregation effect.

Polysoap-type ionenes, like 2,10-, 2,12~ and 3,3C;,-ionene, were observed
to have the ability to monomerize the CoPc(NaSQOj), complex due to the
formation of micelle-like structures. Since presumably the degree of
aggregation of the catalyst complex has a large influence on its reactivity,
both ionene types had to be further investigated. First, the effects of
substrates on the monomeric or aggregated structures were studied, the results

of which are presented in chapter 5.
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5 INTERACTION OF SUBSTRATES WITH THE CoPc(NaSOj),/
/TONENE COMPLEX

5.1 Imteraction of O, with the catalyst

Both for the polymer-free®®) as well as for the PVAm-bound®® catalyst it
has been argued that the formation of dioxygen-bridged CoPc(NaSQsz)s dimers,
induced by alkali addition, inactivates the catalyst. Therefore, it was
assumed that an important function of the polymer would be the cobalt site
isolation. For polysoap-type ionenes like 2,10-ionene, this was indeed found

to be the case, as was discussed in section 4.3.1. In accordance with this

o O O
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Fig. 5.1 Spectra of 107> mol dm™> CoPc(Nas0z)4-solutions at ph = 12.5 under

dioxygen atmosphere; (a) without additives, (b) in the presence of

2,4-ionene, [N+] = 10-3 mol chf?’.
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monomerization, upon admittance of Oy (at high pH) no p-peroxo adduct was
observed to be formed, but only the spectrum of the (probably Co(Ill)-)
monomeric complex was obtained, having maximum absorbance at 664-666 nm
{Amax Of the dimeric adduct is 672-674 nm).

From the foregoing chapter, however, it is evident that in the case of
CoPc(NaSOz)4 combined with polyelectrolyte-type ionenes, like 2,4-ionene, no
site isolation occurs, at least not under normal reaction conditions (usually
[Col = 2 1077 mol dm™® and [N*] = 1072 mol dm™®). Nevertheless, as was
established spectrophotometrically (Figure 5.1), formation of the dioxygen
adduct appears to be suppressed by these ionenes. Only in very basic solutions
(pH > 13) the corresponding absorbance maximum at 672 nm was observed, but
even then the adduct could easily be removed from the solution by bubbling
through nitrogen for about 15 min.

Substantially different results were obtained in the absence of ionenes,
using simple salts instead. In that case, even in a solution at pH 11 the
dioxygen adduct was found to be formed and in addition the adduct appeared to
be much more stable (at pH = 13, after 2 hours of bubbling through nitrogen,
the peak at 672 nm had still not completely disappeared)84). Since it was
observed that simple salts do not give rise to stoichiometric complexation
with the phthalocyanine, whereas tonenes do, it seems likely that the
difference in behaviour toward dioxygen reflects the difference in interaction
with the cobalt complex. Presumably, the stronger interaction of ionenes with
CoPc(NaSQOg)4 makes dioxygen adduct formation unfavourable,

This seems to be in contradiction with the very high thiol oxidation
activities reported for the ionene systems“) {with turnover numbers of
épprox. 3000 s™1), since obviously dioxygen is needed during the catalytic
cycle. However, both facts still can be in agreement, provided that the redox
reaction step involving dioxygen, takes place by a so-called outersphere
mechanism, Such a mechanism, viz. oxidation of the cobalt centre mediated by

the abstraction of an electron from the phthalocyanine ring and thus without
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direct metal-oxidant interaction, was recently suggested by Geiger et a1.%%)
for CoPc(NaSOg), oxidized by Ce**, Cly" or Bry". One-electron oxidation of the
ring by dioxygen was mentioned by Ogata et al.sa), who studied CoPc in organic
solvents.

Alternatively, it is possible that dioxygen adduct formation takes place
after complexation of thiol with the catalyst complex. Also in the presence of
thiol, however, no u-peroxo complex could be detected. It can not be ruled out
that a different type of dioxygen-containing complex is formed with spectral
characteristics closely resembling that of the dioxygen-free complex.

5.2 Interaction of thiol with the catalyst

5.2.1 Effects of thiol on aggregation
The investigations described in chapter 4, made clear that aggregation

of Co(II)Pc(NaSO3)4 can be easily controlled by addition of certain ionenes
and by choosing appropriate concentrations of the components.

To obtain insight in the role of the aggregates during the catalytic
conversion of thiols, catalyst systems with different'degrees of aggregation
were now studied in the presence of 2-mercaptoethanol (under anaerobic
conditions). These experiments were primarily focused on elucidating whether
thiolate anions can break up the aggregates (by forming coordinative bonds
with cobalt via its two axial positions and/or by changing the valency of the
central cobalt ion).

First, an excess of 2,10-ionene was used in order to determine the
visible light spectrum of the interaction product of the monomeric catalyst
and the thiol. This spectrum is presented in Fig. 5.2a and is typical of
monomeric one-electron-reduced cobalt phthalocyanine. It was established that
complete reduction of the cobalt was achieved, since the EPR-signal of the
Co(II) complex was totally lost. Fig. 5.2a shows main absorption bands at 316
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Fig. 5.2 Spectra of CoPc(NaSO3), in water in the presence of thiol and

5 3

jonene under anaerobic conditions; [Col = 4 167 mol dm , [RSH] =

4.8 1072 mol dn™>.

(a) monomeric [Co(I)Pc(Nas03)4] , 2,10-ionene, N'/Co = 3000, pH = 9;

1
Y
.

(b) aggregated {Co(l)Pc(NaSO3)4]‘, 2,4-ionene, N+/Co = 3000, pH =

nm (Soret-band), 476 nm (metal to ligand charge transfer, MLCT) and 706 nm (Q-
band) and shoulders around 440 and 650 nm, which is in very good agreement
with literature*2#%%7),

The same procedure using 2,4-ionene led to a different spectrum, shown in
Fig. 5.2b. Here, both the MLCT- and Q-bands have been shifted to shorter
wavelengths - 454 and 684 nm - and the fine structure has disappeared. Similar

effects are observed for the Co(ll) species upon its aggregation, which
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suggests the assignment of the spectrum of Fig. 5.2b to aggregated1
[Co()Pc{NaSOg)4]," . This is in good agreement with the findings of Kozlyak
et a.3%), who analogously claim to be able to control Co(II)- and Co(I)-
phthalocyanine aggregation by the addition of cationic soaps (monomerization)
or (poly)salts (aggregation). (The similarity between their results with CTAB
and those with 2,10-ionene presented here is striking and again indicative of
the soap~like character of the 2,10-ionene system.)

The 2,xyl- and 6,2Ng-ionenes, that were previocusly reported to stabilize
the Co(Il) complex in its purely dimeric form (section 4.1.3), in the presence
of thiol gave spectra very similar to that of the 2,4-ionene system, but with
Amax = 460 and 688 nm. These absorption maxima are ascribed to purely
dimeric [Co(I)Pc(NaSO3)4l,%".

The polymer-free catalyst was also studied in the presence of thiol. Its
spectrum also appeared to be very similar to that of the 2,4-ionene containing
system (Fig. 5.2b), indicating the presence of mainly the aggregated Co{l)
species under these conditions. In the case of this polymer-free system, the
equilibrium could be reversibly shifted to the monomer side (resulting in a
spectrum idehtical to Fig. 5.2a) by heating the solution to 85 °C (see Fig.
5.3). Addition of e.g. DMF or ethanol led to monomerization as well, in
analogy with the observations for the Co(II) compound (see section 4.2.1).

When the 2,4-ionene containing system was heated to 85 °C, no
dissociation of aggregates could be observed. Neither was this found upon

addition of ethanol. Thus, 2,4-ionene strongly stabilizes aggregates, in the

Nevin et al.®®), who reduced the cobalt complex electrochemically, also
observed the spectrum of Fig. 5.2b and ascribed it to the monomeric form,
However, their assignment is not well-argued and absence of aggregates
under their conditions, viz. a high cobalt concentration (5 1074 mol dm's)

and a very high ionic strength (0.9 mol dm's), seems very unlikely.
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Co(I) form as well as in the Co(Il) form. The other polyelectrolyte-type
ionenes show similar behaviour, although the low charge density 6,6-ionene
stabilizes the aggregates to a lesser extent, as was concluded from Co(}
monomerization at 65 °C.

It was established that all ionenes (polyelectrolyte- and polysocap-type)
enhance the degree of cobalt reduction, which could be deduced from the
higher ratio of the intensities of the MLCT- and Q-bands, respectively, for
the ionene systems as compared with the polymer-free system. Especially at
low thiolate anion concentrations the difference was obvious. This supports

54)

the view”™ that ionenes, due to their cationic charge, strongly increase the

local concentration of thiolate anions (the reductive species).
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Fig. 5.3 Effect of varying temperature on the spectrum of aqueous CoPc(NaS03),
in the presence of 2-mercaptoethanol; spectra at 25 (__ ), 45 (-.-.),

65 (...) and 85 °C (---).

2 3

tcol = 4 1078 mol dn™>, [RsH1 = 4.8 1072 mol dn™>, pH = 9, under Np.
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5.2.2 Concentration effects on the desree of Co(l) agsregation

The reduced catalyst systems were further investigated in dependence of
the N*/Co-ratio and of the concentration of thiolate anions, [RS™], that was
varied by changing the pH or the thiol content of the solution.

For 2,10-ionene it was expected that at 4 < N*/Co < 10® the aggregated
Co(l) species would be observed, in analogy with the results for the unreduced
system (see Fig. 4.11). Indeed, the presence of aggregates in this region
could be demonstrated, although invariably monomeric species appeared to be
present as well. Only below an N*/Co-ratio of 5, no monomeric species were
observed. The degree of aggregation depended mainly on the concentration of
thiolate anions: increasing [RS™] resulted in a decrease of the amount of
aggregates present, even at N*/Co-ratios where Co(II) dimers were stable.
Therefore, it is clear that thiolate ions act as axial ligands of the cobalt
phthalocyanine molecules, thus disrupting their dimeric structure, in 2,10~
ionene systems.

Another factor that influenced aggregation was the 2,10-ionene
concentration rather than the N*/Co-ratio. At [N*] > approx. 10"* mol dm™3
the system was measurably deaggregating. It is assumed that this deaggregation
is induced by micelle formation.

At N* [Co(I)Pc(SOa)4]5'= 5 : 1 precipitation occurred due to charge
compensation, however, the precipitate.redissolved upon addition of more
ionene. Similar behaviour was found for 2,4-ionene, but this system was more
colloidal in character, as appeared from the high turbidity.

The 2,4-ionene was expected to enhance the degree of aggregation,
reaching a maximum value at N*/Co = 5 and remaining constant for higher
ratios. However, at N*/Co = 5 an additional effect (apart from colloid
formation) took place, as illustrated by the spectrum in Fig. 5.4, which
complicated the interpretation of the results. As can be seen, all absorption
maxima were shifted to longer wavelengths, The process occurred at a very

low rate and equilibrium was only reached after about 1 hour, resulting in
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Fig. 5.4 Spectrum of aqueous CoPc(NaS03); in the presence of thiel and 2,4-
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dm ~, pH = 9, equilibration time 1 hour.

absorption maxima at 364, 506 and 736 nm. The spectrum is difficult to assign,
especially the band at 364 nm, since values in this region have only been

89,90) of the cobalt complex which are probably not

reported for oxidized forms
formed in the presence of thiol, i.e. under reducing conditions. More likely,

a doubly reduced species is formed (the phthalocyanine ring being reduced as
well as the cobalt centre), since an excess of thiol was being used. Indeed,

when the applied concentration of thiolate anions was smaller than twice the
cobalt concentration, the phenomenon was not observed. However, the spectrum
obtained differs considerably from the spectrum for [Co(I)Pc (NaSOg)4}%
reported by Nevin et a1.%8), The discrepancy may be due to the presence of
different ligands. The presence of a dimeric species with mixed valence

([Co(Il) - Co(I}}) can not be ruled out either, since delocalization of

electrons over the aggregates may occur. In this respect, it is interesting to
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note that the compound exhibiting the spectrum of Fig. 5.4 was not formed in
the non-aggregating 2,10-ionene system. It was thought, that EPR measurements
would give more insight into the structure of the compound. However, due to
precipitation this experiment could not be carried out. :

Upon further addition of 2,4-ionene (N*/Co > 5), the spectrum of
aggregated Co(I) was restored and the Q-band was shifted to even shorter
wavelength (about 650 nm), presumably indicating an even higher degree of
aggregation. At large excesses of ionene (N*/Co > 100) this band shifted back
to 686 nm, but no evidence was found for the existence of monomeric Co(I) up

to N*/Co = 104, which was in agreement with expectations.
5.3 Relation between structure and catalytic activity: the catalytic site

5.3.1 Catalvtic activitv measurements; effect of varving N*/Co

The catalytic activity of several ionenes was determined under standard
conditions. As can be seen from Table 5.1, the activity of 2,10-ionene was
extremely low as compared with the other ionenes. The difference is too large

1o be explained by a charge density effect. On the other hand, it strongly

Table 5.1 Catalytic activities of several jonenes®,

jonene ob activity -
(mol RSH (mol Co) 's )
2,4 1.44 2550
2,6 1.15 2040
2,8 0.96 1680
6,6 0.82 1420
2,105 0.8 40
2 Conditions: pH = 9.0, [RSHIg = 0.071 mol dn >, IN'1 = 10" mol dm >, [Col =
21077 mol dn>

b 54)

linear charge density parameter

6 7

¢ fcol = 4 10 ° mol dn'3 instead of 2 107 mot dnhs where the activity was too

low to be measured

54



Vpo1/Vo

log(N*/Co)

Fig. 5.5 Effect of varying the N+/(:o-ratio on the thiol oxidation rate of
ionene-systems reltative to the rate of the polymer-free catalyst;

Vo = 30 mol RSH/mol Co.s, pH = 9.0 - 9.1, [RSHIg = 0.071 mol dn .

7

() 2,4-ionene, [Col = 2 1077 mol dm >; (A) 2,10-ionene, (Col = 4

6 mol dm >,

10
suggests that the dimeric {aggregated) cobalt complex is the catalytically
active species, since all tested ionene systems contain predominantly dimers
except the much less active 2,10-ionene system.

The results obtained by varying the N*/Co-ratio (see below) and the
catalyst concentration (discussed in the next section) of 2,4- and 2,10-ionene
systems provided more supporting evidence to this hypothesis.

In Fig. 5.5 thiol oxidation rates for the 2,4~ and 2,10-ionene systems
are depicted as a function of N*/Co-ratio, with the rates expressed relative
to the rate measured for the polymer-free catalyst. It is evident that} while
the 2,4-ionene largely enhances the reaction rate (up to more than 120-fold),

the 2,10-ionene exhibits an activity of the same order of magnitude as the
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polymer-free system. Both polymer catalysts show an optimum in activity, the
2,4-ionene at N*/Co = approx. 200 and the 2,10-ionene at N*/Co = 5-10. Both
curves will be explained below on the basis of the ability of the ionenes to
locally increase the concentration of thiolate ‘anions and the hypothesis that
dimers (aggregates) are the catalytically active sites.

According to section 5.2, aggregates will be present in both systems at
N*/Co(I) < 5. Since there is an excess of phthalocyanine in this region, the
charge on the ionenes will be completely compensated and enrichment of the
catalyst domains with thiolate anions will not take place. The activities in
this region should therefore be comparable to the activity of the polymer-free
catalyst, which was indeed found.

Increasing the N*/Co-ratio will lead to an increase in [RS )jgcq1, having
a positive effect on the reaction rate. In the case of 2,10-ionene, however,
this effect is partly undone by the rate lowering due to the dissociation of
the aggregates. At relatively low N¥/Co-ratios, or more precisely: at low [N*]
where presumably only a small number of micelles is present, the thiolate
concentration effect dominates over the deaggregation and a (small) rate-
enhancement with respect to the polymer-free case is found. However, at high
N*/Co, deaggregation prevails and the relative reaction rate decreases below a
value of 1.

For the 2,4-ionene, no Co(l) deaggregation was observed and at N*/Co <
100 aggregation even appeared to be enhanced (shift of A\, from 684 to 650
nm), while also the stability of the aggregates was increased. Together with
the increased local thiolate anion concentration, this apparently results in a
highly efficient catalyst. Since thiolate enrichment may be expected to be of
similar importance in the 2,4~ and 2,10-ionene systems (see also chapter 7‘),
it can be concluded that aggregation mainly determines the high activity of
the 2,4-ionene catalyst.

Above N*/Co = 200 also the activity of the 2,4-ionene was found to
decrease again, which may be caused by the following two effects, First, by
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spectroscopy it was demonstrated that the degree of Co(I) aggregation slightly
decreases in this region, indicated by a shift of the Q-band to longer
wavelength. If the reaction rate is related to the degree of catalyst
aggregation, this explains at least partly the observed activity decrease. The
observation that the 2,xyl- and 6,2Ng-ionene catalysts, containing only dimers
and no higher aggregates, have lower activities than the 2,4-ionene also
supports this explanation. In addition, it seems plausible that in this N*/Co
region also [RS }jocal is somewhat lowered; in other words, when large
excesses of ionene are applied, many RS -rich domains will not contain the
cobalt complex and thus be ineffective. In this way, the efficiency of the
catalyst will decrease, as was indeed established. Nevertheless, it must be
noted that even at N*/Co-ratios as high as 5 10* still 65% of the optimum
activity is retained.

5.3.2 Dependence of catalvtic activities on catalyst concentration
Fig. 5.6 shows the results of thiol oxidation rate measurements as a
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Fig. 5.6 Dependence of the thiol oxidation rate on the catalyst concentration;
pH = 9.2, IRSHIg= 0.043 mol da >,
a: 2,4-jonene, N'/Co = 2000.

b: 2,10-jonene, (A) N /Co = 10, (@) N'/Co = 2000.
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function of catalyst concentration, where N*/Co was kept constant. The 2,4-
ionene displays a linear relationship, in full agreement with the Michaelis-
Menten kinetic model that has been published earlier”) (see also chapter 6).
It is also in accordance with the theory of aggregates béing the active
species, provided that the degree of aggregation over the concentration range
studied is constant, i.e. that the number of coordination sites is constant.
In Fig, 4.13 it has been shown that this condition is indeed being fulfilled.

For the 2,10-ionene, it was demonstrated that at high [N*] the amount of
aggregate is decreased (see sections 5.2.2 and 4.3.1). Therefore, the activity
is no longer proportional to the catalyst concentration when N*/Co is kept
at a high value. On the other hand, when N*/Co is kept sufficiently low (in
such a way that [N*] < 107* mol dm's), no deviation of linearity is observed,
as also can be seen in Fig. 5.6b.

All kinetic data in dependence of type and concentration of ionene are
thus consistent with the postulate that aggregates are the catalytically
active species. Moreover, additional evidence is presented in Fig. 5.7, in
which the results of catalytic experiments in ethanol/water mixtures are
presented. Addition of alcohols to a solution of CoPc(NaSQOg), or its reduced

67), whereas in the

form favours the formation of the monomeric species
presence of 2,4-ionene the aggregates remain (see chapter 4.2.1). The curves
of the activities versus ethanol content show a pattern that parallells the
occurrence of the aggregates in these solvent mixtures; the polymer-free
system exhibits a considerable loss of activity (about 75% at 25% ethanol
content), while the loss in the ionene system is only small (about 10% at 25%
ethanol}). The minor activity decrease in the latter case may well be due to
solvatational effects. ’
Therefore, it is proposed that the catalytic species in the phthalocyanine-
catalyzed thiol oxidation is the dimerized (or even higher aggregated) cobalt
complex. This is in good agreement with the results of Beelen et ai.gl), who

observed a large rate increase when the (polymer-free) negatively charged
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Fig. 5.7 Effect of ethanol on thiol oxidation rate. Rate expressed relative
to the value in 100% water; (Co} = 2 1077 mol dm >, pH = 9.2 - 9.5,
[RSH1g= 0.14 mol ctrs-s. (®) po!wﬁer-free system; (C1) with 2,4-jonene,
w'1 = 1073 mol dn™>. '

tetra-su]fo catalyst complex was combined with an equimolar amount of its

positively charged tetra-ammonium counterpart, in which case the occurrence of

dimers is evident.

A summary of the occurrence of aggregates in the various systems

described in this and the previous chapter is presented in Table 5.2.

5.4 Conclusions and final remarks

In the previous sections, it was shown that CoPc(NaSQOj3), aggregates, as

stabilized by polyelectrolyte-type ionenes, persist in the presence of thiol
or dioxygen. With only dioxygen, no interaction with the catalyst could be
observed since no u-peroxo complex was formed (unless the pH was raised above
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Table 5.2 Occurrence of phthalocyanine aggregates in various systemsa.

| CoPc(NasS03), |
I !
| unreduced ] reduced (+ RSH) ]
| | I
| water  alcohol high | water  alcohol high |
] &5 °c temp. | 25 °C temp. |
polymer-free | +/- - - |+ - - |
I | |
polysoap-type | | |
ionene | | ]
¢ << Veme? |+ +/- + | /- - - ]
c > “cmeh l +f- - - ‘ - - .- |
| I |
polyelectrolyte| ] |
type ionene |+ ++ |+ -+ ++ |
| I l

a

-~ = no aggregates, - = little aggregates, +/- = aggregates and monomers in

comparable amounts, + = mainly aggregates, ++ = only aggregates present

13). Interaction with thiol, however, appeared to occur, resulting in
reduction of the cobalt complex.

Polysoap~type ionenes, monomerizing the phthalocyanine, did not show p-
peroxo complex formation with dioxygen either. In the presence of thiol, these
complexes were also reduced and were even monomerized at concentrations where
the unreduced CoPc(NaSQOj3), was aggregated.

The occurrence of aggregates was always found to be parallelled by high
activities in catalytic thiol oxidation experiments. On these grounds, it was
concluded that in the ionene-promoted process the aggregated cobalt complex is
the catalytic site. '

The question remains, why aggregates would be catalytically more active
than the monomeric complex. Probably, mainly two effects are involved. In the
first place, the ionene-containing aggregates were found to be very stable,

e.g. against high temperatures and against complex formationb with ligands like

alcohols or dioxygen. The latter compound can give rise to the g-peroxo
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complex that is known to deactivate the catalyst“’. Prevention of formation
of this complex therefore enhances the reaction rate. However, as the
polysoap-type ionenes, in spite of their monomerizing ability, also prevented
formation of the dioxygen-bridged dimer complex, this explanation is not
satisfactory.

Furthermore, the redox properties of the aggregates are presumably more
favourable than those of the monomeric species. This was also suggested by

Nevin et al.??)

, who demonstrated that dinuclear and tetranuclear phthalocyanines
reduce dioxygen more efficiently than the mononuclear compound. They attributed
this increased activity to electronic coupling between the phthalocyanine

rings. Redox properties in relation to degree of aggregation will be further

discussed in chapter 7.
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6 KINETIC MODELING OF THE IONENE-PROMOTED
THIOL AUTOXIDATION

6.1 Introduction

In the preceding chapter, it was demonstrated that polyelectrolyte-type
ionenes, like 2,4-ionene, have a positive effect on the oxidation of thiols by
stabilizing the phthalocyanine catalyst in its highly active, aggregated form.
More detailed information about the mechanism of the polymer-promoted
process was desired, in order to be able to design the most effective catalyst
system. Therefore, the kinetics of the process were studied, aimed at
elucidating the polymer effects on individual reaction steps rather than on
overall reaction rate.

Kinetic investigations were performed under carefully controlled
conditions, since e.g. pH and ionic strength were known to substantially
affect reaction rate®®. Independent variation of such process parameters
provided detailed mechanistic information and will be discussed in chapter 7.

Here, the general form of kinetics and mechanism are discussed, as well

as substrate inhibition and side-reactions.

6.2 The 2-substrate Michaelis-Menten model

6.2.1 Initial rate as a function of substrate concentrations

At a pH of 8.30 and an ionic strength of 0.1 mol dm™3, the initial rate
of oxidation of 2-mercaptoethanol was measured as a function of dioxygenvand
thiolate anion concentration. Thiolate anion rather than thiol concentration
was taken as the variable, because the anions are considered®®®%) to be the
reactive species.

In Figs. 6.1 and 6.2 the observed dependencies of initial rate on both
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[O4] and [RS7] are presented. The curves reveal saturation kinetics in both
substrates, suggesting that the process can be described by a two-substrate

)

Michaelis-Menten model™’, according to scheme 6.1:

ES; + S, == ES;S, (scheme 6.1)
k.2
kg
ES;Sg —> E+P

where E = CoPc(NaSOj3)y, S; and S, are the two substrates and P is the
product. If the reaction rate is given by eq. 6.1

ve = d[P]/dt = kg [ES;85] 6.1)

and steady-state kinetics are assumed in both ES; and ES;S,, it can be
derived that®®

Cl {E]tot
Vf = mmmmmmmmmm oo (6.2)

1 + Cy/[S3] + Ca/[S1] + C2C4/[S11[S5]

‘with C; = ks, Cy = (k_g + ks)/ka, C3 = kg/k; and Cj4 = k_1/K;.

It is customary to express the specific rate (r) as the consumption of
thiol (instead of the formation of product) per mole catalyst per second®”).
Since the reaction of thiols with dioxygen generally proceeds according to the
stoichiometry of scheme 6.2,
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Fig. 6.1 Initial reaction rate as a function of dioxygen concentration at
initial thiolate anion concentrations of 0.00143 mol dm-s {+},
0.00314 mol dn”> (x), 0.0051 mol dn™> (O), 0.0071 mol dm™> (A) and

0.010 mol dm >

¢0J>. Drawn lines calculated according to eq. 6.2.
Temp. = 25.0 ¢ 0.5 °C, I = 0.1 mol dm’s, pH = 8.30 & 0.05.
Fig. 6.2 Initial reaction rate as a function of thiolate anion concentration

3 my, 2.8 10°% mot

at dioxygen concentrations of 1.9 10'4 mol dm
a2 (), 3.7107 mol an™® (x3, 5.5 107 mol an™> (O, 8.0 107 mol
dn-3 (A) and 1.1 ‘I(J'3 mot dm-s ¢[3). Drawn lines calculated according

to eq. 6.2. Conditions as in fig. 6.1.

vi
a) 2 RSH + 0, ~---> RSSR + H,0,

vd
b) 2 RSH + HyOp ---> RSSR + 2 H,O (scheme 6.2)
¢) 4RSH+ 0O, ----> 2RSSR + 2 H,0

where reaction b) is considered as a fast consecutive reaction®?) (so that k3

only refers to the catalytic step a)), the expression for r becomes:
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= - 1/[E}ot* d[RSH]/dt = 4 v¢/[E}os (6.3)

The measured kinetic data (data points of Figs. 6.1 and 6.2) were fitted
to this equation by means of a8 non-linear least squares calculation, resulting
in the drawn curves of Figs. 6.1 and 6.2. The constants found were: C; = 1000
+ 1005, Cy=1.5+0.310* mol dm™3, Cg = 4.0 £ 0.2 10 mol dm™ and
Cys=14104 1072 mol dm3. The good agreement between experiments and
calculation can be seen from Table 6.1, in which the measured and calculated
rates are shown. The average difference between measured and calculated
activities is 4.5%. From these data it can be concluded that the kinetics of
the thiol oxidation, catalyzed by Cch(Na803)4 in the presence of 2,4-ionene,
follow the two-substrate Michaelis-Menten model. This model is also in
accordance with the previously mentioned (chapter 5.3.2) first order in Co
concentration. ’

On the basis of formula 6.2 and 6.3, it can not be determined which
substrate reacts first with the catalyst (scheme 6.1). However, in the system
here discussed no dioxygen adducts could be detected in the absence of thiol
(section 5.1). Therefore, it is assumed that prior to dioxygen coordination
thiol must coordinate. Following the above-mentioned considerations, S; is
designated to the thiolate anion and S, to dioxygen. Thus, the equilibrium
constant for thiol coordination (ky/k.; = 1/C,) is equal to 70 dm® mol™?,

1.%8) for

which is in good agreement with the findings of Kozlyak et a
cysteine. The thiol turn-over number (4 kg) equals 4000 s”, which is a very
high (enzyme-like) number for this kind of reactions.

‘ Of course scheme 6.1 is an oversimplification of any correct reaction
mechanism because the valency of the cobalt in the catalyst changes during
the reaction and radicals may occur as intermediates*®), These individual

reaction steps will be considered in chapter 7.
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Table 6.1 Measured and calculated activities st 25 °C; I = 0.1 mol dm-?’, pH =

8.3, 10°> mol dn > 2,4-ionene.

10° ms';3 10° 10,1 3 Fobs  feale.  delta
(mol dm ) (mol dnm ) [¢3)
1.07 1.1 634 602 5.0
1.07 0.8 545 545 0.0
1.07 0.55 475 467 1.7
1.07 0.37 400 382 4.6
1.07 0.28 333 322 3.3
1.07 0.19 238 250 -5.1
2.36 1.1 1018 1097 7.7
2.36 0.8 901 1003 -11.3
2.36 0.55 871 871 0.0
2.36 0.28 577 816 -6.8
4.08 1.1 1578 1548 2.0
4.08 0.8 1414 1426 -0.8
4.08 0.55 1296 1254 3.3
4.08 0.37 1054 1055 -0.1
4.08 0.28 844 909 -7.7
4.08 0.19 788 722 8.4
5.68 1.1 1775 1838 -3.5
5.68 0.8 1797 1703 5.2
5.68 0.55 1598 1510 5.6
5.68 0.37 1314 1282 2.4
5.68 0.19 985 892 9.4
8.0 1.1 2347 2133 9.1
8.0 0.8 1893 1989 -5.1
8.0 0.55 1788 1778 0.6
8.0 0.37 1450 1524 -5.1
8.0 0.28 1345 1333 0.9
8.0 0.19 1021 1079 5.7

e, expressed in units of mole thiol per mole catalyst per second; ropg:
observed initial rate, rggiet initial rate calculated according to formula

6.2

6.2.2 Dioxvgen consumption rate curves

Because during the whole conversion the pH is maintained constant and the

54}, the rate of dioxygen

catalyst is not broken down during the reaction
consumption over the whole conversion contains kinetic information related to

egs. 6.2 and 6.3. Assuming that the concentration of thiol is low, then the
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rate of dioxygen consumption varies linearly with the thiol concentration:
r = k [RSH] = k ™ [RSH], (6.4)

with k = 4C1/(Cy + CC4/[O3]).

Therefore, the dioxygen consumption should decrease according to an
exponential decay curve. For comparison, the dioxygen uptake rate curves for
an unbuffered and a buffered system are shown in Fig. 6.3a and 6.3b. In Fig.
6.3b also the exponential curve is drawn which is f ittéd through the last part
of the curve. From this fit a value for k of 4.1 107% ™! is found which

gives, at an initial thiol concentration of 0.014 mol dmf?’, a dioxygen
consumption rate of 19 ml Oy min!, a value which relates well to the dioxygen

consumption rate at the maximum of the curve (15 ml O, min™b).

25~

Y]
Ul
!

ml Op min~!
ml 0y min™}

12.5 12,3

100 150
() - Time (8) ~w> (2] Time (g8) ——

Fig. 6.3 Dioxygen uptake rate versus time at low thiol concentration;

temp. = 25 °C, [RSH] = 0.014 mol dm >.

(a) Unbuffered system; 1 & 0 mol dm'>, initial pH = 8.3, [Col = 2
10" mol dn >, (0] = 0.0011 mol dm >

(b) Buffered system; I = 0.1 mol dn >, pH = 8.3, [Col = 1.1 10°5 mol
dn3, (0] = 3.7 10 mol am>

The dotted line represents the exponential fit according to eq. 6.4.
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At higher thiol concentrations the dioxygen consumption rate curve ¢an no
longer be described in this way, There, the saturation kinetics in thiol must
be taken into account (Fig. 6.4). In that case eq. 6.2 can be used to predict
the dioxygen consumption rate curve by numerically calculating the thiol
concentrations in small time steps. In Fig. 6.4 a calculated curve is depicted
which describes the experimental dioxygen consumption rate curve rather well.
At lower thiol concentrations, differences occur between calculated and
observed dioxygen consumption rate curves. The total dioxygen consumption
for complete conversion, i.e. the integral of the dioxygen uptake curve, in
this case was found to be higher than calculated. This indicates that the
reaction stoichiometry of scheme 6.2 is complicated, probably by hydrogen
peroxide formation. Indeed, H4O4 could be detected in the reaction mixtures,
accounting for the excess of dioxygen consumed. In general, only small amounts
of peroxide could be detected. However, at low thiol concentrations the
relative amount of hydrogen peroxide increased. This explains why at low thiol

concentrations the exponential fit through the dioxygen consumption rate curve

25r

ml Oz min~!

12.5

: .
600 1200

Time (g8) —>

Fig. 6.4 Dioxygen uptake rate versus time at high thiol concentration. [RSH]
3

’

= 0.2 mol dn'>, {051 = 5.5 10°% mol >, [Col = 2 10" mol cm’
other conditions as in Fig. 6.1. The dotted line represents the fit

according to eq. 6.2.
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Table 6.2 Comparison of measured and calculated reaction rates at high thiol

concentration®.

{0zl -3 Tobs fealc delta
(mol dm ™) (%)
0.00110 2780 2750 1.1
0.00081 2530 2590 -2.4
0.00055 2050 2360 -15
0.00037 1670 2060 -23
0.00019 760 1510 -99

® [RsHIp = 0.2 mol dm’

gave a larger rate constant than expected from the initial rate (Fig. 6.3b).
The reactions involving H,0, will be further discussed in section 6.3.

6.2.3 Coordination of thiol to the catalvst; substrate inhibition
At high [RSH]y (> 0.1 mol dm™®) and low [O2] (< 0.00055 mol dm™>), it was

found that deviations from the Michaelis-Menten kinetics occurred, leading to
initial reaction rates lower than the expected values (see Table 6.2). As the
deviation was larger when [O,] was lower, it was thought that this phenomenon
is the result of substrate inhibition, due to occupation of dioxygen
coordination sites by excess thiolate anions. A strong indication of the
occurrence of this effect was found by means of stopped-flow measurements.
The stopped-flow technique is a powerful tool in studying reaction steps
with rate constants up to 10% s*l, like metal-ligand coordination steps. If
the mechanism proposed in section 6.2.1 is valid, the rate constant for the
coordination of the first thiolate anion to the catalyst complex is approx. 2
10° dm® mot 1 57! (= k3/Ca) and thus, this reaction is not detectable by
stdpped-flow measurements (unless very low concentrations are applied).
Indeed, upon fast mixing of dioxygen-free solutions of catalyst ([Co] = 2 107
mol dm™3, [N*] = 107 mol dm™®) and thiol ((RSH] = 0.01 to 0.12 mol dm™>, pH
8.3), the absorptivity at 450 nm observed at t = 0 was already much higher
than expected for CoPc(NaSQgs)s/ionene, indicating a reaction had taken place
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at a time scale faster than detectable. Nevertheless, a consecutive reaction
could be observed, its rate constant depending on thiol concentration
according to eq. 6.5, when assuming first order behaviour in CoPc(NaSOj3),.
{Two other consecutive reactions, probably redox steps’, were observed as well,

being independent of thiol concentration.)
kobsd = kl [RSH] + k-l (65)

The observed rate constant increased from 3.3 s™! at 0.014 mol dm™® thiol to
10.9 s™! at 0.112 mol dm™ thiol. From these data an equilibrium constant of
35 dm® mol™! was estimated for this second thiol coordination equilibrium and
rate constants were calculated to be: k; = 77 dm® mo1™? s7! and k.1=22 s
Although these values are rather low, dioxygen interaction with the catalyst
complex may be hindered when large thiol and low dioxygen concentrations

are applied.
6.3 Side-reactions: accumulation of HyO,

6.3.1 Hydrogen peroxide decomposition

From scheme 6.2, it is clear that accumulation of hydrogen peroxide can
occur when its formation via step a) proceeds at a higher rate than its
decomposition via b). Therefore, kinetic data of both processes are desired,
in order to be able to predict the peroxide accumulation and the accompanying
deviation from the overall reaction stoichiometry.

a) RS + Hy;0, ---> RSOH + OH"
b) RS + RSOH.- ---> RSSR + OH (scheme 6.3)

AL
¢} 2RS + Hy0p ---> RSSR +2 OH
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First, the second reaction step, b), will be discussed, which has been
described®*™®") to follow an Sna-type mechanism according to scheme 6.3.
Barton et al.®¥ investigated the kinetics of the conversion of cysteine and
cysteamine according to this process. They found a rate dependence that was
first order in both H;O, and thiolate anion. The reaction rate constants,

calculated according to
vgq = - d[Hz0:)/dt = k [RS7] [H20] (6.6)

were reported to be 10 and 12.4 dm® mol™ s for cysteamine and cysteine,
respectively. The same kinetic relationship was also mentioned for the
conversion of n-propylthiol in a study of Giles et 21,9697}, They reported a
rate constant of 7 dm® mol™* 57! (at 25 °C).

Since 2~-mercaptoethanol is the substrate used in the kinetic study
described here, the kinetics of the reaction of scheme 6.3 for this thiol were
examined. The rate of the process was determined spectrophotometrically in
dependence of thiol and Hp0Op concentration, while also the effects of
CoPc(NaSOg), and 2,4-ionene were studied.

The following results were obtained:

- at pH-values above 9, the reaction rate was too high to study the kinetics
of the process by the spectrophotometric method;

- for pH < 9, the reaction appeared to be first order in HyO, and thiolate
anion;

- the rate constant according to equation 6.6 was found to be 4.3 + 0.8 dm>
mol ! s™! when an excess of thiol was used and 12 + 3 dm® mol™ s™* with an
excess of hydrogen peroxide; the result obtained with excess of peroxide is
thought to be less reliable, since under these conditions a secondary
reaction, probably photo-oxidation of the thiol (ref .63), part 1, ch. 10
and part 2, ch. 17), was observed, seriously disturbing the kinetic

measurements; in Fig. 6.5 the effect of the secondary process is
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Fig. 6.5 Variation in absorbance at 280 nm with time, during the reaction of
an excess of Hy0z with 2-mercaptoethanol.
Conditions: nitrogen atmosphere, [H202195=0.11 mol dm-s, [RSHIg= 4.7
10°3 mol dn™>, pH = 8.0.
illustrated;
- addition of Co phthalocyanine and/or ionene had no detectable effect on
reaction rate.
Especially the latter finding is very important: since the rate of formation
of the peroxide (step a), scheme 6.2) depends on both the cobalt and the
ionene concentration whereas its decomposition rate (scheme 6.3 or step b) in
scheme 6.2) apparently does not, the amount of accumulated hydrogen peroxide
will thus depend on these quantities. Moreover, accumulation will, of course,

depend on the initial concentrations of thiol and dioxygen.

6.3.2 Simulation of hvdrogen peroxide accumulation
In the preceding section it was shown that the kinetics of step b) of

scheme 2 can be described by equation 6.6 with k =~ 4 dm® mol™! s7L. For step
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a) it has been demonstrated (section 6.2.1) that the kinetics follow the 2-
substrate Michaelis-Menten model {v; = d[H,0,)/dt, see eq. 6.2).

Thus, for a given initial concentration of thiol and given concentrations
of dioxygen and CoPc(NaSOgz), and with values for C;- C4 at the applied pH, the
accumulation of hydrogen peroxide can be calculated by combining both kinetic
relationships. Using the values for Cy- C4 determined at pH 8.30 and following
the numeric calculation procedure described in chapter 3, the following
results were obtained.

Increase of the cobalt concentration leads to an increase in peroxide
accumulation, as depicted in Fig. 6.6. This is the consequence of the fact

that the HyO, formation (step 6.2a) is accelerated by the catalyst, whereas

103 [H2021 (mol dm™

0 200 400 600 800
Time ()
Fig. 6.6 Effect of varying the CoPc(NaSOz);-concentration on the simulated

H202-accumulation curves. Simulations based on egs. 6.6 and 6.2,

with k = 4 dno mot 1 s, €1 =10° 8", ¢ = 1.5 107 an® mot ™", c3

3 an® mot™ ! and ¢4 = 1.4 1072 an® mol .

3

=4 10

, IRSHIg= 0.02 mol dm™>, pH =

7 mol dn”3 ().

Conditions: [0p] = 0.00055 mol dm

7

8.3; (Col = 1077 (a), 2 1077 (b) and 4 10°
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the decomposition rate (step 6.2b) is not affected.

Analogously, increase of the dioxygen concentration also causes
enhancement of peroxide accumulation,

Variation of the initial thiol concentration results in two types of HyO,
accumulation curves, as can be seen in Fig. 6.7a and b. At low [RSH],
(< 0.04 mol dm"s), the curve shows characteristics of pseudo-first-order
kinetics and increase of the thiol concentration in this region leads to an
increase in peroxide accumulation. However, at high [RSH]g the shape of the
curve changes: first, the hydrogen peroxide concentration rapidly increases
(with an initial rate that is independent of thiol concentration); then, when
a certain level is reached which is lower as [RSH], is higher, the amount of
accumulated H,O4 remains almost constant for a period; finally, the hydrogen
peroxide concentration starts to increase again but at a relatively low rate.

These complicated accumulation profiles are due to the fact that the
kinetics of the formation of H,O, (step 6.2a, eq. 6.2) change from zeroth to
first order in thiolate anion as thiol concentration decreases. The HyO,-
"plateau” at high thiol concentration and low conversion indicates that a

steady state is reached, i.e. v; equals vq in this region.

6.3.3 Accumulation _measurements
To verify if the kinetic theory described above is correct, HyO4

accumulation curves were measured in dependence of thiol, dioxygen and
cobalt concentration, by analyzing samples of the reaction mixtures during the
catalytic conversion of thiol.

It was found that, especially for low initial thiol concentrations, these
experimental curves were in very good agreement with the simulated profiles;
typical examples are shown in Fig. 6.8a and b.

For high [RSH], at low conversions, the measured amounts of peroxide were
often too low, compared with the calculated values. This was found to be a

result of inadequate mixing of the samples with the concentrated acid that was
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6.7 Effect of varying the initial thiol concentration on the simulated
H20z-accumulation curves. Kinetic parameters as in Fig. 6.6.
Conditions: [05] = 0.00055 mol dm >, [Col = 2 107 mol dn’>, pH = 8.3.
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Fig. 6.8 Comparison of experimentally determined (*) and simulated (drawn

line) Hp0p-accumulation curves. Kinetic parameters as in Fig. 6.6.

Conditions: [0p] = 0.00055 mol dm >, [Col = 4 10 mol dm >, pH =
3

8.3; [RSHlg = 0.0142 (a) and 0.114 mol dm ° (b).
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added in order to quench further reaction (see experimental section). At the
moment the sample is taken out of the reactor, the dioxygen concentration is
immediately decreased to zero, stopping the HyO, formation process. However,
as long as the sample is not sufficiently mixed with the hydrochloric acid,

the decomposition reaction of peroxide still continues, at a relatively high

rate due to the high thiol concentration. Therefore, the amount of HyO, that
is measured, will be too low. Nevertheless, the shape of the obtained
experimental curves is very similar to the shape of the calculated ones. It

can thus be concluded that the kinetic model satisfactorily describes the H,0,

accumulation process.

6.3.4 Influence of H,O, accumulation on catalytic_measurements
In our laboratory, the kinetics of catalytic thiol conversion are studied

by measuring the dioxygen uptake rate curves. Since the overall stoichiometry
of reaction 6.2¢ will no longer be valid when peroxide is accumulated, the
effects of accumulation on dioxygen flow curves had to be studied. Fig. 6.9
shows three of these curves, one experimentally determined (a), the other two
simulated, (b) without and (c¢) with a correction for HyOy accumulation.

At the start of the reaction both simulations deviate from the
experimental curve due to the experimental procedure (see section 3.2.6).

Curve 6.9b represents a calculation based on the assumption that no HyO,
is accumaulated so that the stoichiometry of RSH : Og = 4 : | is maintained
during the whole process. It is evident that, at high conversions, the
experimental curve (6.9a) shows a considerable deviation from this model
curve, as was expected. This illustrates very well that, in general, kinetic
studies are to be based on initial rates, where the effect of by-products is
not yet detectable.

However, in this process it is now possible to obtain more kinetic data
from one flow curve, since the complete curve can be analyzed by means of the

kinetic model including peroxide accumulation effects. Fig. 6.9 shows that the
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Fig. 6.9 Dioxygen uptake rate curves as experimentally determined (a) and
simulated (b, ¢). Simulation b is based on eq. 6.2 and a constant
stoichiometry of RSH : Op = 4 : 1, simulation ¢ is based on egs. 6.6
and 6.2. Kinetic parameters as in Fig. 6.6.

Conditions: [03] = 0.0011 mol dn™>, (Co} = 2 1077 mol dn >, [RSH1g=

0.071 mol dm >

, pH = 8.3,
calculated curve according to this model (6.9¢) is in good agreement with the

experimental result (6.9a).
6.4 Conclusions

Analysis of initial rate dependence on dioxygen and thiolate anion
concentrations revealed that the kinetics of the oxidation of 2-mercapto-
ethanol as catalyzed by CoPc¢(NaSQOg)s/ionene can be very well described by a
two-substrate Michaelis-Menten model.

Only at high thiol concentrations in combination with low dioxygen

pressures, serious deviations from this model were observed, probably as a
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result of occupation of dioxygen binding sites by excess thiolate anions.
Stopped-flow measurements indicated that coordination of two thiol ligands to
the catalyst complex indeed is possibie.

In order to be able to describe complete dioxygen uptake rate curves for
the catalytic oxidation of thiol, it appeared necessary to include the HyO,
accumulation process in the kinetic equations. Formation of the peroxide could
be described by the Michaelis-Menten rate equation (6.2), whereas the H,0,
decomposition reaction followed kinetics that were first order in both HyO,
and thiolate anion (eq. 6.6). Accumulation curves and dioxygen uptake rate
curves could be very well predicted on the basis of these kinetic equations.

The knowledge on hydrogen peroxide accumulation was applied in performing
the investigations of the next chapter. Complete dioxygen flow curves were

then used for kinetic analyses, the data being corrected for accumulated HgOs.
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7 EFFECTS OF VARYING REACTION CONDITIONS ON THE KINETIC
PARAMETERS; MECHANISTIC CONSIDERATIONS

7.1 General features

7.1.1 pH variation
pH-Effects on catalvtic activity were measured for several dioxygen and

thiol concentrations, so that it was possible to determine how each kinetic
parameter is affected by changing the pH (Table 7.1). Also the effect on the
overall activity was established, as illustrated in Fig. 7.1.

Keeping [RSH] constant (Fig. 7.1a), the catalytic activity showed an
optimum around pH 9.5. The activity increase up to a pH of 9.5 was due to the
increasing degree of thiol dissociatiqn, as is evident from the pH
independence at constant [RS"] in this region (Fig. 7.1b). This effect is also
reflected in the fact that k; is practically independent of pH.(Table 7.1).

Above pH 9.5, activity decreases both at constant thiol and thiolate

anion concentration. This rate decrease is mainly due to a decreasing

Table 7.1 Effects of pH on kinetic parametersa’b.

pH 107 100% 107%, 103%™ ¢ 107
7.9 3 50 0.5 13 1% 9
8.3 3 40 6.7 7 7 10
8.85 1.1 6 2 3 3 10
9.5 5 7 7 3 3 10
10.5 2 1.4 17 2 3 9
11.5 1.3 1.1 1" 1.9 3 8
12.3 1.3 0.6 20 1.7 3 5
13 4 1.2 30 1.6 5 3

a 2,4-ionene, thiol: 2-mercaptoethanol
® ky and k™" in danomot 1s 7!
c

, k-1 and k3 ins’T, kg and K™ in dacmol !

kgmm= k3/C2 (k.p<< k3), szin= 17C2 (k.z2»> k3}
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Fig. 7.1
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Effect of pH on overall reaction rate at constant thiol

concentration (a) and constant thiolate anion concentration (b).

a) [0p] = 0.0011 mol dm™>, [(RSH] = 0.14 mol dm >

3

()]
b) 101 = 0.0011 mol dm™>, RS’ = 0.014 mol dn > (A)
Other reaction conditions: [N+] = 10-3 mol dm‘s, 2,4-ionene was

used, thiol: 2-mercaptoethanot.

efficiency of the product formation step, i.e. to a decrease in rate constant

ks (Table 7.1). In section 7.2.2, the variation of kinetic parameters with pH

will be further discussed.

7.1.2 Ionene variation

Based on the results reported previously by Brouwer et al.54), it was

expected that variation of the ionene charge density would lead to a parallel

variation in overall activity, due to changes in local thiolate anion

concentration.
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Indeed, it was found that the activity increases with increasing charge
density (Fig. 7.2). Within the series of x,y-ionenes, where x and y were
varied between 2 and 6, the observed relationship was linear. The 2,xyl-
ionene, containing aromatic groups in the polymer backbone, showed a lower
activity than was expected on the basis of its calculated linear charge
density. This is probably due to the fact that the 2,xyl-ionene chains have a
longer persistence length and, thus, a lower coil density than the flexible
x,y~-ionene chains, leading to a lower electrostatic potential (see section
7.2.3).

It was established which reaction rate constants are responsible for the

observed variations in overall activity. As can be seen in Table 7.2,

1000 +

900 -

800 -

700 ~

600 -

Raote (mol RSH (mol Cod-! &b

500 T T T Y 1
.5 .7 .8 1.1 1.3 1.5

o

Fig. 7.2 Dependence of reaction rate on the linear charge density parameter,
O, of several ionenes; M: 2,4-ionene, A: 2,6-ionene, @: 6,4-ionene,
x: 6,6-ionene, +: 2,xyl-ionene.

3

[02] = 0.00055 mol dm >, [RSH] = 0.017 mol dm -, ph = 8.9, ') =

10.3 mol dn-3, thiol: 2-mercaptoethanol.
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Table 7.2 Kinetic parameters for several jonenes®.

jonene®  107k; 1072y 107Ky 107%™ 073 107%g
2,4 1.1 6 2 3 3 10
2,6 1.3 2 7 1.4 1.4 10
6.4 1.5 2 8 1.0 1.1 9
6.6 1.1 1.3 8 1.0 1.1 9
2,xyl 0.6 0.2 30 0.8 0.8 10

8 conditions: pH = 8.85, thiol: 2-mercaptoethanol
b linear charge density parameters: 2,4-ionene: 1.44, 2,6-ionene: 1.15, 6,4
ionene: 0.96, 6,6~ionene: 0.82, 2,xyl-ionene: 1.25

€ for dimensions and definitions of kzmm and Kgmm: see Table 7.1

surprisingly k4, in fact an apparent rate constant also accounting for
differences in local [RS'], remained almost constant within the x,y-ionene
series. Thus, it must be concluded that the local thiolate anion concentration
is not the determining factor in the different activities of these ionenes
(presumably, variations in linear charge density are compensated by variations
in coil dimensions). On the other hand, it was calculated that the decrease of
activity on going from 2,4- to 6,6~-ionene was predominantly caused by a
{small) increase of C, (decrease of ky or K3). For 2,xyl-ionene, the low value
of ky and the high C,-value appeared to contribute to its low activity. In all
cases, the effects of k; and C, were partly compensated by changes in k_;.

These effects will be discussed in more detail in section 7.2.4.

7.1.3 Thiol variation

By varying the R-group of RSH, it is also possible to obtain mechanistic
information. Especially the charge on the R-group seemed an interesting
parameter in the polyelectrolyte catalytic system. It was expected that thiols
carrying a highly negative charge would be relatively more concentrated within

the polymer coil domains and the oxidation of these thiols would therefore be
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Fig. 7.3 Reaction rate versus thiol concentration for the oxidation of 2-
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mercaptoethanol R SH(O), ammoet_hangthwl R SH(A), cysteine RSH (@)
and mercaptoacetic acid R SH(X).
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[07] = 0.00055 mol dm'>, ph = 8.9, IN'] = 10°> mol dn >, 2,4-ionene

was used.

enhanced. To verify this assumption, the following thiols were used in
catalytic experiments and compared with the previously investigated mercapto-
ethanol (R°= -CH,CH,OH): mercaptoacetic acid (R™= -CH,COO"), cysteine (R*= -
CH,CH(COO™)NH;3") and aminoethanethiol (R*= -CH,CH,NH;").

Fig. 7.3 shows the activities for these thiols at pH = 8.9 and constant
dioxygen concentration. It clearly shows, that, in contrast to what was
expected, aminoethanethiol and mercaptoethanol are being oxidized at a higher
rate than the thiols carrying negatively charged R-groups, although the values
for k; (Table 7.3) indicate that the latter compounds are indeed more
concentrated locally than the uncharged or positively charged thiols. The

activity differences are mainly caused by different ks-values (Table 7.3) and
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Table 7.3 Kinetic parameters for several thiols®.

thiot® 107k 107%q 107%; 0% 103N 1078
R;)SK 2k 3 30 0.8 8 1.0
RUSH 1.1 6 2 3 3 10
sta 0.5 1.5 3 1.4 7 2
R*sH 0.4 0.6 7 2 3 6

2 conditions: 2,4-ionene, pH = 8.85 at which the degrees of thiol dissociation,
[RS'1/{RSH, are 0.05 for R'SH, 0.26 for RUSH, 0.58 for RYSH and 0.86 for
R"sH

b RSH = mercaptoacetic acid, ROSH = mercaptoethanol, RtSH = cysteine, R+SH =

amincethanethiol

€ tor dimensions and definitions of kamm and szm: see Table 7.1
will be further discussed in section 7.2.5.
7.2 Effects on individual kinetic parameters; reaction mechanism

7.2.1 Postulation of mechanism
With the aid of the dependence of the kinetic parameters on pH (Table

7.1), ionene charge density {Table 7.2) and type of thiol (Table 7.3; all data
are summarized in Table 7.4), the reaction mechanism of the ionene-promoted
catalytic thiol oxidation was evaluated in detail.

The model of scheme 6.1 formed the basis of this evaluation. However, it
was taken into account that this scheme is only a simplified representation of
the process because each presented reaction step in reality consists of more
than one step, viz. coordination and electron transfer (redox) steps.

Furthermore, an alternative mechanism was considered, in which the first
kinetically perceptible reaction step is the interaction of dioxygen with the
RS -Co~complex. Formation of that complex was then regarded as a saturated

pre-equilibrium, whereas the addition of the second thioclate anion (necessary
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Table 7.4 Summary of effects of reaction conditions on kinetic parameters and

. a
overall reaction rate .

kq k-1 K1 k2 or K2 k3 rate®
pH
7.9 --> 10 (] - + - 0 +C
10 --> 13 0 0 ] 0 = -
ionene
2,xyl --> x,y + - + 0
6,6 --> 2,4 0 + - 0
R (RSH)
R(-J --> R+ - +: -: + +
RY --> R | - * -/0 = -

a .
- = decrease, + = increase, 0 = constant; the symbois[¥] and[-]denote the rate

constants contributing most to the observed differences in overall reaction
rate

b keeping all other conditions constant

c

[RSH] is constant; if [RS 1 is constant, then the rate is also constant

d at constant pH; expected at constant [RSH1/(RS ]: k-1 4+, Kq -

to form RSSR) was assumed to be responsible for the observed Michaelis-
Menten kinetics in thiol. In the mechanism of scheme 6.1, the rate of the
addition of the second thiolate anion is assumed to be independent of thiol
concentration. Both these mechanisms are in agreement with the observation
that the catalytic thiol oxidation does not show second order kinetics in thiol.
A third possible mechanism, in which the first reaction is the addition
of dioxygen to CoPc(NaSQj3),4, was rejected since it has been demonstrated
spectroscopically that no interaction occurs between dioxygen and the ionene-
bound metal complex (see section 5.1).
On the basis of all kinetic data obtained, the mechanism of scheme 6.1

appeared to be the most probable reaction pathway. In scheme 7.1, where Co
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represents CoPc(NaSQOg),, 2 more detailed description can now be given, which
is proposed as the mechanism for the ionene-promoted process. Further
argumentation for the choice of this mechanism, based on various experimental

observations, follows below.

kia ki
Co'! + RSH T—— Co"-RSH === Co'-RSH
k-1a k.1p
Ka1 Kaz
kic kip
Col + RS™ ——= Co"-RS” === Co'-R§'
+H" ke +H" k,p +H'

koa ksp kac
RS-Co! == RS-Co'-0, == RS-Co™-0,2” = RS$-Co™ + H,0,
+ 02 k-g)\ k..gB + 2 Hzo k_zo + 2 OH™

RS-Co + RS" 2 RS?'-COIH (independent of [RS])
R

ks
RSSI‘>"-Com ——> RSSR + Col! (scheme 7.1)
R

7.2.2 pH-effects

The value of k; appeared to be very sensitive to small changes in thiol
concentration caused by small variations in H,Os-accumulation (see section
3.3) and therefore k; could not be determined very accurately. Nevertheless,

it could be concluded that this rate constant does not change significantly
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within the pH-range investigated (7.9-13) and has a value of 2.6 £ 1.4 10° dm®
mol™! 51, The constancy of k; is in good agreement with the fact that the
reactivity of the thiol molecule is negligible as compared to that of the
thiolate anion®®%%) {kia. k1B << Kic, kip), which was implemented in the
kinetic equation 6.2.

The largest pH effect was found for k_;, although its effect on the
overall reaction rate was calculated to be rather small. It was found, that
k.; decreases on going from pH 7.9 to about 10, while at still higher pH
values k.; remained constant. This suggests the involvement of an acid/base-
equilibrium in this reaction step with a pK, around 9. Since mercaptoethanol
has a pK, of 9.3 under reaction conditions, this thiol, coupled to the
catalyst, seemed a likely candidate for this equilibrium. Therefore, an
attempt was made to describe the pH dependence of k.; by assuming two
parallel Co-thiol dissociation routes for both the protonated and unprotonated
thiol form, as presented in scheme 7.1.

The following set of equations corresponds to this model:

k.g= (1-a) k" 4 o kB (7.1)
a = 1/(10PKa2PH | |y (7.2)
RSH

where k_y (a combination of k_;5 and k_;g) and k-lRS' (k_ic and k_;p) are
the rate constants for the dissociation of the Co-RSH-complex and the Co-RS -
complex, respectively, and K, is the apparent acid dissociation constant of

the Co-RSH-complex (either in the Co¥ or in the Co state). With k_,®5%= 6
103 s'l, k_las-= 10% 57! and pK,o= 8.4, a good fit of the experimentally
determined k_;-values was obtained, as can be seen in Fig. 7.4. Apparently,

the acidity of the thiol is increased upon its binding to the phthalocyanine
complex. The fact that the RSH complex reacts at a much higher rate than the
deprotonated form, probably results from the electron withdrawing property of

RSH which will cause weakening of the Co-RSH bond.
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Fig. 7.4 Rate constant k.q as a function of pH.
Data points obtained from fitting the kinetic results to eq. 6.2,
drawn curve calculated according to egs. 7.1 ardd 7.2, assuming

RSH RS

kRS = 6000 877, k.qRST = 100 577 and pKyz = 8.4.

Concerning the dioxygen addition to the CoI~RS‘-complex, also a small pH-
dependence was observed. However, it is difficult to draw conclusions from
this, because k., can not be determined and therefore it remains unknown
whether a kinetic effect is measured (if k_j,<< kg then ko= k3/C,, see equation
6.2) or a thermodynamic effect (if k.,>> kg then Ka= 1/Cs). Thus, either k, or
K, decreases with increasing pH until pH = 8.3, after which constant values
are reached (ko= 2.2 £ 0.6 10% dm® mol™! s™! and Kg= 33038 10% dm® mol™?).
Presumably, the acid dissociation of water plays a role in this pH dependence
since the effect is largest-around pH 7. Moreover, it seems very likely that
the presence of OH ™ hinders the formation of peroxide as shown in scheme 7.1.

Finally, the rate constant of the product formation step, ks, appeared to
be constant for 7.9 < pH < 11. At high pH, however, k3 was observed to
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decrease. This may be due to one of the following effects: (1) OH" stabilizes
(inactivates) the ternary reaction intermediate or (2) large amounts of
hydroxide ions induce the formation of {(small amounts of} the inaétive -
peroxo Co comp]ex45'68'84) (see also section 5.1), thus lowering the

efficiency of the catalyst.

7.2.3 Yarving the tvpe of ionene; conformational and structural effects
Before discussing the dependence of the kinetic parameters on the type of

ionene, the effects of varying the ionene structure on chain conformation and
catalyst structure have to be considered. As the alkyl and xylyl segments were
regarded as chemically inert, direct effects of ionene structure elements on
reaction kinetics have not been taken into account,

With respect to chain conformation, it is clear that 2,xyl-ionene differs
considerably from the x,v-ionenes, since the latter compounds consist of
flexible chains, whereas 2,xyl-ionene contains aromatic groups in the polymer
backbone, keeping the N*- N* distances more or less fixed. Therefore, the x,y-
ionenes will exhibit higher coil densities than the 2,xyl-ionene, accompanied
by higher electrostatic potentials, leading to stronger enhancement of the
thiolate anion concentration within the polymer coil domains (RS Jiocat)-

This will be shown to affect thiol oxidation kinetics.

Within the x,y-ionene series, differences in electrostatic potential will
probably be rather small, since the variation in linear charge density will be
(at least partly) compensated by changes in coil dimensions: while the 2,4-
ionene chains will be largely expanded due to repulsion between the closely
spaced positive charges, the chains of e.g. 6,6-ionene may be more contracted
since the repulsion will be less along the longer alkyl segments. Therefore,
only minor differences in [RS Jjoca1 Within this ionene series are expected.

Apart from the effect on thiolate enrichment within the polymer domains,
the ionene charge density, or more precisely the electrostatic potential, may

also affect another guantity, viz. the degree of aggregation of the cobalt
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catalyst. The importance of this phenomenon has been discussed in chapter 5,
in which it was demonstrated that the aggregated phthalocyanine complex is
far more active in the catalytic thiol autoxidation than its monomeric form
{section 5.3).

For the ionenes discussed here, the degree of aggregation was
spectroscopically studied (see sections 4.1.2, 4.1.3 and 5.2.1), revealing
that the 2,xyl-ionene system contains only dimers, whereas the x,y-ionenes
contain higher aggregates. In the next section, it will be demonstrated that
the degree of phthalocyanine aggregation is an important factor influencing
reaction kinetics.

It would have been interesting to include 2,10-ionene in these kinetic
investigations, since this ionene stabilizes the catalyst complex in its
monomeric form (chapter 5). However, the activity of this system was too low
to allow determination of the kinetic parameters with sufficient accuracy.
Moreover, the kinetic behaviour of this system was observed to be complicated

by a deviation from first-order kinetics in Co (section 5.3.2).

7.2.4 Effects of the tvpe of ionene on kinetic parameters
Looking at Table 7.2, it is evident that k; is not very sensitive to

charge density changes. Between the x,y-ionenes (k;= 1.3 + 0.2 10% dm® mol™!
s'l) and 2,xyl-ionene the observed difference in this rate constant is only a
factor of 2. Nevertheless, this relatively small decrease of k; was calculated
to be the most important factor determining the lower overall activity of the
2,xyl-ionene. The lowering of k; is probably a result of the lowered local
thiolate anion concentration due to the decreased charge density. Within the
x,y-ionene series, k;, and thus [RS8 J.ca1, @ppears to be constant, indicating
that differences in linear. charge density are indeed (at least partly)
compensated by coil dimensions, as was discussed above.

The value of k.; varies considerably (Table 7.2); even within the x,y-

ionene series the observed variation is significant. If this variation was
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caused by a shift in electrostatic potential leading to a shift in the K,
equilibrium, one would expect an increase of k.; with decreasing charge
density: as was stated in the discussion on pH effects (section 7.2.2), k-lﬁSH
>> k. 1Rs' and a system with low charge density, where [RSH}j...; is relatively
high, should therefore exhibit a high value for k_;. Instead, it was found

that k. strongly decreases on going from 2,4- to 2,xyl-ionene (by a factor of
30 4.

A possible explanation for this phenomenon can be found in the variation
of the degree of cobalt aggregation on varying the type of ionene. In the
2,xyl-ionene system only dimers occur, while the x,y-ionenes stabilize higher
aggregates. If transfer of electrons from Co! to RS’ (k.yg or k_ip) is
facilitated by an increase in the degree of aggregation, this would account
for the observed variation in k_;. It would also be in good agreement with the
results of Nevin et al.gz), who found that tetranuclear phthalocyanine
complexes are more efficient reductors than the analogous mononuclear or
dinuclear complexes. It must be noted, that this argumentation implies a
variation of the degree of aggregation even within the x,y-ionene series,
which appeared impossible to prove spectroscopically. Nevertheless, it is
postulated that the observed charge density effect on k_; is a result of the
dependency of k_jp and/or k_;p on the degree of aggregation of the cobalt
catalyst.

Based on the foregoing, it is obvious that reaction step 2B (scheme 7.1)
must also show a dependence of reaction rate on charge density, because an
analogous electron transfer is involved as was discussed above. Indeed, an
increase in C; (decrease in kg or Ky) with decreasing charge density was
recorded, but the effect was very small. This may be due to one of the
following reasons: (1) the redox step (2B) is much faster than the
coordination of dioxygen to the catalyst complex (2A), so that the rate of the
latter step determines the observed ky value; (2) if kg << k_5 only a

thermodynamic effect is measured and a change in charge density probably
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affects kyp and k_,g equally. On the basis of the present results it is
impossible to discriminate between these possibilities.

The rate constant for product formation, kg, was found to be constant
for all ionenes investigated, This implies that neither local concentration
effects, nor aggregate-facilitated Co oxidation play a role during this step.
This is consistent with the proposed mechanism of scheme 7.1, where peroxide
formation takes place in step 2 and the second thiolate anion addition is
assumed to be kinetically not detectable.

The constancy of kg was also the main reason why the alternative
mechanism, based on the assumption that the first kinetically perceptible step
is the addition of dioxygen, was rejected. If, according to that mechanism,
peroxide formation would take place before the formation of disulfide, the

reaction scheme would become:

Co™ + RS = Co'-RS' (saturated pre-equilibrium)
Co'-RS' + 0O, === RS$-Co'-0, T—2RS-Co™ + H,0,
RS-Co'! + RS Rssl;'-cOm (scheme 7.2)
R
RSlS°-Com ——> RSSR + Co!
R

This scheme corresponds to a so-called ping-pong mechanism®® which is
described by a kinetic equation of the form of formula 7.3;
Vo= mmmmmmemeeioeen (1.3)

1 + b/[Og] + ¢/[RS7]

However, the obtained kinetic data presented in this thesis can not be fitted

to this equation satisfactorily. Thus, it can be concluded that scheme 7.2
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does not provide an appropriate representation of the catalytic process.

7.2.5 Effects of varving the type of thiol

Variation of the R-group of RSH leads to large variations in overall
reaction rate and kinetic parameters (esp. k; and kj3), as was demonstrated in
Fig. 7.3 and Table 7.3. The value of k; increases with increasing negative
charge on the thiolate anion. This is in accordance with expectation, since
negatively charged species will be attracted more by the positively charged
ionene than species carrying no net charge and will thus be more concentrated
within the polymer domains (in the vicinity of the polymer-bound catalyst
complex). ;

The behaviour of k.; is much more complicated; this rate constant
increases in the order: R*SH < R*SH < R'SH < RSH. Probably, this is due to
different degrees of thiol dissociation at the applied pH. Considering the pH-
effects, it was discussed above that k-;RS' << k_IRSH. Therefore, the obtained

RS'), because

value of k.; for aminoethanethiol will be relatively small {» k_;
this thiol is dissociated to a large extent at pH 8.9. On the other hand, the
thiol-group of mercaptoacetic acid is hardly dissociated at this pH and thus,

RSH). On these grounds, it is estimated

k.q will be relatively large (» k_;
that, at a constant [RSH)/[RS }-ratio, k_; will increase in the following
order: R'SH << R*SH < R°SH < R*SH. This order was expected and can be
easily understood, since electron transfer to RS (k_jp or k_;p) will be more
difficult when the R-group is negatively charged {electron donating).

The effect of changing the type of thiol on Cy (ks or K3) is rather
small, leading to the conclusion that electron donating or withdrawing
properties of the thiols are not very important in this reaction step. This
means, that the electron transfer step (kyg) is not the determining factor in
the observed rate effect. Therefore, either a thermodynamic effect is being
measured or kya is determining the value of kg, which was also concluded on

the basis of the charge density effects (vide supra).
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Finally, ks appeared to depend strongly on the type of thiol. Very low
values were found for mercaptoacetic acid and cysteine (10 and 5 times lower
than for mercaptoethanol, respectively). This may be due to the position of
the (saturated) equilibrium preceding the product formation step 3. Since the
Co-bound thiol ligands in question are already carrying negatively charged

Iy it is likely that addition of a second thiolate anion

groups (R°S-Co
will be relatively unfavourable because of repulsion. On the other hand, a
positively charged R~group may exert an electron withdrawing effect and thus
retard the electron transfer from RSS'R to Com,‘ lowering kg. This explains

the observed order of increase for kg R"SH < R*SH << R*SH < RUSH.
7.3 Conclusions

Summarizing all kinetic data (see Table 7.4) and the discussion above, it
can be concluded that:

- the efficient oxidation of thiols requires a high thiolate anion
concentration in the vicinity of the cobalt catalyst (RS Jjocat), since
klRSH << klRS'. The local thiolate concentration can be increased by
increasing the pH and the negative charge on the R-group of the thicl.
Furthermore, [RS Jioca1 i8 enhanced by a high electrostatic potential on
the ionene, which is, however, not directly related to the linear charge
density of the polymer. Therefore, the differences in activity of the x,y-
ionenes can not be explained on the basis of differences in thiolate
enrichment.

- a low charge density of the ionene, leading to a low degree of
phthalocyanine aggregation, gives rise to a decreasing efficiency for
electron transfer from Co to substrates. Presumably, the degree of
aggregation varies even within the x,y-ionene series, accounting for the
different activities observed.

- the dissociation of the CoI-RS'—complex (k.3) appears to be affected by
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the above-mentioned aggregation effect. This reaction step is acid
catalyzed, as became evident from the dependence of k.; on pH and
pK . (thiol).

- the overall reaction rate is largely dependent on k3, that decreases upon
increasing the pH above 11, or when the R-group of the thiol is more
‘negatively charged.

The observed dependencies of the Kinetic parameters on pH, the type of ionene
and the type of thiol, can be combined with the general kinetic charateristics
of the polymer-promoted catalytic system (two-substrate Michaelis-Menten

model) to give a reaction mechanism of the form of scheme 7.1.
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8 POLYELECTROLYTE-PROMOTED CATALYTIC OXIDATION OF A
HYDROPHOBIC THIOL

8.1 Imtroduction

In the previous chapters, an elaborate study was presented on structural
and kinetic aspects of the polyelectrolyte-promoted autoxidation of thiols
using CoPc(NaSQOg),4 as a catalyst. In order to obtain mechanistic information,
a well-defined homogeneous system was investigated. Thus, 2-mercaptoethanol
was chosen as a model substrate, since it is well soluble in the reaction
medium (water), as is the corresponding disulfide,

However, it is also very interesting to study whether hydrophobic thiols
can be oxidized by using this type of catalyst systems and, if possible, to
determine how the mechanism of the process is affected by the thiol
hydrophobicity,

1.99) reported previously, that the oxidation of 1-dodecane-

Brouwer et a
thiol is indeed enhanced by ionenes. Nevertheless, the efficiency of the
process was found to be rather poor as compared with that of 2-mercaptoethanol
(the maximum observed rate was lower by a factor of about 10). Furthermore,
the kinetic data were treated as for a homogeneous system, which may not be
completely justified.

Therefore, this hydrophobic thiol oxidation has now been investigated in
more detail and reaction conditions have been further optimized. In this
chapter, the possibilities and limitations of ionenes in the catalytic conversion
of dodecanethiol are discussed, as well as the mechanism of this process in

comparison with its homogeneous counterpart.
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8.2 Results and discussion

8.2.1 Reaction procedure
When an oxidation experiment with 1-dodecanethiol is performed

according to the method developed for mercaptoethanol (see section 3.2.6),
3 dioxygen uptake rate curve is obtained as depicted in Fig. 8.1a. It clearly
demonstrates that, after the reaction has started, the reaction rate slowly
increases, although the amount of thiol present is, of course, decreasing.
Only when about 35% of the thiol is converted, the rate starts to decrease
again.

Apparently, optimum reaction conditions are reached after a relatively
long period on reaction time scale, most probably as a result of slow mixing
of the thiol with the catalyst system, since the reaction is started by adding
the thiol to the dioxygen-saturated catalyst mixture. It can be expected that
mixing of the hydrophobic substrate with the hydrophilic CoPe(NaSOs),/

ml Oz min~!
ml Oz min™!

o PR T R £ [V VA S T B\ A B
g 150 300 0 150 300

Time (8 Time ()

Fig. 8.1 Dioxygen uptake rate curves for the catalytic oxidation of 1-
dodecanethiol according to different reaction procedures (see text).

3 ol dm’3,

Conditions: ph = 13, [RSHIg= 0.021 mol dm >, IN'1= 10°
tcod = 10" mot du's, polymer promotor: 2,4-ionene (My= 7400).
a) Reaction started by thiol addition.

b) Reaction started by CoPc{NaSO3); addition,
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/ionene system requires some time to reach equilibrium conditions.

In order to verify this assumption, the reaction procedure was somewhat
adapted: first the ionene solution was mixed with the thiol and then the
reaction was started by introducing the cobalt complex. The result of this
procedure is illustrated in Fig. 8.1b. It is evident, that the maximum
reaction rate is now reached almost immediately after starting the reaction,
confirming the above-mentioned hypothesis. Since the thiol concentration at
this point is still high, also the observed rate is higher than was found for
the conventional reaction procedure.

Because the above described method leads to less complicated kinetic

behaviour, further experiments were performed according to this method.

8.2.2 Thiol dispersion in the reaction medium

On the basis of the very low solubility of dodecanethiol in aqueous media
3 10°® mol dm™ at 50 °C1°°)), it was expected that a two-phase system would
be formed upon mixing the thiol with the catalyst solution. Indeed, phase-
separation was observed without stirring, especially at low ionene
concentrations. At high ionene concentrations an emulsion-like system was
obtained, suggesting that the 2,4-ionene exhibits some surface-active
characteristics.

In such a two-phase system, where the substrate exists mainly in one
phase and the catalyst in the other, reaction rate should depend largely on
stirring speed, since this (at least partly) determines the contact surface
between the two phases. However, reaction rate also depends on stirring speed
because gas-phase dioxygen has to be sufficiently mixed with the reaction
solution. To discriminate between these effects, the rate dependence on
stirring speed was determined for both 2-mercaptoethanol and 1-dodecanethiol.
The results are depicted in Fig. 8.2, which clearly shows that low stirring
speeds lead to insufficient dioxygen transport to the reaction solution,

limiting reaction rate. At 1500 rpm this problem is overcome, as can be
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Stirring speed (rpm)
Fig. 8.2 Dependence of initial reaction rate, Vg, on stirring speed in the
2,4-ionene-promoted oxidation of 2-mercaptoethanol (@) and 1-
dodecanethiol (A).
Conditions @: pH = 8, [RSH1g= 0.19 mol dn >, IN'1 = 107> mol dm >,
3

[col = 2 107 mol dn'>; A: pH = 13, [RSHIg= 0.013 mol dm >, N'1 = 5

4 3

10™% mol dm™>3, col = 2 1077 mol dm™> (reaction started by

CoPc(NaS03), addition).

concluded from the constancy of reaction rate above this value for the
mercaptoethanol system. On the other hand, dodecanethiol oxidation rate has
not reached its maximum value even at a stirring speed of 2000 rpm (where
Vo = 0.83 V™), indicating that, indeed, the coexistence of two liquid
phases enlarges the rate dependence on stirring speed.

Self-evidently, it is necessary to apply high stirring speeds in the
dodecanethiol system to avoid mass-transport problems during kinetic
measurements. Therefore, all further experiments were carried out at a

stirring speed of 2600 min~L.
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8.2.3 Concentration effects on kinetics

The reaction rate was studied in dependence of substrate concentration
and the concentrations of the catalyst components. Also the effect of varying
pH was investigated.

On lowering the pH starting from pH 13, it was found that reaction rate
decreased dramatically, reaching almost zero activity at pH < 10. This is in
agreement with the fact that the thiolate anion is the reactive species, as
was also established for mercaptoethanol (see chapter 7). Further experiments
were therefore performed at pH 13.

Variation of the thiol concentration led to the behaviour depicted in
Fig. 8.3. The kinetic order in thiol changed from 1 to 0 on increasing the
amount of RSH and thus it seems that the process can be described by a

Michaelis-Menten model, analogous to the mercaptoethanol oxidation (chapters

~~
[61]
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- 2 &
i
/8 —
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Q o
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o = A
) o
100 A E 5.
—
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- o
< <
1] T 3 ¥ ¥ 1 ] ¥ T ]
1] 1 2 3 4 5 g .8 1.8 2.4
102 [RSH] (mol dm™ 1072/ [RSHI (mol~! dm®

Fig. 8.3 a) Initial dodecanethiol oxidation rate as a function of the amount
of thicl per unit reaction volume.

b) Lineweaver-Burk plot of the results of a).

Polymer promotor: 2,4-ionene (M= 7400), ph = 13, (N'1 = 5 10™% mol
chn-3, {Col = 8 10'7 mol dn'3, reaction started by CoPc(NaSO3),

addition.
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Fig. 8.4 Effect of varying the 2,4-jonene concentration on the initial

dodecanethiol oxidation rate.

3 3

Conditions: pH = 13, [RSH1g= 0.021 mol dm >, [Col = 8 107/ mol dm’

(reaction started by CoPc(NaS03), addition).

6 and 7). However, a Lineweaver-Burk plot of the obtained results (Fig. 8.3b)
clearly demonstrates that the Michaelis-Menten rate law is not obeyed (1/Vy
versus 1/[RSH] should be linear). This is likely to be due to the non-linear
relationship between the amount of thiol present in the reaction mixture and
the thiolate anion concentration in the vicinity of the catalyst.

This local thiolate anion concentration appeared to be highly dependent
on the ionene concentration, as becomes evident from Fig. 8.4. Effective
conversion of dodecanethiol was observed to be possible over only a small
range of ionene concentrations: 107 mol dm™ < [N*] < 1072 mol dm 3, with a
sharp optimum at [N*] =~ 1073 mol dm™3. For the oxidation of mercaptoethanol
the reported range was much larger and the optimum was less pronouncedml).

The results of Fig. 8.4 can be explained as follows,
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The ionene interacts electrostatically with the thiolate anions that
exist at the thiol-water interface. At low [N*], only a small part of the
thiolate anions is in contact with the ionene that binds the cobalt catalyst
complex, whereas the rest of the thiol remains separated in droplets from
which only slow transport to the catalyst is possible. Therefore, the
oxidation rate is rather low.

Upon increasing [N*], the contact surface between ionene and thiol
(thiolate anion) is enhanced, resulting in an increased activity. At [N*] ~
1072 mol dm™3, an optimum contact surface appears to be reached; an emulsion-
like system is then obtained, where the ionene apparently stabilizes small
thiol droplets (stabilization was not sufficient to allow determination of
particle size).

Further addition of ionene only leads to an increase of the ionene
concentration in the aqueous phase (instead of in the phase boundary layer).
Part of the cobalt complex will probably be bound to this aqueous ionene

fraction and, thus, will not be available for interaction with thiol.

boundary

Fig. 8.5 Schematic representation of the phase-boundary interaction of the

catalyst system with the hydrophobic substrate.
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Therefore, the efficiency of the catalyst complex is lowered at high [N*]-
values. The explanation is in agreement with the observation that the rate
optimum is shifted to lower [N*] upon decreasing the cobalt concentration.
This also explains why the initial rate is not linear with [Co] as was
expected for a Michaelis-Menten type process.

Summarizing the observed concentration effects, it can be stated that the
kinetics of the process under study are highly complicated due to the two-
phase character of the reaction mixture. The mechanism of the reaction seems
to be best characterized as a phase-boundary mechanism, as schematically

given in Fig.8.5.

8.2.4 Effect of varving the tvpe of ignene

Since the contact surface between thiol and ionene appeared to be a very
important factor determining the oxidation activity, attempts were made to
improve this by building hydrophobic groups into the ionene, thus offering
the possibility of hydrophobic interaction with the thiol. A more hydrophobic
character of ionenes can be achieved by several methods: by introduction of
longer alkyl-segments in the polymer backbone, as in 2,10-ionene (see section

4.3.2) (1); by replacement of ammonium-ion attached methyl groups by longer

Table 8.1 Effect of varying the type of ionene on the initial rate of

dodecanethiol oxidationa.

ionene initial rate (mol Op/mol Co.s)
2,4 250
2,10 17
3.3/::32c 50
oteyl 410
8 conditions: pH 13, [RSH1 = 0.021 mot dm's, tco1= 10°° mot dn'3, 'y =5
1074 mol am”3
b [N*] = 10.5 mol dm-3 (opt imum)
© tcol =2 1077 mol >

103



side groups, as in 3,3C12—ionene81) (2); or by coupling a hydrophobic moiety
to one end of the ionene chains, as in oleyl-ionene (3) (structure: see p.
15).

The activities of these soap-like ionenes were measured and compared to
that of 2,4-ionene (see Table 8.1). It was found that 2,10-ionene and 3,3C;,-
ionene exhibit rather low activities, whereas oleyl-ionene was even somewhat
more active than 2,4-ionene.

The 2,10- and 3,3C,,-ionenes were expected to be relatively inactive
since they stabilize CoPc(NaSQg3), in the, catalytically not very active,
monomeric form (see chapter 5).

On the other hand, oleyl-ionene enhances aggregation of the
phthalocyanine analogous to 2,4-ionene through its polyelectrolyte-type
blocks, obviously without any interference of its soap-like blocks. This can
be easily understood, since the oleyl segments, that might lead to interaction
-with the lipophilic substrate particles, are separated from the ionene
segments that electrostatically bind the cobalt complex. Thus, the oleyl-
ionene system is comparable to 2,4-ionene, as is also obvious from Fig. 8.6
where the effect of varying [N*] is shown. The general features of this curve
are the same as that of Fig. 8.4, but the optimum activity is higher and above
the optimum the rate decrease is less drastic. Presumably, these differences
are the results of a better interaction between the thiol and the catalyst
system,

From Table 8.1 and Fig. 8.6 it is evident, that dodecanethiol is oxidized
most efficiently by a polymer containing a high charge density polyelectrolyte
block (binding CoPc(NaSO3), in its active aggregated form and
electrostatically interacting with RS™) and a separate hydrophobic block

(leading to hydrophobic -interaction with the substrate).

8.2.5 Side reaction. deactivation of the catalyst

It has been reported in chapter 6, that mainly one by-product may be
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Fig. 8.6 Initial oxidation rate versus the oleyl-ionene concentration.

Conditions as in Fig. 8.4, except [Col = 2 1077 mol dm™>.

formed in the polymer-promoted thiol oxidation, viz. hydrogen peroxide,

according to reaction a) in scheme 8.1.

a) 2 RSH + Oz ----> RSSR + Hy0,
b) 2 RSH + Hp03 ----> RSSR + 2 H;0 (scheme 8.1)
¢) 4RSH+0O; ----> 2RSSR +2 H,0

The occurrence of this reaction in the present thiol oxidation system was
investigated and, indeed, could be demonstrated. The amount of accumulated
peroxide appeared to be higher than was found for mercaptoethanol under the
same conditions. It was determined, that for dodecanethiol the amount of
accumulated H,0, equals the amount of dioxygen consumed during oxidation
(HyO4 : O4 = 1: 1). This implies, that the thiol oxidation process completely
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follows reaction step a) and step b) does not occur, whereas in the mercapto-
ethanol oxidation step b) is a fast consecutive reaction (see chapter 6). This
difference is caused by the fact that hydrogen peroxide and thiol exist in
two different phases in the dodecanethiol system. It appears that H,0, is
immediately transported to the bulk of the aqueous phase after it has been
formed, so that no interaction with RSH is possible, The accumulation of
peroxide may be a serious problem in the catalytic thiol conversion, since
H,0, may cause breakdown of the CoPc(NaSOs),-complex?®?).

Another way in which catalytic activity may be lost is by entrainment of
the catalyst during the precipitation of the insoluble disulfide. The
occurrence of this process could be easily seen from the blue color of the
disulfide. It could not be established whether the ionene coprecipitates as
well, Nevertheless, it is clear that the cobalt phthalocyanine/ionene system
is not an ideal system for the oxidation of dodecanethiol, since inactivation
occurs rapidly.

However, the study of this system in combination with dodecanethiol has
revealed two phenomena that may be of general importance:

- hydrophilic polymers, like 2,4-ionene, may efficiently interact with
hydrophobic substrates on a purely electrostatic basis, leading to
emulsion-like systems; thus, in this respect, polyelectrolytes, when
combined with oppositely charged substrate moieties, may gain surface-
active properties

~ in order to improve such polymer-substrate interaction, preferably block-
copolymers, consisting of a hydrophobic and a hydrophilic part, should be
used, rather than random-type copolymers.

8.3 Conclusions

From the above presented results, it can be concluded that the ionene-

promoted oxidation of a hydrophobic thiol proceeds at the boundary of thiol
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and aqueous phase. Therefore, the order of addition of reactants and the
stirring speed highly affect reaction rate. The coexistence of two phases also
leads to kinetics that deviate from the Michaelis-Menten model. Furthermore,
reaction of thiol with the produced hydrogen peroxide (scheme 8.1, step b) is
prohibited.

The pH dependence of the process revealed that thiolate anions are
necessary for efficient oxidation. This explains why ionenes, in spite of
their hydrophilicity, enhance reaction rate: they electrostatically interact
with the thiolate anions, probably according to the schematic representation
of Fig. 8.5, and also interact with the cobalt catalyst. If one of these
interactions is not optimal, reaction rate dramatically decreases and,
therefore, only a very small ionene concentration range results in efficient
thiol oxidation (Figs. 8.4 and 8.6). Interaction of ionene with the thiolate
anions can be improved by coupling hydrophobic blocks to the ionene chains.

Finally, it was established that the investigated catalyst system is not
suitable for practical application since deactivation of the catalyst occurs.
A possible solution for this problem may be the use of other solvents, leading
to a homogeneous reaction mixture,

The combination of the hydrophobic substrate and the hydrophilic catalyst
appears to be an interesting system to study hydrophobic and electrostatic

interactions in emulsion.
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9 GENERAL DISCUSSION

9.1 Polymeric effects in catalysis

In the preceding chapters, it has been made clear that polymers may exert
significant effects on catalytic reactions. In the investigated ionene-
promoted catalytic thiol oxidation, this most notably became manifest from the
polymer-induced shift toward the (fast) reductive cycle of the reaction
mechanism and the effective suppression of the (slow) oxidative cycle as
observed in the polymer-free system (section 2.1), The remaining reductive
cycle, schematically given in scheme 7.1 (see section 7.2), corresponds with
saturation kinetics in dioxygen, instead of the negative order in dioxygen
found for the polymer-free case.

The change in mechanism stems from the formation of the polymer-
stabilized dimeric or aggregated form of the catalyst, in contrast with the
(catalytically inactive) u~-peroxo complex occurring in the polymer-free
system. Besides being resistent against u-peroxo complex formation, these
dimers are more active in electron transfer reaction steps than their
monomeric counterparts, thus leading to extremely efficient catalyst systems.

It must be emphasized that this structural effect of the polymer appears
to be more important than the expected concentrational effect, i.e. the
enhancement of local thiolate anion concentration, as was demonstrated for the
x,y-ionene series. This conclusion may have more general relevance and should
be kept in mind when studying other polymer catalyst systems. Moreover, it
demonstrates the importance of combining detailed kinetic investigations with
spectroscopy or other structure-elucidating techniques.

It is interesting to note that the effect on the spatial arrangement of
the CoPc(NaSQas)4 units could be achieved by using simple ionenes that, apart

from their electrostatically interacting ammonium groups, contain no
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structural elements that can give rise to specific interactions (e.g. hydrogen
bonding, steric hindrance, etc.). Just induction of intermolecular
interactions between phthalocyanine molecules was shown to be sufficient to

largely affect reaction kinetics and mechanism.
9.2 Prerequisites for application of polymer catalysts in thiol oxidation

Based on the obtained insight in the polymer-promoted catalytic oxidation
of thiols, some requirements can be formulated that have to be met when
designing a polymer catalyst suitable for practical application.

Primarily, an efficient system should contain a catalyst binding part
with high electrostatic potential in order to stabilize CoPc(SOs)44’ dimers
or, preferably, higher aggregates. The content of cationic groups should be
sufficiently high, allowing the X*/Co-ratio to largely exceed a value of 4,
resulting in local enhancement of the thiolate anion concentration. Soap-type
polymeric components, particularly interesting in oxidizing hydrophobic
thiols, may be included in the catalyst system, provided that these parts
occur in segments separated from the cationic Co complex binding sites.
Monomerization of the complex (occurring in "non-blocky” amphiphilic
polycation systems) is then avoided.

In practical application, of course deactivation of the catalyst must be
prevented as much as possible. Since high stirring speeds have to be applied,
the materials should be mechanically highly stable. This may be an important
problem in designing heterogenized catalyst systems. Presumably, the problem
can then be overcome by using a specially designed reactor with e.g. low-shear
stirring equipment,

Furthermore, the materials have to be chemically stable in alkaline
media. In the oxidation of thiols like 2-mercaptoethanol, this may be not too
difficult to achieve, since optimum reaction rates are obtained at only

slightly basic pH-values (9 - 10). However, a pH of I3 (or even higher) is
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preferred when oxidizing thiols like 1-dodecanethiol, which calls for a highly
base-resistent catalyst.

Finally, catalyst deactivation may occur due to the destructive action of
by-products, such as sulfonic acids and hydrogen peroxidemz). Fortunately,
sulfonic acids are not being formed in ionene systems, but hydrogen peroxide
is. To keep accumulation of this product low, reaction conditions should be
chosen in such a way that reaction of H30, with thiol proceeds at a rate
similar to the rate of its formation (section 6.3). Reaction rates can be
controlled by choosing the appropriate concentrations of reactants.

In the case of aqueous oxidation of hydrophobic thiols, taking place via
a phase-boundary mechanism, accumulation of peroxide can not be avoided
because it is transported to the bulk of the aqueous phase, away from the
thiol-water interface. Since in this thiol oxidation process the catalyst is
also lost by coprecipitation with the water-insoluble disulfide, it is advised
to perform this reaction in organic solvent/water mixtures, in which substrate
and product are completely soluble.

Application of catalyst systems soluble in the reaction medium, has the
disadvantage of difficult catalyst separation and reuse. Therefore,
heterogenization must be considered. In designing immobilized systems, apart
from the above-mentioned requirements, the high reaction rate has to be taken
into account as well, since it can easily result in mass-transport problems.

In order to avoid these problems, the best strategy seems to be the
heterogenization of the polymer catalyst on small, non-porous particles, e.g.

latex particless'”).
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SUMMARY

This thesis describes investigations on the effects of ionenes on the
autoxidation of thiols catalyzed by tetrasulfonato-phthalocyaninatocobalt(Il)
(CoPc(NaSQyg)4). The study was aimed at elucidating the mechanism of the
polymer-promoted process, especially with respect to the reaction steps
affected by the polymer, in order to obtain insight in the (co-)catalytic role
of the polymer.

Mechanistic information was gathered by means of spectroscopic and
kinetic methods (chapter 3) The knowledge on the polymer-free process
available from literature, is summarized in chapter 2 and forms the basis of
the work presented.

First, the results of the spectroscopic investigations are discussed
{chapters 4 and 5). In chapter 4, the interaction of several ionenes with the
catalyst complex is described. It is demonstrated that ionenes can be
classified in two categornes polyelectrolyte-type and polysoap- type ionenes.

Both types gave rise to stoxchxomemc complexation of the ionene and the
Co-complex at the ratio of N* : Co = 4 : 1, where the charges on the ionene
and the CoPc(SOg)s" are just matchmg This complexation was found to be due
to purely elegtrostatic interaction, since experiments with model compounds
like Fe(CN)g™" led to similar results.

In the polyelectrolyte-type systems, containing e.g. 2,4-ionene, this
type of complexatlon appgared to be irreversible, the complex being stabilized
up to N*/Co-ratios of 10° due to strong aggregation of the phthalocyanine
units. Other compounds with aggregational ability behaved analogously. On the
other hand, with polysoap-type ionenes, like 2,10-ionene, above a certain
ionene concentration micellization was found to occur, inducing monomerization
of the catalyst. :

The effects of substrates on the polymer catalyst complexes are discussed
in chapter 8. In contrast with the polymer-free system, no interaction with
dioxygen could be demonstrated. Especially with respect to the polyelectrolyte-
type ionenes, this was rather surprising since formation of the dimeric u-
peroxo complex from the direct dimers (aggregates) was expected. However,
this gatalytically inactive) species was only observed at very high pH-values
> 13\
= Addition of 2-mercaptoethanol to the catalyst systems gave rise to
reduction of the Co compound, The differences between polyelectrolyte- and
polysoap-type ionenes observed, were anillogous to those in the unreduced
system, except that polysoap-induced Co ﬁnonomenzanon occurred to an even
higher extent than had been found for Co". From the parallel between
catalytic activity and degree of catalyst aggregation, it was concluded that
aggregates are the catalytic sites in the polymer catalyst systems, whereas
the monomeric form can be regarded as relatively inactive,

In chapters 6 and 7, the results of the kinetic investigations are
presented. Under carefully controlled conditions, initial rates were measured
as a function of dioxygen and thiolate anion conceatrations. The data obtained
fitted very well a two-substrate Michaelis-Menten model (chapter 6). Only at
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high thiol and low dioxygen concentrations deviations occurred, probably as a
result of substrate inhibition.

In describing complete dioxygen uptake rate curves (r # Cinitial), it
appeared necessary to extend the kinetic model, taking into account the
accumulation of hydrogen peroxide.

The kinetic parameters of the Michaelis-Menten rate equation were further
studied in dependence of pH, type of ionene and type of thiol (chapter 7). The
results obtained were combined, leading to a detailed reaction mechanism,
consistent with all experimental data presently available, Considering the
catalytic role of the polymer, it was concluded that it increases reaction
rate by locally enhancing the thiolate anion concentration (in the vicinity of
the polymer-bound catalyst) as well as by inducing a high degree of
CoPc(SOs)s  aggregation. The latter effect apears to improve the efficiency
of electron transfer from catalyst to substrates.

Finally, in chapter 8 a study is described of the ionene-promoted
oxidation of a hydrophobic thiol, viz. 1-dodecanethiol. It was established
that also in this case the role of the polymer is enhancement of the local
thiolate anion concentration and stabilization of the aggregated phthalocyanine.
However, the process was complicated due to the insolubility of the thiol in
the (aqueous) reaction medium. The dependence of reaction rate on
concentrations, reaction procedure and stirring speed revealed that the
catalytic conversion should be described by a phase-boundary model, where the
ionene, binding the catalyst, interacts with the thiolate anions existing at
the boundary layer between thiol droplets and aqueous phase. This interaction,
and as a consequence catalytic activity, could be improved by attaching a
hydrophobic block to the (polyelectrolyte-type) ionene.
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SAMENVATTING

Dit proefschrift beschrijft onderzoek naar de effecten van ionenes op de
oxidatie van thiolen gekatalyseerd door kobalt(II)-ftalocyanine-tetranatrium-
sulfonaat (CoPc(NaSO3)s). De studie had ten doel het mechanisme van het.
polymeer-gepromoteerde proces op te helderen, in het bijzonder met betrekking
tot de reactie-stappen die beinvloed worden door het polymeer, zodat inzicht
verkregen zou worden in de (co-)katalytische rol van het polymeer.

Mechanistische informatie is verzameld met behulp van spectroscopische en
kinetische methoden (hoofdstuk 3). De uit de literatuur beschikbare kennis van
het polymeervrije proces, zoals is samengevat in hoofdstuk 2, vormt het
uitgangspunt van het gepresenteerde werk.

Allereerst worden de resultaten van het spectroscopische onderzoek
behandeld (hoofdstuk 4 en 5). In hoofdstuk 4 wordt de interactie van
verschillende ionenes met het katalysatorcomplex beschreven. Er wordt
aangetoond dat de ionenes kunnen worden ingedeeld in twee categorieén:
polyelectroliet-achtige en polyzeep-achtige ionenes.

Beide typen gaven aanleiding tot complexering van het ionene met het Co-
complex bij een verhouding van N* : Co = 4 : 1, waar de ladingen van het
ionene en het CoPc(SOs)44' elkaar juist compenseren. Deze complexering bleek
het gevolg van puur electrostatische wisselwerking, aangezien vergelijkbare
resultate? werden verkregen bij experimenten met modelverbindingen zoals
Fe(CN)g™ .

In de polyelectroliet-achtige systemen, bijv. 2,4-ionene, bleek deze
complexering irrever%ibek te zijn; het complex werd gestabiliseerd tot N*/Co-
verhoudingen van 10° ten gevolge van sterke aggregatie van het ftalocyanine-
complex. Andere verbindingen met mogelijkheid tot aggregatie vertoonden -
analoog gedrag. Anderzijds werd met polyzepen zoals 2,10-ionene boven een
bepaalde ionene-concentratie micelvorming waargenomen, wat monomerisatie
van de katalysator induceerde.

De effecten van substraten op de polymere katalysatorcomplexen worden
besproken in hoofdstuk 5. In tegenstelling tot in het polymeervrije systeem,
kon geen interactie met zuurstof aangetoond worden. In het bijzonder met
betrekking tot de polyelectroliet-achtige ionenes, was dit nogal verrassend,
aangezien de vorming van het dimere u-peroxo-complex uit het directe dimeer
(aggregaat) verwacht werd. Echter, dit (katalytisch niet actieve) complex werd
alleen waargenomen bij zeer hoge pH (> 13).

. Toevoegen van 2-mercaptoethanol aan de katalysator-systemen leidde tot
reductie van de Co-verbinding. De waargenomen verschillen tussen polyelectroliet-
en polyzeep-achtige ionenes waren analoog aan die voor de ongereduceerde
sysltemen, met dit verschil dat de polyzeep-geinduceerde monomerisatie ypn het
Co'~complex zelfs nog in hogere mate optrad dan gevonden was voor Co . Uit
het parallelle verloop van de katalytische activiteit en de aggregatiegraad
van de katalysator werd geconcludeerd, dat aggregaten de katalytisch actieve
plaatsen vormen in de polymere katalysatorsystemen, terwijl de monomere vorm
te beschouwen is als relatief inactief.
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In de hoofdstukken 6 en 7 worden de resultaten van het Kinetische
onderzoek gepresenteerd. Onder zorgvuldig beheerste reacticomstandigheden
werden initiéle snelheden gemeten als functie van de zuurstof- en thiolaat-
anion-concentraties. De verkregen gegevens kwamen goed overeen met een twee-
substraats Michaelis-Menten-model (hoofdstuk 6). Alleen bij hoge thiol- en
lage zuurstof-concentraties traden afwijkingen op, waarschijnlijk ten gevolge
van substraatinhibitie.

Bij het beschrijven van complete zuurstof-opname-snelheidscurven (r #
Tinitige)) bleek het noodzakelijk, het kinetische model uit te breiden en
rekening te houden met de accumulatie van waterstofperoxide.

De kinetische parameters in de Michaelis-Menten-snelheidsvergelijking
werden verder onderzocht als functie van pH, type ionene en type thiol
(hoofdstuk 7). De verkregen resultaten werden gecombineerd tot een
gedetailleerd reactie-mechanisme, dat consistent is met alle beschikbare
experimentele gegevens. Betreffende de Kkatalytische rol van het polymeer werd
geconcludeerd dat dit de reactiesnelheid verhoogt door zowel locaal de
thiolaatanion-concentratie te verhogen (in de bgurt van de polymeer-gebonden
katalysator) als een hoge graad van CoPc(S8Q03)s" -aggregatie te induceren.
Laatstgenoemde effect blijkt de efficiéntie van electron-overdracht van
katalysator naar substraten te verbeteren.

Tenslotte wordt in hoofdstuk 8 een studie beschreven van de ionene-
gepromoteerde oxidatie van een hydrofoob thiol, nl. 1-dodecaanthiol.
Vastgesteld werd dat ook in dit geval de rol van het polymeer bestaat in het
verhogen van de locale thiclaatanion-concentratie en het stabiliseren van
geaggregeerd ftalocyanine. Het proces werd echter gecompliceerd doordat het
thiol onoplosbaar was in het reactiemedium (water). De afhankelijkheid van de
reactiesnelheid van concentraties, reactie-procedure en roersnelheid, maakte
duidelijk dat de katalytische omzetting beschreven moet worden met behulp van
een fase-grensviakmodel, waarin het ionene, dat de katalysator bindt,
interactie heeft met de thiolaatanionen die zich aan het grensvilak tussen
water- en thiolfase bevinden. Deze interactie, en daarmee samenhangend de
katalytische activiteit, kon verbeterd worden door het {polyelectroliet-
achtige) ionene te voorzien van een hydrofoob blok aan het ketenuiteinde.
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SAMENVATTING VOOR LEKEN
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Belangrijkste resultaten:
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STELLINGEN
behorende bij het proefschrift van J. van Welzen ~
"EFFECTS OF POLYCATIONS ON STRUCTURE AND CATALYTIC
ACTIVITY OF COBALTPHTHALOCYANINE. Mechanistic study of
the ionene-promoted thiol autoxidation”

. Polymere katalyse is nooit homogeen.

. Nevin et al. stelan ten onrechte, dat het electrochemisch door hen -
gegenereerde Co'Pc(NaSQOg)s niet geaggregeerd is.
W.A. Nevin, W. Liu, M. Mefmk A.B.P. Lever, J. Electroanal. Chem. 213
(1986) 217
hoofdstuk 5 van dit proefschrift

. De conclusie van Kobayashi en Lever, dat kroonether gesubstitueerde
phthalocyanines onder invloed van zouten uitsluitend dimeren vormen, is
gebaseerd op een onjuiste toepassing van de theorie en derhalve niet
bewezen.-

N. Kobayashi, A.B.P. Lever, J. Am. Chem. Soc. 109 (1987 ) 7433

. Het mechanisme voor de katalytische oxidatie van cysteine, zoals
voorgesteld door Yatsimirskii et al., wekt de schijn gedetailleerd en
gecompliceerd te zijn, maar is in werkehjkhexd een niet-realistisch, sterk
ges;mphfxceerd model, aangezien alle reacuestappen voorafgaand aan de
produktvormingsstap verondersteld worden in evenwicht te zijn.

AK. Yatsimirskii, E.I. Kozlyak, A.S. Erokhin, Kin. Catal. 29 {1988) 305

. De door Leung en Hoffmann gepresenteerde kinetische data voor de reactie
tussen 2-mercaptoethanol en waterstofperoxide zijn niet betrouwbaar,
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