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Abstract 

The autoxidation of hydrazobenzene 

has been studied in methanol from 30-45°C. 

The reaction in neutral solution was found 

to be one-hi:d:f'-order with res-pect to h)drazo­

benzene and three~halves-order with re~pect 

to oxygen. The Pnergy of activation was 

found to he 13 ± l kcal/mole and the entropy 

of activ~tion wa s found · to be -34.5 ± 2.5 e~. 

The kine~ ics of th~ b2se-c ~talyzed a~d the 

ferrous-catal y~e d autoxidations ware also 

stu6i e d. The effects of cert a in ~utoxid~tion 

inhibitors were investigate~. These results 

are compQred with other kinetic studies of 

oxidations of hydrazobenzene to azobenzene. 

Possible mechanistic courses of the autox­

idation are considered on the basis of this 

kinetic and extrakiretic evidence. 



I ntroduct·i on 

The autoxidation of hydrazobenzene to form 

azobenzene and hydrogen peroxide was noted by 

~anchot and Herzog in 1901 2 ; the first kinetic 

measurements of the reaction were made by Walton 

and Filson in 1932. 3 Since 1956, four additional 

kinetic studies of this autoxidation and related 
4-7 oxidations have been reported. 

Three general mechanistic schemes have been 
Ll 

prouosed. Blackadder and Binshelwood" proposed 

a mechanism for the autoxidation in basic solution 

involving the second conjugate b~se of hydrazo­

benzenc, in analogy with po st1-11 Rt ion of the second 

conjugate acid in the benzidine rearrangement. 

They further proposed that the c~talysis by metal 

ions wap due to interception of the first conjugate 

base by the higher oxidation state of the metal ion, 

e. g. cupric, producing azobenzene, a proton, and 

the lower oxidation state, e. g. cuprous. 

K.wart and Zubyk5 were re1)orted6 to hP~ve 

pro-oosed a one-step . . mechanism for the autoxidation 
11 Rt least under certain conditions". May and Halpern6 

proposed a one-,-:;-step . mechanism also for the oxidation 

by 1 2 and r;; they suggested a cyclic activ~ted 

complex was most likely while mentioning the possi­

bility of hydride transfer to· I 2 as an alternative 

one-step mechanism. 

'ilhalley, Evans and \\Tinkler 7 proposed a radical 

ch~in mechanism for the peroxydisulfate oxidation of 

hydrazobenzene, involving the ~,B-diphenylhydrazyl . . 

radical. An anal2.gous mechanism for the autoxidation. 

is readily formulated. 

The kinetic and extrakinEtic evidence for the 

various ~echanisms is discussed in detail below. 
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Exnerimental 

Aldrich Chemic al sym-d i :'.)hcrnylhydraz ine 

(hvtrnzobenzene) was recrystalliicd from 60-

100° petroleum ether (pure white crystals, 

_m.p. 125-126°C) and. was stored under vacuum. 

'lb.ns-o,zo ben zone was obtained. from Dr. 

Chin-:1ua. Wu ( onrnge-rcd crystals, m.p. 68°C). 

L·e::r, Laboratory 1~ ,1~ 1 -d i-ohenyl-p:.ua-·0henvl­

ene.d iiunine (L??D) was recryst2,llized from 85-

l00°c petroleum ether (gray crystals, m.p. 

144.5-145.5°C) 

Ferrous bhloride dihvdrate was obtained 

from Lr. Chin-!Iua \'Tu in high purity. 

~edistilled (middle fraction) reagent 

meth~nol was used in kinetic solutions; for 

spectral measurements, dilution was made with 

spectra grade methanol. 

Other chemicals were reagent grade. 

Kinetic Measurements: 

'i'he rate of u-pt~·cke of oxygen was measured 

on the a-pparatus of Dr. Chin-Hua Wu. It con­

sisted of a rxn. vessel, a volumetric (40ml) 

column, a U-tube sealed at one end, a cell for 

electrolysis of oxalic acid, and various lines 

of connection. When the system was sealed at 

one atmosphere pressure, the pressure at the 

sealed end of the U-tube was also one atmosphere 

and thus a, contact was maintained with the 

mercury in the U-tube. When the pressure in 

the system fell slightly, the mercury level at 

the sealed end fell also and thereby broke contact. 

keu.nwhile, the cell containing the oxalic 

acid had a pressure equal to the pressure in the 
Ti-\J.,· 1:,u.: ,0 

system plus v the weight of the oil in the volumetric 

column. When the mercury contact was broken, the 

evolution of CO 2 from the electrolysis began to 
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raise the pressure in the cell and thus the oil 

level; when the oil level r a ised, the volume of 
·, 

the system decreased, raising the pressure, and 

the mercury made contact again. 

This mechanism was set in motion either by 

uptake of o2 in the reaction vessel or by release 

of pressure in the electrolytic cell. Values were 

generally reproducible to .02 ml. 

The volumetric column and the mercury U-tube 

(ap~roxix~tely 85% of system outside of reaction 

vestel) were kept at a constant temperature by 

a circulating bath system at 30°c. The reaction 

vessel was connected to an independent bath whose -

temperature was re Qdily variable. Differences in 

tem~erature were measured by a Philadelphia 

Differential Thermometer and were reproducible 
0 to .02 C. 

Iron ~:,._,_"lalys is: 

Iron ( I I ) , iron ( I I I ) , 8.n d tot a 1 iron were 

analyzed by procedures developed by Dr. Chin-Hua 

Iron (II) was analyzed by determining the 

optical density at 5lOOi of a buffered DH 2.8 

ortho-phenanthroline solut~on on a Beckman DU 

Spectrophotometer. The extinction coefficients 

had been previously determined by Dr. Chin-Hua 

Wu as follows: 
4 

- l.118xl0 E5100i(Ferrous-o-µhenan~roline) 

f51ooi(Ferric-o-phenanthroline) = 4 .03 xlO 

The total iron was determined by the same 

procedure following the td:al reduction of Fe(IIt) 

to :Fe(II) with hydroxylamine hydrochloride. 

The Fe(III) was analyzed by determining the 

optical density at 4780Ji of a pH 1.5 ammonium 

thiocyc1.nate HCl solution on e, :Beckman DU Specto­

photometer. The extinction coefficient, ~s deter­

mined by Dr. Chin-Hu?.v '-rfo, W:l.S 7. 98xl0 
3 

for the 

ferric thiocyanate complex at 47801. 
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SpectrR: 

All -C:V 8.nc. visible spectra were tR.ken on a 

Cary 14 Spectra-photometer using matched quartz 

cells, excent for a very few spectra of secondary 

imnort~nce which were taken on a Cary 11. Baselines 

were checked repeatedly. 

Peroxide Analysis: 

The standard thiosulfnte. (standardized by 

iodate) titration of hydrogen µeroxide was used. 8 

It should he noted that the solutions from which 

the samples which were titrated were taken were 

not homogeneous due to formation of considerable 

orange-red crystalline floe (presumably azobenzene) 

and some cloudiness within the liquid phase, since 

hjdrazobenzene and azobenzene are only very ~lightly 

soluble in water. 

pH lv,easurements: 

All measurements were made with a Leeds and 

Northrup 7664 pll meter and were reproducible to 

better than .05 pll units. ':he measurements of 
11 pE" in methanol contf:\,ining tetramethylammonium 

hydroxide were, of course, not in any simple way 

related to the actual hydrogen ion concentration; 

nevertheless, with neutral redistilled methanol 

set arbitrarily at 7.80 ~H units, a graphical 

correlation was m?vde bet,\ree·n hydroxide concentration 

and 11 pHn which served to indicate the correct 

hydroxide, concentration when the 11 pH 11 was known. 



llesul ts 

Stoic hior:H~-'c ry: 

1he stoichiometry was gener~lly reasonable 

;;, J.tl,.oup;h not guantitative. Using experimcntn,lly 

~etermined extinction coefficient of azobenzene 

at 3160R of 20020, ~ne obtained a spectrophoto­

metrically determined final azobenzene concen­

tration; on four of five high conversion runs, 

this value agreed within 10% with the oxygen 

upt,ake. Titration of the hydrogen -peroxide indi­

cated that only 70-80% of the stoichiometric 

amount was present, but, as noted abov~ the lack 

of homogeneity in the solutions from which the 

titration sam:ples were taken makes the vrocedure 

somewhat questionable. 

In the ferrous-catalyzed autoxidation, it 

was noted that practically no measurable Fe(III) 

was formed until all the hydrazobenzene had been 

converted to azobenzene. Of the five runs in 

which hydrazobenzene was comnletely oxidized, 

four showed agreement within 3% of the initial 

hydrazobenzene concentrstion and the final azo­

benzene concentration, determined by weight and 

by spectrophotometry, respectively. The initial 

iron (II) agreed with the final total iron to 

within 10%; the difference between the o-phen­

anthroline determinations of Fe(II) and total 

iron agreed with the thiocyanate determination 

of Fe(III) to within .007~ for total iron concen­

trations of·""'.155h•;. Due T)resumably to solvent 

oxidation to formaldehyde (normal tests for 

f6r~aldehyde simply don't work in the ~resence 

of azobenzene), the azobenzene and Fe(III) formed 

usually corresponded to only about 75-80% of the 

oxygen upte,ke. 
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Kineti cs: 

Tt e rates of autoxidation of bydrazobenzene 

in methanol at 30°C and one atmosnhere oxygen 

were determined with no additives nresent and 

with ferrous chloride dihydr~.te, tetrametllylammonium 

hydroxide, disodium EDTA, formaldehyde, K,N'-di~henyl ­

-par a - phenylenediamine, or di-tert-butyl--para-cresol 

ad~e d. In addition, r a tes of the pure autoxidation 

were determined at 35, 40 and 45°c, and at . 21 atm. 

oxygen (dried air). These results are sumDarized in 

Table I. 

The nure autoxidation was found to be one-half­

orde r with respect to hydrazoben~ene from initial rate 

d ata and from plots of the integrnted rate exnress ion 

such as shown in Figure 1. The rate of autoxidation 

was found to be three-halves-order with respect to 

oxygen by comparing the rate at .21 atm. wi~h thRt at 

1.00 atm. The · rit~ constant for this kinetic stoichi-
-5 / ometry was found to be 9.1 x 10 ml o2 ml soln-sec-

i ·l/2 t 3/ 2 0 • • t • 1 t t t ' .i. d 9 7 ivl -a m. :i.·rom 1n1 1a ra e cons a.n uava an . 

x l0-5f'rom the integrat ed rate exJ?ressions as shown 

in Table II. It sho~ld be noted that in the initial 

rate data there seems to be a slight tendency for the 

rate constant to incr e[:,se "'iv-ith hydrazobenzene concen­

tr2..t ion. 

Trace o,mounts of formc:tldehyde seem to have no 

effect on the rate constant. Disodium EDTA seems to 

inhibit - the reaction to only a very limited extent; 

thus it is highly doubtful that a significant amount 

of the autoxidation without additives is due to trace­

amounts of catalytic metal ions. 

A small amount of N,N'-diphenyl-par a-phenylene­

diamine decreased the r a te constant by about a third 

while a high concentration of 2,6-di-tert-butyl-para­

cresol decreased the rate by only about a fourth. 
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-4 The addition of 2. 2 x 10 lv; tetramethyl-

ammonium hydroxide caused nerhapa a slight decline 

in the rate constant; a five-fold increase in the 

hydroxide concentration produced a three-fold 

increase in rate compared to neutral solution. 

The ~ddition of fmrrou$ ahlorida dihydrate 

greatly increased the rate of autoxidation. Since 

the iron (II) concentration was found to be constant 

until the complete disappearance of hydrazobenzene, 

the rate expression could be iritegrated to determine 

the nseudo-order with respect to hydrazobenzene; 

excelient plots for pseudo-half-order in hydrazobenzene 

for four ferrous chloride runs and good ~lots for the 

other two runs indicated strongly that the ferrous'.'""· 

chloride-catalyzed autoxidation was also half-order 

with respect to hydrazobenzene; see Figure 2 .. 

The pseudo-order with respect to ferrous 

chloride is not clearcut. If the most dilute hydrazo­

benzene: run is neglected and the others are corrected 

for·autoxidation in the absence of ferrous chloride, 

the data are best fitted by assumption of second-order 

with respect to ferrous chloride as shown in Table III~ 

The oxygen dependence was not investigated. 

Reactiort rates at 35, 40 and 45°c provided a 

basis for calculation of the energy of activation, E , . a 
and the entropy of activation, 

equation ((.l!)l..)C..uurTS o\:- ool.£5/1-1,~) 
,-,±; /n .,., /')T 

( 1) k = eRT 
b}J 

0 

.6.ur 11.. -..::.c it, 

e . e a 

.!!-~ as defined by the 

R-gas constant 
:C~ -Avogadro I s number 

0 
h-l'ln,nck. 1 s constant 
k-r2,te constant 

E was found to be 13 :1: 1 kcal/mole and L:,S4 was found 
a 

to be -34.5 :i: 2.5 e.u., when the important effect of 

change of o
2 

solubility in methanol with temperature 

was taken into account. 9 
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Discussion 

Before consi~er ation of mechanistic courses of 

the autoxidation of hydrazobenzene, one should review 

the results of the other studies of hydrazobenzene 

oxidation as summarized in rable IV. The results of 

Walton and Filson3 are very h ~rd to &ccept in light 

of more recent studies. It seems that something is 

radically different in th~t study and henceforth it 

will s imply be disregarded. The results of Blackadder 

and Einshelwood
4 

seem hardly sufficient to justify 

the comnlex mechanisms 
·'· 

and rate laws; for inst ance, 

kinetic measurements are made at only two 11 :pII" values, 

the "p:111 not being an accurate measure of (H-t-) in 44% 

eth~nol, and thus the (H+) dependence is at best 

ed ucated sneculation. The precise results of Kwart 

and Zubyk5b have not yet been received and thus 01~ly 
5a 6 the abstract anc1 references to theirwork va-e available. 

The lnst four studies in Table IV suggest that 

the oxidatiomof hydrazobenzene have rates of the form: 
' 1 / 

Rate = · k(AH
2
)(0x) ~ k 1 (AH 2)~(0~) 3 2 

.AH2-hydrazobenzene; Ox-oxidizing agent 

Such kinetics are ~erhans most easily explained by a 

mechanism such as shown here for 02: 

An 
C2 

kl AH• + po n2 'T ---r ls :2 
k 

AH • 02 
2 A + ~rn2 + --j■-

k~ 
AH + HO· I.) AH· + H202 2 2 --r-

AH• AH· 
k4 

A + •µ 
+ --,. 1'1.."2 

with kinetics: 

where termination steps involving ·HO~ are neglected. 

Thus, acc-0rding to this mechanism, the autoxi<lation 

in methanol from roughly .02-.22 Min hydrazobenzene 

is a chain reaction involving step 1 for initiation. 
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Autoxid.ation in other solvents and at :i:ossibly 

hi gher concentr atio n s a s observed by ~ wnrt and 

Zu byk5 vrnuld p roceed ".lre sumably ·with si:ep one as . 

the rate-limiting steu; concerted processes as 
~ ~ 

nr e d b T· "n r J.. , ·n" ,., b 1 V ' ' ' ·r 1 l) ' o:oos y !\.lvL I., i;_.,, Q LJU Y-'- ano. may ano. lia pern 

~ ould be es s enti a lly indis t inguishable from 
( . t b • I • r. ~ T T d TYO ~emin a ·e recom ina~ion or An• an n ~-

Such & mechanism tacitly assumes t h ~ step 

four is the correct t e rmin~tion step and that thus 

the steady-state concentr a tion of AH• is pro bably 

greater than that of HO~ by a significant factor. 

Such will be the case if k~(0 2 ) is. considerably less 

than k 3 (AI{ 2 ) ~- which ~{s somevihat reasonable considering 

the high reactivity of HOt· Once stev one is rate­

lirniting, one no longer need require th a t step four 

be the only termina tion step, i.e. that the steady­

state concentration of HO~ be less than that of AH·. 
Thus this mechanism does serve to tie together the 

t wo kinetic forms of the autoxidation and related 

oxidations. 

Consideratio n of the thermodynamics agrees 

in an . interesting fashion ~ith the general assumptions 

of the mechanism as shown in Table V; for a value of 

54 Kcal/mole for ,~J-! of the reaction AH2-+ Ail• + H• 

one seems to be tending toward a favorable sten one 

and the results of Kw art and Zubyk5 ; while for a higher 

value of 65 Kcal/mole, the tendency seems to be toward 

a more favorable chain reaction. A study of the solvent 

dependence of such reactions might be rewa~ding. The 

assumntion k 2 (o 2 )<<k3 (AH2 ) certainly · seems more 

reasonable in light of these approximate thermodynamics .. 
. . for the chain renctiQ~ • ( ) An activation energy, Ea~~as aefinea by e~u ~ 01on 1 , 

of 13 Kcal/mole can be seen to correspond roughly to 

a tlI of AH 2~ AH· + H· of 65 Kce.1/mole; while a n E a 
of 5 heal/mole for the re a ction rate-limited by step 

one <lorresponds to -6H of 41 Kcal/mole. 
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The exceedingly high entrony of activation 

presents sor:ething of a riroblem to ., the 2vbove mechan­

istic intern ret~tion. this entrooy could be token 

to imply that either the reaction is polar or that 

it involves ~eutral structures of hi~h entropy, 

such as the cyclic intermediate "f)ostuln.ted by Lay 

and Halpern 7. It has been suggested that no 2 might 

be in the form of an isosceles triangle 10 this could 

account for a significant n~gative entrony (comnare 

with +23.6 for !.\S0 of n2-,.. 21-I- 11 ). 1-i.ny free radical 

complexing would contribute to the high negative 

entrop·y; there is some evidence for a wen,k com:plex 

between hydrazobenzene and azobenzene in that a 

smtdl peak in the UV S}'.lectrum a-pl")ears in mixtures 

but not in the spectrum of either individually -

AH· might com~lex even better. Thus the entrony of 

activation does not as yet invalidate the combined 

rr:.ech2,nism; it does leave some room for doubt. 

The fact that the addition of anti-oxidants 

only inhibited the reaction by about 25-35% cast 

further doubt on the existence of a free-radical 

mechanism for the autoxidation. It should be noted, 

however, that ·hydrazobenzene itself is commonly 

used as an anti-oxidant and therefore might simply 

be more efficient than 2,6-di-tert-butyl-para-cresol, 

which was added in high concentration. Since the 

N,N'-diphenyl~para-phenylenediamine was only slightly 

soluble and yet had a significant effect may indicate 

that this anti-exidant is comparable to hydrazobenzene 

in reactivity toward o2 , o 2H ■, etc. A run in a 

solvent in which more of the latter anti-oxidant is 

soluble might be worthwhile. 

The base-catalyzed autoxidation is of particular 

interest· due to the discovery of the hydrazobenzene 

radical anion by ESR in this reaction by ~ussell and 
12 coworkers. However, because of lack of data on 

the work by H.ussel1 et al itnd by Kwart and Zubyk~b 

the reaction will not be further discussed here. 
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The ferrous-catalyzed autoxi<lation is also of 

:oarticul,,.,r interest as 'Ju 2.11<.l ~Iammoncl hR-ve recently 

succeeded in unravelling the mechanism of the 

autoxidation of PeC1 2 •2H 2o in methano1 13: 

Cl :B'eO 2 2 

+ 

By .re~lacing o2 in the mechanism ~ostulated for the 

uncat·alyzed autoxidation with Cl 2Fe0 2 and making certain 
• • one obtains 1 0/2 3/2 

2,ssumptions,Va rate lc1,w, l18.te = k (AH 2 f ~-(FeC1
2

) 01 (0 2 ) ., 

If it i§ assumed that Cl 2Fe0 reacts in place of o
2 

in step one and Cl 2Fe0 2 reacts in placi of o2 ~n step three, 

one obtains a rate law, Rate= k (AH 2)~(FeC1
2

) 2 (o 2). 

Thus prelimin~ry agree□ent with experiment is obtained 

by su~erposition of the two mechanisms. 
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TABLE I 

l{2. te s of Autoxidat ion o f II:nlrazo ben 7.ene 

Llitial 
Cone. 
liyclrn,zo. 
(moles/liter) 

.01855 · 

.0359 

. 0576 

.1123 

.22 

.2250 

.08G8 

.2265 

.0378 

.1120 

.0368 

.0368 

- - -
.0359 

.0367 

.0363 

.0368 

- - -
.0359 

.0371 

.0372 

- - -
.0 576 

.0566 

.0574 

.0566 

.11 32 

. 0285 

.0147 
*-runs which 

Sn e ci ~: 1 
Con c'. itions 
(.:~d.ditives; 
other th~:-n 30°C, 
1 atm. o2) 

. 21 atm. o2 

.21 atm . o2 

-4 1.0 x 10 ~ ECHO 

Lisodium~DTA-
saturated soln 

7 o 10-41,· n r:t • u X ,. ~\ , ~, -

·• ·;1~Xl) • .;.J ,., +_ e ~ ~ .,;_ V . 5 
Rate ConstantxlO 

( mlO? 1 ( 
l 5ml~ o llrfilin' ml O 2 -per 

.OO SB 

.01 51 

.0183 

.0264 

.0381 

.0456 

.0014.5 

.0043 

.0154 

.0232 

.0101 

ml s~±1/i!)Gr3/2 
s 0 c .-},,1 -a tm. ) 

8.00 

8.85 

8.48 

8.75 

9 .02·* 

10. 69 

8 .75 

10. 40·X-

8.81 

7.70 

5.86 
diphenyl-u[l,ra-
1)he ny 1 ene tt i 2.rn ine 

. 242 ~ 2,6-di-tert-.0114 
butyl-pr-i,ra-
cresol 

30° 

35° 

40° 

45° 

zero l\: K (CH 3) 40H 

2. 20xlo-\.-: 11 

-3 . 
1. lOxlO l\: n 

zero ,, , FeC1 2 . 2H 2o· 1u 

.03SO i,, •' 
1fi 

II 

.0767 t;i II 

.1551 l,; II 

.1514. .. . fl ...... 

.156 2 ,,. II 
J.\, ~ 

.1538 i,.l 11 

are considered less 

.0151 

.0168 

.0203 

.'0196 

.0151 

.0134 

.0538 

.0183 

.033 

.064 

.255 

. 284 

.16 2 

.161 
reliable 

6.61 

8.85 

9.87 

11.85 

11. 39 

8.85 

7.74 

27.9 

8.48 

15.4 

29.7 

119.1 

93.9 

106.7 

147.4* 



Inter.rrated :tate Exuression ~~esults 

Initial 
cone. 
hyclra.zo. 

(moles/liter) 

.0359 9.00 

. 1123 
r\ . ,-;q 

•\j ~ ,•J 

'13.58 

1'1. :37 

:; u. , .r. 1 / 2 _ -vl/ 2) 
.,1_;;~' t 

(It =t:..1,c_ -L\.Vt) 
vs. time in 
rninutes: 
the s1o"De 

------ " ;3. 67 X 10-u 

3.85 X 10-3 

3.81 -~ X 10 t.,, 

Average k -

tA3LE III 

I~ate 
Constant 
(ml o2 per 

ml soln-sec­
,,1/2 t 3/2, 
J.1, -a m. I 

- - - - --5 
9.40 X 10 

r.:' 
1o con-
version 
to which 
plot is 
good 

90( la.st µnt.) 

9.75 X 10-5 • 98t( 11 11
) 

-5 ( ) :·'. .80 X 10 78 11 11 

-5 P.7 x 10 

Determination of Pseudo-order of Ferrous Chloride 

l:n it i o,l 
cone. 
11.yd.r~.zo. 

(moles/ 
liter) 

- - -
.0566 

.0574 

.0566 

.1132 

. 0 ~~8 5 

.0147 

- -

Initial 
cone. 
·,o Cl •JYT 0 J.' e .• c.1,.--, 

::!. c:. 

(moles/ 
liter) 

- - -
.0390 

.0767 

.1551 

.1514 

.1562 

.1538 

-

Ex1:). 
RR.te 
(ml o2/ 
15 ml 
soln-min) 

- - - -
.033 

OC: L; 
• V :.t, 

.25& 

. :?.E--~ 

.162 

.161 

-

Cale. 
l=/,::;.te in 
ahsence 
Of Ti'e,.,, 

J.. 1..<..L 2 
(ml o2/ 
15 ml 
soln-min) 

- - -
.018 

.018 

.018 

.027 

.012 

.007 

-

.1 
Difference over (hydr~zo7 
x ( FeC1 2 . 2L

2
o) n 

n=l ll=2 

- - - - - - - - - - - -
1.62 f~. 2 41. 5 

2.51 S.l 32.7 

6.42 16.3 41.4 

5.06 13.0 33.4 

5.69 14.4 36.4 

8. ?4 21.0 53.6 



TA:81:S IV 

Summnrv of Kinetic Results of Cxidations of Hydr::i;,;obenzene 

AH2-hydrazobenzene 

Reference Solvent Temn. Sugges t ed 
(°C) i·~ate L?.1r 

E a 

(Kcal/ (e.u.) 
mole) 

- - - - - - - - - - - - - - - - - - - -
3 

4a 

4b 

5a 

6 

7 

this work 

s51; 
Et0H, 
etc. 

447~ 
Et0H 

II 

30 

25 

II 

Et0H' ? 
HCO-?~ ( CH 3) 2 , 
fclcoholic , 
Xa0I-1, etc. 

100ml 25-45 
acetonitrile/ 
12.5ml H 0 2 

605~ 0-25 
Bt0H, . 
also 
0~85;& 

lv~e0H 30-45 

a(I{1-) + b(0 2 ) 

k(AH
2

) ( o
2

) (Cu++)/ (fl) 

a ( 0 2) + b ( AH 2 ) / ( H +) 

k(AH 2)(0 2 ) + 
k'(AH2)(0 2)(0H-) 

k(AH2) ( s.,o-8) t 
1 c., 0;2 

k I (AE2) ·2· ( S20~) u 

k(AE 2 ) ( I 2 ) 

k I (AE ) ( I-) 
2 3 

k ( AH 2 ) -!- ( 0 2 ) 3 / 2 ➔r·X-* 

-42 to --52 

17-x-:,:- -15·:H 

10.0 _7-x.* 

16.4 -8*·* 

13 -34.5 

* This rate law does not agree with the experiments from 
which it was obtained; it would nredict that in the limit 

b(0 2 )» a(H+), ~ate at pH13/rate at pHl~ would be the order 

of one thousand-in fact, the experimental ratio is only five. 

Calculation by the present author. 

Possibly plus a small term k' (AH 2)(o 2). 



Tl, er~oc.vr..am ics .2.f. the Combined r. ,echenisrn* 

~~t . o f Combust.A- Ht. of c.ATJ 
H2 

( a) 

= -102 Kcal/mole 

:::; -36 Ecc-;, l/mole 

1545.9-1597.3t57.8:::; 6.4 
Kcal/ 

(b) mole 

A T_T 
<..,,.,, ,U 

41 

.!. E( step one) 5 

~:, li(ste:p two) 33 

.-JI ( st e:p three) -61 

kH(sten four) 28 

, I'/ A 1 ' 0 "" t ) 33 _._. -1\-'1.11 - 2n erm. -

. ..-:..H ( 0 
2

L-O 
2
IIte rm.) -G6 

54 

18 

20 

-48 

2 
_ ,rn 

-66 

Values are for gns phase 
2- 9proxii:1r. te 

- 65 - - - -
')C 
'-' ~ 

· 9 

-37 

-20 

-57 

-06 

- 75 

39 

-I 
-27 

-40 

-67 

-66 

and &re therefore onlv ., 

( h) 

( C) 

a,) E 1:md book Q f' C~1.em. 8~.Phys. , Cl-;. e rn • Rn b be r Pu h J i shin g Co ~ 

Cl eve 1 and , l S 5 8 . 

b) Uri, "InorgEmic Ji'ree Rr:,d.icals in Solution and Some 
Aspects of Auto;~ic1.8.tio:n. 11

, in £~ I?.8.ciicals i.!2. Inor,o-R-nic 
Chemistry, PJ110ric an Chem. Soc. , ·,'[ashington, 1962. 

c) Gowenlock ancl Snelling, 11 '1'he Reactions of Alkyl-
Substituted Ar.iino Ii2.-dicals 11

, in ibid. 
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