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Acetylacetonate in Water and Dimethyl Sulfoxide

A. Auerbach, N, Indictor,* and A. Kruger

Department of Chemistry, Brooklyn College, The City University of New York,
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ABSTRACT: The system cobalt(II) and/or -(III) acetylacetonate-tert-butyl hydroperoxide has been used to ini-
tiate autoxidation of poly(vinyl alcohol) in water and dimethyl sulfoxide solutions at 42 and 60°. Empirical kinetic
equations are presented for tert-butyl hydroperoxide decomposition and oxygen absorption. Activation parameters
from the kinetic data are presented. The autoxidation has been interpreted as two superimposed reactions, one in-
volving peroxide decomposition through cobalt complexes with tert-butyl hydroperoxide or by a direct reaction be-
tween cobalt and tert-butyl hydroperoxide, and the other involving chain autoxidation of poly(vinyl alcohol). Ef-
fects of solvent and temperature on these processes are discussed.

Autoxidation and cleavage reactions of poly(vinyl alco-
hol) have been studied in several laboratories.!-5 Dulog,
Kern, and Kern2 have investigated photochemically initiat-
ed poly(vinyl alcohol) autoxidation. Takayama® and Shira-
ishi and Matsumoto*® have done work on poly(vinyl alco-
hol) degradation and oxidation in the presence of hydrogen
peroxide.

This report concerns a kinetic investigation of poly(vinyl
alcohol) autoxidation initiated by cobalt(II) and -(III)
acetylacetonate and tert-butyl hydroperoxide in dimethyl
sulfoxide and water solutions. Metal acetylacetonate—tert-
butyl hydroperoxide initiated autoxidation of 1-octene in
chlorooctane has been previously studied in this manner.5-6

Experimental Section

Chemicals. The chemicals for these experiments have been de-
scribed previously.! Poly(vinyl alcohol) (K & K Laboratories) of
viscosity averaged molecular weight 9.1 X 104 g/mol (measured in
dimethyl sulfoxide) was used for this work.

Kinetics. The oxygen absorption apparatus has been described
previously.? No oxygen was picked up over a period of 1.8 X 10° sec
in the absence of cobalt(Il) and -(III) acetylacetonate in dimethyl
sulfoxide or water. In the absence of tert-butyl hydroperoxide,
oxygen absorption was negligible. The autoxidation cell was
cleaned between runs by soaking in hot aqueous solution several
times, followed by methanol washings.

tert-Butyl hydroperoxide decomposition studies were carried
out in the absence of oxygen in degassed new Carius tubes thermo-
stated at 42.0 £ 0.1°. Peroxide was determined iodometrically.

Cobalt(IT) and -(III) acetylacetonate concentrations were deter-
mined spectrophotometrically sampled from the peroxide decom-
position tubes. A Cary 17 spectrophotometer was used for analysis.
Cobalt(IT) and -(III) acetylacetonate absorptions were recorded at
256 and 290 mu. Since mixtures of these two compounds have
overlapping peaks, concentrations were estimated from simulta-
neous equations of the form ax = ex,cr1 + exgcinn, where ay, is the ab-
sorption at a given wavelength, ¢, is the extinction coefficient of ei-
ther cobalt(Il) or -(III) acetylacetonate at a given wavelength A,
and cn and cmr are the concentrations of cobalt(Il) and -(III)
acetylacetonate. Experimentally determined extinction -coeffi-
cients derived from Beer’s law plots for cobalt(II) and -(III) acety-
lacetonate in dimethyl sulfoxide and water are 1.63 X 104(Hz20)
and 1.31 X 104DMSO) at 290 my and 2.08 X 104(H;0) and 3.8 X
104(DMSO) at 256 mu. A tert-butyl hydroperoxide solution was
prepared at the same concentration found in the reacted solution
as determined by iodometric titration. This was used as a blank.
Concentrations of tert-butyl hydroperoxide in the reaction
mixtures were low (0.016 M) to avoid interference of tert-butyl hy-
droperoxide absorption.

The reproducibility of triplicate rate measurements was ca. £5%
for autoxidation measurements, ca. £10% for tert-butyl hydro-
peroxide decomposition, and ea. £5% for spectrophotometric ra-
tios of cobalt(II) to cobalt(III) acetylacetonate.

Results and Discussion

The experimentally measured data points are of three
kinds: tert-butyl hydroperoxide decomposition (—A[t-
BuOOH]/At), oxygen absorption (—A[O]/At), and the
ratio of cobalt(II) to cobalt(III) acetylacetonate concentra-
tion as assessed from uv absorption measurements. Table T
contains data for the cobalt(II) and cobalt(III) concentra-
tions determined spectrophotometrically in dimethyl sulf-
oxide and water. Table II contains rate data for tert-butyl
hydroperoxide decomposition in water and dimethyl sulf-
oxide. Table III contains rate data for oxygen uptake in di-

Table I
Uv Spectral Changes’
[Co x 10, [PVAD,
M M° B By* v
Dimethyl Sulfoxide

Cofacac),
4,12 0.12 0.85 0.92 0.88
4,53 0.36 0.84 0.85 0.81
9.25 0.24 0.87 0.89 0.87
17.1 0.12 0.78 0.85 0.85
17.4 0.36 0.87 0.80 0.84

Cofacac),
1.86 0.12 0.10 0.78 0.78
4.37 0.12 0.16 0.70 0.80
4.56 0.24 0.19 0.72 0.81
30.7 0.12 0.10 0.69 0.75
30.2 0.36 0.13 0.70 0.74

Water

Cofacac),
17.5 0.12 0.57 0.22 0.81
17.5 0.24 0.57 0.19 0.80
17.5 0.36 0.57 0.25 0.77
39.1 0.24 0.48 0.32 0.81

Cofacac),
10.1 0.12 0.29 0.16 0.81
10.3 0.24 0.23 0.14 0.80
10.5 0.36 0.23 0.16 0.83
35.1 0.24 0.25 0.20 0.75

e [t-BuOOH]o = 0.016 M. ® Moles/liter of C2H4O units. By =
[Co(acac)z]/I[Co(acac)z) + [Colacac)s])} measured at 1 X 10 sec.
@ By = [Co(acac)z]/{[Co(acac)z2] + [Co(acac)s]i measured at 2 X 103
sec. ¢ U = {[Co(acac)z] + [Co(acac)s]}/[Co(acac)n]o measured at 2
X 105 sec. / Cobalt(Il) and -(III) acetylacetonate in the presence of
poly(vinyl alcohol) and tert-butyl hydroperoxide? in dimethyl
sulfoxide and water at 42°.
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Table I1
Rates of Peroxide Decomposition®
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([t-BuOOHY/

[Co x 10%),, [t-BuOOH],, [PVA], Al)y x 109,
M M M M/sec
Dimethyl Sulfoxide
Cofacac),
4.12 0.016 0.12 16.3
4.53 0,016 0.36 22.7
9.60 0.0186 0.36 34.2
17.1 0.016 0.12 33.2
17.4 0.016 0.36 46.17
2.72 0.160 0.24 32,5
6.85 0.060 0.12 25.1
6.85 0.660 0.12 82.3
6.85 0.016 0.24 24,5
6.85 (.660 0.24 98.0
6.85 0.016 0.36 29.0
6.85 0.1860 0.36 67.0
6.85 0.960 0.36 118.2
13.70 0.160 0.12 60.1
13.70 0.660 0.24 163.1
13.70 0.160 0.36 101.1
Cofacac)s
1.86 0.016 0.12 9.61
1.95 0.016 0.24 11,5
4,37 0.016 0.12 14,2
4,25 0.016 0.36 21,2
31.2 0.016 0.24 48.1
30.2 0.016 0.36 55.1
Cofacac), Water
17.5 0.0186 0.12 5.50
2.0 0.0186 0.24 2.45
39.1 0.016 0.24 10.90
17.5 0.160 0.24 28.3
17.5 0.68 0.24 91,2
Cofacac),
10.1 0.016 0.12 3.45
10.5 0.016 0.36 5.51
35.1 0.016 0.24 8.45
10.6 0.160 0.24 19.5
10.6 0.660 0.24 65.6

a tert-Butyl hydroperoxide in the presence of cobalt(II) and -(III)
acetylacetonate and poly(vinyl alcohol) in water and dimethyl
sulfoxide at 42°.  Moles/liter of C2H4O units.

methyl sulfoxide and water. Table IV gives rate “con-
stants” and concentration superscripts of the various rate
equations obtained from log-log plots of initial rates vs.
initial concentrations in dimethyl sulfoxide and water.
These tables represent only a small portion of the experi-
mental data collected.

Cobalt(II) and -(IIT) Acetylacetonate Spectral
Changes. A steady state concentration was reached by co-
balt(II) and -(III) acetylacetonate in dimethyl sulfoxide
and aqueous solutions within 1 X 10° sec in the presence of
tert-butyl hydroperoxide and poly(vinyl alcohol) (Table
II1). Presumably the steady state concentration is brought
about by the following reactions.

ROOH + Co(lIl) — RO+ + Co(lll) + OH" (1)
ROOH + Co(lll) — ROO* + Co(Il) + H* (2)

The columns labeled B; and Bz in Table I are the frac-
tion of Co(acac)s present in sealed reaction tubes (oxygen
excluded) after 1 X 104 and 2 X 10° sec, respectively. It may

Table I1I
Rates of Oxygen Uptake®
[A0,/4t], x 107,
M/sec
[Co x 10%],, [¢-BuOOH),, [PVA],
M M M° I’ 1’
Dimethyl Sulfoxide
6.85 0.16 0.12 1.64 1,08
13.7 0.16 0.12 2.16 1.60
13.7 0.96 0.12 3.10 3.50
27.4 0.16 0.12 3.31 2,72
27.4 0.96 0.12 4,00 4,20
6.85 0.16 0.24 2.24 1.52
13.7 0.96 0.24 4.00 3.56
27.4 0.16 0.24 4.48 3.56
6.85 0.66 0.36 5.36 3.12
13.7 0.16 0.36 4,92 2.88
27.4 0.16 0.36 6.80 4.48
27.4 0.96 0.36 8.40 6.68
202 0.66 0.24 8.50 7.50
1010 0.66 0.24 8.40 9.10
6.85 0.016 0.24 1.06 0.92
6.85 0.016 0.00 0.30 0.20
Water

6.85 0.16 0.12 3.00 e

13,7 0.16 0.12 4,20 e

27.4 0.66 0.12 12,0 e
6.85 0.66 0.24 6.44 6.72
13.7 0.66 0.24 9.21 9.60
27.4 0.66 0.24 12,9 13.5

6.85 0.96 0.36 4.48 e

6.85 0.96 0.36 6.24 e

13.7 0.66 0.36 12.3 e

27.4 0.16 0.36 8.81 e

27.4 0.66 0.36 17.5 e

6.85 0.016 0.00 0.25 e

a Poly(vinyl alcohol) in the presence of cobalt(II) and -(III) acetyl-
acetonate and tert-butyl hydroperoxide in dimethyl sulfoxide and
water at 42°. ® Moles/liter of CoH4O units. ¢ Co(acac)g initially
present. ¢ Co(acac)s initially present. ¢ No data.

be seen that regardless of the species initially present
Co(acac)s predominates in dimethyl sulfoxide whereas
Co(acac)s predominates in water under the concentration
conditions studied. The column labelled U reflects the
overall loss of Co(acac), (both Co(II) and Co(III)) mea-
sured at 2 X 105 sec. The combined absorption accounts for
only 75-85% of the cobalt acetylacetonate initially present
regardless of the medium and regardless of the initial co-
balt oxidation state. Some of this depletion can be account-
ed for in the case of Co(acac)e by the unavailability of the
acetylacetonate ligand in the conversion of Co(Il) to
Co(III) but in the reverse situation, when Co(acac)s is ini-
tially present, a surplus of the ligand is present.

The most likely explanation for the decrease in overall
absorption then is some form of ligand exchange with the
solvent or the peroxide. Reaction mixtures containing co-
balt(II) acetylacetonate produce precipitates when titrated
with 0.01 N NaOH in either dimethyl sulfoxide or aqueous
solution, although stock solutions of cobalt(II) acetylaceto-
nate in dimethyl sulfoxide or water do not. A stock solution
of cobalt(II) acetylacetonate (1072 M) which was allowed to
air oxidize to cobalt(III) acetylacetonate (pink color to
green) also failed to give a precipitate with 0.01 N NaOH.
This suggests that the acetylacetonate ligand has been ex-
changed in solution for another ligand in the course of per-
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Table IV
Empirical Rate Equations
[Co % 10%],, [t-BuOOH],,
M M [PVAT, M b c kx10%
tert-Butyl Hydroperoxide Decomposition at 42°
(A[#-BuOOH)/At) = k[Co]’[¢-BuOOH]'[PVAT’
Dimethyl Sulfoxide
Cofacac),
4.12-17.5 0.016 0.12-0.36 0.55 £ 0,01 0.12 £ 0.02
2,7-13.7 0.160 0.12-0.,36 0.55 £ 0,01 0.60 = 0.03
6.85 0.016-0.06 0.12-0.36 0.14 £ 0.01 0.10 £ 0.02
6.85 0.06-0.96 0.12-0,36 0.47 £ 0.02 0.61 +£0.03
4.12-17.5 0.016-0.66 0.12-0,36 0.35 £ 0.05 0.60 = 0.05
Cofacac),
1.86-30.7 0.016 0.12-0.36 0.52 £ 0,02 0.41 + 0,03
1.86—4.50 0.016 0.12-0,36 0.30 2 0.05 0.42 = 0,04
30.5 0.016 0.12-0.36 0.41
2.0 0.016-0.66 0.24 0.48 0.40
Water
Cofacac),
2.00-39.1 0.016 0.24 0.50 = 0.05 0.13
17.5 0.016-0.16 0.24 0.66 £ 0.04 0.12
17.5 0.16-0.66 0.24 0.81 £0.,10 0.26
17.5 0.016 0.12-0.36 0.47 £ 0.03 0.13
Cofacac),
2.00-35,1 0.016 0.24 0.49 £ 0.05 0.072
10.6 0.016-0.16 0.24 0.53 = 0.06 0.073
10.6 0.16-0.66 0.24 0.78 £ 0,10 0.16
10.6 0.016 0.24 0.46 £ 0,03 0.071
Autoxidation of Poly (vinyl alcohbol) at 42°
(a[0,])/ A1) = E[Co]*[t-BuOOH] [PVAT
Dimethyl Sulfoxide
Colacac),
6.85-27.4 0.16-0.96 0.12-0,36 0.47 £ 0,05 0.45 = 0.20 0.55 + 0,15 0.81 £0.30
Cofacac),
6.85-27.4 0.16-0.96 0.12-0.38 0.55 90,10 0.50 = 0,20 0.40 £ 0.10 0.61 £0.40
Water
Cofacac),
6.85-27.4 0.16-0.96 0.12-0.36 0.50 £ 0,10 0.50 = 0.05 0.40 £ 0,03 2.1 0,30

oxide decomposition, which will exchange with OH~ to pro-
duce a precipitate. The decrease of the overall cobalt ace-
tylacetonate concentration was more rapid at 60° than at
42°, implying that the rate of the exchange reaction in-
creases with temperature and has an activation energy.

The Decomposition of tert-Butyl Hydroperoxide.
Rates, empirical kinetic equations, and activation parame-
ters for tert-butyl hydroperoxide decomposition in vacuo
are listed in Tables I, IV, and V for both dimethyl sulfoxide
and water.

Richardson® has devised a kinetic scheme for metal cata-
lyzed peroxide decomposition which involves a metal-hy-
droperoxide complex. The reaction order with respect to
tert-butyl hydroperoxide and metal is between 0.5 and 1.0
in this kinetic scheme. In order to secure additional evi-
dence for the existence of metal-peroxide complexing, ob-
servations were made in the NMR on the effect of line
broadening of the OOH proton by added cobalt species. It
was found that marked broadening of this peak occurred in
the presence of 103 M cobalt(II) acetylacetonate-tert-
butyl hydroperoxide reaction mixtures in carbon tetrachlo-
ride.? After reacting for 8.5 X 105 sec solutions of co-
balt(ITI) acetylacetonate and tert-butyl hydroperoxide do

exhibit broadening, presumably because the cobalt(II)
form is present as a result of reaction 2. The mechanism of
Richardson can be contrasted to a more general reaction
mechanism for tert-butyl hydroperoxide decomposition
devised by Hiatt, et al.!® Hiatt’s mechanism involves a
metal cycling reaction (reactions 1 and 2), with reaction 3
involving a radical induced decomposition of tert-butyl hy-
droperoxide and termination reactions 4 and 5. This is sim-
ilar to the scheme employed by Richardson except that no
metal complex reaction with tert-butyl hydroperoxide is
invoked to explain the results.

RO* + ROOK — ROH + ROO:* (3)
2RO0* —> 2RO* + O, (4)
2RO0O* —» ROOR + O, (5)

Assuming steady state concentrations for ROO- and RO-
and a rapid cycling reaction for the metal and substituting
for total cobalt concentration (Cor = Co(II) + Co(III)) eq 6

—d[#-BuOOH]/dt =

(2R, /ks5 + 3][%}[@@[[—3\10%] (6)
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Table V
Activation Parameters for the Autoxidation of Poly(vinyl alcohol)? and the Decomposition of
tert-Butyl Hydroperoxide? in the Presence of Cobalt Acetylacetonates, 42-60°, in Dimethyl Sulfoxide and Water

[Co % 10%),,

M E,,keal/mol AH', kcal/mol s, cal/(deg mol)
II III DMSO H,0 DMSO H,0 DMSO H,0
, Autoxidation of Poly(vinyl alcohol)
17.5 7.8 7.4 6.5 6.1 -43 —48
10.6 10.1 8.7 8.8 7.4 -356 -36
Decomposition of teri-Butyl Hydroperoxide
17,5 27.1 28.2 25.8 26.9 +82.7 +93.7
10.6 27.3 28.5 26.0 27.2 +82.4 +103 -

a [t-BuOOH], = 0.016 M. ¢ [PVA]o = 0.24 M in CoH40 units.
Table VI
Kinetic Chain Lengths for the Autoxidation of
Poly(vinyl alcohol) in the Presence of Cobalt(II)
Acetylacetonate and tert-Butyl Hydroperoxide
in Dimethyl Sulfoxide and Water at 42°

Kinetic

chain lengthb
[Co X 10%],, [#~BuOOH],, [PVA], _—
M M M* DMSO H,0
6.85 0.16 0.12 4.0 24.0
13.7 0.66 0.12 4.0 14,9

27.4 0.96 0.12 4.0 c
13.7 0.66 0.24 3.1 11.4
6.85 0.66 0.36 4.1 12.4
27.4 0.66 0.36 3.4 12.3

a Moles/liter of CoH¢O units. © [A0z/At]o/(A[t-BuOOH]/At).

¢ No data.

is obtained. The approach to first-order kinetics with re-
spect to tert-butyl hydroperoxide in water may indicate
that complexation is not an important reaction for tert-
butyl hydroperoxide decomposition in aqueous solution,
whereas in dimethyl sulfoxide this reaction may take on
significance. The importance of a complexation reaction in
dimethyl sulfoxide as contrasted with aqueous solution is
supported by data on the relative ligand strengths of cobalt
complexes in dimethyl sulfoxide and water and on the basis
of previous work from this laboratory on poly(vinyl alco-
hol)-cobalt(II) complexation in dimethyl sulfoxide and
water.11

The role of poly(vinyl alcohol) in tert-butyl hydroperox-
ide decomposition may be related to the ability of « hy-
droxy ketones to promote peroxide decomposition and
metal reduction.!? Reactions such as reactions 7 and 8 may
be involved.

Co(lll) + RCH,OH — RCH,0* + H* + Co(Il) (7)
Co(IIl) + RCH,0* — RCHO + H* + Co(Il) (8)

tert-Butyl hydroperoxide concentration above 0.66 M
does not seem to increase the rate of peroxide decomposi-
tion significantly. This may be related to viscosity effects
on termination reactions 4 and 5,134 saturation of metal
sites by peroxide complexing, and increased deactivation of
the ﬁatalyst as a result of the added tert-butyl hydroperox-
ide.

Autoxidation. Initial oxygen absorption rates, empirical
kinetic equations, and activation parameters for the autox-
idation of poly(vinyl alcohol) with cobalt(II) and -(III)
acetylacetonate and tert-butyl hydroperoxide are listed

in Tables I, II, III, and IV. Table IV lists the ratios
(A[Oq]/A[t-BuOOH])o, which can be taken as a measure of
the kinetic chain length for autoxidation, assuming the rate
of initiation (R;) is equal to the rate of peroxide decomposi-
tion (i.e., that chain lengths for tert-butyl hydroperoxide
decomposition are equal to unity). Chain lengths for autox-
idation appear to be greater in aqueous than in dimethyl
sulfoxide solution from the data in Table VI. One possible
explanation for this is that propagating poly(vinyl alcohol)
radicals have a lower rate of termination in water than in
dimethyl sulfoxide. The poly(vinyl alcohol) is more coiled
in aqueous solution and as a result radicals on the chain are
less likely to terminate. This possibility has been supported
by polymerization studies.!® Another possible explanation’
is that water might solvate terminating pairs of polymer
radicals (reactions 12 and 13) more effectively than di-
methyl sulfoxide, increasing the proportion of reaction 13
to 12. Niki and Kamiya!?® have data to support this conten-
tion in polypropylene autoxidation. Chain transfer to sol-
vent appears to be minimal in either aqueous'® or dimethyl
sulfoxide solution,!” although chain transfer constants are
higher for dimethyl sulfoxide than water. The results are in
reasonable agreement with autoxidation schemes devised
by Tobolsky!® or Mayo!? for the autoxidation of bulk poly-
propylene. These schemes are based on the following aut-
oxidation steps, where PH is the polymer and I is the initi-
ator.

I — I (t-BuOO* or {-BuO*) (9
t-BuO* + PH — {-BuOH + P- (10
P + 0, — PO, (11

POy — P,0, + O, (
2P0yt —> 2PO* + O, (

12
13

Using steady state approximation for the polymer radical,
Tobolsky derived the following equations from reactions
9-13.

d[0,)/dr = R, + ke /[ PHIR,?

(14)

—J—(d{ORVd")z 1+ ke VPHIR
i

A plot of chain length vs. R;~1/2 ought to yield intercept 1
and slope aky/k¢/2, Figure 1 presents data which show rea-
sonable agreement with this mechanism.

In aqueous solution kp,/kt!/2 obtained from the slope of
the line passing through 1.0 is ~1 X 1072 and ~3 X 1073 in
dimethyl sulfoxide (see Figure 1). The oxidizability of poly-
(vinyl alcohol) in aqueous solution is greater than in di-
methyl sulfoxide, evidently because of the higher chain
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Figure 1. Kinetic chain length for the autoxidation of poly(vinyl
alcohol) vs. R;=1/2 in the presence of 1.3 X 10~% M cobalt(II) ace-
tylacetonate, 0.16-0.66 M ¢t-BuOOH, and (®) 0.53 g/dl, (a) 1.06
g/dl, and (@) 1.60 g/dl poly(vinyl alecohol) (0.12 M, 0.24 M, and
0.36 M in CoH40 units) in water and dimethyl sulfoxide at 42°.

lengths for autoxidation in aqueous solution.
In a similar manner Mayo derived eq 15 for the rate of
autoxidation, in which the first term on the right-hand side

dlo,)/dt = aR; + Y% R,!% k" '[PH] (15)

is for nonpropagating autoxidation reactions and the sec-
ond for propagating autoxidation reactions. A plot similar
to that employed for Tobolsky’s equation should yield an
intercept of a. The advantage of this approach is that the
constant a is a complex function of solution viscosity and
therefore allows for a more complete explanation for the re-
sults. Our data do not permit a distinction between eq 14

Macromolecules

and 15. Reaction orders in Table IV are consistent with
these equations. It should be noted that the reaction order
of poly(vinyl alcohol) with respect to autoxidation de-
creases with an increasing concentration of tert-butyl hy-
droperoxide. This may result from an increase in the vis-
cosity of the medium, increasing cage termination of poly-
mer radicals with initiator fragments.!®14 At high peroxide
concentrations (>0.66 M) the rate of autoxidation de-
creases in both dimethyl sulfoxide and aqueous solution.
This may be related to the decreased tert-butyl hydro-
peroxide decomposition rates mentioned above. It is also
possible that the increased viscosity at higher tert-butyl
hydroperoxide concentration affects initiator efficiency or
polymer termination reactions.!?

Additional work from this laboratory includes reports on
the effects of different acetylacetonates on the cleavage
and autoxidation of poly(vinyl alcohol),?0 the effects of bio-
logically important metal complexes on the same reactions,
and a study of the products of these reactions.
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