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Abstract

The effect of small catalytic concentrations of acetylacetonates of 
Cu(ll), Co(ll), Co(lll), Mn(ll), Mn(lll), Cr(lll)f Ni(ll) and Al(III) on 
t-butyl hydroperoxide initiated polymerization of methyl methacrylate has 
been studied in 1-chlorooctane medium. In each of these reaction systems, 
the progress of the reaction has been followed by a periodical determina­
tion of hydroperoxide concentration and polymer content. In order to 
evaluate initiator efficiencies, the number average molecular weight of 
the isolated polymer samples has also been determined. While Cu(ll), 
Co(ll), Co(lll) and Mn(lll) acetylacetonates are seen to catalyze the 
decomposition of t-butyl hydroperoxide, only the Cu(ll) complex catalyzes 
the polymerization of methyl methacrylate, Cobalt(ll) acetylacetonate, 
on the other hand, retards the polymerization reaction.

The Cu(ll), Co(ll) and Co(lll) catalyzed reactions have also been 
studied in benzene medium. In this solvent too, Co(ll) catalyzes the 
decomposition of t-butyl hydroperoxide but retards the polymerization of 
methyl methacrylate. In contrast, the catalytic effect of Cu(ll) on 
hydroperoxide decomposition, as well as on methyl methacrylate polymeriza­
tion, is greatly diminished, while Co(lll) does not catalyze hydroperoxide 
decomposition in the aromatic solvent.

To further investigate the effect of the nature of the solvent, the 
Cu(ll) catalyzed reaction has been studied in DMSO medium. In this 
reaction system, the rate of hydroperoxide decomposition is appreciably 
higher than that observed in benzene, but much lower than the rate obser­
ved in 1-chlorooctane under identical experimental conditions. However,
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for the Cu(ll) catalyzed reaction system, the highest rate of polymer­
ization of methyl methacrylate obtains in DMSO. The highest initiator 
efficiencies are also observed in this solvent.

The catalytic effect of metal acetylacetonates on the decomposition 
of t-butyl hydroperoxide has also been studied in the absence of methyl 
methacrylate. In general, the rates observed in 1-chlorooctane and 
benzene are faster than the corresponding rates in the presence of the 
monomer. However, the reverse is true in DMSO medium.

For all the reaction systems described thus far, reaction rates 
have been determined at ̂ -0, 60 and 80°C, These data have been used to 
evaluate activation energies and frequency factors.

The kinetics of the polymerization of methyl methacrylate initiated 
by t-butyl hydroperoxide in the presence of Cu(ll) acetylacetonate have 
been studied in 1-chlorooctane and DMSO, In each of these solvents, the 
effect of concentrations of Cu(ll), t-butyl hydroperoxide and methyl 
methacrylate on rates of decomposition of the initiator and polymerization 
of the monomer has been investigated at 60°C, These data have been used 
to obtain empirical rate laws, which help to better understand the under­
lying reaction mechanisms.

Chain transfer constants for acetylacetonates of Cu(ll), Co(ll), 
Co(lll), Mn(ll), Mn(lll), Cr(lll), Ni(ll) and Al(lll) have been determined. 
The polymerization of methyl methacrylate has been initiated with AIBN in 
the presence of each of these metal complexes.in 1-chlorooctane medium.
In each case, the metal concentration has been varied over a fairly 
wide range, while maintaining a constant monomer concentration. The
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variation of the number average molecular weight of the polymer with 
the concentration of the metals has been studied, at 60, 70 and 80°G, 
These data have been used to determine chain transfer constants for each 
of the metal acetylacetonates mentioned, at these temperatures. Activa­
tion parameters for chain transfer have been obtained. An isokinetic 
plot indicates that although the degree of chain transfer varies greatly 
with the nature of the metal, the reaction mechanism underlying chain 
transfer on the different metal acetylacetonates is identical,
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I, Ihtroduction 
(a,) Free radical polymerization:

Free radical polymerization is a chain reaction comprising three 
major steps: initiation, propagation and termination. In the initiation 
step, formation of free radicals takes place in the reaction system. 
During the propagation step, long chain radicals add to monomer units 
increasing the chain length. Radicals are removed from the system in 
the termination step. Such a chain process differs from most other 
radical chain processes in that the final products (inert or 'dead' 
polymer molecules in this case) are not formed directly in the propaga­
tion step, "but appear as a result of the termination step.

In many practical systems, a fourth reaction step is encountered, 
a process in which the center of radical reactivity is transferred from 
a growing chain to some other species. This is accomplished by the actual 
transfer of an atom (frequently hydrogen), or a group of atoms, between 
the two reactants. Such a process, which is aptly known as a 'chain 
transfer' reaction, results in the formation of inert polymer without 
any decrease in the radical concentration of the system, and has the 
general effect of bringing about a decrease in chain length of the product 
molecules. These basic steps of the radical polymerization process are 
discussed later in greater detail.

Kinetics of radical polymerization: The whole polymerization 
process can be represented by the following simplified kinetic schemes 
in which the chain reaction is initiated by the thermal or photochemical 
decomposition of a suitable initiator molecule, I:
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k.
Initiationi I 2 ,R* (l)

k,
R. + M — =* P* (2)

k
Propagation; P^ + M — P ^  (3)
Transfer! P* + S — ^  Pn + S* (4)

S* + M ---> P* (5)
ktTermination! P* + P* ---> polymer (6)m n \ /

Here, M and R* represent a monomer molecule and a primary radical, 
respectively. Growing polymer molecules are represented by P», the sub­
script n being appended when it is required to note the number of monomer 
units incorporated in the chain. S represents a chain transfer agent, 
which may be the monomer, initiator, solvent or any other molecule 
present in the system.

In the above reaction scheme, all the radicals produced in reaction (l) 
may not necessarily initiate polymerization as in reaction (2). Primary 
radicals talcing part in extraneous 'wastage* reactions (to be described 
later), are termed 'inefficient*, The fraction of radicals produced in 
reaction (l) which ultimately initiate a radical chain, is termed the 
'efficiency*, f, of initiation. The initiator efficiency can be determined 
by comparing the amount of initiator decomposed with the number of polymer 
chains formed.

Certain simplified kinetic relationships which are widely applied 
to free radical polymerization can be derived from the reaction scheme 
outlined above. If it is assumed that radical reactivity is independent
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of radical size, and that any transfer derived radicals, S*, rapidly 
add monomer and are not consumed in any other process, application of 
the stationary state hypothesis dictates that

Rate of initiation = Rate of termination 
i.e.» " Rt
2 fkd/ V 7  = 2kt/-p-_72 (?)
- (Hi/2kt)̂  - (kd/"lJ7/ktF  (8)

Provided that the kinetic chain length is large and transfer to monomer 
not very efficient, the rate of polymerization is given by:

Rp = - d/V7/dt = kpA 7 r p . j  (9)
Prom (8) and (9):

Rp “
i.e., Rp - (10)

According to equation (10),the order of monomer concentration and initiator 
concentration are expected to be 1 and 0.5, respectively. Monomer and 
initiator rate orders are usually determined from initial polymerization 
rate measurements. The above kinetic relationships are generally seen to 
hold. However, deviations have been observed in a significantly large 
number of cases. Deviations from the expected monomer order are more 
common, and a number of values greater or less than unity have been 
reported (l —7 )• In some cases, the monomer order varies with monomer 
concentration ('1-3 ). Deviations from the expected initiator exponent 
of 0.5 are less common, but values below this figure have been reported 
in the polymerization of methyl methacrylate and higher methacrylate 
and acrylate esters (7 -9 ). Values greater than 0.5 have also been
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obtained, particularly for polymerizations taken to high conversions 
(•8»'9')» Several explanations have been suggested to account for these 
anomalies. In general, they involve a modification of the initiation, 
propagation or termination steps. Any modification of the initiation or 
termination process would modify equation (7), and consequently the 
expression for the concentration of polymeric radicals in equation (8), 
whereas a change in the propagation mechanism would produce a change in 
equation (9). These mechanisms are briefly described in the following 
discusfiion of the individual steps in radical chain polymerization.

initiation; A great variety of initiating systems is available. 
Commonly, the initiator molecule I, in reaction (l), may be an organic 
peroxide, hydroperoxide, azo or diazo compound, which undergoes homolysis 
thermally or photochemically as in reaction (2), to yield the initiating 
radical species. Primary radicals may also be generated by high energy 
electro-magnetic radiation.

In a study of peroxide initiated polymerization of styrene in 
tolnene solution, the rate of polymerization was found to depend on monomer 
concentration (1 ). The normal monomer order of unity was observed at high 
monomer concentrations, but at lower monomer concentrations a value of 1.5 
was obtained. However, the initiator order remained at 0.5 under all 
conditions. These results were found to satisfy the equation;

RP = + k2/"m_7)^ (11)
where and Ik, are constants. To account for these results, Schulz (l) 
suggested a variation in the efficiency of Initiation with monomer con­
centration. He postulated that a complex was formed between monomer and 
initiator,

M + I <-i _> complex > 2 R»
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and that the unimolecular decomposition of this complex was the true 
source of primary radicals. No experimental evidence was given, or has 
been found since, for the existence of such a complex. Matheson (10) 
suggested that these results could be better explained in terms of a 
phenomenon known as ’radical caging*. This theory recognizes that 
primary radical pairs formed by the decomposition of an initiator molecule 
are surrounded by a "cage" of solvent and monomer molecules. Subsequently, 
these radicals may undergo many collisions with each other, as well as 
with the solvent and monomer molecules, which constitute the "cage wall", 
until one of them adds to a monomer molecule as in reaction (lU) in the
following kinetic scheme: I  ► (2R») (12)

(2R‘) — —> Q, Recombination (13)
(2R*) + M  > P1* + R* Initiation (14)

(2R.) -- > 2R* Diffusion (15)

where (2R») represents a caged radical pair. It is also possible that the 
radicals may simply diffuse out of the cage (reaction 15) to initiate ' 
polymerization as in reaction (2). Alternatively, one of the caged radicals 
may undergo further decomposition to give a small molecule, e.g., N2 or 002«
If this is followed by recombination (reaction 13), a new molecule, incapable 
of homolytic decomposition, may be formed. This reaction is one of the 
leading causes of initiator inefficiency.

If monomer concentration is low enough so that k j / j f / «  k^t initiation 
outside the solvent cage would predominate and a monomer exponent of unity 
would be observed. But at high monomer concentrations, where k j £ h J »  k̂ , 
reactions (8) and (9) would be in direct competition. Under these condi-
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tions, the effect of initiation clearly depends on the monomer concentration 
and it has been shown (10) that

The similarity of this equation to that obtained by Schulz (equation 11)
is obvious, and his results can be convincingly accounted for by the
radical caging theory. In terms of equation (10), the effect of primary
radical caging will be to make f monomer dependent. It should be noted
that since radical recombination within a solvent cage is a first order
process, the order in initiator remains unchanged at 0,5.

Saad and Eirich (11) have considered a reaction scheme similar to
equations (.12-15), and by the influence of solution viscosity on rates of
polymerization were able to show that decomposition rate constants for
benzoyl peroxide and azoisobutyronitrite (AIBN) were dependent on the
viscosity (although not so much as termination rates, as will be discussed
later). They derived from their data average times for recombination of
free radicals within the cage and of diffusion out of the cage of the 

-10order of 10 seconds. Considering addition to monomer to require about 
-510 y sec., they regard the initiation of chain polymerization within the 

cage as unlikely.
In the cumene hydroperoxide initiated polymerization of styrene 

unusually high monomer orders and low initiator orders have been explained 
by Walling and Chang (32) on the basis of monomer participation in the 
initiation step:

R00H + CH2>=CHC6H5  > R00. + CĤ CHĈ Ĥ

Tobolsky and Matlack (13) in their study of the same system find that 
solvent participation in the initiation step is also important. Solvent
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participation in the initiation step is not restricted to this system. 
Evidence of such reactions in the polymerization of methyl methacrylate 
initiated by AIBN (13) and azobisisobutyroamidine (l4) has also been 
obtained.

Propagation: Two major mechanismsof the propagation step have 
been advanced to account for monomer orders other than unity. Both 
involve participation by the solvent in the propagation step. The Olive 
radical complex theory involves chemical interaction of the solvent 
with growing radical chains, whereas in the Tudos hot radical theory, a 
physical interaction is involved. The initiator order remains at 0,5 
in both the mechanisms presented below.

Tudos hot radical theory: This theory is based on the premise
that the energy released in the propagation step appears in the form of 
vibrational excitation of the polymeric radicals formed in the reaction (15). 
If the process of vibrational deexcitation is slow enough, these ’hot 
radicals' may supply part of the activation energy in subsequent propa­
gation reactions: jr

*  T> *  \P, + H — P . + 1  (i7)

Thermalization of these hot radicals also occurs by collision with 
monomer and solvent, S, molecules, and may be followed by normal propaga­
tion:

k~
Pn + M <18>

k*
+ M ĉ

k*
+ S
+ M - X

P* + S — p. + S (18a)n n '
P? + M P*+i (19)
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Thus, two propagation reactions can occur, one involving hot radicals 
and the other with thermalized radicals. Obviously, the former would 
add monomer at a much greater rate (i.e., h* »  V -

Neglecting the participation of hot radicals in termination 
reactions because of their low concentration, it has been shown that

Rp = k/ | 7^Z m_7 (20)
where,

At high dilutions, iD ^ J  — >o0» and K — » 
At high f y j % K — > Kq, where

Thus, depending on M , K varies between two values irrespective of the 
nature of the inert solvent. As /w7 decreases, the extent of thermaliza- 
tion increases. At sufficiently high dilutions radical thermalization 
will be complete and only one propagation step will be involved. Under 
these conditions equation (20) reduces to equation (10), and a monomer 
order of unity would be expected. At higher monomer concentrations, K —* KM, 
resulting in monomer exponents higher than unity. As experimental evidence 
for hot radical effects in solution, Tudos cites the observation of Beving- 
ton and Lewis (36) that 30$ of benzoyloxy.radicals formed photochemically 
from benzoyl peroxide are immediately decarboxylated, but in the case of
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radicals formed by thermal decomposition no such effect occurs, In 
other work (l?), Tudos used ESR to measure the steady state concen­
tration of radicals produced by the addition of cyanopropyl radicals 
to various inhibitors. The effect of benzene dilution on this conc­
entration was determined for primary radicals generated photochemically 
and thermally from AIBN. The results were consistent with the photo­
chemical production of vibrationally excited radicals which need some 

£
2x10 collisions before being thermalized,

Olive radical complex theory: Henrici-Olive and Olive (18-21)
have pointed out that electron affinities of typical polymer molecules 
are of the same order as those of such molecules as tetracyanoethylene 
and chloranil, which are known to form charge-transfer complexes with 
typical solvents used in vinyl polymerization. These authors suggest 
that polymer radicals can form complexes with both solvent and monomer 
molecules, only the latter complex leading to propagation, the concen­
trations of the complexes are proportional to their lifetimes and to 
the concentrations of monomer and solvent. Hence, the ratio of concen­
trations of the monomer complex, PM*, and the solvent complex, PS*, can 
be shown to be given by the equation:

m -j on<m
  =   (21)
m o  /§7%

where and %  are the lifetimes of the radical-monomer and the radical- 
-solvent complex, respectively. Since only the polymer-monomer complex 
can propagate, the rate of polymerization is
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10,

Rp “ * 3'J ’ DO (22)

where ^£7 *s ̂ he total concentration of complexed radicals. In bulk 
monomer, all polymer radicals are complexed with monomer. Hence,

If £ W J , then equation (2.3) shows that a monomer exponent
less than unity will be obtained ifT/Tm > 1, and a value greater than 
unity if When and ^  are of the same order, the "normal"
monomer order of unity results. Thus, rate enhancement or retardation can 
be attributed to the nature of the solvent.

results obtained for the polymerization of styrene and methyl metha* 
crylate in various aromatic solvents. Equation (2l) and (22) yield the 
following relationship:

The ratio should be characteristic of the monomer solvent system.
Styrene gives good agreement with this hypothesis (21). However, the

O r, (Rp)0 - k J fJ fn J s  

where 3 iJ q is monomer concentration in bulk. Therefore, in solution,

Rp - k p ^ 7 A 7 B . + 3 J )  (23)

Olive suggested the above mechanism to account for experimental

RP ' 3J
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same degree of accord with this theory is not obtained in experiments 
with methyl methacrylate (22). Bamford and Brumby (23) and Burnett etj al, 
(2*0 have demonstrated the importance of the solution viscosity factor in 
its influence on the overall rate of polymerization. This aspect has not 
received any consideration in the Olive analysis. However, another 
investigation disputes the view that the propagation constant is affected 
by solution viscosity (25)• Both sets of authors have suggested that this 
might indicate some complexing of polymer radicals with aromatic solvents. 
Russell (26-29) has presented evidence of complex formation between free 
radicals and aromatic solvents. Tt is well known that methyl methacry­
late and other radicals form complexes with inorganic molecules such as 
zinc and aluminium chloride, and that this can result in an increase in 
the propagation constant (30-33')* Burnett et, al. (3*0 have demonstrated 
that complex formation occurs between the stable t-butyl mesityl nltro- 
xide radical and Tl'-bonded systems, including certain monomers. In a 
general sense, polymer radical complexing, either with solvent or monomer 
can be regarded as an enhanced form of radical solvation. Thus, rate 
peculiarities found in the polymerization of acrylamide and methacrylic 
acid (35), and methyl methacrylate (36) in dimethyl sulfoxide and other 
polar solvents, have been attributed to radical solvation effects.
Although no charged species are directly involved in propagation, the 
transition state in certain cases may have some polar characteristics (37-*f*i>), 
Consequently, in some polymerization reactions, propagation energies and 
entropies of activation would be expected to depend to a certain extent
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12.

on the overall composition and polarity of the polymerizing medium.
Such solvent effects have been demonstrated in nonpolymerizing radical 
reactions (45), and in the polymerization of methyl acrylate (46) and 
methacrylic acid (35)• Analogous results have been obtained in certain 
copolymerization systems (47-49)*

Chain Transfer: Flory (50) in 1937, first surmised the existence of
chain transfer in polymerization and defined the process as one in which ’the 
active center is transferred from one polymer molecule to another molecule, 
leaving the former inactive and endowing the latter with the ability to add 
monomers successively’. Thus, chain transfer is basically a radical trans­
fer reaction in which a growing polymeric radical extracts an atom (fre­
quently H or Cl), or a univalent group of atoms, from a neighbouring mole­
cule to saturate its free valency, with the formation of a new radical:

P^ + SX -- ►•PnX:+S. (210
where P̂  is a propagating radical chain and the molecule SX (henceforth 
referred to as the substrate) may be any molecule present in the system, 
including monomer, solvent, initiator, or inert polymer. Of these, transfer 
to monomer or solvent is usually more important. Only at high initiator 
concentrations or high conversions, do the other two transfer reactions be­
come important. It should be noted here that although the present discussion 
is confined to free radical systems, chain transfer also takes place in ionic 
systems.

The immediate effect of chain transfer is to reduce the chain length 
and therefore the molecular weight of polymer. If the reactant and product 
radicals in reaction (24) have comparable reactivities, chain growth con-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13.

times unabated and the rate of polymerization is unaffected. Such chain 
transfer is termed ’nondegradative'. However, if the reinitiation step 
is slow, or termination involving the transfer radical, S*, becomes 
significant, both molecular weight and rate of polymerization are dimin­
ished, and the transfer reaction is termed 'degradative*. Recently, an 
increase in the rate of polymerization of vinyl chloride as a result of 
chain transfer with carbon tetrachloride (51), and propionic aldehyde (52) 
has been observed, probably due to an increased rate of reinitiation.

Quantitative formulation: The classic method of investigating
chain transfer reaction involves molecular weight measurements and is 
based upon the relation:

where is the number average degree of polymerization (53). Generally, 
four modes of polymer end formation exist at low monomer conversions:
(l) chain termination, (2) chain transfer with initiator, (3) chain 
transfer with monomer and (U) chain transfer with solvent

TT = Rate of chain propagation« fYtr»i«fln nf* ■howOverall rate of chain' te'rmination

or Sum of rates of formation of chain ends 
Rate of propagation

Hence, + h & r J  *

y?i-7/s_7

i.e.,
kp kp/Mj

Or,
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Therefore,

X
1

n
(25)

where, CM, Cs, and Cj are termed chain transfer constants for monomer, 
solvent and initiator, respectively.

In the deririation of equation (25), it was tacitly assumed that 
(a) the rate of polymerization remains unaffected by chain transfer, 
and (b) only a negligible proportion of the substrate radicals formed 
in the chain transfer reaction (2lf) participate in termination. In 
systems in which the latter assumption does not hold, the following 
termination reactions must also be considered:

The kinetic analysis of such a system becomes quite complicated and is 
most usefully ejtpressed in the form (5̂ ):

where kpS is the rate constant for reinitiation by transfer radical, S* ,0  

is a cross-termination coefficient:

combination: Pj* + S* kfccs

Ip» »
disproportionation: P̂  + 3* > Px + Py

S* + S* products

2/sJ( i+(i- 2)fP +̂1)
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where kg= ̂ qS+ k-tas» an^ ^ a retardation coefficient:

Bp&J0/(*V)J«J
The subscript o refers to rate (or monomer concentration) in absence 
of transfer agent.

Determination of chain transfer constants: Experimental 
methods for determination of chain transfer constants generally rely 
on measurement of molecular weights of polymers prepared under suitably 
varied conditions. This is followed by the application of a suitable 
equation, usually some form of equation (25). In the determination of 
the transfer constant for polymer molecules, model molecules having a 
structural similarity to monomer units make suitable substitutes. 
Alternately the extent of branching in a polymer can be used to cal­
culate this chain transfer constant (55“ 9̂)« Experimental details 
for the determination of chain transfer constants for monomer, initiator 
and polymer can be obtained from a standard text (53)* A discussion of 
experimental methods available for the determination of Ca, the chain 
transfer constant for solvent or some other substrate present -in the 
system follows because of the direct relevance of this subject to the 
present work.

In solvent polymerization, the second term of the general equation (25) 
usually makes the major contribution. By keeping the initiator concen­
tration low, or preferably, through the choice of an initiator such as 
an aliphatic azonitrile,which is not susceptible to chain transfer, the 
third term is rendered negligible. The last term of the general equation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



may be kept constant by so adjusting the initiator concentration as 
to keep Rp//w_7 ĉonstant while varying the solvent concentration. 
Consequently, equation (25) reduces to:

iA“ - (i/x')0 + as.fs j/fn j (27)

where O V o  is the number average degree of polymerization in absence
of the solvent. This is the well-known Mayo equation. A plot of l/x~' n
versus /!>7//"m7would give Cs as the slope. It may be noted here that 
any trend in the degree of polymerization other than expected from 
equation (27) would indicate some essential change in the mechanism of 
polymerization. For example, an increase in the degree of polymeriza­
tion, instead of the expected decrease with increasing concentration 
of water in the polymerization of methyl methacrylate in mixed solvents 
has been attributed by Nandi et. $ !•  (60) to a slower termination 
rate due to increasingly tighter coiling of polymer chains. A similar 
observation by Jenkins et. aj., (6l) in the polymerization of acryl- 
onitrile in DMF led them to postulate the formation of a hydrate of 
DMF, which supposedly had a smaller chain transfer constant than an­
hydrous DMF.

Mayo's equation (27) has been highly successful in determining 
Cs by using thermal polymerization data (62,63-), but difficulties may 
be encountered when a catalyst is present (6k,65)• It is evident from 
general equation (25) that Mayo's equation can give a correct value 
for Cg only if Rp is proportional to /mJ72p or if Rp is proportional 
to / m73/2 at constant ..(since Rp » ,
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provided k does not change considerably with changing /s_7//m_7‘ 
However, the modified method of Palit et. al. (66) overcomes this 
problem. By plotting (lAn - k̂ R̂ /k̂ /Tlŷ ) against _/sJ7//m_7 
at constant Ij- J / [y O % or against /i_7//mJ7 constant /S_7//m_7,
good values of C have been obtained from the slope and the intercept, 
respectively. Using a simpler approach, Allen et. al. (67) plotted 
l/X~ - i/(x~)o versus £ s j'/'[yC J to obtain Gg in the catalyzed system.

Another method of obtaining C consists of measuring the relatives
rates of consumption of transfer agent (solvent, in this case) and 
monomer (68):

d(log /S_7)/d(log /|7) = Gs (28)
This equation may be further modified by for the consumption of monomer 
by the transfer reactions.

Yet another method of determining G involves the use ofs
isotpically labelled transfer agents (69-72). Radiometric analysis 
of the polymer sample determines the relative number of molecules of 
transfer agent incrporated in the polymer. This method avoids the 
measurement of molecular weights, and has the advantage that it is not 
affected by retardation.

Structure and reactivity in chain transfer: General patterns of
reactivity observed with various substrates are outlined below. The 
reactivities in various systems are discussed here mainly in relative 
terms, and no specific data on chain transfer constants is cited here. 
Such data are readily available in Brandrup and Immergut's Polymer
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Handbook (73)»
The relative values of the dissociation energies of Pn-X 

and S-X bonds are important in determining the reactivity of the chain 
transfer agent SX in:

p. + s-X --- » P -X + S* (2k)n n ' '
These bond energies in turn depend not only on the nature of the atoms 
concerned, but also on the resonance energies of the radicals P£ and S*.
The reaction occurs most readily when radical P̂  is highly reactive 
as compared to S», and the bond Pn-X is much stronger than the bond S-X.

Gregg and Mayo (62) observed that in styrene polymerization, 
transfer constants for benzene, toluene, ethylbenzene and tert-butyl- 
benzene increase in that order for the first four members of the series, 
but the value for tert-butylbenzene is only a little higher than that 
for benzene. A similar pattern has also been observed in the polymeriza­
tion of methyl methacrylate (63)6*0, methyl acrylate(74), vinyl acetate (75) 
and aoxylonitrlle (76). These data have been explained on the basis that 
transfer to toluene, ethylbenzene and isopropy benzene occurs mainly 
through attack on the benzyl hydrogen. The reactivity increases with 
increasing substitution at the alpha carbon. This is in accordance 
with the established influence of substituents in diminishing the strength 
of the C-H bond. tert-Butylbenzene. having no benzylic hydrogen, is 
comparatively unreactive inspite of the nine available H atoms in its 
methyl groups. Saturated alicyclic hydrocarbons, such as cyclohexane, 
with strong C-H bonds, also have small chain transfer constants.
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rt was originally suggested by Walling and Mayo and their 
collaborators (37-39) that the transition states in chain transfer,
as well as in the propagation step:

II MP* + C=C ■ > P -C-C* •n ( ( n ( (

may contain polar contributions from R+S“X, and R+/~>G-G<_7”, 
respectively. Later work by Fuhrman and Mesrobian (4-0), and Bamford 
and White ( k l ) lent further credence to this view. The importance 
of the polar character of both substrate and radical was recognized 
by Alfrey and Price (4-2-44) in their Q-e scheme, which in its original 
form was restricted to propagation reaction in copolymerization systems. 
The Q-e scheme ascribed nonpolar (q) and polar (e) parameters to both 
radicals and monomers. Although it is successful in its treatment of 
copolymer pairs, two fundamental weaknesses are inherent in the Q-e 
scheme. It has long been realized that the scheme has no firm 
theoretical basis, the assignments of Q and e being made in an arbitrary 
manner to give an internally consistent set of figures. Further, the e 
values for a monomer and its derived radical are assumed to be identical.

Bamford et. al (77,78) have succeeded in placing the separation 
of the polar and nonpolar facets of radical and substrate character 
on an experimental basis. A scale of reactivities for a number of 
radicals is established. The numerical value of the rate constant for 
chain transfer to toluene (kcrp) serves as a measure of the "general 
reactivity" of a radical. The rate constant kĉ  is related to the 
rate constant, kg, for transfer of the same radical to a substrate:

PR. = log - log kcT (29)
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where p , the 'polarity parameter* is a measure of the polar con- R*
tribution to the transition state. Further, it has been shown that 
pR> is a linear function of the Hammett (para) o'constant (79) for the 
substituents on the alpha carbon atom of the radical in a linear 
manner:

pR. « occr + ft (30)

where °c. and f t are functions of the intrinsic tendencies of the polar 
and nonpolar nature of the substrate to react by a polar or nonpolar 
mechanism, respectively, as compared to toluene. Equations (29) and 
(30) can be combined to yield:

log kg = log kcT + oc o- + p (31)

This is the basic equation of Bamford’s theory. The values of oc and f t  
for a substrate can be estimated by measuring the rate at which it re« 
acts with any two of a series of radicals for which kcT ahd <r values 
have been compiled (78). In general, different radicals have different 

values, so their reactions will be influenced to varying extents by 
the nature of the substrate. It would therefore be expected that the 
order of reactivity for a series of radicals will depend on the sub­
strate. The basic difference between Bamford*s treatment and the 
Alfrey-Erice Q-e scheme is that the former emphasizes the reactivity 
of the substrate, while the latter has been used to emphasize the 
reactivity of the radical.

Another correlationship between substrate structure and its 
reactivity in chain transfer reaction has been provided by Yamamoto 
et. al.(80). who find that the relative reactivities of a series of
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substituted cumene substrates towards chain transfer with polymeric 
radicals could not be correlated using the conventional Hammett 
equation (79):

log (k/kQ) 53 Per or PcP (32)
They attribute this to resonance effects in the transition state, which 
are taken into account in their modified Hammett equation:

log (k/kQ) = /V + KEr (33)
where ^  aria <r are constants representing resonance and polar effects, 
respectively, due to substituents on the substrate, whereas Y' and P  

are reaction constants,characteristic of the attacking radical. Thus, 
Per is a polar term and a resonance term,

Degradative chain transfer: Chain transfer to solvent, or some
other substrate present in a system often leads to relatively un­
reactive radicals, a significant fraction of which may undergo termina­
tion rather than propagation reactions. In such a case, chain transfer 
is termed 'degradative'. In an extreme case when degradative transfer 
is so facile that it competes even with the addition of primary radicals 
(from initiator), no growth at all takes place, and the reaction is 
described as 'inhibition', When the transfer process is less efficient, 
the primary radicals initiate chain growth, and the propagating radicals 
react with the substrate. Under these conditions, the rate and degree 
of polymerization are reduced, and the process is referred to as 
'retardation'. Obviously, retardation and inhibition are just different 
degrees of the same general process. Whether a particular reagent is a 
transfer agent, retarder, or inhibitor, depends on the reactivity of the
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substrate. Thus, isopropylbenzene and dihydromyrcene act as normal 
transfer agents in the polymerization of methylmethacrylate, but are 
pronounced retarders in the case of vinyl acetate (6l).

Burnett and Loan ('2') studied the polymerization of methyl 
methacrylate, methyl acrylate, and vinyl acetate in benzene solution. 
Anomalously high monomer orders were found for the latter two 
monomers. Furthermore, these exponents were dependent on monomer 
concentration. These results were explained on the basis of degrada­
tive chain transfer. It was proposed that the radical produced by 
transfer to solvent was capable of undergoing propagation, as well as 
termination with a growing polymer chain, or another solvent radical, 
thereby bringing about a decrease in the rate of propagation. Making 
the usual assumptions regarding stationary state and equal reactivity 
of chains of different lengths, Burnett and Loan derived the following 
equation:

np = + <3“)
where K̂ , and are composite constants involving rate constants 
for propagation and termination reactions, including those involving 
solvent radicals. This mechanism successfully accounts for high 
monomer orders, since on dilution the overall rate of termination 
increases due to the increasing importance of reactions involving 
solvent radicals. At the same time the initiator order would become 
less than 0.5. This is not apparent from equation (3*0, since this 
conclusion was arrived at by making other assumptions which are not
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described here. These assumptions are not fully justified in the 
opinion of Scanlan et. al. (82) 'who have predicted this increase in 
initiator exponent from a more sophisticated analysis. However, 
Atkinson et. al. (83) have shown that under certain conditions an 
initiator order of 0.5 may in fact result from a mechanism involving 
degradative chain transfer to solvent.

Sluggish propagation may also be the result of an entirely 
different reaction. Addition of aromatic solvent molecules to growing 
radical chains has been observed in the polymerization of vinyl acetate 
('{&') and methyl methacrylate ( 85.). The radicals produced in these 
reactions may propagate sluggishly. Essentially similar kinetics as 
those of Burnett and Loan (12 ) and Scanlan et. al. (82) would prevail, 
although no degradative chain transfer is involved. Only molecular 
weight dependencies would distinguish between the two processes.

An alternative mechanism involving degradative chain transfer 
has been considered by Scott and Senogles (.86:), This involves an 
Intramolecular transfer process which produces a polymer radical of 
reduced reactivity toward propagation. Processes involving the estab­
lishment of a six-membered ring transition state are more likely to 
be favored, for example:
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This type of hack-biting reaction is well-known in the polymerization 
of ethylene (.87,,' 88), and there is evidence for related reactions

o
occurring in vinyl acetate polymerizations ("89). The kinetics of 
this reaction have been dealt with at length by Scott and Senogles (86). 
to show that monomer and initiator orders greater than 1 and 0.5, 
respectively, are obtained. Under certain conditions, the initiator 
exponent is shown to remain at 0.5, whereas a monomer order higher 
than unity is obtained.

Industrial applications of chain transfer: Most monomers of
potential commercial utility, if allowed to polymerize in the absence 
of chain transfer agents, are converted to polymers of sufficiently 
high molecular weight, sometimes in the millions, to be intractable in 
the melt or in solution. This would prevent any further processing, 
molding, or vacuum devolatilizing in an extruder at a low enough 
temperature to avoid degradation. Also, addition of various agents, 
such as stabilizers, plasticizers, slip and anti-block additives could 
be rendered impossible. Accordingly, extensive use is made of chain 
transfer agents in the form of so-called modifiers or regulators to 
control the molecular weight of the polymer. Besides controlling 
the molecular weight, these modifiers also impart technically desirable 
properties such as, plasticity, hardness, tensile strength, improved 
stress-strain behavior, solubility, etc. Chain transfer studies also 
give us insight into telomerization processes, which are rapidly 
gaining in industrial importance. Telomers are polymeric molecules 
of a very small size (degree of polymerization?^ 2-5).
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Termination; The termination step controls the molecular 
weight and indeed the distribution of molecular weights in the polymer.
Of course, it also affects the rate of polymerization. Termination 
processes have a negligible effect on the chemical nature of the 
polymer produced, but a pronounced effect on its physical properties.
Unimolecular, as well as bimolecular termination are known to occur, 
although the latter is much more common.

Unimolecular termination; This process is not commonly 
observed, but may occur through chemical or physical means. Chemical 
"deactivation” usually involves isomerization to an unreactive species, 
although in some cases the propagative radical itself becomes unreactive.
In the polymerization of vinyl monomers, the most common unimolecular 
deactivation process is typified by that encountered in vinyl benzoate 
polymerization ( 90 )• It is seen that propagation occurs normally 
until a growing vinyl radical adds to the aromatic ring to form a 
resonance stabilized radical. This radical may possibly propagate 
and add to fresh monomer, ultimately leading to bimolecular termination 
and a square root dependence on initiator concentration. However, 
at high enough radical concentrations, the stabilized radical is more 
likely to be terminated by growing vinyl radicals before such repropa­
gation can occur. At temperatures which lead to moderate rates of initiation, 
the stabilized radicals have time enough to propagate further, and a normal 
square root dependence on initiator concentration is observed (.91)..
However, at higher temperatures, the formation of such radicals is 
effectively a process of termination, and a first order'dependence of the
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rate of polymerization on initiator concentration is observed (92,93).
The moBt common physical process leading to the removal of 

radicals from an active system is one of entanglement or agglomeration 
in impermeable polymer. Such a process occurs when the reaction takes 
place in a poor solvent for the polymer being formed, and the "trapping" 
may occur in macroscopic aggregates of many polymer molecules, or even 
in tightly coiled regions of the same polymer chain. The permeability 
of polymer surrounding the occluded radical is of great importance.
When this polymer is swollen with monomer or solvent, diffusion of 
monomer is possible, so that propagation continues almost unhindered, 
although bimolecular termination is severely reduced. The net result 
is an increase in the rate and degree of polymerization. On the other 
hand, if the precipitating polymer is a solid rather than a gel (as in 
a very poor solvent), even the propagation step becomes impossible, 
and the process is effectively one of termination. To discuss the 
kinetics of such systems, where these two possibilities exist, a 
knowledge of the rate of occlusion is required. It is not easy to 
quantify and measure such a rate. Nevertheless, it has been attempted 

by Bamford and Johnston (9̂ ). Durup and Magat have also analyzed a 
a similar system (95).

commonly observed is bimolecular, and involves the mutual destruction 
of two centers of unpaired spin. The two radical chains achieve 
termination through combination to form a single covalent bond:

Bimolecular termination: The termination process which is most

H H
  CHp-G ’ + •C-CHr'

Y Y
ktc* —  CHp-(J-d-CHr 

YY *
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or through disproportionation when an atom, or. a.group of atoms, transfers 
from one radical to another to give two Inert molecules, one saturated, 
and the other unsaturated at the chain end:

Experimental methods for determining the relative probabilities of 
combination and disproportionation reactions have been reviewed recently 
by North and Postlethwaite (96.). In general, it is seen that dispro- 
protionation is more likely in the polymerization of 1,1-disubstituted 
olefins.because of steric hindrance to a combination reaction, which in 
turn is more probable for vinyl monomers, unless the monomer contains an 
especially labile transfer atom. Besides, disproportionation generally 
requires a larger activation energy than combination, so that the 
relative importance of the two processes will shift toward combination 
at low temperatures. Thus, in the polymerization of methyl methacrylate 
at 60° disproportionation reaction accounts for 6O?0 of termination 
reactions (97)., whereas at 90°C termination takes place almost entirely 
by disproportionation (98).

Primary radical termination: Bamford, Jenkins and Johnston (99)
studied AIBN-initiated polymerization of styrene in DMF solution. At 
low monomer concentrations and high initiator concentrations, they observed 
significant departures from the values of 1 and 0.5 expected from simple 
kinetic theory (equation 10) for monomer and initiator orders, respectively. 
The observed data were correlated using kinetic equations derived by 
assuming that primary radicals participate in termination reactions, Allen
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and Patrick (100) have shown that deviations from equation (10) due 
to primary radical termination can he expected when relatively low 
values of kj, k̂  or £ v j apply, specially if the rate of initiation is 
high. Under these conditions, a monomer order greater than unity and 
less thsui 0,5 is observed.

Diffusion controlled termination: The mutual termination re­
action of two macroradicals in a liquid phase polymerization involves 
a very rapid chemical conversion of two species present in a rather 
small concentration. Obviously, before any two radicals can react 
they must diffuse close enough to each other. It may be that this 
diffusion step is the slow, rate-determining step of the two-stage 
(transport and chemical) process. When this is the case, the reaction 
is referred to as being "diffusion controlled".

Attention was first drawn to the importance of diffusive effects 
when first Norrish and Smith (101) and later Tromsdorff et.al. (102) 
suggested that the autoacceleration observed in many free radical poly­
merizations was due to diffusion control of the termination process at 
increased viscosities obtainable at high monomer conversions. However, 
it is now known that many radical-radical, ion-ion, and triplet state 
reactions (involving species of much greater diffusivity than terminating 
macroradicals) are diffusion controlled O96) , As a consequence, the 
termination process in polymerization could be diffusion-controlled even 
in liquids of normal viscosity.

North (103-105) has proposed a three-stage termination process in 
which polymer molecules first approach each other so that certain segments
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are in contact (translational diffusion). Rearrangement of the polymer 
chains (segmental diffusion) can then occur so that the two radical 
chain ends approach sufficiently close for the third step, chemical 
reaction, to take places

1. pj + PJ
2. -p̂ 7 «==» # r:P̂ 7
3.  > polymer

Experimental evidence suggests that segmental diffusion is the rate- 
-determining step under most reaction conditions (103). North and co­
workers (103-105) have shown theoretically, as well as demonstrated 
experimentally for the polymerization of methyl methacrylate, that k , 
the rate constant for termination, is proportional to the reciprocal of 
the viscosity of the system. Therefore, it follows that the magnitude 
of kfc would depend on monomer concentration, which affects the initial 
viscosity of a polymerizing system, as well as the conformation and 
average size of the polymeric radicals. The magnitude of k̂. may also 
depend on initiator concentration, which also controls the size of 
polymeric radicals and therefore the viscosity of the medium. Consequently 
monomer orders other than unity, and initiator orders other than 0.5 could 
arise even if the simple kinetic equation (10) is obeyed.

Yohota and Itoh (106) have modified equation (10) to:

pp ■ (35)
where k° is the value of kj. at some standard viscosity (e.g., 1 cP). They 
subsequently measured the polymerization rate of methyl methacrylate at 
different concentrations in a variety of solvents and found the results
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to be consistent with equation (35). If no allowance was made for 
solvent viscosity and the results analyzed using equation (10), monomer 
orders, both greater and less than unity, were obtained.

There is some evidence that initiator decomposition rates are 
also dependent on solution viscosity (23,107).

Role of metal catalysts in free radical polymerization: Since
this work involves the use of metal catalysts for hydroperoxide decom­
position, it is pertinent to examine the general effects of metal ions 
and complexes on the polymerization process itself. Only homogeneous 
systems are considered here because of their relevance to the present 
study. Also metal catalyst systems involving peroxides or hydroperoxide, 
are discussed later.

In recent years several reports have appeared in the literature 
on the use of metal salts, complexes and chelates in the initiation of 
vinyl polymerization (108-125). Bengough et. al. (108) have reported 
the use of ferric chloride as a photoinitiator of acrylonitrile poly­
merization at 25° in DMF solution. In such photolytic systems, FeCl̂  
behaves both as an initiator and terminator of polymerization:

Initiation: FeCl3 + M — * Cl-M* + FeCl̂
Termination: Pn* + FeCl̂  — > Pn + FeClg + HC1

Lingamurthy and Palit (109) have reported the use of ferric laurate
as thermal initiator of vinyl polymerization, and the polymerization
is considered to be initiated by a free radical mechanism. In aqueous 
media, ferric salts such as chloride, bromide and perchlorate are 
good initiators (110,111) of polymerization in the presence of visible
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or UV light. Initiation is supposed to result from the formation of 
free radicals by an electron transfer process within the ion-pair complex 
of the type Fe^+X” present in aqueous solution:

(Fe3+X“) Fe2+ + X*(X = Cl, Br, I, OH, etc.)
It is possible that water molecules in the inner and outer sphere of the 
ferric ion may be involved in the polymerization process (110). Cupric 
salts have been shown to initiate polymerization of basic heterocyclic 
vinyl monomers such as N-vinylcarbazole and 4-vinyl pyridine (112,113).
The presence of a coordination bond between a cupric ion and the nitrogen 
of the pyridine group seems to be absolutely necessary, since the addition 
of a chelating agent such as acetylacetone completely inhibits polymeriza­
tion (113). Polymerization is believed to be initiated by one electron

P4-transfer from the nitrogen in the monomer to the Cu ion in the complex 
Cu(0Ac)g.2 (4-vinyl pyridine). Salts of Fe(lll) and Ce(lV) also initiate 
polymerization of the same monomers, possibly by similar mechanisms (112). 
Copper(il)' salts have also been shown to initiate the polymerization of 
acrylonitrile (114,115). Recently, Bamford and co-workers (116-118) have 
reported the use of several metal carbonyl-halide systems as initiators of 
vinyl monomers in bulk or in solution. Metal chelates such as acetyl- 
acetonates of Ru(lll), Fe(lll), Pd(ll), Ni(ll), Rh(l\T), Ifa(lll), Mn(ll) 
and Co(ill) have been used as initiators of vinyl polymerization by Kastning 
and co-workers (119). It was observed that the initiating efficiency of the 
chelates is a function of both the central metal ion and the ligand. 
Manganese (ill) acetylacetonate was seen to be the most effective initiator. 
Bamford et.al. (120-122) also reached a similar conclusion regarding Mn(lll)
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acetylacetonate., “but failed to initiate polymerization with a number 
of compounds which Kastning found to he useful initiators. The 
initiation meichanism has been shown to have a free radical nature.
Co(ll) acetylacetonate has also been shown to serve as an efficient 
free radical initiator (123). Copper(ll) acetylacetonate and ammonium 
trichloroacetate have been shown to form a complex which easily takes part 
in an electron transfer reaction to form the CCl̂  radical, which initiates 
polymerization (124). Otsu etlal. (125) have found that Cu(ll) acetyl­
acetonate initiates the polymerization of methyl methacrylate, although 
not as efficiently as Cu(ll') ethyl acetoacetate. Thus, a number of metal 
catalysts have been shown to initiate polymerization through a free 
radical mechanism, although the exact mechanism may vary from one system 
to another, and indeed in most of the systems studied, the mechanism 
through which the free radicals are generated remains obscure.

Several metal complexes have been seen to participate actively in 
chain transfer reactions. Huff and Perry (126) have studied the re­
activity of polystyryl, polĵ nethyl methacrylyl) and polyacrylonitryl 
radicals towards several organometallic substrates involving metals 
(or metalloids) of groups 2b, 3a, 4a and 5a of the periodic table. The 
chain transfer constants, which vary over an extremely wide range were 
seen to be sensitive to polar effects. In general, the reactivity is 
found to depend on the metal as well as the organic portion of the 
molecule. Although some correlation appears between metals in the same 
group, wide variations in reactivity for similar compounds from one group 
to another seem to indicate that depending on the nature of the metal,
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different reaction mechanisms may he Involved. Aoki et.al. (127) 
have found Co(lll) cyclohexanecarboxylate to be fairly receptive to 
chain transfer in the polymerization of methyl methacrylate,
(b) Hydroperoxides:

The chemistry of hydroperoxides has been studied extensively. 
Several good reviews of the literature on this subject are available 
(128-135)* Hydroperoxides have aroused great interest not only because 
of their formation in the oxidation of organic molecules, but also 
because of their use as initiators in polymer chemistry. With the 
exception of the very lowest molecular weight members of the series, most 
are remarkably stable thermally. Consequently, they are specially suited 
for application in those areas of polymer chemistry in which polymerization 
is to be initiated at relatively high temperatures, such as in certain 
unsaturated polyester resin systems and in the rubber and silicone field. 
Despite their thermal stability, the hydroperoxides may initiate free 
radical polymerizations at room temperature and below in the presence 
of reducing agents or other ’catalysts'. Indeed many of the so-called 
'cold recipes' for the emulsion copolymerization of butadiene with 
styrene involve hydroperoxides as oxidizing agent in radox systems.
Many of the anaerobic polymerization compositions consist of dimeth­
acrylates and hydroperoxides. Presumably, because of the thermal stability 
of hydroperoxides, such compositions are stable at room temperature for 
prolonged periods of time, at least as long as oxygen is permitted to 
diffuse through the liquid phase (136).

Hydroperoxides are capable of undergoing a great variety of re­
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actions because of their ability to react by polar as well as radical 
mechanisms. Some reactions may even start through a polar route, but 
end as free radical reactions, and vice versa. A detailed discussion of 
the chemistry of hydroperoxides is beyond the scope of this discussion.
An attempt is made here to project the complexity and the scope of this 
subject. Homolytic decomposition reactions, however, have been described 
in detail because of their relevance to the present study.

Hydroperoxides are stronger acids than alcohols. Values of pl̂  
in water at 20° range from 11,5 to 12,8 for several simple alkyl and 
aralkyl hydroperoxides (137»138). Hydroperoxides and their anions exhibit 
a number of nucleophilic reactions analogous to those of alcohols. Thus, 
they form peroxy esters, peroxy acetals and ketals, and dialkyl peroxides. 
They can be reduced to alcohols by several reducing agents, including 
iodide ion, and stannous chloride (139)> which are commonly used for 
quantitative analysis of hydroperoxides (l̂ 0,l̂ l). Reactions that cleave 
the 0-0 bond are complex mechanistically. Some of the above reductions 
which occur with a well-defined stoichiometry, for example, the reduction 
with iodide ion, can be formulated as a nucleophilic attack at the oxygen 
with the lower electron density, while others such as those involving 
metal ions of variable valency appear to involve free radicals at some 
stage.

Hydroperoxides are also attacked by electrophiles, most notably 
by protons. ELectrophilic attack by a proton may occur at either oxygen 
atom:

ROOH + H (36a)
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The net result of the first possibility (36a).may be the loss of hydrogen 
peroxide from those hydroperoxides whose R groups are sufficiently 
electron releasing (14-2). Protonation of the hydroxylic oxygen leads 
to 0-0 heterolysis, often accompanied by rearrangement.

Hydroperoxides can epoxidize olefins by a number of different 
mechanisms (133)•

Perhaps, the most significant practical aspect of hydroperoxide 
chemistry is homolytic decomposition. Homolytic decomposition may be 
induced (a) thermally (or photoChemically) in the presence or absence 
of a catalyst or (b) by free radicals which may either abstract the 
hydrogen atom:

ROOH + R»  > R*H + R00‘ (37)
or displace an oxygen atom:

RO-OH + r! --- ► R'OH + RO* (38)
Of these only abstraction by a free radical is unique for hydroperoxides; 
the other reactions are common to all peroxidic compounds. Both, free 
radical induced and thermal decompositions (assisted by catalysts or 
otherwise) are described below. Homolytic decompositions which may well 
have characteristics of both these types of decompositions, are treated 
separately and in greater detail.
Free radical induced decomposition:

Decompositions initiated by peroxyesters (l/t-3 jl^O azo compounds 
(14-5), or hypochlorites (146) at 20-60° (thus uncomplicated by thermal
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horaolysis) have amply verified earlier views (147-149) that decom­
position of tertiary hydroperoxides by a chain reaction is induced by 
free radical abstraction:

k.
Initiator ------ 2 X- (39)

where X is any initiator fragment.
KX* (or R0-) + ROOH  XH (or ROH) + R00- (37)

where R is tertiary. The peroxy radicals may interact in two possible 
ways:

2 R00- -- 2 RO- + 02 (40a)
kt2 R00- ---- > R00R + 02 (40b)

Assuming a steady state, it is possible to calculate a rate of hydro­
peroxide disappearance that corresponds to the experimental results 
(143,144):

d/R00H7 k
 dt = kî -nitiatol7(l + j“ ) (41)t

The critical factor is kc/k|., which determines the chain length. The 
products of reaction (40) are most probably formed through a tetroxide 
intermediate (150). t-Butyl hydroperoxide decomposition initiated by 
di-t-butylperoxalate in benzene or chlorobenzene at 35-4-5° yields more 
than 99% Oq, 88-89$ t-BuOH, and 11-12$ t-Bu202; a chain length of about 
10 is observed (150).

This simple picture of radical induced decomposition may be 
complicated by the ability of alkoxy radicals to cleave:

r ĈO. -- -— » ^0=0 + R- (42)

Under some circumstances this reaction competes with hydrogen abstrac-
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tlon (135,151-153). The alkyl radical formed In this reaction is 
capable of absracting a hydrogen atom from a hydroperoxide molecule and 
thus continuing the chain, But, in the presence of high concentrations 
of peroxy radicals, or oxygen (produced from hydroperoxide decomposition), 
this alkyl radical would be more likely to undergo rapid termination.(151 
-153)*

•CH, + R00. --- > ROOCHo (43)
J 0 ^

•CĤ   GH-jOO* ROH + CHgO + Og (44)
The consequences of alkoxy cleavage are, thus, lower chain lengths and 
more complex kinetics since hydroperoxide concentration now becomes a 
factor (151,153). In the limiting case in which all termination occurs 
via the cleavage route, the rate expression becomes 1

- d/R00j£7/dt = k^Tnitiator7^ROOH7 (45)
which is in fact the observed rate dependence for high temperature 
thermal decompositions where ROOH is the initiator (147,15̂ ,155).
Similar results are found for low temperature radical induced decomposi­
tion of t-BuOOH in solvents such as t-BuOH or acetic acid (151) which 
promote alkoxy cleavage and nake hydrogen abstraction more difficult by 
hydrogen bonding with the hydroperoxides (156).

Radical displacements on oxygen-oxygen1 Thermodynamically it 
would seem preferable for alkyl radicals to effect a displacement on the 
relatively weak 0-0 bond, rather than abstract hydrogen:

r! + RO-OH --- > RO* + r'oH (46)
However, this reaction is not facile as shown by Pryor's measurements 
of chain transfer constants for dlalkyl peroxides in polymerizing
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styrene (157).
Thermal Decomposition;

Hydroperoxides are among the most stable peroxides towards 
heat. At elevated temperatures they decompose in a rather complex 
manner.

Unimolecular decomposition: In unimolecular decomposition:
RO-OH ----------- RO* + *0H (4-7)

since the reverse reaction would be expected to have zero activation 
energy, the dissociation energy of the RO-OH bond should approximately 
equal the activation energy for equation (47). The most widely 
accepted value for Drq-OH is 43-44 kcal/mole for R=Me, Et, i-Pr and 
t-Bu, as reported by Benson et.al, (158,159) who have, incidentally, 
assigned a value of 90±j2 kcal/mole for ̂ qo-H* ®iermâ  decomposition 
of t-BuOgH either neat at 100° (1$0), or in chlorobenzene solution at 140° 
(147) orphotolytic decomposition at lower temperatures (148) yields 
t-BuOH and oxygen in nearly quantitative amounts. Cumene hydro­
peroxide behaves somewhat similarly (I49(l6l), though substantial 
amounts of dicumyl peroxide and acetophenone are formed as well and 
yields of oxygen are lower. The kinetics of thermal decomposition of 
both t-butyl hydroperoxide (147,154) and -cumyl hydroperoxide (155,161) 
have shown lto 3/2 order dependence on hydroperoxide concentration, 
indicating a combination of unimolecular and radical-induced decompo­
sition (l62). In solution, however, the initial rate of decomposition 
is generally first order in hydroperoxide at low concentrations (133). 
Hiatt et.al. (135) have attempted to measure the true rate of thermal
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decomposition of t-butyl hydroperoxide in several solvents. The nature 
of the solvent wassseen to exert a strong influence on the mode, as 
well as the rate of decomposition. Thus, in cumene the rate of decompo­
sition id four times as fast as in benzene or toluene. On the other hand, 
in alkanes and alkylbenzenes the decomposition appeared to be largely 
Induced, even at the lowest concentrations of t-butyl hydroperoxide. In 
both alkylbenzenes and alkanes, R0* and HO* radicals from homolysis of 
the peroxide readily produced solvent radicals. Other investigators 
have also concluded that the rates of thermal decomposition vary sub­
stantially with the solvent (163-165). Thomas (166) noted that decom­
position rates roughly paralleled the ease of a.utoxidation of the solvent 
and suggested that concerted C-H and 0-0 bond breaking might be respon­
sible:

RH + r'oOH ----> R* + R'o» + HgO (48)

Thermal decomposition in presence of catalysts: Homolysis of RO2H
can be assisted by olefins, aldehydes and ketones, carboxylic acids, 
alcohols, amines and amine salts, sulfur compounds, bromide ions, 
aralkanes, or another molecule of hydroperoxide (133). A few of these 
systems are mentioned below:

Bimolecular homolysis: Rates of hydroperoxide disappearance often
show a second-order dependence on hydroperoxide concentration if the 
concentration is high or the solvent nonpolar, conditions that promote 
dimBrization (155,167-169), The reaction may be supposed to proceed via 
the dimer:

R — 0 — 0 — H R — 0 — 0* (49)
I !  >
R - 0 - 0 - R + H 2° + *°“ R

Olefin assisted homolysis: In the discussion of the initiation step
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in polymerization, mention was made of the interactions of hydroperoxides 
with styrene (12,13) and methyl methacrylate (13) deduced from the observed 
kinetics in these systems, Walling and Heaton (l?0) have even measured 
the stability constants of the styrene-hydroperoxide complex. They also 
showed that such complexes are involved in the initiation reaction. The 
mechanism of radical formation probably (171) involves 0-0 homolysis«

ROOH + >C=G< --- > RO* + > C-(ji-0H (50)
However, hydroperoxides are not efficient initiators in these systems. 
Walling and Heaton (169) calculated that in styrene at 70°» only 1,6% of 
the decomposing t-BuOgH yields radicals by interaction with styrene,
7,9% is destroyed by radical-induced decomposition, and the remainder is 
converted by an apparently non-radical route to t-BuOH and styrene oxide. 
Brill and Indlctor (172) have found activation energies of about 20 
kcal/mole for the decomposition of t-BuOgH in several olefins.

Homolysis assisted by other compoundsj Compounds capable of forming 
hydrogen-bonded intermediates with hydroperoxides are seen to lead to 
higher rates of decomposition. Hydrogen bonding is supposed to weaken 
the 0-0 bond, but it makes the terminal hydrogen less readily available 
(173) Such hydrogen-bonded 'complexes’ are formed by alcohols, ethers, 
amines and amine salts, ketones, sulfoxides, carboxylic acids, etc. 
Equilibrium constants have been calculated for a number of such complexes 
(17̂ ). Complexes, presumably of a 'Ilf-type are also formed with aromatic 
rings and probably also with carbon-carbon double bonds (175)• Association 
constants for complexes with benzene and styrene have been determined (175). 
Such complexes probably contribute to the olefin assisted homolysis des­
cribed earlier, Complexes with aldehydes, however, are not usually

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



hydrogen bonded, but results from addition to the C=0 bond (176)j
ROOH + >C=0 --- > R00 - C - OH (51)

Hydrogen bonded carbonyl hydroperoxide complexes are possible if addition 
is sterically unfavorable (177).
Decomposition of hydroperoxides catalysed homogeneously by transition 
metals of variable valence

Catalysis of autoxidation and hydroperoxide decomposition processes 
by metal ions and complexes has been the subject of numerous investigations. 
The literature on such reactions has been surveyed a few times (135 ,178,179). 
In spite of the volume of literature on this subject, there is no general 
consensus regarding the kinetics and mechanism of metal-hydroperoxide re­
actions, and a number of apparent contradictions seem to emerge from the 
available experimental data. This is understandable in view of the 
sensitivity of metal-hydroperoxide reaction to the experimental conditions. 
The kinetics and mechanism seem to vary with the nature of the solvent, 
metal ion, gegen ion or ligand, as well as the reactant concentration and 
temperature. Indeed, it seems that a 'general' mechanism for metal- 
hydroperoxide reactions does not exist (180). In the following discussion, 
some possible reaction mechanism are briefly described and the effects of 
various reaction conditions are surveyed.

Although a great amount of work has been done with metal catalyzed 
decomposition of organic hydroperoxides, studies with HgOg have received 
much greater attention, probably because of its biological significance. 
Almost all of the mechanisms that will be described here, were suggested 
in their original form to describe the decomposition of HgOg in the presence 
of metal catalyst.
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Halier and Weiss (181) in their study of Fenton's reagent suggested 
the following sequence of one-electron transfer reactions to explain the 
oxidation of Fe(ll) by HgOgj

Fe2+ + HgOg --- * Fe3* + OH* + OH" (52)
Fe2+ + OH* --- >■ Fe3+ + OH" (53)
OH* + HgOg --- > H00* + HgO (5*0
H00* + H202 --- > 02 + H20 + OH* (55)

Barb et. al. studied this reaction in the presence of Fe(lll) ion, and 
suggested a modification of the above mechanism for the reduction of 
Fe(lll) by HgOg (182,183):

Fe3+ + H02 --- =► Fe2+ + HOD* (56)
Fe2+ + HgOg --- > Fe3+ + OH* + OH" (52)
OH* + HgOg --- :> H00* + HgO (5*0
H00* + Fe2+ --- > Fe3+ + HOO" (57)
Fe3+ + HOO* --- > Fe2+ + Og + H+ (58)

Kharasch et.al,(184) in their early work on the decomposition of cumene 
hydroperoxide by cobalt ions suggested the following reaction scheme:

ROOH + Co2+ --- » RO* + Co3+ + OH" (59)
ROOH + Co3+ ___ ^ ROO* + Co2+ + Og (60)
RO* + Co2 +  > RO" + Co3+ (61)
RO* + ROOH --- > ketone + alcohol + RO* (62)

(induced decomposition)
ROO* + Co3+ --- > R+ + Co2+ + 02 (63)

This mechanism was mainly based on product studies under a wide variety
of conditions. Later work by Kharasch and co-workers (185|186) has led to
some modifications of this mechanism, especially with regard to reaction
(63), since no evidence of carbonium ion formation could be obtained.
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Instead the following reactions were suggested as probable causes of oxygen 
formation!

In metal-catalyzed decomposition of organic hydroperoxides, several workers 
have introduced their own modification of this basic one-electron transfer 
mechanism to suit the products obtained or the kinetics observed, but most 
of them are agreed on reactions (58) and (59) for the reduction and oxida­
tion of the metal ion accompanied by free radical formation. When these 
reactions complement each other to work in a cycle, catalytic decomposition 
of hydroperoxide takes place and a small metal concentration efficiently 
decomposes a much larger amount of hydroperoxide. When only reaction (58) 
or (59) is feasible, stoichiometric concentrations of metal and hydro­
peroxide react (187).

Bray and Gorin (188) have proposed a two-electron oxidation of Fe(ll) 
to Fe(lV) in the reaction of Fe(ll) arvi HgOgt

steps with either HgOg or iron(ll). The oxidation of Fe(ll) to Fe(iv) by 
a two electron reduction of HgOg has also been proposed by Cahill and 
Taube (189). On the other hand, Conocchioli et. al. (190) have disputed 
the presence of iron(iv) in Fe(ll)-H202 systems. King and Winfield (191) 
reported the two-electron oxidation of ruthenium(ll) to ruthenium(lV),

ROO* + ROOH
2 ROO* * 2 RO* + 02

» ROH + Og + RO*
m

(65)

Fe3+ + OH* --- > Fe02+ + H+  FeOH3+ (68)

2+The ferry! ion FeO formed in reaction (65) or (68) reacts in subsequent
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in the catalytic reduction of HgOg by ruthenlum(ll) in aqueous solution.
Both, the one-electron and the two-electron transfer redox mechanisms 

suppose that the acts of oxidation and reduction of hydroperoxide occur 
separately and therefore must involve participation by oxidixed and 
reduced forms of the metal catalyst in these reactions. Yet another type 
of mechanism involves a concerted reduction and oxidation reaction between 
two hydroperoxide molecules or peroxy anions,while they are co-ordinated to 
the metal catalyst. The metal itself does not undergo a redox reaction 
but may assist in electron transfer between the reacting hydroperoxide 
ligands, or possibly it may just act as a template on which the hydro­
peroxide molecules bind and react. Here the catalytic activity is 
attributed to the stabilization of the transition state achieved through 
coordination. Such reaction mechanisms have mainly been proposed in work 
on the disproportionation of hydrogen peroxide by the enzyme catalase 
(which is the best known catalyst for this reaction) or its model compounds.

Goudot(l92,193) has shown that tetracoordlnate complex compounds of 
Fe(lll) and Cu(ll) function as efficient models of catalase. He has pro­
posed that coordination of two HgOg molecules to the two available 
coordination sites on the metal leads to the disproportionation of HgOg 
to water and oxygen. Extensive molecular orbital calculations have been 
worked out to describe the nature and shape of this complex. Peroxidase 
type reactions in which one molecule of HgOg oxidizes a molecule of another 
compound have also been treated in this manner. From the molecular shape 
of the complex and its effect on bond energies, values of expected 
activation energies have been calculated and found to correspond favourably
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with experiment. Kovats (19*0 has further confirmed this mechanism by 
his observation of the catalytic effect of several tetraordinate Cu(ll) 
complexes on the disproportionation of hydrogen peroxide.

The concept of'the requirement of two free coordination positions 
about the metal ions is strengthened by the observation of Wang et. ali 
(195»196). It is seen that Mn(ll) and Fe(lll), both of which have 
coordination numbers of 6, when complexed with tetradentate triethylene 
tetramine actively catalyze the decomposition of hydrogen peroxide. These 
authors proposed that the reaction takes place through metal coordination 
such that one peroxide anion is bidentate and occupies two in positions 
of the metal ion. In view of the fact that the Mn(ll) catalyzed reaction 
is second order in peroxide concentration, Hamilton (197) suggested the 
mechanism described in the figure shown belowj

III NH,
—  OH, NH--•NH— -

n+,n+-
NH,- - -OH,

0-0-HNHNH,

NH, NH---
NH— -OH

n+
NH-

NH,

V IV
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Here two hydroperoxide groups are simultaneously coordinated to the 
two available sites on the metal (ill). In this complex, electron transfer 
takes place smoothly through the metal ion to give oxygen and water, the 
protons being transferred through the aqueous solvent. The first order 
dependence of the Fe(lll)-trien reaction rate on peroxide concentration 
was considered due to the fact that the higher coordinating ability of 
the iron(lll) ion resulted in one of the peroxide anions being bound to 
the ferric ion at the beginning of the reaction, leaving only one more 
to be added prior to the rate determining step.

Berger and Bickel (198) found ohat in the presence of copper(ll) 
phenanthroline acetate, t-BuOOH in benzene solution decomposed to yield 
stoichiometric amounts of t-BuOH and oxygen. To account for this obser­
vation they proposed a mechanism involving the complexation of one or two 
peroxy anions with the metal. These complexes further react with the 
hydroperoxide to give radical intermediates which lead to the observed 
products. In their mechanism outlined below only reactions involving the
monoperoxy anion complex are shown, but similar reactions involving the

0,1

dianion complex are also proposed. Here Cp = /Cu(phenanthroline)2_/ ,
OAc = CĤ COO", and R = t-butyl:

Cp(0Ac)2 + ROO" 1-- > OAc" + Cp(OAc)(OOf) (70)

Cp(OAc)(OOR) + ROOH ?=*• Cp(0Ac)(0*) + RO*-HOOR (71)
RO'-HOOR -- > ROH + ROO* (72)

ROO* + Cp(0Ac)(0*) -» 02 + Cp(OAc)(OR) (73)
Cp(OAc)(OR) -- > Cp(OAc)(OOR) + ROH (7̂ )

This mechanism stresses the importance of ionic complexes of the catalyst 
with both substrate and product, while no valence change of the cupric ion
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is assumed. Instead a cupryl form, Cp(0*)., represents the oxidized form 
of the catalyst. The authors acknowledge that oxygen could alternatively 
be produced by the reactions suggested by Kharasch.Ot, al, (185,186)!

2 ROO* ----- 2 RO + 0g (64)
ROO* + ROOH > ROH + Og + R0* (65)

In such a case, they suggest that their reaction mechanism would apply to 
the Initiation step only, and Og would be evolved as a result of chain
reactions (72) — > (64) or (65)-- > (72), However, the fact the addition
of a phenolic inhibitor accelerates the decomposition of the hydroperoxide 
would seem to indicate the catalyst is involved in the formation of the 
peroxy adduct, since an acceleration of reactions (64) or (65) by a phenol 
is improbable,

Kochi (198a) has suggested the following mechanism for the conversion 
of tertiary hydroperoxides to peroxides in the presence of copper salts 1

ROOH + Cu1 --- > RO* + Cun OH (76)

Cun OH + ROOH ■ ■ ■ ■ > CuI3:OOR + HgO (77)

RO* + r 'h ----* ROH + R* (78)

R! + Cui:C00R  R'OOR + Cu1 (79)

This mechanism is operative only in the presence of a substrate, R'H, 
which can act as a hydrogen donor towards oxy radicals. In order to main­
tain copper salt catalysis, it is necessary to form intermediates which are 
oxidized by cupric salts, as in reaction (78). Although this mechanism is 
based on the cuprous salt reduction of the peroxide (reaction 75), it is 
not necessary for the cuprous salt to be present initially. Since any 
thermal dissociation of the hydroperoxide will generate oxy radicals, cuprous
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salts are readily formed from cuprlc salts by the subsequent reactions (77) 
and (78).

In the homogeneously catalyzed decomposition of organic hydroperoxides 
by metals, the mechanism which seems to have found the widest support is 
the one-electron transfer mechanism, originally cited by Kharasch et. al. 
(184):

ROOH + Mn+ ---> RO* + Mn+1+ + 0H“ (59)
ROOH + Mn+1+ --- > ROO* + Mn+ + H+ (60)

followed in turn by radical Induced chain decomposition in competition with:
RO* + Mn+ ---;> R0‘ + I'in+1+ (79)
ROO* + Mn+ ---> RCXf + Mn+1+ (80)

When reactions (59) and (60) follow each other, the net reaction is:
2 ROOH RO* + ROO* + HgO (81)

The wide acceptance of this single electron transfer mechanism stems from 
the similarity of product compositions from metal catalyzed decomposition of 
hydroperoxides to those obtainable in radical induced decompositions (135)* 

Product studies: The catalytic decomposition of a hydroperoxide, ROOH,
in the presence of transition metals of variable valence generally results 
in the formation of oxygen ( 90%>t based on \ Og from each ROOH), along with 
substantial amounts of alcohol, ROH, and peroxide, R00R, (133). Thus, 
t-BuOgH with catalytic amounts of Cô + or Mn̂ + at 25°, yields 86% t-BuOH 
1Z%> t-BUgOg, and 93% Og along with 0.5̂  acetone (135)* Evidence of 
formaldehyde formation has also been reported by a few workers. Dean and 
Skirrow (199) found 3.8̂  formaldehyde under conditions similar to those 
cited above. Several secondary reactions have been seen to lead to small 
fractions of other products. Thus, the products are often influenced by 
dimerization of hydroperoxide or abstraction of hydrogen (200,201), re­
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action with anions in the system (202-204), or telomerization with added 
olefins (204), Decomposition by metal ions in solvents that readily 
undergo hydrogen abstraction can produce good yields of dialkyl peroxidesj 

RH + R'OOH _j£H> R00R' 
where RH = cumene (185,205), alkenes (205,206), THF (207), nitriles (186), 
or even cyclohexane (135)*

Kinetics: Assuming a one-electron transfer mechanism:
ROOH + Mn+  kA-> R0* + Mn+1+ + 0H“
ROOH + Mn+1+ . kB-> R00. + Mn+ + H+

followed by an induced chain:
RO* + ROOH --±~> ROH + ROO-
2 ROO* - k2 2 R0« + Og
2 ROO- ROOR + Og

a simple kinetic treatment has been worked out by Hiatt et. al.
When a steady state concentration of RO. prevails the rate of hydroper­
oxide disappearance is given by:
- d#ooH7/dt = kAJ/ROOH7/Mn̂ 7 + ]^ /E o o n /^ in+i+J  + ̂ JroJ/rook?

With rapid cycling of the metal ion the following equations apply: 
kA# 00l£ ^ + 7  = lc^00HZ/Mn+1+_7 

and, - d ^ 00H7/dt = (2 kg/k3 + 3 ) ^ +J jR 0 0 K /

Since JJ + *= lA J 0 i the initial metal ion concentration:
- d#00H7/dt = (2 kg/k3 + 3)/kAkB/(kA +
i.e., -d̂ ROOH7/dt = J ]X X $  (82)

Thus, one would expect the rate of hydroperoxide disappearance to be first 
order in metal as well as in hydroperoxide concentration. However, in

(64)

(65)

(37)
(40a)
(40b)
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practice, the kinetics of metal ion catalyzed hydroperoxide decomposition 
are often more complex than indicated by equation (82), This complexity 
can arise from several possible factors.

An almost consistent feature of these reactions is autoretardation, 
which may be more or less extreme, depending on the temperature, the nature 
of the metal catalyst, the hydroperoxide and the solvent,(135). Apparently, 
the reaction products complex with the the metal ion, deactivating it, and 
often eventually causing its precipitation. The precise nature of the 
reaction products which are responsiblle for the deactivation of the metal 
catalyst is not known with any certainty. Some workers suspect formic 
acid (133)» although the nature of the products which cause deactivation 
may well vary from one reaction system to another, Several authors (179, 
208-210) have been led to postulate that the formation of a metal-hydroper­
oxide complex precedes reactions (6̂ ) and (65). Retardation by millimolar 
quantities of compounds which strongly complex metal ions, e.g., carboxylic 
acids, 1-10 phenanthroline, acetylacetone, etc., seems to confirm this 
view.. (135). The formation of a metal-hydroperoxide complex is also an 
essential feature of some mechanisms discussed earlier. Products of hydro­
peroxide decomposition may well compete with hydroperoxide for coordination 
sites on the metal, thereby exerting a blocking effect.(208), consequently 
retarding further decomposition of hydroperoxide. Deactivation of a metal 
complex catalyst may also result from the autoxidation of the ligands (239), 

The initial rates of hydroperoxide decomposition in most instances are 
first order or nearly so, although Dyer (211) in his study of Co(ll) 2-ethyl 
hexanoate catalyzed decomposition of tetralin hydroperoxide in cyclohexane
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observed a second order dependence on hydroperoxide concentration, Hiatt 
et. al. (135) suspect that Dyer’s system may have suffered from autoreta­
rdation at an early stage in the reaction. However, initial rates of 
hydroperoxide decomposition show considerable variation in dependence on 
metal ion concentration. The rate order in metal catalyst is seen to vary 
from 0 to 31 depending on the reaction system and conditions (135» 198, 
199f209). Some authors have rationalized these results by means of complex 
kinetics based on the nature of the metal-hydroperoxide complex and suita­
bly modified reaction mechanisms.(198,199»209). However, Hiatt et, al. 
(135) point out that the metal ion exponent is sensitive to catalyst 
concentration, solvent and temperature. Hence, it may reflect the solu­
bility of the metal catalyst, as well as its degree of association in a 
particular system. These authors suggest that complex formation between 
metal and hydroperoxide may have no important consequence other than 
retardation in the presence of other compounds which also form strong 
complexes with the metal catalyst. Furthermore, Hiatt et, al. (op. cit.) 
have shown that reactions which are first order in metal ion have activa­
tion energies of 9 to 12 kcal/mole, but those with higher orders in the 
metal catalyst have activation energies of 1? to 22 kcal/mole, Hence, 
in the latter case the catalysts may exist in the form of fairly large 
aggregates which decrease in size as the temperature increases, giving 
rise to a faster rate of reaction.

In general, it is seen that the kinetics observed for one reaction 
system, may not hold true for even a related but slightly different system. 
The slightest change in a reaction system, often exerts a strong influence.
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Some factors which influence metal-hydroperoxide reactions are 
discussed belowi

Effect of metal: It is certainly to be expected that some metals
would be more reactive than others. However, different reaction systems 
may lead to different orders of metal reactivity (212,213). No satisfac­
tory relation seems to exist between the activity of a metal catalyst 
and other seemingly relevant properties, such as its redox potential (133, 
214), This may well be due to a lack of knowledge of the true redox 
potentials, which are expected to be influenced by the ligands and the 
solvent (215). On the other hand, observed reactivities may result from 
several factors which affect each metal ion in a characteristic manner.

Effect of ligandj Several workers have noticed that metal reactivity 
is strongly influenced by the nature of the gegen ion or the complexing 
ligand (I32,2l4?2l6). Thus, in acetic acid solution Co(lll) complex with 
EDTA does not influence hydroperoxide decomposition, while the Co(ll) 
complex does.(I87). However, under the same experimental conditions 
Co(lll) acetate is much more reactive than Co(ll) acetate (199). Most 
ferric salts do not decompose hydroperoxides readily, although the phthalo- 
cyanine complex does (135)* Wallace and Skomoroski (217), who have 
observed a wide variation in the reactivity of Fe(lll) with the nature of 
the ligand, believe that the effect of the ligand on the redox potential 
of the metal may be responsible. Any change in ligand, which brings about 
a change in the shape of the catalyst molecule may also affect its react­
ivity (216,239). Siegel (218) has shown that a 1:1 complex of Cu(ll) with 
ethylenediamine (bidentate) is highly reactive towards HgOg decomposition, 
while a complex of Cu(ll) with triethylenetetramlne (tetradentate) is 
.relatively unreactive, This is believed to indicate that the former
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complex has two free coordination sites, which enables it to bond simulta­
neously to two molecules of HgOg and thereby catalyze its decomposition, 
whereas the latter complex is coordinatively saturated. However, several 
other ̂ -coordinate complexes of Cu(ll) have been found to be very effici­
ent catalysts for HgOg decomposition (193>19̂ 1219). Moreover their 
catalytic activity has been ascribed to the ability of these compounds to 
coordinate with two HgOg molecules (193,19̂ ).

Concentration effectst Scott (220) has shown that at high hydroper­
oxide concentrations, radical Induced decomposition may become the prefe­
rred reaction and high radical concentrations may lead to termination 
reactions with the metal ionsj

Mn+ + RCHgOO. ---* Kn+1+ + OH" + RCHO (83)
Mn+1+ + RCHgO* --- > Mn+ + H+ + RCHO (#*)

besides reactions (40a) and (40b), It was shown that a greater than first
order dependence on the metal concentration prevailed under these condi­
tions, High metal ion concentrations also tend to retard hydroperoxide 
decomposition due to reactions (79) and (80) which reduce radical concent­
ration and retard radical induced decomposition (l?8). Hence, low cataly­
tic concentrations of metal ions or complexes are more efficient.

Solvent effectsj If the solvent molecule possesses a donor atom, it 
can conceivably enter the coordination sphere of the metal and thereby 
alter its pattern of reactivity (135*221). Dean and Skirrow (199) obser­
ved that water inhibits the Co(ll) acetate catalyzed decomposition of 
t-BuOOH in acetic acid, apparently by hydrating the catalyst. These authors 
also report that in acetic acid Co(lll) catalyzes the decomposition of
t-BuOOH much more actively than Co(ll). The reverse is seen to be true in
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nonpolar solvents (222), Such changes in reactivity with solvent polarity 
can he due to several causes, such as a decrease in the degree of aggre­
gation or an increase in ionic character of the catalyst with increasing 
polarity of solvent, or a change in the tendency of the solvent to 
coordinate with the metal. Other possibilities are a shift in the equil­
ibrium of the metal-hydroperoxide complex or a change in the redox po­
tential, Because of so many variables it is not surprising that any change 
in reaction conditions affects each metal catalyst differently.

In most of the studies cited above no effort has been made to 
determine the fraction of hydroperoxide which decomposes to give non­
radical products, and it seems to have been presumed that in the presence 
of metal catalysts of variable valence, all decomposition takes place 
either through reactions (59) and (60), or is induced by the radicals 
obtained from these reactions. Nevertheless, evidence exists (223,230 
to indicate that a significant fraction of hydroperoxide decomposition 
catalyzed by metals may lead to nonradical products.
Decomposition of hydroperoxides catalyzed by metals of nonvariable valencei 

Stearates of Mg(ll), Zn(ll), Ca(ll) and Sr(ll) (225) have been reported 
to catalyze the decomposition of hydroperoxides, A mechanism involving 
one-olectron oxidation or reduction of these ions is unlikely. It has been 
conjectured that Zn(ll) acts as a Lewis acid and that Mg(ll) in some way 
facilitates radical chain decomposition without initiating chains by 
itself (225)" It is possible that one of the mechanisms mentioned earlier, 
in which no valence change of the metal is involved, may be operative. 
Lead(ll) stearate (135) and lead tetracetate (226-228) are also known to 
catalyze hydroperoxide decomposition. Although a two-electron transfer
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mechanism is feasible in these systems, the nature of the actual mechanism 
involved is little understood, Ionic (226,227) and free radical (228) 
intermediates have both been suggested,
(c) Bonding and structure of metal acetylacetonatest

Since the present work involves homogeneous catalysis with metal 
acetylacetonates, it is necessary to understand the nature of these complexes, 

Acetylacetone is a weak acid and the 3--proton can be lost easily to give 
the enolate anionj

This enolate anion has a five-atom network extending over the two oxygen 
and three non-terminal carbon atoms. Six electrons occupy the resulting Tt 
type molecular orbitals. Numerous derivatives of this anion can be formed 
giving rise to a variety of metal-to-ligand bonding structures (229), For 
the present purpose we shall concern ourselves only with the derivative in 
which the enolate anion is coordinated to a central metal atom through both 
oxygen atoms. This is by far the most frequent form of association with 
metals, A second type of oxygen-chelated complex that can be formed involves 
the neutral acetylacetone molecule which is a difunctional .Lewis base and 
can coordinate to acceptor (lewis acid) metal atoms, in the keto tautomeric 
form. Such donor-acceptor complexes are often reactive with respect to loss 
of the acidic ring proton to give the chelated acetylacetonate complex. Some 
of these acetylacetonate complexes exist in an oligomeric or polymeric form 
which is achieved through bridging enolate anions. Such bridge bonding may

Me

Me
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occur when one of the enolate ions has the two oxygen atoms chelated to 
two metal atoms as in

Cl Cl

Another form of bridge bonding occurs when the terminal oxygen atoms in 
the enolate anion serve as donor atoms to two metal atoms *

NU

Ni

Thus, in nickel acetylacetonate, Ni(AA),,, nickel actually exists in an 
octahedrally coordinated form, and the molecule in the solid state is 
actually a trimer (230,231). Cotton and Fackler (232) found that Ni(AA)g 
exists in a monomer-trimer equilibrium in dlphenylmethane over a 80-200°C
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range, with the monomer predominating at higher temperatures. The green 
color of Ni(AA)g normally observed was seen to be due to the octahedrally 
coordinated trlmeric species, whereas the square planar monomeric form 
gave a red solution. Other complexes which polymerize via chelated 
oxygen bridges are Zn(AA)g which is trimeric (2330» and Go(AA)g (23*0 
and Mn(AA)g (235) which are tetrameric in the solid state.

It is interesting to note that metal acetylacetonates are capable 
of reacting on Lewis acids (236). Complexes of the type M(AA)g react 
with basic ligands such as pyridine and water to give six coordinate 
adducts. Indeed, the self-association of M(AA)g molecules such as 
Ni(AA)0 can be thought of in terms of inter-molecular Lewis type 
donor-aoceptor interactions,
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II. Discussion of Results 
Part I> Polymerization of methyl methacrylate In the •presence of 
t-butyl hydroperoxide and metal acetylaoetonatesi Effect.of nature. - 
of metal and solvent.

The decomposition of hydroperoxides in the presence of metal catalysts 
in solution has been studied extensively (378), Among the large variety 
of metal compounds studied in this respect, metal acetylacetbnates have 
received considerable attention (135»178). Metal acetylacetonates have 
also been used to catalyze the autoxidation of several substrates (239-242) 
and hydroperoxide initiated polymerization of styrene (243) and methyl 
methacrylate (244,245).

The present study was undertaken to obtain a better understanding of 
the metal acetylacetonate-hydroperoxide reaction system. The effect of 
the nature of (a) the metal catalyst, and (b) the solvent system on the 
extent and the rate of radical formation in hydroperoxide initiated 
polymerization of methyl methacrylate has been studied.

In the first phase of this work, the polymerization of methyl metha­
crylate (MMA) initiated by t-butyl hydroperoxide (TBHP) has been studied 
in the presence of several. metal acetylacetonates, M(AA)n, in 1-chloroctane 
medium. The choice of an aliphatic solvent was prompted by an earlier 
study (240) from this laboratory in which it was observed that the rate of 
hydroperoxide Initiated autoxidation of 1-octene was appreciably faster in 
an aliphatic than in an aromatic medium. Other workers (246) have also 
observed a similar solvent effect. The use of a tertiary alkyl hydroperoxide 
prevents complicating reactions such as hydration and rearrangement. More­
over, since TBHP has also been employed in most related studies in published
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literature, a direct comparison with this work is facilitated. Metal 
catalysts investigated include some species of potentially variable 
valence, viz., Co(ll), Co(lll), Mn(ll), Mn(lll), Gu(ll), Cr(m) and 
Ni(ll), as well as Al(lll) which is unlikely to participate in redox 
reactions. The concentrations of metal acetylacetonates were so small 
(/vlCT̂ M) as to preclude any possibility of direct initiation by the metal 
acetyl acetonates. Moreover, a relatively large concentration of TBHP 
(~0.02 M) was used so that any acceleration observed in the rate of 
Initiation would be due to catalytic rather than stoichiometric metal- 
hydroperoxide Interactions. The effect of the nature of the metal catalyst 
on the rate, as well as efficiency of initiation has been studied. The 
rates of polymerization of MMA monomer, Rp, and of TBHP decomposition, R̂ , 
were determined in the presence of each of the metal catalysts, as well 
as in their absence. Number average molecular weights of the polymer 
formed were also obtained. Initiator efficiencies in the presence of the 
metal catalysts were then calculated. These data obtained at 40, 60 and 
80° are presented in Tables I, II and III respectively. Some general 
trends in reactivity emerge from these data. It is seen that the de­
composition of TBHP is catalyzed most effectively by Cu(ll) and Co(ll) 
acetylacetonates. While Mn(lll) and Co(lll) display intermediate activity, 
Cr(lll), Ni(ll) and Al(lll) do not significantly affect the reaction. 
Representative plots of the progress of hydroperoxide decomposition with 
time are shown in Figure 1 for Cu(ll), Co(ll) and Co(lll) catalyzed 
reactions at 60°. Although in the early stage of the reaction hydro­
peroxide decomposition seems to follow a first order pattern, retardation 
sets in as the reaction progresses. A continuous decrease in the rate of
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hydroperoxide decomposition, or 'autoretardation' in the presence of 
metal catalysts has also been observed by other workers (135*208,210). 
Autoretardation of the rate of hydroperoxide decomposition may result from (a) 
the approach of steady state conditions as an increasing number of peroxy 
radicals abstract hydrogen atoms to reform hydroperoxide, (b) a stabilization 
of hydroperoxide molecules through complexation with the products of decom­
position (2̂ 7)1 for examplei

\ 1 R°2h + » 0 £=± R02 - C - OH
or (c) deactivation of the metal catalyst. Deactivation of the metal 
catalyst may result from the autoxidation of organic ligands or an inter­
action of the catalyst with the products of decomposition (mainly alcohols 
and ketones). In the last case, the decomposition products may precipitate 
the catalyst (210), or block the active sites on the metal through coordina­
tion (208) and thereby prevent the formation of a metal-hydroperoxide complex 
(I35»l78*179). The formation of such a complex is generally believed (I78) 
to precede catalytic decomposition of the hydroperoxide. Evidence for the 
formation of metal-hydroperoxide complexes is overwhelming. It has 'been 
seen that in the presence of free ligands,metal catalysts are rendered in­
effective (135). Other evidence for the formation of such complexes comes 
from NMR, ESR, UV and visible spectra (179).

A decrease in the rate of hydroperoxide decomposition with the progress 
of the reaction would result in a decreasing rate of initiation. This 
explains the observed trend of increase in the molecular weight of the 
polymer with reaction time. A comparison of the polymer molecular weight 
data in Tables I, II and III indicates that in most of the reaction systems 
a decrease in molecular weight accompanies an increase in temperature due
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to an increasing rate of initiation. In the Cu(ll) catalyzed system 
in 1-chlorooctane, however, the molecular weight is seen to increase with 
Increasing temperature. In these experiments, a large fraction of TBHP is 
consumed in the early stage ofithe reaction. The higher the temperature, 
the larger the initial decomposition, and therefore, slower the rate of 
Initiation which leads to the observed trend. The presence of metal 
catalysts generally tends to lower the molecular weight of the polymer 
formed due to an increased rate of initiation, as well as chain transfer 
to the metal complexes. Work in this laboratory has shown that several 
of the metal acetylacetonates have appreciably high chain transfer constants 
(part III of this work). Other workers have concluded that metal-hydro­
peroxide complex intermediates lend themselves to chain transfer teaction (2̂ 8), 

Most of the metal acetylacetonates studied do not significantly affect 
the rate of polymerization of MMA in 1-chlorooctane medium. However, (Jtl(>AA ̂ , 
which best catalyzes hydroperoxide decomposition, also catalyzes polymeriza­
tion, However, in the presence of Co(AA)2, although the rate of decomposi­
tion of TBHP is enhanced, the rate of polymerization is actually less than 
that observed in the uncatalyzed system. In Figure 2 are shown some repre­
sentative monomer conversion versus time plots obtained at 60°. In most 
cases percent conversion increases linearly with time, but the retardation 
in the Co(ll) catalyzed system is obvious. Possibly, oxygen produced in the 
Co(ll) catalyzed decomposition of hydroperoxide is responsible for the 
observed retardation. The production of irrecoverably low molecular weight 
polymer due to an initially high rate of initiation may also be responsible 
for the observed results. The fact that the rate of initiation decreases
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with the progress of the reaction Is indicated clearly by the increasing 
molecular weight of the polymer. A slight curvature is also observed 
in the percent conversion versus time plot (Figure 2) for the Cu(ll) 
catalyzed reaction in the initial stage of the reaction, beyond which, 
however, a recovery of catalytic activity is observed. The lack of a pro­
longed period of retardation in this system can be ascribed to the early 
onset of autoretardation in the decomposition of the hydroperoxide. The 
acetylacetonates of Co(lll) and Mn(lll) neither catalyze nor retard the 
polymerization of MMA, although they do promote hydroperoxide decomposi­
tion. The rate of polymerization of MMA also remains unaffected in the 
presence of Mn(ll), Cr(lll), Ni(ll) and Al(lll) acetylacetonates.

The initiator efficiencies (fnumber of polymer chains initiated per 
initiator molecule decomposed) shown in Tables I to III, represent effective, 
rather than true initiator efficiencies, since any wastage of the initiator 
due to radical induced decomposition has not been taken into account in 
computing these f values. Smaller initiator efficiencies are observed 
in the presence of metals which catalyze hydroperoxide decomposition. 
Initiator efficiency is seen to increase in the order* Cu(ll)< Co(ll) < 
Co(lll) < (Mn(lll) < Al(lll), Ni(ll), Mn(ll) < Cr(lll). The smaller 
initiator efficiencies in the presence of metals which facilitate hydro­
peroxide decomposition may be due to the greater probability of radical- 
radical termination reactions in these systems, in which relatively higher 
radical concentration would be expected to exist. It is possible that a 
significant fraction of metal catalyzed hydroperoxide decomposition leads 
to nonradical products, as will be discussed later. Such a phenomenon may
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also account for the observed order of Initiator efficiencies. Further­
more, low molecular weights of the polymers obtained in the presence of 
Cu(ll) and Co(ll) catalysts suggest that it is possible that some polymer 
of small molecular weight may not have been recovered. Although the effect 
of such an eventuality on the observed values of the rate of polymerization 
would be minimal, the molecular weight of the polymer and therefore the 
calculated values of initiator efficiency may be influenced appreciably.

Osawa et. al. (244,245) have studied the polymerization of MMA initiated 
by TBHP in the presence of Co(ll) and Co(lll) acetylacetonates in benzene 
medium. The authors have employed metal concentrations about fifteen times 
higher than those used in the present work. For the Co(ll) catalyzed 
reaction at 60°C, Osawa _et, al, (244) observed a rate of polymerization 
about five times as fast as that observed here, On the other hand, the 
Co(lll) catalyzed reaction in benzene at 60° is reported to proceed at 
only a third of the’rate observed in 1-chlorooctane at the same temperature,
A confirmation of the data reported in benzene medium led to the conclusion 
that the change in metal concentrations, or the nature of the solvent, or 
both must be responsible for the observed differences in the rate of 
polymerization of MMA,

To be able to view the present data in proper perspective with refere­
nce to that of Osawa et, al. (op. cit.), a study of the Co(ll) and Co(lll) 
catalyzed systems in benzene medium was undertaken. The solvent was changed, 
but all concentrations were maintained constant at the values shown in 
Tables I to III, In an earlier work of Osawa et. al. (213), which was also 
carried out in benzene medium, it was reported that Gu(AA)g had a much
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smaller effect on TBHP decomposition than the Co(ll) and Co(lll) complexes. 
However, it has Been seen that Cu(AA)2 is the most effective catalyst in 
1-chlorooctane, Therefore, it was of interest to investigate the effect 
of benzene medium on the Cu(AA)g catalyzed system. The data obtained in 
the TBHP initiated polymerization of MMA in benzene medium in the presence 
of Co(ll), Co(Hl),and Cu(ll) catalysts, as well as in their absence, are 
presented in Tables IV, V and VI, It is observed that the catalytic effect 
of Gu(AA)g on the rates of decomposition of TBHP and the polymerization of 
MMA diminishes greatly in benzene. The catalytic affect of Co(lll) acetyl­
acetonates on hydroperoxide decomposition also decreases to such an extent 
that it is barely noticable at 80°, and not at all at lower temperatures.
The Co(lll) complex also does not exhibit any effect on the rate of polymeriza­
tion of MMA monomer. On the other hand, Co(ll) acetylacetonate catalyzes 
the decomposition of TBHP and’retards the polymerization of MMA as it did in 
1-chlorooct'ane •

The reduced catalytic effect of Cu(ll) and Co(lll) species on hydroperoxide 
decomposition observed in the aromatic medium may be due to different redox 
potentials in 1-chlorooctane and benzene (215). Osawa et, al. (244), who 
observed that in benzene medium Co(lll) acetylacetonate retards the poly­
merization of MMA, obtained a polymer of much lower molecular weight than 
that obtained in the present experiments at a relatively lower concentration 
of the metal catalyst. This observation suggests that the larger metal 
catalyst concentration must have resulted in a significant increase in chain 
transfer events. Possibly, a substantial fraction of the low molecular 
weight polymer might have remained in solution in the presence of methanol, 
thereby escaping detection, and hence the observed apparent retardation. It
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is also possible that at high Co(lll) concentrations termination reactions 
involving the. metal become significant (252). For example,

. Co3+ + H* .  > Co2+ + H+ (1-1)
In such a case too a lower molecular weight polymer may result.

Chalk and Smith (208) in their study of autoxidation of simple hydro­
carbons in the presence of metal catalysts observed that with increasing 
hydroperoxide concentration the rate of autoxidation increased at first and 
then decreased continuously. These results have been explained on the basis 
that at low hydroperoxide concentrations a ltl metal-hydroperoxide complex 
is formed which leads to hydroperoxide decomposition and consequent initiation 
of autoxidation of the substrate. As the hydroperoxide concentration increases, 
the rate of formation of the metal-hydroperoxide complex increases to a max­
imum, beyond which a second complex is formed. The latter complex consists 
of more than one hydroperoxide molecule coordinated to the metal at the 
same time. This complex has a lower initiation efficiency than the 1:1 
meta3.-hydroperoxide complex. Therefore a decrease in the rate of autoxida­
tion is observed at higher hydroperoxide concentrations. The formation of a 
metal-hydroperoxide complex of higher initiating efficiency at a relatively 
low ratio of hydroperoxide concentration to metal concentration serves to 
account for the increased catalytic effect of Co(ll) acetylacetonate on 
the rate of polymerization of MMA at higher metal concentrations observed 
by Osawa et, al. (244), The retardation observed in the presence of a 
relatively low Co(ll) concentration in the present experiments, is probably 
due to the lower initiation efficiency of TBHP under these conditions due 
to an Increase in the formation of a 1:2 metal-hydroperoxide complex.
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Several workers have arrived at the conclusion that radicals are 
stabilized in the presence of metal species as a result of the formation of 
metal-radical complexes (250). Increasing metal concentration must increase 
the extent of such complex formation, and therefore the stability of radicals. 
Hence ,J at high metal concentrations radical species may be expected to dis­
play greater selectivity. The extent of addition may increase at the ex­
pense of other reactions which result in a wastage of initiator molecules.

t

Such an explanation also accounts for the higher rate of polymerization and 
longer polymer chains observed by Osawa ,g£. a],, at relatively high concen­
trations of Co(ll) acetylacetonate.

In view of the observed sensitivity of the metal-hydroperoxide re­
action system to the nature of the solvent, it was of interest to study 
the effect of a polar solvent on a representative reaction system. Such 
a study is specially interesting because widely differing phenomena have 
been reported for related reaction systems in polar media. Some workers 
have observed that polar solvents enhance the catalytic effect of metal 
compounds on the decomposition of hydroperoxides (251). Such observations 
are generally ascribed to an increase in the solubility of the metal 
catalyst (252). However, in other studies it has been noticed that 
increased solvent polarity leads to deactivation of the metal catalyst (224). 
Such deactivation is believed to be a result of the coordination of the 
solvent to the metal and the consequent blockage of active sites where the 
hydroperoxide molecules must coordinate before decomposition can occur. In 
a study of TBHP decomposition catalyzed by Co(ll) and Co(lll) acetylacetonates, 
it has been observed that in the presence of both the catalysts, the reaction 
is faster in benzene than in acetic acid (222). However, the rates of de­
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composition observed in acetic acid are large enough to suggest that the 
metal catalysts in these systems do not exist in a .deactivated state. To 
gain further insight into metal acetylacetonate-hydroperoxide interactions 
in polar media, TBHP decomposition catalyzed by Cu(AA)g in the presence 
of MMA monomer has been studied in dimethyl sulfoxide (DMSO). These exp­
eriments were carried out at 40, 60 and 80°G, The data obtained are pre­
sented in Tables VII to IX, Similar data were obtained in the presence of 
Co(ll) and Co(lll) acetylacetonates by a coworker in this laboratory, whose 
data are presented in Table X, The solvent DMSO was used in these experim­
ents since it offers the advantage of a low chain transfer constant (36 ),

It is seen from Tables VIIto IX that the catalytic effect of Cu(AA)g 
on the rate of hydroperoxide decomposition in DMSO is significant. However, 
the rate of hydrperoxide decomposition observed in the presence of Cu(ll) 
is appreciably smaller in DMSO than in 1-chlorooctane (Tables I to III).
The progress of hydroperoxide decomposition in the presence of Gu(AA)g 
with reaction time at 60° is shown in Figure 3 for all the three solvents. 
The progress of monomer conversion with time is shown in Figure 4 for 
the Gu(AA)g catalyzed reaction in 1-chlorooctane, benzene and DMSO at 
60°G. This figure shows that the rate of polymerization, however, is the 
fastest in in the Cu(ll) catalyzed system in DMSO. This is understandable 
when it is considered that the initiator efficiency in DMSO is appreciably 
larger than that observed in 1-chlorooctane. The rates of hydroperoxide 
decomposition and the polymerization of MMA are smallest in the benzene 
system, possibly because of the stabilization of radical-aromatic complexes 
in the presence of copper species (185, 246). The high initiator efficiency
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for the Cu(ll) catalyzed reaction in bezene supports this view.

An examination of the data in Table X indicates that both Co(ll) and 
Co(lll) catalyze the polymerization of MMA monomer. It ms seen earlier that 
Co(ll) acetylacetonate retards the polymerization of MMA in 1-chlorooctane 
(Tables I to III), as well as in benzene (Tables IV to VI). Unfortunately, 
at present reliable quantitative data on hydroperoxide decompostion and 
polymer molecular weights in Co(ll) and Co(lll) catalyzed systems in DMSO are 
not available. However, it can be said with certainty that the rates of 
hydroperoxide decomposition in the presence of both Co(ll) and Co(lll) are 
appreciably slower in DMSO than in 1-chlorooctane. Furthermore, in the 
Co(ll) catalyzed reaction, substantially longer polymer chains were formed 
in DMSO than in 1-chlorooctane or benzene. Thus, in the presence of Co(ll), 
the initiator efficiency observed in DMSO is clearly larger than that 
observed in 1-chlorooctane or benzene, A similar increase in initiator 
efficiency in DMSO has already been observed for the Cu(ll) catalyzed re­
action system.

It Is possible that DMSO molecules, which are good donors, compete with 
hydroperoxide molecules for coordination to the metal and thereby prevent 
the formation of metal-hydroperoxide complexes in which two hydroperoxide 
molecules are coordinated to the metal at the same time. The prevention 
of formation of such a complex, which is believed to lead to a smaller 
initiator efficiency than the 1:1 metal-hydroperoxide complex, may account 
for the increase in initiator efficiency and the consequent catalytic effect 
on the rate of polymerization of MMA observed in the presence of Co(ll) in 
DMSO, This explanation also accounts for the higher Initiator efficiency
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observed in DMSO for the Cu(ll) catalyzed system, It may he noticed that 
both Co(ll) and Cu(ll) acetylacetonates can coordinate with two more 
molecules by assuming an octahedral configuration.

In all the metal catalyzed systems studied here, UV spectra were taken 
as each reaction progressed to observe if any change in the oxidation state 
of the metal catalysts could be detected. In most of the reaction systems 
no significant change in the spectrum was observed with the progress of 
the reaction. In the Co(ll) catalyzed system, in 1-chlorooctane as well as 
in benzene, it was visually observed that the pink color of Co(ll) acetyl- 
acetonate changed to the deep green color characteristic of Co(lll) acetyl- 
acetonate immediately upon the addition of TBHP solution. Spectra of 
freshly prepared reaction mixtures containing Co(ll) acetylacetonate in 
1-chlorooctane, or in benzene, showed no evidence of the presence of Co(ll) 
species. In fact, as long as the'Co(ll) catalyzed'reaction was followed, 
no spectral evidence of the presence of Co(ll) was observed in both the 
nonpolar solvents; at the same time, no change in the Co(lll) concentration 
was observed. Similarly, in the Co(lll) catalyzed reaction in 1-chlorooctane, 
and also in benzene, no Co(ll) species could be detected, while the Co(lll) 
concentration remained unaffected throughout the course of the reaction. In 
DMSO,' on the other hand, it has been seen that whether the initial catalyst 
is Co(ll) or Co(lll) acetylacetonate, as the reaction progresses, a steady 
state concentration of the two species is gradually approached.(2̂ 1),

A comparison of the polymerization data in absence of the metal catalysts 
in the three solvents shows that although comparable rates of polymerization 
are obtained in 1-chlorooctane and DMSO, the rate observed in benzene is
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substantially smaller. A decrease in autoxidation rates in aromatic 
solvents has been observed earlier and attributed to possible formation 
of phenols (24.0,246 ), Another factor which could contribute to the 
decrease in polymerization and autoxidation rates in stabilization of 
the radicals through IT complex formation with the aromatic solvent (26-29). 
On the other hand, the observed trend may be a consequence of hydroperoxide 
decomposition induced by the aliphatic solvents (186):

Osawa et. al (244-) in their study of the effect of metal acetyl- 
acetonates on hydroperoxide initiated polymerization of methyl methacrylate, 
have measured rates of hydroperoxide decomposition in absence of the monomer. 
However, it seems from their data that polymerization of MMA proceeds mono- 
tonically long after almost all hydroperoxide seems to have been consumed.
It is possible, therefore, that hydroperoxide decomposition proceeds at 
a slower pace in the presence of MMA. One would expect a faster rate of 
hydroperoxide decomposition in the presence of MMA, since alkenes, in 
general, are known to induce hydroperoxide decomposition (12,13,17.0-172) i

Besides, the sensitivity of metal acetylacetonate catalyzed hydroperoxide 
decomposition to the reaction medium has already been demonstrated. It is 
therefore of interest to determine in what manner the data of Tables I-X has 
been influenced by the presence of the monomer. The decomposition of TBHP 
catalyzed by Co(ll) Co(lll) and Cu(ll) acetylacetonates has been studied 
in the absence of MMA. The Co(ll) and Co(lll) catalyzed systems have been

R02H + SH — ^  RO + S • + H20 (*)

(1-2)
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studied in 1-chlorooctane and in benzene. These data are presented in 
Table XI along with data on the Cu(ll) catalyzed system in DMSO, De­
composition of TBHP in the presence of Cu(AA)g was much too fast to obtain 
reproducible data. The Co(ll) and Co(lll) systems were being studied in 
DMSO by a coworker (253)• Although, presentable data on these systems 
are not available at this time, the general trend of these data is 
described in the foregoing discussldm,

A comparison of the data in Table XI with those in Tables I to IX 
shows that in both 1-chlorooctane and benzene the rates of Co(ll) and 
Co(lll) catalyzed hydroperoxide decomposition are appreciably faster in 
the absence of MMA, The Cu(ll) catalyzed reaction too is undoubtedly 
faster in pure 1-chlorooctane or pure benzene than in a mixture of either 
of these solvents with MMA, However, the rate of hydroperoxide decompo­
sition catalyzed by Cu(AA)g in pure DMSO is seen to be slower than the 
rate observed in the presence of MMA monomer. A similar decrease in the 
rate of decomposition of TBHP was observed in this laboratory for the 
Co(ll) and Co(lll) catalyzed systems in DMSO in the absence of MMA (253), 
Thus, it is seen that Co(ll) Co(lll) or Cu(ll) catalyzed decomposition 
of TBHP is slowest in pure DMSO and fastest in pure 1-chlorooctane or 
benzene, while an intermediate rate is observed in mixtures of these 
solvents with MMA,

It is generally believed (178) that the decomposition of hydroperoxides 
is catalyzed by-metals of variable valence as a result of Haber-Weiss redox 
reactions s

R02H + M+n  s, R02* + H+ + M+n"X (1-3)

ROgH + M+A“1  > HO* + OH” + M+n (1-4)
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These reactions would obviously be facilitated by an increase in solvent 

polarity. But, in fact, as the polarity of the reaction medium increases 

from 1-chlorooctane or benzene to MMA, to DMSO, the rate of hydroperoxide 

decomposition actually decreases, It is possible that MM competes with 

the hydroperoxide for coordination to the metal in nonpolar solvent 

systems. Therefore, in 1-chlorooctane and benzene, the rate of formation 

of metal-hydroperoxide complexes would decrease in the presence of MMA, 

and so would the rate of hydroperoxide decomposition. In DMSO, which 

would be expected to be a better donor than MMA, the presence of the 

monomer would increase the rate of formation of metal-hydroperoxide 

complexes, and therefore the rate of hydroperoxide decomposition.

Rates of hydroperoxide decomposition from Tables I to XI have been 
presented in Table XIIA, along with the resective rate constants. Rate 
constants for hydroperoxide decomposition have been calculated by assum­
ing the reaction to be first order in both, metal and hydroperoxide.
Such an assumption is supported by the work of Hiatt et, al, (135)• In 

the case of the Cu(ll) catalyzed decomposition of TBHP in 1-chlorooctane 

and DMSO media in the presence of MMA, rate constants calculated on the 

basis of empirical rate expressions obtained elsewhere in this work (see 

Part III) are also presented. The order in MMA has been excluded from 

these rate laws since it is believed that this order only reflects the 

effect of the composition of the reaction medium on the rate of hydroper­

oxide decomposition.

The data on rates of polymerization of MMA and the corresponding 

rate constants are presented in Table XIIB, These rate constants have 

been calculated with the help of rate expressions obtained by considering
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that the rate expressions for hydroperoxide decomposition in Table XIIA 

represent the respective rates of initiation. Furthermore, all polymer­

ization reactions have been assumed to be first order in the monomer,

Even in the case of experimentally determined rate expressions, any 

deviations from a first order dependence on monomer concentration have 

been disregarded, It is believed that such deviations occur because of 

a medium effect. However, in the experiments under consideration here, 

the composition of the reaction medium remains essentially unchanged with 

the progress of the reaction. It has been seen that Co(ll) retards the 

polymerization of methyl methacrylate. In this reaction the role of the 

metal complex is not clear enough to warrant any assumption regarding a 

rate expression. Therefore, no rate constants can be calculated for the 

polymerization of MMA in the presence of Co(ll) acetylacetonate, 

Cobalt(lll) and Mn(lll) catalyze the decomposition of TBHP in 1-chloro- 

octane medium. But in the same reaction system, these catalysts do not 

exert a discernible catalytic effect on the polymerization of MMA. It 

is therefore assumed that Co(lll) and Hn(lll) catalysts do not take part 

in the initiation reaction under the present experimental conditions.

In the case of reactions carried out in the presence of Al(lll), Hi(ll), 

Cr(lll) and Mn(ll) acetylacetonates, which catalyze neither hydroperoxide 

decomposition nor the polymerization of MMA, there is no doubt that the 

rate of polymerization must-be independent of metal concentration. 

Variation of the logarithms of rate constants for hydroperoxide 

decomposition, k̂ , and for the polymerization of MMA, k , with reciprocal 

temperature has been utilized to obtain activation energies and preexpo­
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nential factors for hydroperoxide decomposition (Ê , A^) and for the poly­

merization reaction (E ; A). These data are shown in Table XIIC along
cl

with E„ values calculated from E, by using the relation (25̂ ):
cl Cl

Ea - Ep + <Ed - Bt)/2 ^

where the activation energy for propagation'(E^) and that for termination

(Ê ) are considered to have values of k.7 and 0 kcal/mole, respectively

(255)• The correspondence between the observed and calculated values of

E for the metal catalyzed systems is not good. A similar trend has been
cl

observed by Osawa et, al. (2*l4), They suggest that E and E. values may—  p t
be different in these systems from the accepted literature values, the 

observed discrepancy may also be due to an increase in initiator efficie­

ncy with temperature, It is seen from Tables I to VIII that in most of 

the reaction systems , the initiator efficiency indeed tends to increase 

with temperature. It has been mentioned earlier that Chalk and Smith 

(208) have considered the formation of two kinds of metal-hydroperoxide 

complexes which lead to different initiator efficiencies. If indeed 

hydroperoxide decomposition takes place through two different mechanisms 

leading to different initiator efficiencies, an increase in the overall 

initiator efficiency with increasing temperature may occur if the mecha­

nism which leads to a higher initiator efficiency also has a higher 

activation energy.

The data in Tables XIIA to XIIC have been used to calculate values 

of enthalpy and entropy of activation at 40°C by using the following 

relationships:
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where k is the Boltzman constant and h is Planck's.constant. The calcul- 

ated values of AH and AS1 are presented in Table XIID,

The possibility of a change in the reaction mechanism with a change 

in the relative concentration of the metal catalyst and hydroperoxide has 

already been discussed. It seems, furthermore that the dominant reaction 

mechanism may depend on the nature of the metal catalyst, as well as that 

of the reaction medium. This view is supported'by the following attempt 

to find an isokinetic relationship between the enthalpy and entropy of 

activation for hydroperoxide decomposition. The nature of an isokinetic 

relationship and the inferences which can be drawn from it, are described 

in the succeeding paragraph,

A linear relationship between corresponding changes in the enthalpy 

and entropy of activation is known as an isokinetic relationship (256):

AH* «/ks* (1-6)
where /3 is positive or zero. The coefficient /3 is known as the isokine­

tic temperature. It is the temperature at which the variable being 

studied has no effect on the rate of reaction. Reaction systems involv­

ing a common mechanism share an isokinetic relationship. However,

reaction systems related isokinetically need not have identical mechanisms,
4; t t  . ,A plet of AH versus AS (or E versus log A) may also give a straightcL

line relationship if the reaction systems involved have equal values, 

even if they react by different mechanisms.

Figure 5 shows an isokinetic plot for the decomposition of TBHP in 

the presence of different metal catalysts. Data obtained in 1-chlorooc­

tane, benzene and DMSO are presented in this figure. The data obtained

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76.

in the absence of MMA are also included. Furthermore, only activation 

parameters corresponding to a first order reaction in both metal and 

hydroperoxide, that is , those based on a common reaction mechanism1are 

represented here. It is obvious that no isokinetic relationship exists 

between these reaction systems. Therefore, it appears that a change in 

the nature of the reaction medium, or that of the metal catalyst affects 

the reaction mechanism. However, it must be mentioned that a failure to 

observe an isokinetic relationship may also result if the experimental 

data have been obtained at temperatures close to the isokinetic tempera­

ture. It is also possible that the lack of an isokinetic relationship in 

the present circumstance may be due to a deviation from the first order 

rate dependance on metal and hydroperoxide concentrations assumed here.

It was described earlier that UV spectra showed that redox reactions 

with metal catalysts probably do not occur to a detectable extent in non­

polar solvents. In DMSO, on the other hand, the occurance of a redox re­

action with Co(ll) and Co(lll) catalysts has been observed (2 1̂). In the 

case of reactions catalyzed by Cu(AA)p, however, no redox reaction could be 

detected in DMSO either, although a significantly larger initiator effici­

ency was obtained in DMSO than in 1-chlorooctane or benzene. Thus, diff­

erent reaction mechanisms may prevail in polar and nonpolar solvents. It is 

possible that in DMSO hydroperoxide decomposition takes place mainly through 

reactions (l-3) and (l-^), while in the nonpolar solvents a large fraction 

of the hydroperoxide decomposes through a mechanism which does not involve 

the metal in redox reactions and probably leads to nonradical products.

The possibility that an appreciable fraction of metal catalyzed hydro-
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peroxide decomposition in nonpolar solvents leads to nonradical products 

should not be ignored in view of the fact that relatively poor initiator 

efficiencies obtain in these reaction systems. Brown et. al. (257) in 

their fine review of peroxide chemistry have suggested that redox reactions 

with peroxides are much more subtle than has been thought. To quote these 

authors '...the case for free radical interpretations of these processes 

has too often been overstated. That is not to say that free radical 

processes are in general unimportant in peroxide redox reactions - there is 

considerable evidence to the contrary - but the elevation of a concept to a 

dogma is not a scientific advance',

Berger and Bickel (198) have investigated the decomposition of TBHP 

catalyzed by the phenanthroline acetate complex of Cu(ll) in benzene.

They have proposed a mechanism which does not involve the metal in any 

redox reaction. It was observed that the decomposition of TBHP leads to 

the formation of t-butyl alcohol and oxygen in stoichiometric amounts:

2 HOOH --- > 2 ROH + Og (1-7)
The mechanism proposed by these authors involves the initial complexation 

of the metal with peroxy anions which displace the acetate ion ligands 

from the metal. This complex leads through radical intermediates to the 

observed products. Such a mechanism would be possible in the present 

reaction system only if the peroxy anions can displace the acetylacetonate 

ligands, which must also act as proton acceptors. Such a prospect, although 

not impossible, would appear at least improbable in view of the high 

stabilities of acetylacetonate complexes of the metals (258).

A suitable mechanism for metal acetylacetonate catalyzed hydrperoxide
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decomposition in nonpolar solvents must account for the fact that an 
increase in the rate of TBHP decomposition in the presence of more active 
catalysts is accompanied by a decrease in the initiator efficiency in these 
solvents. Thus, the fastest rate of hydroperoxide decomposition and at the 
same time the poorest initiator efficiency is observed in the Cu(ll) catalyzed 
reaction in 1-chlorooctane. Goudot (192,193) has made a theoretical study 
of the decomposition of hydrogbh peroxide catalyzed by tetracoordinate metal 
complexes which are capable of assuming a hexacoordinate configuration. A 
mechanism has been propsoed, in which the metal assumes an octahedral con­
figuration by accepting two H2O2 ligands, which than react to give non­
radical products:

2H202 --> 2H20 + 02 (1-8)
Other authors have suggested similar mechanisms (257). Here the metal 
serves to increase the probability of reaction by bringing the two reacting 
species together and also assists in electron transfer between the two ligands. 
An alternative explanation can also account for heterolytic decomposition of 
hydroperoxides in the presence of metal catalysts. The catalytic mechanism 
may consist of a template like reaction between two coordinated hydroperoxide 
molecules:

? ?
S  ° - R (1-9)

Besides accounting for the decreased initiator efficiency in the presence of
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the active metals, and the fact that no change is observed in the oxidation 

state of the metal, a mechanism of this type would also explain the pro­

nounced catalytic effect of Co(ll) and Cu(ll) acetylacetonates. Among 

all the acetylacetonate complexes studied in 1-chlorooctane, those of Cu(ll) 

and Co(Il) are the only ones which are tetracoondinate but are capable of 

bonding to two more ligands. As has already been mentioned, Co(ll) is 

immediately oxidized to Co(lll) in the presence of TBHP and therfore must 

assume an octahedral configuration by bonding to two TBHP ligands. In the 

case of the Cu(ll) complex, the driving force for the attainment of an 

octahedral configuration may be the stabilization obtained in this config­

uration from a Jahn-Teller distortion, A study by Kovats (19*0 of the 

decomposition of hydrogen peroxide in the presence of Cu(AA)g among other 

tetracoordinate complexes of Cu(ll) lends support to a mechanism of the 

type suggested by Goudot (op. cit.) in which two HgOg coordinated to the 

same metal atom react to yield nonradical products.

The observed data in nonpolar solvents can also be explained by a 

mechanism, which would involve the coordination of two TBHP ligands to 

Cu(ll) or Co(ll) acetylacetonate, as suggested by Goudot (op. cit.), with 

the diffemce that these ligands may also react to give free radical 

productsi

2 R00H -- > R00- •+ RO* + HgO (l-10)

The decrease in initiator efficiency in the presence of active metal 

catalysts may result from the reactions:

2 R00*  > 2 R0- + 02 (i-ll)

R0- + R00H  > ROH + R00- (1-12)

R00- + R00H ---> ROH + RO- + 0g (l-13)
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Reaction (i-ll) is known to proceed slowly for tertiary peroxy radicals due 
primarily to the fact that the decomposition of the tetroxide intermediate 
to alkoxy radicals and oxygen requires an appreciably high activation 
energy (259)* However, all these reactions may be catalyzed by the simul­
taneous coordination of the reactants to the metal. Credibility is lent to 
such a view by the observation of a Co(lIl)-poroxy radical complex by Tkac 
et. al. (26(5) in their ESR study of the Co(AA)2“TBHP system in benzene.

In DMSO, however, the simultaneous coordination of two hydroperoxide 
molecules to Cu(ll) or Co(ll) acetylacetonates would be unlikely because of 
the competition by DMSO molecules for coordination to the metal. Most of 
the hydroperoxide decomposition in DMSO would therefore berexpected to 
proceed through reactions (1-3) and In DMSO, although the rate of
decomposition of the hydroperoxide is not as fast as in the nonpolar solvents, 
the initiator efficiency is relatively higher because of the preponderance of 
radical products.
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Part II: Kinetics of decomposition of t-butyl hydroperoxide and
polymerization of methyl methacrylate catalyzed by copper(ll) acetyl­
acetonate.

The kinetics and mechanism of the decomposition of hydroperoxides in 

the presence of metal catalysts has received increasing attention over the 

past twenty years or so. A substantial volume of literature has evolved 

on this subject (135»178). The catalytic effect of compounds of copper 

was noted by Kharasch et. al. (246) almost twenty years ago. Since then 

only a few detailed studies of the copper catalyzed decomposition of 

hydroperoxides have been reported (180, 198, 198a), However, these studies 

fail to consider the possibility of a mechanism of hydroperoxide decomposi­

tion which may lead to nonradical products, Earlier work in this labora­

tory on the decomposition of TBHP catalyzed by Gu(AA)g has shown that at 

high rates of hydroperoxide decomposition relatively poor rates of radical 

formation obtain, especially in nonpolar solvents (261,262).

In the present work, kinetics of the decomposition of TBHP have been 
studied in the presence of Cu(AA)p and K M  monomer, which serves as a 
radical trap, The sensitivity of this reaction system to the nature of 
the solvent has already been observed (261,262), Moreover, some workers 
have discussed the possibility that in polar media the reaction between 
hydroperoxide and metal catalysts may take place without initial metal- 
-hydroperoxide complex formation (231,268-271). It would be of interest to 
see if a change in the mechanism of metal catalyzed decomposition of 
hydroperoxide can be discerned by changing the polarity of the reaction 
medium. Identical experiments have, therefore, been carried out in 
nonpolar 1-chlorootane and polar dimethyl sulfoxide.
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The data obtained In 1-chlorooctane medium at 60°C are presented in 

Tables XIII to XV, These data show the effect of variation of concentra­

tions of Cu(AA)2» TBHP and MMA on the rate of hydroperoxide decomposition 

(Rj), the overall rate of polymerization of MMA (Rp)» and the rate of 

polymerization catalyzed by the metal (R - R°), which is the overallP P
rate of polymerization corrected for the rate of polymerization in abse­

nce of the metal (R°). The effect of reactant concentrations on the mol-P
ecular weight of the polymer formed has also been studied. Initiator 

efficiencies, f, calculated from the values for percent conversion of 

monomer, percent decomposition of hydroperoxide and the number average 

molecular weight of the polymer, are also presented, A--summary of the 

data in Tables XIII to XV appears in Table XVI,

It is seen from Tables XIII and XIV that an increase in the concent­

rations of Gu(AA)g and TBHP produces a corresponding increase in the rate 

of hydroperoxide decomposition, As would be expected, this increase in 

the rate of initiation is translated into an increase in the extent of 

monomer conversion. However, Table XV shows that increasing concentration 

of MMA has a deleterious effect on the rate of decomposition of TBHP, 

although the rate of polymerization continues to increase.

The data in Tables XIII to XV have been used to obtain empirical 

rate laws of the forms

Rd = k/Cu(AA )2_7â ffi7b#r.!A7C
R - R° = k '^u(AA )p_7^/TBHPT^/y\Vik]T P P

In order to evaluate the exponents, log-log plots of the rate of hydro­

peroxide decomposition (R̂ ) and the rate of metal catalyzed polymerization
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(R -R°) versus each reactant concentration have been obtained, These P P
plots are shown in Figures 6 to 11. The slopes of these straight line 

plots give the order in the respective reactant. Thus, it is seen that 

in 1-chlorooctane at 60°Ct

Rd = k/Cu(AA)2J70,32/fBH£70,6°i/Mr'iA7 ~°*53 (il-l)
V  Rp “ Ic'^u(AA )2J ° - l8/TBIff70*2^ ha7°* 81 (II-2)

Richardson.(180), who studied the copper-2 ethyl hexanoate catalyzed 

decomposition of TBHP in 1-chlorobenzene, has proposed the following 

reaction mechanismi

2 ROOH (ROOH)2 (XT—3)

GUg1 + ROOH ■r— > Cu^ROOH) (il-if)

C u ^ R O O H )  + ROOH  -- > Cu^ROOH^ (H-5)

CU2I(R00H)2  CuIIGuI (ROOH) (H+) + R00- (H-6)

CuI'i:CuI(R00H)(H+)  CUg1 +'HgO + R0- (n-?)

2 R00*   ̂2 RO* + 02 (II-8)

HO* + ROOH  > ROH + R00* (H-9)

2 RO*  ► ROOR (11-10)

This free radical mechanism involves a dimeric copper salt and 

includes the concept of association of the hydroperoxide with itself and 

with the copper salt. The catalytic nature of the copper salt is 

explained by redox reactions between metal species and the hydrperoxide 

in equations (II-6) and (II-?). Richardson was led to believe that a 

substantial concentration of the copper salt existed in a reduced state 

since an oxygen purge reduced the rate of reaction by a factor close to 

two. In the present work no evidence of the existence of Cu(l) could be 

found from UV spectra. However, this does not rule out the possibility of
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a redox mechanism of catalysis, since it is possible that Cu(l) could 

not be detected only because of its high reactivity.

Berger and Bickel (198) have investigated the decomposition of TBHP 

catalysed by the phenanthroline acetate complex of Cu(ll) in benzene.

These authors have proposed a mechanism in which the metal is not involved 

in redox reactions. However, the empirical rate equations (il-l) and 

(II-2) obtained for the present system are not compatible with the kinetic 

expression derived from this mechanism, which has been presented in the 

Introduction (p, 46).

Richardson (op, cit.) has derived the following rate equation for 

hydroperoxide decomposition from the mechanism described by equations 

(II-3) to (11-10)t

d/RQQH7 2 y 4K^ZZR00H7 < ../k^/C^/ROOH/

dt (K3 + K|Kii/ROOH75' + K^K^00H7) 1^(1 + K|K^00H7 + K^K^K^/ROOH/)^

 (11-11)

Between one half and first order dependence on the copper salt concentration 

is expected from this expression. The order in hydroperoxide is expected to 

be between zero and one.

In the present experiments in 1-chlorooctane, the decomposition of 

TBHP is seen to be 0,60 order in TBHP (equation II-l). This value is well 

within the range expected from equation (il-ll). However, the order of 

0,32 in Cu(AA)g is appreciably smaller than the expected order. In the 

mechanism in equations (II-3) to (II-IO), it was assumed that the copper salt 

remains intact as the dimer, Richardson (op, cit,) has also considered the 

possibility of the existence of an equilibrium between monomeric and dimeric
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copper salt:

2CU11 -— > Gup (H-12)
In such a case the order in monomeric copper will be half of that expected 
from equation (11-11). In such a case an order of 0.25 to 0.5 in copper 
would be expected. However, no evidence of the existence of copper acetyl­
acetonate in a dimeric form has been reported (266), although dimers, 
trimers and tetramers of some other metal acetyl acetonates have been 
reported (22̂ ,267). On the other hand, it is possible that Cu(AA)2 exists 
in an aggregated state in 1-chlorooctane medium. In such a case, any 
increase in the total concentration of copper would result in a smaller 
increase in the effective concentration of the metal, leading to a lower 
order in copper. The aggregation of metal compounds into a micellar form 
in nonpolar organic media is a well known phenomenon (135»210),

Since copper(ll) acetyl acetonate is not known to exist in dimeric 
form (266,267), it would be more accurate to rewrite equations (II-4) to 
(lI-7) in the following form:

Cu11 + ROOH  -» Cui:c(R00H) (Il-te)

Cun (R00H) + ROOH  --» Cun (R00H)2 (ll-5a)

CuI:E(R00H)2 -> CuI(R00H)(H+) + R00* (ll-6a)

CuI(R00H)(H+)  * Cu11 + HgO + RO. (ll-7a)
These equations have been substituted for equations (II-4) to (II—7) and a 
rate equation has been derived for the modified mechanism in Appendix 1,1, 
This rate equation is seen to be identical to equation (11-11). Thus, 
this rate equation, holds if copper is assumed to be consistently in the 
monomeric or dimeric form. It has already been pointed out that the order
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in copper would be halved if an equilibrium exists between monomeric and 

dimeric copper species.

It has been suggested earlier (261,262) that the small initiator 

efficiency observed in metal catalyzed hydroperoxide decomposition may be 

due to the decomposition of metal-hydroperoxide complexes to nonradical 

products. For example,

Cuj^ROOlOg ---> Cu11 + 2 ROH + 0g (II-13)
If it is assumed that hydroperoxide decomposition takes place through 

reactions II-6a, II~7a and 11-13» the following kinetic expression can be 

obtained (see Appendix 1.2)i

d^ooH7 _ + i=13i y ^ ) ^ # ooh7
dt (K3 + K’K,(a/H0CiH7= + K,a lf5a/ROOH7)

+ 4 (n_to) 
k3(i + Y.y%a /a o o tff:' + r . 'h ^ j . ^ / n o o n j ) '

A comparison of equations 11-11 and II-l^ shows no significant difference

between the two equations. Hence, it is not possible to infer from kinetic

data whether reaction 11-13 takes place or not.

In Richardson's mechanism (equations II-3 to 11-10), only the complex 

in which two hydroperoxide molecules are associated with the metal leads to 

hydroperoxide decomposition, Other authors (208) have suggested that a 

complex in which a single hydroperoxide molecule is coordinated to the metal 

center (as in the complex formed in reaction 11-^) may provide another route 

to decomposition. Thus,

CuI3:(R00H)  > GuI(H+) + R00* (II-15)

CuI(H+) ---> Cu11 + H20 + RO* (11-16)

Gomplexation of reduced copper with hydroperoxide is neglected since Cu(l)
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is believed to be highly reactive (198a). If reactions (II-15) and 
(ll-l6) are substituted for reactions (ll-6a) and (ll-7a), the followng 
rate equations can be derived (Appendix 1.3)s 
d/R00H7 21̂  K 7^7^00# k k±J k

 = - ■ffi-.gr ----3- + % ■t|a. . lu;  j  (n-17)
dt (Kj + k^ oohT^) (k  ̂ + K ^ K ^ O O H ^ )

In such a case, orders of one half to one in copper, and zero to three 

fourths in hydroperoxide would be expected. In view of the rate data 

obtained for for copper(ll) acetylacetonate catalyzed decomposition of 

TBHP in 1-chlorooctane (equation II-l), the formation of neither of the 

two metal-hydroperoxide complexes can be precluded.

It has already been noticed that an increasing HMA concentration 

results in a decreasing rate of hydroperoxide decomposition. An order of 

-0.53 in HMA is observed. One would expect that redox reactions (ll-6a) 

and (II-7a) would be facilitated in the presence of MMA?which is more 

polar than 1-chlorooctane. Therefore, one would have expected faster 

rates of hydroperoxide decomposition at higher concentrations of MMA.

Pssibly, the observed decrease in the catalytic effect of Cu(AA),, at higher 

monomer concentrations is an indication of less favorable redox potentials 

in MMA than in 1-chlorooctane, It is also possible that MMA molecules 

exert a blocking effect (208) and thereby decrease the probability of 

formation of metal-hydroperoxide complexes as in reactions (ll-̂ la) and 

(ll-5a). The equilibrium constants and would therefore decrease 

continuously with increasing MMA concentration, leading to an increasingly 

slower rate of hydroperoxide decomposition.

It is seen from equation (II-2) that for the metal catalyzed polymeriza-
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tion of MMA, the rate orders in copper and TBHP are close to half of those 
observed in the decomposition of hydroperoxide in equation (il-l). This 
is to be expected for reaction systems involving a biradical termination 
process. The order of 0,81 in MMA monomer is appreciably below the order 
of unity expected for most radical chain polymerization reactions. However, 
this disparity is understandable since an increasing concentration of MMA 
besides increasing the rate of propagation, also reduces the rate of hydro­
peroxide decomposition, and therefore the rate of initiation.

In Tables XIII and XIV, the initiator efficiencies do not show a 
significant variation over the range of Cu(AA)g and TBHP concentrations 
studied here. In Table XV, however, increasing MMA concentration is 
accompanied by an unmistakable increase in initiator efficiency. Higher 
monomer concentrations would be expected to increase the probability of 
the occurance of propagation reactions, and at the same time decrease the 
probability of initiator molecules and radicals engaging in wastage re­
actions. Also,since increasing MMA concentration is accompanied by a 
decreasing rate of initiation, a simultaneous increase in the efficiency 
of initiation is only to be expected.

The effects of the variation of concentrations of Gu(AA)2» TBHP and 
MMA on the rates of hydroperoxide decomposition and metal catalyzed poly­
merization of MMA have also been studied in DMSO medium. The data obtained 
in these experiments are presented in Tables XVII to XIX, The kinetic data 
in these Tables are presented in a summarized form in Table XX, In confor­
mation with data presented in Part I of this work, it is seen that, in 
general, at comparable reactant concentration, the rate of hydroperoxide 
decomposition is slower while the rate of polymerization of MMA is faster
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in DMSO than in 1-chlorooctane, Consequently, higher initiator efficiencies 
obtain in the polar solvent. To obtain empirical rate laws for TBHP de­
composition and metal catalyzed polymerization of MMA, logarithm, .of rate 
of reaction has been plotted against logarithms of each reactant concentra­
tion, These plots are shown in Figures 12 to 17# The slopes of these 
straight line plots were evaluated and the following rate laws were thereby 
obtained:

Rd - k$u(AA )2_70-l’9/EBHP7:Lr 0 (11-18)

V  Up " *'.£«(**) J°-20-°-36i?BHP7“'50#ni71,5 (n_19)
The rate orders of O.69 and 1,0 in Cu(AA)g and TBHP, respectively, for the 
decomposition of hydroperoxide, are appreciably higher than the respective 
orders observed in 1-chlorooctane medium, but are still within the range of 
values expected on the basis of equation (il-ll). Nevertheless, it is un­
likely that the mechanism proposed in equations (II-3) to (II-IO), from which 
equation (11-11) has been derived, holds in polar media. In this mechanism, 
the hydroperoxide molecules are assumed to exist essentially as dimers. 
However, hydroperoxides do not dimerize to a significant extent in polar 
media (133)# Some authors have suggested that hydroperoxides react directly 
with metals in polar media, without the intermediate formation of metal- 
hydroperoxide complexes as in reactions (II-4) and (II-5) (223,263-265)#
More recently, spectral evidence for the formation of metal-ĥ uroperoxide 
complexes in DMSO has been reported from this laboratory (24l). Even so, it 
is unlikely that in the presence of a preponderance of donor solvent molecules, 
more than one hydroperoxide molecule can associate with the metal center at 
the same time. Even if a reaction akin to (II-4) does take place, the for­
mation of the metal-hydroperoxide complex product may or may not be of
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kinetic significance (210). Two mechanisms are considered below. One 
of these involves the formation of a metal-hydroperoxide complex, while 
no such complex formation precedes the reaction of metal and hydroperoxide 
in the other mechanism. In both mechanisms hydroperoxide molecules do not 
dimerize.
Mechanism A;

Cu11 + ROOH j > Cui:[(R00H) (ll-4a)
Cun (R00H) -» ChI(H+) + R00* (II-15)
0uI(H+) + ROOH -- > Cu11 + HgO + RO* (II-16)
2R00* -- > 2R0* + 02 (II-8)
RO* + ROOH  v ROH + R00* (n-9).
2R0*  » ROOH (II-10)

The following rate expression has been derived for this mechanism 
(see Appendix I.3a)i

d̂ /ROO}(7 2K^k15̂ u7ZR00H7 + K9(K^kiyklo)t^ZR00H73/2

dt 1 + K^OO!? (1 + K ^ O O # ) ^

From this equation . one would expect an order in copper of one half to one, 
and a maximum order of 3/2 in hydroperoxide. However, this mechanism has any 
significance only if the equilibrium constant has a large enough value.
In such a case, the order in hydroperoxide would be no more than unity.
Since the observed rate order in hydroperoxide is 1.0 (equation 11-19), it 
may be that the metal catalyzed hydroperoxide decomposition in DMSO medium 
takes place through mechanism A.
Mechanism B;

Cu11 + ROOH -- > GuI(H+) + R00* (ll-2l)
CuI(H+) + ROOH  Cu11 + HgO + RO* (11-22)

(11-20)
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2 ROO. -- > 2 RO. + Og (II-8)
RO* + ROOH ---> ROH + ROO* (H-9)

2 RO*  * ROOR (11-10)
Based on this reaction mechanism, the following rate expression has 

been derived (refer to Appendix 1,4):

- d/R00H7/dt = 2k21^Cu7/RCOH7 + k? (k21/k10) ̂ /c^/ROOK/3^2 (II-23)

If indeed hydroperoxide decomposition takes place through mechanism 

B, the observed order of 1,0 in TBHP would indicate that in equation 

(II-23) the first term on the right hand side predominates. In such a 

case an order of unity in Gu(AA)g would be expected. However, the 

observed order of 0,69 In the metal catalyst is appreciably smaller.

This mechanism may still be acceptable if it were assumed that Cu(AA)g 

forms aggregates or micelles in DMSO. If micelle formation does take 

place under the present experimental conditions, one would expect to 

see a slower increase in the rate of hydroperoxide decomposition with 

increasing Cu(AA)g concentration, since the size of the micelles, rather 

than their number, would continue to increase, and a limiting fate of 

hydroperoxide decomposition would be approached. Therefore, it may be 

instructive to study the effect of even higher concentrations of Gu(AA)g 

on the rate of hydroperoxide decomposition. However, a decrease in the 

rate of reaction at higher concentrations of the metal due to its parti­

cipation in termination reactions (249) deactivation of the catalyst 

(208,210).
The higher initiator efficiencies observed in DMSO may well be due to 

smaller rates for reactions (II-9.) and (II-IO) in DMSO, In 1-chlorooctane,
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these reactions are probably catalyzed by the simultaneous coordination 

of the reactants to the metal and the consequent stabilization of the 

transition state. In the presence of DMSO molecules, such coordination 
would be much less probable.

It is seen from equation (11-18) that the rate of hydroperoxide 

decomposition shows a first order dependence on MMA concentration. The 

increasing hydroperoxide decomposition with increasing MMA concentration 

may be attributed to more favorable redox potentials in MMA medium.

Equation (II-19) is the empirical rate equation for the metal catalyzed 

polymerization of MMA. For this reaction an order of 0.50 in TBHP is observed. 

This value, as expected, is exactly one half of the order in TBHP observed 

for the initiation reaction (equation 11-18), However, for the metal cata­

lyzed polymerization reaction, the order in Cu(AA)2 varies from 0,36 at 

lower metal concentrations to 0,20 at higher concentrations. It can be 

seen from Figure 16 that at higher copper concentrations, the rate of 

polymerization increases more slowly. However, hydroperoxide decomposition 

is not affected in a similar manner at comparable copper concentrations as 

seen from Figure 13. Therefore, the decrease in the rate order in copper 

with increasing copper concentration observed for the polymerization re­

action cannot be attributed to a decrease in catalyst efficiency due to the 

formation of aggregates or micelles at higher catalyst concentrations.

George and Robertson (268,269) have observed evidence of redox reactions 
of copper stearate with alkoxy and peroxy radicals in the oxidation of 
tetralin:

R02* + Cu(ll) ---> Cu(l) + R+ + 02 (11-2*0
(11-25)
(11-26)

RO* + Cu(l)  > Cu(ll) + RO

R02* + Cu(l) ---> Cu(ll) + ro2
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Several other workers (270-272) have reported similar termination re­
actions with metal catalysts, Such reactions may be expected to be 
favored in polar solvents. It is also possible that the redox potentials 
in DMSO may be more favorable than in 1-chlorooctane.

It has been known for some time that radical species are not completely 

free in the presence of copper compounds. Kharasch et. al, (273) observed 
that copper salts are capable of deactivating some radicals. Thus, 

chloride was suggested to 'trap' a benzoyloxy radical*

C ^ C O  + CuGl r— > CgĤ COCuC.1 (11-27)

Other authors (2h9,27iJ-276) have also concluded that the formation of 
radical-copper1 complexes is responsible for a reduction in the reactivity 
of radicals in the presence of compounds of copper. Such stabilization of 
radicals through complex formation with copper is known to lead to lower rates 
of propagation and higher rates of termination (210,250). However, one would 
expect that the probability of formations of copper-radical complexes would 
be higher in 1-chlorooctane than in DMSO. It has been seen that in 1-chloro- 
octane medium the rate order in Cu(M)2 for the polymerization reaction is close 
to half of the order in the catalyst for the initiation reactions. Thus, there 
appears to be no evidence for the formation of copper*-radical complexes in 
1-chlorooctane medium. Therefore, it is doubtful if the formation of such 
complexes is responsible for the observed decrease in the rate order in copper 
for the polymerization reaction with increasing copper concentration in DMSO. 
Redox reactions with the metal leading to chain termination are the more likely 
cause. Evidence of wastage reactions such as (II-24) to (11-26) appears in 
the form of a decrease in initiator efficiency which accompanies an increase 
in the concentration of the copper catalyst, as shown in Table XVII,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9̂ .

For the metal catalyzed polymerization reaction in DMSO, an order of 
1,5 in the monomer is observed (Equation 2-19). This value is much higher 
than the order of unity in monomer that is generally expected for a radical 
chain polymerization reaction. In the present reaction system, however, the 
rate of initiation has itself been seen to have a first order dependence on 
MMA concentration. Hence, the order of 1,5 is to be expected as a sum of 
half of the order in MMA for the initiation reaction and the expected order : 
of 1,0 in monomer for the polymerization reaction.
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Fart III. Determination of chain transfer constants of metal acetyl- 
acetonates in the polymerization of methyl methacrylate.

In hydroperoxide initiated polymerization of MMA in the presence of 

metal acetylacetonates it has been seen that the molecular weight of the 

polymer is influenced by the nature of the metal catalyst (261,262), In 

the presence of metals which catalyze hydroperoxide decomposition, and 

therefore the initiation procesŝ  more effectively, ..smaller molecular 

weights would be expected, However, even in the presence of metals which 

influence the rate of hydroperoxide decomposition to a comparable extent, 

significant differences in molecular weights of the polymer products were 

observed, A variable degree of chain transfer with different metal 

catalysts would account for this observation, A kowledge of chain 

transfer constants of these complexes is therefore necessary for a better 

understanding of this system.

Metal acetylacetonates have been utilized as homogeneous catalysts in 

free radical initiated polymerization (243-245), hydroperoxide decompositon 

(213), autoxldation processes (239-245), epoxidation of olefins (172,277), 

as well as to initiate polymerization (120-124), Inspite of the wide 

applicability of metal acetylacetonates, there are no data available on 

chain transfer with these complexes, except for an investigation by Gritter 

et. al. (278), who studied hydrogen atom abstraction from several acetyl­

acetonates. by t-butoxy radicals. In this reaction system t-butoxy radicals 

must either abstract a hydrogen atom to form t-butanol, or decompose to 

give acetone and a methyl radical. It has been reported that the ratio of 

the rate of formation of alcohol to that of acetone varies widely with the 

nature of the metal acetylacetonate.
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In the present work, ohain transfer constants of acetylacetonates of

Co(ll), Co(lll), Mn(ll), Mn(lll), Cu(ll), Gr(lll), Ni(ll) and Al(lll) have

been determined in the polymerization of MMA in 1-chlorooctane medium. The

polymerization reaction was initiated by 2-azoisobutyronitrile, which

itself has a very small chain transfer constant (279). In these experiments,

a ^,16 M solution of MMA in 1-chlorooctane was reacted with 0.0011 M AIBN in

the presence of each of the metal acetylacetonates mentioned above. The
-If. -.3concentration of the metal was varied from 1,8x10 to 1,8x10 M, except in

the case of Mn(ll) and Mn(lll) complexes where reproducible data could not

be obtained at the higher concentrations, In these cases, data obtained at
-Zj.concentrations higher than 5*^xl0 M has not been reported. The polymer 

obtained in the presence of varying concentrations of each of the metals, 

as well as in their absence was isolated, weighed and its number average 

molecular weight determined. These experiments have been carried out at 

60, 70 and 80°G, At all temperatures, the rate of polymerization was seen 

to be independent of the nature and concentration of the metal, Indicating 

that the chelates neither catalyzed the decomposition of AIBN, nor directly 

initiated polymerization under present experimental conditions. Rates of 

polymerization of 3*70x10 ■*, 9.36x10’"'’ and 22.5x10""'’ moles l""̂ sec""'*' were 

observed at 60 70 and 80°, respectively. It should be mentioned here that 

the polymerization reaction was never allowed to proceed beyond a monomer 

conversion of 5.0 percent, in order to minimize chain transfer to the 

polymer. For each metal acetylacetonate studied here, the variation of the 

degree of polymerization with metal concentration has been used to obtain 

chain transfer constants at 60, 70 and 80° by the conventional application 

of Mayo's equation (68) t

1 A ” = i/(x-n)0 + (111-1)
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where Xfi and (Xn) represent the degree of polymerization of poly(MMA)

obtained in the presence and absence of the metal complex, respectively,

and C is the chain transfer constant of the metal complex, while square 8
brackets denote molar concentrations, To evaluate the chain transfer 

constant of a metal acetylacetonate, the reciprocal of the degree of 

polymerization is plotted against the molar concentration of the metal.

A linear correlation would bd expected. The slope of this straight line 

is, obviously, or Cs/4.16 in these experiments. Such plots

for data obtained at 60, 70 and 80°C are shown in Figures 18-23. The 

experimental point shown in these Figures at zero metal concentration 

corresponds to the reciprocal of the degree of polymerization of the 

polymer obtained in the absence of any metal acetylacetonate. These 

experimental values of the intercept have also been used to obtain the 

the straight lines in Figures 18-23 through a least squares fit of the 

data. The slopes of these straight lines gave the chain transfer const­

ants listed in Table XXI, The order in which the rate of chain transfer 

decreases is: Co(lll) > Mn(ll) >Cr(lIl) >Cu(ll)>Mn(lIl)>Co(lI.) >Ni(ll) 

>Al(lIl). This order of decreasing rate of chain transfer is not in 

total agreement with that observed by Gritter (278), which is: Co(lIl)> 

Cu(ll )>Hn(lI) > Mn(lII) > Ni(ll) >Cr(lII) > Al(lII) >Co(lI). However, both 

these orders of reactivity have been arrived at through computations in 

which concentrations of the metal complexes have been used, rather than 

concentrations of the acetylacetonate ligands which are potentially 

involved in chain transfer. The data in Table XXI has been suitably modi­

fied to arrive at chain transfer constants per ligand. These data are also 

presented in Table XXI, The order of decreasing rate, in this case, is
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seen to be Mn(ll) > Co(lll) > Cu(ll) ;> Cr(lll) >  Go(ll) > Mn(lll) > Ni(ll) > 
Al(lll). This order of reactivity is compared in the following table with 
the order in which some physical and chemical properties of these metals 
decreases

Property Order of decreasing numerical value Reference

Chain transfer Co(lll) >Mn(ll)>Cr(lIl)>Cu(ll)>Mn(lIl)
constant, C >Co(ll)>Ni(ll)> Al(lll)s
Chain transfer Hn(ll)> Co(lIl)> Cu(ll) >Cr(lIl)> Co(ll)
const, per ligand >Mn(lIl)>Ni(ll)>Al(lIl)
Stability Al(lll).> Co(lIlV>Cr(lli).>Cu(ll);>Ni(ll) (262)
constant >Co(ll)>Mn(lI)
M-0 bond Al(lll)> Co(lIl)> Cr(lIl)>Cu(ll)> Ni(ll) (285)
strength > Co(ll)>Mn(lI)
Ionic radius Cu(ll). Mn(ll)>Co(ll)>Ni(ll)>Co(lIl), (28*0

Crllll )>Al(lIl)
m° Co(lIl)>Mn(lIl)>Cu(ll)>Ni(ll)>Co(ll)> (2f&)H t. ne M, B Cr(m ) >A1(m ) ...____________________________

It appears that no meaningful relationship exists between the chain transfer 
data and the physical constants in the above table. This is not altogether 
surprising, since perhaps the only thing that the metal acetylacetonates 
have in common is the nature of the ligand. Significant differences in their 
structure, bonding and other properties exist, to make each one behave as an 
individual compound, rather than as a member of a family of compounds (229,235).

Coordination of an organic molecule to a metal can bring about a significant 
electronic distortion within the molecule (287). Such electronic changes are 
known to decrease the strength of C-H and even C-C bonds within the coordinated 
molecule (283). The unexpectedly high chain transfer constants observed for 
some organometallic compounds (126,127) also point towards a labilization of 
C-H bonds in these compounds. Although chain transfer constants obtained for 
metal acetylacetonates in this work are not as large as those observed with
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some organometallic compounds (126), they are nevertheless appreciably 
larger than that observed for acetylacetone itself (284*) • Another factor 
which may facilitate chain transfer on acetylacetonate ligands is. their 
benzenoid character (235)i

A number of studies on the chemistry of the coordinated acetylacetonate 
anion have unambiguously established the fact that the chelate ring is 
at least hromatic in nature with regard to the chemical reactivity ofthe 
coordinated ligand (235). Moreover, Grltter et. al. (278) have established 
that chain transfer with metal. acetylacetonates takes place by abstraction 
of a hydrogen atom from the 1-position of the chelate (from a methyl group), 
while with acetylacetone the hydrogen atom at the 3 position is abstracted. 
Thus, coordination changes the site of radical attack, It would seem that 
the methyl hydrogens behave as benzylic hydrogen. The ensuing resonance 
in the radical formed after abstraction of a methyl hydrogen probably 
provides the driving force for chain transfer.

The chain transfer constants per acetylacetonate ligand in Table XXI 
have been used to obtain Arrhenius plots (log C*B versus 1/t). From the 
slopes of these plots the difference in activation energies between chain* 
transfer and propagation processes (E^-E^) has been calculated (since Gg=

calculated. These activation parameters which are presented in Table XXII.,,
have been used to obtain an isokinetic plot (E versus log A) which is showna

M < >

The corresponding frequency factors (A^^A^) have also been
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in Figure Zk» The straight line in this figure represents the best fit 
obtained by a least squares analysis of the data. The slope of this 
straight line leads to an isokinetic temperature of 48?°K. It is seen 
that all the points fall well within a deviation of ten percent in the 
activation energy. According to conventionally accepted standards, this 
fact does not warrant the presumption; of a change in reaction mechanism 
for any of the metal acetylacetonate reaction systems.
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TABLE I

Effect of presence of metal acetylacetonates on decomposition of t-butyl
hydroperoxide and polymerization of methyl methacrylate in 1-chlorooctane.

jyimj » 4. 16 M, f i w s ] = 0.022 M, ^ (AA)^ «* 1.8xl0“\, temperature = 40°C
Metal
acetyla­
cetonate

Time
(hours)

TBHP
decomp­
osition

(%)

R,xl07d
(moles
-1 -1 \ 1 sec )

Monomer
conver­
sion
(*)

Rpxl05
(moles
.-1 -lv1 sec ;

M xlO"5 n f

None 8 <5.0 _ 2.2 0.32 2.98 _

12 < 5 .0 3.3 3.31 -

15 < 5 .0 4.1 3.37 -

Co(ll) 5 16 2.1 mm 0.22
8 22 1.1 - -

12 25 2.0 - -

15 32 2.8 0.634 0.026
Co(lll) 8 5.5 0.38 2.1 0.29 1.85 0.039

15 9.0 3.8 1.92 0,042
Mn(ll) 8 < 5 .0 _ 1.9 0.29 _ _

12 <5.0 3.0 2.67 -

15 < 5.0 3.8 2.65 -

Mn(lll) 8 7.7 0.61 2.4 0.35 0.922 0,o64
12 10 3.7 0.983 0.071
15 11 4.5 1.10 0.070

Gu(ll) 0.33 52 140 1.6
1.0 76 - - -

1.5 m 1.3 - -

2.5 88 2.7 0.234 0.025
3.5 92 4.5 0.452 0.021
4.5 94 6.4 0.626 0.021

Gr(lll) 8 <■5.0 _ 2.0 0.31 2.48
15 < 5 .0 4.0 2.71 -

Al(lll) 15 <5.0 - 4.0 0.31 3.12 -

Ni(ll) 15 <5*0 - 3.8 0.29 3.06 -
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TABLE I I

Effect of presence of metal acetylacetonates on decomposition of t-butyl
hydroperoxide and polymerization of methyl methacrylate in 1-chlorooctane.

j m j  <=4.16 M, /?.BHP7 = 0.022 M, #(AA^_7 - 1.8x10"%, temperature = 60°C

Metal
acetyla­
cetonate

Time TBHP 
(hours) decomp” 

osition 
{%)

R,xl07a
(moles
,-1 -Is1 sec )

Monomer
convert
sion
(*)

Rpxl05
(moles
,-1 -11 sec

M xlO"5 n

)

f

None 2.5 < 5.0 - 4.0 1.8 2.98 _
3.5 < 5.0 5.1 2.70 -
4.5 < 5.0 7.1 2.85 -

Co(ll) 1.0 20 14 - 1.2 - -
2.0 30 1.5 - -
3.0 35 2.5 0.482 0.028
4.5 40 4.7 0.551 0.040

Co(lll) 1.0 <5.0 2.6 - 1.8 - -
2.0 7.8 2.9 1.28 0.055
3.0 12 4,6 1.35 0.054
4.5 18 6.8 1.41 0.051

Mn(ll) 2.5 < 5.0 - 4.1 1.8 -
4.0 <5.0 6.3 2.14 -
5.0 <5.0 7.5 2.35 mm

Mn(lll) 2.5 12 3.1 3.9 1.9 0,668 0.093
4.0 18 6.6 0.779 0.089
5.0 21 8.3 0.872 0.086

Gu(ll) 0.083 45 440 - 6.0 - ..
0.167 74 - - -
0.33 80 1.1 - -
0.83 86 4,6 0.438 0.023
I.25 92 6.5 0.895 0.015
1.67 95 8.5 1.12 0.015

Cr(lll) 2.5 <5.0 - 3.9 1.9 1.65 -
3.5 <5.0 5*6 1.69 -
4.5 <5.0 7.7 1.8 7 -

Al(lll) 4.5 <5.0 - 7.2 1.9 2.52 -
Ni(ll) 4.5 <5.0 — 7.5 1.9 2.38 —
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TABLE III

Effect of presence of metal acetylacetonates on decomposition of t-butyl
hydroperoxide and polymerization of methyl methacrylate in 1-chlorooctane,

/MMA/ = 4.16 M, /TBM?/ = 0.022 M, ^ ( A A ) ^  = 1.8xl0~\l, temperature = 80°C
Metal
acetyla­
cetonate

Time
(hours)

TBHP
decomp­
osition
(*)

Rdxl07
(moles
.-1 -11 sec

Monomer 
conver­
sion 

) (*)

RpXlÔ
(moles
-—1 -iv1 sec )

M Xl0-  ̂n f

None 0.75 <5.0 1.9 6.4 9.7 2.31
1.17 <5.0 9.9 2.39 -
1.5 .5.2 13 2.32 0.20

Co(ll) 0.22 20 6l mm 3.8 —

0.58 44 1.1 - -

1.08 54 2.4 0.414 0.021
1.5 59 4.2 0.427 0.031
2.0 62 5.7 0.474 0.037

Co(lll) 0.50 10 13 4-.5 9.2 0.961 0.089
1.08 16 8.4 1.08 0.092
1.5 21 12 1.16 0.093

Mn(ll) 0.75 <5.0 2.0 6.7 9.5 1.75 _

1.25 <5.0 10 1.75 -
1.75 6.4 14 1.82 0.22

Mn(lll) 0.75 17 15 6.4 9.2 0,466 0.15
1.25 26 10 0,458 0.16
1.75 35 14 0.483 0.16

Cu(ll) 0.083 90 1700 — 15.3 -

0.17 95 3.3 - -
0.45 94 6.1 1.04 0.011
0.58 95 7.4 1.69 0.0087
0.83 95 11 2.62 0.0084

Cr(lll) 1.0 <5.0 2.0 8.4 9.9 1.35 T

1.5 5.4 13 1.57 0.29
AI(III) 1.5 5.9 2.2 12 9.2 1.92 0.20
Ni(ll) 1.5 5.7 2.0 12 9.5 2.13 0.19
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TABLE IV'

Effect of presence of metal acetylacetonates on decomposition of t-butyl
hydroperoxide and polymerization of methyl methacrylate in benzene.

j m j  = 4.16 M, jTBYifJ = 0.022 M, ^(AA)^ = 1.8x10"%!, temperature - 40°C

Metal
acetyla­
cetonate

Time
(hours)

TBHP
decomp­
osition
(*)

R,xl07a
(moles
-«1 -In1 sec )

Monomer
conver­
sion

R xlO5 P(moles
.-1 —1 \ 1 sec )

M xlO"̂  n f

None 8.0 <5.0 •m 0.60 0.10 _
12 <5.0 1.1 14.5 -

15 <5.0 1.3 14.3 -
Co(lll) 5.0 <5.0 mrn 0.64 0.15 _

10 <5.0 1.4 - -
15 <5.0 2.0 3.68 -

Co(ll) 5.0 31 4.5 0.042 . . .

10 45 - - -

15 52 0.40 - -

20 57 0.?2 0.654 0.0036
Cu(ll) 10 <5.0 - 1.5 0.18 2.15 mm

15 <5.0 2.3 2.33 *
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TABLE V

Effect of presence of metal acetylacetonates on decomposition of t-butyl
hydroperoxide and polymerization of methyl methacrylate in benzene.

#MA7 = 4.16 M, /TBHP/ « 0.022 M, 3 ( k k )  7 = 1.8xlO~**Mf temperature «= 60°C
Metal
acetyla­
cetonate

Time
(hours)

TBHP
decomp­
osition
(*)

Rdxl07
(moles
.-1 -lv 1 sec )

Monomer
conver­
sion

(*)

R xlO5 P
(moles
.-1 -iv1 sec )

M xl0_5 n f

None 2.0 <5.0 1.2 0.70 _
3.5 < 5.0 1.8 8.78 -

4.5 < 5.0 2.7 9.07 -
Co(lll) 2.0 <5.0 1 A 0.82 _

3.0 <5.0 2.0 -

3.75 <5.0 2.7 - -
< 5.0 J A 2.88 -

Co(ll) 0.7 5 30 29 - 0.17 —

1.5 52 - - -
3.0 65 0.38 - -

b,5 72 0.65 0.519 0.0033
Gu(ll) 2.0 - 0.78 2.3 1.2 1.43 . .

3.0 <5.0 3.7 1.55 -

4.5 5.6 4.5 1.69 0.1J*
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TABLE3 VI
Effect of presence of metal acetylacetonates on decomposition of t-butyl 
hydroperoxide and polymerization of methyl methacrylate in benzene.
IW k J “ 4.16 M, J jw fJ  » 0.022 M, ^ ( AA)^ " 1.8x10"%], temperature - 80°G
Metal
acetyla­
cetonate'

Time
(hours)

TBHP
decomp­
osition
(*)

R,xl07d
(moles
_-i -i 1 sec

Monomer 
conver­
sion 

) (*)

Rpxl05
(moles
.-1 -lx 1 sec )

Mnxl0"5 f

None 0.75 <5.0 •• 2.2 3.7 — _
1.25 <5.0 4.3 5.87 -
1.75 <5.o 5.7 6.08 -

Co(lll) 0.75 <5.0 2.1 2.3 3.5 — _
1.25 <5.o 3.8 - -
1.75 5.8 5.3 2.30 0.075

Co(ll) 0.17 20 82 1.2
0.33 38 -
0.67 55 -
1.0 6o 0.85
1.75 66 1,84 0.476 0.011

Gu(ll) 1.0 5.3 3.3 4.3 5.0 0.814 0.19
1.5 7.’3 6.5 0.895 0.'19
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TABLE VII

Effect of presence of copper(ll) acetylacetonate on decomposition of
t-butyl hydroperoxide and polymerization of methyl methacrylate in DMSO.

g w j  «= 4,16 M, /TBW?/ “ 0,022 M, temperature <= 40°C

_/Cu(AA)2_7 Time 
(moles <hours> 
r 1 jxio1*

TBHP
decomp­
osition
(*)

R,xl07a
(moles
. - I  -:1 sec

Monomer 
conver- 

i sion 
L) { * )

Rpxl05
(moles
.-1 - I s1 sec )

M xlO-  ̂n f

0 10
12
15
18

< 5.0 
<5.0 
<5.0 
<5.0

2.6
3.1
3.7
4.8

0.30 16.4 
15.9
18.4 
19.8

-

1.8 1.0
2.0
3.0
4.0

5.1
8.8
13
17

3.0
5.7
8.5
11

3.3
1.73
1.85
1.98

0.0708
0,0668
0.0629

TABLE VIII
Effect of presence of copper(ll) acetylacetonate on decomposition of 
t-butyl hydroperoxide and polymerization of methyl methacrylate in DMSO.
j f tw J  « 4.16 M, » 0.022 M, temperature = 60°C

Time
(moles L <hours> 
r l )xl0

TBHP
decomp­
osition
(*)

R,xl07d
(moles
,-1 - 1  1 sec

Monomer 
conver­
sion 

) {%)

R xlO5 P(moles
..-1 - I s1 sec )

M xl0“5 n f

0 2.0
3.0
4.0

5.0
5.0
5.0

3.3
4.9
6.5

1.9 9.67
9.81
10.8

—

1.8 0.33
0.50
0.75
1.0

6.9
10
15
19

13.1 3.9
5.7
8.5
11

13 1.16 
1.25 
1.31 
1.36

0.091
0.087
0.082
0.080
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TABLE IX

Effect of presence of copper(ll) acetylacetonate on decomposition of
t-butyl hydroperoxide and polymerization of methyl methacrylate in DMSO.

Jm kJ = 4,16 M, /rBHP7 » 0.022 M, temperature - 80°C

^Gu(AA)2_7 Tlme
(.oles <houza> 
r 1 )x io li

TBHP
decomp­
osition
<*)

Rdxl07
(moles
,-1 -Is1 sec ;

Monomer
conver­
sion

(%)

R xlO5 M xlO"5 P n
(moles 
l"̂ sec~^)

f

0 0.5 <5.0 4.5 10 3.75 M.
1.0 <5.0 8.6 4,08 -
1.5 - 13 3.95 -

1.8 0.083 15 66 39
0.167 28 5.5 0.341 0.109
0.25 35 8.4 0.333 0.136
0.50 45 18 0.452 0.1670.60 48 22 0.515 0.168

TABLE X
Effect of presence of cobalt(ll) and cobalt(lll) acetylacetonates on t-butyl 
hydroperoxide initiated polymerization of methyl methacrylate in DMS07
Jftm J » 4.16 M, ^BHP7 = 0.022 M, ^ (AA)^ » 1.8xlO"Sl
Metal
acetyla­
cetonate

Temperature = 40°C Temperature = 60°C Temperature = 80°C
/-N J /-NW 0) H *0 woh s <U'— 0 a) <0 a>p 0 > c H H W  BO C (3 O X O H JS 0 O .H Pi BH S O W  03 -

-—» U I -—' -—'W O H VT\ WO H 8 0)w O <1)0is o > c  d d w  so c c 0 x 0.rl S O O .H Pi B H Eh-—' S O W  « —

P 1 ̂  ^W <1) H WO H B O'-' O (DO 0)3 O > C H H W  SO C C O X 0 •H S O O H P B H  Eh ' S O W  « w*None
Co(ll)**

Co(lll)**

0.30
9.0 7.0 0.85
15 11 
21 15

15 7.0 0.51 
17 7.4 
19 8.4
21 9.4

1.9
1.0 3.8 5.3 
2.0 11 
2.5 12
3.0 14
0.47 0.93 3.2 
0.67 2.2
1.0 3.2 
3.0 8.2

10
0.33 6.5 17 
0.67 9.91.0 13

0.33 3.3 12.5
1.0 11 
2.0 22

* Data from Tables VII - IX.
** Unpublished data of H. J. Yan (253)
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TABLE X I

Effect of presence of metal acetylacetonates on decomposition of t-butyl hydroperoxide.
jT M P j = 0.022 M, ̂ ( A A ) ^  = 1.8x10“̂

Metal
acetyla­
cetonate

Solvent
Temperature = 40°C Temperature = 60°C Temperature = 80°C

Time TBHP 
(hours) decomp­

osition
Rdxl0'
(moles
_-l -1. 1 sec )

Time
(hours)

TBHP
decomp­
osition

(%)

R.xlO'a
(moles
_-l -L 1 sec )

Time
(hours)

TBHP
decomp­
osition

(%)

R,xl0'd
(moles 
.-1 -lv1 sec )

Co(ll) a 1.0 25 18 0.17 33 150 0.083 49 500
3.0 48 0.50 43 0.167 78
6.0 60 1.0 50 0.50 92

Co(lll) a 5.0 25 3.5 0.75 23 21 0.25 33 98
8.0 35 1.5 40 1.0 77

Go(ll) b 1.0 46 38 0.10 44 350 0.083 74 990
3.0 80 0.17 62 0.17 875.o 85 0.33 76 0.50 950.67 86

1.0 90
1.7 95

Co(lll) b 15 5.2 0.22 1.5 <•5.0 0.65 1.33 <5.0 1.33.0 5.2 2.17 5.2
Gu(ll) c 5.o <5.0 0.51 0.50 5.1 5.5 0.25 15 41.

7.0 5.7 1.0 9.0 0.5 2910 8.0 1.5 13 0.75 38
14 11 2.0 16 1.0 48

3.0 19
as 1-chlorooctane, bs benzene, cs DMSO
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TABLE X I IA

Rates of hydroperoxide decomposition and rate constants

#(AA) 7  = !• 8x10"^ M, ^TBHP7 = 0.022 M

1
Me
ta
l

So
lv
en
t

Jm
tJ

(m
ol
es
/l
) R,xl07a

(moles l“̂  sec"^)

Rat
e 

la
w A  ^

( l  mole’ sec’1)

if0° 60°

00CO OO-3* 60°

00CO

Co(ll) a • if.l 6 2.1 lif 61 P 0.053 0.35 1.5
Co(lll) a if,l6 0.38 2.6 13 P 0.0096 0,066 0.33
Mn(lll) a if.l6 0.61 3.1 15 P 0.015 0.078 0.38
Cu(ll) a if.l6 lifO ififO 1700 P 3.5 11 if3
Gu(ll) a if. 16 lifO ififO 1700 q 0.0022 0.0069 0.027
Co(ll) a 0 18 150 990 P 0.if5 3.8 12
Co(lll) a 0 3.5 21 98 P 0.088 0.53 2.5
Co(ll) b if. 16 29 82 P 0.11 0.73 2.1
Gu(ll) b if. 16 0.18 1.2 3.3 P 0.00if5 0.30 0.083
Go(ll) b 0 38 350 990 P O.96 8.8 25
Cu(ll) c if. 16 3 13 66 P 0.078 0.33 1.7
Cu(ll) c if. 16 3 13 66 r 0.0052 0,023 0.12
Cu(ll) c 0 0.51 5.5 ifl P 0.013 O.lif 1.0

aj 1-chlorooctane
bi benzene 
a  DMSO

p: Rd = kdy^etal7ZTBHF7
q: Rd = kd# e t a l 7 0 ,32^TBra70 * 60

r: Rd = kd̂ Metal / 0’ 69/TBHP/

* Units shown correspond to rate expression 'p'. For expressions 'q' and
ii ., , 0.08,-0.08 -1 , ,0.69 . -O.69 -1 ,r 1 units are moles 1 sec and 1 mole 'sec , respectively,
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TABLE X IIB

Rates of polymerization of methyl methacrylate and rate constants

#(AA)n_7 = 1.8x10“^ M, = 0,022 M, ^MAj = 4.16 M

Metal Solvent
Rpxl05 

(moles 1~ sec-'*’) Rate
law

k*xl05 . P
(1 mole-11 -1NBee )

40° 60° 80°
oo-3" 60°

00CO

None a 0.32 1.8 9.7 V 0,52 2.9 16
Co(ll) a 0.22 1.2 3.8 z — — —
Co(lll) a 0.29 1.8 9.2 V 0.47 2.9 15
Mn(ll) a 0.29 1.8 9.5 V 0.47 2.9 15
Mn(lll) a 0.35 1.9 9.2 V 0.57 3.1 15
Cu(ll) a 1.6 6,0 15 w 190 730 1800
Gu(ll) a 1.6 6,0 15 X 10 39 97
Al(lll) a 0.31 1.9 9.2 V 0.50 3.1 15
Cr(lll) a 0.31 1.9 9.9 V 0.50 3.1 16
Ni(ll) a 0.29 1.9 9.5 V 0.4 7 3.1 15
None b 0,11 0.75 3.7 V 0.18 1.2 6.0
Go(ll) b 0.042 0.17 1.2 z — — —
Go(lll) b 0,14 0.82 3.5 V 0.23 1.3 5.7
Cu(ll) b 0.18 1.2 5.0 w 22 150 600
None c 0.30 1.9 10 V 0.49 3.1 16
Go(ll) c 0.85 5.3 17 w 100 640 2100
Go(lll) c 0.51 3.2 13 w 62 390 1600
Cu(ll) c 3.3 13 39 w 400 1600 4700
Cu(ll) c 3.3 13 39 y 110 430 1300

a; 1-chlorooctane, bi benzene, c» DMSO,
v: Rp = k^BHr ĴmkJ ̂ w: Rp = k p ^ M e t a %

xt Rp = kp/Meta^^^BH^0,29̂ !^, y: Rp =
z» Because of the observed retardation, any assumption regarding a rate law 

would be unwarranted,
* Units shown correspond to rate expression 'w'. For expressions 'v', 'x' 
and ' y* units are 1®’ -Jmole-0'̂ sec-'*' , l0’̂ mole-0,̂ sec-:*', and 
l9' ̂ mole-0, ̂ sec-'*', respectively.
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TABLE X IIC

Activation parameters for decomposition of hydroperoxide and polymerization
of methyl methacrylate

Z^CAA)^ = 1.8x10"̂  M, /TBHP/ = 0.022 M, /MM? » 4.16 M

Metal Solvent Ea,(kcal 
mole" )

Log Ad ^a^calc
(kcal

mole"*)

<Ea>obs
(kcal
mole ̂ )

Log A

None a (39* 0)e - 24.2 19.5 8.183
Co(ll) a 18.8 11.808 14.1 18.8 —

Co(lll) a 19.6 11.605 14.5 19.2 7.987
Mn(ll) a - - - 19.4 8.117
Mn(lll) a 18.1 10.699 13.8 18.1 7.298
Gu(ll) a 11.8 8.739 10.6 12.1 5.753
Gr(lll) a - - - 19.6 7.294
Al(lll) a - - - 19.2 8.016
Ni(ll) a - - - 19.6 7.294
Go(ll)d a 16.6 11.408
Co(lIl)d a 15.4 9.770
None b (4o.8)f - 25.1 19.5 7.799
Co(ll) b 17.4 11.214 13.4 18.4 -
Go(lll) b - - - 17.7 6.655
Gu(ll) b 17.7 10.023 13.6 18.1 8.968
Co(lI)d b 18.4 12.947
None c - - - 19.0 7.885
Go(ll)e c - - - 15.4 7.852
Go(lIl)g c - - - 16.8 8.547
Gu(ll) c 16.3 11.747 12.9 13.8 7.198
Cu(ll)d c 21.0 12.845

a: 1-chlorooctane, bs benzene, cs DMSO, di in absence of
monomer, e: data from reference (237)* £» data from reference (238), 
g: data from reference (253).
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TABLE X IID

Enthalpy and entropy of activation for decomposition of hydro­
peroxide and polymerization of methyl methacrylate at 40°C.

" I#8x10"̂  M, J jm f/ = 0.022 M, Jm kJ = 4.16 M

Metal Solvent AHd
(kcal
mole"*-)

^S*
d -1 (cal deg
mole’"* )

a h*, P(kcal 
mole"'*')

AS*, P(cal deg 
mole"*')

None a - • 18.9 -24.5
Co(ll) a 18.2 -8.40 18.2 -
Co(lll) a 19.0 -9.24 18.6 -2 5.7
Mn(ll) a - - 18.6 -25.7
Mn(lll) a 17.5 -13.1 17.5 -28.8
Cu(ll)0 a 11.2 -22.4 11.6 -13.2
Cu(ll)f a 11.2 -37.1 11,6 -19.1
Cr(lll) a - - 19.0 -24.3
Al(lll) a - 18.6 -25.6
Ni(ll) a - - 19.0 -24.4
Co(ll)d a 16.0 -11.8 - -
Co(lIl)d a 14.8 -18.3 - -
None b - - 18.9 -26,6
Co(ll) b 16,8 -11.4 17.8 -
Co(lll) b - - 17.1 -31.9
Cu(ll) b 17.1 -16.8 17.5 -26.1
Co(ll)d b 17.8 -3.91 - -
None c - - 18.4 -26.2
Co(ll) c - - 14.8 -27.1
Co(lll) c - - 16,2 -23.6
Cu(ll)e c 15.7 -15.6 13.2 -29.5
Cu(ll)s c 15.7 -21.0 13.2 -32.1
Cu(ll)d c 20.4 -4.17 - -
a: 1-chlorooctane, bj benzene, ct DMSO, d: in absence of monomer, es calcula­
tion based on rate expressions p and w in Tables XII A and B, respectively; 
f: calculation based on rate expressions q and x in Tables XII A and B, respec­
tively; gs calculation based on rate expressions r and y in Tables XII A and 
B, respectively.
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TABLE X I I I

Effect of concentration of copper(ll) acetylacetonate on decomposition of
t-hutyl hydroperoxide and polymerization of methyl methacrylate in 1-chloro-
octane at 60 G

j m g  = 4.16 M, /PBHP7 " 0.022 M
/Cu(llJ7 Time TBHP 
(moles (hours) decomp- 
1-1Win4 Osition 1 'xl° {%)

— z—  
RjXlO
(moles
.-1 -1N1 sec )

Monomer
conver­
sion
(*)

R xlO5 P
(moles
.-1 -Is1 sec )

M xlO"5 n f

0 2.5 <5.0 mm 4.0 1.8 2.61
3.5 < 5.0 5.1 2.70 -

4.5 <5.0 7.1 2.85 -
0.90 0.083 40 37 •• 5.5 _

0.167 62 - - -
1.0 84 4.8 0.425 0.025
1.5 90 7.1 0.93̂ 0.016
2.0 94 9.5 1.17 0.016

1,80 0.083 45 44 6.0 — _

0.17 74 - - -

0.33 80 1.1 - -

0.83 86 4.6 0.438 0.023
1.25 92 6.5 0.895 0.015
I.67 95 8.5 1.12 0.015

3.60 0.083 51 52 .. 6.5 M mm

0.17 73 - - mm

1.0 89 5.6 0,629 0.019
1.5 94 8.4 1.22 0.014
2.0 - 11 1.85 -

7.20 0.083 60 67 7.2 _ _

0.17 73 - - -

0.25 82 1.6 0.327 0.011
1.0 92 6.3 0.834 0.015
1.5 95 9.0 1.40 0.013
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TABLE XIV

Effect of concentration of t-butyl hydroperoxide on its decomposition and 
polymerization of methyl methacrylate in 1-chlorooctane at 60 G,

#MA7 = 4.16 M
/Cu(ll)7 Time TBHP 
(moles (hours) decomp- 
i-1 Vm*1' osition 1 'xl° (%)

Rdxl06
(moles
.-1 -lx1 sec )

Monomer
conver­
sion
(*)

H xlO5 P
(moles
.-1 -lx 1 sec )

M xlO"5 n f

jT B Y tf/ » 0.011 M

0 3.0 <5.0 3.1 1.2 _
4.0 <5.0 4.3 - -
6.0 <5.0 5.8 - -

1.80 0,083 55 29 _ 4,6 M

0.17 78 - - -

0.33 m 1.4 0.551 0.011
1.0 90 4.0 1.36 0.012
1.5 95 5.8 1.91 0.012

/TBHP? = 0.022 M
0 - 1.8
1.80 44 6.0

(Detailed data at these concentrations shown in Table XIII)

/tbhp7 = 0.044 M

0 2.0 <5.0 — 4.3 2.5
3.0 <5.0 6.3 - -

4.0 <5.0 8.5 - -
1.80 0.083 37 66 7.6 _ -

0.17 59 - - -
0.25 70 - - -
0.50 84 3.3 0.329 0.011
1.0 90 6.6 0.447 0.015
1.5 92' 10 0.586 0.018
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TABLE XV

Effect of concentration of methyl methacrylate on its polymerization and
decomposition of t-butyl hydroperoxide in 1-chlorooctane at 60°C.

/TBHP7 « 0.022 M
/cu(ii)7
(moles 
1'1)xl04

Time TBHP 
(hours) decomp­

osition

... .mz ---- ---
RjXlO Monomer

1 sec ) (%)

R xlO5 P
(moles
l“̂ sec"̂ )

M xlO"5 n f

J m tJ = 3.12 M
0 3.0 <5.0 4.7 1.4 _ - i

4.0 <5.o 6.5 - -
6.0 <5.o 9.9 - mm

1.80 0.083 50 51 4.7 _

0.17 65 - - -

0.25 74 - - -

0.50 82 2.8 0.518 0.0092
1.0 90 5.4 0.957 0.0089
1.5 - 8.0 - -

Jm vJ = if. 16 M
0 mm 1.8
1.80 44 6.0

(Detailed data at these concentrations shown in Table XIII)

# ma7 = 5.20 M
0 2.0 <•5.0 3.2 2.3

3.0 <5.0 4.8 - -

4.0 <5.0 6.4 ■ - -
1.80 0.083 41 39 7.3 _

0.17 62 - - -
0.2 5 73 1.3 0.328 0.013
0.50 89 2.5 0.417 0.016
1.0 93 5.1 0.605 0.021
1.5 *“ 7.7 ■» *•
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TABLE XVI

Rates of polymerization of methyl methacrylate and decomposition of
t-butyl hydroperoxide in 1-chlorooctane at 60°C.

/TBUPj JmkJ Rdxl06 Rpxl05 R°xl05 (Rp- R°)xl05
(moles/l) (moles/l) (moles/l) (moles (moles (moles (moles

n n 4  . ^ 1  — 1 \ • _ - 1  - 1 \  - - 1  - l v  - - 1  - I sxlO 1. sec ■ ; 1 sec ; 1 sec ) 1 sec )

0 0,022 4.16 1.8
0.90 0,022 4.16 37 5.5 3.7
1.8 0.022 4.16 44 6,0 4.2
3.6 0.022 4.16 52 6.5 4.7
7.2 0.022 4,16 67 7.2 5.4

0 0.011 4,16 1.2
1.8 0.011 4.16 29 4.6 3.4
0 0.022 4.16 1.8
1.8 0.022 4,16 44 6.0 4.2
0 0.044 4.16 2.5
1.8 0.044 4.16 66 7.6 5.1

0 0.022 3.12 •m 1.4
1.8 0.022 3.12 51 4.7 3.3
0 0.022 4.16 MS 1.8
1.8 0.022 4.16 44 6.0 4.2
0 0.022 5.20 - 2.3
1.8 0.022 5.20 39 7.3 5.0
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TABIE XVII

Effect of concentration of copper(ll) acetylacetonate on decomposition of
t-hutyl hydroperoxide and polymerization of methyl methacrylate in DMSO
at 60°C.

» 4.16 M, ^BHP7 “ 0.022 M

^Cu(llJ7
(moles/l)

4xlO

Time
(hours)

TBHP
decomp­
osition
(*)

----_
RjXlO
(moles
.-1 -ix 1 sec )

Monomer
conver­
sion

(%)

Rpxl05
(moles
.-1 -lx1 sec )

M xl0~5 n f

0 2.0 <5.0 3.3 1.9 9.67
3.0 <5.0 4.9 9.81 -
4.0 <5.o 6.5 10.8 -

0,018 1.0 <5.0 3.6 4.1 5.51
2.0 <5.0 7.0 6.8 7 m
3.0 <5.0 11 6.33 -

0,18 0.50 0.27 2.8 6.7 3.88 mm
1.0 <5.0 5.8 4.22
1.5 6.6 9.0 4,78 0.054
2.0 8.1 12 4.63 0.061

0.54 0.50 4.7 0.59 4.1 2.17 0.076
1.0 9.2 8.8 2.29 0.079
1.5 13 13 2.38 0.080

1.8 0.33 6.9 1.3 3.9 13 1.16 0.091
0.50 10 5.7 1.25 0.08 7
0.75 15 8.5 1.31 0.082
1.0 19 11 1.36 0.080

9.0 0.2 5 14 4.1 3.6 17
0.33 20 5.0 0.628 0.070
0.50 26 7.3 0,682 0.079
0.75 37 11 0.720 0.079

18 0.17 16 6.6 19
0.25 24 4.3 0.452 0.076
0.50 41 8.1 0.534 0.070
0.75 51 12 0.589 0.076
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TABLE X V I I I

Effect of concentration of t-butyl hydroperoxide on its decomposition and 
polymerization of methyl methacrylate in DMSO at 60°C,

Jm kJ «= 4.16 m
^u(ii)7
(moles
r^xio^

Time
(hours)

TBHP
decomp­
osition
(*)

i--
R, xlO d.
(moles
.-1 -In1 sec ;

Monomer
conver­
sion
(*)

R XlO5 p
(moles
—1 -1 sec

M XlO”5 n

4 )

f

fjm fj = 0,0044 M
0 4.0 2.9 0.83 14,4 _

5.0 - 3.6 16.0 -

6.0 mm 4.3 16.5 -

1.8 0.5 ■a - 2.5 5.8 2.22
1.0 - 5.1 2.39 -

1.5 - 7 A 2.57 -

2.0 - 11 2.6 5 rnm

fim f} " 0.011 M
0 3.0 <5.0 3.4 1.3 . . mm

5.0 <5.0 5.5 - -

7.0 < 5. o 8.4 - -

1.8 0.50 9.6 0.62 4.4 8.9 1.63 0.11
0.75 14 6.7 1.77 0.10
1.0 18 9.5 1.81 0,11

/FBHP7 ■ 0.022 M

0 — — — - 1.91.8 — — 1.3 - 13 - -
(Detailed data at these concentrations shown in Table XVII)

/tbhp7 “ 0,044 M.
0 2.0 — 4.5 2.6

3.0 - 6.4 -  ~
4.0 - 9.0 -

1.8 0.17 3.7 2.7 19 - -
0.50 11 8.0 0.691 0.10
0.75 15 12 0.796 0.10
1.0 18 16 0.747 0.10
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TABLE X IX

Effect of concentration of methyl methacrylate on its polymerization and
decomposition of t-butyl hydroperoxide in DMSO at 60°G,

/rBHP7 = 0.022 M
/5a(llj7
(moles
r^xio^

Time TBHP 
(hours) decomp­

osition 
{% )

1 i — ..
Rdxl0°
(moles
-1 —1 ̂1 sec )

Monomer
convert
sion
(*)

Rpxl05
(moles
_-1 -1\1 sec )

M xlO"5 11 f

/ m k j o 2.08 M
0 4.0 < 5.0 6.9 1.0 mm mm

6,0 <5. o 11 - -
8.0 <5.o 14 “ -

1.8 0.5 5.2 0.63 4.3 5.11.0 9.9 8.9 1.53 0.055
1.5 15 14 1.66 0.052

#MA7 « 4.16 M
0 .. _ - mm 1.91.8 - - 1.3 - 13 - -

(Detailed data at these concentrations shown in Table XVII)

J M I  = 6,24 M
0 2.0 _ 3.3 2.9 -

3.0 - 5.0 -
4.0 - 6.7 mm -

1.8 0.25 8.0 2.0 3.0 23 0.74 7 0.14
0.50 15 6.5 0.812 0.13
0.75 21 10 0.825 0.14
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TABIE XX

Rates of polymerization of methyl methacrylate and decomposition of
t-butyl hydroperoxide in DMSO at 60°C.

/Cu(ll)7 /tbit/ JTmJ Rdxl06 Rpxl05 R°xl05 (Rp- R°)xl05
(moles/l) (moles/l) (moles/l) (moles (moles (moles (moles
xlCT -i-1 n-l -In -,-1 -In ,-1 -Inxxu 1 sec ) 1 sec ) 1 sec ) 1 sec )

0 0,022 4.16 - 1.9
0.018 0,022 4.16 - 4.1 2.2
0,18 0,022 4,16 0.27 6.7 4.8
0.54 0.022 4.16 0.59 9.9 8.0
1.8 0,022 4,16 1.3 13 11
9.0 0.022 4,16 4.1 17 15
18 0.022 4,16 6.6 19 17
0 0.0044 4.16 0.83
1.8 0,0044 4.16 - 5.8 5.0
0 0.011 4.16 - 1.3
1.8 0.011 4.16 0,62 8.9 7.6
0 0.022 4.16 1.9
1.8 0.022 4.16 1.3 13 11
0 0,044 4.16 — 2.6
1.8 0.044 4.16 2.7 19 16
0 0.022 2,08 •• 1.0
1.8 0,022 2.08 0,63 5.1 4.1
0 0.022 4.16 - 1.9
1.8 0.022 4.16 1.3 13 11
0 0.022 6.24 _ 2.9
1.8 0.022 6.24 2.0 23 20
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TABLE XXI

Chain transfer constants of some metal acetylacetonates 
in the polymerization of methyl methacrylate

Metal Chain transfer constant. C , at' s’
Chain transfer constant per
ligand, C', at s

’ 60°

00c*- CO 0 0 60°

1
00ĉ- 80°

Co(ll) 0.162 0.210 0.264 0.0810 0.105 0.132
Co(lll) 0.621 0.699 0.810 0.207 0.233 0.270
Mn(ll) 0.510 0,610 O.705 0.255 0.305 0.353
Mn(lll) 0.211 0.261 0.322 0.0703 O.O87O 0.107
Cu(ll) 0,288 0.358 0,426 0.144 0.179 0.213
Cr(lll) 0.369 0.448 0.549 0.123 0.149 0.183
Al(lll) 0. 0202 0,0401 0.0549 0.0097 0.0133 0.0183
Ni(ll) 0.109 0.150 0.200 0.055 0.075 0,100

TABLE XXII
Activation parameters for chain transfer to metal acetylacetonates 

in polymerization of methyl methacrylate

Metal E, - E tr p l°E(Atr/Ap)
(kcal/mole)

Co(ll) 5.96 2.789
Co(lll) 2.96 1.245
Mn(ll) 3.53 1.715
Hn(lll) 4.99 2.097
Cu(ll) 4.79 2,284
Cr(lll) 4.76 2.191
Al(lll) 7.̂ 3 3.189
Ni(ll) 7.06 3.343
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F ig u re  3 :  D ecom position  o f  TBHP c a ta ly z e d  by Cu(AA)g a t  6 0 °

/O u (AA.)^_7  -  1 .8 x lO " '4M ,/T B Iff7  » 0 .0 2 2  M,/MMA7 « 4 .1 6

O I  1 -c h lo ro o c ta n e , 0 :  benzene, • :  DMSO
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Figure If: Polymerization of MMA Initiated by TBHP in 
presence of Cu(AA)^ at 60?.

/Cu(M)^7 = 1.8x10-4M, /TBot7 o 0.022 M, /KMA7 * U.l6 M 
O: 1-chlorooctane, Q: benzene, ®:DMS0
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10. _  
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48^ (cal degree-* mole *)
-20

Figure 5: Isokinetic plot for decomposition of t-butyl hydroperoxide
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Flgura 12:'Variation'of the rate of hydroperoxide decomposition with

concentration of C u ( M ) g In DMSO at 60°C

‘7 t Bhp7  .0.022 M, /KMA? » I*.l6 M  .LTfj:

10.

10

TT
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JPigure_lfc:_Effect_of concentration_o£_TBHP on ita decompoaltlon In IKSO
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Figure 18i Variation of l/xj, with netal concentration In l-chlorooctane at 60°C 
& Q  - *».l6 K, Jp.M} - 0.0011 M

3.0

.Hn(lll).2.0

3.72
/h/xIO, (nolea 1"*)
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Figure 19i Variation of l /x n with metal concentration In 1-chlorooctane at 60°C ' 
- 4.16 M, JfcmJ - 0.0011 «

Cu(l'l)3.0.

Co(ll)

2.0.

1.0

18.611.1
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Figure 20i Variation .of l/Xjj vlth metal concentration In 1-chlorooctane at 
fiyjJ - U.l6 H, ̂ AXBj£7 " 0.0011 M
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Figure 211 Variation of 'l/X̂  with metal concentration In 1—chlorooctane at fcPc

5.0 Co(lll)

Cr(lll)

3.0
Hn(ll)
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Figure 22» Variation of l/JĈ with metal concentration In 1-chlorooctane at
fnuj - i».i6 h, JJiivXJ - 0.0011 m7.0
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Figure 23j Variation of l/X^ with metal concentration In 1-chlorooctane at BO°C
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Figure 241 Isokinetic plot for chain transfer on acetylacelonate Uganda
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Experimental
Chemicalst

Methyl methaorylate (Eastman Organic Chemicals) was allowed to stand 
over anhydrous sodium sulfate for at least 24 hours with intermittent 
shaking and then distilled under vacuum. tert-Butyl hydroperoxide 90 
(Pennwalt Corporation, Lucidol Division) was purified by distilling 
away the lower boiling products of decomposition and was found to be at 
least 95 percent pure by iodomedric titration. 1-Chlorooctane (Aldrich 
Chemicals, Inc.) was purified by gas chromatography. Metal acetylace- 
tonates obtained from McKenzie Chemical Corporation were recrystallized 
from chloroform and their purity ascertained from their UV spectra. 
Spectroanalyzed chloroform and benzene (Fisher Scientific Co.), and re­
agent grade dimethyl sulfoxide, acetic acid and potassium iodide (j.T. 
Baker Chemical Co.), were used without further purification. 2,2'- 
Azolsobutyronitrile (Baker Chemical Co,) was purified just before use by 
repeated recrystallization from anhydrous ethanol. Standard solutions of 
Nâ SgÔ  were obtained from J. T. Baker Chemical Co. and diluted to a 
suitable volume with distilled water.
Preparation of solutions of metal acetylacetonates:

Since solutions containing very small concentrations of metal acetyl­
acetonates (~10“̂ M) were required, it was necessary to prepare more con­
centrated stock solutions (~10“2 m) and then dilute to the desired concen­
trations. Such stock solutions were always prepared in benzene. When 
reaction systems in 1-chlorooctane or DMSO were under study, aliquots of 
stock solutions in benzene were first evaporated to dryness under vacuum 
at 50°C and then dissolved in an appropriate volume of the desired solvent*
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Ultraviolet spectra of solutions prepared in this manner from stock 
solutions in benzene were exactly the same as those obtained for 
solutions prepared by dissolving metal acetyl acetonates directly in 
1-chlorooctane, Also for the most active catalysts, viz., Cu(ll), Co(ll), 
Co(lll) and Mn(lll), experiments carried out with solutions prepared by 
directly dissolving the: metal acetylacetonates in 1-chlorooctane gave 
results comparable to those obtained from identical experiments in which 
1-chlorooctane solutions of metal acetylacetonates prepared from, a benzene 
concentrate were used.

Solutions of metal acetylacetonates were refrigerated after prepara­
tion. However, these solutions were never stored for periods longer than 
one week. There are indications that solutions of metal acetylacetonates 
undergo a change in their composition on aging, especially those in 
1-chlorooctane. Pink solutions of the Co(ll) compound develop a green 
tint due to the oxidation of Go(ll) to Co(lll). In the case of other 
metals, no visual, or even spectral change may be observed for solutions 
kept over a few weeks. Nevertheless, the catalytic activity of metal 
acetylacetonate solutions towards hydroperoxide decomposition often 
decreases as the solutions age. In solutions stored for longer periods 
changes in color are sometimes observed. Several months after their 
preparation, yellow solutions of Fe(AA)̂  In 1-chlorooctane lose their 
color, while blue solutions of Cu(AA)2 in the same solvent turn yellow. 
Incidentally, the aged, colorless solution of Fe(AA)<j in 1-chlorooctane 
was seen to be a good initiator of MMA polymerization. In a 1-chlorooctane 
solution containing ̂ ,16 M MMA, and 1.8 x 10“̂  M Fe(AA)-j, a rate of poly­
merization of 3*2 x 10-5 moles 1-1 sec"l was observed at 60°C, A freshly
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prepared Fe(AA)̂  solution in 1-chlorooctane does not initiate polymeri­
zation under the same conditions.

While preparing solutions of metal acetylacetbnates one must not' 
apply heat to hasten dissolution. It has been seen that solutions of 
Cu(AA)2 in 1-chlorooctane prepared by the application of heat do not 
catalyze the decomposition of TBHP. On the other hand, Cu(AA)2 in 
1-chlorooctane solutions, prepared at room temperature strongly catalyzes 
the same reaction.
Kinetics:

Reactions were studied using either of two techniques. In one, 
reactants were introduced into Carlus tubes which had been previously 
cleaned with chromio acid, washed thoroughly with water, and rinsed with 
distilled water before drying under vacuum at 100°G, While introducing 
desired aliquots of solutions of reactants, the initiator (TBHP or 
A1BN) solution was added last, The Carius tubes containing the frozen 
mixture of reactants were evacuated under an atmosphere of mercury vapor 
to a pressure of less than 1 mm of Hg, The vacuum was then shut off and 
the reactant mixture allowed to thaw by removing the liquid nitrogen bath. 
In this fashion, the Carius tubes were put through two more freeze-thaw 
cycles, and finally frozen before sealing under vacuum. The sealed Carius 
tubes were kept under liquid nitrogen until the reaction was to be started. 
Storage of sealed Carius tubes in the freezer compartment of a refrigerator 
was found to lead to some polymer formation (when MMA was present) after 
three to five days. To start a reaction, the sealed Carius tube containing 
the frozen reactant mixture was warmed to let the reactant solution thaw,
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shaken to obtain a homogeneous solution and then immersed in a thermo­
static bath at a desired temperature. The reaction was arrested at a 
suitable time by transferring the Carius tube to a freezing mixture of 
dry ice and acetone. The Carius tube was then broken open and its con­
tents analyzed.

In the method of reaction described above, dissolved oxygen was 
removed by decreasing the pressure above the reaction mixture. In 
another experimental method dissolved Oj, was removed by fltishig the re­
action mixture with nitrogen first and then maintaining a nitrogen 
atmosphere throughout the course of the reaction. The reaction mixture 
was kept in a jacketed vessel maintained at a constant temperature as in 
the figure shown below*
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This apparatus was insulated by wrapping asbestos tape around it. The 
reactant solutions were individually saturated with nitrogen gas and 
brought to the reaction temperature before introduction into the reaction 
vessel, The reaction mixture in this vessel is stirred constantly but 
gently by means of a magnetic stirrer. The reaction starts at the instant 
the initiator solution is added to the rest of the reactants. A nitrogen 
atmosphere was maintained throughout the course of the reaction. Nitrogen 
enters the reaction vessel through stopcock A or stopcocIsB and G, while 
it leaves through stopcock D. For the first 2 to 3 minutes of the reaction 
period stopcock A was closed and stopcocks B and G were opened to let N2 gas 
bubble through the reaction mixture to ensure saturation. Stopcock D was, 
of course, kept open to provide an outlet. Stopcocks B and G were then 
closed, and stopcock A opened to maintain a nitrogen atmosphere.

Samples of the reaction mixture were withdrawn for analysis at regular 

intervals of time. To withdraw a sample, stopcock D was closed and stop­

cocks B and C, and stopper X opened at the same time. The reaction mixture 

was forced up into the sampling bulb S, When a suitable volume was collected 

in this bulb, it was withdrawn by means of a transfer pipet and immediately 

cooled to arrest the reaction. The stopper X was then replaced, stopcocks 

B and G opened and stopcock A closed, As soon as any remaining solution 

in the bulb S and the tube below it was forced back into the reaction vessel, 

stopcocks B and C were closed and stopcock A opened till the next sample was 

to be withdrawn.

This method was used only when the reaction mixtures did not contain 

MMA monomer.
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Analysisi To analyze a solution in a sealed Carius tube it was 
broken open and the contents transferred quantitatively to a volumetric 
flask and diluted to the mark with chloroform. This solvent helps to 
thin viscous solutions containing dissolved polymer, Dilution with 
chloroform is specially helpful in the case of reaction mixtures in 
1-chlorooctane media, since the polymer often precipitates out on cooling 
the Carius tubes at the end of the reaction period. Aliquots were then 
withdrawn from the diluted solution for UV spectral analysis, and for the 
determination of hydroperoxide content and polymer content. When reaction 
mixtures did not contain .poly(MMA) , aliquots were withdrawn directly 
from the reaction mixtures. Also, when only the polymer content of a 
reaction mixture was to be determined, the solution in the Carius tube 
was transferred quantitatively to a beaker for precipitation.

Determination of hydroperoxide concentrationt The concentration of 
TBHP was determined by iodometric titration. Solution of TBHP in benzene 
and 1-chlorooctane media were analyzed by the method of Wibaut et.al. (285):

In this method 25 ml of glacial acetic acid are introduced into a 
150 or 250 ml iodine flask. Several chips of dry ice are introduced and the 
flask swirled so as to saturate the acid with carbon dioxide, A small 
volume (<vlml) of a saturated solution of KI is added to the deaerated 
acetic acid, The exact volume of the KI solution must be added in each of 
a series of related titrations. An aliquot of the solution to be analyzed 
is then introduced. The iodine flask is stoppered, swirled and set aside. 
Until the hydroperoxide solution is introduced, the solution in the flask 
must be kept frothing by the intermittent addition of dry ice. The 
stoppered iodine flask is allowed to stand for 15 minutes after the
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Introduction of the hydroperoxide sample. It is then opened and 50 ml 
of water introduced. The solution is then titrated against a standard 
Na2̂ 2®3 solution. In these experiments a 0.01 N NagS20/j solution was 
employed. Use of starch indicator is not necessary as a sharp end point 
can he obtained without it.

The titre volume, must be corrected by subtracting from it the titre 
volume of a 'blank' titration which is run in an exactly analogous manner 
except'.that instead of an aliquot of hydroperoxide solution, an equivalent 
volume of only the solvent is Introduced.

In the analysis of hydroperoxide solutions in DMSO the method described 
above gave erratic results. At present, the reason for this irreproduci- 
billty is not clear. However, the following modification of the method 
described above yields most satisfactory results. The following changes 
are madet (a) glacial acetic acid was deaerated by introducing about 0,5 
grams of ̂ 200̂  (anhydrous) in several installments with constant swirling 
of the flask and (b) after the addition of 50 nil o f distilled water, 5 ml 
of chloroform is added before titration against standard ̂ 2820̂  solution.

In both of the techniques described above, glacial acetic acid may be 
deaerated alternatively by passing a constant current of N2 gas through 
it while stirring constantly by means of a magnetic stirrer. Both,
Ng gas and stirring are discontinued after the sample of hydroperoxide 
solution is introduced, and the iodine flask is stoppered and allowed to 
stand as described earlier,

Each percent hydroperoxide decomposition value reported here is an 
average of three determinations from three separate reaction mixtures,
A reproducibility of + 10 percent was observed. Because of this
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uncertainty, small changes in hydroperoxide concentrations could not be 
determined accurately enough. In such cases only an upper limit for 
percent decomposition could be established. For the same reason only a 
lower limit for percent decomposition could be established for solutions 
in which very small concentrations of hydroperoxide remained undecomposed. 
Rates of hydroperoxide decomposition (f̂ ) have been calculated by extrapo­
lating the observed rates to zero time assuming a first order decomposition.

Determination of polymer content: An excess of methanol ( 150 ml)
was added to 5 to 10 ml aliquots of the solution containing the polymer 
in a 250 ml beaker. A small quantity of qulnhydrone inhibitor (50 to 
100 mg) was also added, the solution stirred and allowed to stand over­
night. The precipitated polymer was then transferred to a weighed sintered 
glass funnel, and washed with- methanol. The polymer was then dried to 
constant weight under vacuum at 40°C.

Each percent conversion figure reported here is an average of three 
determinations from three separate reaction mixtures. A reproducibility 
of + 10 percent was observed,

Ultraviolet spectra of metal acetylacetonatesi• Aliquots of.reaction 
mixtures diluted with chloroform were withdrawn and diluted five times 
with the same solvent. UV spectra of these solutions were obtained 011 a 
Gary l*f Spectrophotometer. The regions where characteristic peaks were 
observed for the metals studied in Part I of this work are tabulated In 
Appendix II. No significant change in the spectra of any of the metal 
catalysts was observed with the progress of the reactions studied in Part I. 

Determination of number average molecular weight of polymer» Number
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average molecular weights (Mn) were determined viscometrically. Viscocities 
were measured in benzene at J0°G using Ubbelohde viscometers. The flow 
time was never smaller than 100 seconds. Intrinsic viscocitiesWere 
obtained (286) and the following correlation (287) used to calculate the 
number average molecular weights of poly(MMA) samples:

J i g  » 7.2/1- x 10-5 Mn~0,?6

Calculation of Initiator efficiency: The initiator efficiency, f,
is defined as the number of radicals produced which initiate polymer chains. 
In parts I and II of the present work, metal catalyzed decomposition of 
TBHP is the major source of radical production. Each TBHP molecule which 
decomposes as a result of a redox reaction with a metal species is expected 
to lead to the formation of one free radical:

R02H + H+n ___ > ROO* + H+ + M+n“l .

R02H + H+ri”:L- --- > R0* +01T  + M+n

Hence, the number of radicals produced per liter of the reaction mixture
= the number of TBHP molecules decomposed per liter
_ percent decomposition x J ĵ Y S ] x N 

100
where N ic Avogadvo's number.
While the number of polymer chains formed per liter of the reaction mixture

_ percent conversion x [ w k j x N 
100 x DPn •

where*DPn 3 s the number average degree of polymerization.

Therefore, initiator efficiency,' f
number of polymer chains formed 

“ number of radicals produced
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Hence, f = (percent conversion x^M^/)/(percent decomposition x _̂ EBHP7x 
Obviously,' the percent conversion and percent decomposition data must be 
obtained at the same reaction time.

Since this calculation of initiator efficiency does not correct for 
any wastage of the initiator due to radical induced decomposition, the f 
values calculated here may be regarded as 'effective1 or 'practical' values 
of initiator efficiency.

Determination of chain transfer constants of metal acetylacetonates:
For each of the ’metal acetylacetonates studied, a series of experiments 
were performed in which the concentration of the metal was varied over a 
fairly wide range while the concentrations of MMA and A1BN, the initiator, 
were maintained constant. In each experiment, 2.0 ml of a solution of a 
metal acetyl acetonate in 1-chlorooctane was mixed in a Carius tube with
2,0 ml of MM monomer and 0.50 ml of 0,010 M A1BN solution in 1-chlorooctane. 
Carius tubes were deaerated and sealed under vacuum as already described, 
and then immersed in a bath maintained at the desired temperature for a 
suitable time, Reactions carried out at 60, 70 and 80°C were allowed to 
proceed for 70, 30 and 15 minutes, respectively. At the end of the re­
action period, Carius tubes were broken open and their contents transferred 
to suitably labeled beakers using a few ml of chloroform. The polymer was 
precipitated with methanol and filtered, washed and dried in the usual 
manner. Weighed samples of the polymer were dissolved in benzene and the 
viscocities of the solutions were determined to obtain the degree of poly- 
merication.

It was of interest to determine the fate of radicals created on the
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as a result of chain transfer on metal acetylacetonate molecules. Such 
radicals may either initiate new chains, or abstract an atom to terminate. 
To investigate this aspect the polymer samples obtained in the presence of 
metal acetylacetonates were analyzed for their metal content by atomic 
absorption. In this analysis all polymer solutions were prepared in 
acetone. Standard solutions of metals were also prepared in acetone.
These solutions also contained poly(MMA) in a concentration comparable to 
that present in the solutions to be analyzed, A control experiment was 
run for each of the metals analyzed, in which samples of poly(MMA) prepared 
in absence of the metal acetylacetonates, but precipitated in their presence 
were also analyzed. It was seen that even these control samples contained 
appreciable but irreproducible quantities of coprecipitated or occluded 
metals inspite of repeated washings with methanol or dilute acids. As a 
result, no conclusive inference could be drawn from this analysis.
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APPENDIX I
Kinetics and mechanism of the decomposition of 
hydroperoxides catalyzed by copper(Il) species

1.1 A mechanism for the catalytic decomposition of alkyl hydroper­
oxides is described below. This mechanism is similar in all respects to 
that suggested hy Richardson (180), except that instead of a dimeric 
copper(ll) catalyst, the monomeric form has been employed*

2 ROOH <=* (R00H)2 (1)
Cu11 + ROOH Cun (R00H) (2)

i11 (ROOH) + ROOH «=? cui3:(rooh)2 (3)
Cun (R00H)2 — » CuI(R00H)(H+) + R00. W

CuI(R00H)(H+) — > Cu11 + H20 + RO* (5)
2 R00. — 2 RO. + 02 (6)

RO. + ROOH — > ROH + R00* (7)
2 RO. — * R00R (8)

This mechanism leads to the following kinetic expression*
-d^00H7/dt *= kij>/CuII(R00H)2_7 + k5/GuI(ROOH)(H+}7 + k ^ 0 j ^ R 0 0 H 7  (?)

T +Application of steady state conditions for Cu (ROOH)(H ) yields* 
kZ(̂ GuII(R00H)2_7 = k^/Gu1 ( ROOH ) ( H+_)7 

Therefore, -d^00H7/dt = 2 k ^ u II(ROOH)2J7 + k ^ 0 ^ R 0 0 H 7
2K2K3k^GuI5 ^ 00H72 + (10)

By assuming steady state conditions for RO* and R00* radicals, the 
following expressions are obtained*
K2K3kĴ CuI5 7/ROO]i72 + 2k6/ROO£72 - - 2kg/ROJL72 = 0 (ll)
K2K3k ^ u I<5^00li72 - 2k /̂RO(>72 + k^O^/JeOOK/ = 0 (12)
Combination of equations (ll) and (12) yields*
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2K2K3k2̂ u I5^00H72 - 2kg/R0j72 » 0
Therefore, JjS o J » ( K g K ^ / k g ^ u ^ ^ O O H /  (13)
Substitution of the right hand side of equation (13) for in
equation (12) yieldst
-d/R00H7/dt " 2K2K3kî GuI5ZR00H72 + k^(Kg^k^/kgJ^u^^roOH/2 (Ik)
The total concentration of copper species in the system 

" + # u n (R00Hj7 + ̂ Cu11 (ROOH)2_7
- + k^ u^ coh/ + k2k3̂ ui5,/rooh72
= ̂ /Cu^l + K2#OOH7 + K2Ky5ROOH72)

Or, fiv F j = #u7T/(l + Kg/ROOH/ + KgKy^OOH/2) (15)
TTSubstitution of this expression for Jew J  in equation (1*0 yieldsi 

d/ROOH/ 2KgK3k̂ /Gu7TJ/ROOH72 
dt (1 + Kĝ /ROOI{ / + KgKŷ ROOH/2)

+ k^ K2K3 V k8)' ^ T ^ ° ° ^ 2 (16)
(1 + Kg^ROOH/ + K2K3/ROOH72)2 

It is assumed here that although the hydroperoxide molecules react in the 
monomeric form, they exist mainly as dimers. Furthermore, since copper(ll) 
is present only in catalytic amounts, the concentration of hydroperoxide 
coordinated to the metal is expected to be negligibly small.
Therefore, /R00h7t » /CrOOH)2J  = /ROOHj2/}^

Or, /R00H7 = /R00H7J/K1 (17)
Substitution of this expression for / rOOR/ in equation (16) givest

-  d̂ 00iff 2K2k3k̂ ii7T^OOH7T ks(K2K^k^8)t^u^OOji7T ^
dt %  + kJk^ / rOOR^ + K2K3TR00h7t + ̂ (l +
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1.2 In the mechanism described above hydroperoxide molecules 
decompose through redox reactions (4) and (5) giving free radical 
products. It is suggested here that in addition to these reactions, 
decomposition to nonradical products may take place:

Cun (ROOH)2 — >■ Cu11 + 02 + 2 ROH (19)
In such a case,
-d^00H7/dt = k/̂ u II(R00H)2_7 + k^GuI(R00H)(H+)7+ k ^ O j ^ O O H /

+ k19̂ u n (R00H)2_7
-d^00H7/dt = (k^ + k19)^ui:E(R00H)2_7 + k5^GuI(ROOH)(H+)7

+ ky/ROj/BOOn/ (£0)
This equation differs from equation (9) only in the value of the constant 
in the first term on the right hand side. Equation (20) will therefore 
lead to exactly the same orders in reactants as equation (18).

I.3a The following mechanism involves the decomposition of the 
first Cu(ll)-R00H complex formed in reaction (2) into radical products:

Cu11 + ROOH cui:e(rooh) (2)
cuI]:(rooh) CuI(H+) + R00* (21)

CuI(H+) + ROOH Cu11 + H2P + RO* (22)
2 R00* — ► 2 RO* + 02 (6)

ROOH + RO* — > ROO* + ROH (7)
2 RO* R00R (8)

Here, -d/ROOHj/dt = k21/CuI3:(ROOH)7 + k22̂ CuI(H+J7^00H7 + k^jROjJ/ROOn/
1/ +\Application of the steady state approximation for Cu (H ) gives:

-d/R00H7/dt = 2k21i/CuII(ROOH}7 + k^O^ROOH?
-d^00H7/dt = 2k21K2̂ u I5 ^ 00li7 + k^0j^R00H7 (23)
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Assumption of steady state conditions for RO* and ROO* leads tot
k22̂ Gu5/ROOH7 + 2^00^7 - k^oJ/ROOn/ - Zk^oj = 0
Or, kg^g^Cu^/ROOH/ + 2k6/ROOj72 - k ^ O ^ / io o n / - Z k ^ B D j2 » 0 (2*0
Also, kg-jKĝ Cu11 (R00H)7 + k^/EO^J/EOOn/ - 2k^00^72= 0
Or, ^ K ^ u ^ / R O O U / + krJftQjJ/EOOU/ -  Zk?/E00:J 2 “ 0 (25)
Combination of equations (2*+) and (25) yieldsi
2kg1Kgi/CuI5ZR00H7 - ^ q̂ -O J 2 - 0
i.e., / B O j *= (k21Kg/k8)̂ /CuI5 r̂ ROOH7^
Substitution of this expression for in (23) yieldsi
- d/R00H7/dt = 2kg]Kg/CuI5^00H7 + k^kg^g/kg^u^^OOH/3/2 (26)
Total concentration of copper = ̂ /CuTp = + ̂ Cu^̂ (R00H)7

- /c u 1̂  +
Or, " #u7t/(1 + K2#OOH7) (2?)

Substitution of the expression on the right hand side for ̂ u Î 7 in 
equation (26) yields: 

d̂ ROOH/ _ 2kg1Kĝ Cu7T/ROOH7 + ̂ ( k g i ^ A a ) ^ ^ ^ 3̂  g
dt (i + k2/rooh7) (i + k2̂ rooh7)¥

I.3b If, furthermore, it is assumed that the hydroperoxide exists 
mainly in the dimeric form,

ZR°°h7 = /R00H7f/kj- (1?)
Substitution of this expression for /ROOtiJ in (28) yieldst 
dZR00H7 2k1Kg^u7T R̂00H75' k_ (I^Kg/k g ) ̂u^/R00H^3/4

-= “I  — Z3L  + ~kw,----------- IE— :--- T~r  (29)dt iq  + Kg^OOH^ K{' (1 + K^Kg/ROOH/J)2

1.4 In this mechanism, copper(ll) and hydroperoxide react without 
any intermediate complex formation to yield radical productst
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Cu11 + ROOH — > Cu1 + H+ + ROO* (30)

Cu1 + ROOH — > Cu11 + OH” + RO* (31)
2 ROO* — » 2 RO* + Og (6)

RO* + ROOH  * ROH + ROO* (?)
2 RO*  i> ROOR (8)

In this case,
- dj/ROOH7/dt - k3(y/CuI5^00H7 + k3p/Gu5^00H7 + k ^ O j/E O O n /

Application of the steady state approximation for Cu(l) givesi
- d R̂OOH7/dt = 2k3cy/GuI.I7/ROOH7 + k ^ o J /R O O ltf (32) 

If steady state conditions are also assumed for RO* and ROO* radicals, 
the following expressions are obtained*
kjj/Cu^J/ROOH/ + Z k ^ O O j2 - k^/m j/ROOH/ -  Z k ^ k O j2 = 0 
Or, + Z k ^ o o j 2 - k ^ o j ^ o o n /  - 2kQ^ROj72 = 0 (33)
Also, k3(}̂ u I5/ROOH7 + k^o J /R O O U / - Zk^/kO O j2 = 0 (3̂ )
Combination of equations (33) and (3̂ ) gives:
2k3()/CuI5ZR00H7 - 2kg/R0̂ 72 - 0
i.e., / k O j = {kJ0/ k ^ 3 u T1Ĵ 3 0 Q n p  (35)
Substitution of this expression for in equation (32) yields:
- dj/jROOHZ/dt = 2k30̂ u I5/R00H7 + k ^ k ^ / k ^ / O u ^ / R O O n / 3^2
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APPENDIX II
UV Absorption peaks for metal acetylacetonates In chloroform solution

Metal \ max
-1cm n\M

Al(lll) 34,700 288
Mn(ll) 36,200 276
Mn(lll) 36,500 274
Co(ll) 34,200 292
Co(lll) 38,800 258
Cu(ll) 40,800 245

33,800 296
Cr(lll) 29,800 336
Nl(ll) 37,700 265

33,800 296
Pe(lll) 36,500 274
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