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The wide potential applications of catalysis by macromolecular compounds have aroused universal interest in this relatively
new branch of chemical science: the number of publications devoted to this problem has been growing continuously since
the 1950's. Thus, many papers have dealt with the use of sulphonic acid resins as catalysts for hydrolysis and esterification,
hydration and dehydration, alkylation, and also various condensations (see review by Polyanskii', recent Japanese work 2 ,
etc.). A substantial fund of knowledge has accumulated also on the use of macromolecular catalysts and initiators in poly-
merisation reactions. For example, the above sulphonic acid resins have been used as polymerisation catalysts for isopentene,
butene, dienes1 and vinyl alkyl esters3. Macromolecular radicals obtained by chain transfer reactions4, illumination,
mechanical methodss, or by chemical changes of reactive groups6 are already used extensively in the synthesis of graft or block
copolymers. These and other polymer systems can be synthesised also on macromolecular anions obtained as macromole-
cular Ziegler-Natta catalysts7, macromolecular anion-radicals, or dianions8, on macromolecular organometallic compounds of
the polylithiumpolystyrene9 or polylithiumpolyethylene1 0type, etc.
Papers on the catalysis of reactions by macromolecular complexes relate to the same field of research. The present review,
without attempting to be fully comprehensive, deals with the most important papers (published up to 1968) on the catalysis
of organic and of inorganic reactions by macromolecular complexes. For comparison, low-molecular-weight complexes are
considered in a number of instances. 84 references.
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1. REDOX REACTIONS AND DECOMPOSITIONS

Since the earliest days of the study of catalysis by ma-
cromolecular complexes, the catalytic action of these ma-
terials towards various oxidation-reduction reactions has
attracted most attention!· Among the first papers to be
published in this field were those of Roginskii and cowor-
kers11»12, who studied the catalytic properties of macro-
molecular chelates with a system of conjugated bonds.

Thus, Roginskii and coworkers11 investigated the activ-
ity of a series of poly(copper phthalocyanines) having dif-
ferent electrophysical properties towards the decomposition
of H2O2. The greatest catalytic activity was found in the
polyphthalocyanine which had the highest electrical conduc-
tivity at room temperature and the lowest activation energy
for electrical conduction. The lowest activity was ob-
served with the polymers of lowest electrical conductivity
and highest Ε act. The authors attempted to correlate the
electrophysical properties and the catalytic activity of
these polyphthalocyanines. They also attempted a corre-
lation in their study of the oxidation of alkylaromatic and
cyclic hydrocarbons on macromolecular phthalocyanines12.

These workers compared the rates of oxidation of vari-
ous hydrocarbons on copper phthalocyanines of type (I), and
also the catalytic activity of polymeric and monomeric
copper phthalocyanines towards the oxidation of cumene to

t Data on the catalytic properties of low-molecular-weight complexes
have long been available: for convenience in presentation we shall discuss
them and compare them with the catalytic properties of macromolecular
complexes of similar structure;

the hydroperoxide, with the activity of polymeric com-
plexes of tetracyanoethylene and copper, which are pre-
sumably macrocyclic azoporphyrin structures of type (II):

It was found that the polyphthalocyanines are more ac-
tive than their monomeric analogues and that the tetracy-
anoethylene polymers are more active than the polyphthal-
ocyanines: the underlying reasons were not discussed.
Manecke and coworkers13 also examined polychelates of
this type, prepared from metal acetylacetonates and tetra-
cyanothiophen (or tetracyanofuran), />-phenylenedimalono-
nitrile, or o-phthalodinitrile.

To explain the mechanism of the catalytic action of
macromolecular complexes with conjugated bonds, Berlin
and coworkers14 suggest that the presence of acetylace-
tonate residues in the azoporphyrin structures (II) causes
initiation of a chain decomposition of the polymer with for-
mation of peroxide radicals. These workers conclude that
in the oxidation of, for example, cumene, in the presence
of poly(copper phthalocyanine), oxygen must be present as
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undissociated molecules or as radical-ions on the catalyst
surface.

The catalytic activity of mixed Cu, Fe polyphthalocyan-
ines in the heterogeneous oxidation of aldehyde acetals by
oxygen was recently discussed in some interesting papers
by Inoue and coworkers15»16.

Assuming that the main product of the oxidation of acet-
aldehyde ethylene acetal [2-methyl-l,3-dioxolane (Ed. of
Translation)] is 2-hydroxyethyl acetate (as well as acetic
acid, acetaldehyde, ethylene glycol, and water), the
authors propose the following reaction scheme:

/
CH3-CH

\

OCH 2

OCH 2

CH3—C

|N)CH»
OOH

• CH3COOCH2CHSOH

The catalytic activity of this polymeric complex towards
the oxidation of other acetals or of cumene is considerably
lower (see Fig. 1).

100 -

Figure 1. Rate of absorption of O2 in the presence of Cu, Fe-poly-
phthalocyanine in the following oxidation reactions:
1) acetaldehyde ethylene acetal [2-methyl-l,3-dioxolane (Ed.of
Translation)]; 2) benzaldehyde ethylene acetal [2-phenyl-l,3-dioxolane
(Ed. of Translation)]; 3) cumene; 4) acetaldehyde dimethyl and
diethyl acetals.

The catalytic activity is strongly dependent on the ratio
of the metals (Cu-Fe or Mo-Fe), and on the activation
energy for electrical conduction of the polyphthalocyanine.
It has been pointed out that these polymers are highly
selective and show a synergic effect due to the interaction
of two redox metal atoms through a system of conjugated
bonds, since the reaction is catalysed neither by Cu-, Fe-,
or Mo-polyphthalocyanines, nor by their mixtures18.

The oxidation of hydrocarbons in the presence of low-
molecular-weight chelates was known in the 1950's, and
acetylacetonates as well as other chelate compounds are
now used industrially for this purpose.

The acetylacetonates of Cu and Co are used, for exam-
ple, in the liquid-phase oxidation of toluene and ethylben-
zene by oxygen or air to the corresponding aldehydes and
acids; the rate of the reaction is periodically increased
by adding inorganic adsorbents of the A12O3 or kieselguhr
type1 7.

Cobalt isovalerylacetonate is used industrially as a
catalyst for the oxidation of primary and secondary (but
not tertiary) alkylbenzenes to the corresponding acids1 8.
Salcamine (bis-salicylaldiminatocobalt) is widely used in
industry to deodorise petroleum (by oxidising mercaptans
to disulphides with atmospheric oxygen19) or to remove
oxygen-containing impurities dissolved in hydrocarbons20.

Turning now to oxidation-reduction reactions on macro-
molecular complexes, we note that the Du Pont company21

reported in 1962 an investigation of the catalysis of a large
number of reactions in the presence of polychelates. These
included the oxidation of isovaleraldehyde, metacroleinj,
furfural, and cinnamaldehyde to the corresponding acids,
and the oxidation of ascorbic acid to dehydroascorbie acid;
the reduction of nitrobenzene to aniline and of nitrocyclo-
hexane to nitrosocyclohexane (cyclohexanone oxime); the
reduction of metal ions (Ag, Hg, Fe) to a lower valency,
etc. The structure and properties of the polychelates are
not quoted: it is stated only that the macromolecular lig-
ands used include salicyl- or resorcinol-formaldehyde
resins, polythiosemicarbazides, polyoximes, polyamino-
styrene-iVW-diacetic acids, and other polyfunctional poly-
mers.

The choice of a polymeric ligand to prepare macromo-
lecular chelates for the catalysis of the stated oxidation-
reduction reactions is mainly dictated, according to the
authors, by the stability of the resulting chelate (though
stability or formation constants are not quoted), whereas
the metal suitable for complex formation is chosen on the
grounds of its redox potential. Both these factors are
known to affect the rates of reactions catalysed by low-
molecular-weight complexes. Thus, Snn-polyformalde-
hyde salicylate reduces silver ions to metallic silver almost
instantaneously, whilst Sn^-polyaminostyrene-iWNf-diace-
tate reduces them in 10-15 min. Nitrocyclohexane is
reduced quantitatively to cyclohexanone oxime in the pres-
ence of the above polychelates of Fe11, Cu1, and Snn in
times of 24-36, 4, and 1 h respectively21.

The reactivity of polymeric chelates of transition metals
with linear or cross-linked structures (ΠΙ)

/Χ\Γ /
M Ζ I — R — Ζ
\γ/

(HI)

and of their monomeric analogues was investigated by
Boreskov and coworkers 22~25 for a number of reactions;
the rates of decomposition wero found to be strongly influ-
enced both by the nature of the metal and by the structure
of the organic ligand.

No correlation was found when the electrical conductiv-
ities of the polychelates were compared with their catalytic
activities2 2. Thus, the Zn- and Cu-polychelates of the
type 2(S, N)§ thiocarbamate have an electrical conductivity
of ΙΟ"9 Ω"1 cm" 1, and the corresponding Ni-polychelates
have a conductivity of the order of ΙΟ"1 3 Ω"1 cm"1, and yet
the catalytic activity of the Cu and Ni polychelates is high,
whereas the Ζ η polychelates are catalytically inactive.
This is probably due to the fact that chemisorption and
catalysis are determined not so much by the semiconduc-
ting properties of the polymer as a whole as by the elec-
tronic state of the metal in the chelate group: the latter
criterion is responsible for the strong influence of the en-
vironment of the metal in the coordination centre on the
catalytic properties of the polymer.

Keier and coworkers 2 7" 3 0 have shown that studies of
X-ray absorption spectra are valuable in establishing the
state of the metal in the coordination centres of chelate
compounds. In this way, they were able to evaluate and
compare the effective charges concentrated on the copper

t It is uncertain whether metacrolein (C3H4O)3, or methacrolein
(methacrylaldehyde, 2-methylprop-2-enal) CH2=C(CH3)CHO, is intended
(Ed. of Translation).

§ Complexes can have a variety of coordination centres. According to
Calvin and MartelFs classification26, adopted here, these can be designated
2(O,O), 2(O,N), 2(N,N), 2(S,N), 2(O,S), etc. (for bidentate ligands).
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atom in the molecules of various chelate compounds, and
to establish a correlation between these values and the re-
activity of the polymeric chelates. They were also able
to identify the direction of changes in the charge on the
metal atom accompanying changes in the structure of the
ligand. Thus, a direct experimental study of the interac-
tion of polychelates of the Cu-2(S, N) type with the reac-
tants was possible.

For example, in the decomposition of N2H4 the effective
charge η£Γί remains practically constant during the first
hour, and changes by approximately 0.15e during the fol-
lowing 15 h. In the oxidation of isopropylbenzene, a
change of approximately 0.2e (and of the opposite sign) was
noted in the charge on the copper atom. Thus, the change
in the charge on the central atom of the polychelate is evi-
dence for direct interaction between the reactants and the
polymer. In particular, in the decomposition of N2H4

partial reduction of the copper during the course of the re-
action is indicated by the direction of the shift of the Κ ab-
sorption edge of the copper in the polychelate and by the
sign of the change in the charge on the copper atom2 7"3 0.
The X-ray Κ absorption spectra of copper in polychelates
of the type 2(S, N) were used to evaluate η%π as a function
of molecular weight (between 600 and 3100). On in-
creasing the degree of polymerisation, η% decreases non-
uniformly, and on changing from the monomer to a polymer
with Μ = Π90 this quantity is hardly affected (but the re-
activity of the polychelate is approximately 5-6 times
higher than that of the monomer). With further increase
in molecular weight η%{{ begins to increase, reaching 0.2e
for a polychelate with Μ = 2560 (whose reactivity is higher
than that of the monomer by a factor of 35).29

points to chemical (as distinct from catalytic) decomposi-
tion of hydrazine under the conditions used in this work25»33.

According to the same authors34, the catalytic activity
of the polychelates is higher than that of their low-molecu-
lar-weight analogues by at least an order of magnitude.
They conclude that the higher activity of the polychelates is
associated with disorder and distortion in the structure of
their chelate groups. Furthermore, the catalytic activity
can be influenced by the presence of uncomplexed metal
ions at chain ends, which is itself very sensitive to the
conditions of preparation of the polymers.

Boreskov and coworkers consider34 that their observa-
tions on the reactions catalysed by macromolecular che-
lates show a similarity to the characteristic features of
the catalytic properties of enzymes, and that chelate poly-
mers are a type of heterogeneous catalyst occupying an
intermediate position between inorganic catalysts and en-
zymes. In this connection, they examined the catalytic
activity of synthetic polymeric chelates towards the liquid-
phase decomposition of hydrogen peroxide, one of the sim-
plest organometallic enzyme reactions35. Kinetic iso-
therms for this reaction on polychelates of the 2(o, o) type
with different metal atoms were obtained; on raising the
pH the rate of the reaction increased by almost two orders,
evidently as a result of the greater degree of dissociation
of the hydrogen peroxide. The reaction rate varies lin-
early with pH over a wide range of pH values (Fig. 2). The
authors believe that the rate of the heterogeneous decom-
position of H2O2 on each surface centre of the copper poly-
chelate is close to the value found for the enzyme cata-
lase3 5.

0 t Z J V J S 7 S 9 / O f Y i

Figure 2. Variation of the rate of decomposition of H2O2 on the
Cu polychelate of dinitrosoresorcinol with pH at 60°C (W in cm3

m~2min~1).
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Figure 3. Concentration of cumene hydroperoxide in the oxidised
material as a function of temperature of the oxidation in the pre-
sence of a 2(S,N) Cu polychelate.

Because of the lack of solubility, polychelates are diffi-
cult to study by physical methods, and the authors were
compelled to use much less active monomeric analogues
(for example, those prepared from thiopicolineanilides).

Anuf rienko and coworkers 31 showed by the ESR method
that the M-X,Y bonds in compound (m) have a mainly
covalent character, and Zeif and coworkers32 determined
the structure of the complexes as a whole by ultraviolet
and infrared spectroscopic studies. Using an approxi-
mate quantum-mechanical method of calculation, the na-
ture of the change in effective charge (η%{{) of the metal
ions in the chelate group on varying the structure of the
organic ligand was characterised from experimental ultra-
violet spectra; in this way, the relationship between the
rate of decomposition of hydrazine and the change in effec-
tive charge was investigated for a series of chelate com-
plexes. We should note that the application of all these
methods has revealed a substantial change in the copper
chelate during the decomposition of N2H4, which obviously

Keier and coworkers x studied the catalytic properties
of Cu- and Ni-polychelates of the 2(S, N) type based on the
bis-thioamides of quinaldine towards various reactions,
including the oxidation of isopropylbenzene (cumene) to the
hydroperoxide by atmospheric oxygen (Fig. 3). Although
in this instance the catalytic activity (which is greatest for
the Cu polychelates) and selectivity are determined by the
metal ion, the structure of the ligand also plays a role.
By introducing electron-donor groups (CH3, OCH3) into the
biphenyl unit of the polymer chain, and thus raising the
electron density on the central metal atom, the rate of the
secondary reaction of cumene hydroperoxide is increased,
leading to a faster rate of formation of 2-phenylpropan-2-
ol:

ROOH · -t- OK; RCT + RH -* ROH + R- .

A multi-step mechanism has been reported also for the
liquid-phase oxidation of isopropylbenzene and ethylbenzene
in the presence of heterogeneous catalysts prepared by
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depositing 8 wt. % of a Cu polychelate based on 4,4'-bis-
(a-thiopicolinamido)biphenyl upon ALjOg.37»38 The cataly-
tic decomposition of the primary oxidation products (the
hydroperoxides of ethylbenzene and isopropylbenzene) on
the same polychelates is of zero order with respect to
hydroperoxide and of first order with respect to the hetero-
geneous catalyst. £act for the decomposition into radicals
is 10.7 kcal mole"1 for ethylbenzene and 10.0 kcal mole"1

for isopropylbenzene37.
Time-changes in the activity of the polychelate catalyst

towards the formation of radicals from the hydroperoxide
were examined by measuring initial rates (WQ) of consump-
tion of 1-naphthol (an inhibitor for the resulting radicals)
as a function of the time of operation of the catalyst. The
rate of formation of radicals is high on a fresh catalyst,
but falls off sharply after 20 min, and after 30 min it levels
off at 25% of its initial value (Fig. 4). A comparison of
the rates of formation of free radicals by thermal and by
catalytic decomposition has shown that at 110°C the former
(10"6 mole min"1) is lower than the latter by a factor of
- 1 0 4 . 3 7

I3

it

0 20 40 60 80 100 120

min

Figure 4. Change of Wo with time at 90°C; [ROOH] = 3.26 wt.
c ^ = 2.66 mgml"1.

From their study of the catalytic action of polychelates
towards the liquid-phase oxidation of hydrocarbons the
authors conclude that free radicals are formed mainly by
the catalytic decomposition of the hydroperoxide, and the
overall oxidation process is a classical non-branching
chain reaction39.

In 1966 a group of Japanese workers4 0 prepared some
new polychelates (hydroxamic acid derivatives) and studied
their catalytic activity towards the decomposition of H2O2

in aqueous solutions. Thus, the following copper chelates
of polyhydroxamic acid, with (IV) or without (V) a system
of conjugated bonds (and Cl residues) in the main chain:

— C H = C —

C—NH

S \
Ο Ο

/ \
(IV—Cu)

-CHS—CH—

C - N H
y \ο ο

(V-Cu)

M=7000(Va—Cu)

M=600 (Vb-Cu)

CH3—C—NH

Ο Ο

(VI—Cu)

were compared for catalytic activity with the low-molecu-
lar-weight Cu chelate of methylhydroxamic acid (VI).

The catalytic activity of these chelates was found to in-
crease in the sequence VI-Cu < Vb-Cu < Va-Cu < IV-Cu,
in other words, it was found to be higher in the macromo-
lecular chelates than in their low-molecular-weight ana-
logue. The authors ascribe this behaviour to differences
in the polarity of the copper-ligand bond41.

The same workers42 studied the catalytic activity of
chelates of the poly-(0-diketone) type, which were pre-
pared independently also by Soviet workers43:

>—c (VII, X=O)

(VIII, X=CHi)

The catalytic activity of the polychelates VII-Cu and
VIII-Cu for the decomposition of H2O2 is higher than that of
their low-molecular-weight analogues K-Cu and X-Cu

(IX—Cu)

Ο Ο

(X-Cu)

C—i

ο υ

The rate of the decomposition reaction follows a first-
order equation with respect to peroxide concentration; the
catalytic activity of the chelates is fully reproducible on
adding fresh portions of hydrogen peroxide. However, in
respect of the catalytic activity of copper chelates of the
β-diketone type towards the oxidation of L-ascorbic acid,
the activity of the macromolecular chelates is higher than
that of their low-molecular-weight analogues but the rate
of oxidation shows a zero-order dependence on the concen-
tration of ascorbic acid42.

The present writers and coworkers44 have examined the
oxidase and catalase activity of a large number of transi-
tion metal complexes with macromolecular ligands of the
poly-(£-ketoester) type first prepared by the ester poly-
condensation of dicarboxylic acid diesters43»45:

- C = C - ( C H , ) m -

0 COR
1 II

—M<-0
1

(XI—M)

where m = 6, 7, 9; R = C2H5; Μ = Cu, Ni, Fe, Co, Mn.
The catalytic activity of these macromolecular chelates

of poly-(/3-ketoesters) towards the oxidation of ascorbic
acid decreases in the order Cu > Ni » Fe, Mn, Co (Fig. 5),
whereas the opposite sequence of catalytic activity is ob-
served in the decomposition of hydrogen peroxide by these
complexes: Co > Mn > Fe » Ni, Cu (Fig. 6). This inver-
sion is ascribed to the mechanism of the interaction of the
complexes with the substrates. Since the rate-limiting
step in the decomposition of H ^ under the influence of
complexes is known46 to be the addition of atomic oxygen,
it is to be expected that complexes which are active in this
step (and shift the equilibrium to the right) will have low
activity in the O2 absorption reaction which proceeds from
right to left, as in the oxidation of ascorbic acid. We
note that the catalytic activity of the complex XI-Co (m =
6) is increased very significantly by raising the pH to 10
(Fig. 6, curve 6), as in the case of the decomposition of
H2O2 in the presence of polycoordination complexes of
type (ΠΙ) (p. ). The catalytic activity of macromolecu-
lar chelates of the poly-(/3-ketoester) type {XI-M) is
strongly dependent on the metal content, for example, cop-
per (in the oxidation of ascorbic acid) or cobalt (in the de-
composition of hydrogen peroxide), that is, on the degree
of complex formation by the coordination centres (in both
instances). As for the polycoordination compounds of
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type (III) (p. 985), the catalytic activity of complexes with
macromolecular ligands is very sensitive not only to the
nature of the metal but also to the nature of the macromo-
lecular ligand, for example, on the length of the polymeth-
ylene chain [m in the compound (XI-M)].44

S 12 tS 2V min

Figure 5. Kinetics of the oxidation of ascorbic acid in the pre-
sence of poly-(j3-ketoester) complexes (XI)-M, in = 6:
1) Cu, 2) Ni, 3) Mn, 4) Co, 5) Fe.

200 -

WO

0 6 f2 fS 2V min

Figure 6. Kinetics of the decomposition of H2O2 in the presence
of poly-(|8-ketoester) complexes (XI)-M, m = 6:
1) Co, 2) Mn, 3) Fe, 4) Ni, 5) Cu, 6) decomposition in the pre-
sence of (XI)-Co at pH 10.

In our view, a quantitative comparison of the catalytic
activity of macromolecular complexes with that of their
low-molecular-weight analogues (such as the benzoyl- and
acetyl-acetonates of the transition metals for VII-M, VIII-
M, and K-M), as Japanese workers40»42, among others,
have attempted, is complicated by the fact that these reac-
tions proceed in a homogeneous medium in the presence of

the low-molecular-weight complexes and in a heterogene-
ous medium in the presence of macromolecular chelates.
This difficulty is apparent also with polymeric complexes
of a different type—those of polymeric picolinic acid with
copper (XII-Cu)—studied by Stepanov and Zosim47 also in
connection with the decomposition of hydrogen peroxide:
under conditions of heterogeneous decomposition at room
temperature the catalytic activity, expressed in mg-equiv.
H2O2 per mg-equiv. Cu, is 204, whilst under homogeneous
decomposition conditions it is 1540. We note, incidentally,
that polymeric complexes of the same type were examined
as catalysts for the synthesis of 1,4-butynediol from acetyl-
ene and formaldehyde. The copolymer of styrene and
vinylpicolinic acid forms polymeric acetylide structures

-CHa—CH—CHj-CH —

,ΟΗ (XII—Cu)

C u

showing catalytic activity; the Cu complex of polypyridine-
ethanol is practically unreactive towards acetylene under
the same conditions. On the other hand the copper com-
plex of the styrene-maleic acid copolymer, in which the
copper atom is bound to the macromolecule by ionic forces
only, catalyses the formation of butynediol on passing
acetylene through a suspension of paraformaldehyde and of
the polymeric acetylide47.

A paper by Gregor and Liu48 describes a study of cata-
lysis on macromolecular zinc complexes obtained from
poly-(iV-vinylbenzimidazole). These workers investigated
the decomposition of carbonic acid, and found that the "co-
efficient of catalytic activity" for this reaction (λ) is 400 ±
12 for both the Zn11 complex of poly-(iV-vinylimidazole) and
for poly-(iV-vinylimidazole) itself, whereas for the mono-
meric imidazole λ is 1.5. Thus, the catalytic activity of
the polymeric catalysts is significantly higher even for
reactions of this type.

2. POLYMERISATION AND COPOLYMERISATION

Before beginning our discussion of the catalytic activity
of the macromolecular chelates of transition metals towards
the polymerisation of vinyl monomers, we shall dwell on a
few examples of the use of low-molecular-weight chelates
for the same purpose.

The earliest reports of the use of Co, Ni, and Fe acetyl-
acetonates for the polymerisation and copolymerisation of
unsaturated compounds appear in British patents of 1946;49

subsequently, the use of ethylenediaminetetra-acetic acid
complexes in emulsion polymerisation processes was also
patented50. Later, Strubell51 used a metal-containing
oxidation-reduction system based on the propionylaceto-
nate, benzoin, and benzoyl peroxide to initiate the poly-
merisation of methyl methacrylate. Fig. 7 shows curves
for the increase of viscosity with time of the reaction mix-
ture as a function of the metal in the propionylacetonate.
The rate of polymerisation is directly proportional to the
amount of added propionylacetonate with the exception of
copper propionylacetonate, which activates the reaction
strongly whatever amount is added, and of the nickel com-
plex, which has no effect on the rate of polymerisation51.
Indictor and Linder52 have recently used a similar system
(t-butyl hydroperoxide-acetylacetonate) to study the poly-
merisation of styrene at 50°C. They found that the initial
rate of polymerisation is increased by adding (1-2) x 10~4
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mole l itre ' 1 of Com, Cr m , Fe m , or Cun acetylacetonate to
the hydroperoxide, but begins to decrease at higher con-
centrations of these additives, possibly as a result of the
formation of atomic oxygen. According to the authors,
the acetylacetonates of other metals are inactive in this
particular reaction.

070^

Figure 7. Viscosity of poly(methyl methacrylate) as a function
of time of polymerisation in a benzoyl peroxide (1.210 g), benzoin
(1.060 g), propionylacetonate (0.60 g) system.

Arnett and Mendelson53 studied the polymerisation kinet-
ics of styrene in the presence of a large number of acetyl-
acetonates with and without benzoyl peroxide at 110°C, and
obtained the following activity series for the metal acetyl-
acetonates:

With peroxide: Co* * Ce I V > Mn111 > Fem > Alm * Cr m

« without initiator > Vm.
Without peroxide: Mnffl > Cem > Com > Fe m > Alm «

Crffl ~ without initiator > Vm.
It is interesting to note that these catalytic activity se-

quences of the acetylacetonates for polymerisation are
opposite to the thermal stability sequence obtained by Von
Hoene and coworkers54:

Na1 > Cr»1 > A!1» > Ni" > Cu" > Fe™ > Co" > Co1" >Mnm .

The last members of this series begin to decompose in an
inert atmosphere at temperatures as low as 15O°C, giving
acetylacetone as the main decomposition product. Arnett
and Mendelson were the first to try to explain the mecha-
nism of formation of radicals on heating the acetylaceto-
nates . Homolytic breaking of the chelate ring (for example,
with Fem) takes place, with formation of Fe11 acetylaceto-
nate and a free radical:

Fe(AcAc)2

CH,
; c -

CH,

Fe(AcAc),

which can exist either in the C or in the Ο form and can
initiate the polymerisation of styrene:

ά.

"CH

el
:=o

CH,

CH

c=o

Bamford and coworkers55 also made a study of the initi-
ation of the polymerisation of vinyl monomers by low-mo-
lecular-weight metal chelates; they examined, in particu-
lar, systems containing the acetylacetonates of Cu and
Co11, and they pointed out that without suitable additives
these systems are ineffective for the polymerisation of
methyl methacrylate. In conjunction with halogenated
compounds of the type CC^, CBr4, CCl3Br, CC13CN, CC13.
.COONH4, and in particular with the last of these the cop-
per chelate is fairly active at a concentration of 1.9 x
10~3 Μ at 80°C. The authors believe that at low concen-
trations of CC13COONH4 « 6 x 10"4 M) the initiating radical
is formed by the decomposition of a 1:1 chelate-salt com-
plex, whereas at high concentrations of CC13COONH4 (2.5 x
10~2 M) the initiating radical is formed simply by the inter-
action of the chelate with the primary decomposition prod-
ucts of the salt5 6.

80 100 120 °c !VP

Figure 8. Polymerisation of styrene in the presence of acetylacetonates
(concentration 0.5 wt. %, time 1 h):
1) Pd", 2) Mn u , 3) Pt I V , 4) Ni", 5) Rh I V, 6) Co"1. 7) R2O2,8) Mn111.

Kastning and coworkers57 (see also the patentsS8>59)
made a detailed study of the efficiency of initiation of the
polymerisation of styrene by chelate complexes as a func-
tion of the nature of the central metal atom and of the
structure of the ligand. It is evident from Fig. 8 that the
highest yields of polystyrene are obtained by using the
acetylacetonates of metals from Groups VII and VIII of the
Periodic Table, and that the rates of polymerisation in the
presence of the Mnm chelate or of the peroxide are approxi-
mately equal. When the metal can exist in several val-
ency states, the most effective initiators are those in which
the metal exhibits the highest valency. The activity of
chelates of 1,3-dicarbonyl compounds increases in the
order dibenzoylmethane < benzoylacetone < acetylacetone <
ethyl acetoacetate (Fig. 9).

Calvin and Wilson60 showed that the stability constants
(Kst) of Cu11 chelates increase in the same order.
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One drawback of the acetylacetonates is the need to use
relatively high polymerisation temperatures: these initia-
tors were therefore activated by irradiation or by addi-
tives. Both in the presence and in the absence of activa-
tors the rate of polymerisation was proportional to the
square root of the concentration of initiator57.

100-

Figure 9. Polymerisation of styrene in the presence of Mn"
chelates (concentration 0.5 wt. %, time 1 h):
1) dibenzoylmethane, 2) benzoylacetone, 3) acetylacetone,
4) ethyl acetoacetate.

Chelate initiators can be used also for the polymerisa-
tion of acrylate and methacrylate esters, ethylene, buta-
diene, and for the copolymerisation of these monomers.
Polymerisation of butadiene and isoprene under the influ-
ence of these chelates in solution yields high-molecular-
weight polymers containing up to 60% of cis-1,4- and up to
10% of 1,2-vinyl units. A recent paper by Riches61 on the
polymerisation kinetics of dienes on Co111 acetylacetonate
should be mentioned here: the reaction was found to be of
one-half order with respect to the initiator and of first
order with respect to the monomer (Εact = 13 and 20 kcal
mole"1 for isoprene and butadiene respectively).

The results of Kastning and coworkers57 on the copoly-
merisation of vinyl monomers which do not react under
the influence of peroxides are particularly interesting.
Thus, the polymerisation of a (1:1) mixture of styrene
and vinyl acetate in the presence of Mnm acetylacetonate
at 80°C produces a copolymer containing 28 wt. % of vinyl
acetate. (It is well known that for this pair of monomers
rx = 55 and r2 = 0.01.) At a higher temperature (100 to
150°C) and 1000-1600 atm pressure styrene and ethylene
can be copolymerised with the same initiator. Simple
vinyl ethers, which do not polymerise in the presence of
chelates, can be made to copolymerise with ethylene to
give up to 30% of vinyl ether units in the copolymer.

The authors do not put forward a mechanism for poly-
merisation in the presence of metal chelate initiators of
the type examined, but some of their results are consistent
with a free-radical mechanism. They were unable to ob-
serve any change in the valency of the central metal atom
during polymerisation under the influence of chelates;
valency changes took place only for reaction temperatures
higher than the decomposition temperature of the chelate57.

By using tracer atoms and infrared spectroscopy it was
shown that the ligand is attached to the growing polymer
chain; hence the authors concluded that the polymerisation
can be initiated by free radicals formed from the chelate
ligands. The microstructure of the resulting polymers
does not depend on the nature of the ligand or of the acti-
vating additives, which affect only the rate of initiation,
and the configuration of the chain is determined only by the
nature of the central metal atom.

A group of Japanese workers62 has measured the co-
polymerisation constants of vinyl monomers in the pres-
ence of metal acetylacetonates (Mn, Co, Fe). Thus, for
the styrene-methyl methacrylate system they found rx =
0.53 ± 0.08 and r2 = 0.52 ± 0.05, and for the styrene-meth-
acrylate system rx = 0.89 ± 0.02 and r2 = 0.Π ± 0.02. The
authors believe that the first step in the polymerisation is
decomposition by monomer attackf, for example:

CH2=CHX

Mn(AcAc)3

Nikolaev and coworkers have shown, in a very recent
investigation63, that their values for the copolymerisation
constants of vinyl acetate and styrene (χχ = 0.01 ± 0.1 and
r2 = 3.9 ± 0.8) suggest a change in the activity of the mono-
mers and the radicals in the presence of Mn(AcAc)3 as
compared with copolymerisation in the presence of the
usual radical initiators. The valency of manganese changes
during the copolymerisation (Mnm —» Mn11), and the rate of
the reaction decreases at the same time.

Whereas the above workers found copper acetylacetonate
(without appropriate additives) to be inactive towards the
polymerisation of vinyl monomers, Uehara and cowor-
kers64»65 have shown that unsaturated substituents in the
pseudo-aromatic ring of Cu11 acetylacetonate enable it to
initiate the polymerisation of styrene and methyl meth-
acrylate (but not of vinyl acetate) at 0.5% concentration and
70°C. The polymerisation is inhibited by benzoquinone
and is accelerated by ammonia and methanol. The reac-
tion order is 0.5 with respect to the initiator and 1.8 with
respect to the monomer; the overall activation energy is
20.1 kcal mole"1. The infrared spectra suggest that the
ligand becomes part of the polymer chain, as in the exam-
ples considered above. Initiators of this type (for exam-
ple, ΧΠΙ-Cu) have been used also to prepare a styrene-
maleic anhydride (1:1) copolymer at room temperature:

H3C

>

H3C

\ /
Cu (XIII—Cu) .

We may assume that Kst for the (ΧΠΙ-Cu) chelate, which
is not quoted by the authors, is lower than Kst for the un-
substituted acetylacetonate, because of conjugation of the
chelate ring with the π-system of the dihydropyran ring:
we may ascribe the catalytic activity to this effect. The
same workers 65>6e have demonstrated the influence of other
substituents with double bonds on the activity of substituted
copper acetylacetonates in polymerisations. They con-
densed acetylacetone with propionaldehyde, butyraldehyde,

f Subsequently, the reaction proceeds by the schemes shown on p.989.
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isobutyraldehyde, and dimethacrolein, and obtained (XIV
Cu)

H,C

C-0

H,C

(XIV—Cu)

Ι ίβι; CH = CH—CHj(b); CH = CH—CH2CH3(c);where R=CH

CH=C(CH3)2 {d); or its hydrogenation products CH2CH2CH3

(e); CH2CH2CH2CH3 (/).
The following activity sequences are given for the XIV-

Cu chelates: a > & > c > / > d > e - 0 f o r styrene; a >
c>b>d>e>f-0 for methyl methacrylate.

In 1965 Bamford and Lind67 published the results of a
study of the initiation of polymerisation with acetylaceto-
nates without any additives. In contrast to Kastning's
results5 7, obtained for the polymerisation of styrene at
100°C, these authors (who studied the polymerisation of
methyl methacrylate at 80°C) arranged the acetylaceto-
nates examined in their work in the following order: Mnm >
Nin > Vm > Cr m » Com > TiOn > P b \ Neither addition
of CC13COONH4 (2.77 x 10"4 M) up to a chelate concentra-
tion of 2.7 x 10~3 M, nor addition of equimolecular amounts
of CC14 up to a chelate concentration of 2.8 x ΙΟ"2 Μ, pro-
duced any increase in the reaction rate. A more detailed
kinetic analysis of a system containing Mnm acetylacetonate
(curve 3 of Fig. 10) showed that the rate of polymerisation
is proportional to the concentration of chelate raised to the
power 1/2:

ro=1.0-10-2[Mn(AcAc)3]
l/amolelitre-l s'1 (at 80°C),

ω=0.05·10" 2 [Μη (AcAc)3] v 'mole litre'1 s 1 (at 70°C).

102 [chelate]Vl mole* litre ^

Figure 10. Polymerisation of methyl methacrylate at 80°C on:
7) Mn in-p,p'-dichlorodibenzoylmethane; 2) Mn m acetylacetonate
without additives; 3) ditto, with CC14.

(> ΙΟ"3 Μ) this relationship no longer applies and the prod-
uct fepferl/2 takes abnormally low values (0.14 and 0.13
mole" l / a litre" 1 ' 2 s l / 2 respectively), pointing to some unex-
plained type of inhibition. Another paper by Bamford and
Lind68, devoted to the selective initiation of free-radical
polymerisation in fluorinated derivatives of acetylaceto-
nates, is particularly interesting. In the case of the
fluorinated derivative of Mnm acetylacetonate the rate of
polymerisation of methyl methacrylate at 80°C is higher
by a factor of 7 than the rate corresponding to the non-
fluorinated analogue. On the other hand, the polymerisa-
tion of styrene is substantially inhibited in the presence of
this system: for a given concentration of the fluorinated
and the non-fluorinated acetylacetonate (2.5 x 10~4 M), the
rates of formation of the polymer are 1.6 and 34 mole
litre"1 s"1 respectively. This inhibition is explained by
the fast interaction of the styrene radicals with Mn ions
(positively charged) induced by the CF3 group. The ratio
of the rates of polymerisation initiated by benzoyl peroxide
in the presence (W) and in the absence {Wo) of the chelate
is given by the equation

W/W0=(Ikt) 'Hb[C]+a/b (k'/I)v\

where C is the chelate concentration, / is the rate of poly-
merisation initiated by benzoyl peroxide, a and b are con-
stants which characterise the rates of initiation and of in-
hibition of the reaction by the chelate. Comparison of the
data on the polymerisation of methyl methacrylate and of
styrene shows that the action of the fluorinated acetylace-
tonate of Mn 1 is highly selective: it induces most effec-
tively the polymerisation of monomers having a strongly
polarised double bond. In particular, the rate of poly-
merisation of acrylonitrile is 70 times higher in the pres-
ence of this compound than in the presence of the corre-
sponding acetylacetonate. This is ascribed to the ready
attachment of a monomer with relatively high electron-
accepting properties to the anion formed by the cleavage
of the Mn-O bond. This anion subsequently decomposes
with formation of a radical and of the Mn11 chelate. The
proposed initiation mechanism is consistent with the ex-
tremely low (2 x 106 litre mole"1 s"1) frequency factor ob-
served in the polymerisation of methyl methacrylate in the
presence of the fluorinated chelate:

,0-c/
CF3

-o-c
CF3

(fAcAc)2Mn CH -* (fAcAc)aMn+ CH

X
CH3

"C—CH a

S C H 3

•C—CHj

^ C H - C O C F , - (fAcAc)2Mn» ' _ /CH-COCI ' .

The product kpk"l/2 (rate constants for chain propagation
and chain termination respectively) is close to the known
value for the free-radical polymerisation of methyl meth-
acrylate (0.Π mole" l / a litre" 1 ' 2 s l / 2). Hence the authors
conclude that polymerisation occurs by a free-radical
mechanism in the present system under the influence of
radicals formed by the decomposition of the chelate. A
similar hypothesis had been put forward by Arnett and
Mendelson53 (see p. 989).

The rates of polymerisation on Mnffl-dibenzoylmethane
and its />,p'-dichloro-derivative (Fig. 10) are proportional
to the concentration of the chelate to the power 1/2 for low
chelate concentrations « ΙΟ"4 Μ for curve 1 and < 0.4 x
10~4 Μ for curve 2). At higher chelate concentrations

where
ο

f AcAc = CF 3 —C = CH—C—CH 3

We note that the strong inductive effect of the CF3 group
in CF3COCH2COCH3 is responsible for the much lower
value of Kit of its chelate as compared with the acetylace-
tonates x (see p. 990).

The work of Bamford and Lind68 provides one of the few
examples of selective radical (or, more strictly, radical-
ionic) polymerisation processes. We may conclude from
this work that a correct choice of the structure of the low-
molecular-weight or macromolecular ligand allows the
free-radical nature of the process to be retained whilst
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adopting some features of the ionic mechanism, thus giving
rise to a polymerisation which is intermediate between
radical and ionic polymerisation. Thus, under conditions
of radical polymerisation it becomes possible to vary the
reactivity both of the monomer and of the resulting radical.
It may be suggested that the use of chelate complexes is
the most efficient way of influencing the reactivity of the
radical both in the initiation and in the chain propagation
step. In this sense, both the low-molecular-weight and
the macromolecular chelates offer interesting possibilities
because of the ease of electron transfer in the ligand and
of the change in electron density on the metal in the coor-
dination centre.

An interesting example of selective initiation of poly-
merisation by acetylacetonates of the transition metals Mn11

and Mn111, CoE and Co11, was reported by Otsu and cowor-
kers69. The polymerisation of chloral, according to these
authors, follows a coordination-anionic mechanism ac-
cording to the scheme

IAcAc)tM
COI3CHO

The authors have shown that acetylacetonates of this
type can initiate the polymerisation not only of chloral but
also of acetaldehyde and of styrene oxide. (The polymeri-
sation of formaldehyde by acetylacetonates had already
been disclosed in the patent literature70.)

In contrast to the views of Kastning57 and of Bamford67

(see p. 991), Otsu and coworkers69 believe that acetylace-
tonates of metals in both the upper and the lower valency
state of the metal can initiate the polymerisation of methyl
methacrylate as well as of chloral.

Figure 11. Temperature dependence of the yield of polymerisation
products of styrene on poly-(0-ketoester) complexes, (XI)-M, m = 6.
Time 1 h, concentration of complex 1 wt.%:
1) Co, 2) Mn, 3) Ni, 4) no complex.

The macromolecular chelates of the poly-(/3-keto-ester)
type XI-M described by the present writers43"45'71 were
found to initiate the polymerisation of vinyl monomers,
such as styrene, methyl methacrylate, etc. Fig. 11 shows
the temperature dependence of the degree of conversion of

styrene in the presence of various macromolecular che-
lates of this type. Only the Co and Mn macromolecular
chelates are catalytically active under the stated conditions;
the degree of conversion in the presence of the Ni chelate
is practically the same as in the absence of the chelate.
We note that according to Kastning and coworkers57 the
low-molecular-weight chelates of Co and Mn are also the
most active in the initiation of the polymerisation of sty-
rene. The rate of block polymerisation of styrene at 80°C
in the presence of the manganese chelate (XI-Mn) depends
linearly on the concentration of the chelate; addition of
benzoquinone (0.2 g litre"1) destroys the polymerisation
effect. It was shown that as well as initiation of the reac-
tion, grafting of polystyrene units to the macromolecular
initiator (XI-Mn) takes place. The resulting graft copoly-
mers lose their metal atoms as a result of treatment with
dilute mineral acids, and become soluble in organic sol-
vents (possibly through the collapse of the three-dimen-
sional network of the initiator macro molecule), whilst re-
taining the chemical bond between the grafted chain and the
macromolecular ligand. When the polymerisation of buta-
diene was initiated by the poly-(/3-diketone) chelates (XI-
Mn) and(XI-Co), a significant increase in the yield of poly-
mers can be demonstrated (as compared with initiation by
the appropriate acetylacetonates); the product consists of
a graft copolymer of butadiene and the poly-((3-ketoester).
The degree of grafting of polybutadiene to the macromolec-
ular chelate is 0.80-0.93; the structure of the polybutadi-
ene chains, which contain 20, 34, and 46% of 1,2-, 1,4-
cis-, and 1,4-frans- respectively, is characteristic of
polybutadiene prepared by radical initiation.

It is interesting to note that graft (or block) copolymers
were obtained by Bamford and coworkers72 by a different
method, namely, by the polymerisation of styrene under
the influence of metal carbonyls or acetylacetonates in the
presence (as activating additives, see p. 989) of high-mo-
lecular-weight halogen compounds, such as poly(vinyl tri-
chloroacetate):

— CH2—CH—CH2—CH (OCOCC13) —

OCOCCU—CH2—CH—CHa—CH -
I I

CeH6 CeH, .

To conclude this Section we note that the catalytic prop-
erties of polycoordination polymers (of the quinizarine
type) towards the polymerisation of styrene were reported
as early as in 1963,73 but neither the reaction nor the poly-
merisation products were investigated.

3. CATALYTIC ACTIVITY AND STRUCTURE OF MACRO-
MOLECULAR CHELATES

Whereas the relationship between catalytic activity and
structure of low-molecular-weight chelates has been ade-
quately discussed in the literature (see review by Schrau-
zer et al.74), relatively little has been published on this
problem regarding macromolecular chelate compounds.
Roginskii and his coworkers studied the catalytic activity
of semiconductors (for example, polyphthalocyanines) in
decompositions and oxidations, and they concluded that the
catalytic activity of semiconductors is determined by col-
lective electrical properties75. The importance of the
collective electrical properties of the system was stressed
also by Inoue and coworkers15»16, who studied the catalysis
of the oxidation of the ethyleneacetal of acetaldehyde on
mixed polyphthalocyanine semiconductors.
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Min'kov and Keier76 specially pointed out the change in
the activity of the catalyst during the reaction in their
study of the mechanism of the liquid-phase oxidation of iso-
propylbenzene on low-molecular-weight copper phthalocya-
nine chelates. They concluded that initiation in the case of
copper phthalocyanine does not involve the activation of
oxygen but rather the catalytic decomposition of the reac-
tion products of α-cumyl hydroperoxide into free radicals,
which proceeds unimolecularly with specific rate constant
feSp = 1.5 x 103 exp(-13 200/i?T) s"1 at 40-70°C and bimo-
lecularly with fesp = 3.6 x 1010 exp(-24 600/flT) litre mole"1

s"1 at 90-100°C. Thus, the decomposition of the hydro-
peroxide occurs by different mechanisms, depending on the
temperature. The activity of the catalyst in this reaction
varies with time: at 101°C the rate of decomposition of the
hydroperoxide decreases by a factor of 2.5 during the first
two hours, and then remains constant, but at 60°C the rate
of decomposition of the hydroperoxide has not reached a
steady value even after 8.5 h (see Fig. 12).

10%ο, mole litre"1 min"1, 60°C

120 Z¥S J60 W
103«Ό, mole litre"1 m i n 1 , 101°C

t.o
OJ

as

σ.2

\ o

i I t

SO /20 /SO 2V0
τ, min

Figure 12. Change in activity of the catalyst during the reaction:
1) at 60°C, [ROOH] = 0.40 mole litre"1, Cc a t = 0.66 mg ml"1;
2) ditto, at 101°C.

On the basis of X-ray diffraction, ESR spectra, and
infrared spectra it has been shown that the change in activ-
ity of Cu phthalocyanine is associated with a change in the
crystal structure of the material (transformation from the
a- to the β-modification). As regards the nature of the
interaction between the hydroperoxide and the phthalocya-
nine, the data show that there is no direct interaction be-
tween the hydroperoxide and the copper ion: the interaction
is with the whole of the π-electron system of the ligand.
However, the phthalocyanine itself (metal-free) is inactive
towards this reaction. The copper ion exerts a strong
polarising effect on the ligand, increasing the ττ-electron
density on the nearest nitrogen atoms and decreasing it on
the nitrogen atoms remote from the metal. It is the lower
density of 7r-electrons on the nitrogen atoms not involved
in the chelate ring which favours complex formation with
the hydroperoxide and activates it in reactions involving its
decomposition into free radicals, which finally bring about
the oxidation of cumene77.

Keier and coworkers25»35 tried to explain the change in
rate of a reaction (for example, the decomposition of hy-
drazine) on low-molecular-weight complexes of different

purity, obtained by recrystallisation. By studying ESR
spectra they concluded that crystallisation increases the
degree of order of the crystal structure. Polymeric che-
lates with a more ordered structure also showed a lower
reactivity towards the reaction under study. For example,
a polychelate with a highly ordered structure which was
almost free from defects and planar was similar to its low-
molecular analogues in reactivity. This material, pre-
pared in a nitrogen atmosphere, was characterised by a
narrow ESR line and by well developed anisotropy39. ESR
spectral studies before and after vacuum annealing showed
that polychelates with a regular structure are not formed
under the preparative conditions used. Ordering of the
polymer structure takes place during the heat treatment,
involving completion of the complex formation and molecu-
lar redistribution, and also exchange interaction between
the copper ions resulting from the increased conjugation in
the polymer. The tetrahedrally distorted structure of the
chelate centre becomes planar, and the molecular weight
of the polychelate increases. Mutual interconversion of
various modifications of the polymer is also possible. All
these factors tend to lower the reactivity of the polyche-
late3 9.

The surface of the polychelates plays a well known role
in determining their catalytic activity. Thus, the cataly-
tic activity per unit weight of polymer increases by almost
two orders of magnitude on increasing the surface area of
copper polychelates based on a-thiopicolinamidobiphenyl34.
In an investigation of the catalytic activity of polychelates
towards the decomposition of N2H4 it was shown that the
chelate suffers fully or partly irreversible changes. Mea-
surements of the decrease in intensity of the ESR signal at
the beginning of the reaction give almost quantitative agree-
ment between the number of copper chelate centres which
have reacted and the number of decomposed N2H4 mole-
cules. The first step of the reaction may consist in the
attachment of the reactant to the metal of the chelate cen-
tre, accompanied by an electron transfer which alters the
charge on the metal and thus weakens the metal-ligand
bond25.

Elimination of the ligand can then take place, with si-
multaneous attachment of hydrogen atoms at the broken
bonds and evolution of NH3 and H2 molecules into the gas
phase. However, the breakdown of the chelation centre is
complete when the copper is reduced to Cu°, with further
increase in the rate of decomposition of the substrate.
(The rate of decomposition after 21 h increases to 3 cm3

h"1 as compared with 0.1 cm3 h"1 during the first hour.)
In the oxidation of isopropylbenzene (p. 986) the polyche-
lates also react with the substrate and undergo irreversible
changes, however (and in contrast to the previous reaction)
the deactivation of the catalyst is much slower. Thus,
polymeric chelates take part in the formation of free radi-
cals as true heterogeneous catalysts36.

In order to identify the type of metal-polymer bond and
the valency state of the metal in the chelates with macro-
molecular ligands (XI-M) prepared by the present writers,
their magnetic moments μ&π were measured78. The μ^α
values (in Bohr magnetons) were 3.83 and 4.87 respectively
for different samples of XI-Mn, which corresponds to three
and four unpaired d-electrons. Thus, the samples were
spin-free and contained MnIV and Mn ions. It is not easy
to envisage a coordination of three (or four) macromolecu-
lar ligands around the central manganese atom, as the
Stewart-Βriglebb molecular model clearly shows. Hence
we may imagine that the manganese atom is surrounded by
six oxygen atoms, four of which belong to polymeric ligands
and the other two to two hydroxyls (for MnIV) or to one
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hydroxyl and one solvent water molecule (for Mnm), which
thus complete the coordination octahedron:

Some of the centres may be coordinated to one macromo-
lecular ligand and two solvent water molecules71.

In this instance, as with the macromolecular chelates of
type (III),34 the high catalytic activity can be ascribed78»79

to the formation of disordered, incompletely saturated
coordination centres in the polymer chain, with a distorted
geometrical configuration.

Figure 13. Liquid-phase oxidation of acrolein in the presence of
the following acetylacetonates:
/) Mn, 2) Co, 3) Fe, 4) Cu, 5) Ni, 6) acetylacetone; concentration
1 χ 10~3 mole litre"1.

Japanese workers have put forward80 some interesting
ideas on the changes in the coordination centre of the cata-
lyst in the course of the catalytic reaction. The activity
of acetylacetonates decreases in the series Co > Mn »
Fe ^ Cu > Ni (Fig. 13) for the liquid-phase oxidation of
acrolein to acrylic and peracrylic acid, and acrylic acid
polymers. (The solvent used for the oxidation determines
the relative yield of these products.) The authors believe
that the reaction occurs by a radical mechanism, and that
the initial and the final products (including polymeric prod-
ucts) enter into the coordination centre of the catalyst (for
example, Com acetylacetonate) as they are formed.

The most important thermodynamic characteristic of
complexes in general (and macromolecular complexes in
particular) is their so-called stability (or instability) con-
stant. Thus, according to Kenney81, K%t of polycoordina-
tion polymers (that is, the equilibrium constant of the re-
action Mm+ + raA~ ̂  [MAm ]) is a measure of the free
energy change attending complex formation. The values
of this constant for bivalent metals increase in the series
Mg < Mn < Fe < Co < Ni < Cu < Zn.8 1 Thus, it is par-
ticularly relevant to establish the dependence of the activity
of macromolecular chelates upon their stability—for exam-
ple, for the complexes of the 2(O, O) type considered here.
The Japanese workers already mentioned40»42 observed a
correlation between the catalytic activity series of the
poly-03-diketone) copper chelates (see p. 987), vn-Cu >
VIII-Cu > K-Cu > X-Cu, and the shifts of the absorption
maxima in the visible region of the spectrum towards

longer waves (Amw 388, 375, 370, 368 ΐημίη respectively).
This is evidence that the energy of the electronic transi-
tions in the macromolecular ligands and their chelates de-
creases in the stated order, and therefore the strength of
the bond between the macromolecular ligand and the metal
must also decrease in the same order.

r 7
[HL]

W

pL

Figure 14. Curves for the formation of poly-(/3-ketoester) complexes,
(XI)-M,™ = 6:
1) Mn, 2) Co, 3) Ni, 4) Cu.

The present writers and their coworkers82 have mea-
sured the acid-base dissociation constants of the macro-
molecular ligands of the poly-(/3-ketoester) type XI and the
formation (or stability) constants of their complexes with
transition metal cations. The acid-base dissociation con-
stant Ka of the macromolecular ligand (XI, m = 6) was
found to be 10"6·4 (that is, ρίΓα = 6.4). This value was ob-
tained from the Henderson-Hasselbach equation pH =
P^o - wlg[(l - oi)/a], where α is the degree of neutrali-
sation, and η is a constant independent of the extent of
polymerisation whose value varies between 1 and 2 and
increases with dilution of the solution. The formation
constants (or stability constants) of the macromolecular
chelates XI-M decrease in the series Cu > Ni > Co > Mn
(Fig. 14). We note that the same sequence also describes
the increase in catalytic activity of the poly-(/3-ketoester)
complexes XI-M for the decomposition of hydrogen per-
oxide, and the decrease in the activity of these complexes
for the oxidation of ascorbic acid (see Figs. 6 and 5 re-
spectively, and p. 987).

—oOo—

Published data show that the field of macromolecular
complexes is an interesting one from many viewpoints.
Leaving aside the problem of preparing thermally stable
polychelates83, it is obvious that macromolecular com-
plexes are vitally important as catalytic systems which
are active towards a wide range of reactions including the
polymerisation of vinyl monomers.

These systems are interesting also from the standpoint
of structural studies, since their structure allows mutual
interaction of coordination centres through the polymer
chain.

Macromolecular complexes containing metals can be
treated as model compounds for the substances which take
part in a number of biochemical processes, such as the
assimilation of metal ions (Cu, Fe), the blocking of func-
tional groups (Mn), redox reactions of the cell (Cu, Fe,
Co), and others8 4.
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Each of the two main classes of macromolecular com-
plexes, prepared either by polycoordination of multivalent
ions with multidentate low-molecular-weight ligands or
from previously synthesised macromolecular ligands, has
some advantages as a catalytic system: the former be-
cause of the presence of a conjugated system and of the
concomitant synergic effect (that is, the collective elec-
tronic property of the macromolecule), the latter because
of the presence of a macromolecule which is not destroyed
by the removal or replacement of some metal atoms by
others, and also because of the solubility of the initial
macromolecular ligand.
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The Inhomogeneity of Copotymers with Respect to Composition

V.A.Myagchenkov and S.Ya.Frenkel'

The inhomogeneity of composition (i.e.) which arises in copolymerisation not only influences the physical and physicochemical
properties of the copolymers formed but also, when it is correctly assessed, makes it possible to arrive at certain conclusions con-
cerning the copolymerisation mechanism. The review deals mainly with binary statistical copolymerisation. A critical analysis
is given of the "classical" Mayo-Lewis concept, according to which the copolymerisation constants remain unchanged through-
out the process. Regarding such systems as "normal" or standard, the authors have derived expressions for their distribution
functions with respect to composition. Further it is noted that the case where rx and r2 are constant is more likely to be an
exception rather than the rule and possible causes of the departure from such constancy are indicated. The principles of the der-
ivation of the integral and differential distribution functions with respect to composition for copolymerising systems are discu-
sed in detail. Analytical expressions are proposed for numerical estimates of inhomogeneity with respect to composition. In
their statistical significance the expressions obtained resemble equations of different degrees governing the molecular weight
ratios in homopolymerisation. The deviations from the "norm" in the copolymerisation of ionogenic monomers in aqueous
solution are considered as an example of the application of these expressions. In this case the copolymerisation constants de-
pend on the conversion due to the changes in the degree of ionisation of the "bound" monomers compared with the free mono-
mers and due to the overall change in ionic strength. In conclusion a critical analysis is given of the existing experimental
methods for the determination of inhomogeneity of composition and the prospects for the further development of the statisti-
cal theory of copolymerisation are discussed. The bibliography includes 111 references.
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I. INTRODUCTION

The polydispersity of copolymers is not restricted to
differences in chain length. Individual macromolecules
can differ also in their chemical composition (inhomo-
geneity of composition) or in their shape (molecular poly-
morphism)1»2. All three types of polydispersity are a

consequence of certain processes occurring in copolymer-
isation. Their analysis may provide valuable information
about the kinetics and mechanism of copolymerisation—by
analogy with the detailed information about the homopoly-
merisation mechanism derived from the analysis of molec-
ular weight distribution (m.w.d.). In addition, inhomo-
geneity of composition and molecular polymorphism have a


