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ABSTRACT

KINETIC STUDY OP THE HYDROGEN PEROXIDE 
OXIDATION OP CHROMIUM(III) TO CHROMIUM(VI)

by

MARTIN KNOBLOWITZ

Advisers Professor Jack I* Morrow

The kinetics of the oxidation of chromium(III) to 
chromium(VI) by hydrogen peroxide was studied by means 
of the stopped-flow technique. Complexities in the kinetic 
traces at 594 nm, where reactant absorbs, and at 374 um, 
where product absorbs, raised the possibility of reaction 
intermediates. Construction of a time-spectrum established 
the presence of an intermediate, identified as a chro­
mium (V) species through the use of esr spectroscopy, which 
could be most conveniently studied at 500 nm.

The processes visible at 500 nm were that of the 
formation and loss of an intermediate. The rate of the 
formation step was dependent on the hydrogen peroxide 
concentration and inversely dependent on the hydroxide 
concentration. The rate of loss was independent of both 
these reagents. At fixed chromium concentration, the mag­
nitude of the absorbance change was found to be dependent 
on the hydrogen peroxide concentration and inversely 
dependent on the hydroxide concentration. The possibility
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of an equilibrium as the explanation for this last obser­
vation was rejected for three reasons: 1) The magnitude 
of the absorbance change at 594 nm was not affected by 
variation in the hydrogen peroxide and hydroxide concen­
trations. 2) Use of a chelating agent significantly reduced 
the absorbance change at 500 nm with only minor effect at 
594 nm. 3) The esr spectra show that no chromium(III) 
remains when the chromium(V) species is being monitored.

A branching mechanism, with chromium(IV) and chro­
mium (7) species produced along parallel paths, is proposed 
as the explanation of the preceding observations. A detailed 
mathematical treatment of this mechanism, including computer 
simulations, is presented. The overall reaction can be 
represented schematically by the sequence

where the parentheses represent an intermediate(s) which 
could not be monitored. The values for the rate constants

The values of kg and were not experimentally accessible 
but were calculated. The value of kj cannot be determined.

Cr(III)

Cr(IV)

are: k-̂  = 5.3 - 1 .0  x 10^ IT1 sec"1, kg - 2 .0 x 10^ M" 1 sec" 1

kj = 0 .1 1 - 0 .0 2 sec"1, k^ = 1 .1  x 102 sec"1,
k5 = 2 .1 t 0 .3  x 102 M" 1 sec*1, kg = 23 ± 4 BT1 sec"1.
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Introduction
Oxidation-reduction reactions utilizing chromium in its

various oxidation states have long been the subject of mech-
1,2,3anistie studies. Many investigations involved chro­

mium (VI) due to its extensive use for preparative purposes.
It is often used in aqueous or acetic acid media to oxidize 
primary alcohols or aldehydes to carboxylic acids and to 
oxidize secondary alcohols to ketones. The reasons for the 
continuing interest in reactions involving the reduction of 
chi'omium(VI) to chromium (ill) are: the availability of a 
substantial body of information on the nature and stability 
of chromium(VI), the simplicity of product separation and 
Identification due to the kinetic inertness of chromium(III) 
and, most important of all, the essence of the net process 
in these systems - chromium(VI) is undergoing a three-equi­
valent change while the reducing agent is generally under­
going a one- or two-equivalent change. In the absence of a 
one-step, three-electron transfer, there must be a sequence 
of steps involving intermediate oxidation states of chromium. 
With but a single exception,̂ " studies have shown that such 
is indeed the case. The consequence is that reaction rates 
often follow complicated kinetic expressions. There is com­
pensation, however, in that a more detailed formulation of 
the individual steps which comprise the net process is 
possible.

The earliest evidence for the existence of intermediate 
oxidation states of chromium was provided by the phenomenon
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of induced oxidation. Two examples are the ferrous ion
5induced oxidation of iodide to iodine by chromic acid and

the arsenite induced oxida,tion of manganic salts by chromic 
6acid. In the former case, it is found that in dilute acid 

(0.001 N) reactions (1) and (2)

2 XiOrÔ  + 6 I~ + 14 E+ > 2 Cr3++ 3 I2 + 8 HgO (l)

2 Pe3+ + 2 I~— >2 Pe2++ I2 (2)

are very slow. Under the same conditions, reaction (3)

HCrO^ + 3 Pe2++ 7 H+— » Cr̂ -f- 3 Fe3+ + 4 H20 (3)

is very rapid. When a solution of dilute acid, chromic acid,
and iodide is treated with a ferrous salt solution, however,
iodine is quickly liberated. Since i" is not oxidised

- 3+rapidly by HCrO^ or by Fe alone, an oxidizing agent more 
powerful than HCrO^ must be formed. To determine the nature 
of this agent, the concept of an ninduction factor11 was 
created. The induction factor is the ratio of the equiva­
lents of the reducing agent oxidized to the equivalents of 
the inductor oxidized. In practice, since both reducing 
agent and inductor compete for the chromium intermediate, 
the induction factor represents the theoretical limit 
approached when the reducing agent is in great excess over 
the inductor. In the reaction

HCrO^ + Pe2+ + 2 1“ + 7 H+— > Cr3++ Fe3+ + I2 + 4 HgO (4)

12



the induction factor is two since I transfers two equiva*-

must be chromium(V).
The balanced equation for the arsenite induced oxida­

tion of manganic salt by chromic acid is

Here the induction factor is 0.5 and a chromium(IV) inter­
mediate is indicated.

In more recent studies, the presence of chromium inter­
mediates has been invoked to explain kinetic results and 
the findings of product analysis. In the study by Altman 
and King^ of the rate of exchange of chromium(III) and 
chromium(VI), the rate expression was found to be

The reaction order (4/3 + 2/3 = 2) suggested two chromium 
atoms in the transition state with an average oxidation

2 +lents to every one transferred by Fe • Thus the intermediate

2 HCrO^ + 2 H3ASO3 + Mn2++ 6 E*------»
2 Cr5++ 2 H3As04 + Mn02 + 4 H20 . (5)

Rate = kex[Cr Ĥ2°)6+]4^3 [^CrOj]2^3 . (6)

number of four [4/3(+3) + 2/3(+6) = 2(+4)J* A mechanism
consistent with these findings is

G r ^ + +  C r ^ * % = = ±  C r ^ + + Cr^ + (7)
(8)

rate-determining

(9)
13



(1 0 )

8A study by Ardon and Plane and its amplification by
QHegedus and Haim-7 illustrate the power of product analysis

as a method for gaining insight into reaction mechanisms* 
Ardon and Plane examined the products of the reduction of 
chromium(VI) by chromium(II) and found that 50i<> of the 
chromium taking part in the net reaction appeared in the 
form of a binuclear species which they assumed to have the 
form Cr2(0H)2+ (later confirmed by Kolaczkowski and Plane1  ̂
through 0"^ exchange studies). The following sequence 
was proposed to explain the stoichiometry:

Hegedus and Haim tested the proposed mechanism by 
labelling the chromium(VI) and examining the distribution 
of labelled chromium in the products. The above mechanism 
was confirmed as the major pathway, but the discovery of 
a small but significant proportion of labelled chromium(ill) 
product necessitated the modification of equation (12) to

Cr(VI) + Cr(ll) * Cr(V) + Cr(III) (11)
Cr(V) + Cr(II) »Cr(lV) + Cr(lII) (12)
Cr(lV) + Cr(ll) >Cr(0H)2Cr4 + (13)

Cr(V) + Cr(ll)
80%^»Cr(IV) + Cr

2 0 ^ » ^ r3++ Cr(IV)

(14)

(15)
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Mention has been made of the fact that the chromium(III) 
products of chromic acid reactions are substitution inert. 
Reactions in which chroraium(lll) is oxidized to chromic 
acid should be instructive as the mechanisms may involve 
the same steps. In acidic media, chromium(ill) can be oxi­
dized only by relatively powerful oxidizing agents. Tong 

1 "1and King studied the cerium(lV) oxidation of chromium(lll) 
in acid. The rate law was found to be

a[Cr6+]/at= k[ce4+]2 [cr3+]/[ce3+] . (16)

The transition state has one cerium atom and one chro­
mium atom (2 Ce^+ + Cr^+ - Ce^+) with an average oxidation 
state of +4 for each metal. On this basis, the following 
mechanism was proposed:

Ce4+ + C r^+ ;==£=iCe3+ + Cr4 + (1 7 )

Ce4+ + Cr4+?==iCe3 + <- Cr5 * (rds) (18)
K

Ce4 + + Cr3+ ^====^Ce3+ + Cr6+  (1 9 )

Prom the first step, the equilibrium concentration of 
chromium(IV) is [cr^+J = k̂_ [cr^+] [ce^+J/k2 {pe^+] * 
observed rate JLaw indicates that [ce4+J » k4 [ce3+] and 
that the chromium(IV) to chromium(V) transition is the 
rate-controlling process. This oxidation sequence follows 
the general pattern for the reduction processes previously 
discussed.

A basic medium would facilitate the study of the
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oxidation of chromium(ill) to chromium(VI) because under 
such conditions the chromium(III) becomes more labile while 
the product, chromate, is kinetically inert. Enhanced reac­
tivity of the hydroxo form of a metal ion is quite common

12 13in substitution and oxidation-reduction reactions. 9 A 
difficulty arises, however, in working with such a system. 
Any study involving transition metal ions must deal with 
the phenomenon of inorganic polymerization. The immediate 
problem raised by inorganic polymerization in any kinetic 
study is the ambiguity in the identity of the reactive 
species. In the case of a basic solution of chromium(lll), 
there is an appreciable distribution of metal ion in vari­
ous monomeric and polymeric forms. Since the degree of 
polymerization is a function of aging, with equilibrium 
approached only slowly (sometimes on the order of years'^), 
the history of each solution becomes important.

One manifestation of increasing polymerization is the 
observation of a spectral shift when bridging occurs 
through oxo or hydroxo groups. Solutions containing mono­
meric chromium(III) are reddish-blue in color. Appreciable
polymerization turns these solutions green. A method lias

15been developed by Morrow and levy  ̂for the determination
of the degree of polymerization from the extent of the
spectra,! shift and applied to the chromium(HI) system.
A detailed discussion of inorganic polymerization in gene-

16ral is contained in a series of articles by Sillen and 
by Pokras.1^
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Various studies have focused specific attention on
polymerization in chromium systems. The phenomenon has been
found to occur even at fairly low pH. As a case in point,

18Hall and Eyring found that the aci&itjr of chromic nitrate 
solutions increased upon aging. Typically, a 0.1 M 
Cr(H,pC)g(K0^)^ solution prepared at pH = 2.60 and left to 
stand at room temperature for 26 days had a final pH = 2.37. 
They attributed this pH change to the formation of oxygen 
bridges between chromium ions.

In contrast, a study by Bjerrum and coworkers on the 
hydrolysis of chromium(ill) in perchloric acid found it to 
be negligible. Solutions which were 0.02 M Cr^ and 0.02 M 
HCIO^ v/ere heated at 75° for 24 hours. The pH went from 
1.70 to 1.69, which was within the experimental error. 
Heating to 75° for three more days had very little effect 
on acidity,

Postmus and ICing^ had various concentrations of
Cr(H20)5+ (10-3 M to 5 x 10“2 M) in 0.0132 M HCIO4 heated
to 74° for 50 hours. Measurements taken 1 to 10 hours after

3cooling indicated that the absorbancy index of Cr had
-2increased by 4 to 12/£. In 1,0 M HCIO^, a solution 5 x 10 M 

3 +■in Cr showed no change in absorbancy index after similar 
treatment. A value for the dissociation constant for the 
equilibrium expression

K = [E+] [cr(0H2)50H2+]/[cr(0H2)!+] (20)

was determined. The value, K = 1.5 x 10” '̂, compared favor­

17



ably with previous values in the literature*
20Laswick and Plane studied the slow changes which 

take place when basic chromium solutions are refluxed. 
Following refluxing, the solutions were passed through ion 
exchange columns, the fractions eluted were oxidised to 
chroma,te by hydrogen peroxide and the amount of chromium 
in each sample was determined by spectrophotometric analy­
sis* After 10 minutes of refluxing, a basic chromium solu­
tion was analĵ zed and found to consist of 35.7^ monomer, 
10.1$ dimer, with the rest as a higher polymer and 
"residue” • A reflux of 27 daŝ s duration produced a solution 
with the composition 76.2?' monomer, 9.3^ dimer, and the 
rest as a higher polymer and "residue".

In addition to determining the distribution of the 
various species, laswick and Plane studied the spectra of 
each eluted fraction. The monomer was found to have absorb­
ance maxima at 408 and 574 nm, with abscrptivities of 15.6 
and 13*4, respectively. The dimer had absorbance maxima at 
418 and 582 nm with absorptivities of 22.5 and 16.9, 
respectively.

In order to obtain information on oxidation mechanisms
21in highly basic media, Baloga and Earley investigated the 

oxidation of chromium(lll) to chromium(VI) by hydrogen per­
oxide. They found it necessary to age their chromium solu­
tions in base for fixed periods of time before adding alka­
line hydrogen peroxide so as to insure a constant distrib­
ution of the various chromium species. Reaction orders were

18



determined by measuring initial rates. The effect of the 
degree of polymerisation on rates of reaction was deter­
mined by varying the aging times of the chromium solutions, 
but no detailed mechanism was presented since the actual 
distribution of polymeric species was not known.

The chromium-hydrogen peroxide system in general is 
little understood. Several studies of peroxide complexes 
of intermediate oxidation states of chromium have been
done. Garner and coworkers have succeeded in preparing a

22 23number of chromium(IV) diperoxo amines. 9 The synthesis 
of various peroxychromic species by the dropwise addition

oof hydrogen peroxide to chromic acid solutions at -9 to
o 24-4 is detailed in a paper by King and coworkers. The

species Crp^Og* and CrijF̂ COg)!* were isolated.
25Evans investigated the nature of the peroxychromate 

specieso As CrOj- quickly decomposes in aqueous solution, 
the study was carried out in aqueous methanol. He found 
that the species CrO,~ obeyed Beer’s lav; over a wide concen­
tration range and, using Job’s method, determined that GrC^ 
has two peroxo groups. The kinetics of the formation of
CrOjj in nonaqueous media was investigated by Tuck and

PG 27Walters and by Wilkins and coworkers. 1 The reaction was
found to be first order in both chromium(VI) and hydrogen
peroxide•

OArdon and. Plane found that the reaction of chromium(II) 
with hydrogen peroxide in acid media produced monomeric 
chromium(III) and a dimeric species of chromium(III) which

19



vas 14$ of the total chromium. They speculated that this
v/as due to the oxidation of chromium(II) by two pathv/ays:

follows that the change from the + 3 to the +6 state must be 
accompanied by a change in coordination number.

To establish at what point this coordination change

chromium(IV) and chromium(V). Compounds of chromium(IV) 
and chromium(V) are relatively rare because of their sen­
sitivity to air and moisture. It was found that K^CrFg has 
the same x-ray diffraction pattern as KgMhFg, in which it 
is known that Mn(lV) has six fluoride ions surrounding it 
in an octahedral arrangement•̂ 9̂  The chromium(V) compound 
Ba3(Cr04)2 is isomorphous with Ba^(P04)2 which contains a 
tetrahedral anion. 5

By analogy, chromium(IV) should have the same coordi­
nation as vanadium(III), with which it is isoelectronic.

2+ 3 +■Cr  —4Cr 1 electron path (monomeric) (21a)

Cr'2 + * Cr4 + 2 electron path (21b)

* dimeric specie (22)

'lie coordination numbers associated with the various

chromium participates. Chromium (VI) is known to be four- 
coordinate.^ Hunt and Taube^ have established chromium(III) 
as six-coordinate through the use of isotopic exchange. It

takes place, it is necessary to examine the properties of



Comparison of the visible spectra of ammonium vanadium alum
3+ 34(containing ion) and vanadium(lll) in solution

suggests a coordination number of six for vanadium(lll)• 
Chromium(V) and chromium(VI) are isoelectronic with Mn(VI) 
and Mn(VII), respectively, which have tetrahedral coordi­
nation with oxygen atoms in manganate and permanganate 
ions.'^*^ for these reasons, chromium(IV) and chromium(V) 
are considered to be six- and four-coordinate, respectively.

The coordination change in the transition from the 
+5 to the +4 state was the explanation proposed by Altman 
and King for the slowness (on the order of days) of the 
rate of exchange between chromium(III) and chromium(VI). 
Exchange between chromium(V) and chromium(VI) is expected
to be rapid by analogy with the exchange between manganate

55 56and permanganate. * In similar fashion, the equilibrium 
■Jf* 'K’Cr(lII) + Cr(VI) ^ss^CrdV) + Cr(V) (23)

is expected to be rapid by analogy with ■••plutonium and nep-
37 38tunium systems• 9 Prom the above it can be seen that

while the point at which the coordination change takes 
place is known, nothing is known about the process by which 
this change occurs.

With all its complexities - intermediates, possible 
parallel reaction pathways, change in coordination number - 
the chromium(ill)-hydrogen peroxide reaction is a promising 
system for kinetic study. Although the mechanisms should 
be analogous, much more work has been done on the role of
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chromium(VI) as an onidizing agent than on the part played 
by chromium(III) as a reducing agent. It is the aim of the
present work to provide additional insight into the role of 
chromium intermediates in redox reactionsj in particular in 
the oxidation of chromium(III) to chromium(VI) by hydrogen 
peroxide in basic media.
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Experimental Section
Materials* Stock solutions of CrtHgO)!* were prepared by 
the hydrogen peroxide reduction of sodium chromate (Baker 
Chemical Co.) in perchloric acid and the concentrations 
determined spectrophotometrically using a Beckman DU Spec­
trophotometer at 403 nm (€=15*6) and at 574 nm (€*13*4) 9

20the positions of maximum absorbance of the monomer.
Hydrogen peroxide solutions of the desired concentra­

tions were prepared from commercially available 30$ E2C2 
solution (Fisher Chemical Co*) without added stabilizers*
The hydrogen peroxide was standardized by titration with 
potassium permanganate•

Carbonate-free sodium hydroxide stock solutions were 
standardised using potassium hydrogen phthalate. Periodic­
ally, the carbonate concentration was determined by titra­
tion of sodium hydroxide with hydrochloric acid to a phenol- 
phthalein endpoint followed by titration to a methyl orange 
endpoint• The levels of carbonate found to be present 
were such as to have a negligible effect on the kinetics of 
the reaction. In a kinetic n m  where an appreciable amount 
of carbonate was added, 110 catalytic effect was observed 
and the carbonate functioned solely as a base.

Spectral Study. A Cary Model 14 Recording Spectrophotometer 
was used to obtain the spectra of all solutions. The spec- 
tram of the CrtEgO)^ stock solution is shown in Pig. (la)* 
Basic, netastable chromium(III) monomer (CrOg)* the spectrum
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of which is shown in Pig. (lb), has absorbanc; maxima at 
425 and 594 nm (6=27*1)* The absorbance maximum of chromate 
is at 574 nm,^

Kinetic Measurements. In this study, the principal experi­
mental method used is the stopped-flow technique. The

, .40,41 ,Aminco-Morrow dtopped-Plow Apparatus (SPA) shown sche­
matically in Pig. (2), allows reactions with half-lives of 
milliseconds or longer to be followed spectrophotometri­
cally. Pig. (3) shows the SPA in relation to the entire 
experimental system.

Two solutions, whose mixture will initiate'"the reaction, 
are stored in driving syringes. All components in the SPA 
which come in contact with reaction solutions - syringes, 
valves, connecting tubing, mixing chamber, and observation 
cell - are made from chemically resistant materialss Kel-P, 
teflon, ethylene-propylene rubber, glass, and quartz.
Thermostating of solutions is achieved by the circulation 
of water through holes drilled into the aluminum block in 
which the driving syringes are mounted.

Upon simultaneous advancement of the pistons by com­
pressed nitrogen, the two solutions are forced through 
teflon tubes into a teflon mixing chamber. Prom there they 
enter a quartz window observation cell with a path length 
of 10 mm« The dead time, the time required for the solution 
to reach the point of observation from the point of mixing,

is 2 milliseconds for an observation cell with a 10 mm
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Figure 2* Schematic Diagram of an Aminco-Morrow
StoppecUFlow Apparatus*
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stoppedflow
cell
□.lamp monochromator MIT

1 2  3 4

scope

1 - The light source is a tungsten lamp powered by aHarrison 6274A dc power supply.2 - The monochromator is a modified Beckman DU.3 - The mixing system is an Aminco-Morrow Stopped-FlowApparatus. The dead time is 2 msec, and the mixing time is less than 1 msec, with better than 98$ efficiency.4 - The detector is an El36 Photomultiplier Tube poweredby a Harrison 6515A do power supply.5 - An Aminco linear-Log Photometer permits offsetting,change of bandwidth, and selection of output as $ transmittance or as absorbance.6 - The change in absorbance is displayed as a trace ona Tektronix R564B Storage Oscilloscope.

Figure 3. Schematic Diagram of the Experimental System.
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path length and a flow velocity of 14- ml/sec. The efficiency 
of mixing is greater than 98fo in less than 1 millisecond 
after mixing begins.

After leaving the observation cell, the reaction mix­
ture enters an exhaust chamber and advances the piston of a 
stopping syringe. Y/hen this piston contacts the tip of a 
micrometer, a switch is closed, triggering the storage 
oscilloscope® Typically, about 0.1 ml of each solution is
used for each run, sufficient to flush any solution from*
previous runs and leave fresh solution in the observation 
cell. The transport tine, the interval during which react­
ants flow, is on average about 10 milliseconds for the 
volumes of solution used.

Referring once again to Rig. (3)> light from a tung­
sten source powered by a Harrison 6274-A dc -power supply 
passes through an Aminco Minimonochromator and then through 
the observation cell. Transmitted light is detected by an 
R-136 Photomultiplier Tube (PIT) powered by a Harrison 
6515A dc power supply and the PMT output is fed into an 
Aminco Linear-Iog Photometer where the signal is filtered 
and converted to a logarithmic (absorbance) signal which is 
displayed on a, Tektronix R564-B Storage Oscilloscope. A 
Polaroid camera is used to photograph the kinetic trace 
for later analysis.

In all kinetic runs, pseudo-order conditions ^Appendix
(I-A)] have been established. Of the two solutions in the

3 +driving syringes, one consisted of CrClbjO)̂  and hydrogen
28



peroxide diluted to the desired concentrations from their 
respective stock solutions. The pH of this solution was 
approximately three. The second solution consisted of sodium 
hydroxide stock solution diluted to the desired concentra­
tion. Ionic strength was adjusted using sodium perchlorate. 
This experimental method insured that chromium(ill) monomer 
was the species being oxidised because no base was added 
before initiation of the reaction. Rates of reaction were
followed by measuring absorbance changes at 374, 500, and

o594 nrn. All solutions were thermo stated at 25.0 + 0.1 prior 
to initiation of reactions. There was a small temperature 
rise of less than one degree upon mixing of solutions.

Gas Evolution. Oxygen evolution during the course of the 
reaction was monitored by means of a gas buret.

ESR Study. Paramagnetic species generated during the reac­
tions were detected and monitored with time using a JEOX 
ITS. JES-SM-1 continuous flow system in conjunction with 
a JES 3X JEGL esr spectrometer. To determine g values the 
field was calibrated using «t,oc-diphenyl-yg-picrylhydrazyl 
(DPPH) and the reaction monitored without resetting the 
klystron frequency.

Calculations and Simulations. A Hewlett Packard 931OA 
Calculator with a 500 step program memory was used both to 
evaluate rate constants and, in conjunction with a Hewlett 
Packard 9S62A Calculator Plotter, to simulate kinetic runs.
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Results
Investigation of this system was initiated at 374 and 

594 na» where produet and reaetant9 respectively, have 
absorbance maxima* Preliminary results indicated that the 
rate of loss of reaetant did not correspond to the rate of 
gain of product* At 594 nm, where the loss of reactant was 
being monitored, an initial absorbance increase was noted, 
followed by the expected decrease in absorbance;* At 374 nm, 
where the gain of product was followed, there was a rapid 
gain in absorbance followed by a much slower absorbance 
increase which, at low total hydrogen peroxide concentra­
tion, lasted far longer than the time for the loss of 
absorbance at the other wavelength* Construction of a time- 
spectzum (350 - 625 nm) revealed the presence of at least 
one intermediate [Pig® (4)]« It was determined that this 
Intermediate could be best studied at 500 nm, where there 
was apparently no interference from other absorbing species*

Figures (5) through (9) show photographs of typical 
kinetic traces obtained at 374, 500, and 594 nm for the 
indicated reaction mixtures* The kinetic trace at 374 nm 
consists of a fast absorbance increase followed by a very 
slow one* At 594 nm, where supposedly the loss of reactant 
is being monitored, an initial absorbance increase is noted 
followed by two loss steps, detectable by means of the 
"break" in the exponential curve* At low total hydrogen 
peroxide concentration, the slower of the two loss steps 
is over long before the termination of the slow gain at
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Equal amounts of reagents A and B were mixed.
Reagent A: 2.00 x lO-4 M Cr(H,,0)3+; 9.76 x lO-3 M H,02.0 M HaCIO4 2 2
Reagent Bs 0.430 M NaOH j 2.0 M NaClO, 
A = 374 nm Path Length = lo mm 0.04 O.D./Division

Sweep Rates (from top)

Time Constant - 10”^

5 sec/div 2 sec/div 1 sec/div 
0.5 sec/div 
0.2 sec/div 
0.1 sec/div 
0.05 sec/div

sec
Figure (5)



Equal amounts of reagents A and B were mixed.
Reagent As 2,00 x 10~4 M Cr(HP0)?+; 9.76 x lo"3 M Eo0o ;

2.0 M UaC104 ^ D d 2
Reagent B: 0,430 M KaOH ; 2.0 M NaClO^
]X - 374 nm Path Length = 10 mm 0.1 O.D./Division

Sweep Rate (reset) s 15 sec/div
Time Constant r 10~4 sec

Figure (6)

33



Equal amounts of reagents A and B were mixed.
Reagent As 5.00 x 10”5 M Cr(H90)2+; 0.195 M H909 ;

1.8 M NaC104 ^ ^
Reagent Bs 0.782 M NaOH • 1.8 M NaClO^
A = 500 nm Path length = 8 mm 0.04 O.D./Division

Sweep Rates (from top) s 0.1 sec/div.
0.05 sec/div.0.02 sec/div.
0.01 sec/div.

Time Constant = 0.001 sec

Figure (7)
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Equal amounts of reagents A and B were mixed.
Reagent As 5.00 x 10~3 M Cr(fLO)^+: 0.195 M H O  •1.8 M NaC104 2 6* 2 2  '
Reagent B; 0.782 M NaOH ; 1.8 M NaCIO,4
^ * 500 nm Path Length = 8mm 0.04 O.D./Division

Sweep Rates (from top) : 1 sec/div
2 sec/div 
5 sec/div

Time Constant = 0.001 sec

Pigure (8)
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Equal amounts of reagents A and B were mixed.
Reagent A: 5.00 x 10~5 M Cr(Ho0)?+: 0.0976 M Ho0„ :

2.1 M NaC104 2 6  2 2
Reagent Bs 0.215 M NaOH ; 2.1 M NaClÔ .
\ - 594 nm Path Length = 10 mm 0.01 O.D./Division

Sweep Rate: 1 sec/div (reset to get bottom trace)
Time Constant = 0.001 sec

Pigure (9)
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374 nm*
In contrast to the complications at 374 and 594 nm, 

the reaction at 500 nm appeared to he that of a straight­
forward build-up of an Intermediate followed by Its loss at 
a much slower rate* in Induction period preceding the gain 
of Intermediate9 which had the effect of lengthening the 
time for the first half-life, was the only complexity 
which seemed to he present* The results obtained at 500 nm 
were crucial to the formulation of a mechanism for the 
overall process*

Kinetic Results at 500 nm* The kinetic traces obtained at 
this wavelength were analyzed by means of the half-life 
method* It was at first believed that the initial, brief 
induction period signified a fast reaction succeeded by a 
slower reaction leading to a build-up of the observed inter­
mediate* Following this line of reasoning, analysis of 
kinetic runs could be carried out by neglecting the small 
induction period and examining the kinetic traoes from 
points where they had beeome clearly exponential in form*
The measured rate constants were then assumed to be due to 
the second step* After postulation of a mechanism and an 
appreciation of its mathematical implications, however, it 
was determined that such was not the case* The first half- 
life, including the induction period, was found to convey 
information significantly different from that conveyed by 
the second half-life* It thus became important to examine
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both the first and second half-lives.
Columns (6) and (7) of Sable (I) show the kinetic data

for the first and second half-lives 9 respectively, for the
rapid buildup of intermediate* Column (5) of Sable (II) 
shows the data for the loss of intermediate. In all the 
reactions tabulated, pseudo-first-order conditions were 
established with chromium in limiting quantity and hydrox­
ide in excess over hydrogen peroxide. Under these conditions 
the fast build-up of intermediate obeys the rate law

Hate = k9b8[cr(III)J . (24)

She rate constant, kQfeg, was calculated from the sec­
ond half-life and can be related to the hydrogen peroxide 
concentration through an equation of the form

*oba = »[Hg02V { l  ♦ t0H" ^ A  } (25)

where [HgOgJgj represents the total hydrogen peroxide con-
%

oentratlon and [OBTjc represents the hydroxide concentra­
tion after correction for base consuming prooesses: conver-

3+ —slon of CrCHgO)^ to OrOg* and neutralisation of hydrogen
peroxide functioning as a monoprotic acid.

A significant feature of the kinetic traces at 500 nm
is the variability of the total change In absorbance. She
heights of the absorbance maxima in Sable (I), column (5)
(in O.D. from zero absorbance) per unit concentration of
* CrOf is assumed by Baloga and Earley21 to be the identity of the chromium (III) species initially present in basic solution.
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TABLE I
KINETIC DATA AT 500 nma»b

PAST GAIN

[Cr]T 
x 10?

[H202] 3?

o oi—ik&

[h2o2] c
x 104

A A 
(O.D.)

*obs
(sec“ )̂

k(?)e*obe
(sec“

1 .0 0 0.0293 0.407 3 .1 6 1.5 1.7
1 .0 0 0 .0 4 8 8 0 .3 8 8 5.53 3.2 3.5
1 .0 0 0.0195 0.0835 9 .8 6 0.040 6 .6 7.3
1 .0 0 0.0975 0.340 12.5 7.7 9.2
1 .0 0 0.0195 0.0319 23.9 0.083 11 11

1.50 0.0195 0.188 4.49 0.033 2 .0 2.3
1.50 0.0195 0.103 8.08 0.053 4.1 4.6
2.50 0.0488 0.380 5.64 0.076 3.8 4.6
2.50 0 .0 4 8 8 0 .1 6 6 12.7 0.14 8 .1 8 .1

2.50 0.0975 0.332 12.9 0.16 7.7 8.7
2.50 0.0975 0.283 15.1 0.17 7.7 8.7
2.50 0.184 0.235 34.2 0.30 16 21

2.50 0.0920 0.113 34.8 0.29 17 22

2.50 0.0488 0.0506 39.4 0 .3 2 17 20

2.50 0.244 0.190 55.7 0.40 25 30
a - All runs at 25.0 + 0 .1°
b - Ionic strength is 2.2 M.
c - Calculated using the program in Appendix (II-A)•
d - determined from the first half-life.
e - ̂ obs de-fcermined from the second half-life.
f - The least-squares_ plot of klvl vs. [Ĥ Or,] yields k-̂  = 5 .3 x 10^ M” 1 sec"*1 as snown in Pig. (11).

39



TABLE II 
KINETIC BATA AT 500 nma'b

M i  

* lo ’
Ĥ2°21t

SLOW LOSS 

[0H"lc [HjjOg]0 
X 104 (sec"’̂)

iSoo 0.0293 0.407 3.16 0..13
1.00 0.0488 0.388 5.53 0.12
1.°° 0t.0195 0.0835 9.86 0.085
1.00 0.0975 0,<»340 12.5 0.11
1.00 0.0195 0.0319 23.9 0.073
1.50 0.0195 0.188 4.49 0.083
1.50 0.0195 0.103 8.08 0.081
2.50 0.0488 0.380 5,.64 0t.12
2.50 0.0488 0.166 12.7 0.095
2.50 0;.0975 0.332 12.9 0.12
2.50 0.0975 0.283 15.1 0.10
2.50 0.184 0.235 34.2 0.096
2.50 0.0920 0.113 34.8 0.090
2.50 0.0488 0.0506 39.4 0.076
2.50 0^244 0.190 55.7 0.13

a - All runs at 25.0 i 0.1°
b - Ionic strength Is 2.2 li.
e - Calculated using the program In Appendix (II-A)
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chromium are proportional to [HgOg]^ and Inversely propor­
tional to [0H"*]a.

The observed rate ooastant for the slow loss of inter­
mediate was Independent of both hydrogen peroxide and 
hydroxide concentrations* The loss was strictly first order 
In Intermediate as long as chromium was in limiting quan- 
tity and base was in excess of hydrogen peroxide*

Kinetic Results at 594 nm* At this wavelength, where loss 
of reactant should be detectable, there was a small, rapid, 
initial absorbance Increase* The results of an experiment 
in which hydrogen peroxide was absent established that the 
gain in absorbance was not merely the consequence of mixing 
CrCHgO)!* with base* The rapid rise was followed by two 
successive loss steps: a rapid loss which was first order 
In hydrogen peroxide and chromium and inverse first order 
In base and a slower loss which was Independent of the 
materials in excess* Two Important observations were made 
at this wavelength: the total absorbance per unit concen­
tration of chromium did not change significantly with vari­
ation of hydrogen peroxide and hydroxide concentrations 
over a good range, and the time taken for achievement of 
nisnrimum absorbance at 5 9 4  nm was comparable to that taken 
for the attainment of maximum absorbance at 500 nm* No 
kinetic Infonnation could be obtained from the formation 
step* The fast loss contributed only a small increment to 
the total absorbance and had to be analyzed by means of the
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Infinite-time method [Appendix (X-B)], The hydrogen perox­
ide dependence and inverse hydroxide dependence of this 
step was established hat a precise value for the rate con­
stant could not he detennined1* The slow loss step was 
identical to the loss step at 500 nm, having the same rate 
constant and being independent of the materials in excess* 
Table (III) contains the results for the two loss steps*

Kinetic Results at 374 nm* Table (IV) column (4) shows the 
rate constants for the rapid formation of intermediate at 
374 nm* The fast build-up, preceded by a small induction 
period, follows the rate law given in equations (24) and 
(25) and is apparently the same process* Table (V) column 
(5) contains the data for the slow, hydrogen peroxide 
dependent step* Both steps were analysed by the time-lag 
method [Appendix (I-C)]. At relatively low hydrogen perox­
ide concentrations, the slow step continues for a much 
greater amount of time than any of the loss steps observed 
at 500 and 594 nm*

Ionic Strength Study* An ionic strength study was carried 
out at 374, 500, and 594 nm in an effort to determine the 
nature of the net charges on the species combining to form 
the activated complexes in the various reactions* Tables 
(VI) and (VII) show the results at 500 and 594 nm and at 
374 nm, respectively* Since the chromium species followed 
at 500 and 594 nm have relatively low absorptlvlties, the 
concentrations of reagents necessary to permit apectro-



u n i
KINETIC DATA AT 594 nma,b,<s

T [E2°2]d AA k ®*3 kj®kx 10r2
2 IQ4 (OtDf.) (see"1) (IT**’ sec*"̂ )

0*0468 0*0506 39.4 0.066 0.089 1.7
0*0488 0.0832 24.8 0.054 0.093 2.2
0*0438 0.166 12.7 0.055 o.n 2*5
0.0488 0.602 3.58 0.052 0.17
0.0975 0.109 38.3 0.063 o.n 1.8
0.0975 0.166 25® 5 0.056 o.n 2.1
0.0975 0.332 12.9 0.058 0.13 2.8
0.195 0.237 35.9 0.072 0.14 1.8
0.195 0.333 25.7 0.058 0.14 2.0
a - All runs have [CrJ,j, = 2.50 x 1(T3 K.
b - All runs at 25.0 t 0.1°
e - Ionic strength Is 2.2 M.
d - Calculated using the program in Appendix (II-A) *
e - Evaluated by means of the infinite-time method CAppendix (I-B)3. The fast loss step, from which kc was evaluated* is proportional to the total hydrogen peroxide concentration and inversely pro­portional to the hydroxide concentration* The rate constant k* is independent of both hydrogen perosHde and hydroxide* Precise values of k» and kc could not be obtained as it was impossible to deconvolute the two contributing portions throughout the range of concentrations used*
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TABLE IV
KINETIC DATA AT 374 nma,b,c

PAST GAIN

[H2°2^T 
x 103

[OH-Jc [ V 2]d
x 105

k e, f*obs
(sec”1}

4.88 0.0382 50.8 2.1
4.88 0.124 16.9 0.78
4.88 0.210 10.1 0.60
4.88 0.340 6.30 0.37
19.5 0.0260 285 14
19.5 0.110 75.9 3.7
19.5 0.195 43.4 2.1
19.5 0.325 26.3 1.3
a - All runs have [Cr]T = 1.00 x 10“4 M.
b - All runs at 25*0 ± 0*1
c - Ionic strength is 2*2 M.
d - Calculated using the program in Appendix (II-A) •
e - Evaluated by means of the time-lag method [Appendix (I-C)3.
f - The least-squares plat of k0va,vs. [HpOo] yields kn * 4*9 x 10 M"-1 sec as shown in

«.g. (127.
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TABLE V
KINETIC DATA AT 374 nma»b

SLOW GAIN
[Cr]T 
x 104

[HgOg] T
xlQ3

l*T)l [ V d *
x 105

kofi8 x 1 0
(sec"1)

1*00 4.88 0.339 6.31 1.6
1.00 15.6 0.329 20.8 5.4
1.00 19.5 0.325 26.3 6.2
10.0 4.88 0.431 4.97 1.4
10.0 9.75 0.426 10.0 3.3
1.00 15.6 0.421 16.1 5.2
1.00 19.5 0.417 20.3 5.0
a - All runs at 25.0 t 0.1°
b - Ionic strength Is 2.2 M.
e - Calculated using the program In Appendix (II-A)*
d - Evaluated by means of the time-lag method [Appendix (I-C)].
e - The least-squares plot of kol3g vs* [l̂ Og]

yields kg = 23 M”1 sec-1 as shown In Mg. (2 1).
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TABLE VI 
EFFECT OF VARIATION OF IONIC 
STRENGTH ON RATE CONSTANTS 

AT 500 AND 594 nma,b

Ia0104] /*■
w

500 nm 
gain loss 

obs obs
(sec"’1) (see**1}

594 nm 
fast loss 
obs
(sec*"1) e

0.26 0 . 50 6.0 0.094 0.40
0.76 1.0 7.3 0.090 0.36
1.5 1.7 7.3 0.091
2.0 2.2 8.5 0.095 0.28
2.5 2.7 7.9 0.10
3.0 3.2 8.3 0.10 0.35
a — All CMHTTiHiI ,5 x 10“3 M, [h2o2]qj = 0

[NaOH]T = 0.226 M 
b - All runs at 25.0 ± 0.1°
c - Evaluated by means of the infinite-time method 

[[Appendix (I-B)]

0438 U
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TABLE VII
EFPECT OP VARIATION OP IONIC STRENGTH 
ON THE RATE CONSTANT POR THE PAST

REACTION AT 374 nma,b
[NaC104] ^obs
x 104 (uy (sec-1)

4 .0 0.0054 0.42

24 0.0074 0.37
54 0.010 0.42

100 0.015 0.41

150 0.020 0 .48

200 0.025 0.41

a - All runs have [Cr]j = 2.0 x 10~3 M,
[H202]t = 4*86 x 10~4 M, [Na0H]5 = 4.89 x 10“3 M

b - All runs at 25.0 ± 0.1°
c - Evaluated by means of the time-lag method

[Appendix (I-C)]
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photometric monitoring and to establish pseudo-order con-
42dltions constitute excessively high ionic strength levels*

The situation at 374 nm is better because the relatively 
high absorptivity of the species being monitored there per­
mits the use of much lower concentrations of all reagents*
Ho ionic strength effect was observed at any wavelength.

Effect of Carbonate* The use of sodium hydroxide to set 
basicity always introduces the problem of carbonate contam­
ination* In order to minimize the amount of carbonate pre­
sent, a saturated solution of sodium hydroxide (in which 
carbonate is only sparingly soluble) was prepared* This 
solution was then diluted with deaerated distilled water 
and stored in a polyethylene bottle*

By the analytical method mentioned in the experimental 
section, it was determined that, as an upper limit, the 
concentration of carbonate was 2*1# of the hydroxide con­
centration. Thus, a solution 0*431 M in hydroxide concen­
tration is at most 0*009 M in carbonate • To determine the 
effect of carbonate on this system, a kinetic run was made 
in which a significant amount of carbonate was added*

[C r ]T [H202] t  [HaOH]T [ H a ^ ]  kjjg® ^  1CT2

  _ _  ____________   (sec"1) (seo”1) dr1seo~3-)
0.0025 0.0975 0.431 --  7.5 0.11 2.6
0*0025 0.0975 0.431 0.10 6.8 0.10 2.9
These runs were made at 25.0 t 0.1° and 2.2 M ionic strength. 

The above shows that the only influence due to carbon-
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ate is to effectively increase the base concentration, 
thereby decreasing the rate of reaction* Thus carbonate has 
no catalytic properties in this system*

Effect of Product* To determine the effect, if any, of 
chromate on the reactions being followed, several runs were 
made with sodium chromate added to the sodium hydroxide 
solution before initiation of the reaction*

[Cr]„ [HgOg] $ OaOH]T [CrO^] *500kobs
(sec"1)

k3 ••1(sec
0.0025 0*0488 0*108 — 17 0.089 VO■H

0.0025 0.0488 0.108 0*010 17 0.087 1.6
0.0025 0.0488 0.108 0*10 17 0.086 1*6
These runs were made at 25*0 ± 0*1° and 2*2 H ionic strength* 

The table shows that chromate has no effect on the 
reaotions monitored at 500 and 594 nm* No attempt was made 
to follow the reaotion at 374 nm as chromate absorbs 
strongly in that region and a 0*010 M concentration of 
chromate would cause saturation of the PUT*

Effect of a Chelating Agent* The presence of a reaotion 
intermediate can often be established by the effect of a 
chelating agent on the rate of reaction* In a study of the

43decomposition of peroxochromic acid by Morrow and cowozkers, 
it was observed that the addition of dipicolinic acid (DPA) 
to a mixture of acidified potassium diehromate and hydrogen 
peroxide led to a significant diminution (25 - 33$) in the
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quantity of oxygen liberated over the course of an hour* 
This was interpreted as due to the interruption of the 
decomposition by the stabilization of an intermediate*

DPA could not be used in the present study due to 
solubility problems* Instead, ethylene diamine was added to 
the sodium hydroxide solution before mixing with the chro­
mium solution*

[CrJT [HgOj,, I 1-3 H3 [ethylene o 500 AA594
diamine1 (O.D.) (O.D.)

0.0025 0.0975 0.441 — 0.16 0.05
0*0025 0.0975 0*441 0*25 0.024 0.04
These runs were made at 25*0 t 0*1° and 2*2 M ionic strength* 

A comparison of the two reaction mixtures, identical 
except for the presence of chelate in one of them, shows 
a drastic decrease in the maximum absorbance change at 
500 mm* The effect at 594 nm is much less pronounced* It 
was not possible to determine any rate constants for the 
reactions because of excessive noise in the kinetic traces*

ESR Study* The technique of electron spin resonance spec­
troscopy often can supply important information on species 
with net electron spin angular momentum* In the present 
system, the +3, + 4, and +5 states of chromium contain three, 
two, and one unpaired electron, respectively, and a priori 
could be expected to give rise to esr signals* There is 
also the possibility for signals to originate from hydroxyl 
and hydroperoxyl radicals (or chromium intermediates
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complexed with them) generated during the course of the 
overall reaction.

The rapidity of the reactions to be studied by esr 
necessitated the use of a flow system so that monitoring of 
the system could take place as soon as possible after mix­
ing. Figure (10a) shows the esr signal from a solution con­
taining chromium(III) and hydrogen peroxide prior to mixing 
with base* The esr peak from a basic chromium(III) solution 
without hydrogen peroxide present is similarly broad. Fig­
ure (10b) shows the peak observed 0.1 second after initi­
ation of the reaction. Tn addition to the obvious differ­
ence in linewldth between this peak and the one for chro­
mium (III) , it should be noted that the chromium(HI) signal 
has completely disappeared. The rate of decay of this sharp 
esr peak was comparable to the rate of the slow loss step 
monitored spectrophotometrically at 500 nm.

The g value is often useful for identification of 
paramagnetic species. The region in the magnetic field 
where the resonance condition occurs is related to the frê s 
quency of the incident microwave radiation by the formula

hi) = gp Hr (26)
where h is Planck's constant, ■) is the microwave frequency,
g is a factor required for all cases other than those 
involving pure orbital angular momentum* p is a constant 
called the Bohr magneton* and Hy is the resonant field 
strength. ^  In order to determine the g factor for the
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100 &

A - [Cr]T = 2.00 x 10~3 M, Ts 0.0777 M, [HC104] = 0.02 If
B - [Cr]T = 1.00 x 10”3 M, [H202] q» = 0.0389 M, [NaOH] = 0.37 M

Spectrum B was recorded 0.1 second after addition of base.

Figure 10. ESR Spectra.
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sharp peak observed, it was necessary to determine its 
position in the magnetic field relative to a standard whose
g factor is known. The standard employed was solid DPPH

4.5which has a g value of 2.0037* A run was made to determine 
the field position of the sharp DPPH peak. Then, without 
changing the frequency of the incident microwave radiation, 
the reaction was monitored and the resonant field strength 
at the point where the esr peak m s  observed was determined. 
Using the equation given above, the g value for the signal 
detected during the reaction was found to be 1*977.
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The Mechanism; I, Introduction
The overall reaction obeys the following stoichiometric 

relationship:

2 CrOg + 3 H0“ -- > 2 Cro|~ + Off" + HgO . (27)

A necessary preliminary in the development of a mechanism 
for the above is the interpretation of the hydrogen peroxide
and hydroxide dependencies found for several of the reac­
tions* There are two plausible explanations for the inverse 
base dependence* First, assume that the species given as 
CrOg can be written as Cr(OH)^ [i*e* 0^“ = 2(01T)] and that 
it participates in the equilibrium

Cr(OH)” ?=SCr(0H)3 + OH" . (28)

If Cr(0H)„ is the chemically active species, then eq. (28)o
combined with eq* (29)

Cr(0H) 3 + HOJ » Cr(0gE)(0H)“ (29)

accounts for the observed inhibition by base* The chemically 
active hydrogen peroxide species is the hydroperoxide ion 
according to this line of reasoning*

A second explanation of the inverse hydroxide depend­
ence is based on the assumption that hydrogen peroxide is 
the chemically active species. The actual hydrogen peroxide 
concentration, [HgOg], is related to [HgOg]^ and [otf"]c 
through the expression
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[Ha02] = [H202]T/{l + CoH ^ A h J  (30)
46where is the equilibrium constant for the hydrolysis 

of HOg

B D 2 + HgO ^ = ± H 20 2 + OH" .  Kh = 4.44 x 10"3 (31)

If kQ^g of eq* (24) is related to the actual hydrogen per­
oxide concent rat ion, the substitution for that concentra­
tion through eq* (30) gives an equation of the form of 
eq. (25).

On the basis of kinetic results alone it is not poss­
ible to distinguish between HOg or HgOg as the active per­
oxide species. Nor does an ionic strength study resolve 
this dilemma, for both alternatives involve neutral species. 
The ionic strength study did not reveal any ionic strength 
dependency, within the experimental error. Although not 
conclusive in this case because the study was outside the 
range of the Debye-Huckel limiting law, the absence of an 
ionic strength dependence is Indicative of a neutral 
species as one of the reactants combining to form the 
transition state. The question remains as to whether Cr(OH)^ 
or HgOg is that neutral species.

Other workers have favored HgOg as the active species. 
Thus, Sutin and co workers^ concluded that chromium (II)- 
cyanide complexes in basic media react much more rapidly
with HgOg than with BOg. Their findings were in agreement

48with Hal pern and coworkers who observed that the rate of 
oxidation of Co(CN)|~ by hydrogen peroxide exhibited an

55



Inverse pH dependence above pH 10 which could be nicely 
accounted for by eq* (31). Following their lead, a similar 
assignment will be made of HgOg as the active species In 
this system* Consequently, the second explanation for base 
Inhibition will be utilized and the first explanation will 
be discarded*

The best starting point in the process of formulating
a mechanism is to find an explanation for the dependence of
the peak height at 300 nm on the hydrogen peroxide concen­
tration given a fixed chromium concentration* The simplest 
mechanism which would account for this behavior is an equi­
librium of the form

M + I ;=^ML (32)

ML--- »P (33)

where M = chromium, L = hydrogen peroxide, ML = species 
absorbing at 300 nm, and F = product not absorbing at 
300 nm*

In order for an intermediate to accumulate in appre­
ciable quantity, equilibrium involving formation of ML must 
be established more rapidly than the rate of loss of ML to 
form product* The results at 300 nm further require that 
appreciable amounts of chromlum(III) remain at equilibrium 
(i*e* the equilibrium lies to the left), else the change in 
peak height would not be too sensitive to variation in the 
hydrogen peroxide concentration*
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The equilibrium theory can be disposed of for several 
reasons* First, the similarity of the slow loss steps at 
500 and 594 am suggests that one and the same species is 
being observed at both wavelengths* The observation that 
the maximum peak height at both wavelengths is achieved at 
the same time is also suggestive of this* Yet, in contrast 
to the situation at 500 nm, the peak height at 594 nm is 
insensitive to the variation ©f the hydrogen peroxide con­
centration* Second, the esr spectrum recorded 0*1 second 
sifter the initiation of the reaction shows no evidence 
of any chromium (III) species predicted to exist by the 
equilibrium condition* Finally, the observations made upon 
addition of a chelating agent are not explicable in terms 
of an equilibrium. The marked reduction in absorbance seen 
at 500 nm does not occur at 594 nm, as it must if an equi­
librium is being affected.

The results at 500 and 594 nm suggest and are most 
readily Interpretable in terms of a branching mechanism 
with one path being hydrogen peroxide dependent and the 
other path being Independent of hydrogen peroxide* The 
mechanism can be shown schematically as

Cr(III)

C

Scheme I

In the above mechanism only species C absorbs at 500 nm
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whereas both species 0 and J> absorb (with similar absorp- 
tivitles) at 594 nm* The presence of species B is necessary 
to explain the induction period observed at 374 and 500 nm* 
Also, if this preliminary step were omitted, the absence of 
an intermediate B whose formation is hydrogen peroxide 
dependent would imply that D is formed whether or not hydro­
gen peroxide is present in a basic chromium solution, which 
is not the case* According to this scheme, variation in the 
hydrogen peroxide concentration will directly influence the 
amount of C produced relative to D with a concommitant 
effect on the absorbance at 500 nm* Ho such effect on 
absorbance will be seen at 594 nm since any decrease in C 
merely increases D and vice versa*

The branching mechanism explains the effect seen upon 
addition of chelate in a very simple manner* The chelate 
has lowered the amount of C produced so that the absorbance 
at 500 nm is considerably reduced* The production of D 
rises in direct consequence of the diminution of C so that 
the absorbance at 594 nm is not greatly affected* It is 
eminently reasonable that 0 should be reduced in concentra­
tion relative to D - the hydrogen peroxide molecule which 
must coordinate to produce 0 is blocked by the chelating 
ligand*

The esr result is evidence that all of the chromium (III) 
has been consumed prior to the time of monitoring*

The presence of two loss steps at 594 nm is easily 
accounted for by this mechanism* Since two species, C and 3),
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are being produced and are visible at 594 nm, it is not 
unreasonable for them to decay by different mechanisms at 
different rates*
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B

The Mechanisms II. Mathematical Development
The reactions observed at 500 nm are the key to an 

understanding of the overall reaction process. A represent­
ation more complete than that given by Scheme 1 is

PCr(III) — !— » B ̂  ‘ Scheme II

where is the rate constant for the slow loss step. The 
mathematical consequences of this mechanism, focusing on 
species C, will be explored at this point.

The relevant differential rate equations characterizing 
this system with time ares

-a [Cr(III)] /at = ̂ [HgOg] [Cr(III)] (34)

-a[B]/at = -kjjHgOg] [Cr(III)] + (k2 [Hg02] + k+) [b] (35)

-a[c]/at = -kg[H202] [B] + k5[c] (36)
The variation of the concentration of D with time does not
have to be treated in this development of the mathematics.

One of the standard mathematical techniques^ >50 for 
solving such a set of equations is to assume that the 
following trial solutions holds

[cr(III)] = ae”mt (37)

[B] = be-® 15 (38)
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[0] = oe-mt (39)

Substitution of the trial solutions Into their respect­
ive differential equations, followed by rearrangement yields

(m - kjfcgO^a = 0

(m - kg [HgOg] - k+)b + %  [HgOg] a = 0

(m - k?)e + k2[H2Og]b = 0

(40)

(41) 

(4S)

The method of determinants is now applied to solve the 
above linear simultaneous equations*

- k-ĵ HgOg] 0

kilHgOg] m - kg [HgOg] - k4 

0 k2[H20g]

0

0

m - k,

= 0

Expansion of the determinant gives the equation 

(» - k^HgOglMm - kg [HgOg] - k4)(m - k3) = 0 (43)

the roots of which are

“l = *l[H2°2] “ 2 = *zlE2°zl + k4 "3 = k3 •
These three roots, when applied to the original trial solu­
tions [eqs. (37), (38), and (39)J, generate a set of three 
simultaneous equations

[Cr(lII)] = a1e“mlt + a2e”m2t + a^e"111̂ (44)
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[B] = b1e -ml t  + b2« -m2t  + b3. - m3l! (45)

[C] - o1ea"BIl't + o2e~ffi2'fc + c^©"m3‘t (46)

There is enough information available to turn the above 
expressions into explicit equations permitting the calcula­
tion of each concentration as a function of time*

Setting t = 0,

t C r ( I I I ) ]  = f c r ( I I I ) ]  T r ^  + a2 + a ,  (47)

[B] = M 0 = 0 = + b2 + b3 (48)

[C] = [aj0 s  0 = ex + o2 + Oj (49)

Substituting the various values for m into eq* (40), 
it becomes apparent that a2 = = 0 [viz. (m2 -
- 0, and since m^ - k^HgOg] 5* 0y then must equal zeroj 
and [from eq* (47)] a-̂ - [cr(HI)]T* Therefore, substituting 
into eq* (44) yields

[Cr(III)] = [cr(lll)]5e’̂ l&2°2^t (50)

Evaluating eq* (41) in an analogous fashion leads to

„ = — i a M f i —  (51)
(t2 - k1)[H202] + k4

and b^ =, 0. Utilizing eq. (48), it follows that b^ = -bg 
and eq* (45) becomes
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rai - kl^H2°2  ̂̂Cr ÎII _̂T__ f -knfHpOplt
[  ]  ~ (*2  ~ * 1 > M  + k 4 1

_ g-OtzCHgOj] + k4>* j  (52)

Equations (42) and (49) provide the following relation­
ships:

(h [Bz02] -  k 3)e1 + k2 [H202]b x = 0 (53)

(kg[H202] + k + -  k 3)e2 + k2 [H202]b 2 = 0 (54)

c3 = ~ C1 “ c2 (55)
Solving for the values of c ,̂ eg, and 03 through these

equations and substituting them into eq. (46) results,upon 
rearrangement, in the following expression for the concen­
tration of species C at any time:

k xk g [HgOg] 2 [Cr( I I I ) ]  T a-kjCHgOgJt

{(kg - l̂cxC®2°2
kjkg  [HgOj 2 [Cr( I I I ) ]  T e- (^ g [E2°g] *  k4 )t  

{ (k 2 -  k^) [HgOg] + k ^ j (kg [HgOg] + k^ -  k 3)

+ kllcgCHg0g]2rCr(IIX)]!|, «-*3*
+ (kx [HgOg] - k3)(k2[H202] + k4 - k3) (56)

It will be shown later that, during the formation of 
C and at the time at which the maximum amount of C is 
formed, the loss step represented by can be neglectid* 
Equation (56) then reduces to
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[or(111)]. k [E O j  [OrdlDJ, e-kllB2°2^

Cc] = ' V  k4---------(£g~- ̂ )cftg6gi + -----
k1kg[HgOg]2[Cr(XXI)]_ «-(k2[H202] + k4)l!
{ (kg - V D y y  + k4}(kg[EgOg] + k+) (57)

and the maximum concentration of C (setting t = o© and ignor­
ing the loss step) is

k2[HgOg][Cr(III)]T
kg [Hg°2] + k4 (58)

Equation (58) is a particularly useful expression* Its 
first application will he to help relate the observed rate 
constants at 500 nm to the microscopic rate constants pre­
sented in Scheme II*

The time elapsed for the absorbance to reach half of 
the maximum value is called the first half-life* The first 
half-life at 500 nm is unique in that it includes the induc­
tion period and is thus longer than subsequent half-lives* 
Since the concentration of C at the first half-life, [C]̂ , 
is one-half the maximum concentration, eqs* (57) and (58) 
can be related in the following manners

, k [H Oj [Cr(III)] 

kg [HgOg] fCr(III)]T _ kg[HgOg] [Cr(XII)]T »-kl[B2°2l *j(1>
^2 -J ̂  ̂ 4 ^2 "" ̂ i) T®2®2̂   ̂^4
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kjk2 [Hg02] ® [br(III)] T .-(ksfcgOd + k4)tj(l>
+ { (kg - k1)[H202] + k4]lk2[H202] + k4) <59)

The first half-life is designated by t^*).
If k^ is a rate constant for a process much slower 

than processes represented by kg and such that
&1 fHgOgl «  k2^H2°2^ + k4 *

then
e-klfHgOgJt̂ l) k [H o ] e“(k2rH202] + k4H§(1)

k2 [Hg02] + ^4
The validity of this assumption will be shown later. Using 
this assumption in eq. (59) gives rise to the expression

1 *2 [H202] [Or(III)], k2 [H 02] [Or(III)]T
2 k2[K202] + k^ k2[H202] + k^

_ k?[HpOp] [Cr(III)]T e-*lfe2°gJ*£(1)
(k2 - kx) [HgOg] + k4

which upon rearrangement and taking logarithms yields

(60)

t(l) - 1x1 ? -  ~ kl 10 2V\ At » (1 i r —»cobs ~ ZT1)
In iA _ )

\ k2[Eg02] + k4/

(61)

where k̂ Pĵ  Is calculated from the relationship between the 
rate constant and the half-life for a first-order reaction.

At the time, t^^, when three-quarters of the height 
of maximum absorbance has been achieved, the concentration 
of C is
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, k2 [HgOg] [Cr(III)] T k2 [HgOg] [Cr(III)] f 
•*3/4= 4 kg[Hg0g] + k4 = kg [HgOg] + k^

fcg [HgOg] [Cr(III)] fp e-kl PfcOJ *5/4 
(k2 - kj) [HgOg] + k4

with the assumption that + ^4^3/4 is negligible •
Rearrangement of eq. (62) gives

(62)

- k . f a . o . l t , / .  -  i  (k2 ~ +  k 4
1 2  3 /4  '  4 kg[H2Og] + k 4

(63)

which, upon the taking of logarithms and further rearrange­
ment, results in

'3 /4 ^[BgOg]
Ini(=_ fclfeOg]

)

Prom eq. (61)

(64)

t (1) =  1--
kifHgOg] In kj [HgOg] \

2\ k2[H2Og] + k j*fl-

Subtraction of eq. (63) from eq. (64) gives

3/4 H [HgOg]HK1 ■ kl[H2°g]
kg [HgOg] —  ) + k4 /

to|i(x _.. j
uv kg [HgOg] + k4 ;

(65)

(66)
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o r

*3/4 “ *4(1) = EJpnfe ' (67)

The quantity - t ^ ^  is actually the second half- 
life, t^*), and therefore

^bl = rfsf = *xBy>aJ * (68>
*4

The mathematics predicts that the third and subsequent 
half-lives should equal the second half-life*

Extension of the mechanism to encompass experimental 
observations made at 374 and 394 nm leads to the following 
overall formulations

k, , . Scheme III

»B
k

Or(III) —  --- > B ̂  "l'Jz : - k <■.> OrO?"M.n, ^  L, WZ0Z 4

M z
The parentheses indicate an intermediate(s) which

could not be monitored •* The rate constant k_ is for theo
fast loss of intermediate observable at 394 nm* The rate 
constant kg represents the slow process monitored at 374 nm* 

From the above mechanism, it can be seen that the 
interpretation of the kinetics observed at 300 nm is cen­
tral to an understanding of this system* The subsequent 
reactions are straightforward in terms of their kinetic 
* The necessity for such will be explained later*
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Interpretation* The thrust of the next seotion will there­
fore be to test the equations pertaining to Scheme II*
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The Mechanisms III. Experimental Verification
The mathematics derived from Scheme II and the three 

assumptions (the fast processes at 374 and 500 nm are one 
and the same, k-^HgOg] «  kg (HgOg] + k^, and the gain and 
loss steps at 500 nm are decoupled) can now be tested* With 
the twin assumptions that the formation of B is the rate- 
determining step and that the rapid gains in absorbance 
observed at 374 and 500 nm are due to the same process, the 
value of the rate constant k^ should be experimentally 
accessible through the second half-life [from eq* (68)] at 
either wavelength* The least-squares plot of k^|g vs* [HgOg] 
for the data at 500 nm [shown in Big* (11)] is linear, as

•x i i npredicted, with a slope of 5.3 x 10 If" see"* • The pre­
diction made in the previous section that the third and 
subsequent half-lives would equal the second half-life was 
borne out at 500 nm* The earliest parts of the kinetic 
traces at 374 nm could not be analyzed by the half-life 
method because of complications arising from the presence 
of the subsequent slow absorbance increase* The data was 
analyzed by the time-lag method and the least-squares plot 
of kofes vs* [H2O2] [shown in Pig* (12)] is linear with a 
slope of 4*9 x 10’ M"1 sec*"3"* This is within the experi­
mental error and is in good agreement with the result at 
500 nm, for a smaller k^ value is expected at 374 nm because 
of the influence of the induction period on the portions of 
the traces analyzed* Thus the assumption that the fast 
* The significance of the intercept will be discussed later*
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10

2010

This graph is based on the data in Table (I).
The equation for the straight line, calculated by the method 
of least-squares, is

kotl = °^8 *5.3 1 103[h202]
Figure 11. Plot of ve. ,

Formation step at 500 nm.
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100 200

This graph is based on the data in Table (IV).
The equation for the straight line, calculated by the method 
of least-squares, is

kobs = -0*04-0 + 4*9 x lO^HgOj

Figure 12. Plot of koba vs. [H2O2] •
The fast reaction at 374 nnu
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processes followed at 374 and 500 nm are one and the same 
Is seen to hold.

Since k2 and k^ cannot be measured directly (as kg »  k^ 
and the formation of D cannot be followed without inter­
ference from C at 594 nm), eq. (58) will be utilized both 
as a test of the mechanism and to gain some information on 
these rate constants. The concentration [C]max in eq. (58) 
is not known since kg and k^ are not known, but it can be 
related to an observable physical property - the absorbance. 
Assuming that species C obeys Beer •s law, [C]max = AA/€ for 
unit path length. A A is the maximum change in absorbance 
and € is the absorptivity of species C at 500 nm. Substitu­
tion into eq. (58) and rearrangement results in the rela­
tionship

eCcrdll)]- k,
 - * = 1 + — ?-*— =■ . (69)

A A kg[HgOgJ

Figure (13) shows the least-squares plot of the term 
[cr(III)]fp/AA vs. l/[Hg02]* The linearity provides excellent 
support for the branching mechanism. The value of 6 (= 310) 
was chosen to give an intercept of one. The resultant slope 
is the ratio k^jkg (=• 0.0056).

The assumption made prior to eq. (60) can now be tested. 
If the opposite assumption is made (i.e. k^[Hg0g] »  kg[HgOg]
+ k^) then, following the same procedure used to derive 
eqs. (64) and (65), there are obtained
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This graph is based on the data in Table (I) and on eq. (69).
The equation for the straight line, calculated by the method
of least-squares, is

[Cr]T/AA a 3.2 x 10~3 + 1.8 x lO^tE^al"1 •
Multiplication of both sides of the above equation by 310 sets the intercept equal to one, as required by eq. X69), and gives an adjusted slope of 0.0056. The factor 310 is the absorptivity of the intermediate and the adjusted slope is the ratio k̂ /teg.

Figure 13. Test of the Branching Mechanism.
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(1)- -

k2[E2°2] + k4
In if _ k2CH2°2] + k4

2\ ki[E202] (70)

and

!3/4 k2tH2°2̂  + k4
In

;(■

:2 TE2°2J T ̂ 4+ k,
^[HgOg]

Subtraction of eq. (70) from eq. (71) gives

(71)

*3/4 " *i(1> = k f e B & f v S *

Once again, the quantity *3 /4  

second half-life, t^ , so that

(72)

t^*^ is actually the

k(2) a *obs In
H
JJJ = kg[HgOg] + k 4 (73)

The plot of vs. [HgOg] shown in Pig. (11) yielded 
a value of 0.98 for the intercept and a value of 5 .3 x 10  ̂
for the slope. Equation (73) identifies the slope with kg 
and the intercept with k^. The ratio k^skg = 0.00019 thus 
obtained is in sharp contrast to the value determined 
through eq. (69). The value there is 0.0036 which is nearly 
thirty times as great. It must be remembered that eq. (69) 
was derived without any assumptions being made concerning 
the relative magnitudes of k^, kg, and k^. Therefore, the 
assumption that kg [HgOg] + k^« k^[HgOg] leading to eq. (7 3) 
is rejected.

Although eq. (68) does not predict an intercept for
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the plot of kobe Ts- tH2°2^' thBre is no real discrepancy*
The intercept [Fig. (11)] can he explained as being due to 
a small dependence on the hydroperoxide concentration> A 
least-squares analysis of the function kgj“̂  = f^ + £2^2^2l 
+ f̂ ljHDj] showed it to be linear with a high correlation 
but the coefficients were unreliable due to the magnitude 
of the experimental error* The small negative intercept for 
the plot of kofcg vs* [HgOg] for the data at 374 nm [Fig* (12)] 
is also a result of the experimental error* The assumption 
that k^jHgOg] ~ kgfHgOg] + k^ leads to a complicated expres­
sion for the half-lives which cannot be resolved*

In order to determine individual values for the rate 
constants kg and k^, a calculator program for the simulation 
of kinetic traces was written [Appendix (II-B)] based on 
eg.* (56). Using the values of k^ and € determined previously 
and varying kg and hence k^ (with k^/kg = 0*0056) until the 
best traces were obtained, values for kg and k^ were deter­
mined* Simulations with experimental points indicated to 
facilitate comparison are presented for the rapid gain at 
500 nm in Pigs. (14) - (17)*

The assumption that the fast gain and slow loss steps 
at 500 nm are decoupled, permitting k^ to be neglected for 
the build-up, will now be explained* Figures (18) and (19) 
show simulations of the loss step at 500 nm. Note that the 
simulated kinetic traces parallel the experimental traces 
but are displaced in time* The explanation is a delay caused 
by a second induction period* The species C is being lost
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AB
SO

RB
AN

ce
0*45

0*40

0.35

0.30

0.25

0.15

0.10

0.05

TIME (sec X 102)

. [Cr]T = 2,50 x 10~3 M, [H20o] = 5.57 x 10"3 M, k 3 = 0.13 sec"1 Values for all other variables are given in Appendix (II-B), 
which contains the program for plotting the simulated 
kinetic trace, ihe crosses indicate experimental points.

Figure 14. Simulation of a Kinetic Trace.
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AB
SO
RB
AN
CE

0.45

0.40

0.35

0.25

0.20

0.15

0.10

TIME (sec x 102)

tCrj«p - 2.50 x 10" 3 1!, [H2O2 ] = 3-43 x 10" 3 II, k3 = 0.090 sec"1 Values for all oilier variables are given in Appendix (II-B), 
Y/hich contains the program for plotting the simulated 
kinetic ‘crace. ine crosses indicate experimental points.

Figure 15. Simulation of a Kinetic Trace.
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AB
SO

RB
AN

CE
0.18

0.16

0.14

0.12

0.10

0.06

0.04

0.02

10 40
TIME (sec x 10^)

[Cr]T = 2.50 x 10-3 M, [H20p] = 1.27 x 10“^ M, 3c•» = zero 
Values for all other variables are given in Appendix (II-B), 
which contains the program for plotting the simulated 
kinetic trace. The crosses indicate experimental points.

Figure 16. Simulation of a Kinetic Trace.
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AB
SO

R&
AH

ce
0.09

0.08

0.07

0.05

0.04

0.03

0.02

0.01

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
TIME (sec)

[Cr]rp = 2.5 x 10“^ M, [HpOp] = 5.64 x 10”  ̂M, k* = zero 
Values for all other variables are given in Appendix (II-3), 
T/hich contains the program for plotting the simulated 
kinetic trace. The crosses indicate experimental points.

Pigure 17. Simulation of a Kinetio Trace.
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AB
So

RB
AN

cB
0.45

0.40

0.30

0.20

0.13

0.10

10 20 25
TIME (sec)

[CiOt = 2.50 x 10”3 M, [E202l * 5.57 x 10“3 M, kj = 0.13 sec”1 Values for all other variables are given in Appendix (II-B), 
which contains the program for plotting the simulated 
kinetic trace* The crosses indicate experimental points.

Pigure 18. Simulation of a Kinetic Trace.

80



AB
SO
RB
AN
CE

0.09

0.08

0.07

0.06

0.05

0.04

0.02

0.01

10 20
TIME (sec)

[Cr]T = 2.5 x 10”3 H, [E§0pi = 5.64 x 10~4 K, k, = 0.12 sec-1 Values for all other variaoles are given in Appendix (II-B), 
which contains the program for plotting the simulated 
kinetic trace. The crosses indicate experimental points.

Pigure 19. Simulation of a Kinetic Trace,
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to form a species C * with a similar absorptivity • This 
would account for the flatness of the peak at 500 nm* The 
species whose loss is represented by in Scheme III is 
thus O’. Consequently, the quantity To] in eq« (56) and 
subsequent equations must be replaced by [o^ where 
tCj,] s [Cj + fC»] and Scheme III must be modified to

where k^ represents the rate constant for the induction 
period. The value of kj cannot be determined*

It should be noted that there is a hydrogen peroxide 
dependency in the induction period as the extent of the 
displacement of the simulation from the actual kinetic 
is greater at lower hydrogen peroxide concentrations*
Table (VIII) presents values for the rate constants shown 
in Scheme IV.

The plausibility of the values for kg and k^, found 
through the technique of kinetic simulation, can be rein­
forced through the use of eq. (61). The successful use of 
ki, kg, and to predict values for k^J) *>y mea3as of this 
complicated relationship provides additional support for 
the mechanism. Figure (20) and Table (IX) show the compar-

Cr(III)
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TABLE VIII
HAZE COBSTAHTS FOR PROCESSES IE  SCHEME IT

kl - 5*3 t 1.0 x 103 IT1 sec"1
k2 ' 2.0 x 104 IT1 sec"1
k5 = 0.11 ± 0.02 sec"1

o1.1 x 10 sec
Ek - 2.1 ± 0.3 x IQ2 BT1 sec”1

n
i 
VO 23 t 4 M"1 sec"1
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TABLE IX
COMPARISON OP EXPERIMENTAL AND CALCULATED

VALUES FOR k*i> AT 500 nma
[Cr]T [h2o2] v(1)^obs

calckQbs
x 10? * M 4 (sec"1) 1(sec )
1.00 3.16 1.5 1.6
1.00 5.53 3.2 2.8
1.00 9.86 6.6 4.9
1.00 12.5 7.7 6.2
1.00 23.9 11 11
1.50 4.49 2.0 2.3
1.50 8.08 4.1 4.1
2.50 5.64 3.8 2.9
2.50 12.7 8.1 6.3
2.50 12.9 7.7 6.4
2.50 15.1 7.7 7.4
2.50 34.2 16 16
2.50 34.8 17 16
2.50 39.4 17 18
2.50 55.7 25 25

a - Experimental values taken from Table (I) • 
b - The calculated kQts is from eq. (61). Values for

the rate constants used are* k^ = 5.3 x 10^ sec"*1 
k2 = 2.0 x 104 IT1 sec"1, k^ = 1.1 x 102 sec"1
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The circles and crosses represent experimental and calculated values, respectively.
This graph Is based on the data in Table (IX).

Pigure 20. Comparison of Experimental and CalculatedRate Constants•
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Ison between the experimental and calculated values* The 
agreement is excellent.

The losses of two species are being followed at 594 nm* 
The faster of the two processes being observed is that of 
the loss of D* The slower loss step is identical to that 
seen at 500 nm and, on that basis, must involve C'* Scheme 
IV does not show these Intermediates going directly to pro­
duct since the slow, hydrogen peroxide dependent absorbance 
increase at 374 nm continues long after C 1 and D have been 
consumed. Pigure (21) shows the plot of kQbs vs* [Ê Ô j for 
the slow step at 374 nm. The intercept is interpreted as 
due to an BO^ dependence*
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This graph Is based on the data In Table (V) •
The equation for the straight line, calculated by the method 
of least-squares, is

fcot>s - 5.7 x 10-4 + 23[H202] .

Figure 21. Plot of kol)s vs. [H^]*
The slow reaction at 374 nm.

87



Discussion
The mathematics developed in the preceding sections 

has shown that the outline of the mechanism presented in 
Scheme 17 is consistent with the experimental findings* 
Species corresponding to the letters which form a conven­
ient shorthand for labelling the postulated intermediates 
remain to be assigned* The spectrophotometric evidence 
reveals a number of intermediates present but provides no 
means for identifying them* In the introduction to this 
work several studies were cited which suggest the presence 
of chromium(tf) < and (7) species* As these species have 
unpaired electrons they should be accessible to investiga­
tion by esr spectroscopy*

An ear study of ohromium(I7y in a solid at 4*2 K by 
Hoskins and Soffer^ revealed a single absorption line with 
a linewidth exceeding 20 gauss• Increased temperature caused 
line broadening with consequent loss of signal well below 
liquid nitrogen temperature* To date, no one has ever suc­
ceeded in detecting an esr signal due to chromium(17) in 
solution* Chromium(7), on the other hand, has been detected 
both in solid and in solution by means of esr* The first
esr signal observed due to a chromium(7) species was stud-

52ied by Carrington and coworkers* The signal was due to
"XCrO^ and was found to be temperature dependent* The signal

obroadened and could no longer be observed above 20 K.
A detailed study of the esr spectra of various chro­

mium^) complexes in nonaqueous media was carried out by
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Kon* He found that for KgCrOCl^ in glacial acetic acid at 
room temperature the esr spectrum consisted of a single nar­
row peak (AH s 2.8 G) with a g value of 1*9877• Compounds 
of the type CrORCl^ (where R = tetramethylammonium, pyridin- 
ium) were found to give narrow esr peaks with g values 
close to 1*988 whether dissolved in glacial acetic acid or 
in nitrobenzene*

The first esr study of a chromium(V) species produced
as an intermediate during the course of a reaction was made

54by Wiberg and Schafer. The system which was investigated 
by them was the oxidation of isopropyl alcohol by chromic 
acid in 97# acetic acid* The esr spectrum, consisting of a 
single well-defined peak with a g value of 1*9805, which 
they obtained was ascribed to a chromium(7) species* In 
addition, Wiberg and Schafer spectrophotometrically moni­
tored an intermediate which absorbed at 510 nm and decayed 
at the same rate as the esr peak*

The experimental findings of the esr study carried out 
in the present work are quite similar to those reported by 
Wiberg and Schafer* The narrow peak observed in the chro­
mium-hydro gen peroxide system has a g value of 1*977 and 
the rate of decay of the esr signal matches the rate of 
decay of the intermediate observed at 500 nm, the same 
spectral region in which Wiberg and Schafer recorded their 
spectrophotometric observations* For these reasons, chro­
mium (V) is favored as the oxidation state of intermediates 
C and C •*
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The possibility of species other than chromium(?) giv­
ing rise to an esr signal must now be considered. Although 
the balanced equation for the overall reaction feq. (27)] 
does not indicate oxygen evolution, measurement of gas evo­
lution during the course of a reaction revealed that the 
02sCr(III) ratio exceeded lsl for [Cr(III)]T = 2.00 x 10~3 M.
The mechanism of oxygen evolution from alkaline hydrogen

55peroxide solutions proposed by Haber and Weiss involves 
the production of hydroxyl and hydro per©xyl free radicals, 
both of which can be expected to give rise to esr signals. 
Another possible source of oxygen evolution is the decompo­
sition of a chromium(VI)-hydrogen peroxide complex.

The possibility of the hydroperoxyl radical as the 
source of the observed esr signal can be immediately dis­
pensed with. The esr peak due to HOg* has a linewldth of 

5627 Gr> far wider than the peak observed here. The hydroxyl
radical is also rejected as a possible source of the esr
peak. The OH* radical is very ehorfcwlived in basic medla
and esr spectra previously assigned to the species are now

57 58thought to be metal-hydroxyl radical complexes. * While 
a chromium-hydroxyl radical complex as the souree of the 
sharp esr peak cannot be definitely ruled out, the similar­
ity of the spectral data (visible and esr) for this system 
with that of the system of Wiberg and Schafer taken together 
with the observation that all previously reported metal- 
hydro xyl radical complexes have g values above 2.01 tends 
to strengthen the case for chromium(V) as the intermediate?^*^*0
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The failure to detect hydroxyl and hydroperoxyl radicals 
may be due to their steady-state concentrations being too 
low to be monitored by esr.

A mechanism consistent with the experimental results 
Is given below. In these reactions only the species of 
Interest are shown.

Cr(III) + HgOg J ^ C r I:II02 formation of B (74)

chromium(IV) pathway:

Cr111*^ — ^Cr(XV) formation of D (75)

Cr(IV) + H202 -- > CrIV02 fast (76)

CrIV02 + H202 QtY102 (77)
(6 coordinate) (4 coordinate)

CrVI02 + h202 ^->CrO^” + 02 (78)

chromium (V) pathway:

QrIIIo2 + H202 -^-»CrV02 formation of 0 (79)
k \rCrv02 + H202 —5-* Crv(02)2 formation of C* (80)

crV(02)2 GrnLQ2 loss of C* (81)
(6 coordinate) (4 coordinate)

The rate constants k^, kg, k^, k^, kg, and kj are 
those assigned in Scheme IV. Equation (81) represents a 
combination of a change in coordination number followed by 
electron exchange. The change in coordination number is
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rate determining.
A slow gain in absorbance was observed at 374 nm long 

after the loss of the esr signal and of the absorbing spe­
cies at 500 and 594 nm. Therefore, chromium(IV) is shown
[eq. (77)] going to a diamagnetic intermediate species,

VTCr 02, rather than to chromate (which is also diamagnetic). 
Chromium(V) is also shown going to a diamagnetic species 
[eq.. (81)] since the second induction period at 500 nm 
appears to have a hydrogen peroxide dependency. The slow 
step at 374 nm is hydrogen peroxide dependent and suggests 
a peroxychromate species being lost by a reaction of the 
type presented in eq. (78). The slowness of the loss step 
(including the induction period) at 500 nm, represented by 
eqs. (80) and (81), may be due to a coordination change to 
the relatively more stable chromium(V) intermediate followed 
by its loss. The change in coordination as the "bottleneck*1 
in the reduction of chromium(VI) to chromium(III) has been 
discussed in the introduction.

If the slow loss at 500 nm is due to a change in coord­
ination number, the change must occur after chromium has 
reached the quinquevalent state since it is that state which 
is being detected by esr before the loss of intermediates C 
and C* begins. This raises the question as to why a coord­
ination change should be slow once the quinquevalent state 
has been acheived. A possible answer lies in the fact that 
the ligands coordinated to a chromium(V) species will be 
predominantly covalently bound. Before the chromium(V) could
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2 5̂change from dsp to sp hybridization it would have to 
lose two ligands. Shis process can be thought of as being 
analogous to the rate determining step of an S^l substitu­
tion reaction, in which the bond strength of the dissociat­
ing ligand has a large Influence on the rate because of the 
importance of bond breaking in that step. If the ligand-to- 
metal bond is strong, as would be the case for a covalently 
bound ligand, then the rat® ©f ligand loss would fee slow a©
w .̂ld be the change of symmetry from six-coordinate to

61four-coordinate. Basolo and Pearson present a good dis­
cussion of this effect. This could be resolved if the rate 
of ligand exchange to chromium(V) could be measured.

It was difficult to obtain kinetic data on the B  »
3) — >( ) pathway because the step B — >D could not be observed 
directly but was deduced through the mathematical treatment 
presented earlier. The fast loss D —»( ) followed at 594 nm 
contributed only a small part to the total absorbance. Thus 
the hydrogen peroxide dependency and inverse hydroxide 
dependency of the step D — >( ) was established but a precise 
value for k^ could not be determined.

It should be noted that the kinetic evidence for the 
path B — »C does not allow for the direct conversion of 
chromium(IV) to chromlum(V). The peak at 500 nm, identified 
as due to a chromium(V) species from the esr data, is the 
result of either a two-electron change or oxygen atom 
transfer. Any contribution to the production of chromium(V) 
from the chromium(IV) of the other pathway in Scheme IV
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would change the mathematics of eq* (69) which gave a 
linear plot. It follows from this that chromium(IV) must 
be consumed in a two-equivalent change*
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APPENDIX I-A
Pseudo-Order Conditions

In all the reactions to be discussed, pseudo-order 
conditions have been established. This is a convenientCrt C9kinetic technique for determining reaction orders. 9 For 
a given stoichiometry, one reactant is kept in limiting 
quantity with all other reagents in good excess (ten-fold 
or greater)• During the course of a reaction, only the con­
centration of the material in limiting quantity changes 
appreciably while all other concentrations remain essenti­
ally fixed. It is thus the change in concentration of the 
limiting reactant with time that is being monitored. By way 
of illustration, for a system 

kA + B C + D

the rate law is

-d[A]/dt = kx[A]fB]

which is second order overall. However, 
the concentration of B is unchanged, to 
The result is that what is measured is

-d[A]/dt = kQbs [A]

which is first-order in A only. This is a pseudo-first-order 
reaction. The order of the reaction with respect to B is 
determined by varying B (while still keeping it in good 
excess over A) and observing the effect on (r k-jjB]).
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APPENDIX I-B
Infinite-Time Method

When kinetic traces cannot be analyzed by the half- 
life method, often because of overlapping reactions, graph­
ical methods must be employedSuch is the case at 594 nm, 
where the fast loss step quickly becomes obscured by a 
slower loss process*

Assuming that Beer*s law is obeyed, the absorbance due 
to a single species changes with time according to the 
relation

a* = eia0 + e

where 6 is the absorptivity of the species being monitored, 
1 is the optical path length, m^ is the macroscopic rate 
constant, and d0 and d^ are constants representing concen­
trations of the species being monitored. At times large 
compared with 1/m^ the exponential term becomes insignifi­
cantly small with the result that

lim A+ = A_ = € ldft

At 594 nm A*, = 0* Subtraction of this second equation from 
the first equation yields

At “ Aq,, = e ldje"®!^

Taking logarithms gives

1,11 ** - AJ = H m ll - “l*
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so that a plot of lnjA^ - Am | vs. t gives a slope of
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APPENDIX I-C
Time-Lag Method

The time-lag method6  ̂is a graphical procedure for 
determining the value of a macroscopic rate constant* It is 
more convenient than the infinite-time method in that log­
arithms need only he taken once* In addition, the slope of 
the line is most strongly influenced by the earliest, most 
reliable data* The drawback of this method is that more 
experimental points are required than for the infinite-time 
method since they are evaluated in pairs*

Let the absorbance at time t, A^, be given by

At = e le0 + elcje”111115

and at time t + T by

- elc0 +

Rearrangement and division of the first equation by the 
second yields

A-fc - €lc0 juif
At + — € lcQ

which further rearranges to give

At = 6lc0(l - e”lr) + At+r e“lr

A plot of At vs. At+r should give a straight line with 
a slfpe of emlr* Taking the logarithms of the slope and 
dividing by T, the constant time interval between the pairs
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plotted, results in a value for m^, the macroscopic rate 
constant* This was the procedure employed at 374 nm*
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APPENDIX II—A 
Program for Calculating [HgQg]

Hydrogen peroxide exists predominantly as HgOg and HOg 
for the range of basicity of the present study* Since HgOg 
appears to be the mere reactive form, a calculation of Its 
concentration is required for the analysis of the micro­
scopic rate constants for the reactions in which it parti­
cipates *

Prom the equilibrium expression
HOp + HpO ; e  HgOg + OH" Kha - x  x b - a x

—3 A6where (=4*44 x 10 ) is the equilibrium constant,
a = [HgOg]£ (the total hydrogen peroxide concentration),
b = [OH"JT (hydroxide concentration after correction for
conversion of Cr(KgO)g + to CrOg), and x = [HgOg] (the
actual HgOg concentration), the relationship

K - x(b - a + x) h ~ a - x

is established. This yields a quadratic equation which, 
upon solving and rejecting the negative root, gives

[l^Og] - i{-(b - a + Kh) +[(b - a + Kb)2 + 4 Kba

The following program was developed for use in the 
Hewlett Packard 9810A Calculator to solve the above 
equation:
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000 clear 020 040 —

001 stop* 021 t 041 2
002 I-M ) 022 042 •

•

003 0 023 I">< ) 043
004 0 024 A 044 *005 1 025 roll * 045 f
006 f M  ) 026 t 046 ( )-**
007 0 027 < 047 0
008 0 028 z 048 0
009 2 029 ( )-»X 049 1
010 030 0 050 X«?Y
Oil 4 031 0 051 —

012 • 032 1 052 ( )->x
013 4 033 X 053 0
014 4 034 I 054 0
015 4 035 + 055 2016 enter exp 036 I 056 X£Y
017 change sign 037 X 057 —
018 3 038 4* 058 end
019 + 039 A

* ENTER: Y register - [0E~]T
X register - [E2°23t 

then press ”continue”*

To start: press - go toendcontinue

PINAL DISPLAY 
Z register - [HgOg] 
Y register - [OHT]c 
X register - [HOg ]
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APPENDIX II—B 
Simulation of Kinetic Traces

The expression for the concentration of species C at 
any time

k1kg[Hg0g]2[Cr(IIX)]T
" ~ {<*2 - kl> [H2°2l + k4}(klCH2°2^ ~ k3>

kjkg [Bg02] 2 [Cr (III)] T e-(kgCH2°2] + k4>*
{(k2 - kx) [HgOg] + k4](k2 [HgOg] + k4 - k,)

+ kjkg [HgOg] 2 [Or (III)] j «~k3t 
(k^£Hg02 J — k^) (k2£H202] * ^4 *“

derived on p. (63) is of value in testing the proposed 
mechanism*

In part III of the Mechanism section it was shown 
that could he determined experimentally along with the 
ratio k^skg, hut the actual values of k^ and k2 could not 
he deduced from experiment* By using a program which 
would plot the variation of the concentration of species 
C with time, and comparing simulated traces utilizing 
different values of k2 (and hence k^) with experimental 
kinetic traces, values could he assigned to these two 
rate constants*

The following program plots the change in concentra­
tion of species C with times
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150 4 177 0 204 ( )-»x
151 X 178 9 205 0152 Y-K ) 179 4 206 0
153 0 180 9 207 7
154 1 181 9 208 +
155 8 182 9 209 Y-*( )156 ( )->x 183 9 210 0
157 0 184 X 211 0158 1 185 t 212 6
159 7 186 ( )—>x 213 ( )-*x
160 + 187 0 214 0161 ( )->x 188 0 215 0162 0 189 6 216 8
163 1 190 X 217 IP X < Y
164 6 191 ( )-»X 218 0165 + 192 0 219 2166 Y—n  ) 193 0 220 2
167 0 194 8 221 7168 1 195 -r- 222 go to
169 9 196 223 0170 ( )-*X 197 FMT 224 0
171 0 198 4 225 8
172 2 199 ( )->x 226 9
173 0 200 0 227 end
174 X 201 0
175 ( )-*X 202 6
176 0 203 f

The following variables must be entered Into the Indi­
cated storage locations prior to running the program:
001 - 005 - [H202] 009 - (O.D.)max
002 - k2 006 - * 010 - £
003 - k3 007 - At Oil - [Cr]T
004 - k4 008 - tmnT

The value of t entered Into location 006 Is that for 
the initial time, usually zero* Location 007 contains the 
value by which t is incremented and location 008 contains 
the maximum value of t* If g of location 010 is set equal 
to one, then the variation of the concentration of species 
C with time is being plotted* Introduction of a value for
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the absorptivity of species C into location 010 results 
in absorbance being plotted against time* location 009 
contains the value of either the maximum concentration 
or maximum absorbance, depending on which is being plotted* 

The following values were used in all simulations: 
kx = 5.3 x 103 IT1 sec"1
kg = 2.0 x 104 tf"1 sec"1

2 —1 k^ =• 1.1 x 10 sec
€ = 310

Since the formation and loss steps are decoupled in 
this system, k^ must be set equal to zero when plotting 
the formation step at relatively low hydrogen peroxide 
concentrations. If this is not done, low absorbance values 
will be obtained.
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