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1. Introduction

Several excellent reviews have been written recently about the catalytic activity
of organic semiconductors 12}, These and also older review articles 3:4) empha-
size one particular property of organic materials that have an extended system
of conjugated double bonds, namely their semiconductivity.

The purpose of this review is to discuss the catalytic activity of organic and met-
allo-organic compounds in heterogeneous systems in general. Much material report-
ed in the other review articles will be covered as well, but will be discussed from
another point of view. As far as possible the catalytic reaction will be considered
in the light of the most recent developments in the study of reaction mechanisms,
and as such the catalyst is looked upon as an agent capable of engaging in re-
versible chemical reactions. This property of the catalyst however may be cor-
related with physical properties like acidity, redox potential, paramagnetism,
semiconductivity, spectral properties etc., the measurement of which can give
valuable information about its chemical behaviour.

In order to find our way among the many reactions and catalysts studied, we
shall have to classify them into certain prototypes, bearing in mind that such a
classification is a limitation in itself.

Class A: Acid Catalysis

This is a reaction in which a transfer of hydrogen takes place, either as a proton
or as a hydride ion. In the literature the term carbonium ion is often used care-
lessly to indicate this kind of reaction, without proof of the existence of a reac-
tion intermediate. A more accurate description would be a reaction in which a
positive charge is developed at the reaction centre, irrespective of whether the
reaction is concerted or involves a free carbonium ion.

Reactions studied include dehydrations of alcohols, double bond shifts in
olefins, isomerization of hydrocarbons, racemization of optically active com-
pounds, etc.. In the literature a rather rigid separation is made between a Brgn-
sted acid, which is actually a proton donor, and a Lewis acid, which works as a
hydride abstractor. We may illustrate this difference by using the double bond
shift in olefins as the model reaction.

(1) Brénsted acid
ey i
AH + R,—C=C—§—R2 - A"+ R,—-C—
H

+ O—m
|
_(P_
s

H
T T
Ri—¢-C-C-R, + A > AH + R—C-C=C-R,
H + H H
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(2) Lewis acid
H

H H :
-R; - LH +|R,~C=C=C-R,

| )
L + R,~C=C—

—
—IT
—

E—O— o]

+

1y B
R,~-C=C=C-R,| +LH > L + R,—('?—C=C—R2
H

For a catalyst to be active in such a reaction, it must be capable of reversibly
donating and accepting protons, or reversibly accepting and donating hydride
ions. Both cases have been described 5.6),

We wish to stress again that for claritiy’s sake the reaction intermediate has
been indicated as a carbonium ion, but that a concerned reaction, in which the
two steps of addition and abstraction occur simultaneously, is conceivable as
well.

The counterpart of this reaction type is base catalysis, in which the reaction
intermediate would be of the carbanion type. However no such reaction has
been described in the literature on organic catalysts.

Class B: Redox Catalysis

Under this type of catalysis we may classify those reactions in which reversible
electron transfer takes place. The electron to be transferred may be carried by
an atom, and in such a case we speak about hydrogen or chlorine transfer and
the like. While in the previous case the reaction was characterized by the devel-
opment of a positive charge at the reactive centre, and we could speak about
carbonium ions, in the present case the reaction centre is characterized by the
presence of an unpaired spin, and we may speak about free radical reactions,
taking into account the same precautions as previously.

The most important representatives of this class of reaction are dehydrogen-
ations and oxidations, and we may illustrate this kind of catalysis by the indus-
trially important dehydrogenation reaction:

H H H H
Cat + Rl-c:_c:—R2 - CatH + R, (li C:—R,
H H H
H H H H
Cat+R(|3(|2R2 - CatH+R(':(':R2
f
2 Cat H - 2Cat + H,
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The catalyst oscillates between two oxidation states, Cat and CatH.

Oxidation takes place by the combination of two hydrogen atoms and the
formation of molecular hydrogen. In the case of oxidative dehydrogenation,
we introduce an oxidizing agent into the reaction mixture and the oxidation
step becomes:

2CatH + Ox -> 2 Cat + H,0x

It is not difficult to envisage an organic molecule as a reversible proton do-
nor/acceptor. Many organic acids containing carboxylic groups, or enolic, phen-
olic or acetylenic hydrogen are part of common chemical experience.

To envisage an organic molecule as a redox agent may pose more difficul-
ties, but here too simple chemical models are known. The best example of an
organic redox catalyst is benzoquinone:

P

But actually most aromatic molecules may accept an electron and form a ion
radical, as is illustrated for the case of naphthalene:

sl

The electron is not localized, but is part of the extended n-electron system 7.
A third type of reaction can be defined, which cannot be classified under the
two previous ones, but is important in catalysis:

Class C: Catalysis of a Symmetry Forbidden Reaction

When the symmetry properties of reactant and product are different, the reac-
tion generally does not occur and is forbidden, or, to be more realistic, it has
an unusually high energy of activation.

If in the elementary step a change of total spin occurs, the reaction is for-
bidden, e.g. in the ortho/para conversion of the hydrogen molecule or the de-
composition of N,O into nitrogen and oxygen (see section on this reaction).
Materials containing paramagnetic centres could act as catalysts for this type
of reaction, and many examples are actually known.

Another type of symmetry forbidden reaction has been defined by Wood-
ward and Hoffmann 8) and involves a change in symmetry of the occupied mo-
lecular orbitals during the reaction. Certain materials may act as a catalyst in
this case, if they can form a reaction intermediate which either circumvents the
symmetry rule 2) or lowers the energy of activation 19),

4
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The division into these three reaction types is necessarily a simplification. In
reality matters are much more complicated and many intermediate cases may
exist.

In the following pages the principles that have been sketched in this introduc-
tion will be applied to experimental studies that have appeared in the literature.
The material is classified according to chemical reaction. We have tried to be
complete, but offer our apologies in advance to those whose publications we
have missed.

2. Activation of Molecular Hydrogen

Quantum theory led in 1927 to the assertion that the hydrogen molecule could
exist in two distinct and stable forms, parahydrogen and orthohydrogen. In
1929 parahydrogen was isolated and methods of analysis of mixtures were de-
veloped 1:42)_ In 1931 the heavy hydrogen isotope deuterium was isolated,
and the catalytic chemist could now study reactions which he considered to be
of ideal simplicity. The reactions are:

p—H, = o—H, )
and
H,+D, = 2HD (2)

We would classify reaction (1) in Class C. Reaction (2) on the other hand may
be of a polar nature (Class A), if the H—H bond is ruptured heterolytically:

H, — H +H

but may be of a free radical nature as well, if the H—H bond is ruptured homo-
lytically (Class B):

H, — H+H

The theoretical treatment of reaction (1), when catalyzed by paramagnetic
centres, was developed by Wigner '3), and the reaction was shown to occur, using
oxygen or nitric oxide in the gas phase, or oxygen, paramagnetic ions or free
radicals in solution 14.15),

The interesting aspect of reactions (1) and (2) is that on ortho/para conver-
sion at a paramagnetic centre no H—H bond is broken, and consequently no
H/D exchange occurs. On the other hand, when H/D exchange does occur, a
hydrogen to hydrogen bond has been broken in the process, and O/P concer-
sion occurs as a consequence. Therefore comparison of the rate of the two pro-
cesses provides valuable information.
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As activated charcoal, metallo-phthalocyanines and solid free radicals cata-
lyze these reactions, they form the oldest example of heterogeneous catalysis
by organic and metallo-organic compounds.

In Fig, 1, the rate of para to ortho hydrogen conversion over charcoal is
shown as a function of temperature, and is seen to pass through a definite mi-
nimum 16-18),

101w
:’; 8 79. Sugdr charcoal,gas velocity
10 c.ecm./minute
=
-8
c
2
24
b
>
=
e 2
Q 8 o /
N0,

0
-200 0 200 400
Temperature in °C,

Fig. 1. Rate of ortho/para conversion of hydrogen over dextrose charcoal as a function of
temperature

This minimum was explained by assuming physical adsorbtion in the low
temperature range, which decreases with rising temperature, and chemisorption
in the high temperature range, which increases with temperature.

Copperphthalocyanine and phthalocyanine itself were shown to catalyze
H/D exchange as well as O/P conversion, but deuterium was built into the mole-
cule 19:20), Later studies showed copperphthalocyanine to be active for O/P con-
version, but the metal-free compound did not show reaction for 63 hours at
~80 °C 21, At working temperatures up to 120 °C no H/D exchange was obser-
ved and energies of activation were negative, which is in accordance with the
physical adsorbtion mechanism.

The stable free radical o,a’'-diphenyi-B-picrylhydrazyl is a paramagnetic
solid and has been studied extensively as a catalyst for the O/P conversion. At
liquid air temperatures no hydrogen adsorption ocurred and conversion was
very slow. Zinc oxide on the other hand did adsorb hydrogen at these temper-
atures, but did not catalyze the conversion. An intimate mixture of the two gave
a rapid catalytic reaction however 22). A detailed kinetic study of O/P conver-
sion over the solid free radical in the range 90 -290 °K showed first order kinetics
and again a negative energy of activation, which was thought to prove the phys-
ical adsorbtion mechanism 23}, More modern work confirmed this conclusion,
as it was shown that no H/D exchange occurs, and adsorption of H, does not
change the electrical conductivity of the solid, which shows that no chemical
bond with molecular hydrogen is formed 24). Development of the electron spin

6
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resonance technique made possible the correlation of the activity for O/P con-
version with the measured paramagnetism of the solid. Dextrose charcoals, which
had been heated at different temperatures, showed a dependence of rate of O/P
conversion and D/H exchange on calcination temperature, as shown in Fig. 2 25,

X i
600 xf H#Dp —2HD! | 660
oHy-pH

400 ¢ {400 Hr!

/X

—\An—Q
400 600 800
Temp. in°C

200 200

Fig. 2. Rates of O/P conversion and H/D exchange over charcoals as a function of calcina-
tion temperature of the catalyst

The sample heated at 605 °C showed the maximum activity for O/P conver-
sion, and this sample also showed the maximum area under the electron spin re-
sonance line and the minimum width, which means the maximum amount of
localized paramagnetic centres. The samples heated at higher temperatures
showed enhanced activities for H/D exchange and decreasing activities for O/P
conversion. The ESR lines were broadened, which indicates exchange interac-
tions between the paramagnetic centres.

In chemical language we might say that the charcoal heated at 605 °C behaves
as a giant free radical, which, like a,o' -diphenyl-g-picrylhydrazyl, does not bind
molecular hydrogen chemically, while the sample heated at 950 °C behaves like
a giant olefin, which by reversible hydrogenation/dehydrogenation gives rise to
H/D exchange. We shall encounter a comparable phenomenon in the paragraph
on N,0 decomposition.

The catalytic activities for O/P conversion and D/H exchange of Cu-phthalo-
cyanine and two of its polymers have also been compared 26). The activation
erergy for H/D exchange was identical for the three materials, but differences
in OfP conversions were found. Measurements were complicated, because the
polymers, but not the monomer, tended to adsorb hydrogen in quantities suf-
ficient to add one atom of hydrogen to each copper atom present. That hydro-
gen was bound to copper could be shown by the disappearance of the copper
ESR line after saturation with hydrogen. The fact that this phenomenon occurs
shows that hydrogen easily diffused through the entire polymer structure. This
and other phenomena to be discussed are an indication that catalytic effects of

7
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organic materials cannot always be considered as surface phenomena, and that
care has to be taken in expressing catalytic activity per unit surface area. In
many cases the activity per mole of material may be closer to the truth.

Several pyrolyzed organic polymers could also be shown to be active in the
O/P conversion of hydrogen 27,

At the beginning of this section we mentioned that O/P conversion may o¢-
cur at a paramagnetic centre, while H/D exchange may occur via homolytic or
heterolytic splitting of the H—H bond. We may form a paramagnetic as well as
polar centre by treating an electron donor with an electron acceptor, forming an
electron-donor-acceptor complex. This can be illustrated for the simple case of
the reaction between sodium metal and naphthalene:

Na + —_— Na+7

With a paramagnetic and a polar centre together it is no wonder that these
complexes are active catalysts for the activation of molecular hydrogen, and
systems of this kind have been studied extensively by Japanese workers. We
shall try to summarize the results, some of which have recently been review-
ed 28),

If the vapor of Cs-metal is brought into contact with layers of tetracyano-
pyrene, a deep violet complex is formed 29300, At 77 °K O/P conversion oc-
curs over this complex, but no H/D exchange. Between 190 and 373 °K O/P
conversion and H/D exchange occur at comparable rates and with the same ac-
tivation energy (3.7 Kcal/mole). Neither reaction is catalyzed by Cs-metal or
tetracyanopyrene alone. In more extended work of the same nature it was found
31-34) that two mechanisms of exchange can be distinguished:

H, +D, — 2 H D (chemisorption) 3

D, + (A H — HD + (Ar)D (incorporation 4)
of D in complex)

The occurence of mechanism (3) versus (4) depends on the chemical struc-
ture of the electron acceptor and also on the ratio between metal and electron-
acceptor 35-38), For instance 1,3-nitrobenzene/sodium does not give mechan-
ism (3), whereas phthalonitrile/sodium does. Naphthacene  /sodium” reacts
mainly according to mechanism (3) (probably a homolytic splitting of H,),
while naphthacene?” (sodium™), reacts more according to mechanism (4) (prob-
ably heterolytic splitting). Mechanism (3) has a very low energy of activation
and is accompanied by changes in semiconductivity. Mechanism (4) shows an
appreciable energy of activation and is not accompanied by changes in semi-
conductivity.

The dependence of the rate of H/D exchange on the electronic properties of
the acceptor molecules have been studied extensively 3%-40), Mechanism (4) could

8



Organic and Metallo-Organic Compounds in Heterogeneous Systems

be correlated with localization energies, calculated for the aromatic anions in
question, and exchange occurred at the sites of highest electron density. Mech-
anism (3) could be correlated with the electron affinity of the aromatic mole-
cule. The rate of exchange as a function of electron affinity showed a maximum
in the intermediate range. Both too high and too low a value for the electron af-
finity appeared to be unfavourable for the exchange reaction 41.42),

One of the great advantages in studying the catalytic activity of organic solids
is that sometimes the heterogeneous reaction may be compared with reactions of
the same molecule in solution, by which special solid state effects can be elimi-
nated. An example of this is the study of hydrogen adsorption by anion radicals
and di-anions of anthracene in tetrahydrofuran-solution. The followmg mechan-
isms have been proposed 4¥:

QOO - = [0 — - Q00 @

anjon — radical + 2H™
- H -
2
= [0 o
di -~ anion

Table 1. The electronic configuration and activities of various polynegative
ions (EDA complexes) of phthalocyanines for the hydrogen exchange reaction

_HZ® -D.®
Complex f(l);(g;?;rlation ) gilo};zk) gz-flcgzk)
FePc d® - -
LiFePc d’ - -
Li,FePc d8 0.08 0.21
LizFePC a+7 0.56 0.92
Li,FePc d® +n? 1.98 2.08
CoPc d’ - -
LiCoPc a8 - -
Li,CoPc dd +q 0.12 0.24
Liz;CoPc d® + 52 0.58 0.86
LisCoPc ds +m° 1.46 1.82
LisCoPc ds + 7 1.80 2.10
NiPc a8 - -
LiNiP¢ d+7 0.43 0.30
Li,NiPc a8 + 72 1.28 1.26
LizNiPc d® + 7 1.65 198
LisNiPc d® +7* 2.12 2.46

) k(hr') at 60°, By, =12.5 Hg.
Yk (hr*) at 60°, PH2 =15cm Hg, Hy:Dy = 1:1,



J. Manassen

In our language we could classify mechanism (5) as homolytic splitting (Class
B) and mechanism (6) as heterolytic splitting (Class A).

In Table 1 the rate constants for H/D exchange are given according to mechan-
ismus (3) and (4) using as catalysts the electron donor-acceptor complexes bet-
ween lithium and different metallo-phthalocyanines of known electron config-
uration 28). A clear trend can be distinguished: The more electrons are transfer-
red to the m-electronsystem of the phthalocanine ring the more active is the
material as a catalyst. These resulfs are reminiscent of the ones shown in Fig.2,
where the charcoals calcined at high temperature, giving broadened ESR-signals,
were the best catalysts for H/D exchange.

3. Decomposition of Hydrogen Peroxide

The decomposition of hydrogen peroxide by metal ions of variable valency (Me?)
was studied by Haber and Weiss 4, whose mechanism is still the one accepted to-
day:

H,0, + Me* — OH~+ Me**' + OH
H,0, + Me**! — H* + M* + HOO’

The metal ion is a typical catalyst for a reaction of Class B, but because H*
and OH™ ions are formed in the process, the reaction may be expected to be
pH dependent as well. The catalyst does not necessarily have to be a metal ion.
Every substrate that can change oxidation state at the right potential and is
capable of reacting with the hydrogen peroxide molecule in its two valency
states can be considered a catalyst for this reaction. This means that the best
parameter to correlate this reaction with would be the redox potential of the
catalyst, which unfortunately is very difficult to measure on a solid material.
The best thing to do is to use a catalyst which can be dissolved in a liquid me-
dium of some kind, and to study the redox properties in the dissolved state.
Measurements of this kind will be discussed in the section on oxidation and de-
hydrogenation.

A neat illustration of how the requirements of the chemical reaction define
the specificity of the catalyst was given by using polymeric chelates of bis( hy-
droxy-8-quinolyl)-4-methane. The order of reactivity for different complexed
metal ions for H,0, -decomposition was 45)

Co > Mn >» Cu > Ni > Zn.

This order of reactivity may be understood if we consider the ease with which
Co and Mn change valency as compared with Cu, Ni and Zn.

10
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By contrast, for N,O decomposition the order was:

Cu » Co > Mn > Ni > Zn.

Because this is a reaction of Class C, the high activity of the copper complex
compared with the other metal ions should probably be explained by its hav-
ing the right paramagnetic properties for performing the reaction.

Although some weak activity for H,O, decomposition has been described
for metallo-phthalocyanines 46), their polymers showed much higher activity,
Correlations between the catalytic activity and the semiconductivity of the
polymer were sought, and high conductivity with a low energy of activation
were found to be beneficial4?). The carriers of the electrical current measured
in semiconductivity studies are thought to be free electrons and holes. For
these electrons and holes to be created, an electron has to move from one cen-
tre in the solid to another, and concepts of jonization energy and electron af-
finity enter the calculations 4. Those two concepts are not much different
from those of oxidation and reduction and the property of semiconductivity
and the oxidation/reduction potential may correlate with the catalytic activity
of a solid for a reaction of Class B in a similar fashion.

An interesting effect is the catalytic activity of an iron phthalocyanine film,
deposited on iron metal, which was shown to have enhanced activity compared
with that of metal complex or metal alone 48).

A wide range of chelate polymers with different metal ions has been studied
as catalysts for H,0, decompositions 497, Correlations were sought with the
K-adsorption edge as measured by X-ray spectroscopy. This property provides
information about the electron distribution around the central metal atom and
can give much information about its redox properties. The more recently devel-
oped technique of electron spectroscopy 5% can give much more accurate infor-
mation of this kind and may prove to be a powerful tool in this respect.

Several purely organic polymers like pyrolized polyacrylonitrile 31), polyamino-
quinones %2}, vulcanized aniline black or ordinary aniline black 5354 and pyrolized
chlorinated polyvinylchloride 55) were shown to be active for H,0, decomposition.
pH dependence was found in some cases, but mostly no correaltions were found
with paramagnetism or semiconductivity, It has been shown 56) for the case of
pyrolized polyacrylonitrile, that this polymer actually behaves as a polyquinone,
capable of reversible electron transfer:

r\ Ry R R +2e N ]
NNTININW WO T2 AN
As all the organic polymers tried for this reaction may be assumed to contain

quinone groups, the most probable explanation for their activity is the capabil-
ity of groups of this kind to undergo reversible oxidation/reduction.

11
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Therefore, having considered the experimental material published on this
reaction, we seen no reason to assume any mechanism other than the well estab-
lished Haber-Weiss mechanism, which requires a catalyst of the right oxidation/
reduction properties.

4. Hydrazine Decomposition

The mechanism of hydrazine decomposition has been studied much less than
that of hydrogen peroxide, and the mechanism actually is not known. We may
take some clues however from studies of its oxidation in agqueous solution by
metal salts, in which kinetic and isotope labelling techniques were used. As the
main mechanism for the oxidation of hydrazine by ferric ion the following was
proposed 57):

Fe3 + N,H, — Fe?* + N,H; + H*
2 N,H, — N.H,
N,H, — 2 NH; +N,

This is a typical reaction of Class B, which may be expected to be pH depen-
dent however, because of the formation of a proton during the reaction. The
products in this case are ammonia and nitrogen. To convert this mechanism into
a catalytic reaction some other step would have to be proposed, in which the
ferrous ion is reoxidized into the ferri-ion, but no studies on this have been done
up to now.

Hydrazine is also known to decompose into nitrogen and hydrogen over met-
allic catalysts like platinum or palladium, and the intermediate has been shown
by mass spectrometry 52 to be the di-imid N,H, :

N,H, LN H-N=N-H + H,
This is probably also a reaction of Class B, which however may be expected not
to be pH dependent. Therefore, taking into account the scanty evidence avail-
able, we may propose that the catalytic activity for this reaction is also depen-
dent on the redox properties of the catalyst, but that the direction of the reac-
tion, either into ammonia and nitrogen or into nitrogen hydrogen respectively,
may be connected with acid/base properties.

The most extensive studies on this reaction were done using copper chelate
polymers of a wide range of ligands as catalysts. The selectivity of the reaction
into either ammonia and nitrogen or nitrogen and hydrogen was seen to be de-
pendent on the kind of ligand used 52-61), The polymers were stated to be more
active than the corresponding monomers or even inorganic salts of the same
metal ions. We wish to stress again, as in the case of hydrogen adsorption by

12
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copperphthalocyanine polymers, that it is dangerous to compare the catalytic
activity of an organic polymer with that of an inorganic compound on the ba-
sis of specific surface area. In inorganic compounds, containing heavy atoms,
the catalytic reactions may be considered to be a surface reaction only. In an
organic polymer on the other hand, having an irregular structure and contain-
ing light atoms like carbon, hydrogen, nitrogen and oxygen, the bulk of the ma-
terial may participate in the catalytic reaction, especially in redox reactions. We
shall come back to this point when we consider dehydrogenation reactions.

Phthalocyanine complexes, deposited as a film on a metal of the same kind
as their central metal ion, appeared to be active for hydrazine decomposition 4®).
Wholly organic polymers, prepared by the dechlorination of poly vinylidene
chloride 2) were also shown to be active, but the ammonia and hydrogen pro-
duced reacted with the catalyst, a problem also encountered with the polychel-
ate catalysts.

5. Decomposition of Formic Acid

The decomposition of formic acid has been a popular reaction for studying cat-
alytic behaviour of inorganic as well as organic catalysts. The rate of formation
of the products may be followed easily by studying the change of pressure in a
closed system. However, the reaction, instead of being simple, is quite compli-
cated from the chemical point of view.

If the catalyst to be studied has acidic sites, formic acid may decompose in-
to carbon-monoxide and water according to a class A mechanism (dehydration).
We may assume the mechanism of decomposition to be that of an acid catalyzed
decarboxylation 63):

O 0 0
HC{ + H' — HC{ — H,0 + HC,,/
OH OH;
0 v
HC{ — CO + H
Many catalysts however, especially the metallic ones, cause dehydrogenation in-
stead, and the products of reactions are hydrogen and carbon dioxide.

In the many studies that have been done using metallic catalysts, it has been
shown that the adsorbed species is a formate ion 64), So the chemisorbtion step
in the dehydrogenation reaction involves a heterolytic splitting of the OH-bond:
0 0
! - @ o v H

OH 0

13
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Therefore in cases where this step is rate determining, as could be shown for
metals like gold $4), acid/base properties of the catalyst enter into the picture
of the dehydrogenation reaction.

It is known from free radical chemistry ¢5) that the hydrogen attached to a
carbonyl carbon is easily abstracted as a hydrogen atom. In aldehydes and for-
mate esters it is this hydrogen that is abstracted by a free radical:

A p o
—CII —C\ and C—O0 —CI —
H @)\ N H

The radical anion COO7, formed by hydrogen abstraction from a formate ion

by a OH radical has actually been synthesized 66), and was shown to be a strong
one-electron reducing agent. Its conjugate acid COOH could also be formed from
formic acid, but was somewhat less active as a reducing agent. Therefore we can
assume the second step in the dehydrogenation reaction to be the abstraction of
a hydrogen atom from the adsorbed formate ion and on metals like nickel this
was proved to be the rate determining step 64), this means that in such a case the
rate is governed by the redox properties of the catalyst. If then we take into ac-
count that many of the catalysts used also catalyze the watergas-reaction

H,0 + CO = H, + CO,

we are confronted with a complicated pattem.

The decomposition of formic acid over different phthalocyanine complexes
has been studied extensively by Hanke and coworkers §7-70),

In Table 2 the energies of activation for this reaction are given, when different
metallo phthalocyanines are used as catalysts 7).

Table 2. Energies of activation for the decomposition of
HCOOH over metal-phthalocyanines (§-Modification)
(Average of many measurements)

Catalyst  AE (kcal/Mol)

MnPc 45.5
FePc 24.8
CoPc 24.7
NiPc 245
CuPc 22.5
ZnPc 28.2

The manganese complex in particular, but also the zinc complex, shows higher
values than the others. They are also the two compounds for which stable formate
complexes have been isolated and studied, and we might expect that in these ca-
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ses the hydrogen abstraction from the formate ion is the rate determining step in
the decomposition, as has been discussed in the previous pages. It must be men-
tioned here that the high value of the activation energy for the manganese com-
plex was not confirmed by other authors 7V, For the other metal ions the rate
determining step might be of a different nature, such as the formation of the
formate ion or the adsorbtion of the formic acid molecule. The activation ener-
gy for the metastable a-modification of Cu and Ni phthalocyanine was found to
be several Kcal/mole lower than that for the stable §-modification. This inter-
esting influence of the crystal structure on catalytic activity has not yet been ex-
plained. "

Several polymers of Ni and Cu-phthalocyanine appeared to be more active
than the corresponding monomers, and this was correlated with the thermal ac-
tivation energy of the electrical conductivity. A complicating factor was that the
H, to CO, ratio was always smaller than one with the polymers, which means
that part of the hydrogen was absorbed by the polymer, 2 phenomenon we have
encountered earlier in the section on hydrogen activation.

Hydrogenation of the catalyst during the reaction and subsequent decrease in
activity was observed with dehydrochlorinated polyvinylidene chloride 62) and
also with Mg-phthalocyanine 72), It has been pointed out before that on pyro-
lysis of organic polymers quinonic structures may be formed, and if we consid-
er the Kekulé structure of the phthalocyanine molecule

quinonic

structure
we see that ore of the benzene rings does have a quinonic structure. Therefore
we may expect that under certain conditions hydrogen is abstracted from the
formic acid by these quinonic groups, and that the hydrogen atoms are too
firmly bound to be evolved as molecular hydrogen. Phenomena of this kind
have been described for pyrolized polyacrylonitrile 56).

6. Oxidations
Oxidations by molecular oxygen have been studied extensively using organic
polymers as well as metallo-organic complexes as heterogeneous catalysts. Molec-

ular oxygen is a biradical and most of its oxidation reactions go by a free radical
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chain mechanism. We may take the oxidation of a hydrocarbon RH, which is of-
ten taken as the model reaction for a catalytic reaction, as an example:

Because oxygen does not abstract hydrogen from RH under mild conditions,
the reaction has to be initiated by an initiator I

I+RH — IH + R
Free radical R combines with oxygen to give a peroxyradical
R + O, — ROO’
The peroxyradical may abstract a hydrogen atom from RH
ROO'+ RH — R+ ROOH

by which we have regenerated R'and obtained the hydroperoxide ROOH as the
product. This reaction chain may go on until free radicals R'and ROO’do not
react with oxygen and RH, but end their lives in a different fashion. Certain
molecules like phenols react very well with free radicals, act as chainbreakers
and are inhibitors for the oxidation reaction.

The hydroperoxides formed ate relatively stable at temperatures below 100 °C,
but may be decomposed by almost any agent A, which can complex with it and
give a redox reaction, reminiscent of the Haber-Weiss mechanism

A + ROOH — A" +RO + OH-
A"+ ROOH — A + ROO'+ H'

Not only is the hydroperoxide broken down by this reaction, but new free rad-
icals are formed that may start a new chain. Therefore A works as a catalyst for
the oxidation reaction.

From this discussion we see that a material may be a catalyst of an oxidation
reaction for several reasons:

1. It forms free radicals that may act as chain initiators. Paramagnetic mate-
rials can do this for instance.

2. It acts as a redox agent and breaks down hydroperoxides. In the paragraph
on H,0, decomposition we have seen that a wide range of materials do this.

3. It removes inhibitors from the reaction mixture. Because inhibitors may
make their presence felt at extremely low concentrations this is not an imagin-
ery possibility.

4. A fourth possibility is that of oxygen activation, which means that the
chemical propetties of the oxygen molecule are changed by complexation with
the catalyst. This activation may take several forms:

a. Oxygen Carrier

C+0, — C...0
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the bond between oxygen and catalyst is weak and the function of the catalyst
is to carry the oxygen. The best example is that of haemoglobin in the blood.
Oxygen reacts as molecular oxygen, but its solubility is enhanced by specific
solvation with the carrier.

b. Charge Transfer
cC+0, — C*.0%

By partial charge transfer from the catalyst to the oxygen, the latter obtains
properties different from those of molecular oxygen and is chemically activated.
This mechanism has often been proposed but has never actually been proven.

c. Electron Transfer
cC+0, — C?k + 0'2—

By electron transfer to oxygen the catalyst is transformed into its oxydized spe-
cies and oxygen into an anion radical. Both may initiate or carry chains by ab-
stracting hydrogen from the substrate.

5. The fifth possibility is that of a chain carrier, which can best be illustrated
for the case of HBr

ROO + HBr — ROOH + Br’
BR'"+ RH — HBr + R’

If the reaction between the peroxyradical and RH is sluggish, its rate may be en-
hanced because hydrogen is abstracted from HBr, after which the bromine atom
formed in its turn abstracts a hydrogen atom from RH.

In spite of the fact that this classification makes things look quite complicated,
it is a dangerously simplified one, and the real situation is much more involved.
Therefore it is not surprising that many organic materials have been reported as
catalysts for oxidation, but that the explanations given for their activity are of-
ten contradictory. Pyrolized polyacrylonitrile and polyphenylacetylene are re-
ported to inhibit the oxidation of cumene 56) This may be connected with the
reported quinonic structure of these polymers, which makes them active to-
wards free radicals.

On the other hand dehydrochlorinated polyvinylchloride 73 and polimethy!-
B-chlorvinyl-ketone 7% catalyze the autoxidation of hydrocarbons, and the activ-
ities are related to the semiconductive properties of the catalysts. Recently it has
been shown that entirely inert polymers like polyethylene, polypropylene and
poly(tetrafluoro) ethylene are rather efficient catalysts for the oxidation of te-
tralin 79,

However most work has been done using metallo-organic complexes as cat-
alysts, and the mechanistic picture here is somewhat brighter. In this review we

17



J. Manassen

are concerned only with heterogeneous catalysts, most of which were phthalo-
cyanine complexes, which we shall review in somewhat more detail.

Hock and Kropf compared the catalytic activities of different metal complex-
es of phthalocyanine for the oxidation of cumene, and their results are recorded
in Table 3.

Table 3, Oxidation of cumene, catalyzed by metal phthalocyanine at 80 °C for ten hours

Catalyst Mn Fe2t Co Ni Cu Zn Mg
Hydroperoxide % 17.9 124 5.8 31.7 129 14.2 10.3
Hydrocarbon converted % 63.1 70.3 77.1 42,2 12,9 14.2 10.3

% Hydroperoxide in product  28.4 17.6 7.5 75 >98 >98 >98

Mn, Fe, and Co-phthalocyanines appear to be good catalysts for the oxidation,
but also for hydroperoxide breakdown and relatively small quantities of hydro-
peroxide are found in the reaction product. Cu, Zn and Mg-phthalocyanines are
also reasonable catalysts for the autoxidation, but in this case most of the hydro-
peroxide is found undecomposed as the reaction product. In the case of Ni only
part of the hydroperoxide is found intact. In subsequent kinetic studies 77.78)
Kropf decided that we have here a case of oxygen activation, when the reaction
is performed below 100 °C

MePc + O, — MePcd+03-

The charge transfer complex initiates reaction chains with the formation of free
radicals. At temperatures above 105 °C we get a change in mechanism and hydro-
peroxide decomposition becomes predominant. As additional proof for this mech-
anism, it was found that with vanadyl-phthalocyanine, where there is no possibi-
lity of complexation with oxygen, no such transition occurs 79). When substitu-
ents are introduced on the phthalocyanine ring, their influence on the catalytic
activity follow Tafts o5 constants in such a way, that electron-donating substi-
tuents enhance the rate, while electron-withdrawing groups retard it 3. This is
also in accordance with the oxygen activation mechanism.

Russian workers came to more or less identical conclusions 81:82) but also show-
ed that a change from the metastable c-modification into the stable g-modifica-
tion changes catalytic activity, a phenomenon also observed for HCOOH decom-
position. It has been stressed before that one of the advantages of the study of
heterogeneous organic catalysts is that the catalyst may also be studied in solu-
tion. This was done for the oxidation of cysteine using ordinary phthalocyanine
complexes as heterogeneous catalysts and the tetrasulfonated ones as homogene-
ous catalysts. The rates followed the same trends as a function of composition,
and the homogeneous and heterogeneous reactions probably follow the same
mechanism 89,
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In a more quantitative study the redox properties of the phthalocyanine com-
plex and the structurally similar tetraphenylporphyrins were studied by electro-
chemical methods in solution 8. It was found that the oxidation/reduction may

go by two distinctly different mechanisms:
~ -+

(Valency
Change)

1
!
o+

(Ligand
oxid./Reduct.)

L. -
Fe and Co-phthalocyanine appeared to react according to the valency change
mechanism, while Cu and Zn-phthalocyanine reacted according to the ligand
oxidation/reduction mechanism. The Ni complex appeared to be capable of giv-
ing both mechanisms.

The results of Table 3 become clear when we consider these results. The com-
plexes that react according to a valency change mechanism act as catalysts be-
cause of hydroperoxide decomposition, while in the case of zinc and copper an-
other mechanism clearly operates, and we propose here that in this case the com-
plex acts as a chain carrier, much like the example of HBr at the beginning of
this section (for simplicity’s sake the phthalocyanine w-electron system is indi-
cated as a square):

Me?| ' + RH — [Me?| —H + R’

R+ 0, — ROO"

ROO" + |Me*| " H — ROOH + |Me2*

The ion radical

Me 2+

could be shown by electrochemical methods to be a rather stable species, not
less than the bromine atom, while the conjugate acid
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+

Me?*| —H

is known to exist in acidic solutions of these complexes 85), In this connection
it is worthwhile to mention that the oxidation of cysteine under the catalytic

influence of metallophthalocyanines has been shown to be pH dependent 83),

In the case of Ni Pc both mechanisms possibly operate.

To check the oxygen activation mechanism the comlex (CuPcQ), has recent-
ly been prepared and its properties as a catalyst compared with those of ordi-
nary Cu-Phthalocyanine 86). It was found that (CuPcO), was superior for the
oxidation of x-methylstyrene, which occurs by an addition mechanism, but
for the ordinary abstraction mechanism in the oxidation of cumene the copper
phthalocyanine was superior.

Interesting results have been obtained in studies of the catalytic activity for
oxidation by phthalocyanine polymers, containing different metal ions in the
same molecule 87-90), If Fe was mixed with a series of other transition metal
ions, differences in activity were found to be dependent on the metal ion, and
correlations between the catalytic activity and the thermal activation energy of
semiconductivity were found. With copper as the second metal ion, maximum
activities were found at a ratio Fe/Cu = 1. Many other chelate polymers have
been tested for their oxidation activity, and a dependence of the catalytic ac-
tivity on the donor properties of the ligand was found 9.92),

Phthalocyanine complexes are some of the few heterogeneous organic cata-
lysts that have found their way into practical application. They are used to re-
move mercaptans from oil by selective oxidation into disulfides %8 and they also
used in fuel cell cathodes, where they catalyze the reduction of oxygen 94,

7. Dehydrogenation

In the introduction we discussed how in dehydrogenation we may expect the
catalyst to be reduced by abstraction of hydrogen atoms from the substrate,
whereupon molecular hydrogen is formed and the catalyst returns to its origi-
nal oxidation state. If the hydrogen-to-catalyst bond is too strong, the catalyst
is hydrogenated during the reaction, with subsequent decrease in activity. We
encountered this phenomenon while discussing the decomposition reaction of
hydrazine and formic acid, and it also occurs on dehydrogenation of different
substrates by pyrolized polyacrylonitrile 567, By mixing the substrate with an
oxidizing agent, this phenomenon may be prevented and we get oxidative de-
hydrogenation.

Dehydrogenation with the formation of molecular hydrogen has also been re-
ported occasionally for substrates other than hydrazine or formic acid, over or-
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ganic catalysts, and a patent has been granted for the use of polyacrylonitrile,
pyrolized on an alumina support for this purpose 9%,

In principle one might expect that a catalyst containing Lewis acid sites would
also cause dehydrogenation according to a Class A mechanism:

I i
L+ R—(—C-R, —> LH-+ R,~C—C—R,
+
H H
iy i
R—C-C-R, — R,~C=C-R, + H'
H
LH™ + H' — L + H,

A substrate, 5-ethyl-5-methyl-1 3-cyclohexadiene, has been proposed to distin-
guish this mechanism from the Class B mechanism 56):

©H+L —_— ©+ + LH™

+
+ — ©) (Wagner Meerwein shift)
+
@ . JE—— + H’

LH- + H* —= L + H,
as against

2©H + 2 Cat, —= 2@' + 2 Cat H
©. @ +->(ﬁ-fission)

2 Cat H —= 2 Cat + H,

Because acid-catalyzed reactions are prone to give Wagner-Meerwein shifts, we
may expect the rearranged reaction product methyl-ethyl-benzene with an acid-
ic catalyst. Free radicals, on the other hand, do not generally give 1,2-shifts,
but tend to decompose by §-fission, which gives toluene as the reaction pro-
duct. It was shown that acidic alumina gives mostly the rearranged product,
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while classical dehydrogenation catalysts like chromia-alumina or iron-oxide
give toluene.

However most mechanistic studies using organic or metallo-organic catalysts
have been done on oxidative dehydrogenation according to a redox mechanism,
and we shall give a summary of the results:

To prove that the quinonic structure is responsible for dehydrogenation activity
in organic polymers, two polymers were compared, similar in structure, but one
containing quinonic groups and the other without %6),

—N=©:N—©‘N=C>=N—©—N= (contains quinonic groups)
=N—©—N=C—-©—C= —@—N:C—Q—C: (does not contain
quinonic groups)

The first polymer was shown to be active for the dehydrogenation of several sub-
strates, while the second one was entirely inactive under the same conditions. A
free radical mechanism could be proven, using the substrate S-ethyl-S-methyl-
1,3cyclohexadiene.

By introducing benzoquinone structures into a polymer, activities for dehydro-
genation were obtained which were comparable to those of commercial dehydro-
genation catalysts. An example is the polyquinone 97);

O o] 0 0 0
O (0] 0] (0] 0
Another polyquinone, which can be synthesized by addition polymerization of
diazotized benzidine with benzoquinone 98) also appeared to be active.

OO OO0

This polymer is red in its oxidized form and yellow in its reduced form, and
lends itself to spectroscopic study. Its activity was compared with that of molyb-
date catalysts, which are well known to be active for oxidative dehydrogena-
tion %), and many parallels between the organic and inorganic materials were
found. The color changes of this catalyst during reaction made it clear that we
are not concerned with a surface reaction, but that at least a part of the bulk of
the material participates in the oxidative dehydrogenation reaction, a phenome-
non we have mentioned several times in these pages.

Most of these organic polymers are insoluble, infusible substances, and to find
a more quantifative relation between the redox properties of the catalyst and its
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catalytic activity, the need arose for a catalyst which could be studied hetero-
geneously, but whose redox properties may also be studied in solution. Most
suitable for this purpose appeared to be the metal complexes of the phthalo-
cyanines and tetraphenylporphyrins. These molecules may be considered as hy-
droquinonic structures, which becomes clear on comparison of the following

two sets of equilibria:
—e-H
+e+Ht

18 = - electrons semiquinonic 16 = - electrons
aromatic (4n + 2) quinonic
H -
- — ot — -~ H'
+e +HY +e+yt v
OH OH 0]
aromatic semiquinone quinone

The 18 m-electron structure has the stability of an aromatic ring according to
the Hiickel 4n + 2 rule, while the others may be considered to be active like
the semiquinone or quinone. So, when an oxidizing agent can be found to
oxidize the aromatic molecule, a structure is formed which may abstract a
hydrogen atom, by which it is reduced again. A mixture of nitrobenzene and
cyclohexadiene-1 4 suited this purpose, and complexes of phthalocyanine and
tetraphenylporphyrin were found to catalyze the oxidative dehydrogenation
of cyclohexadiene by nitrobenzene 100):

Q=0

By complexing phthalocyanine or tetraphenylporphyrin molecules with dif-
ferent bivalent metal ions, their oxidation potential may be changed, and this
also appeared to change their catalytic activity. In Fig. 3 this is shown graph-
ically.

We see that the correlation is semiquantitative. The higher the potential of the
complex, i.e. the more difficult it is to remove an electron from it, the less ac-
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Fig. 3. Oxidation potential and catalytic activity of different metalphthalocyanines as a
function of the metal ion. ® Oxidation potential. © Catalytic activity

tive it is as a catalyst, in accordance with the proposed mechanism. In the sec-
tion on oxidations we mentioned that Fe and Co phthalocyanine give a redox
reaction by valency change, while Cu and Zn react by ligand oxidation/reduc-
tion. From the graph we see that Co and Zn phthalocyanine have approximate-
ly the same oxidation potential, but that the Zn complex is the less catalytically
active one. Therefore it seems that ligand oxidation/reduction is less effective
for the oxidative dehydrogenation of cyclohexadiene than valency change.
Oxidation potentials measure the energy required to remove an electron from
a molecule. To check whether in a partial electron transfer in charge transfer
complex formation, a similar correlation would hold, the equilibrium constant
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Fig. 4. Relation between oxidation potential and the logarithm of the equilibrium constant
of charge transfer complex formation for different metaltetraphenylporphyrins
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of charge transfer complex formation between tetraphenylporphyrin complexes
and trinitrobenzene was measured by NMR methods in solution 101),

K
Metaltetraphenylporphyrin + Trinitrobenzene = Complex

In Fig. 4 a realtionship between the logarithm of this equilibrium constant and
the oxidation potential is shown for different tetraphenylporphyrin complexes,
and we see that those complexes which give a redox reaction by valency change,
are related differently to this equilibrium constant from the ones reacting by
ligand oxidation/reduction. This seems to indicate that in partial electron trans-
fer too these two mechanisms may be distinguished. We encountered a similar
phenomenon in the section on hydrogen activation (Table 1), where it was shown
that only those electron donor/acceptor complexes which gave ligand reduction
were active in H/D exchange.

8. Nitrous Oxide Decomposition

The nitrous oxide molecule can be considered to be a resonance hybrid between
the structures:

=N*-0-  and N=N=0
It is a reasonably stable molecule, which decomposes by a unimolecular process

at temperatures above 600 °C into nitrogen and oxygen. If we consider the en-
ergetics of the elementary process in this reaction:

N,O — N, + 0OCP) AH® =39.7 Kcal/mole
N,O — N? + O('D) AH® = 85.1 Kcal/mole

we see that the reaction involving the lowest change in energy is associated with
a change in total spin 192). So this is an example of a Class C reaction.

We might expect catalytic action by materials containing paramagnetic centres,
and interesting correlations have indeed been found between the electromagnet-
ic properties of organic polymers and their catalytic activity for this reaction103-106),
Two classes of polymers were studied, the polypyromellitimides,

(0]
I
’ \
N\ N—Ar
I |
n

and the polyindoloimidazoles

O=0

=0
=0,

o]
o
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n

By changing the group Ar it was possible to build into the polymer stretches of
conjugated double bonds of different length, or even to build polymers with an
uninterrupted conjugated chain. Several correlations were found:
1. Those polymers having an uninterrupted conjugated chain of double bonds,
showed a distinctly lower energy of activation for the reaction than the ones in
which conjugation was interrupted periodically (20-25 Kcal/mole versus 40~
50 Kcal/mole).
2. No direct correlation existed between the number of free spins and the cata-
lytic activity of the free spins, called “A”, It was shown however, that in the
same family of polymers, 4 depends linearly on the lenght of the uninter-
rupted stretch of conjugated double bonds.
3. In the polymers containing an uninterrupted chain of conjugated double
bonds the value of A was higher, the more heteroatoms were built into the mo-
lecule, and a semiquantitative relationship could be found between the para-
meter C/(C+O+N) and log A.
4. By subjecting a certain polymer to heat treatment at different temperatures,
the number of spins changed, and with it the catalytic activity. It was shown
that A correlated well with the width of the ESR line and with the relaxation
time 7,. This correlation between A and relaxation time did not hold only for
the pyrolized polymers, but for all the polymers studied. This effect was ex-
plained by correlating the relaxation time with exchange interactions. The more
extensive the exchange interactions (identified as “graphitization™), the weaker
the catalytic activity of the free spins. This is in accordance with the absence of
catalytic activity of graphite itself. In this way, also the activating effect of het-
eroatoms, which are known to delay graphitization, was explained. In the less
active polymers small graphitized domains were identified by X-ray diffraction.
Correlations of this kind are reminiscent of those pictured in Fig. 2 for the
O/P-conversion of hydrogen, and it is clear that by the proper use of organic
model polymers, interesting correaltions between their structure, paramagnetic
properties and catalytic activity for Class C reactions can be found.

9. Acid Catalyzed Reactions

Typical acid-catalyzed reactions like the dehydration of alcohols and double
bond shifts in olefins have been mentioned occasionally as reactions catalyzed
by organic heterogeneous catalysts. An extensive kinetic study of the dehydra-
tion of tertiary butyl alcohol over pyrolized polyacrylonitrile has been describ-
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ed 107, In most of these cases the acidity of the catalyst was not studied how-
ever, and with substrates like tertiary butanol or dimethylvinylcarbinol 198},
that cannot undergo dehydrogenation, the mechanism is not always clear. On
the other hand, many acid-catalyzed reactions in which cation exchangers are
used as the catalysts, are mentioned in the patent literature and appear in the
handbooks dealing with ion exchangers. We shall be concerned in this section
only with those studies that deal with acid-catalyzed reactions by heterogen-
eous organic catalysts, in which the acidity of the catalyst was known.

Instead of the conventional gel-like structures, that swell in contact with a
solvent, cation exchangers may be synthesized as a macroreticular polymer.

By performing the polymerization in a solvent in the presence of a high percent-
age of a crosslinking agent, a rigid macroporous structure is obtained, much like
a conventional inorganic catalyst support. A detailed study of the catalytic activ-
ity of a sulfonic acid resin of this type has been published for the racemization
of an optically active ketone. The conclusion was drawn 199) that under the reac-
tion conditions only a surface reaction occurred, and that the functional groups
within the polymer do not participate in the reaction.

Conventional ion exchange resins are not very thermostable, and for reaction
temperatures above 150 °C other synthetic methods have to be tried.

Benzene may be polymerized under the action of aluminium chloride and
copper chioride into a thermostable structure which retains the chemical reac-
tivity of benzene. Such a polymer may be sulfonated or phosphonated in sus-
pension, and active acidic catalysts are obtained that are stable up to 350 °C
and carry the functional groups only at the surface 110):

SO,H |

oh

CuCly %
AICE, -
3th2

Jn

:!

The functional groups on this catalyst may be titrated, the catalytic activity re-

gulated by partial neutralization, and suppressed entirely by total neutralization.
Of the two isomeric alcohols menthol and neomenthol, the former dehydrates

preferably into menthene-2, while the latter gives menthene-3 preferably.

d—9 @ g

menthol menthene-2 neomenthol menthene-3
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This specifity is dependent on the acidity of the catalyst, and was studied using
the heterogeneous catalysts sulfonated and phosphonated polybenzene, and the
homogeneous catalysts paratoluenesulfonic acid and phosphoric acid. The dif-
ferences between the sulfonic and phosphonic acid groups were greater than the
differences between heterogeneous and homogeneous phase, in spite of a con-
siderable difference in reaction temperature. It was thus shown that for a typ-
ical Class A reaction, the type of acidity is more important than the physical
state of the catalyst. These acidic catalysts were extremely active, and had to
be partially neutralized in order to obtain reasonable rates ans selective reac-
tions.

The isomerization of butene-1 and butene-2 has been studied over convention-
al ion exchange resins 110111) 35 well as over the sulfonated and phosponated
polyphenyls 110, A careful kinetic study showed that the reaction over these
materials as well as over silica-alumina catalysts goes by way of a common inter-
mediate, which can be understood best as the secondary butyl carbonium ion.

cis-butene-2
//: ene
x———’— trans-butene-2

butene-1 X

Several kinetic studies of alcohol and formic acid-dehydration have been de-
scribed, using cation exchange resins, and the results led to postulates about the
possible structure of the adsorbed molecule and the mechanism of its decom-
position 112-114),

10. Miscellaneous Reactions

In the last section we described catalysis by cation exchangers for acid-<cata-
lyzed reactions. If polymers are made, containing redox groups instead of acid-
ic groups, materials are obtained which are known as electron exchangers. Some
catalytic applications of these resins are described in the textbook about redox
polymers 115), The main disadvantage of these electron exchangers, when used
as catalysts, is their low thermostability, because of which only reactions that
occur at low temperatures may be tested. The quinone group-containing organic
catalysts, which have been described in the section on dehydrogenation, are actu-
ally thermostable equivalents of this class of polymers.

Chelating resins, that change valency at a desired potential have also been de-
scribed as catalysts for redox reactions 116), A quaternary ammonium ion ex-
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change resin treated with a solution of sodium tungstate appeared to be a good
heterogeneous catalyst for the epoxidation of maleic acid 117),

A related development is that of polymeric ligands, examples of which have
started to appear in the patent literature 113-120), Since the development of ho-
mogeneous catalysis, by which the influence of the ligand on the catalytic activ-
ity of a dissolved metal ion was dramatically shown, attempts have been made
to attach these ligands to a polymer, and fo make the homogenous catalyst in-
soluble. Thereby one retains the advantage of the homogeneous catalyst, with-
out its inherent disadvantage of having catalyst and reaction mixture in one
phase. In most cases a metal salt is treated with an existing or modified ion ex-
change resin, and heterogeneous catalysts are obtained. In Table 4 a summary
is given of what resin/metal combinations were shown to be active as catalysts
for different reaction types:

Table 4. Different reaction types catalyzed by materials, made from a metal salt and a pol-
Ymeric ligand

Reaction Metal salt Resin Ref.
Carbonylation Pd(NH3),Cl, Amberlyst 15 118
Carbonylation K,PdCl, Amberlyst A 21 118
Carbonylation Bis(benzonitrile)- Chloromethylated polystyren-
dichloropalladium (II) eresin reacted with chlorodi- 118
phenylphosphine
Carbonylation Rh or Ru-acetate in Not specified 121
HBF, + phosphine
Rh or Ru-acetate in Not specified
Hydrogenation HBF, + phosphine 121
Hydrogenation Bis(benzonitrile)-dichloro ~ Amberlyst 118
palladium (II)
Hydrogenation RhCl; - 3H,0 Amberlyst A 21 118
Double bond shift RhCl; - 3H,0 Amberlyst A 21 118
Transestrification K,PdCl, © Amberlyst A 2} 118
Vinylacetate synthesis K,PdCl, Amberlyst A 21 118
Hydroformylation Tristiphenyl-Rhodium (I) Chloromethylated polystyr- 118
Chloride ene-resin reacted with chloro-
diphenylphosphine
Hydroformylation Hexachlororhodate(111) Jonac XaX-1393 118
Hydroformylation RhCl, - 3H,0 Amberlyst A 21 118
Hydroformylation Rh or Ru-chloride Poly-(p-diphenylphosphino) 120
styrene
Oligomerization of Ni or Co-Salts Poly(4-vinylpyridin} 119
olefins
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An interesting application of organic polymers is their use as catalyst carriers,
by which special properties can sometimes be transferred to the catalyst. The
hydrogenation of several unsaturated compounds on palladium/polymer catal-
ysts was measured, and a comparative study showed that the activity of the
catalyst decreased in the following sequence as a function of the nature of the
polymer 122):

polyvinylalcohol > polyacrylonitrile > polyamid > polyester

Asymmetric hydrogenations have been reported with palladium on silk 123),
palladium on modified cellulose 124) and on modified ion exchange resins 125),
Also with Raney Nickel modified with amino acids 126} and peptides 127), Plat-
inum-carbon catalysts exhibiting shape selectivity have been made by coating
them with a thermosetting resin, which is carbonized. In such a way an organic
molecular sieve skin is formed over the original catalyst 128),

Copper on a synthetic polypeptide demonstrated a remarkable selectivity in
alcohol dehydrogenation by virtually excluding alcohols of complex structure
such as diisopropyl and diisobutyl carbinol, while admitting simple alcohols
such as n-butyl, isobutyl and sec-butyl 129,

Platinum on nylon appeared to be quite selective for the formation of cyclo-
hexene on hydrogenation of benzene. On comparing different nylons, it was
concluded that the spacings of the amide groups, which were thought to com-
plex with the platinum atoms, were responsible for this selectivity 139,

Charcoal appeared to enhance the catalytic activity of supported Cobalt
phthalocyanine for the oxidation of mercaptans 131, The electron donor-accep-
tor complexes, which were shown to be such good catalysts for the activation
of molecular hydrogen, were shown to be active also for other reactions like the
hydrogenation of unsaturated hydrocarbons, the isomerization of butenes, the
formation of ammonia from nitrogen and hydrogen and the formation of hydro-
carbons from hydrogen and carbon monoxide. It was shown that graphite also
acts as a good electron acceptor 132),

Polymeric enzymes and enzyme analogs constitute a completely separate top-
ic. This field has recently been reviewed 133). Some of the materials described
act as heterogeneous catalysts and could also be considered as polymeric hetero-
geneous catalysts.

A typical Class C reaction, the valence isomerization of quadricyclane into
norbornadiene, was shown to be catalyzed heterogeneously by metal complex-
es of phthalocyanine, tetraphenylporphyrin and several Schiff bases. This reac-
tion is forbidden, because of a change in symmetry of the occupied orbitals
during the reaction. It was shown that the ligand furnishes an orbital of the
rigth symmetry in this case, by which a pathway for the electrons can be found.
Those catalysts having the least energy separation between this orbital and the
occupied metal orbitals, showed the highest catalytic activity 134),
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11. Conclusion

From the discussion in the previous pages it has become clear that in spite of
the many reactions that can be catalyzed by organic and metallo-organic catal-
ysts heterogeneously, very few of these materials have found their way into
practical application.

The study of these catalysts may sharpen our insight into the phenomenon
of catalysis itself however. We have seen that the study of electron donor/ac-
ceptor complexes for the activation of molecular hydrogen has shown many
correlations between physical properties of the acceptor and catalytic activity.
In oxidation and dehydrogenation correlations were found with the redox pro-
perties of the solid. In the decomposition of nitrous oxide the paramagnetic
properties, and with them, the catalytic activity, of organic polymers could be
changed at will by modifications in the polymer structure, and in acid catalysis
activity could be regulated by changing the type of acidic group and by selec-
tive neutralization.

It would have been difficult to find these kinds of relations with inorganic
materials proper. The organic molecule is unique in that its physical properties
may be changed in a continuous way by small modifications in its structure or
by complexation with different metal ions. Another advantage is the fact that
solid state effects are of smaller importance, and catalytic properties of the sol-
id phase may be compared with physical properties in solution. In particular an
extended m-electron system works as a catalytic entity in itself, irrespective of
whether it is surrounded by other molecules of its kind (solid phase) or solvat-
ing molecules (solutions),

The great drawback of organic materials for practical use, especially at elevat-
ed temperatures, is their inherent instability, thermal as well as mechanical. On
the other hand great advances have been made in polymer technology. Compos-
ite plastics are used in the construction of supersonic airplanes to replace met-
als, because of their superior resistance to heat, and plastic coatings are frequent-
ly used to enhance the chemical resistance of surfaces. Therefore it is not improb-
able that properly synthesized organic materials may also find their practical ap-
plication as catalysts or catalyst carriers.

The work and ingenuity invested in the study of these materials may not only
be of importance for a better understanding of the phenomenon of catalysis,
but may also pave the way for the development of better and more selective
catalysts.
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R. L. Banks
l. Introduction

Banks and Bailey 1) reported in 1964 that linear olefins could be catalyti-
cally converted in a highly specific and efficient manner to approximately
equal molar quantities of shorter and longer chain olefins. For example, they
found that over a cobalt-molybdate catalyst, propylene was disproportiona-
ted to a product containing 49 mole per cent ethylene, 48 per cent n-butenes,
and 3 per cent Cs+ material. This novel reaction is general for hydrocarbons
containing ethylenic carbon-carbon bonds which has been confirmed by con-
tinued investigation. An abundance of data and mechanistic studies by several
groups of investigators have indicated the reaction proceeds by two unsaturat-
ed pairs of carbon atoms combining in a four-center transition state which
dissociates by breaking the opposite set of bonds to form the new olefins.

The initial catalysts disclosed for olefin disproportionation were of the
heterogeneous type: molybdenum and tungsten hexacarbonyls and oxides
supported on alumina !~3), Homogeneous catalyst systems active for dispro-
portionating internal olefins were reported in 1967 by Calderon and cowork-
ers ¥ and for disproportionating terminal and internal olefins were reported
in 1968 by Zuech 3). A number of catalysts are now known to be active for
disproportionating olefins. A noncatalytic counterpart to the disproportion-
ation reaction was reported in 1931 by Schneider and Frélich 9); in the py-
rolysis of propylene at 852 °C extrapolation of product distribution to zero
conversion indicated the combination of two molecules of propylene to give
one of ethylene and one of butene was a primary reaction that accounted for
48 per cent of the reacting propylene.

The reaction described by Banks and Bailey was of the type

2CHy & C(n—-a)Hz(n—a) + C(n+a)Hz(n+a)

where 7 > 3 and (n—a) > 2, and was referred to by the authors as “olefin
disproportionation”, The reaction has also been referred to as the “olefin re-
action” 7). Others use different terminology in subsequent publications: Brad-
shaw and coworkers 8) prefer ““olefin dismutation”; they also use the term.
““ethenolysis” for the reverse reaction when one of the reactants is ethylene;
Calderon and associates 4 use “olefin metathesis”’; and Crain ?) uses “mutual
cleavage” and “ethylene cleavage”. As noted in a review by Bailey 19), the
term “olefin disproportionation” has been widely used in the literature for
these and related type reactions of unsaturated hydrocarbons that apparently
proceed by the four-center mechanism.
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ll. Heterogeneous Disproportionation Catalysts

The catalysts reported by Banks and Bailey!) consisted of a high surface area
support, alumina, on which molybdenum or tungsten compounds had been
deposited. Activation of the catalyst, or the support, was accomplished by
heating at elevated temperature in a stream of air or nitrogen. A number of
heterogeneous catalysts of this type are now known to be active for dispro-
portionating olefins. Examples of the disproportionation of propylene to
ethylene and n-butene with some of these catalysts are presented in Table 1.
1t should be noted that these examples were obtained by several investigators
and over wide ranges of process conditions; thus quantitative comparisons of
the various catalysts based on these data may not be justified.

Table 1, Heterogeneous olefin disproportionation catalysts

Test Conditions

WSz'SiOg

Catalyst ;Iemp. PSIG Space Rate® Propy- Select. Ref.P)
C lene %
Conv.,
%
Mo(CO)g * Al,0, 121 500 500 G 25 97 L2
MoO; * Al,0, 50 1600 G 110 100 13/1,3,11)
CoO *MoQj *Al,05 163 450 85 W 429 94,1 1,12/14)
" MoOzAIPO, 53 0 2 w5 > 95 12
MoOj3*SiO; 538 0 35 w28 > 95 12,15/16)
MoO3+ Al 03°TiO, 121 0 2 W 15 12)
MoOj3*MgO*TiO; 177 0 2w 3 12/17)
MoO3*Mg38is04,*H,0 177 0 2w 3 12)
MoS, *Al,05 149 0 600 G 1.3 100 12.18)
MoS,°Si0, 53 0 600 G 9.1 100 1218)
Mo0O3*Cr05°Al, 05 166 90 180 G  36.0 97 19
WO05°Al, 03 177 0 600 G 74 100 3
WO5°AIPO, 538 100 75 W 34 g2 12)
WO,+Si0, 426 450 40 W 448  97.8 12,15,16)
W03 5i0, *Al, 04 260 450 7200 G 435 15)
WOj3°Al,05°ThO, 200 0 2w 1 12)
WO5°ThO, 200 0 2w 3 12/20)
WO3*Z10, 538 0 2w 2 12)
WO3°Zr3 (PO4)4 427 0 2w 4 12)
WO3°Mg; (PO,); 538 0 2w 3 12)
WO3*Tis (POq)s 538 0 2 W 1 12)
WO3*Caz (PO4) 4 538 0 2 w3 12)
WS, Al 03 149 0 1w 1.0 100 12:18)
538 0 600 G 183 100 12/18)
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Table 1 (continued)

Test Conditions

Catalyst ;I‘emp. PSIG Space Rate®  Propy- Select. Ref.?)
C lene %
Conv.,
%

Rez (CO) o * Al 05 100 1600 G 204 100 2D
Re;04°Al,04 25 200 G 192 100 1L,22,23,29)
Re,04°8i0, 204 0 2w 40 100 12/25)
Re,0,*Z10, 150 1600 G 21 100 29
Re;07°ThO, 150 1600 G 120 100 29
Re; 04°5n0, 50 1600 G 150 100 25/26)
Re; 04°TiO, 150 1600 G 13.0 100 25
Re; 04+ Fe, 05 250 1600 G 0.4 100 27
Re;0,°NiO 150 1600 G 39 100 27
Re,0,*WO3 250 1600 G 0.75 100 27)
Sn0,°Al, 05 350 1600 G 1.5 28)
Lay03*Al,03 350 1600 G 1.9 28)
Rh;0;°Al,0; 350 1600 G 6.0 28)
0s,03°Al,0; 350 1600 G 0.5 28)
Ir;03* Al O3 350 1600 G 3.5 28)
V,03°5i0, 560 1000 6 11.2 44 29
Nb;05°Si0, 538 0 600 G 3.7 90 29/12)
Ta;05°Si0; 533 0 600 G 8.3 56 29/12)
TeO3* Si0; 538 450 20 W 20 12)
Al,O, 315 03 W 09 100 30/31)
MgO 435 300 30 w 1.5 100 32

3) G — Gas hourly space velacity.
W — Weight hourly space velocity.

) Numbers after slant mark are references to additional examples.

Studies by Lapidus and coworkers 33) of the isomerization of n-butenes
on nickel-zeolite catalysts indicate that some zeolite catalysts are active for
the disproportionation of butenes to propylene and pentenes.

Composition and Physical Properties

Surface areas reported for heterogeneous disproportionation catalysts were
generally greater than 100 m? /g and the promoter concentrations reported
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were generally in the range of 1 to 15 per cent. Typical compositions and
physical properties of three disproportionation catalysts are shown in Table 2.

Table 2. Compositions and physical properties of typical disproportionation catalysts

CoO 'MOOa . A1203 R62 07 i A|203 W03 'Si02
Composition, Wt. %
MoO3 11.0
Re, 04 14
WO, 6.8
CoO 3.4
Al 05 85.6 86
Si0, 93.2
Surface area, m>/g 284 2553) 345
Pore volume, cm3/g 0.58 0.98
Avg, pore diameter, A 82 589) 114
Ref., 1) 11) 15)

3) Of the support before acid treatment,

Catalyst Preparation

- Relatively little has been reported on optimization of catalyst preparation
procedures. Catalysts prepared by conventional impregnation methods have
been described !> 12, 16), Supported molybdenum and tungsten hexacarbonyl
catalysts were prepared by impregnating at 65 °C under vacuum preactivated
gamma-alumina with cyclohexane solution of the hexacarbonyls and removing
the cyclohexane from the catalyst by flushing with nitrogen and treating un-
der vacuum at 120 to 150 °C 2). Preactivation of the alumina was at 538 °C
with air followed by nitrogen. Rhenium catalysts have been prepared by
impregnating alumina with a solution of thenium heptaoxide in an inert or-
ganic solvent 34), decomposing ammonium perrhenate to rhenium heptaox-
ide and subliming the heptaoxide onto preactivated alumina 3> 23, fluidizing
at 150 °C rhenium carbonyl with preactivated alumina 21), and ball milling
rhenium oxide with silica 12). The ball mill technique has also been used to
prepare supported sulfide catalysts12), Patents issued to British Petroleum
Company include examples showing that rhenium oxide-alumina catalysts
prepared by acid-treating the alumina support, by using freshly prepared alu-
mina, or by subliming rhenium oxide onto alumina, were more active for dis-
proportionating propylene than catalysts prepared by conventional impregna-
tion of commercial calcined alumina (Table 3).
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Table 3. Preparation of rhenium oxide-alumina catalysts

Alumina 14 % Re; 04 Propylene Ref.

added by conv.,% 2)
Commercial (Gamma) Impregnation 19.2 11, 23, 24)
Acid-treated (0.1 N HCl)b) Impregnation 31.0 11)
Freshly precipitated Impregnation 28.8 24)
Commercial (Gamma) Sublimation 34.7 23)

4) Test at 25 °C and 2000 GHSV.
) Similar results with acetic acid treatment.

Activation and Regeneration

Heterogeneous disproportionation catalysts are generally activated at elevated
temperature in a stream of dry air or inert gas. This procedure removes water
and absorbed compounds that may inhibit the disproportionation reaction,
and possibly promotes the formation of specific atomic configurations on the
surface. Typically activation is carried out at 500 to 600 °C for two to ten
hours. However, wide ranges of temperatures and times have been used and
have been shown to affect activity: the elevation of activation temperature
from 580 to 800 °C increased propylene disproportionation over a rhenium
oxide-stannic oxide catalyst from 19.0 per cent to 29.6 per cent 26), Catalysts
deactivated during disproportionation were reactivated or regenerated by a rep-
etition of the activation procedure, using a controlled amount of oxygen to
burn-off the accumulated coke 3 15). One tungsten oxide-silica catalyst after
110 regeneration cycles over about a one-year period was reported to be still
active and selective for propylene disproportionation 15), Examples with some
catalysts show that treatment of the activated catalyst with reducing gases,
such as carbon monoxide and hydrogen, increased activity and/or selectivity;
however, such treatments were not necessary to obtain good activity !5: 35),
Lester 36) reports that a cobalt molybdate catalyst was more active for dispro-
portionating propylene when cooled from activation to process temperature in
the presence of an oxidizing agent (air) than when cooled by nitrogen purging.

Catalyst Poisons

Various polar and chemical compounds reportedly are capable of poisoning or
deactivating disproportionation catalysts if present in the feed or allowed to
contact the catalyst after activation. For example, propylene conversion over
cobalt-molybdate catalyst was reduced when 300—2000 ppm of oxygen, wa-
ter, carbon dioxide, hydrogen sulfide, ethyl sulfide, acetylene, or propadiene
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was in the feed 3). Tungsten oxide-silica which operates at a higher tempera-
ture, is reported to have considerable resistance to poisons; water, air, acetone,
carbon monoxide, hydrogen, or methanol in the feed reduced activity, but
original activity was restored on introduction of pure feed 16),

Catalyst Modifications

Increasing selectivity of disproportionation catalysts by incorporation of mi-
nor amounts of alkali or alkaline earth metal ions to reduce double-bond isom-
erization and other acid-type reactions have ben studied by several investi-
gators. Bradshaw and coworkers 8 37) used sodium bicarbonate solutions of
various strengths to poison the acid sites of cobalt molybdate catalyst; Crain
9) treated molybdena-alumina catalyst with aqueous potassium hydroxide to
obtain highly selective catalyst for disproportionating 3-heptene, 1-octene,
and 2-octene, and for cleaving 2-octene and 2,3-dimethylbutene-2 with ethy-
lene. Heckelsberg 38) used Na, K, Ba, and Cs with tungsten oxide-silica and
molybdena-silica to increase selectivity for disproportionating propylene.
Ray and Crain 58) and Mango 39) treated cobalt molybdate-alumina with
aqueous potassium hydroxide solution to improve selectivity for reacting
cycic olefins with acyclic monoolefins. Van Helden and coworkers 14 incor-
porated K, Na, Rb, and Cs with cobalt-molybdate and K with rhenium oxide-
alumina to increase selectivity to primary products.
Increased disproportionation activity of tungsten oxide-silica following

- treatment of the catalyst with hydrogen chloride, or hydrocarbon chlorides
that decomposed to hydrochlorides at the temperature of the treatment, was
disclosed by Pennella4®), Table 4 shows propylene conversions before and
after 20—80 minute treatments of the catalysts with various chloride com-
pounds.

Table 4. Propylene conversions before and after treatment of catalyst with various chlo-
ride compounds

Tungsten oxide-silica % Propylene conversion  After treatment
treated at 500 °C with Before treatment

Hydrogen Chloride 104 44.8

Vinyl Chloride 2 42
Chloropropane 134 42.5
Chlorobenzene 12 21

Use of triethylaluminum to maintain the activity of cobalt molybdate cata-
lyst for disproportionation of 1-butene is reported in a patent issued to Shell
International 41). Tributylphosphine was used with tungsten oxide-silica cata-
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lyst by Heckelsberg 42) to obtain higher conversions of 2-pentene. A patent
issued to Alkema and Van Helden 43) relates to adding molecular hydrogen to
the system to improve catalytic disproportionation of acyclic alkenes. Some
of the examples indicate that large fractions of alkanes were produced.

Bifunctional Catalyst Systems

Reduction of double-bond isomerization activity resulted in high selectivity
to primary disproportionation products; however, in some applications good
double-bond isomerization activity is essential, e.g. process for producing de-
tergent range olefins from propylene. Symmetrical olefins reacting with them-
selves do not yield new olefins; hence, a double-bond shift is needed prior to
the disproportionation reaction. Incorporation of an acid-type double-bond
catalyst is undesirable for some applications as it would also promote skeletal
isomerization and polymerization. Magnesium oxide is a very selective catalyst
for double-bond isomerization, and Banks and Kenton44) obtained high dis-
proportionation conversions by mechanically mixing magnesia with dispro-
portionation catalyst. Results obtained with 2-pentene feed are shown in Tab-
le 5. Banks and Kenton also showed that magnesia could be used at ambient
temperature to treat the olefin feed to obtain higher conversions#4),

Table 5. Disproportionation of 2-pentene with and without selective double-bond
isomerization catalyst

Per cent pentene disproportionation over

Pressure, psig?) WO; *Si0, WO; *Si0,/Mg0
100 17.9 28.4
200 21.4 33.9

) QOther conditions: 371 °C and 49-52 WHSV.

lIl. Homogeneous Disproportionation Catalysts

In 1967, Calderon, Chen, and Scott#) reported a homogeneous catalyst sys-
tem comprised of tungsten hexachloride, ethanol, and ethylaluminum dichlo-
ride would disproportionate internal olefins. These authors used the term
“olefin metathesis” to describe the reaction. At room temperature 2-pentene
was transformed in one to three minutes into a mixture containing, at equilib-
rium, 25, 50, and 25 mole per cent of 2-butene, 2-pentene, and 3-hexene,
respectively. Double-bond isomerization was not detected and a quantitative
reaction selectivity was obtained, Additional reports by Calderon and cowor-
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kers*5» 46) disclosed that a wide range of Al:W ratios could be tolerated and
a catalyst atomic ratio of 4:1:1 for Al:W:0 was consistently very active.

To minimize possible cationic reactions due to aluminum compounds Wang
and Menapace 47) used n-butyl lithium as the reducing agent for tungsten hexa-
chloride. With cis-2-pentene and mixture of trans- and cis-2-pentene, equilibri-
um conversions (50 per cent) were reached in four hours; however, under the
same conditions, conversion of frans-2-pentene was only 40 per cent. Regard-
less of the extent of conversion of 2-pentene, the selectivity to 2-butene and
3-hexene was 100 per cent in experiments at room temperature with ratio of
olefin/W = 50 and n-Bu Li/W = 2.

Combinations of nitrosyl molybdenum and tungsten compounds with or-
gano-aluminum halides as active homogeneous disproportionation catalyst
systems were disclosed by Zuech ®) and reported in detail by Zuech and co-
workers 48—52), Treatment of green nitrosyt complexes, L, Cl,(NO),M [M =
Mo or W; L =Ph3 P, CsHgN, Ph3 PO, etc.} with a variety of alkylaluminum
halides in chlorobenzene yielded brown homogeneous solutions, which were
very active at 0 — 50 ° C for disproportionating terminal as well as internal
olefins. The versatility of the catalysts was demonstrated by reaction of alpha
olefins, internal olefins, diolefins, and cleavage of both acylic and cyclic ole-
fins with ethylene.

IV. Reactions and Reactants

Disproportionation reactions of acyclic mono-olefins can be classified into
three types: (I) reactant is a single olefin, (I1) reactants are double-bond iso-
mers, and (III) reactants are different olefins. Generalized equations and
examples are:

Type I 2A &= P+Q
2 1-Butene T— FEthylene + 3-Hexene

Type Il A+A" T= P+Q

1-Butene + 2-Butene <—= Propylene + 2-Pentene

Certain reactants yield two sets of products and in these cases the total pri-
mary product will consist of a mixture of four olefins. For example:

(a + b) 2-Methyl-2-butene + (a + b) 2-Methyl-1-butene —

a (Isobutene + 3-Methyl-2-pentene) + b (Propylene + 2,3-Dimethyl-2-pentene)
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Type IIT
A+ B = P+ Q (orto2P)
1-Butene + 2-Pentene = Propylene + 3-Hexene
Ethylene + 2-Pentene < Propylene + 1-Butene

Ethylene + 2-Butene pa— 2 Propylene

As in the case with some Type II reactants, certain Type III reactants yield
two sets of products. For example:

(a + b) Propylene + (a + b) 2-Methyl-2-pentene T—=

a (1-Buténe + 2-Methyl-2-butene) + b (Isobutene + 2-Pentene)

Reverse of Type I and II reactions are Type III reactions. As stated in the
introduction, abundant experimental data and mechanistic studies indicate
that these catalytic disproportionation reactions proceed in accordance with
a reaction scheme that can be pictured as follows:

Ry Ry 1|‘2 1|13 fIlz llia
|
Rl—'C=C—R4 RI—C_C_Rq. Rl'"C C_R4
— (. = o
Rs_C=C—R8 R5_(|:_(I:_R3 RS_CI: ?_Rg
[
R¢ R4 R¢ R, R¢ Ry

where the R’s are hydrocarbon groups or hydrogen and the brackets indicate

a transition state. According to this scheme, the products of Type I reactions,
as illustrated for disproportionation of 1-butene, will be symmetrical internal
olefins of longer and shorter chain lengths.

= || = I |
c—Cc—c—cC

C=C—-Cc—C [C_C_C—‘C] C C—C—C
C C—C—¢C

C=C—C—C

The transition state formed by opposite alignment of the reacting mole-
cules disassociates into product molecules that are the same as the reacting
olefins.

C=C—C—C [ c—c—c—c] C c—Cc—C
= i
C—C—C=(C C—C—C—C
In cases where the reactant is a symmetric olefin, e.g. 2-butene, the prod-
uct will also be the same as the reactant.
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— I — 0o
C—C—C—C

C—C=C—C C—C—C—-C C—C C—C
C—C=C—C

c—C Cc—C

However, mixtures of symmetrical and nonsymmetrical double-bond iso-
mers, e.g., 2-butene and 1-butene, will be Type 1l reactions and the product
will be longer and shorter chain olefins.

C—C=C—C
—

—= [

bm— I
C—C—C—C ¢ ¢c—Cc—C

C—C—C—C C—C C—C
C=C—C—C }

Statistically, the rate of formation of new olefins for Type II feactions, ex-
cept in some cases involving branched olefins, is twice the rate for Type I reac-
tions; both alignments of the double-bond isomers to form the transition state
will result in products different from the reactants. For Type III reactions
three situations can exist; depending on the reactants, both, only one, or nei-
ther alignment of the olefins will form a four-center transition state that dis-
sociates into new olefins. Cleavage of 2-butene with propylene will not form
new olefines; however, cleavage of 2-butene with ethylene will form propylene.

C—C=C—C c—Cc—Cc—C C_ﬁl: ﬁ:—c
c=c—c [ e C C—C
c—C=C=C C—C—C—C c—C C—C
= [ o ] == ot
c=C c—C c

Mixtures of acyclic and cyclic olefins apparently react via the four-center
scheme to produce acyclic diolefins 3% 58)_ These can be classified as Type IV

reactions. In cases involving ethylene as the acyclic reactant, a, w-diolefins are
obtained.

Type IV
C+A — 8§

Cyclopentene + Ethylene <—Z 1,6-Heptadiene

c—C ¢ c—Cc— —C=
Al =1 = s
C = C &= C
\ \ \
c—C C —~C—C —C=

The reactions of cyclic olefins by the four-center reaction scheme to form
larger ring cyclic polyolefins and interlocked ring systems (catenanes) have
also been proposed 59—67), These can be classified as Type V reactions.
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Type V

2C =2 T

2-Cyclopentene +— Cyclodecadiene

C—C Cc— c—Cc—C—C C—C=C—C
/ \ / \ /

c c = |C cl &= ¢ C
\ / \ /
c—C C— C—C—C—C C—C=C—C

Presented in Table 6 are examples from the literature of Type I reactions.
Again it should be noted that these data do not necessarily indicate optimum
conditions for each catalyst or reactant. Also, in some cases double-bond shift
occurred followed by Type II disproportionation reaction.

Table 6. Examples of selective disproportionation of monoolefins:
Type I reactions 2A <= P+

Olefin Catalyst Conv., Primary products Select.  Ref.
Reactant % Olefin Mole% %
Propylene  Mo(CO)4* AL, 03 25 Ethylene 42 97 1)
2-Butene 55
Co0°Mo03°A1,05 36.1 Ethylene 49.0 97.5 1)
n-Butenes 48.5
Re;0,A1,03 31.7 Ethylene 55.5 100 11)
2-Butene 44.5
WO3°5i0, 44.8 Ethylene 52.4 98.7 16)
n-Butenes 46.3
1-Butene  CoO*MoO3AlL,05 12.1 Ethylene 42.3 80.7  37)
+ Na Hexenes 38.4
Re,04° Al 04 37.9 Ethylene 58.5 95.5  53)
Hexenes 37.0
Isobutene  WO3*S5i0, + Na 11 Ethylene ‘88 38)
Dimethylbutene
1-Pentene  CoO*Mo0O3°Al;03 8.6 Ethylene 324 63.4 54)
n-Qctenes 31.0
(L)oCl,(NO) ;Mo 52 Ethylene 52 100 48)
+ R3Al,Cl, 4-Octene 48
2-Pentene  CoO*MoO3°Al; 03 35.3 n-Butenes 47 83 3)
n-Hexenes 36
Co0*Mo03A1,05 14.1 n-Butenes 48.3 92.3 54)
n-Hexenes 44.0
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Table 6 (continued)

Olefin Catalyst Conv.,  Primary products Select.  Ref.
Reactant % Olefin Mole% %
WClg*EtOH® 49.9 2-Butene 49.8 100 - 4)
EtAICI, 3-Hexene 50.2
WClg* n-BuLi 50 2-Butene 49 100 47
: 3-Hexene 51
(L),ClL(NO);Mo 50 2-Butene 48 100 55)
+ RAICI, 3-Hexene 52
2-Hexene  WClg*EtOH* 49 2-Butene 46 100 46)
EtAICl, 4-Octene 54 ‘
2-Heptene  WCI*EtOH* 43 2-Butene 48 100 46)
EtAICI, 5-Decene 52
3-Heptene Mo0O3Al1;,03 +K  71.8 3-Hexene 45.6 91.2 9)
4-Octene 45.6
1-Octene Co0*Mo05°Al; 03 70 Ethylene 41.6 83.7 14)
+Rb Tetradecene 42.1
2-Octene MoQ3*Al,03+K  71.9 2-Butene 47.6 91.9 9)
6-Dodecene 44.3
WClg*EtOH* 48 2-Butene 47 100 46)
EtAICl, 6-Dodecene 53

Literature examples of Type Il reactions, disproportionation of double-
bond isomers, are shown in Table 7. In addition to the Type II reaction, reac-
tion of each nonsymmetrical olefin with itself can also occur resulting in
broader distribution of products. A similar situation of Type I and II reac-
tions proceeding simultaneously occurs for single olefin feed in cases where
the catalyst system has significant double-bond isomerization activity.

Table 7. Examples of olefin disproportionation reactions:
Typell A+A T P+Q

Reactants 1-Butene 51  1-Butene 20  n-Pentenes® n-Heptenes?)
2-Butene 49 2-Butene 80

Catalyst Co0*Mo03* AL, 03 CoOMo03AL, 03 WO3+5i0,P) WO58i0,?)

Products, Mole %

Ethylene 4 1 c)

Propylene 46 51 9 1

Butenes - - 41 11

Pentenes 43 44 - 18
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Table 7 (continued)

Reactants l-Butene 51  1-Butene 20  n-Pentenes®) n-Heptenes?)
2-Butene 49 2-Butene 80
Hexenes § 7 4 32 24
Heptenes 11 -
Octenes 6 21
Nonenes 1 14
Decenes c) 7
cu’ 4
Conversion, % 30 36 65 74
Ref. 43) 56) 15) 15)

a) Substantially equilibrium mixtures of n-olefins at 400 °c.
Catalyst pretreated with carbon monoxide.
€} Trace.

Examples of the disproportionation of dissimilar olefins, Type I reactions,
are shown in Table 8. Alpha olefins were produced by disproportionating

Table 8. Disproportionation of dissimilar olefins:
Type Ill reactions A+B T—= P+Q

Reactants  Propylene 58  2-Butene 41 Ethylene 50 Ethylene 87 Ethylene 70
Isobutene 42  Isobutene 59 2-Butene 50 2-Octene 13 4-MP-2¢) 29

Catalyst WO3°Si0, W03°5i0, ReyO4 - MoOg * Co0O*Mo0O3*

Al 04 ALO,Y)  ALO;
Product, Mole %
Ethylene 48 7 - — —
Propylene - 42 97 7€) 37
Butenes 229 - - 10 13
Isopentenes 26 41 - _- 37D
n-Pentenes 1 1 3 3 )
Hexenes Trace
Heptenes 2 3 } 9 g2d)
Octenes 5
Cy’ 3
Conversion, 36 57 538) 298) 638)
%
Ref. 57) 57) 56) 9) 8)

3) y-Butenes.
b) Catalyst treated with potassium hydroxide.
) Most of the propylene escaped from system.
The heptene was 98.4 per cent 1-heptene.
€) 4-Methyl-2-pentene.
The isopentene was 82 per cent 3-methyl-1-butene.
&) Conversion of the higher olefin reactant.
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ethylene with higher olefins. With catalyst systems of sufficient double-bond
isomerization activity, exhaustive ethylene cleavage of linear olefins to pro-
pylene and of olefins containing isolated methyl branches to isobutene and
propylene have been demonstrated 44).

Presented in Table 9 are examples of Type 1V reactions, cyclic monoole-
fins reacting with acyclic olefins. 1,6-Heptadiene, 1,7-octadiene, and 1,9-de-
cadiene were produced when cyclopentene, cyclohexene, and cyclooctene
were cleaved with ethylene. A tridecadiene was synthesized from cyclopen-
tene and 1-octene.

Table 9. Disproportionation of cyclic-acyclic olefins: >8)
TypelV reactions C+A —= §

Reactants Product Catalysta) Conversion, %) Selectivity, %
Cyclopentene 1,6-Heptadiene A 15-20 ~100
Ethylene

Cyclopentene Tridecadiene A 5-10 ~15
1-Octene

Cyclohexene 1,7-Octadiene B - 36
Ethylene

Cyclooctene 1,9-Decadiene B 31 66
Ethylene

- 2) Catalyst A: Mo(CO)g Al,03
Catalyst B: CoO*MoO3°Al,05

b) Conversion of the cyclic olefin.

Examples of cyclic olefins forming larger ring polyolefins when contacted
with disproportionation catalysts, Type V reactions, have been reported.
Cyclohexadecadiene was produced when a dilute solution of cyclooctene was
contacted with rhenium oxide-aluminum catalyst by workers at British Petro-
leum Company 59). A cobalt molybdate catalyst was used by workers at Shell
International 8 to convert cyclooctene to a series of oligomeric monocyclo-
olefins. Reactions of cyclic olefins over the WClg * EtAICl, - EtOH soluble dis-
proportionation catalyst were reported by Goodyear workers $1-64) suggesting
that ring-opening polymerization of cyclic olefins proceeded by the four-cen-
ter reaction scheme. Wasserman and coworkers 65 identified cycloolefin
rings in the product obtained by reacting cyclooctene in the presence of this
soluble disproportionation catalyst system. Wolovsky 66) reported that a mix-
ture of interlocked ring systems in the disproportionation product of cyclo-
dodecene could be identified by mass spectroscopic analysis. In an accompa-
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nying communication, Wasserman and coworkers 67) provide independent
verification of the suggestion that cyclic olefins should yield catenated sys-
tems under disproportionation conditions.

Olefin disproportionation reactants are not limited to monoolefins; diole-
fins have been shown to react with another diolefin or with a monoolefin,
Experiments were reported by Heckelsberg, Banks, and Bailey 68 in which
1,3-butadiene disproportionated to ethylene and cyclohexadiene, an isomer
of hexatriene; 1,3-butadiene plus propylene to ethylene and 1,3-pentadiene;
1,3-pentadiene plus isobutene to ethylene and 4-methyl-1,3-pentadiene; and
isoprene plus 2-butene to produce some 2-methyl-1,3-pentadiene and 3-me-
thyl-1,3-pentadiene. The catalyst used in these experiments was tungsten
oxide-silica that had been treated with sodium carbonate solution to reduce iso-
merization and polymerization side reactions. Ray and Crain 58) cleaved 1,5-
cyclooctadiene with ethylene to yield 1,5,9-decadiene.

The disproportionation of acetylenes has also been reported: Pennella,
Banks, and Bailey 69 found that 2-pentyne could be converted to 2-butyne
and 3-hexyne when contacted with tungsten oxide-silica. The results were
consistent with a four-center reaction scheme; the mole ratio of 3-hexyne to
2-butyne was always 1.0 to 1.2 (theoretical 1.0) and no significant amounts
of other products with carbon numbers less than 10 were found.

V. Mechanism and Kinetics

Product Composition Studies

Banks and Bailey D reported olefin disproportionation products of a single
olefin reactant contained approximately equal molar quantities of olefins
having chains shorter and longer than the reactant and did not contain signif-
icant amounts of dimer. They concluded that two olefin molecules were re-
acting to form two olefin molecules. These authors noted at 204 °C propyle-
ne conversion was near the apparent equilibrium for the reaction

2 Propylene <—=  Ethylene + 2-Butene

and that the addition of ethylene or 2-butene to the propylene feed decreased
propylene conversion. Efficiencies of converted propylene to ethylene and 2-
butene were highest at low temperatures, and decreasing contact time (increas-
ing space rate) decreased the fractions of 1-butene and of C5* material in the
product (Fig. 1). With higher olefin feeds approximately equal molar quanti-
ties of shorter and longer chain olefins were obtained, but the products were
distributed nonselectivelv.

A detailed study of the disproportionation of 1-butene by Bradshaw, How-
man, and Turner 8 showed that with reduced temperature or increased space
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Fig. 1. Relation of product distribution to %alculated contact time in propylene dispro-
portionation. Data obtained in tests at 163 C and 450 p.s.i.g. with CoO-M0o0O3-Al; 04
catalyst and 60 propylene-40 propane feed (Ref. 1))

rate the amount of isorerization of 1-butene to 2-butene decreased and the
yield of ethylene and 3-hexene increased. The effect of double-bond isomeri-
zation on selectivity to ethylene and 3-hexene was further demonstrated with
a series of catalysts prepared by treatment of cobalt-molybdate with various
amounts of sodium bicarbonate to poison the isomerization sites. These work-
ers suggested that the reaction occurs via a “‘quasi-cyclobutane” intermedi-
ate formed by the correct alignment of the carbon atoms at the double bonds
of two reacting olefins. Applied to 1-butene, the reaction was pictured as
follows:

E—C—C
c—C—C

C=C—C—C
C=C—C—C

C

C..-C—C—C
5 [+
c

H H (__’
¢C-c-C

Studies with ethylene plus 2-butene and with ethylene plus 4-methyl-2-
pentene provided additional support for this scheme and demonstrated that
disproportionation reactions are reversible.
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Other investigators have made studies with heterogeneous catalysts under
conditions that give high selectivities and reported product distributions that
are consistent with the four-center mechanism. Crain ) showed that over a
potassium hydroxide-treated molybdena-alumina catalyst, 3-heptene dispro-
portionates to 3-hexene and 4-octene, 1-octene to ethylene and 7-tetradecene,
and 2-octene to 2-butene and 6-dodecene at selectivities greater than 80
per cent. He demonstrated that cleavage of 2-octene with ethylene gives high
selectivity to 1-heptene and cleavage of 2,3-dimethylbutene-2 with ethylene
gives isobutene. In this last reaction, Crain did not detect methylbutenes, pro-
pylene or n-butenes and concluded that formation of the cyclobutadiene in-
termediate, suggested by Mol and coworkers 79, was a remote possibility
(this case requires the migration of two methyl groups and two hydrogen
atoms to the catalyst surface as well as their return to the same carbon atom
on which they were originally located). Adams and Brandenberger 54 conduc-
ted studies with n-pentenes and l-pentene/1-hexene and concluded that the
mechanism of olefin disproportionation consisted of the reaction of two ole-
fins with the transition metal oxide catalyst, followed by a concerted cyclo-
butanation of the ligand-bound olefins and decomposition of the absorbed cy-
clobutene to give product olefins with comnservation of molecular orbital
symmetry. Banks and Regier 7 demonstrated that isobutene plus propylene
or 2-butene could be disproportionated at high selectivity to products con-
sistent with the four-center reaction scheme.

A similar mechanism scheme was suggested by Calderon, Chen, and Scott¥
for olefin metathesis catalyzed by a homogeneous complex from the inter-
action of WCl,, C,HsOH, and C,H; AICl, . They proposed a transalkyhdena—
tion reaction as follows:

RI—CH':—‘CH——Rz R; —CH CH - R,
' = i+ 1
RI—CHFCH—Rg RI—-CH CH—Rz

,

In subsequent publication, Calderon and coworkers 45) pictured the trans-
sition state as

W* W* w* w*
LR LA A
C\Zc \\C — C\\% L = C 7C — C/ /C
c C ¢ &

where W* denotes the transition metal atom plus the remaining ligands. The
product distribution reported by these workers as well as those reported for
other homogeneous disproportionation catalyst systems 47: 48) are consistent
the four-center reaction scheme.
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Carbon-14 Studies

Studies on the mechanism of disproportionation using **C-labeled propylene
have been reported by several groups of investigators 70—73: 31), Mol, Moulijn,
and Boelhouwer reacted propylene labeled with *C in each of the three po-
sitions over rhenium oxide-alumina catalyst at moderate temperatures”0 73),
The data were extrapolated to zero contact times to eliminate the influence
of isomerization reactions. With [2-'*C] propylene the ethylene formed showed
no radioactivity at all, in contrast with the butenes, which showed a specific
radioactivity twice as high as that of the starting material. Experiments with
[1-C] propylene and [3-'4 C] propylene showed that the two methyl groups
retain their identity throughout the disproportionation. These experiments
support a four-center mechanism and, according to the authors, exclude the
possibility of both a linear mechanism and a n-allylic intermediate in which
the end carbon of propylene became indistinguishable.

Clark and Cook 71) disproportionated [1-'* C] propylene and [2-'*C} pro-
pylene over cobalt oxide-molybdate-alumina catalyst. At 60 °C their results
were consistent with those reported Mol and coworkers, confirming the four-
center mechanism. At temperatures above 60 °C, double-bond isomerization
activity of the cobalt-molybdate catalyst became a factor and at 160 °C near-
ly one-half of [1-'*C] propylene had isomerized to [3-'*C] propylene prior to
disproportionation. The authors note that at temperatures where isomeriza-
tion does not occur, the possibility of a #-allyl intermediate appears to be ex-
cluded; however, at higher temperatures, the 7-allyl mechanism cannot be so
~ easily dismissed.

Woody, Lewis, and Wills72) studied the disproportionation of [1-1*C] pro-
pylene over cobalt oxide-molybdate-alumina at 149 and 177 °C. Approxi-
mately equal amounts of radioactivity were found in the approximately equal
molar quantities of ethylene and butene. These results are in agreement with
those of Clark and Cook showing that double-bond isomerization was a fac-
tor in this temperature region, Woody and coworkers suggest that since the
isomerization of the 2-butene product was negligible, an explanation of
double-bond mobility as simple isomerization is probably an oversimplifica-
tion.

Isagulyants and Rar 3%) used radioactive propylene for investigating dispro-
portionation on alumina. Their studies confirmed a mechanism of this reac-
tion which includes the formation of an intermediate four-member surface
ring.

Deuterated Olefins Studies

Calderon et al. 45) reacted 2-butene-dg with 2-butene and with 3-hexene in
the presence of the homogeneous tungsten complex and obtained dispropor-
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tionation product with mass consistent with transalkylidenation or the four-
center scheme; with 2-butene, the only new olefin had mass corresponding to
C4H,D,, and with 3-hexene, corresponding to CsHg D, . These results were
used to eliminate a transalkylation scheme, involving the interchange of alkyl
groups via scission alpha to the double-bond, which had been considered by
these authors.

Mol, Visser, and Boelhouwer 74) passed 2-deuteropropylene over rhenium
oxide-alumina catalyst at 85 °C to obtain information concerning the mobili-
ty of ring hydrogen atoms during the disproportionation reaction. Mass spec-
trometry showed that the ethylene product was nearly free of deuterium and
that the butene contained two deuterium atoms. It was concluded that no hy-
drogen exchange takes place during disproportionation. The authors noted
that their results are in correspondence with unpublished results of Olsthoom,
who subjected a mixture of C,H, and C,D, to disproportionation conditions
and obtained besides the starting material only C,H,D,, indicating that a cy-
clobutane structure plays a part in the reaction mechanism.

Experiments with Cyclobutanes

Mol, Visser, and Boelhouwer 74) subjected 1,2-dimethyl-butane (ring structu-
re of the suggested transition state for disproportionation of propylene) to rhe-
nium oxide-alumina catalyst under conditions which propylene gives high dis-
proportionation conversions. This compound was stable; only at high tempe-
ratures (730 °C), where thermal cracking occurred, were olefins found.

Pettit, Sugahara, Wristers, and Merk 75) found that the gas phase reaction
of tetramethylcyclobutane with molybdenum on alumina readily yield 2-bu-
tene and subsequent products derived therefrom. No reaction occurred when
cis-tetramethylcyclobutane was treated with tungsten containing homogeneous
disproportionation catalyst. These authors believe that the disproportionation
of olefins does involve an allowed metal participating cycloaddition reaction
of two ethylenic units and the failure of the cyclobutane to cleave in the pres-
ence of the homogeneous catalyst resulted from the inability to position the
metal atom and the saturated hydrocarbon in close proximity.

Stereochemistry Studies

Hughes 79) studied the stereochemistry of the homogeneous disproportiona-
tion of 2-pentene using soluble molybdenum catalyst system. His results re-
veal that the molybdenum catalyst exhibits a high degree of stereoselectivity;
cis-2-pentene disproportionated preferentially to cis-2-butene and cis-3-hexe-
ne, and frans-2-pentene reacted to yield preferentially zrans-2-butene and
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{rans-3-hexene. He suggested a reaction intermediate involving a cis-diolefin-
molybdenum complex.

Catenanes Synthesis

Independent interpretation of mass spectroscopic data by Wolovsky 66) and
Ben-Efraim, Batich, and Wasserman 67 indicate that cyclic olefins subjected
to disproportionation conditions form interlocking rings (catenanes) as well
as cyclopolyolefins. The proposed scheme involves four-center transition state
and “Mobius-Strip” approach

* (7 N\

—. — — —_—
-— -— -— ——

* 360 ° twist

A 180 ° twist would correspond to a Mobius strip which could form a sin-
gle large ring; a 540 ° twist would yield a trifold knot and 720 ° twist a double
treaded catenane.

Other Reaction Via Four-Center Scheme

Banks and Bailey 77) noted that the occurence of disproportionation, poly-
merization, and isomerization over similar catalysts, or simultaneously over
the same catalyst, suggests a similarity of mechanism. They noted that this is
not to say that one can predict a given catalyst will promote one or more of
these reactions or that a given catalyst known to promote one of these reac-
tions also will promote another. Banks and Bailey 77 proposed that the abil-
ity of the catalyst to shift hydrogen atoms is a key factor in determining the
reaction course. When they contacted ethylene with a series of catalysts pre-
pared by supporting Group VI hexacarbonyls on alumina, they obtained dif-
ferent products with the different hexacarbonyls (Table 10).

Table 10. Products obtained from ethylene over group VI metal hexacarbonyls

Catalyst: Alumina

Impregnated with Products

W(CO)¢ 21 % Propylene, 71 % 1-butene, 8 % 2-butene

Mo(CO)¢ 8 % Cyclopropane, 12 % methylcyclopropane, 28 % propylene,
26 % 1-butene, 26 % 2-butene

Cr(CO)g¢ 3 % Butenes, 97 % solid polyethylene
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They proposed that 1-butene is obtained from ethylene by intermediate
(D) in which breaking one bond and hydrogen shift occurs. 2-Butene is pro-
duced by double-bond isomerization, and propylene is formed from ethylene
and 2-butene by breaking ring bonds C; —-C, and C3—C, of structure (II).

C,~Cy CiCs GG,
! ’ t '
1 r ' 1

1 ]
C4 "-C3 C— C4 "'(I:3 —-C C4 “'é3 -C
) (11) (1)

Some catalyst sites are apparently specific enough to close the cyclopro-
pane ring by breaking adjacent bonds in structure (II) and (III) producing
methylcyclopropane and cyclopropane. Long chain polyethylene is produced
by the same mechanism postulated for 1-butene if the product remains on the
catalyst and reacts repeatedly with ethylene by the following sequence.

0 0 Cs--Ce Cs—Cs — R’
: ] - } : = d : :
1 1 ] ' 1 '
R — C4—Cs R — C4—Cj3 0 O
av) ) (4§%)]

Banks and Bailey concluded that disproportionation occurs when two
molecules are adsorbed with the breakage of two opposite bonds without hy-
drogen shift. Polymerization occurs when two molecules are adsorbed with
the formation of a four-center complex and then desorb with the breakage
of one bond and hydrogen shift. Skeletal isomerization occurs when one mole-
cule is adsorbed with the formation of a four-center complex and then desor-
bed with the breakage of one bond and hydrogen shift.

Infrared Spectral Studies

Infrared spectral studies on molybdenum hexacarbonyl-alumina were repor-
ted by Davie, Whan, and Kemball 78), Without any activation procedure they
obtained a sharp carbonyl frequency corresponding to unchanged hexacarbon-
yl on the support. This material was not active for disproportionation. After
treatment for one hour under vacuum at 373 °K the catalyst had lost the sharp
carbonyl band but showed two wider and broader bands and was active for dis-
proportionating propylene. The authors stated that the active catalyst clearly
had a lower symmetry than the hexacarbonyl and must have lost one or more
of the carbonyl groups. After exposure of the activated catalyst to air, the cat-
alyst was inactive and showed no absorption in the carbonyl region.
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Homogeneous and Heterogeneous Tungsten Catalysts

Herisson and coworkers 79) studied the reactions of acyclic olefins catalyzed
by homogeneous and heterogeneous tungsten catalysts. They concluded that
the presence of a Lewis-type acid appears to be indispensable, the degree of
oxidation of the tungsten plays only a secondary role, and the homogeneous
or heterogeneous nature does not appear to influence the course of the reac-
tion.

Molecular Orbital Symmetry Considerations

In absence of a catalyst, simple olefins are essentially fixed in their bonding
configurations; reaction paths to interconversions through molecular collisions,
fusions, and disassociations are apparently closed because of orbital symmetry
restrictions, as proposed by Hoffman and Woodward 89). Mango 81) has postu-
lated that in the presence of certain transition metal catalysts, these orbital
symmetry restraints are lifted, allowing bonds to flow freely and molecular
systems to interchange. Thus, the conservation of molecular orbital symmetry
is a key function of the catalyst.

Kinetic Studies

Propylene disproportionation kinetics using tungsten oxide-silica catalyst were
studied by Begley and Wilson 82 in an attempt to develop a kinetic model for
design and optimization studies. The kinetics were examined in terms of Lang-
muir-Hinshelwood and Rideal models and the Rideal model was found to fit
the data adequately when equivalent surface conditions existed, i.e., at pres-
sures of 300—900 psig. They reported that at lower pressures, 50 and 115 psig,
the rate constants were higher and suggested that this was because of a change
in the linear gas velocity in the catalyst bed.

Lewis and Wills 83) obtained initial differential rate data for the dispropor-
tionation of propylene over a Co0-MoQj;-Al, O, catalyst. Temperatures of
394-478 °K and pressures of 1 to 9 atmospheres were used. The authors repor-
ted the experimental data were well correlated when it was assumed that a dual
site surface reaction was the controlling step in the mechanism.

Moffat and Clark 84) found that a Langmuir-Hinshelwood model applied to
a heterogeneous surface can be used to describe both the general kinetics and
the rate-temperature maxima reported by Banks and Bailey (Fig. 2) for olefin
disproportionation on cobalt molybdate-alumina catalyst. They conclude that
the rate-temperature maximum was caused by the reversible deactivation of
sites superimposed on the irreversible poisoning of sites.
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Fig. 2. Effect of temperature on disproportionation conversion (Cobalt molybdate —
alumina catalyst) (Ref. l))

Kinetics studies of the homogeneous disproportionation of 2-pentene to
2-butene and 3-hexene using a L, Mo(NO),Cl,-RxAICl;., catalyst was made
by Hughes 55). He showed the rate of disappearance of 2-pentene to be first
order in catalyst and variable order in olefin. At low olefin:catalyst ratios the
order is greater than one, at higher olefin:catalyst ratios the order is approxi-
mately one. These results are interpreted in terms of mechanism involving
stepwise, rapid reversible olefin complexation followed by a rate-determining
disproportionation step. Hughes suggests that the metal functions as a reaction
template and in this manner overcomes the high entropy requirements of the
reaction.

Activation Energy

The reported apparent activation energies for disproportionating propylene are
lower for the cobalt molybdate-alumina than for tungsten oxide-silica. With co-

62



80

70

8 g 2

EQUILIBRIUM CONVERSION, %

8

.Catalytic Olefin Disproportionation

balt molybdate-alumina an activation energy of 7.7 kcal/mole was obtained by
Clark and Cook 71) and of 8.2 kcal/mole by Moffat and Clark 84). Begley and
Wilson 82) determined the activation energy for the reaction on an aged tung-
sten oxide-silica catalyst to be 21.6 kcal/mole and on a new catalyst, 18.6
kcal/mole. Activation energies of homogeneous disproportionation utilizing
molybdenum nitrosyl catalysts were reported by Hughes 55) to be 6.6 and

7.0 kcal/mole for 2-pentene and 4-nonene, respectively.

Calculated Equilibrium Conversions

The calculated thermodynamic equilibrium conversions and product composi-
tions for propylene disproportionation at 200 to 400 °C were reported by
Heckelsberg, Banks, and Bailey 18). Atlar, Pis’man, and Bakhshi-Zade 85) made
similar calculations for the 50 — 300 °C range. They noted that the equilib-
rium constants were independent of pressure. Banks and Regier 57) showed
thermodynamic equilibrium conversions as a function of temperature for the
various reactions involved in the synthesis of isoamylene via disproportionation
(Fig. 3). A comparison of calculated equilibrium composition for

Main reactions

1.1-C4Hg + C3Hg 2 I-CsH g + CyHy
2.1-C4Hg + 2—C4Hg 2 1-CsH o +C3Hg

e + == To branched Cg olefins

3.1-C4Hg + 1-C4Hg @ 1-C4H 5 + CoHy
4.21-C4Hg 2 2,3 DMB23) + C,H,

——— — _To linear olefins

5.2-CqHg + 1-CyHg & 2-CsHj g+ CyHg
6.C3Hg + 1-C4Hg 2 2-Cstl o +CoHy
7.21-C4Hg @& 3-CgH;; +CaHy
8.2C3Hg 2 2-C4Hg + CyHy

o= — == —Cleavage reactions

9.2 MP29) + CyHy 2 1-C4Hg + 1-CiHg
10. 3 MP2€) + CoHy 2 1-CsHyg +Callg

11. 3 MP29) + C3Hg @ 1--CgHyg + 2-CaHg
s i R ) 2 3-Diemethyl-2-butene
0 100 200 300 400 500 600 b) 2-Methyl-2-pentene
TEMPERATURE, °C ) 3-Methyl-2-pentene

Fig. 3. Disproportionation reactions in isoamylene synthesis (Ref. 57))
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disproportionating propylene in 6U propylene — 40 propane mixture (which
assumes double-bond isomerization, but no secondary disproportionation re-
actions occur) with typical product distribution reported by Heckelsberg and
coworker is shown in Table 11.

Table }11. Comparison of experimental product distribution with calculated equilibrium
data 9

Calculated equilbrium data®  Experimental data

Temperature, “C 204 315 426 426
Product composition, wt. %

Ethylene 9.3 9.7 10.0 9.5
Propane - 40.0 40.0 40.0 40.0
Propylene 321 31.0 30.1 331
1-Butene 2.6 4.0 5.2 5.4
trans-2-Butene 10.4 9.4 8.5 6.7
cis-2-Butene 5.6 5.9 6.2 4.7
Pentenes and Heavier 0.6
Conversion, % 46.5 48.3 49.8 44 8
Efficiency, % : 97.8

a) Assume)s double-bond isomerization, but no secondary disproportionation reactions.
Ref. 16

Mass Transfer Effects

Moffat, Johnson, and Clark 36)found the propylene disproportionation reac-
tion on tungsten oxide-silica catalyst to be limited by interphase diffusional
effects in spite of calculations which predict that no diffusional limitation
should occur. They postulate that widely separated and very active sites could
have their inherent activity limited by localized film diffusional effects which
are functions of Reynolds and Schmidt numbers. Activity of cobalt molyb-
date-alumina was not limited by interphase or prediffusional effects.

V1, Process Application

The first commercial application of olefin disproportionation was in 1966 87);
Shawinigan Chemicals Ltd. at the Varennes complex near Montreal, Quebec
brought onstream the Phillips Triolefin Process 88 for converting propylene
into polymerization-grade ethylene and high-purity butenes. Pilot plant devel-
opment, reported by Johnson 89), showed that during a 20-hour test propy-
lene conversion remained nearly constant at 43 per cent and efficiency of con-
verted propylene to ethylene and #-butenes increased from 93 to 99 per cent.
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A decrease in 1-butene yield indicated that double-bond isomerization activi-
ty of the catalyst decreased more rapidly than disproportionation activity.
Patents to Wilson and Larson 90-92) relate to the start-up and operation of
olefin disproportionation processes.

Incorporation of the Triolefin Process with naphtha cracking, described by
Dixon, Hutto, Wilson, and Banks 93), permits ethylene yields of over 45 weight
per cent of the naphtha charged as compared to about 36 weight per cent ob-
tained in high-severity cracking units. One process disclosed by Hutto and co-
workers 94 showed how naphtha cracking, disproportionation, and olefin de-
hydrogenation can be used to produce ethylene and butadiene. Gilliland,
MacQueen, and Dixon 25} combined olefin disproportionation, naphtha cracking,
olefin dehydrogenation, hydrotreating and aromatic extraction to produce
ethylene, butadiene, benzene, and a high aromatic content carbon feed stock.
Dixon 96) combines disproportionation steps with hydrogenation and naphtha
cracking unit to convert propylene to ethylene.

High quality gasoline components can be obtained by combining dispro-
portionation and alkylation processes. Logan and Banks 97) describe a com-
bined process for disproportionating propylene to ethylene and 2-butene and
for alkylating these products to diisopropyl and 2-butene alkylate. The com-
bined alkylate has a leaded blending research octane number of about 110 as
compared to 103 for direct propylene alkylation. Process features are disclo-
sed in a patent issued to Dixon 98). Banks, Hutson, and Logan 29) have shown
how pentenes in cat cracker gasoline can be removed and utilized. In one scheme,
the pentenes are disproportionated to higher olefins, which are returned
to gasoline, and to lower olefins, which are alkylated; in a second scheme the
pentenes are cleaved with ethylene to yield high-purity propylene and/or al-
kylation feed stock. The authors point out that reduction of pentene content
from about 10 per cent to 0.5 per cent constitutes a substantial reduction in
the gasoline smog forming potential. A process in which the undivided efflu-
ent from a propylene disproportionating zone is alkylated with isobutenes is
described by Philipps 109).

Laboratory development of Triolefin Process technology for synthesizing
isoamylene, an intermediate in polyisoprene production, was reported by
Banks and Regier 57). Isoamylene purity of 92 per cent and isoamylene yield
of 1.0 pounds per pound of isobutene converted were obtained with feeds con-
taining isobutene, propylene, and n-butenes. Isobutene converted to Cg+ by-
product was recovered by cleaving the Cq+ material with ethylene or propy-
lene to yield butenes and pentenes. Process for producing isoprene from bu-
tene streams is the subject of a patent issued to McGrath and Williams 101)

The process inctudes steps for isomerizing 1-butene into 2-butene at temper-
atures below 0 °C over alumina treated with alkaline metal and for dispro-
portionating the 2-butene with isobutene over rhenium heptaoxide on alkaline-
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treated alumina. With cobalt-molybdate catalyst, Sampson and Jackson 102)
found oligomerization of the isobutene predominated and disproportionation
was the minor reaction.

Processes utilizing disproportionation to convert propylene and butene in-
to long chain linear olefins (e.g., detergent range olefins) are the subject of
several patents. Sherk 193) uses more than one stage of olefin disproportion-
ation to convert a feed of acyclic olefins into higher and lower molecular
weight olefins. Kenton, Crain, and Kleinschmidt?) combine a series of olefin
reaction steps with removal of branched dimer by-product from the effluent
of each step to produce a mixture of linear olefins having 11 to 15 carbon
atoms. Marsheck 104) shows how to interrelate disproportionation and frac-
tionation steps to convert one or more alkenes into one or more other olefins.
Heckelsberg 195) combines selectively disproportionation and double-bond
isomerization steps to convert propylene to 5-decene. Davison 196) combines
disproportionation and ethylene polymerization to convert propylene to alpha
olefins having 12 to 20 atoms per molecule. Albright 197) uses dimerization
and disproportionation to convert an olefin to an heavier olefin. Stapp and
Crain 198) synthesize 3-methyl-1-butene from propylene with a combination
of propylene dimerization and ethylene cleavage.

Bourne and Metcalfe 199) convert olefins containing the group

CH;

=CH ' CH - CHs

to paraxylene by combining disproportionation and dehydrocyclization. In
one example 4-methylpentene-2 was disproportionated over rhenium oxide-
alumina catalyst to yield 2,5-dimethylhexene and 2-butene and the dimethyl-
hexene was converted to paraxylene over a chromia on alumina dehydro-
cyclization catalyst. Dixon 119 integrates disproportionation and dehydro-
genation.

Heckelsberg and Banks 111) combine a dehydrogenation catalyst (e.g.,
Cr; 05 * Al,03) and a disproportionation catalyst in a single reactor to con-
vert paraffinic hydrocarbons to a plurality of olefinic hydrocarbons. Banks
112) discloses a process for converting propane to diisopropyl: Propane is
cracked to produce an effluent stream comprising hydrogen, ethylene, and
propylene; propylene is disproportionated to produce butenes and additional
ethylene; butenes are hydroisomerized to isobutane utilizing hydrogen from
the cracking step; and the isobutane and ethylene are alkylated to diisopropyl.
Another patent to Banks !13) gives examples of converting ethylene to propy-
lene over tungsten oxide-silica catalyst; apparently the ethylene dimerizes and
the butene product reacts with ethylene to yield propylene 77).
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I. Einleitung

Noch vor einem Jahrzehnt waren nur wenige homogene Hydrierungskatalysa-
toren bekannt. Die Entwicklung auf dem Gebiet der Komplexverbindungen
zeigte jedoch, dafd vor allem unter den Komplexverbindungen der Metalle der
8. Gruppe viele Verbindungen sind, welche bereits im Temperaturbereich von
+20 bis 80 °C und Normaldruck von H, sehr gute Hydrierungskatalysatoren
sind (7,63). Hier wird ein Uberblick iber den derzeitigen Stand der Kenntnisse
gegeben. Weiterhin werden die Ergebnisse quantitativer Untersuchungen dazu
beniitzt, gewisse Regeln und Arbeitshypothesen herauszuarbeiten, mit deren
Hilfe es moglich wird, gezielt aktivere und selektivere Hydrierungskatalysatoren
zu finden.

I1. Hydrierungskatalysatoren der 8. Gruppe

Die typischen Hydrierungskatalysatoren der 8. Gruppe des Periodensystems,
welche hier diskutiert werden sollen, sind dadurch gekennzeichnet, daf’ das
Zentralatom M der Komplexverbindung ein Metall der 8. Gruppe ist, dessen
Koordinationsstellen durch ungeladene Liganden L wie z.B. Phosphine

(PR R;R,), Arsine, SR, etc. und/oder geladene Liganden X (z.B. Halogene,
CN etc.) besetzt sind. Als weitere Liganden Y werden der Hydridwasserstoff

H sowie die NO-und die CO-Gruppe in die Betrachtung mit einbezogen. Die
allgemeine Formel dieser Komplexverbindung soll mit MX, L,Y,, charakteri-
siert werden, Mehrkernige Komplexverbindungen sowie Komplexverbindungen,
welche erst in Kombination mit Ko-Katalysatoren als Hydrierungskatalysatoren
fungieren, sowie geladene Komplexe (z.B. Co(CN)Z#-) werden nicht in die Betrach-
tung einbezogen. Weiterhin werden Komplexverbindungen, welche erst bei ho-
hen H,-Drucken (p,, >S5 atii) und Temperaturen iiber 100 °C katalytische
Eigenschaften aufwe%sen, nicht behandelt, da angenommen werden mufl, dafd
der Katalysator nicht die Komplexverbindung, sondern ¢in Umwandlungs- oder
Zersetzungsprodukt ist, Tabelle 1 zeigt Komplexverbindungen, fir welche nach-
gewiesen wurde, daf’ sie homogene Hydrierungskatalysatoren sind (+). Weiterhin
besagt (<), da® unter milden Bedingungen keine Hydrierung beobachtet wurde.
Leere Felder bedeuten, dafl die Verbindungen nicht auf katalytische Eigen-
schaften iiberpriift wurden.

l11. Potentielle Katalysatoren aus der 8. Gruppe
Aus Tabelle 1 ergibt sich eindeutig, da® die meisten Hydrierungskatalysatoren
Komplexverbindungen sind, welche Co, Rh, oder Ir als Zentralatom besitzen,

wenn man nur jene Komplexe diskutiert, die bereits bei milden Reaktionsbe-
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Tabelle 1. Typen der Komplexverbindungen der 8. Gruppe, die bei milden Bedingungen
als Hydrierungskatalysaroren fungieren. In den Literaturzitaten sind die weiteren Literatur-
hinweise enthalten

Typ Fe Ru Os Co Rh Ir Ni Pd Pt
ML, X, +3 -D 20 _2)
ML;X + 9.9 + 6),47

ML, XCO +7:8 + 7,9),10)

NOML, +11)

HML,X +12)

HML,;CO -13) + 14),15) + 15),16)

ML4X, + 17

ML,X, 4+ 18)

HML;XCO +16)

H3ML3 + 13) + 19)

dingungen hydrieren. Unter schirferen Reaktionsbedingungen werden auch
Komplexverbindungen anderer Metalle brauchbare Hydrierungskatalysatoren.
So kdénnen mit den Komplexen NiL,X, 1), PdL,X, 29 und PtL,X, 2) bei

90 °C und Pu, = 39,1 ati Hydrierungen ausgefiihrt werden. Das gleiche gilt fiir

den Komplex HCo(C@,),CO, welcher bei 150 °C und Pu,= 50 atii Olefine hy-

driert 3). Da auch fiir die aktiven Katalysatoren mit M = Rh und Ir generell ge-
‘zeigt werden konnte, daf Temperaturerh6hung und héherer Hy-Druck die Hy-
drierungsgeschwindigkeit stark vergrofiern, kann man als Arbeitshypothese an-
nehmen, daf} die meisten Komplexverbindungen der Tabelle 1 potentielle Kataly-
satoren sind, wenn die geeigneten Reaktionsbedingungen gefunden werden. Wie
in spéteren Abschnitten gezeigt wird, hingt die Aktivitit solcher Hydrierungs-
katalysatoren aufSer von der Reaktionstemperatur, dem pHZ-Druck und dem

Losungsmittel vor allem vom Zentralatom und der geeigneten Wahl der Ligan-
den ab.

V. Prinzipielle Hydrierungsmechanismen

Die Frage, wie die Aktivitiit eines homogenen Katalysators vom Zentralatom
und den Liganden abhéingt, kann auf zwei Wegen untersucht werden. Einerseits
geben detaillierte Untersuchungen zum Reaktionsmechanismus die Moglichkeit,
einen Einblick zu gewinnen, wie die Katalyse als chemische Reaktion abliuft.
Mit dieser Information erhiilt man Anhaltspunkte, wie man in den Mechanismus
eingreifen kann, um aktivere und selektivere Katalysatoren zu erhalten. Anderer-
seits kann durch ein breites Spektrum von Modelluntersuchungen phinomeno-
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logisch gepriift werden, wie sich die Aktivitat der Katalysatoren als Funktion
der experimentell variierten Parameter indert. Aus der Literatur ist zu erken-
nen, daf’ in den letzten Jahren beide Wege beschritten wurden.

Beziiglich des Reaktionsmechanismus der homogenen katalytischen Hydrie-
rung gibt es zunichst drei prinzipielle Moglichkeiten 21):

a) Der Katalysator Ka reagiert mit dem Wasserstoff nach Schema (1) zum Hy-
dridkomplex KaH,, der dann den Wasserstoff auf das Substrat S (ungesiittig-
te Verbindung) iibertragt. Dieser Mechanismus wird auch als ,,hydride route*
bezeichnet 27,

Ka + H, = KaH, —— SH, + Ka (N

b) Der Katalysator reagiert mit dem Substrat S nach (2) unter Bildung einer
Komplexverbindung Ka$S, welche dann den Wasserstoff aufnimmt und iber-
trigt (,,unsaturate route*).

H.
Ka + S = KaS —> KaSH, — SH, + Ka (2)

¢) Der Katalysator reagiert sowohl mit Wasserstoff unter Bildung von KaH,
und dem Substrat S unter Bildung von Ka$S. Die Hydrierung verlduft dann
nach Schema (3). In diesem Reaktionsschema wird jeder Reaktant an einem
verschiedenen Katalysatormolekiil aktiviert.

Ka + H, = KaH,
— SH, + 2Ka 3)
Ka + S = KaS

V. Quantitative Untersuchungen zum Reaktionsmechanismus

a) Hydrierung des Substrates S

In der Tabelle 2 sind Systeme zusammengestellt, fiir welche die Reaktionsgeschwin-
digkeit r der Hydrierung und die kinetischen Ansitze, die sich aus den experimen-
tellen Daten ableiten lassen, quantitativ untersucht wurden. Stets wurde die Reak-
tionsgeschwindigkeit aus der Abnahme des Wasserstoffes nach Gleichung I be-
stimmt.
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r=-8H,/8t = ~8[S)/5¢ |

In der Tabelle 2 bedeuten » =f(pH2);r =f[Slg;r=flKaL, lo; 7 =f(t);r=f[L],
und r = f(solv), daf} die Reaktionsgeschwindigkeit »
als Funktion des Wasserstoffdruckes,
der Konzentration des Katalysators,
der Temperatur,
der Konzentration an freiem Liganden L und
des Losungsmittels
untersucht wurden. Da, wie in der Diskussion gezeigt wird, die Dissoziation der
ungeladenen Liganden L des Katalysators eine bedeutende Rolle spielt, soll die
als Katalysator eingesetzte Komplexverbindung mit KaL, abgekirzt werden,
z.B, RhX(CO)L, =Kal,. Als weitere Abkiirzungen werden verwendet:
MDME = Maleinsduredimethylester,
MA = Maleinsidureanhydrid,
FDME = Fumarsiuredimethylester,
ACAE = Acrylsiuredthylester.
Die Reaktionsmechanismen und die daraus abgeleiteten kinetischen Ansitze
sind in Tabelle 3 zusammengestellt. Der Index 0 z.B. [S], bedeutet, daf es sich
um die Einwaage- und nicht die Gleichgewichts-Konzentration des Substrates
handelt; [H,] ist die Konzentration des im Reaktionsmedium geldsten Wasser-
stoffes, p = Druck des H, tiber dem Reaktionsmedium. :

b) Hydrierung des Katalysators

Aus Tab. 3 Nr. 1 erkennt man, daf} bei der ,,hydride route* die Hydrierung des
Katalysators KaL, eine wesentliche Rolle spielt. Falls sich das Gleichgewicht nach
Schema (8) nicht sehr schnell einstelit

K;
KaL, + H, — KaL H, (8)

kann die Kinetik der Hydrierung des Substrates im Falle der ,,hydride route*
durch die Reaktionsgeschwindigkeit r;_ der Bildung von KaL, H, kontrolliert
werden, wobei T, nach Gleichung VI * definiert ist.

e, = -6H,/8¢=+8[KaL H,)/6¢ VI
Quantitative Bestimmungen von rg, wurden bisher nur in einigen Fillen (s.
Tabelle 4) vorgenommen, obwohl der Kenntnis der ry 2-Werte bei der Entschei-
dung tiber die méglichen Reaktionsmechanismen eine grofie Bedeutung zukommt.

V1. Diskussion der Reaktionsmechanismen

Wie Tabelle 2 zeigt, wurde als Mechanismus der homogenen katalytischen Hydrierung
mit RhH(CO)(P@,); und IrX(CO)L, die ,,unsaturate route* wahrscheinlich ge-
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macht. Der in 9 vorgeschlagene Mechanismus ist mit dem der 26 praktisch identisch,
da die Frage, ob erst das Substrat S an IrX(CO)L, anlagert und dann der Ligand
L abgespalten wird 26) oder die Reihenfolge umgekehrt ist 9, sich experimentell
nicht exakt beantworten ldft. Nachdem sich jedoch einige Komplexe wie
IsX(CO)[P(OQ); ], (MDME) isolieren lassen 49, wurde der Mechanismus nach
Schema (6) (in Tabelle 2) vorgeschlagen.

Fir RhXL, wurden zunichst die hydride und unsaturate route erortert 22),
Man glaubt jedoch auf Grund experimenteller Befunde schlieffen zu miissen 22),
daB k"=~ 0ist (Tabelle 3,GL.II),da Athylen, dasmit RhCI(PQ;); den isolierba-
ren Komplex RhCl(PQ,),C,H, bildet, nicht hydriert wird. Spatere Untersuchun-
gen zeigten aber, da® C,H, von RhCI(PQ;); hydriert wird und da auch der
Komplex RhCl(P®;),C,H, selbst ein Hydrierungskatalysator 27, so daf’ fiir
RhXL, die unsaturate route nicht ausgeschlossen werden darf >?, Nun kann
aber fiir den Fall, daf die Reaktionsgeschwindigkeit r der Hydrierung des Sub-
strates wesentlich grofler als die Reaktionsgeschwindigkeit Ty, der Hydrierung
des Katalysators ist, die Aydride route ausgeschlossen werden, da in der hydride
route die Hydrierung des Substrates nie schneller sein kann, als die Hydrierung
des Katalysators 28, In der Tabelle 4 sind nun diesbeziigliche Werte von r und
T, gegenibergestellt. Die T, -Werte sind auf die Zeit ¢ = 0 extrapoliert, wih-
rend die -Werte die Mlttelwerte im Anfang der Hydrierung wiedergeben.

‘Tabelle 4. Vergleich korrespondierender er und r-Werte (Losungsmittel: Toluol)

Nr. KaL, [Kal,Je Temp. Lit, H, r S [s] Lit.
mMol-1t °C (mMol-1-1  (mMol- 1+ Mot-1-t
min~!) min~1)

1 RhCI(PQ3)s 2,0 25 28) 1.7 8,2 MDME 0,73 29

2 RhCKPQ,), 2,0 25 28 17 5.4 Cyclo- 0,73 29
hepten

3 RHhBr(PQ,), 2,0 25 28) 273 56 Cyclo- 0,73 29
hepten

4  IICCO)[P(CeHyy)sla 2,0 80 30)  0,0053 19,7 MA 0,8 31)

5  ItCI(COY[P(Ce¢Hy)s)a 2,0 80 30)  0,0053 1,0 MDME 0,8 31)

6  IICI(CO)[P(iC3H;);3]; 2,0 80 30) 0,035 1,06 MA 0,8 31

7 IICKCOXPQj), 2,0 80 30 31 8,9 1-Hep- 0,8 31
ten

8  IrCI(CO)PQ3), 2,0 80 300 3,1 10 ACAE 0,8 31

9 IrCHCO)PP,;), 2,0 80 300 31 6,6 Styrol 0,8 31)

Wie die Tabelle 4 zeigt, sind fiir die Systeme Nr. 1-9 die Hydrierungsgeschwin-
digkeiten r fiir die Substrate S grofier und z.T. sogar um Groflenordnungen gro-
ferals die rﬂz-Werte fiirr die Hydrierung des Katalysators. Wenn man weiterhin
in Betracht zieht, daf} sich die in Tabelle 4 angegebenen 2-Werte auf die Einwaa-

gekonzentrationen [KaL, ], beziehen und wéhrend der Hydrierung immer der
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Hydridkomplex KaL, H, 22:29 im Gleichgewicht vorhanden ist, so muf} das
Verhiltnis von Tu, ZUT noch grofer sein. Fiir die Beispiele der Tabelle 4 kann so-
mit die kydride route nicht der geschwindigkeitsbestimmende Schritt bei der
Hydrierung sein.

Fiir den Katalysator RhH(CO)(PQ);); (Tabelle 2, Nr. 3 und 4) wurde die hydri-
de route nicht diskutiert, da die Bildung des Hydridkomplexes RhH;(CO)(PQ ;)4

RhH(CO)PQ,), + H, =  RhH,(COXPD,); (9)

nach dem Schema (9) nicht beobachtet wurde 2%,

Im Gegensatz dazu steht jedoch der Katalysator IrX(CO)L, mit seinem Hydrid-
komplex IrX(CO)L,H, unter den Bedingungen der Hydrierung immer im Gleich-
gewicht. Die Beispiele Nr.4-9 der Tabelle 4 zeigen jedoch, da® die r-Werte fiir die
Hydrierung des Substrates S grofier sind als die er—Werte fur die Hydrierung des
Katalysators, so dafy auch mit diesem Katalysator die Hydrierung zum iiberwie-
genden Teil Gber die unsaturate route verlaufen mufl. Analog zu RhXL; konnte
jedoch auch fiir IrX(CO)L, kein eindeutiges Experiment gefunden werden, das
die hydride route vollig ausschliefdt.

V1. Probleme bei katalytischen Hydrierungsreaktionen

a) Allgemeine Bemerkungen

In Forschung und Technik erhebt sich stets die Frage, welcher Katalysator-Typ
fir die gestellte Aufgabe benutzt werden kann, wie grofs seine Aktivitit und sei-
ne Selektivitiit sind. Einen potentiellen Hydrierungskatalysator erhilt man so-
fort aus Tabelle 1. Er wird jedoch noch keine optimale Reaktionsfilhrung und Aus-
beute geben, so daf Informationen dariiber vorhanden sein miissen, wie seine Ak-
tivitat und Selektivitiit gezielt geiindert werden konnen. Niitzlich sind dann Mo-
dellvorstellungen und allgemeine Regeln. Es sollen daher die zahlreichen in der
Literatur bereits vorliegenden halbquantitativen Untersuchungen zur homogenen
katalytischen Hydrierung unter diesem Gesichtspunkt referiert und diskutiert
werden.

b) Modellvorstellung zur homogenen Katalyse

Die Grundelemente der folgenden Modellvorstellung 32) werden mehr oder min-

der in fast allen Arbeiten tiber homogene Katalyse zur Interpretation der Ergeb-

nisse herangezogen. Sie sind in Abb. 1 bildlich dargestellt,

1. In einem homogenen Katalysator, der zum Typ der Komplexverbindungen
gehort, ist das Zentralatom das Reaktionszentrum RZ.

2. Durch geeignete Wahl des Zentralatoms und der geladenen Liganden X und/
oder der ungeladenen Liganden L kann {iber die ¢-Bindung und/oder 7-Elek-
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tronenriickgabebindung in der Bindung M-X bzw. M N L die Elektronen-
0

dichte am Reaktionszentrum variiert werden.

3. Am Zentralatom muf’ mindestens eine unbesetzte Koordinationsstelle vorhan-
den sein.

4, Befindet sich an der unbesetzten Koordinationsstelle ein ,,leeres* Reaktions-
orbital RO (Unterschuf’ der Ladungsdichte), so handelt es sich um einen Ac-
ceptor-Katalysator Ka, (Abb. la). Ist das Reaktionsorbital gefiillt (Uberschuff
an Ladungsdichte), so hat man einen Donator-Katalysator Kap, (Abb. 1b).

5. Die Aktivierung des Substrates S geschieht durch Anlagerung an die unbe-
setzte Koordinationsstelle.

6. Die Anlagerung des Substrates S an das Reaktionszentrum darf nicht irrever-
sibel sein, damit das Substrat weiter reagieren kann.

7. Damit Bedingung 6 erfiillt wird, muf} durch das Zentralatom und die Ligan-
den X und L im Reaktionsorbital RO eine optimale Elektronendichte ED ein-
justiert werden.

8. Besitzt der ,,Katalysator keine unbesetzte Koordinationsstelle, so muf} die
Elektronendichte am Reaktionszentrum so einjustiert sein, daf® er in Losung
entweder einen Liganden abdissoziieren kann, oder durch Anlagerung des Sub-
strates seine Koordinationszahl erhdhen kann.

L ED

\
— \RO

Kay

Abb.1. Zum Katalysator-Modell

Aus dieser zweifelsohne sehr vereinfachten Modelivorstellung erhebt sich die
Frage, welche Eigenschaften des Zentralatoms und der Liganden als Maf fiir ihre
Anderung der Elektronendichte am Reaktionszentrum genommen werden kon-
nen. Fiir die Zentralatome bietet sich hierfiir ihre formale Ladung bzw. Wertig-
keit an und dann ihr kovalenter Radius als Funktion der gesamten Elektronen.
Fiir die geladenen Liganden X kann ihre Elektronegativitit genommen werden
und fiir die ungeladenen Liganden L ihre m-Acceptorstirke, deren relative Ab-
stufung fiir die hier interessierenden Verbindungen bekannt ist 33),
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c) Dissoziationskonstante K, fiir den Substratkomplex des Katalysators als
Funktionvon X, L, Sund M

Nachdem die quantitativen Untersuchungen zum Reaktionsmechanismus gezeigt
haben, daf’ die Katalyse der Hydrierung zum iiberwiegenden Teil iiber die unsaz-
urate route verlauft, war es von Interesse, wie die Dissoziationskonstante X,
nach Schema (10)

KaL, +S == KaL,S (10)

K2
von der Variation der Elektronendichte am Reaktionszentrum-abhingt. Quan-
titative Untersuchungen zu diesem Problem wurden mit Vaska’s Hydrierungs-
katalysator IrX(CO)L, durchgefiihrt 34, In der Tabelle 5 ist die Anderung der
Dissoziationskonstanten K, als Funktion von L und S und in Tabelle 6 als
Funktion von X und S zusammengestellt.

Tabelle 5. Dissoziationskonstante K  fir IrCl{CO)L S = IrCI{CO)L , + S bei t = 20 °C in
Toluol als Funktion der Bindung Ir = L und der m-Acceptorstirke von 8§ 3%)

s K;-10*(Mol-171)
lr:P(oQ3)3 ITA—P(D:; Ir== P(C6H”)3

2 Maleinsdureanhydrid 1,1 28 2.200
5
81 %  Maleinsiuredimethylester 10 2200 > 3-10%*
5 :
E ;:} Acrylsiureithylester 260 35000 > 3-10°
£ ;5 Fumarsiuredimethylester 2200 >3- 10° > 3105
<| &  1-Hepten 94000 >3-10% > 3105

* > 3-10% bedeutet: K, spektroskopisch nicht mefibar,

Aus den Zeilen der Tabelle 5 erkennt man, dafd mit abnehmender n-Elektronen-
riickgabebindung in Ir = L, also abnehmender m-Acceptorstarke von L, die Dis-
soziationskonstante X, zunimmt. Dieser Effekt ist unabhingig von den in der
Tabelle S angegebenen Substraten S.

Betrachtet man die Spalten der Tabelle 5, so ergibt sich weiterhin, daft auch
mit abnehmender m-Acceptorstirke des Substrates K, zunimmt. Dieser Effekt
ist wieder unabhingig von der Ir = L Bindung. Beide Effekte liegen auch bei
den Bromo- und Jodo-Komplexen IrBr(CO)L, und IrJ(CO)L, in der gleichen
Richtung und Grofienordnung.
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Tabelle 6. Dissoziationskonstante K, fiir IrX{CO)[POQ;]),S == IrX(CO)[P(OQ;], + § bei
t =20°Cin Toluol als Funktion der Bindung Ir-X und der n-A cceptorstirke des Sub-
strates S

S K, -10*(Mol - 17%)
Ir——umg C1 [1r ——maf Br Ir ———1
2 Maleinsdureanhydrid 1,1 2,2 4.6
g 2 Maleinsiuredimethylester 10 23 95
I
2 2 Arcrylsiuredthylester 260 450 950
= 3
g S Fumarsiuredimethylester 2200 7500 >3-.10°
<| & -
1-Hepten 94000 >3-10° >3-10°

Tabelle 6 zeigt analog zu Tabelle 5, daf’ die Dissoziationskonstante K, auch
in eindeutiger Weise von der Bindung Ir-X und der m-Acceptorstirke des Sub-
strates S abhingt. Die K, -Werte nehmen unabhingig vom Substrat in der Reihe
fir X = CI <Br <J zu (Zeilen der Tabelle 6) und bei gleichem X nimmt K, mit
abnehmender w-Acceptorstirke des Substrates zu 34,

Uber den Einfluf des Zentralatoms M des Katalysators auf die Komplexbil-
dung liegen keine systematischen und quantitativen Messungen vor. Die Ergeb-
nisse qualitativer Untersuchungen sind in der Tabelle 7 zusammengestellt.

Tabelle 7. Vergleich der Komplexbildungstendenz von MX{COJL ,

Komplex S Bemerkung Lit.
IrX(CO)(PQ; ), C,(CN)s  IrL,S stabiler 35)
ROX(COXPQ 5), C,(CN), als RhL,8 35)
IrCICOYPP;), C,H, Komplexbildung 7

RhCHCO)PQ;), C,H, keine Komplexbildung 35)

Man erkennt, daf} der Iridium-Komplex die grofiere Tendenz besitzt, mit dem
Substrat S eine Komplexverbindung zu bilden. Die Komplexe IrX(CO)L,S bil-
den sich sofort bei Zugabe der Substratlosung zum geldsten Katalysator
IrX(CO)L,.
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d) Geschwindigkeit der Hydrierung des Katalysators als Funktion der Liganden
Xund L

Im Gegensatz zum Substrat ist die Reaktion des Wasserstoffes mit dem Kataly-
sator nach Schema (11) eine Zeitreaktion, die nur fiir einige Katalysatoren quan-
titativ und systematisch als Funktion X und L untersucht wurde.
Aus der Tabelle 8 ersieht man wieder, daft fiir den Katalysator IrX(CO)L, ein
k
Kal, + H, == Kal H, (1

eindeutiger Zusammenhang zwischen der Geschwindigkeitskonstanten &, der
Hydridbildung und seinen Liganden X und L besteht 36), Bei festgehaltenem
Liganden X nimmt &, mit zunehmender n-Acceptorstirke des Liganden L zu,
erreicht bei L =P(p-totyl); seinen maximalen Wert und fallt dann wieder ab.

Auch der Einfluf von X auf k, ist eindeutig. Bei festgehaltenen Liganden L
nimmt &, in allen Fillen in der Reihe fiir X = C1 < Br <J zu. Der gleiche Effekt
wurde fiir IrX(CO}P®,); geldst in Benzol gefunden 37).

Tabelle 8. Geschwindigkeitskonstanten k fiir die Reaktion

k;
IrX(COJL ,+ Hy == IrX(CO)LH,
als Funktion der Liganden X und L in Toluol 36

IrX(CO)L, ki - 10° Temp.

X L 1 Mol™! ‘sec™! °C
P(CgHiy)3 1,6 80
2| P(iC3Hq)s 10,4 80
LS| P(C4Hs); 525 80
Cl S %l P(CH,0), 767 80

[P

E = P(p-tolyl), 1150 80
3 é’ P(Q5) 838 80
Q&) PO, 121 80
Cl 0,35 50
Br P(CgH,1)3 6,5 50
J 224 50
cl 2,5 50
Br P(iC3H,)5 33 50
] 108 50
Cl 31 20
Br PO, 580 20
J > 4000 20
cl 3,6 20
Br P(OQ); 192 20
J ~5600 20
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e) Dissoziation der Komplexe MX,L, Y., als Funktion ihrer Liganden X und
L, des Zentralatoms M und des Losungsmittels

Nach Punkt 8 der Modellvorstellung zur Katalyse muf} die Elektronendichte
am Zentralatom so einjustiert werden, daft durch Anlagerung des Substrates die
Koordinationszahl erhéht werden kann oder durch Abdissoziation eines Ligan-
den eine unbesetzte Koordinationsstelle gebildet wird, an welche das Substrat S
angelagert wird. In der Tabelle 9 sind die Katalysatoren zusammengestellt, fiir wel-
che osmometrische Molekulargewichtsbestimmungen durchgefihrt wurden. Die
Messungen entbehren einer strengen Systematik, zeigen jedoch die Unterschiede
zwischen vergleichbaren Komplexen.

Tabelle 9. Dissoziation der Liganden L von Komplexverbindungen, die
Hydrierungskatalysatoren sind, nach KaL, = KalL_; + L (* in sehr ver-
diinnten Losungen)

Nr. Katalysator Losungsmittel Opics Lit.
1 IrX(CO)L, Toluol ~0 38)
2 RhCI(CO)P®;), Toluol <005 3
3 RhBr(CO)(PQ;), Toluol ~ 0,15 3%
4 RhI(CO)P(,), Toluol ~ 020 39
5 IrCI(PQ;)4 Benzol ~ 0,23 6)
6 IrCI(PQ5)4 CHCl, ~ 0,35 6)
7 RhCI(P(s); Benzol ~ 095 22
8 RhCI(AsQ,)3 Benzol ~ 0,55 40
9 RhCI(AsQ;)3 CHCl,4 ~ 093 40
10 RhCI(Sb®;); CHCl,4 ~ 093 40

11 ITH(CO)(PQs)4 Benzol <002 3
12 RhH(COXP®,4), Benzol ~ 10 39)

13 REH(CO)(P®;)4 Benzol ~13* 4D
14 RhH(CO)P®;); Cyclohexan ~ 028 4

15 RhCI(PQ,); Toluol ~ 1 38)
16 RhBr(PQ;), Toluol ~2 38)
17 RhJ(PQ;), Toluol ~ 135 39
18 RhCI(P(O()3)3 Toluol ~0 38)
19 RhBr(P(OQ)3), Toluol ~ 0,06 39

20 RhI(P(O®)3)3 Toluol ~ 0,6 38)

Der Einfluf’ des Zentralatoms auf die Dissoziation der Liganden ist eindeutig.
Bei den Komplexen MX(CO),L, (Nr. 1-4), MCIL; (Nr.5-7), und MH(CO)L,
(Nr. 11-14) ist immer der Rhodiumkomplex wesentlich stirker dissoziiert als
der Iridiumkomplex.

Der Einfluf des geladenen Liganden X bewirkt eine stirkere Dissoziation in
der Reihe o, fiir X = C1 <Br <J (Nr. 2-4,15-17, 18-20).
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Beziiglich der ungeladenen Liganden L zeichnet sich ab, dal Komplexe mit
L = PQ, stirker dissoziiert sind, als mit L = P(OQ®); (Nr. 15 und 18; 16 und 19;
17 und 20).

Diese Beobachtungen stehen im Einklang mit Ligandenaustauschversuchen 42)
an den Komplexen IrX(CO)L, und RhX(CO)L, nach (12)und (13). Die Rh-Kom-
plexe tauschen die Liganden

MX(CO)L, + L' = MX(CO)LL, + L (12)
MX(CO)LL' + L' = MX(CO)L; + L (13)

schneller aus als die Ir-Komplexe und beziiglich der Liganden L ist der Austausch
fur L = PQ,; > P(0Q); > P(C,H,,);. '

Besondere Bedeutung kommt den Komplexen Nr. 13,16 und 17 der Tabelle 9
zu, fiir welche ein Dissoziationsgrad « > | nachgewiesen wurde, da diese Kom-
plexe in sehr verdiinnten Losungen nach Schema (14)

KaL, = KaL_, +L = Kal,, + 2L (14)

einen 2. Liganden abspalten und somit zwei unbesetzte Koordinationsstellen
bilden, was, wie spiter gezeigt wird, ihre katalytische Reaktivitat stark erhoht.
Auch der Einfluf} des Lsungsmittels ist aus Tabelle 9 zu erkennen. So ist die
Dissoziation in dem inerten Lésungsmittel Cyclohexan kleiner als in Benzol
(Nr. 14, 12 und 13) und in Benzol kleiner als in Chloroform (Nr. 5 und 6, 8
und 9). Die Fihigkeit des CHCl, die Dissoziation der Liganden zu begiinstigen
ist deswegen von Bedeutung, da es in einigen Fillen gelang, von Katalysatoren,
bei welchen in Losung ein Ligand abdissoziiert, ihre Solvatkomplexe
KaL,_, (solv) mit solv = CH,Cl, zu isolieren. Einige Beispiele sind in der Ta-
belle 10 enthalten.

Tabelle 10. Isolierte Solvatkomplexe von Katalysatoren

Nr. Komplexe Lit.
1 RhCI(PQ3); H(CH,Cly)g 5 )
2 RhCI(P@3);Hy(DMFA), 5 22)
3 RhCI(PQ3);H;(CH3CO, et) 22)
4 RhCI(As@3);Ha(CH,Cly)g 5 40)
5 [Rh(CO)P®;),(CH,Clp) |, a1
6 [RR(CO}PQ;),(C,HsOH)], 41
7 RhCI(P@3)2(CS,) 44)
8 1rJ(CO)(PQ3),(CS;) )
9 IrCI{CO)(P®3),(CS,) 449

Es wurde bereits bei der Beobachtung, dafd Katalysatoren in Ldsung den Li-
ganden L abspalten die Hypothese aufgestellt, dafl der Komplex in Losung nicht
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mit einer vollig unbesetzten Koordinationsstelle vorliegt. In Losung ist diese,
wenn auch nur sehr locker mit einem Solvatmolekiil nach Schema (15) besetzt 43,

solv

RhCI(PQ;); =————= RhCI(PQ,), (solv)+ PP, (15)

Die Tatsache Solvatkomplexe isolieren zu kdnnen, bestitigt diese Hypothese.
Von weiterem Interesse ist, da} auch Katalysatoren wie IrX(CO)L,, die, ohne
Verlust eines Liganden an ein vorhandenes, unbesetztes Orbital das Substrat S
unter Erhdhung ihrer Koordinationszahl und Bildung von z.B. IrX(CO)L,S an-
lagern, auch mit Losungsmitteln wie CS,, entsprechende Solvatkomplexe bil-
den (Tabelle 1Q, Nr. 8 und 9).

Der Einflufl des Losungsmittel auf die Aktivitit eines Hydrierungskatalysa-
tors wird also unter dem Gesichtspunkt zu diskutieren sein, wie grof seine Fi-
higkeit ist, die Abdissoziation eines Liganden zu erhéhen und wie stark das Lo-
sungsmittelmolekiil an die freie Koordinationsstelle gebunden ist. Diese Bindung
darf auf keinen Fall so grof sein, daf’ die Koordinationsstelle fiir die Anlagerung
des Substrates S blockiert wird. So konnte gezeigt werden, daf die Hydrierungs-
geschwindigkeit fiir den Katalysator IrClI(CO)(P@®;), sehr stark abnimmt, wenn
dem Losungsmittel Toluol in geringen Mengen der gute Donator N(C,H,); zuge-
geben wird und gar auf Null sinkt, wenn [N(C,Hs);]1> 0,008 Mol - 17! wird 45),
Analog wird die Hydrierungsgeschwindigkeit r = 0 fiir RhX(PQ););, wenn dem Lo-
sungsmittel stark koordinierende Verbindungen wie PQ);, Thiophen, 8-Hydro-
xychinolin, Pyridin oder Acetonitril hinzugefiigt werden 22)-

Losungsmitteleinflilsse, welche zu einer chemischen Umsetzung mit dem Ka-
talysator fithren, sollen hier nicht diskutiert werden, obwoh! dadurch die Kata-
lysatoraktivitat erhoht werden kann. So hydriert RuCl,(PQ,), in C;H, nur
schlecht, aber gut im Mischlésungsmittel C,H;OH/C4H,, da sich durch Reak-
tion mit C;H;OH der sehr gute Katalysator RuHCI(P(,); bildet !7, In der Pra-
xis wird man natiirlich gleich diesen Katalysator einsetzen oder in situ herstellen.

f) Kriterium fiir die Katalysatoraktivitit

Die unter den Punkten ¢ -e) dargelegten experimentellen Befunde zeigten Ge-
setzmifigkeiten fiir die Reaktionen der Katalysatoren mit H, , dem Substrat S
und dem Lésungsmittel als Funktion der Liganden X und L und des Zentral-
atoms. Mit diesen Informationen soll nun versucht werden, ob ein Zusammen-
hang zwischen der Aktivitit eines Hydrierungskatalysators beziiglich eines Sub-
strates S und der Variation der Liganden X und L und des Zentralatoms gezeigt
werden kann, da eine gezielte Variation dieser Parameter letztlich das zentrale
Problem jeder Katalyse ist. Als quantitatives Maf fiir die Aktivitit eines Kata-
lysators mufd man die Geschwindigkeitskonstante fiir die betrachtete Reaktion
nehmen. Ungliicklicherweise setzt dies aber voraus, daf auch der Reaktionsme-
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chanismus exakt bekannt ist. Abgesehen von der Tatsache, daf} das Erarbeiten
eines Reaktionsmechanismuses dufierst zeitraubend ist, kann die Aussage kineti-
scher Messungen nie definitiv sein, da durch jedes gezielte kinetische Experiment
die Zahl der moglichen Mechanismen nur verkleinert werden kann. Weiterhin
zeigen bereits die kinetischen Ansitze der Tabelle 3, dafd selbst fiir einfache Hy-
drierungsreaktionen zur Berechnung der k-Werte mehrere Gleichgewichtskon-
stanten explizit bekannt sein miissen, und au3erdem noch die Reaktionsge-
schwindigkeit . Da in der Katalyse, von der Anwendung her gesehen, immer
der Umsatz pro Zeiteinheit, also die Reaktionsgeschwindigkeit r die wichtigste
Kenngrofie ist, soll als relatives Mafd fiir die Aktivitit eines Katalysators seine
Reaktionsgeschwindigkeit r unter vergleichbaren Bedingungen genommen wer-
den. Zweifelsohne gehen dadurch mechanistische Informationen verloren, aber
die Information wie sich r als Funktion des Katalysators, des Substrates und des
Losungsmittels dndert, ist in jedem interessierenden Falle immer und in sehr
kurzer Zeit zu erhalten. Im folgenden wird daher die Reaktionsgeschwindigkeit
r zu Beginn der Katalyse, um Einfliisse einer eventuellen chemischen Verinde-
rung des Katalysators auszuschliefien, als relatives Maf seiner Aktivitit genom-
men.

g} r als Funktion der Liganden X

Fiir den Katalysator IrX(CO)L, wurde die Reaktionsgeschwindigkeit r als Funk-
tion der Liganden X unter streng vergleichbaren Bedingungen untersucht 10
Tabelle 11 zeigt, dafd unabhingig vom Liganden L und unabhingig vom Substzat S
die Reaktionsgeschwindigkeit » immer fiir X = Cl > Br > J ist.

Die Ergebnisse der analogen Untersuchungen mit Rh(CO)L, ® sollen hier nicht diskutiert
werden, da nicht RhX(CO)L,, sondern der in der Stufe der Voraktivierung gebildete Kom-
plex RRH(CO)L,, der eigentliche Katalysator ist 4%,

Tabelle 11. Reaktionsgeschwindigkeit r fiir
KaL2
S+H, —7—> SH,

riit KaL , = IrX(CO)L , als Funktion von X bei t = 80 °C in Toluol; [KaL ), =2 - mMol- 11

Substrat  [S}e r(mMol-1 ' min™!) fiir IrX(CO)L,

Mol-17'L= P(C4H11)3 PO, P(O);

X=Cl Br I a Br ] Cl Br J

MDME 04 0,17 0,044 0,03 0,27s 0,068 004 036 0,105 ~0,007
MDME 0,8 1,0 0 0 047 009 0037 053 0,112 ~001
MA 0,8 19,6 9.8 89 30 137 1,08 0,06 0,03 0
ACAE 0,8 11,2 0 0 10 445 2,08 93 0,18 0,01
1-Hepten 0,8 6,25 535 53 89 3,3 1,6 9,8 1,8 0,18
QC=CH 08 0,075 0 0 0018 0 0 0,36 0,105 ~0,01
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h) r als Funktion der Liganden L

Den Einflufd der Liganden L in IrX(CO)L, auf die Reaktionsgeschwindigkeit »
der Hydrierung der Substrate S zeigt Tabelle 12 10,

Tabelle 12. Reaktionsgeschwindigkeit r fiir
Kal,
§+H, —— SH, mit IrX(COJL,
r

als Funktion von L bei t = 80 °C in Toluol; [KaL ,], =2 mMol - 11

IrX(CO)L, r(mMol- 17! -min") fiir Substrate S
(cin Mol-171)
X L MDME MDME MA ACAE 1-Hepten QC=CH
c=04 c=0,8 c=0,8 c=0,8 c=0,8 c=0,8
g | P(CeH1s 0,17 1,0 19,6 11,2 6,25 0,075
2| P(iC3Hy)s 0,07 0,06 1,05
S| P(CeHs):CaHy 0,15
a § P(CH,0); 0,15
< P(p-tolyl), 0,26
& [ P(o-tolyl), 0
< | PO, 0,275 0,47 3,0 10,0 8,9 0,018
. é . P(OQ); 0,36 0,53 0,06 9,3 9,8 0,36
g P(CsHy1)s 0,044 0 9.8 6 535 0
pr V| PGC3H); 0,022
PO, 0,068 0,09 1,37 4,45 3.3 0
P(OQ), 0,105 0,12 0,03 0,18 1,8 0,104
P(CeH11)a 0,03 0 89 0 5.3 0
| P(i-C3H,), 0
PO, 0,04 0,037 1,08 2,08 1,6 0
P(OQ), 0,007 0,01 0 ~0,01 0,18 ~0,01

Offenbar besteht kein eindeutiger Zusammenhang zwischen r und der w-Ac-
ceptorstirke der Liganden L. Dieses Ergebnis steht im Gegensatz zu dem Befund,
dafd r unabhingig vom Substrat S eine eindeutige Funktion der Liganden X ist,
und dafl weiterhin die Reaktion von IrX(CO)L, mit H, und dem Substrat S in
erkennbarer Weise von der m-Acceptorstirke der Liganden L abhingt. Hilt man
zunichst an der Modellvorstellung fest, da’ die Liganden X und L die Elektro-
nendichte am Reaktionszentrum auf einen fiir die katalytische Aktivitit optima-
len Wert einjustieren miissen, so kann fiir die geladenen Liganden X diese Einju-
stierung praktisch nur iiber die o-Bindung in M-X erfolgen, wihrend die ungela-
denen Liganden L diesen Effekt iiber ihre o-Bindung und die gegenliufige m-Riick-

88



Homogene katalytische Hydrierung

gabebindung in M===L verursachen. Nun ist aber fiir die Liganden L nur ihre

v

m-Acceptorstirke bekannt, wihrend es bis heute kein exaktes, experimentell
uberpriifbares Maf fiir die Anderung des Beitrages der o-Bindung in M == L bei
Variation von L gibt. Sicher ist nur, daf} die Lage der v ,-Frequenz in monosub-
stituierten Metallcarbonylen aus der die w-Acceptorstiirke abgeleitet wurde, nicht
auf die Stabilitdt der o-Bindung in M = L und o-Donatorstirke des Liganden L
anspricht, wie die Untersuchungen fiir L = Stickstoff- oder Saunerstoff-Basen zeig-
ten %) Da bei der Komplexbildung des Katalysators mit dem Substrat d,-p, -
Bindungen beansprucht werden, ist verstindlich, daf} die Katalysator-Substrat-
Gleichgewichte von der m-Acceptorstirke der Liganden L und des Substrates ein-
deutig abhiingen (Tabelle 5). Der Befund, daf} die Reaktionsgeschwindigkeit r der
Hydrierung nicht eindeutig von der n-Acceptorstiirke der Liganden L abhingt,
wohl aber von der Anderung der o-Bindung Ir-X in IrX(CO)L,, zeigt, daB fiir
die Reaktivitit des Katalysators die Elektronenverteilung bzw. Elektronendich-
te in den o-Bindungen ausschlaggebend ist. Es muf} also im Reaktionsmechanis-
mus ein Schritt vorhanden sein, der spezifisch auf die Elektronendichte in den
o-Bindungen anspricht (s. Abschnitt m).

i) rals Funktion des Zentralatoms

Zu diesem Gesichtspunkt liegen nur wenige Untersuchungen vor, welche bei
gleicher Katalysatorkonzentration und gleichem Substrat im selben Losungs-
mittel durchgefiihrt wurden. Trotzdem lassen sich aus der Tabelle 13 gewisse
Tendenzen ablesen.

Tabelle 13. Reaktionsgeschwindigkeit r der katalytischen Hydrierung der Substrate S als
Funktion des Zentralatoms des Katalysators; [KalL, ),=2mMol- 1-1; [S},= 0,8 Mol- 17L;
Lasungsmittel: Toluol

t Katalysator r-(mMol- 17! -min~!); fiir Substrat § = Lit.
MDME 1-Hepten Styrol 1-Hexin  «w-Brom

°C Styrol

80 IrCI{COX}PQs), 0,44 8,9 666 0 0 n

80 RhCICOXPD;), 0,59 3,04 1,1 0,32 0,14 31

25  ItH(COXP(,); 0,225 0266 035 0,133 0,008, 15)

25 RhH(CO)PQ®3); 0,985 285 223 10 0,025 15)

25  RuH(CI(PQj)s* 34 12)

25 IrCi(PQ3), 47)

25  RhCI(PQy)4 53 5,7 7.8 2,45 0,14 5)

* [KaLsy]o = 8,3-107* Mol -1™"; [S]p =1,2 Mol- 17! in Benzol
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Der Komplex RhCI(CO)(PQ®,), ist kein eigentlicher Hydrierungskatalysator,
da er erst voraktiviert werden muf}, wobei sich RhH(CO)L, bildet 45, wihrend
der analoge Ir-Komplex IrCI{CO)(P@®,), im Temperaturbereich von 70~-90 °C
ein guter Katalysator ist. Wesentlich aktiver ist der Komplex IrH(CO)(PQ,),
mit dem bereits bei 25 °C Hydrierungen méglich sind. Der analoge Rh-Kom-
plex RhH(CO)(PQ,); weist gegeniiber dem Ir-Komplex eine ~ 10 mal hohere
Aktivitit auf. Das Gleiche gilt fiir die Katalysatoren vom Typ MCI(P@;);. Auch
hier hat der Rh-Komplex eine wesentlich groflere Aktivitit als der Ir-Komplex.
Soweit die spirlichen Untersuchungen einen Schluf} zulassen, scheint der ak-
tivste Katalysator der Komplex RuH(CH(PQ;); zu sein.

Um einen Ansatzpunkt fiir eine Erklarung zu finden, wie bei gleichem Typ
des Komplexes das Zentralatom die Aktivitat dndern kann, sind in der Tab. 14
rein phinomenologisch einige typische Eigenschaften vergleichbarer Komplexe
gegeniibergestellt, Es zeigt sich, dafd die kovalenten Radien der Zentralatome
fast identisch sind. Daraus folgt eine hoéhere Gesamt-Elektronen-Dichte am
Iridium. Dies erklirt die geringere Dissoziation der am Iridium gebundenen Li-
ganden und die bessere Komplexbildung mit dem Substrat S im Vergleich zu
den entsprechenden Rhodiumkomplexen. Da andererseits die Rhodiumkom-
plexe der Tabelle 14 wesentlich aktivere Katalysatoren als die Iridiumkomplexe
sind, folgt daraus, in Ubereinstimmung mit der Modellvorstellung, da’ ein be-
stimmter Katalysator umso aktiver ist, je schwdcher seine Liganden L gebunden
sind, und je kleiner die Stabilitir des Adduktes aus Katalysator und Substrat ist,
ohne jedoch auf den Wert Null abzusinken.

Tabelle 14. Molekiileigenschaften der Katalysatoren MCYPQ) ; und MHCO(PQ;); und Reak-
tionsgeschwindigkeit r fiir die Hydrierung (M = Ir und Rh)

Molekiileigenschaften der Komplexe Ir-Komplex Rh-Komplex
kovalenter Radius M® 1,36 A 1,34 A
Gesamtzahl der Elektronen in M° 77 45
Elektronen im f-Zustand 14 0
Valenzelektronen von M® im Grundzustand (5d)7(65)> (4d)3(5s)"
Abstand M-P in M(H)(COX(PQ3), 2324 2,34 A
Qp;es in MH(COXPQ 3)3 nach Kal, == Kal ,+L <0,02 ~1,0
Opjss in MCI(PQ3)5 nach KaL, = KaL, , +L ~0,23 ~0,95
Komplexe aus Ka und Substrat S (KaS)Ir stabiler (KaS)Rh
r fiir Hydr. mit Ka = MCIP®3), e < ’Rn

mit Ka = MH(CO)(PQ,), I < ’Rn

j} Selektivitat der Katalysatoren

Fiir die Praxis der homogenen katalytischen Hydrierung spielt auch die Frage
nach der Selektivitit des Katalysators eine Rolle. In der Tabelle 15 sind die Ergeb-

90



Homogene katalytische Hydrierung

nisse von Untersuchungen, die unter vergleichbaren Bedingungen ausgefithrt
wurden, angegeben. Als Maf fir die Selektivitit wurde wieder die Reaktionsge-
schwindigkeit r genommen. Fir die drei Typen der Katalysatoren MCIL,,
MCI(CO)L, und MH(CO)L, ergeben sich die folgenden Selektivititen beziiglich
der Hydrierung ungesittigter Verbindungen: '

a) r ist fiir endstindige Olefine gréfler als fiir 2 oder 3-Olefine (Nr. 1-4),

b) rist fir Olefin grofer als fiur Acetylene (Nr. 5-8),

¢) Substitution des H durch Br erniedrigt r sehr stark (Nr. 9, 10),

d) rist fur ACAE > MDME > FDME (Nr.11-13).

Diese Ergebnisse filhren zu dem Schluf, daf’ die Struktur des Substrates einen
eindeutigen Einfluf auf den Mechanismus der Wasserstoff-Ubertragung hat und
daf dieser Einfluf} in erster Niherung vom Typ des Katalysators unabhingig ist.
Betrachtet man die absoluten Werte der Reaktionsgeschwindigkeit r (Tabelle 17, Nr.
16) und die Reaktionstemperatur (Nr. 15) fiir die Hydrierung von 1-Hepten®?,

Tabelle 15. r als Mag fiir die Selektivitdt von Hydrierungskatalysatoren [Ka]o =2mMol. 1-1;
(S} = 0,8 Mol - 1~ 1; Losungsmirtel: Toluol

Nr.. Substrat 7 relativ WEID 7 {-Hepten = 100 fiir
IICCOXPQ3); ITH(COXPY;); IrCl(PQ3);  RhH(COXPQj3); RhCi(PQ3);
1 1-Hepten 100 100 100 100 © 100
2  2-cis-Hepten 11 50 4.8 6,4 27,5
3 2-trans-Hepten 6,1 50 23 49 09
4 3-trans-Hepten 8,0 28,3 5,4 477 0,5
5 1-Hepten 100 100 100 100 100
6  1-Hexin ‘ 50 43 35 43,5
7  Styrol 73,4 132 24 78,3 138
8 Phenylacetylen 2,0 56,5 3,5 39,2 18
9  Styrol 73,4 132 24 78,3 138
10 w-Bromstyrol 0 3,1 6 0,9 2,5
11  ACAE 111 100 121 260 152
12 MDME 5 84,8 42 34 94
13 FDME 0 18,9 0 3,7 70
14 Lit. 31) 15) a7) 15) ) 5)
15 Temp. °C 80 25 25 25 25

r(mMol -1t min-1)

8,93 0,265 0,65 0,85 5,66
fir 1-Hepten

) » fiir 1-Hepten mit IrC1(CO)(PQ;), ist bei 25 °C unmefbar klein.

91



Ww. Strohm_eier

so ergibt sich aus der Tabelle 15 und unter Einbeziehung der Ergebnisse mit
RuH(C1)(PQ5); 1? fiir die Reaktivitit der Katalysatoren die Reihe:

IrICHCOY)PQP3), < ITH(COXPPs); < IrC(P@3)5
< RhH(COXP®;) < RhCI(PQ;); < RuH(CL(PD3);3

Beziiglich der Selektivitit ergibt Tabelle 15, dafd sie fiir die verschiedenen Olefine
(Nr. 1-4) und von Olefinen verglichen mit Acetylenen (Nr. 5-8) umso ausge-
prigter ist, je grofer der Absolutwert von r fiir die Hydrierung von 1-Hepten
(Nr. 16) unter den gegebenen Reaktionsbedingungen ist. Die grofite Selektivi-
tit besitzt RUH(CI)}(P®,);, da sich hier r fiir 1-Hexen und 2-Hexen wie 1000:1
verhilt 12), Ein detaillierteres Problem wiire die Frage nach der Anderung der
Selektivitit bei gleichem Katalysatortyp und Zentralatom als Funktion der Li-
ganden X und L. Hierzu liegen nur wenig systematische und vergleichbare Untersu-
chungen vor. Schreibt man jedoch Tabelle 11 in die Form der Tabelle 16 um
und setzt wieder fiir 7, ..o = 100, so erkennt man, dafl in den Komplexen
IrX(CO)L, bei beibehaltenem Liganden L jeweils die Selektivitiat des Katalysa-
tors gegeniiber dem Substrat S eindeutig ist. Dies ist letzlich eine Folge der ex-

Tabelle 16. Selektivitdt von IrX{(CO)L ., als Funk-
tionvon X und L. [Ka], = 2mMol- I™;

[Slp = 0.8 Mol - 171, t = 80 °C; Lisungsmittel:
Toluol (1} pepren=100) *®

X = 0 Br J

Nr. Substrat § L=P(C¢H;);

1 1-Hepten 100 100 100

2 MA 315 183 168

3 ACAE 179 0 0

4 MDME 16 0 0

5 @C=CH 1,2 0 0
L=P¢;

1 1-Hepten 100 100 100

3 ACAE 112 135 130

2 Ma 33,5 41,5 67,5

4 MDME 5,2 2,7 2,3

5 @C=CH 0,2 0 0
L=P(0Q);

1 1-Hepten 100 100 100

3 ACAE 95 10 5,6

4 MDME 5,4 6,7 5,6

5 QC=CH 3,7 5,8 5,6

2 MA 0,06 1,7 0
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perimentellen Erfahrung, dafd r fiir X = C1 > Br > J ist. Durch Variation der
Liganden X 143t sich also der absolute Wert von r variieren, die relative Abstu-
fung der r-Werte fiir die Substrate S der Tabelle 16 bleibt jedoch erhalten.
Variiert man jedoch den Liganden L im Katalysator IrX(CO)L, 48 so tritt
eine gravierende Anderung in der Selektivitit gegeniiber den Substraten S auf,
welche wieder unabhingig vom Liganden X ist (Tabelle 16). Es gilt dafd mit:

L =P(CH;y); r: fiir I-Hepten <MA > ACAE > MDME > @C =CH
L=PQ, r: fur 1-Hepten < ACAE > MA > MDME > QC =CH
L=P(OQ); rfir1-Hepten > ACAE > MDME > QC =CH > MA ist.

Diese vorliufigen Ergebnisse, welche unbedingt weiter ausgebaut werden
miifiten, zeigen, dafd nur durch Variation der Liganden L des Katalysators KaL,
die Selektivitit gegeniiber vorgegebenen Substraten S prinzipiell gedndert wer-
den kann. Fur die Praxis wiirde dies z.B. bedeuten, daf} in einem Gemisch von
MA und MDME mit IrClI(CO)P(OQ);], praktisch nur MDME hydriert wird,
withrend mit IrCI(CO)[P(C¢H,; )3 ], vorzugsweise MA hydriert wird (s.Tabelle 16).
Sind solche Selektivitatsunterschiede fiir verschiedene Substrate S als Funktion
von Lgefunden, so kann, wie Tabelle 16 zeigt, durch Variation des geladenen Li-
ganden der Effekt wesentlich verstirkt werden. So hydriert der Jodo-Komplex
IrJ(CO)[P(OQ); ], nur MDME und ItJ(CO)[P(C¢Hy, )3 ], nur MA aus einem Ge-
misch von MA und MDME.

k} r und Katalysatorkonzentration [Kal ,Jp

Vom theoretischen Aspekt der Kinetik erhilt man aus der Variation von r mit
der Einwaagekonzentration des Katalysators [KaL, ], die Information, ob der
eingesetzte Komplex der eigentliche Katalysator ist oder ein mit ihm im Gleich-
gewicht stehendes Folgeprodukt. Fiir die Praxis der katalytischen Reaktions-
fithrung ist die entscheidende Frage, wie man mit einem Minimum an Kataly-
sator eine optimale Umsatzgeschwindigkeit erhilt? Aus den Gleichungen Il bis
V der Tabelle 3 fiir die kinetischen Ansitze der katalytischen Hydrierung folgt,
daf} nach Gleichung VII

rprop [KaL., ]y Vil

die Reaktionsgeschwindigkeit r proportional der Einwaagekonzentration [KaL, ],
sein miifite, wenn die Substratkonzentration konstant gehalten wird. Erste quan-
titative Untersuchungen mit RhCI(P@;); 227 und RhH(CO)(PQ5); 24 in Benzol
zeigten, dafl diese Beziehung nur im Konzentrationsbereich [Kal, ], = 0,5 bis
2,0 bzw. 1,5 bis 5,0 mMol - 17 gilt. Spatere Untersuchungen in Toluol, die bis
zu [KaL, ], = 8 mMol- 17 ausgedehnt wurden, ergaben im vermessenen Kon-
zentrationsbereich keine Linearitit von r = f[KaL, ], 25.26).

Es konnte nun fiir den Katalysator RhH(CO)(PQ,), gezeigt werden, dafd im
gesamten Konzentrationsbereich das Gleichgewicht des Reaktionsschemas
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RhH(CO)(PP;), == RhH(CO)(PQ3) + PO, (16)

vorliegt 25), Fiigt man dem Hydrierungssystem jedoch freien Liganden L zu, so
werden von einer Grenzkonzentration ab die r-Werte prop [KaL, ],, da dann das
Gleichgewicht (16) vollig links liegt und man in der Losung nur den weniger ak-
tiven Katalysator RhH(CO)(PQ;), vorliegen hat, dessen Aktivitit man dann be-
stimmt 25). Abb. 2 zeigt die Abnahme von 7 bei Zugabe von freiem Liganden L
und die gemessene Proportionalitit von r mit [KaL, ],. Analog liegen die Ver-
héltnisse bei den Komplexen RhX(PQ;),, die, wie die Tabelle 10 zeigt, ebenfalls
zwei Liganden abdissoziieren kdnnen und dabei die aktiveren Spezies RhX(PQ5)
bilden 51), In der Praxis wird man natiirlich ohne Ligandenzusatz bei moglichst
kleiner [KaL, ], arbeiten, da mit abnehmender Katalysatorkonzentration der
Quotient r/[KaL, ], immer grofer wird. Weiterhin sollte auch r in Losungsmit-
teln, welche die Dissoziation begiinstigen, grofier werden, was bestitigt wurde.
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Abb. 2. Reaktionsgeschwindigkeit r fiir die Hydrierung von MDME und 1-Hepten als Funk-
tion von [RhHCO(P®5)3 ]y ohne und mit Zusatz von L = PQ;. Ldsungsmittel: Toluol:
[Slo =0,6 Mol 17!
I: 1-Hepten bei t = 25 °C. a) [P@3]o = 0. b) [P@3]o = 3,75 ® und 6 mMol - 17te
I1: MDME bei t = 70 °C. a) [P@3], = 0. b) [P@3]o = 60 Ound 90 mMol - 17! @
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So ist  fiir die Hydrierung von Cyclohexen mit RhCl(PQ,), in C,H.OH >
CH,COC,H; > Benzol 22) und in Benzol > (Benzol/Heptan) 23).

1) r als Funktion der Substratkonzentration

Quantitative Messungen zur Abhingigkeit der Reaktionsgeschwindigkeit r der
katalytischen Hydrierung von der Substratkonzentration [S], in Benzol mit
RhCI(PQ,); 22) und RhH(CO)(PQ;); 24 zeigten, dafd r mit steigender Substrat-
konzentration asymptotisch einem Grenzwert zustrebt.

~
g
N
=

— 6 /(-\ 'E}i o/o
3 { 2 /
%5k —~ 100
Bor [/ 2|
Zar / x\ 3 o/
s 5
st
o) *\ 1 2 st
- 2F = L
% { R
! O/O/O/ \x\x/x/
0 5204760810 12 1.4 16 18 20 1 2 3 4 5 6
[S]e (Mol -1-Y 17[S]s (Mot -1+1)

Abb. 3a u. b, Funktionelle Zusammenhinge zwischen der Reaktionsgeschwindigkeit r der
Hydrierung und der Substratkonzentration {S], 24:25). a) r gegen [S]o. b) 1/r gegen 1/[S]o.
[RhH(CO)P®P3)3]o = 1,25 mMol - 1715 =30°C

I: 1-Hepten in Teluol II: 1-Hepten in Toluol plus P®; (3,75 mMol - 171)

Durch Umformen der Gleichungen II bis V der Tab. 3 ergibt sich, daf
1/r prop 1/(8], VII

ist, wenn [KaL, ], konstant gehalten wird. In Benzol wurde nun diese Lineari-
tit von 1/r mit 1/[S], im Konzentrationsbereich von [S], = 0,5 bis 2,5 Mol- 1!
auch nachgewiesen 23.24), Messungen in Toluol ergeben jedoch (Abb. 3a, Kur-
ve I), dafb mit steigender Substratkonzentration die Reaktionsgeschwindigkeit »
zunéchst stark zunimmt, dann durch eine Maximum geht und bei hohen Wer-
ten von [S], abfillt 25) und 1/r gegen 1/[S], keine Gerade gibt (Abb. 3 b, Kur-
ve I). Durch Zugabe von freiem Liganden PQ); wird zwar r stark erniedrigt, da
der aktivere Katalysator RhH(CO)PQ, in RhH(CO)PQ®,), iiberfithrt wird, aber
r nihert sich jetzt mit zunehmender Substratkonzentration einem Grenzwert.
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(Abb. 3a,Kurve I1), und bei nicht extrem hohen Substratkonzentrationen wird
1/r prop 1/[S], (Abb.3b, KurveIl). Der Effekt, daf ¥ mit zunehmender Sub-
stratkonzentration ohne Zusatz von PQ; durch ein Maximum geht, scheint in
Toluol viel ausgeprigter als in Benzol zu sein und 148t sich zwanglos mit der
Annahme erkliren, da® nach Schema (17)

RhH(CO)(PQ;) === RhH(CO)PQi)S === RRH(CO)P®)S, (I7)

der intermediire Komplex RhH(CO)P@ S bei sehr hohen Substratkonzentratio-
nen den Komplex RhH(CO)PQ,S, bildet, der keinen Wasserstoff mehr aufneh-
men und auf das Substrat iibertragen kann 25),

m) Zur Frage der Hp-Ubertragung

Das interessanteste Problem bei den homogenen katalytischen Hydrierungen ist
die Beantwortung der Frage, nach welchem Mechanismus die Wasserstoffiiber-
tragung geschiecht. Unabhingig davon ob die Katalyse uber die hydride oder un-
saturate route verliuft, mufd als intermediiires Produkt ein Komplex KaH,S ge-
bildet werden, der sowohl H, als auch das Substrat S angelagert hat. Der Me-
chanismus 146 sich am einfachsten mit dem Katalysator RhCIL; darstellen 22:52),

Solv
+CaHg

Es bildet sich intermediir die Rhodium-Alkylverbindung a. Versuche zur
Isomerisierung mit diesem Katalysator in Gegenwart von Deuterium 52 fithren
zu dem Schluf}, dafl die Wasserstoff-Ubertragung in einem Zwei-Schritt-Mecha-
nismus ablauft. Der direkte Nachweis einer Rhodiumalkyl-Verbindung ist noch
nicht gegliickt und wird schwer zu bringen sein, da der zweite Schritt der H-
Ubertragung im Komplex energetisch sicher giinstig liegt. Bessere Chancen fiir
den Nachweis intermedidrer Alkylverbindungen sollten bei Hydrierungskataly-
satoren wie IrH(CO)L; (= IrtHL,) vorhanden sein, da hier der erste Schritt der
H-Ubertragung unter Benutzung des bereits im Komplex vorhandenen Hydrid-

wasserstoffes nach Schema (18) moglich ist 19),
H H Ha
L IH + CHy = L, IrCyH, = L, IrC,H; - L, IrC;H; — L ItH + C;Hy  (18)

Fir die Platinkomplexe PtHX[P(C,H;);], konnte durch Isolierung der Alkyl-
verbindung Pt(C,H)X[P(C,H;),], bewiesen werden, da® Athylen nach Sche-
ma (19) mit der Alkylverbindung im Gleichgewicht steht 533,

PtHX[P(C,Hs)3l, + CH, = Pt(CHg)X[P(C,Hs)s], (19)
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Mit Propylen als Olefin liegt das Gleichgewicht (19) stark links und mit 1-
Octen konnte keine Alkylverbindung mehr nachgewiesen werden 53,

Die Untersuchungen des Gleichgewichts (19) als Funktion der Liganden L
(L = PR,) ergiben einen Hinweis, wie die Bildung der Alkylverbindung von
den Eigenschaften der Liganden abhiingt. Es ist durchaus méglich, da} der
geschwindigkeitsbestimmende Schritt der katalytischen Hydrierung in der
Bildung der o-Alkyl-Metallbindung liegt. Der experimentelle Befund, daf} die
Reaktionsgeschwindigkeit 7 nicht eindeutig von der w-Acceptor-Stirke der
Liganden L abhingt (Abschnitt VII. h), kénnte damit zusammenhingen, dafy
fir die Bildung der o-Alkyl-Metallbindung nach (19) die Elektronendichte am
Zentralatom tber die g-Metall-Phosphorbindung auf einen optimalen Wert ein-
justiert werden muf. Wie erwiihnt, ist jedoch die Anderung der Elektronen-
dichte in der M-L-0-Bindung als Funktion der Liganden L nicht bekannt.

n) Isomerisierung wahrend der Hydrierung

Es war bekannt, daf} Olefine durch Ubergangsmetallkomplexe isomerisiert wer-
den kdnnen 5458). Es zeigt sich nun, daf® auch Hydrierungskatalysatoren wie
IrCI(CO)(PQ5), in Gegenwart von H, Isomerisierungskatalysatoren sind 2. Somit
muf bei der katalytischen Hydrierung mit Komplexverbindungen gleichzeitig

mit einer Isomerisierung gerechnet werden, was, wie diesbezigliche Untersuchun-
gen ergaben, auch der Fall ist 55.56) Dieser Effekt mufd unbedingt bei der quan-
titativen Auswertung kinetischer Daten zur Hydrierung beriicksichtigt werden,
da die Isomerisierungsgeschwindigkeit in der Grofenordnung der Hydrierungs-
geschwindigkeit liegen kann und in manchen Systemen grofler als die Hydrie-
rungsgeschwindigkeit ist 55), Weitere Versuche ergaben, dafd die Isomerisierungs-
geschwindigkeit unter den Bedingungen der Hydrierung unter H, wesentlich
grofier ist 55) als z.B. unter Stickstoff 57), Bei quantitativen Untersuchungen
zur Kinetik muf somit immer die Reaktionsgeschwindigkeit r zu Beginn der
Hydrierung als Maf fur die eigentliche Aktivitit des Katalysators genommen
werden. Fir die Praxis der Hydrierung ist die Verwendung von Katalysatoren,
welche eine kleine Isomerisierungsgeschwindigkeit haben, vorteilhaft, da, wie
die Tabelle 15 zeigt, die 2- und 3-Olefine wesentlich langsamer hydriert werden

als die 1-Olefine. Der sehr aktive Katalysator RuCIH(P@ ;); isomerisiert wih-
rend der Hydrierung 1,4-Hexadien und 2-Octen nur sehr langsam 61). Er be-
sitzt somit hohe Aktivitit und Selektivitit bei nur geringer Isomerisierung.

VIIl. Qualitative Untersuchungen zur Hydrierung ungeséattigter
Verbindungen

Um Anhaltspunkte zu finden, welche Komplexe potentielle Hydrierungskataly-
satoren beziiglich eines vorgegebenen Substrates sein konnen, enthilt die Tabelle 17
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eine Zusammenstellung der bisher untersuchten Systeme. Ein + bedeutet, dal un-
ter den in der Literatur angegebenen Bedingungen eine Hydrierung moglich war,
ein ~, daf3 keine Hydrierung beobachtet wurde oder daf} r < 0,04 (mMol-17! * min™)
war 24610 Wie jedoch eingangs erwihnt, besteht durchaus die Méglichkeit, durch
schirfere Reaktionsbedingungen, also héhere Temperatur und héheren H,-Druck,
die Hydrierung doch zu ermoglichen. So wird z.B. 1,3-Cyclooctadien mit
RhX(CO)L, bei 70 °C nicht hydriert 6°), wohl aber bei 80 °C 8, Analog verhilt
sich Cycloocten 69), Substrate, welche mit einem Komplex nicht getestet wurden
sind durch leere Felder gekennzeichnet. Durch Anlogieschiuf gelingt es leicht
einen potentiellen Katalysator zu finden. So wird mit groffer Wahrscheinlichkeit
1-Octen (Tabelle 17, Nr. 4) in Analogie zu 1-Hepten auch mit den Komplexen
RhX(CO)L,, RhH(CO)L,, IrXL,, IrX(CO)L,, ItH(CO)L; und RuHCIL; hydriert
werden konnen.

IX. Zusammenfassung

Aus den bisherigen Untersuchungen iiber die Komplexverbindungen der Metalle
der 8. Gruppe als homogene Hydrierungskatalysatoren ergeben sich die folgen-
den Gesichtspunkte und Hinweise: '

1) Fiir eine Reihe von Komplexverbindungen des Typs MX,L.Y,  wurde nach-
gewiesen, daf’ sie homogene Hydrierungskatalysatoren fiir ungesittigte Verbin-

" dungen bei milden Bedingungen sind (Tabelle 1).

2) Weitere Komplexverbindungen sind als potentielle Katalysatoren zu betrach-
ten, welche bei schirferen Bedingungen hydrieren.

3) Vom Mechanismus her gesehen verliuft die Hydrierung zum iiberwiegenden
Teil iiber die ,,unsaturate route*

4) Der Katalysator muf} entweder eine unbesetzte Koordinationsstelle besitzen
an welche das Substrat S angelagert wird oder

5) er mufd das Substrat unter Erhéhung seiner Koordinationszahl anlagern kon-
nen.

6) Fiir die Reaktivitit spezieller Komplexverbindungen als Hydrierungskatalysa-
toren wurde mit 1-Hepten als Substrat die folgende Abstufung gefunden:

IrCCONPP3), <ITHCO)PP3); < IrCI(PQ,); < RhH(COXPQ ;)5 < RhCI(PP;); < RuH(CIN(PQ3);

7) Bei gleichem Typ der Komplexverbindung hat der Rhodiumkomplex eine we-
sentlich gréfere Aktivitit als der Iridiumkomplex. Dieser Effekt kann unter an-
derem damit erklart werden, daf’ in den Rhodiumkomplexen die Liganden L
nach KaL, == KaL,_, + L leichter abdissoziieren.

8) Die unter 6) genannten Katalysatoren besitzen Selektivitit. Die Reaktionsge-
schwindigkeit r fiir die Hydrierung ist fiir
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T1-Oletin > T2~ Oder ry o6

T Olefin >rAce!y1ene
Totefine =’ Brom-Olefine

9) Durch Variation des geladenen Liganden Xin MX,1.Y, kann die Reaktions-
geschwindigkeit r gezielt gedndert werden, die Selektivitit gegeniiber vorgegebe-
nen Substraten bleibt jedoch erhalten (Tabelle 16).

10) Durch Variation der ungeladenen Liganden L in MX,L.Y,, wird r ebenfalls
gedndert. Gleichzeitig dndert sich die Selektivitit gegeniiber vorgegebenen Sub-
straten (Tabelle 16).

11) Wiahrend r eindeutig von den Liganden X abhingt, wurde kein eindeutiger
Zusammenhang zwischen r und der m-Acceptorstiarke der Liganden L gefunden.
12) Der Hydridwasserstoff des Komplexes KaL H,S wird im 1. Schritt auf das
angelagerte Substrat S unter Bildung einer Metall-Alkyl-Bindung iibertragen.
Méglicherweise ist diese Reaktion der geschwindigkeitsbestimmende Schritt in
der Hydrierung.

13) Fiir die Ubertragung des Hydridwasserstoffes auf das Substrat unter Bildung
einer Metall-Alkyl-Bindung muf die Elektronendichte am Reaktionszentrum
(Zentralatom) fiir die 0-Bindung von den Liganden X und/oder L auf einen op-
timalen Wert einjustiert werden. Fiir die Liganden X kann dies abgeschitzt wer-
den, fur die Liganden L nicht, da der Beitrag der o-Bindung in M = L als Funk-
tion von L nicht bekannt ist.

14) Die Bildung des Adduktes aus Katalysator und H, und aus Katalysator und
Substrat hiangt in eindeutiger Weise von den Liganden X und der m-Acceptorstir-
ke der Liganden L ab.

15) Entgegen den Aussagen derkinetischen Ansitze ist in einem gréfieren Kon-
zentrationsbereich des Katalysators r nicht linear mit {Kal. ],, da der Katalysa-
tor in verdiinnteren Loésungen auch einen 2. Liganden L abdissoziieren kann, wo-
bei ein reaktiverer Komplex entsteht.

16) Fiir grofie Konzentrationsbereiche des Substrates S ist auch 1/r nicht linear
mit 1/[S],, da wahrscheinlich bei sehr hohen Substratkonzentrationen unbesetz-
te Koordinationsstellen des Komplexes, welche den Wasserstoff aufnehmen miis-
sen, durch das Substrat blockiert werden.

17) Unter den Bedingungen der homogenen katalytischen Hydrierung ungesit-
tigter Verbindungen tritt immer Isomerisierung auf.
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1. Einleitung

Unter *“Elektronik™ soll hier, vielleicht abweichend vom verbreiteten Sprachge-
brauch, nicht der Aufbau und die Funktion der elektronischen Schaltelemente
verstanden werden, mit denen Vorginge in und an Trigerkatalysatoren beob-
achtet werden konnen. Hier geht es vielmehr um die elektronischen Vorginge
innerhalb der Tragerkatalysatoren selbst, auf denen ihre verbesserte, bisweilen
auch verschlechterte Wirkung beruht. Trigerkatalysatoren sind nimlich feste
Systeme, in denen eine katalytisch wirksame feste Komponente, der Katalysator,
in elektrisch leitendem Kontakt mit einem katalytisch ganz oder vergleichsweise
unwirksamen zweiten Feststoff steht, eben dem Triger. '

Es hat sich in den letzten Jahrzehnten herausgestellt, da es eine Gruppe
von Reaktionen, im allgemeinen Redoxreaktionen gibt, deren katalytische Be-
einflussung durch Festkdrper systematisch verstanden werden kann, wenn man
als mafigebenden Parameter den inneren elektronischen Aufbau des Festkorpers
betrachtet und ihn beeinflufit. Es sei hier von vornherein betont, dafl zwar Kata-
lyse eine Oberflicheneigenschaft und der elektronische Aufbau eine Volumen-
eigenschaft sind, da} aber beide sicherlich unmittelbar zusammenhingen und
man davon ausgehen darf, dal

Elektronenmangel im Volumen auch unbesetzte Orbitale in der Oberfliche und
Elektroneniiberschuf im Inneren besetzte Orbitale in der Oberfliche bedeuten ),

Die erwihnte Gruppe von Reaktionen teilt sich wieder in solche, bei denen
im geschwindigkeitsbestimmenden Schritt die thermische Aktivierung einen
Ubergang von Elektronen aus dem reagierenden Substrat in den Katalysator in-
volviert und die daher Donatorrektionen genannt werden, und in solche, bei de-
nen der mit der Aktivierung verbundene Ladungsiibergang in der umgekehrten
Richtung erfolgt — Akzeptorrektionen. Donatorrektionen sind, grob gesprochen,
solche, die Wasserstoff oder Kohlenmonoxid, also Reduktionsmittel mobili-
sieren, wie Hydrierungen, Dehydrierungen, Parawasserstoff-Umwandlung und
Deuteriumsaustausch, Akzeptorreaktionen solche, in denen Sauerstoff oder an-
dere Oxydationsmittel (H,O,) mobilisiert werden. Fiir beide Gruppen hat sich
gezeigt, da fir metallische Katalysatoren und fiir halbleitende Katalysatoren
(Isolatoren bieten sich einer messenden Betrachtung des elektronischen Aufbaus
nicht an) der Richtung nach dieselben Gesichtspunkte gelten in dem Sinne, dafd
Donatorreaktionen am besten durch elektronenarme Metalle (d-Metalle) und
pleitende Halbleiter katalysiert werden, Akzeptorreaktionen dagegen durch Me-
talle mit vielen Elektronen (s-Metalle und ihre Legierungen) oder durch n-Leiter.

Diese Erkenntnisse, zusammengefaBt als “der elektronische Faktor in der
Katalyse”, lieflen es neuerdings aussichtsreich erscheinen, nun auch das Studium
der auffallenden Erscheinungen bei der Trigerkatalyse vom elektronischen Stand-
punkt aus neu in Angriff zu nehmen.
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Seit Jahrzehnten kennt man ja zwei Arten der Beeinflussung eines aktiven
Katalysators durch die Natur eines Trigers:

1. Die “strukturelle Verstirkung”, darin bestehend, daf ein grofoberflichi-
ger Tréger auch dem auf ihm aufgetragenen Katalysator eine grofie Oberfliche
erteilt oder erhilt (technischer Ammoniakkontakt). '

2. Die “synergetische Verstirkung”, bei der der Triger durch ein energeti-
sches Zusammenwirken mit dem Katalysator neue Effekte hervorbringt.

Die synergetische Verstirkung ist phiinomenologisch durch das Auftreten
einer wesentlich erhohten Reaktionsgeschwindigkeit bei wesentlich herabgesetz-
ter Aktivierungsenergie gekennzeichnet. Die Korrelation mit anderen Festkor-
pereigenschaften und damit ihr “Verstindnis™ stellt ein echtes und herausfor-
derndes wissenschaftliches Problem dar, um so mehr als so gut wie alle techni-
schen heterogenen Katalysatoren von diesem Typus sind,

Der Versuch, dieses Problem vom elektronischen Standpunkt aus anzugehen
kniipft an die beschriebenen Erfahrungen mit Einstoffkatalysatoren an. Wiire es
nicht vorstellbar, ja naheliegend, daf die elektronischen Eigenschaften und da-
mit die katalytischen Eigenschaften eines “getragenen” Katalysators bei leiten-
dem Kontakt durch die elektronischen Eigenschaften des Trigers beeinflufit
werden? So muf eine kieine Menge eines Metalles, die auf der Oberfliche einer
groBen Menge eines halbleitenden Trigers verteilt ist, ihre Fermi-Grenze dem
Fermi-Niveau des Halbleiters notwendig anpassen, und von der Lage der Fermi-
Grenze innerhalb der Leitfihigkeitzone des Metalles sollte nicht nur dessen Leit-
fihigkeit, sondern nach Obigem auch dessen katalytische Wirksamkeit abhiingen.

Dies sind die in der Technik so hiufigen Falle von Metallen auf halbleiten-
den Trigern, deren Brauchbarkeit jetzt einem neuen Verstindnis zugefiihrt wird.
Ein Beweis fiir eine solche Auffassung kann erbracht werden, wenn es gelingt,
die katalytische Wirksamkeit des Metalles dadurch zu verindern, dafl man das
Fermi-Niveau des Trigers bewufit verindert. Dieses ist bei Halbleitern gut mog-
lich durch die Methode des Dotierens: Zusatz von Kationen hoherer Ladung
zum Grundmaterial erzeugt Elektronen und vermindert die Defektelektronen,
erhoht also das Fermi-Niveau, wihrend Zusatz von niederwertigen Kationen das
Umgekehrte bewirkt. Man muf also Metallkontakte auf dotierten Halbleiter-
Trigern untersuchen. '

Verwickelter liegen die Verhiltnisse in dem erst in den letzten Jahren syste-
matisch untersuchten umgekehrten Falle, den “inversen Trigerkatalysatoren™,
wo ein halbleitender Katalysator in diinner Schicht oder in kleinen Partikeln
mit einem metallischen Tréger in Berithrung steht. Zwar sind hier von vornherein
stirkere Effekte zu erwarten, was sich auch bestitigt hat, weil Metalle im allge-
meinen mehrere Zehnerpotenzen hohere Elektronenkonzentrationen aufweisen,
als Halbleiter, jedoch ist die Theorie weniger einfach ),

Die Aktivierungsenergie einer von einem Halbleiter katalysierten Redoxreak-
tion hingt nicht einfach von der Lage des Fermi-Niveaus ab, sondern eher von
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dem Abstand dieses Niveaus von den Bandkanten. Fiir Donatorreaktionen ist sie
proportional dem Abstand von der Unterkante des Leitbandes, fir Akzeptorre-
aktionen dem Abstand von der Oberkante des Grundbandes. Fiir die Theorie,
auf die wir hier nicht im einzelnen eingehen, sei auf #2) und auf den Bericht von
F. Steinbach verwiesen®. Nun werden die Bandkanten durch die Berithrung mit
dem metallischen Triger verbogen: Wenn, wie gewéhnlich, die Austrittsarbeit des
Metalles kleiner ist als die des Halbleiters, sein Fermi-Niveau also vor dem Kontakt
héher, so tritt nach dem Kontakt Elektronenladung in den Halbleiter iiber, wo-
durch die Bandkanten nach unten verbogen werden, das Leitband also in einer
diinnen Randschicht sich dem Fermi-Niveau nihert, was giinstig fiir Akzeptor-
reaktionen und ungiinstig fir Donatorreaktionen ist. Da es sich hier um eine
Verbiegung der Binder, d.h. eine Abstandsverdnderung nur innerhalb einer Rand-
schicht von der Groenordnung 107 bis 10" cm Dicke handelt, haben wir eine
Moglichkeit der Priifung der Theorie in der Verdnderung der Schichtdicke des
auf dem Triger ausgebreiteten Katalysators bzw. seiner Korngréfie. Daneben
besteht natiirlich die Méglichkeit, die Elektronenkonzentration und Fermi-
Energie des tragenden Metalls zu verindern. In wenigen Fillen 8) wurden auch
Mischkatalysatoren aus zwei verschieden dotierten Phasen desselben Halbleiter-
katalysators untersucht; die Uberlegungen, die hier anzuwenden sind, sind den
obigen analog. Ferner wird es notwendig sein, selbst wenn es gelingt, auf diese
Weise die katalytische Wirksamkeit zu beeinflussen, daf} ein Beweis dafiir gefiihrt
wird, daf dies tatsichlich auf dem Weg iiber eine elektronische Beeinflussung
geschehen ist.

Im Vorstehenden sind bereits abwechselnd die katalytische Wirksamkeit und
die Aktivierungsenergie der katalytischen Reaktion erwihnt worden. In der Tat
werden in den unten abgehandelten Beispielen im wesentlichen Anderungen der
Aktivierungsenergie (wahren oder scheinbaren, je nach der Kinetik der Reaktion)
besprochen werden. Die Rechtfertigung fiir ein solches Vorgehen liegt in dem
Kompensationseffekt (Theta-Regel), also in der Tatsache, daB allgemein in einer
Gruppe vergleichbarer Reaktionen (bei uns gleicher Reaktionen an Kontakten
aus gleichen Katalysatoren mit verschiedenen Trigern) der logarithmische Héu-
figkeitsfaktor und die Aktivierungsenergie linear miteinander verkniipft sind. Dies
hat zur Folge, daf unterhalb einer gewissen “isokatalytischen” Temperatur der
Katalysator mit der kleineren Aktivierungsenergie stets auch der wirksamere ist.
Da aber der Hiufigkeitsfaktor nicht allein von der Aktivierungs-Entropie, son-
dern auch von der Gréfie der wirksamen Oberfliche abhingt, die bei verschiede-
ner Trigerdotierung durchaus verschieden sein kann, ist es sicherer, einen Para-
meter zu betrachten, der unmittelbar mit der inneren Natur der Reaktion ver-
kniipft ist, also die Aktivierungsenergie.

a) Vgl. diesen Band, S. 117,
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Im folgenden sei zunichst in einer Tabelle das bisher vorliegende bzw. dem
Berichterstatter bekannt gewordene Material zusammengestelit. Es sind dabei
nicht beliebige technisch erprobte Systeme aufgenommen worden, sondern nur
solche, in denen gezielt nach Effekten der geschilderten Art gesucht worden ist.
In der Mehrzahl handelt es sich um “normale” Trigerkatalysatoren, Metalle auf
Halbleitern, in einigen wenigen, aber gut charakterisierten Fillen um “inverse”
Trigerkatalysatoren und nur in zwei Fallen um Halbleiter auf Halbleitern.

2. Normale Trégerkatalysatoren

Der erste planmiBige Testversuch, in dem die elektronische Natur der Triigerwir-
kung normaler Art gepriift wurde, ist in !2) beschrieben und in 1!+14) ausgebaut
worden. Es ist festgestellt worden, dafl die Legierungen der Zusammensetzung
Cu,Mg und CuMg, bei der Dehydrierung der Ameisensdure ein ihrem Leitfihig-
keitsverhalten nicht entsprechendes katalytisches Verhalten zeigen. Dies konnte
darauf zuriickgefithrt werden, daB das Kupfer nach der Ameisensiure-Behand-
Iung nicht mit Magnesium legiert, sondern im Magnesiumoxyd fein verteilt vor-
lag. Dasselbe gilt fiir Silber in der Legierung AgMg. Messungen der Aktivierungs-
energie an diesen Metall-Oxydsystemen (Fille 7, 13, 14 der Tabelle) zeigten, dal
diese durch Anwesenheit des Trégers etheblich herabgesetzt war.

Darauthin wurde eine Versuchsreihe mit dotierten Triigern angesetzt 11:14),
Gamma-Aluminiumoxid, das im Handel als n-Leiter vorliegt, wurde mit Germa-
niumdioxid oder Titandioxid in Richtung steigender, mit Nickeloxid und Be-
rylliumoxid in Richtung fallender n-Leitung dotiert. Auf solche Tabletten wur-
den die Metalle Nickel, Kobalt und Silber in diinner Schicht aufgedampft und
die Aktivierungsenergie der Ameisensiurespaltung gemessen. Die Werte der Ta-
belle (Fille 7 und 8 sind Grenzwerte; zwischen ithnen 4dndert sich die Aktivierungs
energie systematisch mit der Dotierung des Trigers, wobei die Reaktion vom
Donatortyp ist, wie aus Untersuchungen mit reinen Metallen bekannt ist)
ergeben, dafl die Elektronenkonzentration des Metalles um so geringer wird, je
mehr sich der Tréger dem p-Typ nihert.

Gleichzeitig wurden Anderuagen der optischen Reflexionskante des Metalls
sowie der auf die Feldstirke O extrapolierten Suszeptibilitit gefunden 3 14),
was fiir eine elektronische Beeinflussung des Nickels spricht. Fiir Kobalt und in
geringerem Mafe fiir Silber kann dann eine solche ebenfalls angenommen werden.

Es ist natiirlich wiinschenswert, zu priifen, ob eine solche Beeinflussung auch
noch eintritt, wenn der Katalysator und der halbleitende “Tréger” nicht in
Schichten iibereinander liegen, sondern in der Art eines technischen Mischkata-
lysators als Pulvermischung in Kontakt miteinander stehen. Diesem Ziel dienen
die Versuche mit der hydrierenden Wirkung des Nickels auf A thylen (Fall 6 der
Tabelle), wenn dieses Nickel mit n-leitendem Zinkoxid verschiedener Dotie-
rungen vermischt ist 2+1©) (siche auch 3-7+11)), Hier konnte nicht nur gezeigt
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werden wie aus der Tabelle ersichtlich, daf8 die Hydrierung als Donatorreaktion
bei Lithium-Dotierung des Zinkoxids rascher und mit kleinerer Aktivierungs-
energie verlduft als bei entsprechender Gallium-Dotierung, sondern wegen der
Konkurrenz von Adsorption und Reaktion in dieser Reaktion konnte zusitz-
lich gezeigt werden, daB die Adsorptionsenergie des Athylens bei Lithium-
Dotierung grofier ist als bei Gallium-Dotierung. Dies hat sogar zur Folge, daf
das Temperaturoptimum, das von der Konkurrenz der Athylen-Desorption mit
der Reaktion herrithrt, bei Gallium-Dotierung wegen der verminderten Adsorp-
tionsenergie ausbleibt,

Es lag nahe, zu priifen, ob nicht in dem bekannten technischen Ammoniak-
Synthese-Kontakt Fe/Al, 05 /K, 0 dhnliche Zusammenhinge obwalten (Falle 9
bis 12 der Tabelle) 7-11-15:16),

Zunichst wurde dies an der notorischen Donatorreaktion der Ameisensiure-
Dehydrierung gepriift. Wahrend reines Eisen eine Aktivierungsenergie von 20
kcal/Mol ergibt, wird diese durch den n-Leiter Al, 05 (kommerziell) auf 18
kcal/Mol erniedrigt, bei K-dotiertem Aluminiumoxid sogar auf 13, ja 7 kcal/
Mol, wihrend Dotierung des Aluminiumoxids mit Germaniumoxid in Richtung
erhohter n-Leitung 22 kcal/Mol ergab, der durch Teiloxydation des Eisens ent-
standene starke n-Leiter Fe;O4 sogar 30 bis 40 kcal/Mol. Bei der Ammoniak-
synthese, die, wenn die Chemisorption des Stickstoffs als Nitrid-Anion geschwin-
digkeitsbestimmend ist, eine Akzeptorreaktion darstelit, sollte das Umgekehrte
eintreten. In der Tat wird die Aktivierungsenergie des Eisen-Aluminiumoxid-
Kontakts durch Kaliumzusatz von 10 auf 13 bis 15 kcal/Mol ethoht. Warum
aber setzt man dieses Kalium zu, wenn es die Katalyse der Akzeptorrektion er-
schwert? Es konnte gezeigt werden, dafl es auf dem Wege tiber das Fehlordnungs-
gleichgewicht im Aluminiumoxid dessen Selbstdiffusion vermindert und daher
die Stabilitit des Trigergeriistes wihrend des Gebrauchs erhéht.

Es muf nun eine Anzahl von Fallen besprochen werden, die etwa zur gleichen
Zeit in anderen Laboratorien studiert wurden. Zunichst handelt es sich um die
Ameisensdurereaktion an Nickel auf verschieden dotierten Trigern (Fille 1 bis
15 der Tabelle) 3), darunter Titanoxid, Chrom (III)-oxid und Nickeloxid. Dort
wird auch iiber Nickel auf Germanium berichtet, auch werden an der Hydrazin-
Spaltung mit Nickel (Fall 5) entsprechende Befunde erhoben. Dieselben Auto-
ren 22) stellen auch fest, daf§ die Anderungen der Aktivierungsenergie gemischter
Oxide fiir Ameisensdure beim Vorerhitzen sich in denjenigen eines von ihnen ge-
tragenen Nickels widerspiegeln, was die Wechselwirkung beider Phasen bekrif-
tigt. Endlich sei auf eine Untersuchung 23 hingewiesen, in der Cyclohexan mit
Platin auf Aluminiumoxid dehydriert wurde. In diesem Falle sind zwar keine
Aktivierungsenergien gemessen worden, aber es wurde ein Abfall der Aktivitat
bei zunehmender n-Dotierung durch Zirkon, Tantaloxid und Wolfram-Trioxid
des Tragers festgestellt, p-Dotierung des Trigers ist hier ohne Einflufi, wenigstens
auf die Ausbeute.
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3. Inverse Tragerkatalysatoren

Es ist schon in der Einleitung ausgesprochen worden, dafl @ priori grofere Effek-
te zu erwarten wiren, wenn der Katalysator ein Halbleiter und der Triger ein
Metall wire, denn dann muf nicht der grofe Unterschied in der Elektronenkon-
zentration beider Phasen durch ein entsprechendes Mengenverhiltnis ausgegli-
chen werden, weil nunmehr der Trager erheblich elektronenreicher als der Kata-
lysator ist. Der erste geplante Versuch in dieser Richtung erfolgte erst 1966, und
es muB auffallend erscheinen, daf diese Moglichkeit nicht frither ausgenutzt wur-
de. In Fall 15 der Tabelle ! 7) wurde Silberfolie elektrolytisch vernickelt und die
Nickelschicht durch Sauerstoff oxidiert, so da Nickeloxid-Schichten zwischen
75 A und 15 000 A entstanden, die sich als gleichmifig und liickenlos erwiesen.
Nun wurde die Aktivierungsenergie der Oxydation von Kohlenmonoxid an die-
sen Katalysatoren gemessen, also eine Donatorreaktion. Wahrend trigerfreies
Nickeloxid eine Aktivierungsenergie von 16 kcal/Mol aufweist, weichen die diin-
neren Schichten von 500 A abwirts davon nach oben ab, und bei 124 A werden
sogar 24 kcal/Mol gemessen. Da die Reaktion nach kinetischen Ergebnissen eine
Donatorreaktion ist, ist damit erstmals gezeigt, daf die Elektronen, die aus dem
Metall in den n-Halbleiter immittiert werden, dort Defekt-Elektronen neutralisie-
ren und damit das Grundband nach unten verbiegen, es in der Randzone (diinner
als 500°A) damit vom Ferminiveau entfernen, die Aktivierungsenergie erhdhen
und den Katalysator verschlechtern. Es konnte sogar gezeigt werden, dafl eine
Verkleinerung der Austrittsarbeit des Silbers durch Antimon-Zusatz die Reaktion
am Nickeloxid vollig verhindert (Fall 15 der Tabelle, s. auch 5. 23,25, 26)),
Wurde hier durch den metallischen Triger der Katalysator verschlechtert, so
wurde im folgenden Beispiel (Fall 16) einer Akzeptorreaktion der Katalysator
verbessert. Es handelt sich um die Synthese des Schwefeltrioxids aus Schwefel-
dioxid und Sauerstoff, wo nach fritheren Befunden die Aktivierung des Sauer-
stoffs maRgebend ist 1 ®), Hier wurde durch Reduktion entstandenes Silberpulver
durch Eindampfen eines Sols von aus Eisencarbonyl gebildetem Fe, 05 mit einer
diinnen Schicht des Oxids iiberzogen. Elektroosmotische Methoden sicherten
eine liickenlose Schicht von 64 A Dicke. Es wurde nun nicht die Schichtdicke
variiert, sondern die Elektronenkonzentration des Silbers, indem diesem schon
vor der Reduktion Palladium oder Quecksilber zur Emiedrigung oder Erhéhung
der Elektronenkonzentration zugemischt worden war. Das Ergebnis hinsichtlich
der Aktivierungsenergie (die Aktivitit hatte den entgegengesetzten Verlauf) ist:

trigerfreies Fe, 05 : 31 kcal/Mol,
Palladium-Legierung als Triger: 24 kcal/Mol,
reines Silber als Triger:. 13 kcal/Mol,
Quecksiltberlegierung als Triger: 7 kcal/Mol.
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Der Zuwachs an Aktivitit betrégt bei quecksilberhaltigen Trigern extrapo-
liert das 800fache! Es ist nur schade, da} diese Reaktion ohnehin eine so gute
Ausbeute besitzt, dal Steigerungen der Geschwindigkeit technisch nicht erfor-
derlich sind! Immerhin ist bewiesen, dal die Herabbiegung der Bander von der
Elektronenkonzentration und damit der Austrittsarbeit des metallischen Trigers
abhiingt.

Auch hier war, wie bei den normalen Trigerkatalysatoren, das nichste Be-
streben, von dem Schichtaufbau des Katalysators zu dem mehr konventionellen
Pulvergemisch iiberzugehen. Das ist der Fall 17 der Tabelle 19,202 7). Hier wur-
de Methanol mit Sauerstoff zur Oxidation iiber Silber, iiber Zinkoxid, iiber beide
nacheinander und iiber eine innige Mischung beider geleitet und die Geschwin-
digkeit der Oxydation chromatographisch bestimmt. Wihrend die einzelnen Kom-
ponenten eine katalytische Wirkung oberhalb 200 °C entfalten und wihrend ihre
gleichzeitige aber getrennte Anwesenheit sich kaum von der Additivitdt entfernt,
zeigt das Gemisch schon wenig iiber 100 °C raschen Umsatz, ja, fithrt unter Um-
stinden zur Explosion. Arbeiten von Steinbach (vgl. diesen Band, S. 117) zeigen,
daf} die Reaktion an Zinkoxid eine Akzeptorreaktion ist (Aktivierung des Sauer-
stoffs), und so ist anzunehmen, dafl die Berithrung mit Silber auch hier eine Ver-
biegung der Binder im Zinkoxid hervorgebracht hat — wenn auch eine bifunk-
tionelle Wirkung des Paares nicht auszuschlieBen ist. In unveroffentlichten Ver-
suchen haben Schwab und Seemiiller die einzelnen Aktivierungsenergien gemes-
sen, wie sie in der Tabelle angegeben sind.

Hilt man solche Befunde zusammen mit der Erfahrung, dal Metalle meist

- eine kleinere Austrittsarbeit haben als ihre eigenen Oxide, so liegt es nahe, anzu-
nehmen, daB ein Metalloxid eine stark verinderte Aktivierungsenergie und Akti-
vitit entfalten sollte, wenn es auf seinem eigenen Metall als Triger sitzt. Im Fall
18 bis 20 der Tabelle 2!) wurde das versucht. Man ist hier in der Wahl der Reak-
tion stark eingeschrinkt, weil stationir weder das Metall oxydiert noch das Oxid
reduziert werden darf. Immerhin konnte fiir die Dehydratation der Ameisensiure
und des A thanols an Zinkoxid und fiir die Ameisensiure-Dehydratation an Cu,0O
auf Kupfer eine starke Herabsetzung der Aktivierungsenergie gegeniiber dem rei-
nen Oxid gefunden werden (s. auch die Zusammenfassungen 5:24-26)),

4, Zwei Halbleiter

Nur in zwei Fillen wurden Misch- oder Trigerkatalysatoren untersucht, in denen
sowohl der katalytisch wirksame Bestandteil wie der Trigerbestandteil ein Halb-
leiter ist. Der eine Fall 22) sind Mischungen Magnesiumoxid-Chrom (III)-oxid,
wo die Aktivierungsenergie stark von der Vorerhitzung abhingt, weil Spinellbil-
dung eintritt. Aus dem an sich sehr charakteristischen Verlauf mit der Vorerhit-
zung koénnen vorliufig kaum Schliisse Giber die elektronische Wechselwirkung ge-
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zogen werden. Giinstiger liegen die Fille 21 und 22 der Tabelle 8 wo zwei Pro-
ben desselben Oxids (Zinkoxid oder Nickeloxid) gemischt wurden, von denen die
eine in Richtung auf hohere, die andere in Richtung auf niedrigere Elektronen-
bzw. Defekelektronenkonzentration dotiert waren. Die Reaktion ist die Oxyda-
tion von Kohlenmonoxid. In der Tabelle sind unter “Aktivierungsenergie ohne
Triger” die Aktivierungsenergie des Lithium-dotierten und (in Klammern) die-
jenige des Indium-dotierten Oxids angegeben, und die Mischung zeigt im Falle
des Zinkoxids in jedem Falle eine Verminderung, im Falle des Nickeloxids eine
starke Herabsetzung gegeniiber einer der beiden Phasen, also immer eine Wechsel-
wirkung,

5. Physikalische Messungen

Die Aussage, da} der elektronische Zustand eines Trigers von EinfluB} auf die
erforderliche Energie fir den Durchtritt von Elektronen aus dem reagierenden
Substrat durch die Katalysatorschicht in den Triger ist oder umgekehrt, ist
gleichbedeutend mit der Aussage, da} die Schichten aus Katalysator und Triger
Gleichrichtereigenschaften aufweisen missen, oder umgekehrt ausgedriickt: Die
aus chemischen Tatsachen erschlossenen Gleichrichtereigenschaften unserer
Trigerkatalysatoren miissen durch physikalische Messungen gepriift werden, um
die Schliisse zu bestitigen. Das ist in der Untersuchung 28) erfolgt. Dasin 17 als
inverser Mischkatalysator angewandte Paar Silber-Nickeloxid wurde als Schicht-
priiparat ausgestaltet (auf Silber wurde Nickel elektrolytisch niedergeschlagen
und oxydiert, eine raurnladungsfreie Gegenelektrode aufgedampft und getem-
pert). Die Charakteristik dieses Schichtpaketes zeigte, auf 1 cm? bezogen, 0,10
Ohm in Durchlafirichtung (Silber negativ) und 200 Ohm in Sperrichtung.

Noch iiberzeugender ist aber folgende Messung 25:27-29): Die spezifische
Leitfdhigkeit einer Halbleiter-Tablette sollte durch Zumischen von etwa 10%
Silberpulver um etwa 10% zunehmen aus Griinden der Kurzschlieung von Teilen
der halbleitenden Strecke. Die tatsichliche Zunahme betrégt bei den n-Leitern
Zinkoxid, Eisen(IIT}-oxid und Titanoxid 100% und mehr und sinkt mit stei-
gender Temperatur, schon ein Anzeichen einer elektronischen Wechselwirkung.
Noch charakteristischer ist das Verhalten der p-Leiter Nickeloxid und Kupfer-
(D-oxid. Hier sinkt durch Zusatz von 10% Silber die Leitfihigkeit um dhnliche
Betrige, offenbar weil die in den Halbleiter immittierten Elektronen die Defekt-
elektronen neutralisieren. Chromoxid zeigt beide Verhaltensweisen, je nachdem
ob es durch Vorbehandlung mit Sauerstoff zum p-Halbleiter oder mit Wasserstoff
zum n-Leiter geworden ist.

Bezeichnend ist auch das Verhalten von Thoriumdioxid. Es ist zwar ein n-
Leiter, verhilt sich aber in dem Silber-Leitfahigkeits-Test wie die p-Leiter, weil
es als einziges Oxid eine kleinere Austrittsarbeit als Silber besitzt, also Elektro-
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nen in das Silber immittiert und nicht solche aufnimmt. Diese Versuche best-
tigen unmittelbar die Annahme, daf in Randschichten bzw. in Kérnern von der
Korngrfe, die der Dicke von Randschichten entspricht, ein Elektronenaus-
tausch mit dem metallischen Triger erfolgt.

6. SchluR

Durch die in diesem Bericht angezogenen Versuche ist bewiesen worden, dafl

bei bestimmten Redoxreaktionen die Wechselwirkung zwischen Trigern und
Katalysatoren durch die elektronischen Eigenschaften von Metallen und Halb-
leitern und durch die Randschichttheorie verstandlich sind. Insbesondere zeigt
es sich, daB die Anderungen der Aktivitit, ausgedriickt durch die entgegengesetzt
gerichteten Verinderungen der Aktivierungsenergie, bei inversen Mischkatalysa-
toren (Halbleiter auf Metallen) erheblich grofier sind als im Falle der lingst in
der Industrie tiblichen normalen Mischkatalysatoren. Dies ist durch das Verhiilt-
nis der absoluten Elektronenkonzentration verstindlich. Es ist zu hoffen, daf
diese Gesichtspunkte, die erst wenige Jahre alt sind, in giinstigen Fillen auch zu
gezielter Herstellung von Katalysatoren ausgenutzt werden kénnen. Es muf} dazu
nur der elektronische Charakter der zu beschleunigenden Reaktion, der Leitungs-
charakter des Trigers, (der auch innerhalb gewisser Grenzen einstellbar ist) und
die Konzentration der Leitungselektronen des Katalysators bekannt sein.

Danksagung. Der Deutschen Forschungsgemeinschaft und dem Fonds der Che-
mischen Industrie, die den grofiten Teil der hier berichteten Untersuchungen
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1. Introduction

During a chemical reaction, chemical bonds between atoms are broken and new
bonds are formed. The efficiency of a catalyst consists in its ability to favour
the electron transitions which occur when bonds are dissolved and formed. A
knowledge of the distribution and concentration of the electrons in the catalyst
therefore plays a predominant role in the interpretation of catalytic proces-
ses 1-12), To determine the importance of the surface bonds of a catalyst in the
elementary step of a catalytic reaction, we have to change the distribution of
the electrons over the quantum states of the bonds at the surface of the solid.
The electron distribution must be altered where the reacting atoms may take
notice of it, i.e. at the surface where the reaction occurs or very close to it, but
not in the bulk.

By doping a semiconducting catalyst it is possible to alter the electron con-
centration, which leads of course to a redistribution of the electrons over the
quantum states. However, it has been shown by measuring the work function
that the Fermi potential at the surface of the solid is not influenced even by
drastic shifts of the Fermi potential in the bulk 13-15),

Illumination of an insulating or a semiconducting catalyst with visible or
ultraviolet light provides a unique opportunity to alter the distribution of the
charge carriers over the quantum states in the catalyst surface. At the same time,
a change occurs also in the excitation state of the bonds between the surface
atoms of the solid and the molecules adsorbed at the surface. No other surface
property is altered. The simplest arrangement involves continuous illumination
of the catalyst during the reaction. A steady state of the electron distribution
is generated, which is different from the thermal equilibrium in the dark and
which leads to a change in catalytic activity.

The investigation of photocatalysis and photosorption enables us to study
the role played by the excited states of the surface bonds of the catalyst lattice
in the elementary step of the catalytic reaction.

After the light is switched off, the initial dark state of the surface, the ther-
mal equilibrium, may be restored. This occurs only if the excitation of the bonds
has been followed by reversible surface reactions and the reacting particles are
still present in the gas phase. If the excitation of the bonds has been followed
by slow or irreversible surface reactions, the return of the surface to the dark
state may be very slow or even impossible. With the exception of these conse-
cutive reactions, no other surface property is irreversibly changed by light ab-
sorption.
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2. Direct Observation of the Interaction between Photons and
Valence Electrons of the Semiconductor by Means of Photo-
electron Emission

The absorbed photons transmit their energy Av to electrons in the lattice of the
solid near the surface. If the photon energy is sufficiently high, photoelectric
emission is observed. This method of direct observation of the excited electrons
enables information to be gained about the nature of the excited electrons and
the initial states of the electron transitions. Thus, a complete analysis of the
energy states of a semiconductor surface becomes possible.

Investigations carried out with Si, Ge, GaAs, InAs, InP and AlSb gave the
following results 16-21);

1. Only interband transitions have been observed, i.e. valence electrons are
promoted from states in the valence band into the conductive band. In other
words, semiconductor bonds are excited.

2. No surface states have been observed, although it would have been possible
to observe photoemission out of surface states with a density as low as 1 state
per 100 surface atoms.

3. Only direct transitions have been observed, i.e. transitions for which the k-
vector is conserved.

We may conclude that semiconductor bonds in the surface and close beneath
the surface are excited. The chemical action of these excited bonds is manifested
in photocatalytic reactions.

3. Photoannealing Processes

The very simplest ,,photochemical surface reaction” — if we may call it a reac-
tion — is the low-temperature photoannealing of radiation defects in semicon-
ductor surfaces. During photoannealing, surface atoms change their places in
the surface layer of the lattice of the solid, thereby restoring to the equilibrium
order of the solid surface the state of disorder and nonequilibrium created in
the surface by high energy irradiation. Observation of these processes shows
the bond Ioosening due to light absorption in a very simple way, because only
the atoms whose bonds are excited by photon absorption are able to change
their places.

An example is the photoannealing of Ge ??), Irradiation with electrons of
4 MeV at 77 °K converts n-conducting samples of Ge to p-type Ge. The p-con-
ducting Ge is annealed at temperatures between 77 and 300 °K in the dark or in
white light. Hall effect and conductivity measurements are used to determine
sign and concentration of the mobile charge carriers. In the temperature range
between 77 and 93 °K, illumination produces a decrease in conductivity. How-

119



F. Steinbach

ever, in the dark the original conductivity as it was before the disturbance of
the surface is restored. In the temperature range between 93 and 153 °K, the
reverse is observed: in the light the original conductivity is restored, in the dark
the conductivity decreases to smaller values. At higher temperatures, the effects
of light and dark annealing are again reversed. Only at temperatures higher than
213 °K do the effects of annealing move in the same direction in light as well
as in dark. At all temperatures, only light with a photon energy higher than
0,32 eV is effective. The respective levels, therefore, are assumed to be situated
in the lower half of the forbidden gap. The width of the forbidden gap in Ge is
0.73 eV 23), The effects observed on the conductivity are attributed to altera-
tions of the surface defects. Reversible conductivity changes are thought to be
caused by electron excitation, while irreversible changes are attributed to a mi-
gration of surface atoms.

A similar investigation 2% has shown that the annealing process consists in
the recombination of a Ge vacancy and an interstitial Ge atom. The rate of
this recombination may be strongly influenced by light absorption.

Similarly, with PB(NOQ,), crystals it has been shown that the annealing of
surface defects generated by irrediation with y-rays of a $°Co source or by fast
neutron irradation may be enhanced by illumination. The rate of annealing is a
linear function of the frequency of the light 25).

The different ways light influences annealing processes all lead us to the same
conclusion: light-induced electron excitations near and at the surface of the
semiconductor are basically bond excitations, whether they appear as interband
transitions or as transitions of electrons from impurity levels into bands. Elec-
tron excitation is a weakening of bonds; the return to the original state is a
strengthening of bonds in the semiconductor. The quantitative correlation bet-
ween photon energy and electron transition may not be as close in these exper-
iments as in the photoelectron emission reportedabove. However, the loosen-
ing of bonds due to electron excitation is shown in a very simple and straight-
forward way: atoms can migrate from one location to another only when the
bonds formed between them and their neighbours are temporarily loosened.

4. Photosorption and the Occupation of Electron Levels
in the Solid

“Photocatalytic reactions with one reaction partner only” we may call photo-
sorption processes at the surface of a solid. The investigation of photosorption
processes is the first step towards an understanding of photocatalytic reactions.
Because fewer parameters are involved than in photocatalytic reactions, a large
number of investigations on photosorption have been carried out. For the same
reason, photosorption will be discussed to some extent in this context.

120



Heterogeneous Photocatalysis

By measuring a physical process related to the electron distribution in the
surface, it may be possible to link the photosorption process at the surface with
a certain electron transition in the surface layer of the catalyst lattice. Photo-
electric emission, thermal afterglow, photoconductivity and Hall effect, changes
in surface potential or electron spin resonance are such processes.

4.1. Photosorption and Related Processes on Zn0O

Hall effect measurements enable the number of electrons in the conduction
band of ZnO to be established during the chemisorption of oxygen. Though this
investigation has been carried out in the dark only, the results are very impor-
tant in this context 26), Hall effect measurements may be carried out with poly-
crystalline sintered powders. They are not disturbed by grain boundaries, nar-
row connecting necks, pores and cavities, as are conductivity measurements.
The use of powders increases the surface area of the samples, so that larger
amounts of oxygen may be chemisorbed. In an earlier investigation 27) of the
CO oxidatior on Zn0, in which the same experimental method was applied, it
was shown that one electron is removed from the conduction band during
chemisorption of one oxygen atom. The electron is delivered back into the
band during the reaction of the CO molecule with the chemisorbed oxygen
atom, thus forming CO,. The behaviour of electron concentration during oxy-
gen sorption is now studied in greater detail at different temperatures. A small
disc of Ga-doped ZnO powder sintered at 825 °C is used as a catalyst; the BET
surface area is 0.85 m?/g. The chemisorption is followed by measuring the ma-
nometric pressure of oxygen. Table 1 shows the number of electrons removed
from the conduction band in comparison with the number of oxygen mole-
cules chemisorbed. In the temperature range between 100 and 180 °C the ratio
is 1, increasing to 2 in the range 230 to 250 °C. The increase may also be ob-
served on a single ZnO sample: oxygen is chemisorbed at 160 °C; the numbers
of molecules chemisorbed and electrons consumed are shown in Table 1. The
sample together with the chemisorbed oxygen is then heated to 260 °C, where
twice as many conduction electrons are removed, the ratio being now 2 con-
duction electrons per chemisorbed oxygen molecule.

From these resultsis it concluded that oxygen is chemisorbed as Oj in the
temperature range 100 to 180 °C, at temperatures of 230 °C and above, oxy-
gen is chemisorbed as O™, Between 180 and 230 °C both oxygen species occur.
A direct transition of the O} species into the O™ species occurs when the tem-
perature is raised. However, it is impossible to decide whether this transition
occurs immediately at the surface or via a desorption readsorption process.

A closer correlation between the surface process and the charge carrier tran-
sition — change in the occupancy of the bond orbitals — in the surface of the
solid is demonstrated by investigations of the thermal afterglow of polycrystal-
line ZnO samples and the influence of gas adsorption on the thermal glow cur-
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Table 1. Chemisorption of Oxygen on Zinc Oxide between 100 © and 250 °C

Temperature Decrease in no. Number of oxygen Ae/O,
of electrons molecules
chemisorbed
100° 4.9 X 1018 5.0 X 10%5 1.0
150° 4.9 5.1 1.0
170° 5.1 4.8 1.1
180° 5.1 5.1 1.0
190° 6.8 5.5 1.2
200° 7.8 5.1 1.5
210° 8.6 52 1.7
220° 78 4.7 1.7
230° 10.6 5.3 2.0
240° 89 4.4 2.0
250° 9.8 4.7 2.1

ves 28)- The measurement of thermal glow curves is a direct method showing
the existence of electronic trapping levels. Their energetic position may be com-
puted directly from the glow curve 29-32) The disadvantage of this as an experi-
mental technique is that the surface contribution predominates over the bulk
properties; this, however, is an advantage for the study of chemisorption and
catalysis.

A semiconductor under a well-defined gas atmosphere or in vacuo is sub-
jected to suitable optical excitation at a low temperature, usually that of liquid
nitrogen, by ultraviolet illumination exceeding in energy the band gap of the
semiconductor and filtered from infrared, which otherwise might induce quench-
ing. A stationary state is produced with a specific occupancy of all electronic im-
purity levels which remains essentially unchanged when the ligth excitation is
removed. Slow heating of the solid now leads to the release of the trapped elec-
trons from the respective levels by thermal excitation at the temperature corre-
sponding to the distance of a certain level from the bottom of the conduction
band. The thermal liberation of the electrons from the trapping level may be
determined by optical measurement of the thermal afterglow curve or by meas-
urement of the thermally excited electron current. From the glow curves, the
position and sometimes the occupancy of the individual energy levels may be de-
termined.

When gases are adsorbed at the surface of the ZnO, the shape of the afterglow
curves is influenced by the change in the occupancy of the level, some electrons
of which interact with the substrate. By the adsorption of oxygen, air, water,
hydrogen and hydrocarbons and the measurement of the activation energy of
the respective level, a variety of impurity levels is established even in a high pu-
rity ZnO (less than 5 ppm total residual impurities) ranging from 0.12 eV to
1.2 eV below the bottom of the conduction band (Fig. 1). From this broad
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variety of impurity terms and from the pronounced influence of gas adsorption
on the occupancy of the deep-lying levels, it is concluded that the correlation
between sorption and occupancy of the shallow donor level at 0.12 eV, discus-
sed in earlier interpretations, needs some revision. It seems more realistic to as-
sume that the heats of adsorption on ZnO ranging from 8 to 18 kcal/mol may
be correlated to this variety of impurity levels rather than to the single donor
level lying only 2.7 - 3.5 kcal/mol below the band edge.

Bottom of the conduction band

1.Ec
0.12 -0.15 eV  Donor level
0.4 -0.5 eV Cu impurity
0.6 eV
0.8 eV O~ adsorption
- 1.0 eV
] 1.1 eV H,0O adsorption
“““““ 1.2 eV
3.5 eV
Ey Top of the valence band

Fig. 1. Impurity levels in pure ZnO 28

A more general correlation of oxygen sorption with processes near the sur-
face of a ZnO crystal may be deduced from the measurement of the surface
potential of a single crystal of ZnO during photosorption of oxygen 33). A single
crystal is mounted at a distance of 0.1 mm from a gold film evaported on glass.
The surface of the ZnO crystal and the gold film form a capacity. The surface
potential of the single crystal is measured by an electrometer, which records the
changes of potential due to oxygen photosorption.

Two processes may be distinguished from the changes in the surface poten-
tial due to illumination: a rapid rise and fall of the potential corresponding to
short intervals of illumination and darkness. During intermittent illumination,
the rapid process is accompanied by a slow overall rise in the surface potential.
The slow rise is matched by a very slow decay in the dark. Both processes, the
rapid and the slow one, are due to the behaviour of oxygen.

InO = Zn'+e' +1/20, (gas) (N
0, (gas) +¢e' = 03 (ads) (2)
0; (ads) + Zn' > ZnO + O (ads) (3)
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O* (ads) +¢' = O (ads) 4)
O™ (ads) + Zn = ZnO (5)
0O; (ads) +e' ~le| = ¢ +0, (gas) (6)
ZnO +¢' ~ |e| = e + O, (gas) + Zn ¥))

ZnO, as a n-type semiconductor, has superfluous Zn atoms incorporated into
the lattice as interstitial atoms. Theinterstitial Zn atoms are electron donors
which, at room temperature, are dissociated completely into positive zinc ions
and electrons (Eq. 1). This is the donor level 0.1 ¢V below the bottom of the
conduction band, mentioned already in the discussion of the thermal afterglow
curves. With respect to this level the following discussion seems to need some
correction, since not the donor level but a deep-lying acceptor level may be in-
volved in the reactions. However, this will not affect the general validity of the
following interpretation.

In air or in oxygen atmosphere, oxygen is chemisorbed at the surface (Eq. 2).
The chemisorbed oxygen may react with the interstitial zinc (Eqs. 3 to 5). This
is an oxidation of the crystal surface. The ZnO lattice near the surface is thereby
improved and the interstitial zinc atoms are consumed to form the perfect lat-
tice. A chemical depletion layer is built up, depleted of interstitial zinc. There-
fore, the positive space charge formed by the positively charged zinc donors to
compensate for the negative surface charge of the chemisorbed oxygen species
(left of Fig. 2) is moved away from the region near the surface into the lower
depths of the lattice (rigth of Fig. 2), since there are no interstitial zinc donors
in the immediate vicinity. This produces a drop in the surface potential.

JO‘ o
(o o
fe] - O.

Cz,,‘ o+ 8_ o

o + _ ~
L L
* ~.+ +o R

Co \+ o S~ o 0

- + -

’ \+ 0 \\+° %

N[O Ce- ™Nelor

Fig. 2. Electrical and chemical depletion layer in ZnOQ 33)

During illumination of ZnO a photodesorption of oxygen occurs 34-40) (Eq.6).
Both photodesorption and readsorption in the dark (Eqg. 2) are fast processes;
they are responsible for the fast rise and fall of the surface potential. The slow
rise and fall over several hours are due to a chemical reaction. In the light, a
photochemical reduction of the surface takes place (Eq. 7), leading to a destruc-
tion of the chemical depletion layer, since interstitial zinc is produced. The po-
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sitive space charge moves closer to the surface (left of Fig. 2) and a slow rise in
the surface potential is observed. In the dark, a slow oxidation of the surface
occurs (Egs. 3 to 5). Thus again, the surface potential falls slowly over several
hours. ,

Because of these slow processes, a ZnO surface “remembers” for some time
whether and where it has been illuminated. The memory keeps the properties
of the surface caused by illumination for some time after the illumination. This
has been observed with respect to sorption and catalysis 41,42) | surface poten-
tial, as just discussed, and conductivity. It was been observed also on other
semiconductors, e.g. the exchange of oxygen isotopes and oxygen sorption on
illuminated MgO 43)- The memory effect has been treated extensively by the
electronic theory of catalysis 41:44,45)

The memory effect of the conductivity of ZnO makes electrophotography
possible. Because of the close correlation between these phenomena and oxy-
gen sorption, it is worth discussing these processes in some detail. Usually, the
lifetime of photoelectrons in ZnO is about 1075s. In ZnO suited for electro-
photography, the lifetime of photoelectrons is increased 10° fold by the pre-
sence of shallow trapping levels having a density of 10'* traps per cm® and sit-
nated 0.8 eV below the lower edge of the conduction band 46, Fig. 3 depicts
the band model of a ZnO grain in an electrophotographic layer. At the top of
the figure the dark-adapted state of the grain is shown: oxygen is chemisorbed

E
////////
band’~
(a) + + | Donor levels
After dark storage e + Fcirml le_vel
thermal equilibrium , Oz or O

oxygen adsorbed,
( insulating grain )

N

After illumination, Stead.y state

nonequilibrium state, Fermi level

oxygen photo desorbed, |*, * ¥ * %'lé})‘,'féﬁ
(conducting grain) . OElectrons
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Fig. 3. Zinc oxide powder particle of 1075 c¢m diameter. (a) Dark adapted, (b) light adap-
ted (adapted from Ruppel, Gerritsen and Rose 46))
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at the surface of the grain and the interior of the grain is depleted of electrons.
Therefore, the mobile electrons left in the interior are unable.to leave the grain
because they are trapped by the high negative surface potential.

Electron hole pairs generated by photon absorption enable oxygen to desorb
from the surface (bottom of Fig. 3). The oxygen desorption annihilates some
of the holes, thereby decreasing the surface, so that electrons are now able to
move from one ZnO grain to another. Thus, photoconductivity of the layer is
produced. In the dark period which follows, the “photoconductivity” of the
layer is preserved for some time due to the large number of shailow electron
traps.

This model of an electrophotographic layer 46) has been supported by ESR
investigations of electrophotographic ZnO 47), after the investigations of
Sancier 4! had shown that ESR measurements can detect paramagnetic oxy-
gen species (O7) on the ZnO surface. When oxygen is chemisorbed in the dark
at room temperature, O; is at once formed at the surface. The signal of this
oxygen species increases rapidly during further chemisorption of oxygen while
a decrease in the conductivity of the ZnO is observed. One electron out of the
conduction band is used for each O, formed at the surface (see above 26)), If
oxygen sorption is continued, a second signal is oberserved and this is attributed
to O". At the end of the adsorption process a group of signals appears. These
are characteristic for adsorbed molecular oxygen. Part of the chemisorbed oxy-
gen migrates from the surface into the lattice and is incorporated as interstitial
oxygen O? ", The exchange of chemisorbed oxygen with the interior of the lat-
tice has already been observed in experiments on the exchange of oxygen iso-
topes with a ZnO surface 49). The O?~ does not produce any ESR signal; how-
ever, during illumination of the ZnO in vacuo it captures a defect electron,
thereby being transformed to an O; which is paramagnetic and produces a new
ESR signal. If again oxygen is chemisorbed in the dark, new O3 species are gen-
erated at the surface by capture of electrons out of the conduction band. Thus,
near the surface of the grains the depletion layer just described is built up. The
high electric field of this depletion layer removes a defect electron from the O]
centres formed by previous illumination. The defect electron is consumed by
the neutralization of the O3 and O species at the surface. During this process
the Oi' signal decreases slowly to zero (30 minutes at 300 °K). The fact that
the width of the signals is independent of oxygen pressure shows that they are
caused by an oxygen species in the interior of the lattice (O;) and not by a sur-
face species of oxygen. The interstitial oxygen may be removed completely by
a five-minute vacuum treatment of the ZnO at 773 °K. The ZnO thus pretreated
has lost the ability to produce the paramagnetic Oj centre in the light. Only af-
ter several hours’ treatment in oxygen, may interstitial oxygen species be detect-
ed again.

A correlation of the amount of oxygen photosorbed with the content of in-
terstitial zinc of the ZnO sample ) and photoadsorption of oxygen at illumi-
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nated ZnO surfaces have been observed by several authors 51.52), Both phenomena
are interpreted by the Wolkenstein theory as being due to the different content
of excess zinc in the different samples 53-55), The photosorption of CO %) and
H,0 57} on illuminated ZnO surfaces and the influence of the photosorbed ga-
ses on the conductivity of ZnO are interpreted in a way similar to the one just
discussed with respect to oxygen sorption.

4.2, Photosorption on TiO,

Experiments regarding photosorption on semiconductors other than ZnO have
been carried out with the exception already mentioned 43) on TiO, only. After
rapid oxygen adsorption in the dark coming to saturation coverage of the sur-
face, rapid photoadsorption is again observed in a subsequent illumination pe-
riod, followed by a further slow adsorption process 58), The amount of oxygen
adsorbed in the dark is not dependent on the oxygen pressure. Photosorption
and dark adsorption of oxygen lead to a decrease in the conductivity of the
TiO, . The chemisorbed oxygen apparently withdraws electrons from the con-
duction band of the TiO, 5% . A more thorough investigation of the photosorp-
tion of oxygen on TiO, has been carried out by means of ESR techniques 50.61),
The TiO, sample outgassed at 105 torr at 500 °C for 1 hour gives rise. to two
ESR signals. One (g = 2.002) is attributed to a surface species of oxygen, the
other (g = 1.93) to Ti*ions. If oxygen is admitted to the sample at 500 °C, a
triplet signal is generated (“D”, g = 1.984, 2.004 and 2.023) which is not in-
fluenced by high oxygen pressures, i.e. it is generated in the interior of the
TiO, lattice. However, the intensity depends on the oxygen pressure during
the treatment at 500 °C. If oxygen is admitted at room temperature to the
TiQ, sample a fourth signal (“O”, g = 2.009) is generated. It is broadened by
increasing oxygen pressure and must therefore be attributed to a surface species.
Both signals are decreased during UV illumination at room temperature; simul-
taneously the oxygen pressure is increased. The intensity of signal D is decrea-
sed by illumination with light of wavelengths longer than 5250 A; it is increased
by light of wavelengths shorter than 5000 A. In the dark period after the illumi-
nation, the intensity of the signal decreases,

An interpretation of the observed behaviour is possible if we consider the
combined actions of photogenerated electron hole pairs and the capture and
recombination of the charge carriers on surface centres produced by chemisorp-
tion or on lattice defects in the interior (Egs. 8 to 13).

hv>e+ o (e ~|el) (8)
0,(g) &= 0,(a) )]
0O,(a)+e — O (10)
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0, to— 0,(a) an
Wt —=1t+e (12)
t+e— 1 13

Electron hole pairs generated by light absorption are recombined at surface
centres produced by oxygen chemisorption (Egs. 8 -11). O3 should not be
taken as a definite characterization, it is a surface species of oxygen generated
by electron capture out of the lattice. Eqs. 10 and 11 are usually irreversible
except at very high temperatures, when oxygen desorption takes place by the
reverse of Eq. 10. Hence, the oxygen pressure influences the photoadsorption ;
however, it has no influence on photodesorption.

Therefore, photoadsorption is favoured by all processes which provide an
efficient trapping of the holes, i.e. diminish the importance of Eq. 11. Photo-
desorption is observed at low oxygen pressures because the resulting low cover-
age of the surface by oxygen then limits the importance of Eq. 10.

Because signal D is independent of oxygen pressure, it is attributed to a lat-
tice defect. 1t is postulated that signal D is produced when a non-paramagnetic
lattice defect is ionized by transfer of the electron to the surface where it is
trapped by chemisorbed oxygen. This accounts for the dependence of the in-
tensity of signal D on the oxygen pressure during its formation at 500 °C. The
formation of signal D is symbolized in Egs. 12 and 13. Reaction 12 may be
either a direct photostimulation of the defect or an indirect ionization due to
the space charge in the depletion layer beneath the oxygen covered surface
(Eq. 10).

Reaction 13 represents the production of a paramagnetic defect by capture
of a photogenerated hole. The paramagnetic centres may be anihilated by the
reverse of reaction 12 by capture either of photoelectrons from the conduction
band or of electrons liberated during oxygen desorption.

These considerations lead us to the conclusion that the net photosorption
depends on oxygen pressure, on the energies of the surface states of the chemi-
sorbed species and on the participation of holes and electron traps in the reac-
tion.

At low oxygen pressure, illumination produces photodesorption, as is shown
by the increase of oxygen pressure and the decrease of the intensity of signal O.
The simultaneous decrease of signal D is in accordance with a process whereby
an electron is liberated from oxygen at the surface and is captured by a para-
magnetic centre in the interior of the lattice (reverse of Eqgs. 12 and 10). The
subsequent behaviour when the ligth is turned off is interpreted as the readsorp-
tion of some oxygen. However, the capture of excess photoelectrons by the
paramagnetic centres still predominates over the readsorption; therefore, a fur-
ther decrease of signal D occurs.
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At high oxygen pressure, photosorption of oxygen is observed and both sig-
nals (D and O) are increased. Apparently, signal D is produced by optical exci-
tation of the electrons, which are then captured by oxygen chemisorbed at the
surface (Eqgs. 12 and 10). The wavelength dependence also supports the assump-
tion of direct optical excitation. The defect level is situated in the band gap; it
may be excited by wavelengths shorter than 5000 A, and it may be occupied by
an electron from the valence band in light of wavelenghts longer than 5250 A.
Therefore, the defect level must be situated about 2.4 eV below the lower edge
of the conduction band. The band gap in TiO, is reported to have values bet-
ween 3.0 and 3.67 eV 62),

We have seen from this review of photosorption processes how complicated
even this simple case of a photoreaction with a solid surface may be. Photosorp-
tion studies make valuable contributions to the understanding of photocatalysis,
since the atomic surface process and the charge carrier transition in the semicon-
ductor may be connected more clearly than in a catalytic reaction. However,
special care must be taken in generalizing results obtained in photosorption stu-
dies. In investigations of adsorption and photosorption, stable equilibrium or sta-
tionary states are studied which need not be identical with the transition states
of a chemical reaction at the surface. Therefore, quite often the knowlege of
photosorption will not be sufficient for an understanding of photocatalysis.

We must emphasize that the processes described in the language of the band
model (electron excitation, photogeneration of electron hole pairs, migration
and capture of charge carriers) are essentially processes whereby chemical bonds
in the solid and at the surface of the solid are excited, broken and formed again.

5. Photocatalytic Reactions

In photocatalytic reactions the variations in the bond strength of the surface
bonds due to photoexcitation are traced by the chemical action of the bonds,
i.e. by changes of rate and by changes of reaction pathway of the reactions in-
volving the bonds at the surface.

By +-irradiation, charge carriers are generated in the bulk of Al,0; and SiO,.
By diffusion of the charge carriers to the surface of the solids, the decom-
position of methanol is enhanced 63).

Organic molecules adsorbed at the surface of SiO, are excited by light ab-
sorption and are enabled to undergo molecular rearrangement 43

The catalytic activity of various semiconducting oxides and mixtures of ox-
ides for the dehydrogenation of aromatic hydrocarbons is increased by ultra-
violet irradiation 65). The carbon monoxide oxidation photosensitized by ZnO
has been studied by several authors (see below) 66-79),

An example of a decrease in the catalytic activity due to light absorption by
the catalyst is furnished by ZnO. The catalytic oxidation of hydroquinone to
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quinone on aqueous suspensions of ZnO is greatly diminshed by illuminating
the ZnO with light of wavelength 3650 A 71,

Organic semiconducters, too, may be used as photocatalysts 72-74)

Electrode processes may be enhanced by illumination of one or both clec-
trodes 75},

Faraffins and olefins are photooxidized on TiO, at room temperature, thus
forming peroxides 7. Consecutive radical reactions, usually occurring at higher
temperatures in the dark, do not disturb the light reaction. The photocatalytic
action of TiO, is well known from the industrial use of TiO, as white pigment.
The resin varnish used to be destroyed by photocatalytic oxidation until it be-
came possible to enclose the TiQ, grains in a thin layer of silica. Hg vapour is pho-
tooxidized by TiO, to HgO at room temperature 77, During the reaction H, O
is formed. The amount of HgO formed on the surface is equal to the number of
basic OH surface groups of TiO,.

5.1. Photoenhancement by Changes of Rate Constant

The photocatalytic activity of MgO, too, is considered to be caused by surface
hydroxyl groups. This is shown in an investigation of the hydrogen-deuterium
exchange at room temperature 7). Monochromatic light was used in the range
between 1800 and 4000 A and with a band width of 96 A. The reaction is treat-
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Fig. 4, Reaction rate spectrum for Hy~D, exchange on MgO (adapted from Harkins, Shang,
and Leland 7))
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ed as a first-order reaction. The photoenhancement is due to an increase in the
rate constant, whereas the activation energy is the same in dark and light. With
all wavelengths, after a linear increase in the rate constant with illumination

time, a saturation vatue is reached after an illumination period of about 1 hour.

These saturation values are used in the following results. Fig. 4 shows then en-

hancement of the rate constant at saturation in comparison with the dark value

plotted against the wavelength. The resultant reaction rate spectrum indicates
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3 peaks of photocatalytic response at approximately 4.0, 4.9 and 5.7 eV, The
position of such peaks on the wavelength axis is a quantitative measure of the
excitation energies effective in producing photogenerated active centres. The
intensities of these peaks are an indication of the steady state concentration of
photogenerated centres.

To understand these results, we must look at the band structure of the MgO
surface (Fig. 5). In the band gap a number of lattice defects and surface states
can be observed. The various transitions are shown by arrows. Vacuum pre-
treatment at 300 °C will cause oxygen chemisorbed as 0* “or O~ 7 to be re-
moved from the surface or to migrate into the lattice, thereby annihilating an
oxygen vacancy. Physically and chemically adsorbed water will be removed,
thus occupying another O? ~vacancy in the surface:

20H- — H,0+0%~

Some of the hydroxyl groups remain at the surface. This is shown by the ana-
lysis of the HD formed after hydrogen—deuterium exchange at a surface which
has not previous been in contact with hydrogen. Only by vacuum pretreatment
at temperatures above 500 °C are the surface hydroxyl groups completely re-
moved from the surface. The catalyst has then lost its activity. The iron impu-
rity states alone are not responsible for the catalytic activity. Fe-doped MgO
pretreated at 500 °C has a very low dark activity and the light influence is very
small. The lifetime of S and S’ centres is too short to be responsible for the cata-
lytic activity. The ESR signal produced by these centres diminishes to zero over
a period of time which is comparatively short, while the photocatalytic activity
remains constant over several hours. On the right side of Fig. 5 are listed the
transitions connected with the generation, annihilation and excitation of the
surface hydroxyl terms. These must be considered as the active catalytic sites
of the surface. The energies of these transitions are equal to those observed in the
reaction rate spectrum of the preceding figure. The large number of possible transi-
tions at 4.9 eV probably accounts for the high intensity of this peak in the
spectrum.

From this we may draw conclusions regarding the reaction mechanism.

OH + hv — OH° +e (trap) (direct) (14)
p* +OH — OH° (indirect)  (15)
H, +OH® = HOH+H (16)
D, +OH° =DOH+D - a7
D + HOH == OH° + HD (18)
H +DOH==OH’ +HD (19
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The activation of the OH site is achieved either by direct production of surface
holes (Eq. 14) or by indirect production of holes and migration to the surface
(Eq. 15). Both of these equations stand for the various transitions shown in
Fig. 5. The hydroxyl level occupied by a defect electron reacts with H, and D,
according to Eqs. 16 - 19. The authors point out that the hydroxyl group (OH?)
postulated in this study as an active site has never been detected in ESR studies
79,80) This may be due to the fact that the MgO samples studied have been pre-
treated at temperatures higher than 300 °C. The reported results are remarkable
because here, too, a deep lying trapping level in connection with a defect elec-
tron constitutes an active site, a finding which must be connected with the re-
sults obtained on ZnQ 28.47.48) and TiQ, 60.61.77), ,

The importance of the defect electron in surface processes on ZnO is also de-
monstrated in electrochemical investigations 81).

5.2. The Influence of |llumination on Activation Energy

While the photoenhancement of the hydrogen deuterium exchange at MgO has
been found to be due solely to an increase in the rate constant, investigations
of the photocatalyzed carbon monoxide oxidation with ZnO, NiO and Co;0,
as catalysts have shown that the photoenhancement in these cases is due to
drastic changes in the apparent activation energy 82-88), :

Whenever the rate constants of light and dark reaction respectively are of
about the same order of magnitude, it should be possible to observe photoreac-
tion and dark reaction simultaneously. Since the dark reaction is not detectable
during the illumination of the catalyst, we conclude that the surface bonds ex-
cited by photon absorption interact with the non-excited bonds which might
otherwise be responsible for the dark reaction. Therefore, in the interpretation
of the following results the argument of bond excitation and bond-bond inter-
action in the catalyst surface is given greater emphasis.

In addition to the illumination of the catalyst surface, another simple method
is used for the alteration of the electron concentration and the occupation of the
bond orbitals in the semiconductor surface. This method is a modification of
the inverse mixed catalysts introduced by Schwab 89-%1), The electron concen-
tration and distribution upon the bond states is achieved 1. by putting the sur-
face bonds into the potential of a boundary layer of a metal-semiconductor
junction and 2. by illumination of the semiconductor-metal junction with ultra-
violet light (photovoltaic effect).

When oxide grains 1000 A thick are finely distributed on a metal film (Fig.6),
the points of contact between the oxide grains and the supporting metal film
build up an electric space charge layer (Schottky layer) which extends into the
semiconducting grains. Because the diameter of the oxide grains is smaller than
the thickness of an undisturbed space charge layer, the layer penetrates the
grains and produces an alteration of electron concentration even at the oppo-
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site surface of the oxide grains. By illumination of the metal-semiconductor
junction, with ultraviolet light passing through the metal, electron hole pairs
are generated in the oxide. The potential drop at the metal semiconductor
junction is partly decreased and a new concentration of charge carriers is pro-
duced in the oxide.

hy»

SIS VIV SR T UR TN ST NIV NVUNTY

space charge
oxide grain, 1000 A

quartz :
support metal fitm , 100&

I
l
+

e

4+
|

metal oxide (NiO) metal  oxide

Z

Fig. 6. Electric space charge layer in small oxide grains on metal films
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The two charge carrier concentrations produced in the oxide either by con-
tact potential or by photovoltaic effect must be distinguished from the charge
. carrier concentrations of the oxide alone. Therefore, the oxide grains supported
on quartz without a metal film are investigated in dark as well as in light. These
experimental arrangements enable four estimates of stationary electron con-
centration and electron distribution upon the quantum states of the surface
bonds to be realized in one oxide: light and dark, with and without metal sup-
port. Four values pertaining to the catalytic activity are expected to correspond
to the four stationary electron distributions in the orbitals of the surface bonds
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of the oxide grains. The catalytic activity of the surface is characterized by the
activation energy and the pre-exponential factor of the carbon monoxide oxida-
tion. Fig. 7 shows the results of experiments, according to the principles out-
lined above, with NiO, ZnO and Co;0,4 on Ag films. The electron work func-
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Fig. 7. Comparison of measured activation energies (top) and pre-exponential factors (centre)
with the bond strength in the semiconductor surface expressed by the electron concentration
in the surface (distance between Fermi potential and band edges, bottom)

tions of the p-conducting NiO and of the n-conducting ZnO are higher than the
electron work function of Ag. The electron work function of the p-conducting
Co,0, is smaller than that of Ag. Thus, depletion layers and accumulation lay-
ers of electrons and defect electrons are investigated. Fig. 7 shows at the top the
activation energies measured; the pre-exponential factors are shown below.
There is a parallel influence on both parameters.
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Fig. 8 demonstrates the curving of the bands in the three oxides. Because the
diameter of the oxide grains is about ten times smaller than the thickness of a
space charge layer, the charge carrier concentration in the grains corresponds to
the arrows marked II. At the bottom of Fig. 7 is shown how the various experi-
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mental conditions alter the distance between the Fermi potential and the band
edge of the mobile charge carrier in the oxide grains. The proportionality bet-
ween the activation energy (top) and this distance is clearly demonstrated.

According to an increase of (Eg - Ey ) in the depletion layer in NiO, the ac-
tivation energy on NiO is raised by the influence of Ag support. The activation
energy on ZnO on Ag support is decreased according to the decrease of (E. —-Ep)
in the accumulation layer in ZnO. The electron work function of Co;0, is smal-
ler than that of Ag, so that even in the dark, electrons flow into the silver, gen-
erating an accumulation layer of defect electrons. (Ep - E ) is decreased and so
is the activation energy.

During permanent illumination of the semiconducting oxides without Ag sup-
port, a stationary state different from the thermal equilibrium is formed. It is
characterized by the appearance of the quasi-Fermi potentials of electrons and
holes shifted closer to the band edges.

Electron hole pairs generated in the oxide grains by illumination are separated
by the electrostatic field of the contact potential of the metal-semiconductor
junction, causing a net back flow of electrons from ZnO and NiO into Ag and
from Aginto Co;0,. As the electron concentration in ZnO and NiO decreases,
the curving of the bands in the space charge layer is decreased, too. As a conse-
quence, the photoactivation energy decreases on p-conducting NiQO and increases
on n-conducting ZnO in comparison to the dark value. The electron concentra-
tion in Co30, increases and, accordingly, the curving of the bands is lessened as
compared with the curving in the dark. However, under illumination the quasi-
Fermi potential replaces the Fermi potential: the photoactivation energy on
Co;0, on Ag, where an accumulation layer is formed, is smaller thant that on
Co430, without Ag support. For the same reason the photoactivation energy on
NiO on Ag, where a depletion layer is formed, is higher than that on Ni without
Ag support.

5.3. Correlation between Activation Energy of the Catalytic Reaction and
Conductivity

We may conclude that the activation energy of the CO-oxidation is proportional
to the distance between the Fermi potential and the band edge of the mobile
charge carrier at the surface of the catalyst. This proportionality is demonstrated
exactly in experiments on NiO in the dark 3.

In Fig. 9 (centre) the conductivity of NiO is plotted against the reciprocal
temperature. The plot exhibits four different activation energies for four tem-
perature ranges. The ratio of the activation energies of the conductivity is
4:2:0:1.The same ratio 80 : 40 : 0 : 21 is exhibited by the activation en-
ergies of the CO oxidation (top of Fig. 9). By an impurity level analysis the gen-
eral dependence of the conductivity on (Ep -Ey) is reduced to a dependence of
the activation energy on the excitation energies (E, - E,;) of impurity levels of
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the energy E, . In Fig. 9 (bottom) the result is compared with the experimental
measurements (top). In order to gain a clearer view, all ordinates have been re-
duced.
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Fig. 9. Reduced Arrhenius plots (k/kq against 1/T) of NiO and NiQ/Ag. Comparison of
measured activation energies of CO oxidation (top) with the conductivity of NiO (centre)
and the Arrhenius plot obtained by impurity ievel analysis (bottom). Solid lines, dark;
dotted lines, light; dash-dotted, conductivity.

In NiO without support at low temperature at first the full excitation energy,
then — with rising temperature — the half value of the excitation energy, and
finally — as an horizontal line in the plots — exhaustion of the partly compen-
sated acceptors is measured. Above the Néel temperature of NiO a second spe-
cies of acceptors appears. It is characterized by a smaller excitation energy and
appears after the exhaustion of the “low-temperature acceptors” with further
increasing temperature. The conductivity plot (Fig. 9 centre) exhibits these four
values; the catalytic reaction on NiO only three (40, 0, 21) and the reaction on
NiO/Ag also the low-temperature value 80. The curves obtained by impurity
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level analysis (bottom of Fig. 9) demonstrate how successive poisoning of the
impurity levels is achieved by the electrons of the silver support when the thick-
ness of the layers of NiO grains is decreased. The experimental lines agree well
with the values of the excitation energies obtained by impurity level analysis.
The relation between the thickness of the NiQO layer and the magnitude of the
region of exhaustion is the same in experiment and theory. The correspondence
of (Eg - Ey/) deduced from conductivity measurements and of the activation
energies of the catalytic reaction is clear.

These results show that there is a direct proportionality of the activation en-
ergy of a catalytic reaction with the distance between Fermi potential and band
edge; it may be expressed by the two empirical equations (20, 21), where a_ and
a, are factors specific for the reaction and the catalyst studied.

qg=a, (E; -Ep) (20)
q=a, (Eg -Ey) 2D

Investigation of a variety of oxide-silver combinations has thus provided a
secure basis for the interpretation outlined above. A more refined set of exper-
iments was then carried out by combining one oxide, NiO, with a series of sup-
porting metals: silver, gold, palladium, platinum 88 The work functions of
these metals increase in this order. Corresponding to the decreasing differences
between the work functions of the supporting metal and those of the oxide,
there should be a decreasing influence on the catalytic activity of the oxide.

Fig. 10 shows the influence of the supporting metal on the activation energy
and on the pre-exponential factor, Since the work function of NiO is higher
than that of each supporting metal, a depletion layer of defect electrons is pro-
duced in the NiO in all experiments. The curving of the bands in the NiO grains,
however, decreases from the pair NiO/Ag to the pair NiO/Pt. Accordingly, the
increase of the activation energy of the CO-oxidation on NiO in the dark is high-
est when supported by Ag (the low-remperature value is doubled from 40 to
80 kcal/mole). It is less when supported by Au (from 21 to 39 kcal/mole, there
is a 1.86-fold increase), and the smallest increase is produced by Pt (from 21 to
32 kcal/mole, there is a 1.53-fold increase). The high-temperature value of 21 kcal/
mole is decreased to 11.4 by the silver support.

The contact potential is proportional to the difference of work functions in
vacuo. The activation energy of the reaction depends on the distance between
Fermi potential and band edge for each catalyst NiO/Ag, NiO/Au, NiO/Pd, NiO/
Pt, as already described. Therefore, a linear correlation should result between
activation energy and work function in vacuo of the supporting metal. In Fig. 10
the most reliable values of work function of the four metals are plotted, the plot
forming a straight line. Likewise, the plot of the activation energy of the reac-
tion_on NiO on the corresponding metal support forms a straight line (with the
exception of the value on NiO/Ag). Taking into account the simplifications of
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the interpretation outlined above, the experiments confirm the empirical rela-
tion between the activation energy of a catalytic reaction on the one hand and
the distance between the Fermi potential and the band edge of the mobile char-
ge carrier on the other.
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Fig. 10. Top: Comparison of activation energy on NiO and work function of supporting
metal. Left scale: activation energy in kcal/mol. ® Low temperature, ® high temperature
values in the dark, © light. Right scale: work function of supporting metals in eV (&),
Bottom: Pre-exponential factor. The values on NiO without support are given on the left
for comparison

The electron hole pairs generated in the NiO by illumination of the metal-se-
miconductor junction are separated by the electrostatic field of the electric
double layer on the metal-semiconductor junction. The backflow of electrons
from NiO into the support is proportional to the potential difference of the
electrostatic field and thus to the work function of the supporting metal. Pho-
toactivation energy, therefore, should be proportional to the potential differ-
ence and consequently to the work function of the supporting metal. Fig. 10
indicates that the experimental results confirm this for the supporting metals
Au, Pd, Pt, whereas the photoactivation energy on Ni/Ag is an exception (per-
haps because of the heavy poisoning of the impurity levels by the large humber
of electrons which immigrated in the dark). Furthermore, the difference bet-
ween the activation energy in the dark and the photoactivation energy should
decrease with increasing work function of the supporting metal, i.e. decreasing
potential difference and photo-electromotive force at the metal-semiconductor
junction. Fig. 10 also confirms this prediction.

Before going on, a short remark is necessary regarding the material to which
the measured activation energy may be attributed. The oxide layer on the metal
support is not coherent. The approximately 1000 A thick oxide grains do not
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form a compact film. Regarding the oxide-metal catalyst, the question arises as
to how the activation energy observed on a combination of metal and oxide is

produced, and which parts of the surface of the catalyst are responsible. There
are three possible interpretations:

1. The reaction may take place at the same time, but 1ndependently, on the
oxide grains and on the metal surface not covered by oxide.

2. The reaction may take place on the oxide grains only. The electron con-
centration of the grains is changed by the formation of a space charge layer.

3. The reaction may take place on the metal only. The electron distribution
of the metal may possibly be altered by the contact with the semiconducting
grains.

From the experimental results, it can be deduced that only the second interpre-
tation is valid 88).

By a similar reasoning it may be shown that the photoactivation energy ob-
served on the oxide-metal layers is to be attributed to the electron distribution
generated in the oxide by the photovoltaic effect 88),

5.4. The Influence of Wavelength and Light Intensity

In order to arrive at an interpretation of the relationship between activation
energy and occupation of bond orbitals of the catalyst surface (energy bands),
we investigated the influence of intensity of illumination and wavelength on
the catalytic activity of the CO oxidation on ZnO 92),

There are two ways of varying the excitation of the bonds of the catalyst by
illumination: by changing first, the wavelength of the exciting light and, second-
ly, the light intensity. Light of different quantum energies will excite different
types of bonds, also electrons of one bond may be excited into different energy
levels. Variations of light intensity will change only the number of bonds excit-
ed. In either case, one might expect an influence to be exerted on the catalytic
activity. From Fig. 11 it is seen that both activation energy and pre-exponential
factor are influenced in the same way. The activation energy decreases from the
dark value of 23 kcal/mol, passing through the values of different wavelength
ranges (filters) and intensities (metal gauze) to the smallest value, 15.8 kcal/mol,
of the full arc.

Four results have to be pointed out:

1. The activation energy decreases with increasing light intensity I, following a
parabolic law: q; = g 4,4 — coOnst I2.

2. Accoring to the higher quantum energy, light of shorter wavelengths pro-
duces a stronger decrease of activation energy than light of longer wavelengths.

3. However, the efficiency of each wavelength is greatly diminished by simulta-
neous irradation with light of another wavelength. We may conclude that simul-
taneous illumination by quantums of different energy leads to a mutual inter-
ference of the effects of quantums of one energy.
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4. In the light from several filters, horizontal parts with activation energy zero
are observed in the Arrhenius plot. We must emphasize that this is observed in
the same temperature range where, in the dark, the activation energy 23 kcal/mol
is observed.

Dark &
(]
G'OF S24 Y
UG 5+524 /.
< UG5+542 &
o S42 4
° BG3 a'%
563 ¢
S UGS +S634, .
k] BG124/40
=
E 5.0 -
T
2
o]
[+
@
2
a
4'O"oLight
/.
L]
.l 1 1 1 1 i J_ 1
15 20 23

Activation energy kcal /mot

Fig. 11, Linear correlation between activation energy and pre-exponential factor for dif-
ferent wavelengths (filters UG and BG) and intensities (metal gauze sieves S) of the CO
oxidation on ZnO '

How may we understand these four experimental results? Let me say first how
they cannot be interpreted. We cannot understand these four results by assuming
that the reaction observed with each light intensity or each wavelength is compo-
sed of the sum of the reactions occurring simultaneously and singly on surface
sites excited to different levels or not excited. If this assumption were made,
the dependence on light intensity would follow a linear, not a parabolic law.
It would follow that quantums of one energy cannot interfere with quantums
of another energy. Furthermore, the appearance of horizontal parts in the
Arrhenius plot with activation energy zero were not possible in the light, be-
cause the dark reaction occuring simultaneously on the sites not excited by
photon absorption ought to be observed in the light, too.

142



Heterogeneous Photocatalysis

Therefore, we believe that the surface of the ZnO may be considered as an
extended resonance system of surface bonds. Now, an excitation of single
bonds is not possible, but only an excitation of the system as a whole. Let us
look at the mechanism of the reaction:

— aoo_ k=2 @
M-O|+ IC=0~M —t(_)ﬁCEoHMI 0 —E=0] M| +D=C=0>(22)

+M|

M|+ [0 0]~ ML[JQ—QI-)M—Q—@ —— M-0| +M-0| (23)

Egs. 22 and 23 show the electron transitions necessary during the formation
of CO, from a CO molecule and an oxygen atom of the surface. The reaction ac-
cording to Eq. 22 is rate-controlling. In the rate-determining process a zinc oxy-
gen bond in the surface is dissolved. It is restored in the fast reaction according
to Eq. 23. The rate-controlling process consists of two steps (Eq. 24): first, a re-
versible electron shift, and secondly, an irreversible shift of the cores into the
new positions.

Zn - Q| IC=0|
1 reversible

Zn--Qeeeenennnns C=0| (24)
{ irreversible

Zn| 0=C=0

Oxygen moves irreversible out of the potential valley of a zinc oxygen bond
into the potential valley of an oxygen carbon bond of CO,. The activation en-
ergy of this step is controlled by the strength of the zinc oxygen bond. The bond
may be described by a resonance of an ionic, a covalent and a nonbonding struc-
ture. The linear combination of these three main structures gives the actual bond
strength:

Y, 0=0 \Ilzn2+02_ +b \Ion+ o +c ‘I’Zn] o) (25)

When light is absorbed by the electrons of the bond, the bond is excited and
weakened. The coefficient ¢ of the nonbonding form increases in value while the
coefficients 2 and b decrease: the potential valley of the zinc oxygen bond now
becomes more shallow (Fig. 12) and the oxygen transition is favoured. Since we
are dealing with a model based on resonance, an excited bond does not remain
isolated from the neighbouring bonds, but the excitation energy is distributed
over the whole system.

From this description of the semiconductor bonds it is possible to understand
how there is a continuous decrease of the bond strength from the dark value to
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the value of the full arc by a continuous variation of the coefficients a, b and ¢.
Therefore, a continuous change of the activation energy from the dark value to
the value of the full arc may be observed. Interaction of the photons is made
possible by a disturbance of the resonance of the bonds, This explains, espe-
cially, why it is impossible to observe a dark reaction in the stationary state of
illumination.

Energy

Atomic distance
Fig. 12. Influence of bond strength of the ZnO bond on activation energy

In good agreement with this interpretation is the observation that the cataly-
tic oxidation of hydroquinone on ZnO, well confirmed in the dark, is not ob-
served in the light 71).

The promotion of an electron or defect electron to the conduction band or
valence band, respectively, is only a part of the whole reaction. This excitation
is identical with the destruction of a bond. In the band model only that part of
the bond destruction is described which is connected with electron movement;
the shift of the cores from the energy valleys is not taken into account. The ac-
tivation energies of the conductivity and of the chemical reaction are proportion-
al but not identical.

Now we can understand the results obtained with the oxide metal combina-
tions as catalysts. Ag support increases the number of electrons in the lattice of
NiO and ZnO and hence the number of resonance structures. In NiQ, as a p-con-
ductor containing fewer electrons than bonding orbital states, the number of
bonding structures increases and the bond becomes stronger. The activation en-
ergy of a reaction that includes bond destruction, as demonstrated in Eq. 22,
increases. In the light, electrons flow back into the silver. The total number of
bonding structures decreases; moreover, the remaining structures are excited and
the bonds are loosened. Bond destruction requires less energy, and so the activa-
tion energy of a reaction according to Eq. 22 is decreased. The number of elec-
trons in the illuminated NiO/Ag is still greater than that in the illuminated NiO
without support; in the former the bond remains more stable. This explains the
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higher photoactivation energy on NiO/Ag compared with NiO alone. The results
obtained with the other supporting metals of NiO may be understood in the same
way. By the same arguments the bond strength at the surface of the other two ox-
ides can be shown to be reduced to the occupation of orbitals, i.e. to the electron
concentration in and near the surface.

The simultaneously occurring changes of the pre-exponential factor are easy to
understand as being due to the establishment of oxygen equilibrium in the ox-
ide surface according to the strength of the semiconductor bonds.

Table 2. Kinetics on NiO on metals

NiO NiO/Ag NiO/Au NiO/Pd  NiO/Pt
Pco pco
-dpcol/dt= kpco k— k — kpco k Pco
Pco, Pco,

* In the light and at temperatures above 430 °C in the dark: k Pco

This interpretation of the results by attributing them to different bond strengths
is confirmed by the behaviour of CO, inhibition (Table 2). CO, inhibition occurs
when the bond strengths is high, i.e. weak participation of the non-bonding struc-
ture in the linear combination of the bond. Consequently, CO, inhibition does
not appear on NiO without support. It does appear on NiO/Ag in the dark and
in the light, due to the numerous electrons which have immigrated from the Ag.
On NiO/Au it no longer appears in the light, nor at higher temperatures in the
dark, because of the smaller number of electrons that have immigrated. On NiO/
Pd and NiO/Pt it does not appear at all.

5.5. Isopropanol Decomposition on ZnO, a Reaction Without the Transition
of Oxygen

The relation between the excitation state of the surface bonds and the activa-
tion energy, discussed so far, is easy to understand when the rate-determining
step of the reaction considered involves the dissociation of the more or less ex-
cited surface bond. In order to investigate the importance of the excitation state
of the surface bond in a reaction without oxygen transition, the decomposition
of isopropyl alcohol vapour on a ZnO catalyst in the dark and in ultraviolet
light has been studied 93-95),

In the temperature range between 180 and 340 °C in UV light and in the
dark, isopropanol is decomposed in two parallel reactions to acetone and H,,
and to propylene and H, O, respectively.
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CH,COCH, +H,
CH,CHOHCH, < 26)

CH,=CHCH, + H,0

dark and light
Zn0O

Within the pressure range 2 to 30 Torr isopropanol, the dehydrogenation is a
first-order reaction with strong inhibition by water. The simultaneously occur-
ring dehydration is a zero-order reaction (Eqgs. 27 to 29). Illumination was found
to produce no change in the kinetics.

dH,0
= k 27
= . @7
dA I
— = k, — 28
dt ’ H,0 (28)
k, 1
JA_da 4o AT (29)
at at at kot

Fig. 13 shows the activation energies. They depend upon the age of the catalyst.
The acitvation energy of the dehydrogenation is higher than that of the dehyd-
ration. UV light and increasing age of the catalyst diminish both activation
energies. The light influence decreases with increasing age of the catalyst and
disappears completely on the 20-day-old layers. We may recall that no oxygen
is present in the reacting gas phase. Therefore, a continuous oxygen desorption
takes place in the ZnO surface.

aa dehydration
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Fig. 13. Influence of UV irradiation and age of ZnO catalyst on activation energies of iso-
propanol decomposition. Open symbols, light; closed symbols, dark
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In both reaction pathways the decomposition is going through a transition
state, involving formation of two hydrogen bridges to adjacent oxygen and zinc
atoms of the ZnO surface 96). Between the surface oxygen atom and the oxy-
gen atoms of the alcohol, a cationic H bridge is formed. Between the surface
zinc and a C atom of the isopropyl alcohol, an anionic bridge is formed, as in a
hydride. From the steric point of view, H bridges to the more distant O atoms
of the surface alone would be more favourable. As a consequence, a cationic
H bridge must be formed between an O atom of the surface and a C atom of the
isopropyl alcohol. The electronegativity of the carbon is too low to form such a
cationic H bridge. Thus we assume the transition states shown in Fig. 14. They
enable a cyclic electron shift, the hydrogen atoms passing simultaneously from
the alcohol bond into a bond with the surface atoms. As bent H bridges are nec-
essary for the formation of acetone, the activation energy of the formation of
acetorne is observed to be higher than the activation energy of the formation of
propylene.

CH,4 /CH3 /C}{3

O—C\—-—CH3 o==C —=C
]—{ H —— \CH3 —— \CH3
H H H—H
0—Zn I i _
9l n [0—2Zn
H\C ~CH, CH,
N

N <
I?Q‘?‘ e

o—2n o—2n

Fig. 14. Transition states with two hydrogen bridges for dehydrogenation (top) and de-
hydration (bottom)

When the catalyst is illuminated, the ZnO bonds are excited and loosened. In
the linear combination of the ZnO bonds (Eq. 25) the nonbonding form increa-
ses at the expense of the bonding forms. This means that there is a shift of the
bond electrons from the oxygen to the zinc atom. The electron density in the
orbitals of the Zn atoms is increased, while the electron density in the orbitals
of the oxygen atoms is decreased as compared with that of the ground state of
the bond. A similar state is generated by the oxygen desorption of the surface
where electron-enriched zinc atoms remain. ZnQ, as an n-conductor, even in the
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ground state is furnished with more electrons than binding orbitals. According-
ly, the superfluous electrons occupy nonbonding orbitals thereby causing a loos-
ening of the bonds. The formation of H bridges of the transition state, therefore,
is more difficult; the activation energy should be increased (Fig. 15). Apparent-
ly, in the photoreaction an inversion of the atomic arrangement of the transition
state takes place: the cationic H bridge is formed between the alcoholic oxygen
of isopropyl alcohol and the zinc atom, now electron-enriched, of the excited
surface bond. The anionic H bridge is formed between the C atom of isopropyl
alcohol and the electron-exhausted oxygen of the excited surface bond. Fig. 15
shows the changes in the potential valleys as a consequence of the bond excita-
tion. We see that the electron movement and the hydrogen shift need less energy

as the character of the H bridges is inverted.
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Fig. 15. Decrease of activation energy by excitation of the ZnO surface bond by illumi-
nation for the two transition states at the surface

Even reactions without oxygen transition demonstrate the important influ-
ence of the strength and the excitation state of the surface bonds of the catalyst
on the amount of activation energy of the catalytic reaction.

5.6. Photocatalytic Oxidation Reactions on Metals

In catalytic reactions on metals a decrease in activation energy under UV illumi-
tion is also observed 97-99). In experiments on CO oxidation on evaporated Ag,
Au, Pd and Pt films 98), a decrease is observed in the activation energy due to
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illumination (Table 3), while no change is found in the order of the reaction.
Under the experimental conditions, the surface of the metals is saturated with
oxygen 99-105) (zero order with respect to O,). The influence of the light on all
metals is exerted in the same direction.

Table 3. Temperature range in °C, kinetics, activation energy in kcal/mole and pre-
exponential factor ko in 57! for the first order, in torr/s for the zero order reaction

Ag Au Pd Pt
Temperature range 300-550 380-530 230-350 240-500
—dpcp/dt = kpco k pco kK kpeo
Dark activation energy 14,6 28.0 34.0 21.0
Photoactivation energy 6,25 10,0 23,8 18,8
log k, dark . 2,3 5,5 12,5 4.8
log kg, light 0,5 0 9,0 3,5

In these experiments, too, it is possible, therefore, to interpret the decrease
in the activation energy in the light as due to excitation and loosening of the
bond between noble metal and oxygen at the surface. The chemisorption bond
between the oxygen atom and the noble metal atom may be described by a re-
sonance similar to the resonance of the semiconductor bond. The bond is ex-
cited and weakened by photon absorption. The oxygen transition from the ex-
cited chemisorption bond to the CO molecule requires less energy than in the
dark.

This interpretation gains strong support from the behaviour of Au catalysts
(Fig. 16). Since the activation energy of the reaction is related to the strength
of the chemisorption bond of the oxygen, the activation energy of the reaction
changes if the chemisorption bond of the oxygen species participating in the
reaction is changed. The peculiar dependence of the activation energy on tem-
perature can be explained by the arrangement in the gold surface.

Like rolled metal sheets and wires, the gold film — having undergone evapora-
tion and having been treated in vacuo at 400 °C for two hours — shows a well-
ordered surface with only a few dislocations. When the gold film is heated to
temperatures of about 500 °C, a large number of new dislocations appears, where
catalytic reaction is likely to occur. On sheets and wires, too, the recrystalliza-
tion beginning at 500 °C generates new lattice disturbances in the surface. We
therefore assume that reaction on gold films not heated to temperatures above
500 °C likewise occurs on the whole surface area or, more precisely, on a uni-
form configuration of chemisorbed oxygen covering, if not the whole, at least
a great deal of the gold surface. A high activation energy is necessary, but there
is a high pre-exponential factor. Heating the gold to temperatures above 500 °C
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produces new dislocations. Hence, a new configuration of chemisorbed oxygen
is generated where conditions favour reaction. Obviously, the number of dislo-
cations is smaller than the number of normal surface atoms. Consequently, not
only the activation energy but also the pre-exponential factor is diminished.
Both the activation energy and the pre-exponential factor are smaller in the light
than in the dark, because the number of oxygen atoms on the surface is smaller
in the light than in the dark. As long as the number of successful collisions of
CO molecules with the oxygen atoms of the surface increases with increasing
temperature, we get a positive value for activation energy even in the light. When
all oxygen atoms of the reactive chemisorption species participate in the reaction,
it is no longer possible to increase the number of successful collisions by increa-
sing temperature; the activation energy is zero.
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Fig. 16. Arrhenius plot for the CO oxidation on Au; top, dark; bottom, light, The num-
bers show the sequence of reaction temperatures. Between the points ™ 5 and 6, @ 3 and
® 4, and O 5 and O 6 the catalyst has been heated above 500 °C for more than 1 hour

Once the gold has been heated to 500 °C, the precentage of successful colli-
sions per total number of adsorbed oxygen atoms increases compared to the per-
centage before heating, in other words, less oxygen is adsorbed. However, these
centres are completely involved in the reaction at lower temperatures because of
their inferior activation energy. The saturation (activation energy zero) on Au
films, heated up to 500 °C and rich in dislocations, occurs at lower temperatures
than on Au films not heated to 500 °C which have fewer dislocations (bottom of
Fig. 16).
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6. Summary

By irradiating a solid with photons, it is possible to alter in a well controlled
way the occupation of the bond orbitals in the surface of the solid. This proce-
dure enables us to influence surface migrations of atoms of the solid, sorption
reactions and catalytic reactions, and to reveal the bond changes fundamental

to any surface reaction. Several sorption processes have been investigated and
may be interpreted to a certain extent. The interpretation of catalytic processes,
however, is still too general. One problem in particular remains unsolved: wheth-
er the adsorption states studied so far are identical with the unstable short-lived
transition states which occur in catalytic reactions.
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