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Ru(VII) and -(VIII) oxidize water irreversibly 
in alkaline solution. Furthermore, the dispropor-
tionation of Ru(VII) to -(VIII) and -(VI) does 
not proceed to an appreciable extent; this in ac
cord with spectrophotometric data3,6 and is in con
trast to previous information in the literature.n 

(21) R. Charonnat, ref. 5, p. 399. 

Introduction 
The quality of butadiene-styrene elastomers in

creases as the temperature of the polymerization de
creases. The basis for these low temperature proc
esses are oxidation-reduction systems which yield 
free radicals suitable for initiation of the polymeri
zations. To understand more fully the factors 
governing these reactions, a study, the earlier re
sults of which have been reported in a series of pub
lications,2-7 has been continued. Studies were 
made when iron (II) was complexed with polyethyl-
enepolyamine and the complex reacted with cumene 
hydroperoxide. The general reaction characteris
tics were determined, and the effect of the struc
ture of the polyethylenepolyamine was discussed.7 

It was desirable to find the effect of variation in the 
structure ol the substituent on the hydroperoxide 
on the ra te when iron{TI) complex with poly-
ethylenepolyamines was the reducer. The hydro
peroxide chosen was p-t-butyl cumene hydroperox
ide and the kinetics of the reaction with the iron (II) 
complexes of five polyethylenepolyamines of the 
general formula H2N-C2H4(NH-C2H4)^NH2 for 
values of x from 0 to 4 was studied. 

The structure in alkaline solution of the iron(II) 
complexes of the polyethylenepolyamines of the 
general formula H2N(C2H4)XC2H4NH2 was of inter
est together with some measure of determining the 

(1) Presented before the Division of Physical and Inorganic Chemis
try, 124th Meeting, American Chemical Society, Chicago, 111., Sep
tember 6-11, 1953; 

(2) J. W. L. Fordham and H. L. Williams, Can. J. Res., B27, 943 
(1949). 

(3) (a) J. W. L. Fordham and H. L. Williams, T H I S JOURNAL, 72, 
4465(1950); (b) 73, 1634 (1951). 

(4) J. W. L. Fordham and H. L. Williams, ibid., 73, 4855 (1951). 
(5) R. J. Orr and H. L. Williams, Can. J. Chem., 30, 985 (1952). 
(6) R. J. Orr and H. L. Williams, J. Phys. Chem., 57, 925 (1953). 
(7) R. J. Orr and H. L. Williams, Disc. Faraday Soc, U, 170 (1953). 
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purity of the mixtures of these polyethylenepoly
amines. The polarographic behavior of iron(II) 
and its complexes has been made the subject of a 
number of investigations.8-11 The results suggested 
that similar studies of the iron(II)-polyethylene-
polyamine complexes might be of value. 

Experimental 
The experimental methods used in the study of the re

action of cumene hydroperoxide with iron(II) complexes of 
polyethylenepolyamines7 were found to be almost universally 
applicable with the exception of certain purification details 
of the reagents. The cumene hydroperoxide was received 
as a 6 8 % solution. The sodium salt was precipitated and 
dried. The stock solution of hydroperoxide was made by 
dissolving this salt in a methanol-water solution. The p-t-
butylcumene hydroperoxide was received as a slurry of 
hydroperoxide analyzing about 50% hydroperoxide. Cool
ing to 0° and separating^ the solid from the liquid yielded 
a solid product about 8 0 % hydroperoxide. The purity 
could be raised above 9 8 % by one fractional reprecipitation 
from benzene. Analyses were made by an iodimetric pro
cedure.12 

All polyethylenepolyamines were purified by precipitation 
as the hydrochlorides; AH of t h e polyamines except the 
pentaethylenehexamine were found to be free of amine con
taminants. The pentaethylenehexamine was contaminated 
with other complex-forming amines, probably lower poly
ethylenepolyamines . 

Technical grade methyl methacrylate was distilled, dis
carding initial and final fractions. Once distilled water 
was redistilled from an alkaline permanganate solution. 
Iron(II) sulfate, sodium hydroxide, potassium dihydrogen 
phosphate, «,a'-bipyridine, sodium acetate, acetic acid and 
methanol were reagent grade. Oxygen was removed from 
nitrogen gas by passage through three scrubbers containing 
alkaline pyrogaHbr solution, over copper filings at 300-400°, 

(8) I. M. Kolthoff and J. J. Lingane, "Polarography," 2nd ed., 
1952, p. 475. 

(9) J. Prajzler, Collection Czechoslov. Chem. Communs., 3, 406 
(1931). 

(10) B. Schrager, ibid., 1, 275 (1929). 
(11) J. J. Lingane, Ind. Eng. Chem., Anal. Ed., 15, 583 (1943). 
(12) Hercules Powder Company, private communication. 
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The reaction between p-i-butylcumene hydroperoxide and iron(II)-polyethylenepolyamine complexes was investigated. 
The primary reaction was first order with respect to hydroperoxide for compounds containing secondary amine groups. 
When primary amines only were used the reaction became more complex. Bimolecular rate constants were measured under 
various conditions of pK and temperature. Apparent values of the Arrhenius constants were calculated from these. When 
solvated coordination spaces for the hydroperoxide were available on the iron(II) the results could be explained by con
sidering the reaction to follow association of the hydroperoxide and the iron(II) complex. When the coordination shell 
of the iron(II) tended to be filled with complexing groups other than solvent the mechanism of the electron-transfer was un
certain. Deductions were made on factors affecting the reactivity of the iron(II) complexes and were supported by polaro
graphic evidence of the existence of different complexes. Cathodic and anodic waves have been measured on alkaline 
solutions of iron(II)-diethylenetriamine and iron(II)-triethylenetetramine complexes. The change in the half-wave 
potentials with pH suggests that the series of hydroxy substitutions involved in the diethylenetriamine complex differs from 
those in the triethylenetetramine complexes. 
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and through a scrubber containing water at the temperature 
of the reaction. 

The reaction was studied in basic aqueous solutions which 
were buffered with sodium hydroxide-potassium dihydrogen 
phosphate buffers. All reagents were added volumetrically 
to the reaction cell. 

Stock solutions of buffer, polyethylenepolyamine, mono
mer, hydroperoxide and iron(II) sulfate were prepared. 
The latter two were prepared daily to minimize concentra
tion changes due to oxidation or decomposition. The 
water used for the latter three solutions was freed of oxygen 
prior to make-up by bubbling a stream of pure nitrogen 
through it for 15 minutes. Methanol was added to the hy
droperoxide stock solution to solubilize the hydroperoxide 
so that the stock solution was 37% methanol by volume and 
the reaction mixture was 3.0% by weight. All reagents 
except monomer, iron(II) sulfate and hydroperoxide were 
added to the reaction cell and the oxygen removed by 
bubbling the purified nitrogen gas through for 15 minutes. 
It has been shown that this will reduce oxygen content to 
less than 0.005% in a normal solution.13 In alkaline solu
tion of iron(II) it may well be that the oxygen is more diffi
cult to remove due to possible complex formation between 
iron(II) and molecular oxygen. In view of the small ex
perimental effect which could be assigned to oxygen, it was 
reasonable to conclude that the reaction occurred in oxygen-
free conditions. The monomer was added immediately be
fore the beginning of reaction since the alkaline conditions 
might cause hydrolysis and the iron(II) sulfate could not be 
added as long as oxygen might be present in the reaction 
mixture. The hydroperoxide was added last and its addi
tion was considered to start the reaction. Hydroperoxides, 
which reduce at the dropping mercury electrode, were 
analyzed in the reaction system with a Sargent-Heyrovsky 
polarograph Model X I I . The cell was an H-type and con
sisted of a saturated calomel electrode (S.C.E.) immersed 
in a saturated potassium chloride solution separated from 
the reaction cell by an agar plug containing 30% potassium 
chloride on a sintered glass disc. By making up stock solu
tions from 98% hydroperoxide, the diffusion current at 
— 0.6 v. vs. S.C.E. was found proportional to the peroxide 
concentration. 

The iron(II) sulfate was analyzed prior to addition to the 
reaction cell by a colorimetric procedure.14 

The polarographic analysis of the iron(II)-polyethylene-
polyamine complexes followed removal of oxygen by passing 
a stream of purified nitrogen through the cell. Current 
readings were recorded visually rather than automatically. 
Sodium chloride (10~2 M) was used as the supporting elec
trolyte and the pH adjusted with sodium hydroxide solu
tion. Drop times were approximately 3.5 sec. depending 
somewhat on the voltage. All measurements were at 20°. 
Voltages were relative to a saturated calomel electrode (vs. 
S.C.E.). Initial experiments were conducted with the 
polyethylenepolyamine content 10 - 2 M and the iron(II) 
sulfate concentration 5 X 10 ~3 M. It was found that this 
system was too susceptible to oxidation. On increasing 
the iron(II) sulfate concentration to 10 - 2 M, the solution 
was saturated with respect to iron(II). This created a 
reservoir of iron(II) which replaced any iron(III) which was 
formed. 

Results 
The presence of monomer in sufficient concentration re

duces to zero the steady state concentration of free radicals 
capable of attack on the oxidizer or reducer so that reaction 
of these latter may be attributed to the primary radical-
producing reaction. Methyl methacrylate was chosen 
as the monomer since this is soluble in water and inert to
ward hydroperoxides at high pH.1 

That the hydroperoxide was not decomposed by any of 
the solution constituents other than the iron(II)-polyethyl-
enepolyamine complex was shown by the lack of dependence 
of the diffusion current of the hydroperoxide on time when all 
constituents except the iron(II)-polyethylenepolyamine 
were present. 

The semi-logarithmic plot of diffusion current against 
time for the reactions of polyethylenepolyamines with 
/-butylcumene hydroperoxide for various initial methyl 
methacrylate concentrations were linear except initially. 

(13) H. A. Latimer, T. Higuchi and M. Crzuka, THIS JOURNAL, 70, 
561 (1948). 

(14) L. H. Jackson, lnd. Eng. Chcm., Anal. Ed., 10, 302 (1938). 

This non-linear portion was attributed to non-uniformity of 
the solution since the only agitation after the addition of the 
hydroperoxide was by a stream of nitrogen flowing through 
the reaction solution. The slope of the plot with monomer 
concentration more than 10 ~2 M was independent of mono
mer content, indicating suppression of side reactions. 

The linearity of the semilogarithmic plot of diffusion cur
rent vs. time for the reaction mixture of hydroperoxide and 
triethylenetetramine complexed iron(II) was further 
checked to confirm the first-order characteristics of the re
action. The hydroperoxide concentration was varied from 
2.4 X 10- 3 to 1.2 X 10"3 M at 20° and pK 11.5 with no 
change in the slope of the semi-logarithmic plot of hydro
peroxide concentration versus time. This was the same as 
was observed previously with the reaction of polyethylene
polyamine complexes with cumene hydroperoxide.7 The 
reaction rate was independent of polyethylenepolyamine 
concentration if the polyethylenepolyamine were free of 
heavy metal impurities. 

Experiments were done under varying conditions of pH, 
temperature and initial iron(II) concentration ([Fe + +]o) 
with an initial concentration of hydroperoxide ([HP]o) of 2.4 
X 1O -3 M. The methyl methacrylate concentration was 
2 X 1O-2 M except in certain instances where it was neces
sary to increase it to suppress side reactions. All initial 
polyethylenepolyamine concentrations were 1O-2 M except 
where otherwise noted. Results were plotted as log [HP] / 
[HPO]0 vs. time. [HP]/[HP]o was equivalent to 7d//,i, 
where Ja0 was determined polarographically separately for 
each experiment by extrapolating a plot of log id vs. time 
to zero time. All reaction curves were found to be linear. 
The first-order rate constants could be calculated from the 
slopes of these plots for the various initial iron(II) concen
trations. The bimolecular rate constants could be calcu
lated from these, one for each value of [Fe + +]o, on the as
sumption that some form of F e + + constituted the reactive 
species. Under the proper conditions of polyethylenepoly
amine concentration these constants were independent of 
the value of [Fe + +]o- The bimolecular rate constants for 
reactions of the iron(II) complexes of the polyethylenepoly
amines from diethylene to tetraethylene with ^-butylcumene 
hydroperoxide as a function of temperature and pK are in 
Table I . Data for ethylenediamine differed and are dis
cussed separately. Data for pentaethylenehexamine were 
only qualitative since this compound was contaminated with 
other polyethylenepolyamines. Some reaction rates of cu
mene hydroperoxide with iron(II)-pentaethylenehexamine 
complex were also measured and the data are in Table I . 

TABLE I 

R A T E CONSTANTS FOR IRON(II ) -POLYETHYLENEPOLY-

AMINE-/>-/-BUTYLCUMENE HYDROPEROXIDE REACTION 
k„. (Lm.- ' sec."') at j>H 

T, =C. 9.0-10.1 10.8-11.0 11.5-11.7 

Diethylenetriamine 

20 0.49 ± 0.07 0.46 ± 0.05 
30 1.15 ± .10 1.05 ± .10 
40 3.03 ± .21 2.29 ± .21 

Triethy lenet etramin e 

0 7.00 ± 0 . 0 4 11.9 ± 0 . 1 2 16.9 ± 1 . 2 
14 44.1 ± 1 . 7 64.7 ± 5 . 7 61.0 ± 3 . 3 
20 47.0 ± 2 . 9 73.5 ± 1 . 7 88.0 ± 2.2 

Tetraethylenepentamine 
pn 9.1 

0 19.5 ± 0.2 37.3 ± 2.7 90.0 ± 5 . 1 
14 9.2 ± 9 173 ± 6 208 
20 112 ± 5 220 ± 18 485 ± 23 

Pentaethylenehexamine 

0 54.0 ± 1.8 80.9 ± 1.8 71.7 ± 2 . 8 
15 105 ± 8 234 ± 20 214 ± 11 
20 138 ± 1 . 3 302 ± 7 332 ± 7 

Cumene hydroperoxide and pentaethylenehexamine 
/>H 10.4 

0 32.0 ± 1.3 48.6 ± 4 .3 
20 208 ± S 

0.29 ± 0.06 
1.39 ± 0.23 
9.90 ± 1.30 
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I t was not possible to determine a rate constant which 
was independent of either iron(II) or polyethylenepolyamme 
concentration when ethylenediamine (ED) was used. Ap
parent bimolecular rate constants together with the condi
tions under which they were determined are in Table I I . A 
detailed discussion of these data is made later. 

TABLE II 

APPARENT R A T E CONSTANTS FOR REACTION OF ETHYLENE-

D I A M I N E - I R O N ( I I ) COMPLEX WITH /-BUTYLCUMENE HYDRO

PEROXIDE 

T, 0 C . 

25 
25 
30 
40 

[Fe]o 
(M X 10=) 

0 .5 -4 .0 
0 .5 -0 .7 

2-10 
8 .3-5 .0 

[ E D ] 1 
M 

X 102 

2 
4 
1 
2 

[ M M A ] 0 
M 

X 102 

4 
4 
2 
4 

feapp (l . tn. 
10.0 

1.5 
21.4 

- 1 sec. "1^ 
11.0 

12 
31 

2 .5 
19.7 

) at pn 
11.6 

2.2 

0 .3 
1.7 

In an effort to verify the existence of the various struc
tures which it later proved necessary to assign to the various 
iron(II)-polyethylenepolyamine complexes existing in alka
line solution in order to explain the preceding results, the 
polarographic behavior of these complexes was studied in 
alkaline solution. A typical polarogram for iron(II)-di-
ethylenetriamine complex showed that the current increase 
on the cathodic side did not become considerable until 
— 1.4 v., at which time rapid increases in diffusion current 
took place. At all values of p~H between 9.0 and 11.6 a 
well-defined wave with a reproducible maximum occurred 
with the wave peak at —1.9 v. The current at —1.8 v. vs. 
S.C.E. was measured for the diethylenetriamine complex 
as a function of p~H and varied from 13.7 at p~H. 9.0 to 1.4 
lia.. a t £ H 11.2. 

The difficulty in any interpretation of these results was 
the very acute maximum. Gelatin or methyl orange sepa
rately had no suppressive action on this maximum at any 
pH or at any concentration. On mixing the gelatin and 
methyl orange the results improved for the diethylenetri
amine complex. At lower pH the maximum vanished. It 
reappeared on raising the pH. At very high pH, the maxi
mum decreased in acuity probably due to the disappearance 
of the species contributing to its formation. The height of 
the maximum which appeared at higher pH with methyl 
orange and gelatin could be slightly reduced by the addition 
of 0.002% of the sodium salt of methyl red. This did not 
entirely remove the maximum but it did give a plateau per
mitting determination of a diffusion current. Some of the 
polarograms of the diethylenetriamine complex were ex
tended to a lower voltage range under conditions enabling 
smaller currents to be observed accurately. Above a pH 

TABLE II I 

CATHODIC WAVES OF IRON( II )-POLYETHYLENEPOLYAMINE 

COMPLEXES 

2>HT Id, Ma. £i/, 

0.29% Methyl orange and 0.05% gelatin: diethylenetri
amine 

18.6 7.0 
8.0 

10.2 
8.5 

-1 .3 

- 1 . 4 2 
- 1 . 4 9 
- 1 . 5 6 

0.02% Methyl orange, 0.05% gelatin and 0.002% methyl 
red: diethylenetriamine 

10.2 1.20 - 1 . 5 5 
0.067 - 0 . 7 8 

.132 - 0 . 6 2 
11.6 .70 - 1 . 5 7 

.065 - 0 . 7 9 

.22 - 0 . 6 1 

8.6 
11.4 
11.9 
12.3 

Triethylenetetramine 

12.4 
10.0 
8.9 
5.8 

- 1 . 6 3 
- 1 . 6 2 
- 1 . 6 3 
- 1 . 6 3 

of 10 there are two additional waves indicating at least three 
species were present. 

The polarographic data obtained for the diethylenetri
amine and triethylenetetramine complexes are presented in 
Table I I I . The mixed maximum-suppressors were used 
as shown. The continual decrease of Id with pK for this 
wave suggested that it was due to the hydroxy-free poly
ethylenepolyamme complex of iron(II). Small currents 
were flowing at voltages lower than —1.2 v. vs. S.C.E. in 
the triethylenetetramine complex with indicated waves 
similar to those found with the diethylenetriamine complex. 
These, however, were not investigated. 

For the triethylenetetramine at high pH a very well-
defined anodic wave occurred with at least one (which was 
less well defined) at more positive voltages. At intermedi
ate pH three distinct waves formed, but at lower pH one 
disappeared. With the diethylenetriamine complex, anodic 
waves were observed at various pR in the presence and ab
sence of maxima suppressors. In the absence of suppres
sors, a small maximum was apparent in the most positive 
of the waves. This disappeared in the presence of sup
pressors at low p~H and reappeared at higher pH. There 
were three distinct anodic waves present indicating a mini
mum of three species. Table IV is a comparison of the data 
obtained. 

TABLE IV 

POLAROGRAPHIC CONSTANTS OF ANODIC WAVES 

flK 

12.1 

11.8 

11.6 

10.9 

io.'; 

9.0 

11.3 

A E 1 / , A B 1 / , 

Triethylenetetramine 

- 0 . 5 1 
.09 

- .51 
.06 

- .46 
.05 

- .38 
.10 

- .16 
- .42 
- .21 

.06 
- .19 

.20 

0.60 

.57 

.51 

.22 

.26 

.21 

.27 

.39 

Id1 fia. 

9.8 
28.5 
10.0 
22.2 
10.0 
10.0 
9.0 

Diethylenetriamine 

- 0 . 3 2 0.27 
- .05 

10.9 - .30 .32 
.02 .15 
.17 

10.6. - .33. .35-
.02 .16 
.18 

10.2 - .22 .24 
.02 .13 
.15 

10.0 - .35 .50 
.15 

9.8 - .04 .12 
.08 .07 
.15 

9.4 - .19 .21 
.02 .12 
.14 

9.0 - .39 .19 
- .20 

8.0 - .22 .37 
.15 

7.0 - .22 .37 
.15 

"Mixed suppressor used. 

4 .5 
13.3 
5.8 
5.8 
8.0 

10.0 
22.2 

1.8' 
11.5' 

1.3 
19.0 
14.6 

1. 
10 
14 
7 
7 

7 
6 
2 
1" 
1" 

17.2" 
2 .2 

20.0 
5.5" 
5 .1" 

12.5" 
2.4" 
4.1° 

11.2" 
2.2 
0.9 
2.4" 

10.0" 
7 .1" 
7.8" 
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A sample of pentaethylenehexamine of unknown purity 
was available and some polarograms were obtained to check 
the purity of the product. A typical anodic wave showed 
four separate waves. Very small cathodic waves could be 
seen at voltages of —0.6 to —1.3 v. vs. S.C.E. Only one 
well-defined hydroxy-free iron(II) complex wave was seen, 
that at a pH of 10.8 with £ y , = 1.56 and 7d = 11 Ma. 

Discussion 

The extent to which the various complexes dis
sociate into free iron(II) ion, and the relative tend
ency of formation when more than one structural 
configuration is possible, was of interest. Da ta ex
isted1 6 - 1 7 to calculate this under the conditions used. 
These are in Table V for an iron(II) content of 1O -5 

M and a polyethylenepolyamine content of 1O - 2 M 
except 2 X 1 0 - 2 for ethylenediamine (X 2). 

TABLE V 

CALCULATED DISTRIBUTION OP COMPLEX FORMS OF POLY-

ETHYLENEPOLYAMINE-IRON( 11) COMPLEXES 

Poly- Diamine 
ethylene- M Diamine (X2) Triamine Tetramine 

[Fe + +], 10"» 1.5 X 1 0 - " 5 x 10-'» 5 X 10"» 
[Feaminei**], 2 X 10 - ' 5 X 1 0 " » 1 . 0 X 1 0 " « 
[Fe amine! + " ] , 5 X 1 0 " « 3 . 3 X 1 0 - « 1 X 1 0 " » 
[Fe aminei + +J, 5 X 1 0 " ! 6 . 6 X 1 0 " « 
[Fes aminei+ +] 1 . 5 X 1 0 " ' 

Diethylenetriamine complex is mostly in the 
hexaminated form. Ethylenediamine exists as a 
mixture of tetra- and hexaminated complexes. 
The relative proportion of these two lat ter com
plexes is dependent on the ethylenediamine con
centration. 

I t was impor tant to know if the primary reduc
tion step could consist completely of free iron(II) 
reacting with hydroperoxide with a subsequent re
duction of the i ron(III) by the polyethylenepoly
amine. This lat ter reaction cannot be duplicated 
on mixing iron(III) salts and polyethylenepolyam-
ines bu t it was desirable to obtain supporting evi
dence. Assuming a constant concentration of free 
iron(II) of 10 - 1 0 M and an initial hydroperoxide 
content of 2.4 X 1 0 - 3 M1 a rate of hydroperoxide 
consumption in which the concentration was re
duced to 5 0 % of the original in 10 to 20 minutes (a 
typical reaction velocity for these reagents) would 
indicate a rate constant of 5 to 10 X 106 L m . - 1 

sec . - 1 . This was excessively large and in conjunc
tion with the previous inability to reduce iron(III) 
by polyethylenepolyamines would indicate t ha t all 
the observed decomposition of hydroperoxide was 
due to reaction with complexed i ron(II) . The 
available facts were considered to confirm the con
clusion reached previously7 t ha t the reaction of 
iron (II) complexes with polyethylenepolyamines 
with hydroperoxides was a pseudo-unimolecular 
reaction with respect to hydroperoxide. Either of 
two alternative mechanisms explain the results. 
The first is proposed by Horner18 

RNH 2 : Fe + + + ROOH =» 
RO' + H2O + RNH- + Fe + + 

(15) J. Bjerrum, Metal amine formation in aqueous solution, P. 
Haase and Son, Copenhagen (1941). 

(16) H. B. Jonassen, R. B. Le Blanc, A. W. Meibohm and G. G. 
Hurst, Symposium on complex ions and polyelectrolytes, A.C.S., 
Ithaca, N. Y., June 18-21 (1951), Abstracts page 2. 

(17) G. SchwarienbacH, BiIv. Ch'im. Ada, W, 971 (I1BSO)". 
(18) L. Horner, Angew. Chem., 62, 359 (1951). 

In a previous publication,7 this was believed suf
ficient to explain the data . Since then it has been 
pointed out19 t h a t the above reaction was energetic
ally unfavorable, and an alternative mechanism 
was suggested 
ROOH + RNH2Fe + + >• RO" 4- HO" + RNH2Fe + + + 

RNH2Fe+++ + ROO" — > ROO" 4- RNH2:Fe + + 

No a t t empt is made in this paper to distinguish 
which of these represents the t rue mechanism. The 
polyethylenepolyamine in effect mus t protect the 
iron(II) from oxidation. 

The data obtained for the reaction with ethylene-
diamine differed from the other in tha t the appar
ent ra te constant was a function of [ F e + + ] 0 and 
ethylenediamine concentration. This may indi
cate not only t ha t the ratio of the tetra- and hexam
inated complexes changed appreciably on changing 
the amine concentration, as was shown in Table V, 
but there may be a slow oxidation of the iron(II) to 
i ron(II I ) . This would explain the variation in ap
parent ra te constant with [ F e + + ] 0 . 

The da ta in Table I were used to calculate the ap
parent activation energies and frequency factors by 
plotting the rate constant da ta in the conventional 
Arrhenius equation. The contents are summarized 
in Table VI. 

TABLE VI 

ACTIVATION ENERGIES AND FREQUENCY FACTORS FOR 

LRON(II)-POLYETHYLENEP0LYAMINE COMPLEXES REACTING 

WITH £-/-BUTYLCUMENE HYDROPEROXIDE 
£H -Eapp., kcal./mole .4app. 

Diethylenetriamine 

10.0 16.6 1.2 X 10" 
11.0 15.0 7.1 X 10" 
11.6 31.2 6.7 X 10" 

Triethylenetetramine 

9.8 16.0 4 .8 X 1013 

11.0 14.3 3.6 X 10" 
11.6 12.4 1.4 X 10» 

Tetraethylenepentamine 

9.1 14.8 1.0 X 1013 

10.9 14.9 2.7 X 1013 

11.7 15.4 1.3 X 1014 

Pentaethylenehexamine 

10.0 7.15 2.8 X 107 

11.0 11.3 8.0 X 1010 

11.5 11.3 9.0 X 1010 

10.0" 15.0" 3.2 X 1013" 

" Cumene hydroperoxide. 

A study of the apparent energy of activation for 
the reactions with the different polyethylenepoly
amines reveals tha t for reaction with triethylene
tetramine and tetraethylenepentamine complexes 
of iron (II) , the apparent activation energies either 
decrease slowly with or are independent of pB.. 
For the diethylenetriamine complex the apparent 
activation energy increases a t higher pH. 

The apparent energies of activation differ from 
the true values because of the contribution of the 
change in the equilibrium constants for the associ
ation of the complex with hydroxide ion with tem-

(19) J. H. Baxendale, private communication. 
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Fig. 1.—Possible structures of iron(II)-polyethylenepolyamine complexes with varying degrees of hydroxyl radical incor
poration as influenced by pH of the medium. 

perature. The apparent activation energy may be 
low due to the lesser association between complex 
and hydroxide ion at higher temperatures, since 
inspection of the reaction rates indicates that a 
more reactive complex is attained when hydroxide 
ion associates with the iron(II) complex. With 
diethylenetriamine at high pH there is less associa
tion at high temperatures than at low, leading to a 
diminution in the proportion of the unreactive spe
cies present at high p~H with a substantial increase 
in the apparent activation energies and frequency 
factors over the true values. 

Comparison of the apparent activation energies 
of the reaction of iron(II) complexes of triethylene-
tetramine with ^-butylcumene hydroperoxide 
and cumene hydroperoxide7 shows that while they 
were lower at low pK for the reaction with p-t-butyl-
cumene hydroperoxide than with cumene hydro
peroxide, at a pH of about 10.8 the two curves in
tersected so that at pH higher than this their posi
tions were reversed. Similar behavior is evident for 
the tetraethylenepentamine iron(II) complex. For 
the diethylenetriamine iron(II) complex no crossing 
over occurred within the pH range measured. The 
minimum exhibited by the curve with ^-/-butylcu-
mene hydroperoxide also occurred when cumene 
hydroperoxide7 was used. Since the polyethylene-
polyamine-iron(II) complexes were the same in 
each case the differences must be due to the hydro
peroxide. 

Study of the reaction of uncomplexed iron(II) 
with hydroperoxides6'6 revealed that introduction 
of a p-alkyl group on the hydroperoxide resulted 
in greater rate of reaction due primarily to a de
crease of the activation energy. From considera
tions on the attraction or repulsion of electrons 
from the 0 - 0 bond, it was shown that when the 
activation energy was decreased by such a struc

tural change, then the donation of the electron 
from the reducer to the oxidizer occurred through 
formation of a complex between the hydroperoxide 
and the iron(II). Conversely, if such a structural 
change resulted in an increase in activation energy, 
then the donation of the electron could be consid
ered as taking place in a more direct manner, i.e., 
that the transfer would be a pure collision process, 
and the activated complex would be held together 
only by van der Waals or similar forces. 

A brief description of the complexes suggested to 
exist in solution of iron (II) salts and polyethylene-
polyamines is required. Some are shown diagram-
matically in Fig. 1. I is a hexaminated complex 
with two moles of diethylenetriamine, II is the same 
at low pH where a partial ammonium complex may 
be found where the residual coordination space may 
be solvated. I l l is the same at high pH where OH ~ 
ion may disrupt the complex. The charges on the 
complexes are, respectively, 2 + , 3 + and + . IV, 
V, VI and VII are complexes with successive addi
tion of O H - ions to yield 2 + , + , neutral and -ve 
complex ions with 3, 2, 1 and 0 solvated coordina
tion spaces. VIII, IX and X are similar complexes 
for triethylenetetramine, charged, respectively, 
2 + , -f- and neutral and with 2, 1 and 0 residual 
solvated coordination spaces. XI and XII are 
the complexes for tetraethylenepentamine, which 
are 2 + and + charged and have 1 and 0 solvated 
coordinated spaces. With both the triethylenetet
ramine and tetraethylenepentamide, complexes 
similar to II and III should be possible. Com
plexes for ethylenediamine and pentaethylenehexa-
mine can be sketched similarly. 

At low pH the apparent energy of activation for 
the £-(-butylcumene hydroperoxide reduction was 
lower than that of the cumene hydroperoxide re
duction-for triethylenetetramine and tetraethylene-
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pentamine. While this cannot be interpreted to 
mean tha t this is the order of the true activation 
energies an examination of the probable structures 
present a t these pB. (Fig. 1, structures VII I , I X 
and X I ) shows no reason why the intermediate 
complex formation for electron transfer previously 
observed with "uncomplexed" iron(II)6 (with all 
coordination spaces filled with solvent), will not be 
the type occurring. As the pH. is raised the sol
vated coordination spaces on the iron(II) should be
come filled by hydroxy groups (structures X and 
X I I ) . Under these conditions i t is difficult to vis
ualize the intermediate stable transition complex 
mechanism as being operative, due to the lack of 
availability of coordination space for the hydro
peroxide. There m a y be a change in the mecha
nism of electron transfer under these conditions to a 
bimolecular collision type, and the differences of 
the t rue activation energies would change in sign. 
A corresponding change in the apparent activation 
energies would then be expected. An excellent 
test of this supposition would be if a complexing 
agent were available which would give a hexami-
nated complex stable to hydroxide ion. Unfortu
nately the pentaethylenehexamine was not avail
able in a purified form, and furthermore this com
plex may show hydroxy forms (structure I I I ) so 
tha t the results from the polyethylenepolyamine 
cannot be used to answer this question. For the 
diethylenetriamine the preponderant complex at 
low pH will be hexaminated. The lack of avail
able coordination space may explain the greater 
apparent activation energy when reducing p-t-bu-
tylcumene hydroperoxide. This complex should 
not be stable to alkali, probably decomposing into 
structures IV and V, hence the differences in appar
ent activation energies cannot be considered con
clusively indicative of this type of mechanism. 

Two factors, pH and the molecular weight appear 
to affect the reactivity of a complex a t any temper
ature. From an inspection of the possible structure 
it may be seen t ha t the pH and the number of ni
trogens in the polyethylenepolyamine will affect 
the charge, the number of solvated coordination 
spaces and the number of internal degrees of free
dom {i.e., the number of bonds) in the complex. 

In Table VI I are listed some rate constants, to
gether with the structure which probably predomi
nates under the conditions used. 

ATE CONSTANTS 

Struc
tures 
Fig. 1 

V 

VIII 

IX 

XI 9 

TABLE VII 

AND CHARACTERISTICS OF J 

STRUCTURE OF 

PK 

11.0 

10.0 

11.0 

.1-10. 9 

Solvated 
coordina

tion 
spaces 

2 

2 

1 

1 

COMPLEXES 

Charge 

+ 
++ 

+ 
++ 

No. of 
bonds 

23 

31 

32 

40 

POSTULATE 

&,pp. (20°) 

0.49 

47.0 

73.5 

112-220 

Comparing VI I I and IX, decreasing the number 
of solvated co5rdination spaces from 2 to 1 together 
with a diminution of charge brought about an in
crease in reactivity. Comparing V and VII I , and 
IX and X I , an increase in the charge and an in
crease in the number of bonds brought about an 

increase in reactivity. This lat ter behavior may be 
due to an increase in the frequency factor.620 I t 
seems probable tha t the difference in reactivity 
between VI I I and I X is entirely due to a diminu
tion in the number of available coordination spaces. 
This confirms a deduction previously made from 
the reaction with cumene hydroperoxide.7 Com
paring these data with those obtained with cumene 
hydroperoxide,7 it may be seen tha t ^-/-butylcumene 
hydroperoxide is almost always more reactive 
toward these complexes than is cumene hydroper
oxide. This was noticed previously with "uncom
plexed" iron(II).6 

For both the triethylenetetramine and diethyl-
enetr iamine-Fe(II) complexes, polarographic stud
ies were compatible with the previous deduction 
tha t a minimum of three species was present in al
kaline solution for each complex. The anodic 
waves of triethylenetetramine complex showed tha t 
additional waves appeared at more positive values of 
Ei/, vs. S.C.E. as the pH. was increased. Increasing 
the pH for this complex shifted the wave structure to 
more positive voltages continuously. I t seems to 
be indicated t ha t the three species involved differ 
from each other by one hydroxy group and may cor
respond to structures VII I , I X and X in Fig. 1. 
This conclusion was supported by the cathodic 
waves in which the most negative wave was identi
fied with the hydroxy-free complex (VIII) and less 
pronounced waves at more positive values of Ei/, 
vs. vS.C.E. were due to contributions from the hy
droxy substituted complex ( IX and X ) . 

The waves of the diethylenetr iamine-Fe(II) 
complex, while also indicating a total of three struc
tures in the pYL range studied, showed certain 
significant differences from those of the triethylene-
te t ramine-Fe(I I ) complex. On increasing the pH, 
rather than shifting the emphasis of the anodic 
wave structure continually to more positive volt
ages, as was found with triethylenetetramine, it 
appeared tha t an additional wave was being formed 
between the two extreme waves. 

I t may be tha t this is the result of a discontinu
ous series of hydroxide ion additions such as would 
be the case if structures IV, V and VII were found. 

This behavior, however, is only suggested and 
not proven. In the anodic waves of the diethylene
triamine complex, certain unexplained discrepan
cies exist between the constants determined in its 
presence. The Ey2 vs. S.C.E. values were shifted 
and the dependence of Ta on pH was altered. I t 
may be tha t one complex was partially destroyed 
by the maxima suppressors, or it may also be tha t 
the maxima suppressors are exerting- some-catalytic 
effects on the diffusion currents of the anodic 
waves. 

Facts which would invalidate the conclusions 
with respect to the number of molecular species 
present would be the existence of a prewave effect 
brought about either by the maxima suppressors 
or by the inclusion of trace amounts of oxygen into 
the complex. The former cannot be since the 
number of anodic waves is independent of the pres
ence of suppressor. The latter would indicate 

(L'0) IC. S. Amis, " K i n e t i c s (if Chcmic-iil Ch:u i t ' r in Si.InI inn ," 
T h e Maemi l lan Cu., K'ew York , K. Y., IiMI), p. 123. 
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formation of a complex between the iron(II)-poly-
ethylenepolyamine complex and oxygen. Admit
ting the possibility of its formation such a complex 
would be the cause of the acute maximum noted in 
the cathodic wave. Since addition of suppressors 
would displace the oxygen from the complex, it 
would have to also eliminate the prewave. 

The total of four anodic waves present for the 
pentaethylenehexamine complex indicate contam
ination by lower polyethylenepolyamines. These 
have EVl values of -0 .49, -0 .27, +0.06 and 
+ 0.24. Inasmuch as iron(II)-pentaethylenehex-
amine should be a hexaminated complex, there 
should be no hydroxy complexes other than those 
brought about by decomposition of the complex by 
hydroxide ion. This leads to the conclusion that 
this sample of polyethylenepolyamine was con
taminated by lower polyethylenepolyamines. The 
three more negative waves (Ei/, = —0.49, —0.27 
and +0.06) are similar to those obtained from the 
triethylenetetramine complex (Ey2 = —0.42, 
- 0 . 2 1 , +0.06) at this pH. The discrepancies in 
the two more negative waves may be experimental 
error but more probably resulted from the contri
butions of other polyamine complexes present (e.g., 

Introduction 
Metal-ammonia complex cations enter into ion 

exchange, as do the hydrated metal cations, and 
some of these exchanges, such as that of the cupric-
ammonia cations, are commercially useful.3 I t 
has been shown that the metal ion may be coordin
ated with ammonia in the exchanger, just as it is in 
water containing ammonia.3'4 The object of the 
present investigation was to measure the stability 
of metal-ammonia and metal-amine complexes in 
cation exchangers, and to find out whether such 
complexes were more, or less, stable within the 
exchanger than they are in aqueous solution. 

Most of the work here described was done with 
the silver ion. A few experiments were made with 
cupric ions. The behavior of other metal ions 
is being studied and will be described in a later 
communication. 

Experimental 
Materials. Sulfonated Polystyrene Resins.—Two batches 

of "Permutit Q," both nominally containing 10% divinyl-
(1) Presented in part at the 123rd meeting of the American Chemi

cal Society, Los Angeles, California, March 18, 1953. 
(2) Taken in part from a thesis presented by Mrs. Ruth H. Stokes in 

pyTtiuI'fulfilment of requirements for the Master of Science degree. 
(3) F. Gerstner, Z. Elektrochem., 67, 221 (1953). 
(4) R. Nelson and H. F. Walton. J. Phys. Chem., 48, 400 (1944). 

iron(II)-tetraethylenepentamine) distorting the 
waves. 

The polarographic evidence presented supports 
the conclusions reached previously as to the exist
ence and number of these complexes and can prob
ably be considered as confirming those postulates. 
Due to the irreversibility of the reductions it was 
not possible to determine the equilibrium constants 
between complexes having varying numbers of hy-
droxyl groups. 

I t is not implied that a structure corresponds 
with any one wave. It is sufficient that the polaro
graphic behavior may be explained by the postu
lates as to structure change with ^H for these com
plexes that seemed necessary to explain data arising 
from a completely independent source and to that 
extent makes these postulates more reliable. 
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benzene, were used. They showed different swelling char
acteristics. They were washed thoroughly with 2 N hydro
chloric acid and air-dried before use. Moisture contents 
were determined by drying at 110°, and the exchangeable 
hydrogen ion contents were found by titration with standard 
base. The swollen volumes (in water) were measured by a 
microscopic technique, the dry volumes (unswollen) by dis
placement of hexane. The internal solution volumes in 
water, found from these data, were: resin A, 0.093 m l . / 
meq.; resin B, 0.150 ml. /meq. The exchange capacities 
per gram of dry H-resin were: resin A, 5.13 meq. /g . ; resin 
B, 5.05 meq. /g . 

Carboxylic Resin.—"Amberlite IRC-50," a cross-linked 
polyacrylic acid, was washed with 2 N sodium hydroxide and 
hydrochloric acid, then treated with ammonia, washed and 
air-dried. The resin then contained both ammonium ions 
and replaceable hydrogen ions. The latter were determined 
by titration, as was the total exchange capacity. The 
swollen volume of the resin was found pycnometrically,5 the 
dry, unswollen volume of the H-form by displacement of 
hexane. The internal solution volume was calculated to 
be 0.268 ml. /meq. , the exchange capacity, 8.67 meq./gram 
dry H-resin. 

Equilibration Technique.—Weighed quantities of resin, 
usually 1 gram of H-resin, were placed in 130-ml. polyethyl
ene bottles with measured volumes of solutions containing 
metal salt, amine salt and free amine. Commonly, 0.300 
meq. of nitric acid and 0.200 meq. of metal nitrate were 
used, together with enough amine to neutralize all the nitric 
acid and resin acid and in addition to coordinate with the 
metal- ions, and water to make a- total volume-of- 1G0 ml. 

(5) H. V. Oregor, K. M. Held and 1. TSeMm, Anal. Chem., 23, fi20 
(1951). 
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We have measured the stability of ammonia and amine complexes of silver and copper in resinous cation exchangers. 
In sulfonic acid exchangers the ammonia complexes are just as stable as in aqueous solution, but in a carboxylic exchanger 
they are decidedly less stable. Silver-amine complexes are more or less stable in the resin, depending on the balance between 
adsorptive and steric effects. An explanation is offered for the special stability of the silver-ethylenediamine complex in 
the exchanger. 


