INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While
the most advanced technological means to photograph and reproduce this document
have been used, the quality is heavily dependent upon the quality of the original
submitted.

The following explanation of techniques is provided to help you understand
markings or patterns which may appear on this reproduction.

1.

The sign or ““target’”’ for pages apparently lacking from the document
photographed is ““Missing Page(s)’’. If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages.
This may have necessitated cutting thru an image and duplicating adjacent
pages to insure you complete continuity.

. When an image on the film is obliterated with a large round black mark, it

is an indication that the photographer suspected that the copy may have
moved during exposure and thus cause a blurred image. You will find a
good image of the page in the adjacent frame.

.When a map, drawing or chart, etc., was part of the material being

photographed the photographer followed a definite method in
“sectioning’ the material. It is customary to begin photoing at the upper
left hand corner of a large sheet and to continue photoing from left to
right in equal sections with a small overlap. |f necessary, sectioning is
continued again — beginning below the first row and continuing on until
complete.

. ‘The majority of users indicate that the textual content is of greatest value,

however, a somewhat higher quality reproduction could be made from
“photographs”’ if essential to the understanding of the dissertation. Silver
prints of “photographs” may be ordered at additional charge by writing
the Order Department, giving the catalog number, title, author and
specific pages you wish reproduced.

.PLEASE NOTE: Some pages may have indistinct print. Filmed as

received.

Xerox University Microfilms

300 North Zeeb Road
Ann Arbor, Michigan 48106



76-5508
KNOBLOWITZ, Martin, 1949-
KINETIC STUDY OF THE HYDROGEN PEROXIDE CXIDATION
OF CHROMIUM(IIT) TO CHROMIUM(VI).

The City University of New York, Ph.D., 1976
Chemistry, physical

Xerox University Microfilms, Ann Aror, Michigan 48106

COPYRIGHT @) 1975
by MARTIN KNOBLOWITZ



KINETIC STUDY OF THE HYDROGEN PEROXIDE
OXIDATION OF CHROMIUM(IIX) TO CHROMIUM(VI)

by

MARTIN KNOBIOWITZ

A dissertation submitted +to +the Graduate

Faculty in Chemistry in partial fulfillment of
the requirements for the degree of Doector of

Philosophy, The City University of Rew York

1975



This manuscript has been read and accepted for the
Graduate Faculty in Chemlistry in satvisfaction of the
dissertation requirement for the degree of Doector of
Philosophy.

10/ /‘(g;; [ac c/ AW rsas
o/ s %J e
date Executive O

b~ [ B
it g

§upervieory CommIttee

The City University of New York



ABSTRACT

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

by
MARTIN KNOBLOWITZ
Adviser: Professor Jack I. Morrow

The kinetics of the oxidatior 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 nnm,
where product absorbs, raised the possibillity of reaction
intermediates. Construction of a time-spectrum established
the presence of an intermedlate, identified as a chro-
miun(V) specles 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 intermedlate. 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 peroxlde 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(V) species produced along parallel paths, is proposed
a8 the explanation of the preceding observations. A detalled
mathematical treatment of this mechanism, including computer
simulations, is presented. The overall reaction can be

represented schematically by the sequence

Crv02 —J'%—,Crv(oz)z ——B—L)»
k %’l vz k
cr(111) — cr' o, -~ Cr05”
Hzoz W‘ zoz
cr(IV) Ks >

H,0,
where the parentheses represent an intermediate(s) which
could not be monitored. The values for the rate constants
ares kq = 5.3 *1.0x 103 ul sec'l, k, = 2.0 x 104 -l sec”
k= 0.11 * 0,02 sec™l, k, = 1.1 x 10% sec™l,
kg = 2.1 * 0.3 x 10° M~ sec™t

1

,k6= 23.4.'4“-1830-10

sec”
The values of k, and k4 were not experimentally accessible

but were caleulated. The value of kI cannot be determined.
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Introduction

Oxidation-reduction reactions utilizing chromium in its
various oxidation states have long been the subject of mech-

1,2
anistic studies, ?

3 Many investigations involved chro-
miun(VI) due to its extensive use for preparative purposes.
It is oiten used in agueous or acebtic acid nedia to oxidize
primary alcohols or 2ldehydes to carboxylic acids and to
oxidize secondary alcohols to ketones, The reasons for the
continuing interest in reactlons involving the reduction of
chromium(VI) to chromium(IIIj are: the availability of a
substantial body of information on the nature and stability
of chromium(VI), the simplicity of product separation and
igdentification due to the kinetic inertness of chromium(III)
and, rnost 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 2 one- or two-equivalent change. In the absence of a
one-step, three-electron transfer, there must be a sequence
of gteps involving intermediate oxidation states of chromium.
With but a single exception,4 studies have shown that such
is indeed +the case. The conseqguence ig 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
induced oxidation of iodide to iodine by chromic acidsand
the arsenite induced oxidation of manganic salts by chromic
acid,6 In the formexr case, it is found that in dilute acid

(0,001 &) reactions (1) and (2)

™ - + 3+ ]
2H0r0, + 6 I + 14 H —> 2 Cr” + 3 I,+ 8 H0 (1)

2 Tets 2 I —30 Tott4 1, (2)

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

B4

- B+
HCrO4 + 3 Pe2++ 7 H+——4»Cr3 + % Fe” + 4 HZO (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 1is not oxidized

+ oy s
3 2lone, an oxidizing agent more

rapidly by HCrOz or by Fe
powerful than HCrOZ must be formed, To determine the nature
of this agent, the concept of an "induction factor" 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

apnroached when the reducing agent is in great excess over

the inductor. In the reaction

2

HOroz + Fe® '+ 2 I7+ 7 H'— ot + Pedt+ I,+4 Hy0 (4)
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the induction factor is two since I transfers two equiva-

2+. Thus the intermediate

lents to every one transferred by Fe
mist be chromium(V).
The balanced equation for the arsenite induced oxida-

tion of manganic salt by chromic acid is

2 HOr07 + 2 HzAsO + Hn°t+ 6 H'——
2 Crot+ 2 HiAsOy + nOp + 4 Hy0 o (5)

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

Iﬁ more recent studies, the presence of chromium inter=
mediates has been invoked to explain kinetic results and
the findings of product analysise. In the study by Altman
and King7 of the rate of exchange of chromium(III) and

chromium(VI), the rate expression was found to be
+ -12
Rate = ko, [or(E,0)2*]4/3 [Hozo7]?/2 (6)

The reaction order (4/3 + 2/3 = 2) suggested two chromium

atoms in the transition state with an average oxidation

number of four |4/3(+3) + 2/3(+6) = 2(+4)). A mechanism
4/3(+3) + 2/3(+6) = 2(+4)]}s A mechanism

consistent witi Tnese 1inaings 1s

>* »*
orot e orPt=—=Trtt+ oot (7
* -
crot + orot (8)
¥* rate~determining
Cr3+~+ Cr5+ or ste &
§§§§: (rds?
*
crtt 4 ortt (9)

13



* %
et ot O 4 oot (10)

A study by Ardon and Plane® and its amplification by

Hegedus and Haim9

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 50% of the
chromium taking part in the net reaction appeared in the
form of a binuclear species which they assumed to have the
form Crz(OH)g+ (later confirmed by Kolaczkowski and Planelo
through O18 exchange studies). The following sequence

was proposed to explain the stoichiometry:

Cr(VI) + Cr(II) —>Cx(V) + Cr(III) (11)
Cr(V) + Cr(II)—— Cr(IV) + Cr(III) (12)
Cx(IV) + Cr(IT) —Cr(oH)crt ¥ (13)

Hegedus and Haim tested the provyosed mechanism by
labelling the chromium(VI) and examining the distribution
of labelled chromium in the products. The above mechanism
vas confirmed as the nmajor pathway, but the discovery of
a small but significant v»roportion of labelled chromium(III)

product necessitated the modification of ecuation (12) +o

y’ér(xv) + crot (14)
*
Cr(V) + Ccr(II)

%’&3% cr(IV) . (15)
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Mention has been made of the fact that the chromium(IIY)
products of chromic acid reactions are substitution inert.
Reactions in which chromium(III) is oxidized to chromic
acld should be instructive as the mechanisms may involve
the same steps. In acidic media, chromium(III) can be oxi-
dized only by relatively vowerful oxidizing agents. Tong
and King11 studied the cerium(IV) oxidation of chromium(III)

in acid. The rate law was found to be
afer®*]/at = x[oe™]? [cx?*])/[ce®*] (16)

The transition state has one cerium atom and one chro-
mium atom (2 Oe4+-+ Cr3+ - Ce3+) with an average oxidation
state of +4 for each metal, On this baslis, the following

mechanism was proposed:

k -
cett 4 ordt=—t=(edt + ortt (17)

Y

cet* 4 Cr4+=ig=30e3++ o’ * (rds) (18)
4

ce*ty orot ;.E——L_ACej++ crt? (19)
3
Prom the first step, the equilibrium concentration of

chromium(IV) is [Cr4+] = kq [Cr3+] [Ce4+]/lc2 [Ce3+]. The
observed rate law indicates that kg [Ce’*] » Xk, [ce®*] 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

15



oxidation of chromium(III) to chronium(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
in substitution and oxidation-reduction reactions.lz’l3 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 kinetvic
study is the ambiguity in the identity of the reactive
species., In the case of a basic solution of chromium(III),
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 eguilibrium
approached only slowly (sometimes on the order of yearsl4),
the history of each solution becomes important.

One nmanifestation 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. Apvreciable
polymerization turns these solutions green. A method has
been developed by Morrow and LevylS for the determination
of the degree of polymerization from the extent of the
spectral shift and applied to the chromium(IIT) system.

A detailed discussion of inorganic polymerization in gene-
ral is contained in a series of articles by Sillenl6 ana
by Pokras.17
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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 pHe. As a case in point,
Hall and Eyring'° found that the acidity of chromic nitrate
solutions increased upon aging. Typically, a 0.1 M
Cr(320)6(NO3)3 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(III) in perchloric acid found it to
be nezligible. Solutions which were 0,02 M Cro% and 0.02 I
HClO4 were heated at 75  for 24 hours., The pE went from
1.70 to 1.69, which was within the experimental error.
Heating to 75° for three more days had very 1little effect
on aciditye.

Postmus and Kingl4 had various concentrations of
or(H0)2 " (1077 ¥ 40 5 x 107 1) 4in 0.0132 } HC104 heated
to 74Pfor 50 hours, lleasurements taken 1 to 10 hours after

cooling indicated that the absorbancy index of Cr3+ had

increased by 4 to 12%., In 1.0 M HC104, a solution 5 x 10-'2 M

+ . ] . o
E showed no change in absorbancy index after similar

in Cr
treatnent. A value for the dissociation constant for the

equilibrium expression

K = [8*] [cr(on,)50E°"] / [or(om,) 2] (20)

was determined. The value, K = 1,5 x 10_4, compared favor-

17



ably with »revious valuec in the literature.

Laswick and Planeeo studied the slow changes which
take place when basic chromium solutions are refluxed.
Following refluxing, the solutions were pasged through ion

xchange columns, the fractions eluted were oxidized to
chromate by hydrogen peroxide and the amount of chromium

in each samvle was determined by spectrophotometric analy-
ise After 10 minutes of refluxing, a basic chromium solu=
tion was analyzed and found to consist of 35.7% monomer,
10.1% dimer, with the rest as a higher polymer and
"residue". A reflux of 27 days duration produced a solution
with the composition T76.2% monomer, 9.3% dimer, and the
rest as a hizgher polymer and "residuel,

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 maxina at 403 and 574 nnm, with abscrptivities of 15.6
and 13.4, zespectively. The dimer nad sbsorbance maxima atb
413 and 582 nm with absorptivities of 22.5 and 1&.9,
respectively.

In order to obtain information on oxidation mechanisms

-JJ

in highly basic media, Baloga and Earley21 investigated the
oxidation of chromium(III) to chromium(VI) by hydrozen per-—
oxide. They found it necessary to age their chromium solu-—
tions in base Ior fixed periods of time before add allzge
line hydrogen peroxide so as to insure a constent distrib-

ution of the various chromium species. Reaction orders were

18



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

The chromium=hydrogen veroxide system in general is
1ittle undezstood. Several studies of peroxide complexes
of intermediate oxidation states of chromium have been
done. Garner snd coworkers have succeeded in prevaring a

22,23 v
The synthesis

number of chromium(IV) diperoxo amines,

of various peroxychromic snecies by the dropwise addition
(<]

of hydrogen peroxide to chromic acid solutions at =9 +to

° . . . . ra 2
-4 is detailed in a oaper by King and coworkers. 4 The

ITT II(O

species Crj Og*'and Cr% 2)g+ were isolated.

Evans25 investigated the nature of the peroxychromate
snecles. As CrO5 guickly decomposes in acueous solution,
the study was carried out in aqueous nethanol., He found
that the species Cr05 obeyed Beer's law over a wide concen-—
tration range and, using Job's method, deternined that CrO5
nas two peroxo grounps. The kineties of the formation of
0_05 in nonagueous media was investigat by Tuck and

JaltersZG and by Wilkins and coworkers. The reactlon was

.
Y

irst order in both chromium(VI) and hydrogen
neroride,

Ardon and Tlone® found tha’t the reachion of chromium(II)
with hydrosen peroxide in acid media produced nonomeric

chromium(III) and o dimeric species of chromiuwnm(III) which

19



wes 144 of +the total chromium. They speculated that this

vas due to the oxidation of chromium(II) by two pathways:

2+ 3+ .
Crc e—— Cr 1 electron path (monomeric) (212)
2+ 4 +
Cr® ——>Cr 2 electron nath (21h)
2+ L+ . . .
Cr°" + Cr — dimeric cpecies (22)
The coovdination numbers agsociated withh the various
oxidation states of chromium play an inportont role in the
riechanisng of the electron transfer reactions in viich
chromiunm narticipates. Chromium(VI) iz known to be four-
coor01nabe.28 Hunt ond Teube®” have esbtablished chromium(III)

as six—coordinate throush the use of isotopic exchanges It
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

&

tekes place, it is necessary to examine the properties of
caronium(IV) and chromium(V). Comnounds of chromium(IV)

and chromiun(V) are relatively rare because of their sen-
gitivity to air and moisture. It was found that K, CrFg has
the same xz-ray diffraction pattern as K MnFg, in which it
is knovm that Mn(IV) has six fluoride ions surrounding it
in an octahedral urrnnvement. 0,31 The chromium(V) compound
Ba3(0r04)2 is isomorphous with Ba3(204)2 which contains a
tetrahedral anion.Bg’33

By analozy, chromium(IV) should have the same coordi-

nation as vanadium(III), with which it is isoelectronic.
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Comparison of the visible spectra of ammonium vanadium alum

4
(containing v(Hzo)g ion) and vanadium(III) in solu‘tion34

sugcests a coordination number of six for vanadiumiIII).
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
1018422270 Por these regsons, chromium(IV) and chromium(V)
are considered to be six- and four~coordinate, resvectively,
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(IIT) and chromium(VI).
Exchange between chromium(V) and chromiun(VI) is expected
to be rapid by analogy with the exchange between manganate

: 6 . - . v s
and permanganate.35’3 In similar fashion, the equilibrium

[ d

% »*
Cr(III) + Cr(VvI) == Cx(IV) + Cx(V) (23)

is expected to be rapid by analogy Withupiﬁfonium and nep-
tunium systems.37f38 From the above it can be seen that
vinile the point af 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(ITII)-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 oxidizing agent than on the part played

by chromium(III) as a reducing agent. It ig the aim of the

present work to provide additional insight into the role of
chromium intermediates in redox reactions; 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 Cr(H20)2+'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 408 nm (€=15.6) and at 574 nu (€=13%.4),
the positions of maximum absorbance of the monomer.go

Hydrogen peroxide solutions of the desired concentra-—
tions were prepared from commercially available 3057 HoCo
solution (Pisher Chemicsl Co.) without added stabilizers.
The hydrogen peroxide was standardized by titration with
notassium pernanganate.

Carbonate~free sodium hydroxide stock solutions were
nfétaﬁdardized uging potassiunm hydrogen rvhthalate. Periodic-
ally, the carbonate concentration waog determined by titra-
tion of sodium hydroxide with hydrochloric acid to a phenol-
phthalein endpoint followed by titration to a methyl orange
endpoint.39 The levels of carbonate found to be onresent
were such as to have a negligible effect on the kinetles of
the reaction. In a kinetic run where an appreclable anount
of carbonate weos added, no catalytic effect was observed

and the carbonate functioned solely as o base.

ctral Study. A Cary Model 14 Recording Spectrophotometer
was used to obtain the spectra of all solutions. The specs=

trum of the Cr(H20)6 stock solution is shown in TFige. (1a).

Basic, netastable chromium(III) monomer (Cr0 ), the spectrum
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Figure 1. Absorption Spectra of Chromium(III):
A - in acid B - in base
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of which is shown in Fig. (1b), has absorbanc: maxima at
425 and 594 nm (€=27.1). The absorbance maximum of chromate
. S 21 ‘

is at 374 nnm,

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

40,41
""" showm sche-

Aminco-Morrow Stopped-Flow Apparatus (SFA)
natically in Fig. (2), allows reactions with half-lives of
nilliseconds or longer to be followed spectrophotometri-
callye IFige (3) chows the SFA in relation to the entire
experimental systen,

Two solutions, whose mixbture will initiate “the reaction,
are stored in driving syringes. All components in the SFA
which come in contact with reaction solutions - syringes,
valves, connecting tubing, mixing chamber; and observation
cell - are made from chemically resistant materials: Kel-T,
teilon, ethylene-propylene rubber, glass, and quartz.
Thermostating of solutions is achieved by the circulation
of water throursh holes drilled into the aluminum block in
which the driving syringes are mounted,

Upon simulbtaneous advancenent of the pistons by cone-
pressed nitrogen, the two solutions are forced through
teflon tubes into a teflon mixing chamber, From there they
enter a quartz window observation cell with a path length
of 10 mm. The dead time, the time required for the solution

ack e ~oint of S ion from the noi nixing
to reach the —~oint of observation from the point of mixing,

is 2 milliseconds for an observation cell with o 10 mnm
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Stopped-Flow Apparatus,.
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cell
.lamp | monochromator 0 PMT 'j
1 2 3 4
5
6
scope
photometer .

The light source is a tungsten lamp powered by a
Harrison 6274A dc power supplye.

The monochromator is a modified Beckman DU,

The mixing system is an Aminco-Morrow Stopped-Flow
Apparatus. The dead time 1s 2 msec., and the mixing
time is less than 1 msec. with better than 98%
efficiency.

The detector is an R1%6 Photomultiplier Tube powered
by a Harrison 6515A dc power supply.

An Aminco Linear-Log Photometer permits offsetting,
change of bandwidth, and selection of output as

% transmittance or as absorbance.

The change in absorbance is displayed as a trace on
a Tektronix R564B Storage Oscilloscope.

Figure 3. Schematic Diagram of the Experimental System.
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vath length and a flow velocity of 14 ml/see. The efficiency
of mixing is greater than 984 in less than 1 millisecond
after mixing begins.

After leaving the observation cell, the reaction miv-

ture enters an exhaust chamber and advances the piston of a
stopring syringe, hen this piston contacts the tip of a
nicrometer, a switch is closed, triggering the storage

geilloscone. Typically, about 0.1 ml of each sclution is
used for ecach run, sufficient to flush any solution fLrom

?

previous runs and leave fresh solution in the observation

val during which react-

U

‘33

cell, The transport tine, the inte
ants flow, is on average about 10 milliseconds for the
volumes of solutlion used,

Referring once again to Fige. (3), light from a tung-
sten source powered by a Harrison 6274A dc power supply
pacses through an Aminco Minimonochromator and then through

the observation cell. Transmitted light is detected by an
R-1%6 FPhotomultiplier Tube (PMT) powered by a Harrison
6515A dc power supnly and the PMT output is fed into an
Aminco Iinear-Iog Phnotometer where the sipgnal ig filtered
and converted to a logaritimic (absorbance) signal which is
displayed on a Tektronix R564B Storage Osclilloscope. A
Polaroid camera is used to photograph the kinetic trace

for later analysis.

In 2ll kinetic runs, wnseudo-order conditions [Appendix
(I—A)] have been established, ¢0f the two solutions in the

4
dt s . . . o+
driving syringes, one consisted of Cr(h20)6 and hydrogen
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peroxide diluted to the desired concentrations from their
respective stock solutions, The pH of thig solution was
approximately three. The second solution counsisted of sodium
hydroxide stock solution diluted to the desired concentro-
tion., Ionic strength was adjusted using sodium perchlorate.
This expverimental mnethod insured that chromium(III) monomer
was the speclies being oxidized because no base was added
before initiation of the reaction. Rates of reaction were
followed by measuring absorbance changes at 374, 500, and
594 nm, All solutions were thermostated at 25.0:to.loprior
to initiation of reactions. There was a small temperature

rise of less than one degree upon nixing of solutions.

the

iy

Gas Evolution. Oxysen evolution during the course o

reaction was nonitored by means of a zas buret.

ESR Study. Paramasnetic species generated during the reac—
tions were detected and monitored with btime using a JEOL
ILTD, JES-SM-1 continuous flow system in conjunction with

a JES 3X JECL esr spectrometer. To determine g values the
field was calibrated using a”xLdiphenyljﬂ—picrylhydrazyl
(DPPH) and the reaction monitored without resetting the

klystron frequency.

Calculations and Simulations. A Hewlett Packard 9510A
Calculator with a 500 step program memory was used both to
evaluate rate counstants and, in conjunction with a Hewlett

Packard 95624 Calculator Plotter, to simulate kinetic runs,.
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Regults

 Investigation of this system was initiated at 374 and
594 nm, where product and reactant, respectively, have
absorbance maxima’; Preliminary results indicated that the
rate of loss of reactant did not correspond o the rate of
gain>of product, At 594 nm, where the loss of reactant was
being menitored, am inltial absorbance inorease was noted,
followed by the expected decrease in absorbamce. At 374 mm,
where the gain of product was followed, there was a rapid
gain in absorbance followed by & much slower absorbance
increase which, at low total hydrogen peroxide concentra-
tion, lasted far lomger thar the time for the loss of
absorbance at the other wavelength. Construction of a time-
spectrum (350 - 625 nm) revealed the presence of at least
one intermediate [Fig. (4)]s It was determined that this
intermediate could be best studied at 500 nm, where there
was apparently no interferemce from other absorbing species.

Figures (5) through (9) show photographs of iypleal

kinetlec 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 onee, 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
"breek® in the exponential curve, At low total hydrogen
peroxide concentration, the slower of the two loss steps
is over long before the termimation of the slow galin at
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Equal amounts of reagents A and B were mixed,

Reagent A: 2.00 x 10-4 i Cr(H20)2+; 9.76 x 10--3 MH

0 .
2.0 N ¥aCl0, e’z 7

Reagent B: 0.430 M NaOH ; 2.0 M NaClO4

A = 374 anm Path Length = 10 mm 0.04 0.D./Division
Sweep Rates (from top) : 5 sec/div
2 sec/div
1 sec/div

045 sec/div
0.2 sec/div
0.1 sec/div
0.05 sec/div

Time Constant = 10‘4 sec

Figure (5)
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Equal amounts of reagents A and B were mixed.,

-4 3+ -
Reagent A: 2,00 x 10 ' M Cr(H20)6 s 9.76 x 10
2.0 M Na0104

3

Reagent B: 0.420 M NaOH ; 2.0 M NaClO4
2 = 374 nm Path Length = 10 mm 0.1 0.D./Division
Sweep Rate (reset) : 15 sec/div

Time Constant = 10'4 sec

Figure (6)
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Equal amounts of reagents A and B were mixed.

Reagent A: 5.00 x 1072 M Cr(H,0)g%; 0,195 M Hy0p ;
1.8 M NaClO4

Reagent B: 0.782 M NaOH ; 1.8 M NaC10,

A = 500 nm Path Length = 8 mm 0+.04 0.D./Division
Sweep Rates (from top) : 0.1 sec/div,
0.05 sec/div,
0.02 SeC/aiVo
0.01 sec/div.

Time Constant = 0,001 sec

Figure (7)

34



Equal amounts of reagents A and B were mixed.

-3 3+ .
Reagent A: 5.00 x 10 ° M Cr(H o)6 s 0,195 M H
1.8 M NaClo, 2

Reagent B: 0.782 M NaOH ; 1.8 M NaCl0

205 3

4
A = 500 nm Path Length = 8 mm 0.04 0.D,/Division
Sweep Rates (from top) : 1 sec/div
2 sec/div
5 sec/div

Time Constant = 0.001 sec

Figure (8)
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Equal amounts of reagents A and B were mixed.

Reagent A: 5.00 x 107> M Cr(H20)2+; 0.0976 M H_0, 3
2.1 If NaCl0, 2’2

Reagent B: 0.215 M NaOH 3 2,1 M NaClO4

A = 594 nm Path Length = 10 mm 0.01 0.D./Division
Sweep Rate: 1 sec/div (reset to get bottom trace)

Time Constant = 0,001 sec

Figure (9)



374 nm,

In contrast to the complications at 374 and 594 nm,
the reaction at 500 nm appeared to be that of a straight-
forward build-up of an intermediate followed by its loss at
a mueh slower rate. An induction period preceding the gain
of intermediate, which had the effeet of lengthening the
time for the first half-life, was the only complexity
which seemed tc be present. The results obteined at 500 nm
were ocruclal 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 traces from
points where they had become clearly exponential in form.
The measured rate constants were them assumed to be due to
the second step. After postulation of a mechanigm and an
appreciation of its mathematical implications, however, it
was determined that such was not the case. The first half-
life, inocluding the induetion period, was found to convey
information significantly different from that conveyed by
the mecond half-life. It thus became important to examine
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both the first and second half-lives,

Columns (6) and (7) of Teble (I) show the kinetic data
for the first and secomnd half-lives, respectively, for the
rapid build-#p of intermediate. Column (5) of Table (II)
shows the data for the loss of intermedlate, 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 comnditions
the fast build-up cf intermediate obeys the rate law

Rate = kp [or(1ID)] . (24)

The rate constant, k,, , was caloulated from the gec=
ond half-life and can be related to the hydrogen peroxide

concentration through an equation of the form

Kype = 8[E0pa/f2 + OF Jepp ] (25)

where [Hy0p)p Tepresents the total hydrogen peroxide con-
centration and [OF~], represents the hydroxide concentra-
tion after correction for base consuming processes: conver-
sion of Cr(H20)2+ $0 Cr0o* and neutralizatiom of hydrogen
peroxide funetioning as a monmoprotic acid.

A significant feature of the kinetic traces at 500 nm
is the variability of the total changé in absorbance. The
heights of the absorbance maxima in Table (I), colum (5)
(in 0.D. from sero absorbance) per unit comcentration of
» "ro' 15 sssuned by Baloga and Eari.:ﬁl to be the identity

he chron:l.um(I I) species init y present in basic
solution.
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TABLE I

KINETIC DATA AT 500 nm®*P®
FAST GAIN

[exly [Bp0oly [0F1S [E0.]° sa k@) k(B
z 107 x 104 (0.D.) (sec~l) (sec=l)
1.00  0.0293 0.407 3,16 1.5 1.7
1.00  0.0488 0.388 5453 342 3.5
1,00  0.0195 0.0835 9.86 0.040 6.6 Te3
1.00  0.0975 0.340  12.5 77 9.2
1.00  0.0195 0.0319 23.9  0.083 11 11
1.50  0.0195 0.188 4049 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  0.0488 0,166 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 Te7 8.7
2,50 04184 0.235 34,2 0,30 16 21
2,50 040920 0.113 34,8  0.29 17 22
2,50  0.0488 0.0506 39.4  0.32 17 20
2,50  0.244 04190  55.7  0.40 25 30

a - All runs at 25.0 * 0.1°

b - Ionic strength is 2.2 M.

¢ - Calculated using the program in Appendix (II-A).
d - k1) determined from the firet half-life.

€ -~ k(z) determined from the second half-life,

f - The least-squgres_plot Qf k( [H ] yields
ky = 5.3 x 10 M-1 :sec:“i sﬁown 2F§g. (11).
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[er]p
x 107
1500
1,00
1,00
1.00
1,00
1.50
1.50
2,50
2450
2450
2450
2.50
2450
2.50
2.50

KINETIC DATA AT 500 nnm®?
~ STOW 10SS

(8:0,]

0.0293
000488
0,0195
0.0975
0.0195
0.0195
040195
040488
00488
040975
040975
04184

040920
0,0488
05244

TABLE II

[om~]8

0,407
0.388
0.0835
0e340
0.0319
0.188
04103
0.380
04166
04332
0.283
04235
04113
0.0506
0.190

8 - All runs at 25.0 * 0:1°

b - Jonic strength is 2.2 M.

b

[Bx0,]°
_x 104
3,16
5653
9.86
12.5
23.9
4449
8,08
5464
12,7
12,9
15.1
34,2
5448
394
55.7

k3
(sec™?)
0.13
0012
0.085
0.11
0,073
0.083
0,081
0e12
0.095
0.12
0,10
0,096
0.090
0.076
0.13

¢ - Calculated using the progrem in Appendix (II-A),

40



chromium are proportional to [H,0,]p and iaversely propor-
tional to [0H~] .

The observed rate comstant for the slow loss of interw
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 comsequence of mixing
Cr(B,0)Z* with base. The rapid rise was followed by two
successive loss steps: a rapid loss whioch was first order
in hydrogen peroxide and chromium and inverse first order
in base and a slower loss whiech was independent of the
materials in excess. Two importent observetions were made
at this wavelength: the total absorbamce per unit concen-
tration of chromium did not change significantly with vari.
ation of hydrogen peroxide and hydroxide concentrations
over a good ramge, and the time taken for achievement ofi
maximum absorbance at 594 nm was comparable to that teken
for the attaimnment of maximum absorbance at 500 nm, No
kinetic information could be obtained from the formation
step. The feet 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 (I-B)]. The hydrogen peroxs
ide dependence and inverse hydroxlide dependence of this
step was esteblished but a precise value for the rate con-
stant could not be determined, 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) eolumn (4) shows the
rate constents for the rapid formation of intermediate at
374 nn, 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) eontains the data for the slow, hydrogen peroxide
dependent step. Both steps were analyzed 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 nme

Ionic Strength Study. An lonic 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 varlous reactions, Tables

(VI) and (VII) show the results at 500 and 594 nm and at
374 nm, respectively. Since the chromium speclies followed
at 500 and 594 nm have relatively low absorptivities, the
concentrations of reagents necessary to permit spectro-

42



TABLE II1

KINETIC DATA AT 594 nm®*"?®
[B,0,]p [0H"]2  [E,0,]% 44 k0 kg%x'1072
x10*  (0.D,) (sec™l) (1 sec™1)
0,0488  0.0506 39.4 0.066 0,089 1.7
0,0488 0,0832 24.8 0,054 0,093 242
0,0488 0,166  12.7 0,055 0.11 2,5
0.0488  0.602 3458 0.052 0417
0,0975 04109  38.3 0,063 0.1l 1.8
040975 0.166  25.5 0.056 0,11 2.1
0.0975 0.332 12,9 0.058 0.13 2.8
00195 04237 3549 0,072 0.14 1.8
06195 04333 25,7 0,058 0.14 2.0
a - A1l Tuns have [Cr]p = 2450 x 1077 N,
b = A1l Tuns at 25,0 ¥ 0.1°
¢ - Ionic stremgth is 2.2 M.
d - Caloulated using the program in Appendix (II-A).

€ =

Evaluatod by means of the infirite-time method
Appendix (I-B)]. The fast loss step, from which

was evaluated, is proportional to the total .
hgdrogen peroxide concentration and inversely pro=-

rtional to the hydroxide concemtration. The rate
constan'b is irndependent of both hydrogen peroxdide
and hydroxéde. Precise values of k= and kg could not
be obtained as it was impossible decon¥olute the
two contributing portioms throughout the range of
concentrations used.
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PABLE IV
KINETIC DATA AT 374 nn®’0?C

FAST GATN
[E205] [or ] [850,] Kona
x10° 100 (eee™)
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 040260 285 14
19.5 0.110 7549 3eT
1945 00195 43.4 2.1
19.5 0.325 26.3 1.3

a - All rums have [Cr]p = 1.00 x 1074 u,

b - A1l runs at 25.0 * Q.1

¢ - Ionic strength 1s 2.2 M,

d - Calculated using the program in Appendix (II-A).

e - Evaluated by means of the time-lag method
[Appendix (I-C)J.

£ - The least-squares plgt of Kopg V8. gﬁ%ﬁ%lin
as

elds kqy = 4.9 x 10° M™ sec
ge (127,
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TABLE V
KINETIC DATA AT 374 nm®sP
SLOW GAIN

[er]q [B0,]p  [0E7)q [1,0,]° kopa® x 10

210 107 x10°  (sec™t)
1.00 4,88 0.339 6.31 1.6
1.00 15.6 0.329 20,8 5.4
1.00 19.5 0325 26.3 6.2

10.0 4.88 0.431 4,97 1.4

10,0 9.75 0.426 10.0 303
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 * 0.1°
b - Ionic strength is 2.2 M.
¢ - Calculated using the program in Appendix (II-A).

d - Evaluated by means of the time-lag method
[Appendix (I-C)J.

e - The leasimsquares plot of k., Vs. [Hy0o]
yields k¢ = 23 1 sec~! as shom in Flg. (21).
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TABLE VI
EFFECT OF VARIATION OF IOKRIC
STRENGTH ON RATE CONSTANTS

AT 500 AND 594 nm®*®
500 nm 594 nm
[Na0104] 2 kogzin kO%:ss ko§§8t loss
) (see™l)  (sec™d) __(sec™h) ©
0.26 0.50 6.0 0,094 0.40
0.76 1.0 73 04090 0.36
1.5 1.7 Te3 0.091
2.0 2.2 845 0.095 0.28
2.5 2.7 749 0.10
340 342 843 0410 0435

a - All runs have [Cr]p = 2.5 x 107> M, [HoOp]p= 0.0488 M
[NaOH]y = 0.226 M

b - A1l runs at 25.0 * G.1°

¢ = Evaluated by means of the imnfinite-~-time method
[ Appendix (I-B)]
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TABLE VII
EFFECT OF VARIATION OF IONIC STRENGTH
ON THE RATE CONSTANT FOR THE PFAST

REACTION AT 374 nm®P

[Nac10,] M Kobs

_x 104 0 (sec™h)
4.0 0.0054 0442
24 0.0074 0637
54 0,010 0442
100 0,015 0.4l
150 0020 0048
200 0,025 0.41

& - All runs have [Cr], = 2.0 x 107 ¥,
[Ex0,]p = 4.86 x 10™* 4, [NaoH]p = 4.89 x 167> M
b - All runs at 25.0 ¥ 0.1°
¢ - Evaluated by means of the time-lag method
[Appendix (I-C)]
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photometric monitoring and to establish pseudo-order con-
ditions constitute excessively high lonle strength 1evels.42
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.

No ionic strength effect was observed at any wavelength.

Effect of Garbonate. The use of sodium hydroxide to set
baslcity always introduces the problem of carbonate contam-
ingtion. In order to minimize the amount of carbonate pre-
sent, a saturated solution of sodium hydroxide (in which
carbonate 1s 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 eon-
centration. Thus, a solution 0.431 M in hydroxide concen-
tration 1s at most 05009 M in carbonate. To determine the
effect of carbonate on this system, o kinetic run was made

in whieckh a significant amount of carbonate was added.

500 594 . =2
[er], [B,0,)p [NaoH]y [Na,C0,] k2O ik, k2% 10

(seo’l) Lgec“l) (M’legc‘l)
0.0025 0.0975 0.431 — 7.5  0.11 2,6
0.0025 0.0975 0.431 0.10 68 0,20 249

These runs were made at 25.0 ¥ 0,1° and 2,2 M ionic strength;
The above shows that the only influence due to carbon.
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ate 1s to effectively increase the base concéntration,
thereby decreasing the rate of reaction. Thus carbonate has
no catalytic properties in this system,

Effect of Product. To determine the effect, 1f any, of
chromate on the reactions being followed, several runs were
nade with sodium chromate added to the sodium hydroxide
solution before initiation of the reaction,

[erly, [E,0,]p [WeoH]y [cro7] k298 ks k2 % 1072
(sec™) (sec'l) ;u@%geg'l)
040025 0.0488 0,108 - 17 0,089 1,6

0.,0025 0,0488 0,108 0,010 17  0.087 1.6
0.0025 0.0488 00,108 0610 17 0,086 1.6
These runs were made at 25.0 * O,1°and 2.2 M lonic strength,.
The table shows that chromate has no effect on the

reactions monitored at 500 and 594 nm. No attempt was made
to follow the reaction at 374 mm as chromate absorbs
strongly in that regiom and a 0,010 ¥ concentration of
chromate would cause saturation of the FMT.

Effect of a Chelating Agent. The presence of a reaction
intermediate can often be established by the effect of a
chelating agent on the rate of reaction., In a study of the
decomposition of peroxochromic acid by Morrow and cownrkere,43
it was observed that the addition of diplecolinic acid (DPA)
to a mixture of acidified potassium dlichromate and hydrogen

peroxide led to & 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 intermedlate.

DPA could mct 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.

[ex]p [B,0,], [¥goE], [ethylene 44 4794

diamine] (0.D.) (0.D.)

0,0025 0.0975 0.441 onem 016 0.05

000025 0.0975 0.441 0.25 0,024 0,04

These runs were made at 25.0 * O.1° and 2,2 M ionic strength.
A comparison of the two reaction mixtures, ldentiecal

500

except for the presence of chelate in one of them, shows
e drastic decrease in the maximum ebsorbance change at

500 nm. 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 specles
witk net electron spin angular momentum. In the present
system, the +3, +4, and +5 states of chromium contain three,
two, emnd 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 bydroperoxyl 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 gtudied 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 pesk 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., In addition to the obvious differ-
ence in linewidth between this peak and the one for chro-
mium(III), it should be noted that the chromium(III) 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 specles. The region in the magnetic field
where the resonance condition oceurs is related to the frei

quency cf the incident microwave radiation by the formula
hy = gH, (26)

where h 1s Plenck's constant, V ies the microwave frequency,
g 1s a factor required for all cases other than thosge
involving pure orbital angular momentum, g8 is a constant
callsed the Bohr magneton, and H, is the resonant field
strongth.44 In order to determine the g factor for the
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100 G

A - [Crlp = 2.00 x 1077 M, [Hy0,]q= 0.0777 ¥, [HC10,] = 0.02 M
B~ [Cr]lp= 1,00 x 107 u, [Hs05]p = 0.0389 M, [NaOH] = 0,37 M

Spectrum B was reéorded 0.l 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 1s known. The standard employed was solid DPFH
which has & g value of 2.0037+°A run was made to determine
the field position of the sharp DPPH peak. Then, without
changing the frequenocy of the incident microwave radiation,
the reaction was monitored and the rescnant field strength
at the point where the esr peak was observed was determined.
Using the equation given above, the g value for the signal
detected during the reaction was found to be 1.977. i
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Ihe Mechsmism: I. Imtroduction
| The overall reaction obeys the following stolichiometric
relationship:

2 Cr07 + 3 HOp —2 cro + OH + H0 (27)

A necegsary preliminary in the development of a mechanism
for the above 1s the interpretation of the hydrogen peroxide
and hydrozxide dependencies found for several of the Treace
tions. There are two plausible explanations for the inverse
base dependence, First, assume that the species given as
C10; can be written as Cr(CH); [1.e. 0%~ = 2(0H)] and that
1t participates in the equilibrium

Cr(0H)T = cr(c>H)3 + O™ . (28)

If Cr(OH)3 is the chemically active species, then eq. (28)
combined with eq. (29)

cr(on)3 + HOG — Cr(ozn)(on)g (29)

accounts for the observed inhibitien by base. The chemieally
active hydrogen peroxide specles 1s the hydroperoxide ion
according to thls 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, [0}, is related to [H,0,]n and [0H],
through the expression
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[B205] = [520231/{1 + EOH.]"/Kh} (30)

where Ky, is the equilibrium constant46 for the hydrolysis
of HO3

HO3 + Hy0 ===H,0, + OB s Ky = 4.44 x 207> (31)

If kopg of eqe (24) 1s related to the actual hydrogen per-
oxide concentration, the substitutiocon for that concentra-
tion through eq. (30) gives an equation of the form of

eq. (25),

On the basis of kinetic resulte alone it is not poss-
ible to distingulsh between HO, or H,0, as the active per-
oxlde 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 stremgth
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
ionie 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)3
or H202 is that neutral species.

Other workers have favored Hy,0, as the active specles.
Thus, Sutin and ooworkers47 concluded that chromium(II)-
cyanide complexes in basic media react much more rapidly
with H)0, than with HO,. Their findings were in agreement
with Halpern and coworkers48 who observed that the rate of
oxidation of co(cn)g’ by hydrogen peroxide exhibited an
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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 H,0p 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
e mechanlem 1s to find an explanation for the dependence of
the pesk height at 500 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 500 nm, and P = product not absorbing at
500 nm,

In order for an intermediate to accumuiate in appre-
clable quantity, equilibrium involving formation of ML must
be established more rapidly than the rate of less of ML to
form product. The results at 500 nm further require that
appreciable amounts of chromium(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. Firet, the similarity of the slow loss steps at
500 and 594 nm 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 vardation of the hydrogen peroxide cone
centration. Second, the esr spectrum recorded 0.l second
after the initiation of the reactlion 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

meckanism can be shown schematically as

Scheme I

In the above mechanism only species C absorbs at 500 nm
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whereas both species € and D absord (with similar absorp-
tivities) at 594 mm, The presence of species B is necessary
to explain the induction period observed at 374 and 500 nm,
Also, 1f 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 g basic chromium solution, whieh
is not the case. Accordimg 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. No such effect on
absorbance will be seen at 594 nm since any decrease in C
nerely increases D and vice versa.

The branching mechanism explaing the effect seen upon
addition of chelate in a very simple manner, The chelade
has lowered the amount of C produced so that the absorbance
at 500 nu is conslderably reduced. The production of D
rises in direct consequence of the dimirution of C so that
the absorbance at 594 nm is not greatly affected. It is
eminently reasonsble that C should be reduced in comcentra-
tion relative to D - the hydrogen peroxide molecule which
mst coordinate tc produce C 1s 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 thie mechanism, Since two species, C and D,
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are being produced and are visible at 594 nm, it is not
unreasonable for them to decay by differant mechaniems at
different rates.
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The Mechanism: 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 I is
Ks

y‘
0.
Cr(III)-EE;—aB HaCe Scheme II

where k3 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 are:
-4 [cr(III)] /at = ky [B,0,] [cr(IIT)] (34)

~d[Bl/at = <k [Hy0,] [Cr(III)] + (kp[H,0,] + k4)[B] (35)

1t

-d[c]/at = -k, [H;0,] [B] + ks[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 techniquest?s»50 for
solving such a set of equations is to assume that the
following trial solutions hold:

[cr(111)] = ae®* (37)

[B] = be~®% (38)
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[c] = ce™™* (39)

Substitution of the trial solutions into thelr respect-
ive differential equations, followed by rearrangement yields

(n - klﬂﬁaoa])a =0 (40)
(m - ky[Hy0,] - k,)b + x, [B,0,]a = 0 (41)
(m - kz)e + ky[B0,]0 = 0 (42)

The method of determinants is now applied to solve the

above linear simultaneous equations.

m - ky [Hy0,] 0 0
k[B,0,] m-k,[H0,] -k, 0 = 0
0 Xk, [Hy0,] m - kg

Expansion of the determinant gives the equation
(n = k9 [B505])(n = kp[Hy05] = kg)(m ~ k3) = 0 (43)
the roots of which are
m = ky[H,0,] my = ky[H)0,] + k,  my = kg

These three roots, when applied to the original trial solu-
tions [eqs. (37), (%8), and (39)], generate a set of three

simul taneous equations
[er(1I1)] = a;67M2% 4 aje~2% 4 age~3° . (44)
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[B] = bye™% + Bye 2% 4 pye™3" (45)

[e]

There is enough information avallable to turn the above

ole'-mlt + 029“32"‘ + 03,-m3t (46)

expresgsions into explielt equations permitting the calcula-
tion of each concentration as a function of time.
Setting t = 0,

[or(111)] = [ox(IID)] g = 8y + 2, + a4 (47)
(B8] =[B], = 0=y + by + bg (48)
(] =[c],=0=¢c) + ¢, +04 (49)

Substituting the various values for m into eq. (40),
1t becomes apparent that a, = a5 = 0 [viz. (m, - X, [H,0,])a,
o - k& [B,0,] # 0, then a, must equal zero ]
and [from eq. (47)] ay = [Cr(III)]y. Therefore, substituting

into eq. (44) yields

= 0, and since m

[ex(1I1)] = [Cr(III)]Te‘kl[BZOZJt (50)

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

by = ky [H,05]ay

= (51)
(kp - k9)[Hy05] + ky -

and by = 0. Utilizing eq. (48), it follows that b, = -b,
and 2q. (45) becomes
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k. [B,0,] [cr(1II)]
- b 272 T § .-k [B50,]¢
(2] (kp - k1) [H0,] + k, {e 1 32 2

- o=(ka[Hs05] + k4)“} (52)

Equations (42) and (49) provide the following relation-
shipas

(i, [B,0,] - k5)e; + k,[H,0,]b) = 0 (53)
(k,[H,0,] + k, ~ kj)e, + k,[E0,]b, = 0 (54)
€3 = = €1 = O (55)

Solving for the values of o3, cp, and cx 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 times

__xip[R0.)2for(riny]y e lA202]t
{(k2 - kl)[Haoa] +k 4}(1;1[3202] - k,)

[c]

Ik, [H,0,]2 [Cr(IID)] 4 e~ (k2 [H200] + kg)t
{Gep = 1)) [H,0,] + kP, [B,0,] + K, = k)

. klszﬂaog]z['Cr(III)]g -3t

(ky [B50,] = k3)(k,[H,0,] + Kk, ~ k)

+

(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 l«:3 can be neglectdd.
Bquation (56) then reduces to
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0} - k) [8,0,] [er(1ID)], K, [2,0,] [cx(111)],, e¥1[H202]%
k,[B,0,] + k, (k, =% JE0,] + E,

, b [nzog]zfcrczn)]m o (k2 [H202] + kq)%

-[(1:2 - k) [H,0,] + k 4}(1:2 [3202] + k)

(57)
and the maximum concentration of € (setting t = oo and ignor-

ing the loss step) is

_ K [11202][01-(111)] .
[C]nax = k,[6,0,] + k,

(58)

Equation (58) is a particularly useful expression. Its
first application will be to help relate the observed rate
constante at 500 nm to the microscople 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 halfwlives.
Since the concentration of C at the first half;life,[c]é,
is one~half the maximum comncentration, egs. (57) and (58)

can be related in the following manners

k [Hio ][cr(I:I:I)]E

S §
[ = #l0) .= 2 K, [B,0,] + &,

_ k, [3202] [cr(111)] P ka [BEOE] [Cr(un]i o—¥1 [3202] 1;%(1)
ky[H0,] + &y (k, = Xy )[H,0,] + k,
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k k, [1,0,]2 [0r(111)], o~ (%2 [H202] + k)13 (2)

T T (kp - kq)[Bp0,] + kg [(Kp[Eg0p] + Ky) (59)

The first half-life is designated by ti(l).

If k, 18 a rate comstant for a process much slower

than processes represented by k2 and k4 such that

then

o—k1[Hz02]43(2) . k, [£,0,] o= (ko [H202] + Iy)t3(2)
Ky [B0,] + ky, ’

The velidity of this assumption will be shown later. Using

this assumption in eq. (59) gives rise to the expression

1 ¥ [H,0,] [or(II1)]y _ kp [H,0,] [or(111)]

2 kp[B0,] + Ky kp [Hx0,] + Ky
1
_ ky[H0,] [Er(IID)] 4 o~k1 [B202]13 (1) )
(k, - k) [Hy05] + K,
which upon rearrangement and taking logarithms ylelds
in 2 - kq,[Bs0,] 1In 2
k(1) = = 1[E20,] (61)

obs = 5 ()" m[i(l _ 5y [B,0,] )]
ko [By05] + X,

where ké%g is calculated from the relationship between the
rate constant and the half-life for a first-order reaction.

At the tinme, t3/4, when three-quarters of the height
of meximum absorbance has been achieved, the concentration
of C is
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k, [Hgogj [or(1I1)] 7 k, [E,0,] fer(111)] p

‘ _3
[0]5/4=% k, [B,0,] + k, k,[H,0,] + &,
_k]_[ﬂ202]1?
_ k, [HEOE] [c.r(n:c)h e 3/4 62)

(k, = ky) [H05] + Ky

with the assumption that e~ (¥2[H202] + K)¥3/4 4o poonypinne,
Rearrangement of eq. (62) gives
1 (kp - 1) [H0,] + k,

-k, [H0,]t5,, - 1 271
e~ 1H0,1%5 + 50, + ¥, (63)

which, upon the taking of logarithms and further rearrange-

ment, results in

o 1(. _ ¥ [B,0,] }
t - in 1l . (64)
3/4° k, [8,0,] [4( k, [H0,] + k, )

From eq. (61)

g (V= - —4 ln[!"(l" k1 [F0p) )} . (65)

kq [E,0,] 2 ky[Hy0,] + K,

Subtraction of eq. (65) from eq. (64) gives
m (D)2 __._;.__{ ;( _ _k[B,0,]
t t - In|=l1
AR Iy [H50,] [2 k, [By0,] + Ky )

- m[-:-‘-(l _ 1[0 )H (66)

4 k,, [3202] +k,
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or

' - (1) = ln 2 .
54 = %3 185053 (67
The quantity t3/4 - ti(l) is actually the second half.-
1life, t%(a), and therefore

kégg = m;ngz =k [H0,] ° (68)

The mathematics prediots 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 594 nm leads to the following
overall formulation:

K3 Scheme III
k ¢ ——
kl zH 0
Or(III) ——— B L7 —&L»cmﬁ"
HZOZ & k HZ o?.
s
—_—
® o,

The parentheses indicate an intermediate(s) which
could not be monitored.*¥ The rate constant k5 is for the
fast loss of intermediate observable at 594 nm, The rate
constant k. represents the slow process monitored at 374 nm.

From the above mechanism, it can be seen that the
interpretation of the kinetics observed at 500 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 section will there-
fore be to test the equations pertaining to Scheme I1I,
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The Mechanism: 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,[H,0,] <« k,[H,0,] + 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 kl should be experimentally
accessible through the second half-life [from eq. (68)] at
either wavelength, The least-squares plot o k(z) V8o [ 2]
for the data at 500 nm [shown in Fig. (11)] 1e linear, as
predicted, with a slope of 5.3 x 10° M+ sec™t,”*
diction made in the previous section that the third and

The pre-

subsequent half-lives would equal the second half-life was
borne out at 500 nm. The earliest parts of the kinetie
traces at 374 nm could not be analyzed by the half-life
method because of complications arising from the presence
of the subsegusut slow absorbance lncrease. The data was
analyzed by the time-lag method and the least-squares plot
of kypg V8e [Ho0p) [shown in Fig. (12)] is linear with a
slope of 4.9 x 10° ML gec™l, Thie is within the experi-
mental error and is in good agreement with the result at
500 nm, for a smaller kl value is expected at 374 nm because
of the influence of the induetion 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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This graph ie based on the data im Table (I).
The equation for the straight line, calculated by the method
of least-squares, is

kéﬁg = 0498 + 5.3 x 10°[Ex0,]

Figure 1ll. Flot of ké%g VBe [H202] .
Formation step at 500 nm,

70



374 nm

L]

10

koss (sech)

0 100 200

[E,0,] x 10°

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

kopg = —04040 + 4.9 X 10°[H,0,]

Figure 12, Flot of k,pg VS [Hy0,].
The fast reaction at %374 nm.



processes followed at 374 and 500 nm are one and the same

is seen to hold.
Sinee k, and k, oannot be meesured directly (as ky » ky

and the formation of D cannot be followed without inter-
ference from C at 594 mm), eq. (58) will be utilized both
as a test of the mechanism and to gain some information on
these rate constants. The concentration [Cl,.. in eq. (58)
is not known since k, and k4 are not known, but it can be
related to an observable physieal property - the absorbance.
Assuming that species C obeys Beer's law, [C],.. = 4A/¢ for
unit path length. 4A 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
¢ [or(111)] k
L=+ —4t— (69)
AA ko [Hy05]

Figure (13) shows the least-squares plot of the term
[cr(111)]p/8A vs. 1/[H,05]. The linearity provides excellent
support for the branching mechanism., The value of € (= 310)
was chosen to give an intercept of one. The resultant slope
is the ratio ksk, (= 0.0056).

The assumption made prior to eq. (60) can now be tested.
If the opposite assumption is made (i.e. k1[H202] » k, [Haoe]
+-k4) then, following the same procedure used to derive
eqs. (64) and (65), there are obtained
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[crl, /oA = 10°
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[3202] -1 X 10-2
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This graph is based on the data in Table (I) and on eq. (69).
The equation for the straight lime, caleulated by the method
of least-squares, is

[Crlq/AA = 3.2 x 1077 + 1.8 x 10°[B00] " .
Multiplication of both sides of the above equation b{ 310
sets the intercept equal to one, as required by eq. (69),
and glves an adjusted slope of 0.,0056. The factor 310 is

the absorptivity of the intermediate and the adjusted slope
is the ratio k4/k2.

Pigure 13, Test of the Branching Mechenism.
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1 i, [H,0,] + k
@)= - ln[‘]‘(l" 27021 4)] (70)

%
% kp[Bo0] + kg |2 k3 [Hp05]
and
- 1 1, _k[E0,] +k, }
g/g = = n|z(q = . (71)
3/4 k, [H0,] + k, {4( x, [H,0,] )

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

1)z il & o (72)

EoTH0,7 + k4 *

Once again, the quantity t3/4 - ti(l) is actually the
second half.life, t%(z), so ‘that

K$oa = -:";'(% = 1 [B,0,] + Xy (73)

The plot of kggg vs. [H,0,] shown in Fig, (11) yielded
a value of 0.98 for the intercept 2nd a value of 5.3 x 105
for the slope. Equation (73) identifies the slope with k,
and the intercept with k,. The ratlo k,sk; = 0.,00019 thus
obtained is in sharp contrast to the value determined
through eqe. (69). The value there is 0.,6056 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 kl, kz’ and k4. Therefore, the
assumption that k,[H,0,] + k, <« k;[H,0,] leading to eq. (73)
is rejected.

Although eq. (68) does mot predict an intercept for
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the plot of k{2) vs. [H,0,], there is no real discrepancy.
The intercept [Fig. (11)] can be explained as being due to
a small dependence on the hydroperoxide comcentration; A
least-squares anslyeis of the function k$2) = £ + £,[H,0,]
+ f3[H07 ] showed 1t to be linear with a high correlation
but the coefficients were unreliable duve to the magnitude

of the experimental error. The small negative intercept for
the plot of k,p Vs [H202] for the data at 374 mm [Fig. (12)]
is also a result of the experimental error. The assumption
that ky [H,0,] ~ k, [H,0,] + 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 k2 and k4, a calculator program for the simulation
of kinetic traces was written [Appendix (II-B)] based on
eq. (56). Using the values of k, and € determined previously
and varying k, and hence k, (with k,/kp = 0.0056) until the
best traces were obtained, values for k2 and k4 were deter-
mined. Simulations with experimental points indicated to
facilitate comparison are presented for the rapid gain at
500 am in Figs. (14) - (17).

The assumption that the fast gain and slow loss steps
at 500 nm are decoupled, permitting k3 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
5
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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 1s represented by k3 in Scheme III is
thus C'. Consequently, the quantity [C] in eq. (56) and
subsequent equations must be replaced by [OT] where

[cp] = [¢] + [¢*] and Scheme III must be modified to

Ke K, Scheme IV

C - > ! >

k, H,0,
k, Hzoz ké Pu
CI‘(III) —_—3B '—'——901'04
HZ 02 k “Zol
X k
D 2 >
R, 0,

where kI represents the rate constant for the induction
period. The value of ky 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 k2 and k4, found
through the technique of kinetiec simulation, can be rein-
forced through the use of eq. (61). The successful use of
Kq, k2, and k4 to predict values for kg%g by means of this
complicated relationship provides additiomal support for
the mechanism. Figure (20) and Table (IX) show the compar-

82



TABLE VIII
RATE CONSTANTS FOR PROCESSES IN SCHEME IV

kl = 5.3 +1.0x 103 lf'l 893-1

ky = 2.0 x 104 . aenec":l

Iy = 0.11 * 002 sec—t
kg = 1.1 x 102 sec™t
kg = 2,1 % 0.3 x 20% ¥t sec™?

kg= 23 % 4 nt sec-l
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TABLE IX
COMPARISON OF EXPERIMENTAT AND CALCULATED
VAIUES FOR k(i) AT 500 m®

(cr]n [B202] Y Kobg
x 10 x 104 (sec™t) (see™h)
1.00 3e16 1.5 1.6
1.00 553 %3e2 2.8
1.00 9.86 6.6 4.9
1.00 12.5 TeT 6.2

1.00 23.9 11 11l
1.50 4.49 2.0 2¢3
1.50 8.08 4.1 4.1
2.50 5.64 348 2.9
2.50 12.7 8.1 6e3
2.50 12,9 7.7 6ot
2.50 15.1 TeT Te4
2.50 3442 16 16
2.50 34.8 17 16
2.50 39.4 17 18
250 557 25 25

a - Experimental values taken from Table (I).
b - The calculated k., is from eq. (61). Values for
the rate constanis used ares k, = 5.3 x 10° sec‘l

ky = 2.0 x 104 w1 sec"l, k4 = 1,1 x 10® eec"l
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The circles and crosses represent experimental and calculated
values, respectively.

This graph is based on the data in Table (IX).

Figure 20. omparison of Experimental and Calculated
Rate Constants,
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ison between the experimental and caleculated values. The
agreement 1s 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' and D have been
g V8. [B,0,] for
the slow step at 374 nm, The intercept is interpreted as

consumed, Figure (21) shows the plot of k

due to an HO, dependence.
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374 nm

1 A ]

O ] 1 1
5 10 15 20 25 30

[B,0,] x 10

This graph is based on the data in Table (V).
The'equa¢1on for the straight line, calculated by the method

of least-squares, 1s

Pigure 21. Plot of kg Vee [Hs0o]e

The slow reaction at 374 mm,
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Discusseion
The mathematics developed in the preceding sections

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

An esr study of chromium(I¥). in a solid at 4.2 K by
Hoslcins and Soffer’t revealed a single absorption line with
a linewldth exceeding 20 gauss., Increased temperature caused
line broadening with consequent loss of signal well below
1liquid nitrogen temperature. To date, no one has ever suc-
ceeded in detecting an esr signal due to chromium(IV) in
solution. Chromium(V), on the other hand, has been detected
both in solid and in solution by means of esr. The first
esr signal observed due to 2 chromium(V) species was stud-
1ed by Carrington and coworkers.’2 The signal was due %o
CrOZ- and was found to be temperature dependent. T?e signel
broadened and could no lomnger be observed above 20 K.

A detalled study of the esr spectra of various chro-

mium(V) complexes in nonaqueous media was carrlied out by
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Kon.53 He found that for K20r0015 in glacial acetic acld at

room temperature the esr spectrum cousisted of a single nar-
row peak (AH = 2.8 G) with a g value of 1,9877. Compounds
of the type CrORCl4 (where R = tetracethylammonium, pyridin-
ium) were found to give narrow esr peaks with g values
close to 1.988 whether dissclved in glacial acetic aeld or
in nitrobengene.

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

24 The system which was investigated

by Wiberg and Schafer,
by them was the oxidation of isopropyl alecohol by chromic
acld in 97% acetiec acid. The esr spectrum, consisting of a
single well-defined peak with a g value of 1.9805, which
they obtained was asceribed to a chromium(V) speciea. In
addition, Wiberg and Schafer spectrophotometrically moni-
tored an intermediate which abaorbed 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-hydrogen 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 lntermediate observed at 500 nm, the same
spectral region in which Wiberg and Schafer recorded thelr
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 speciles other than chromium(V) giv-
ing rise to an esr signal must now be considered. Although
the balanced equation for the overall reaction [éq. (21)]
does not indicate oxygen evolution, measurement of gas evo-
lution during the course of a reaetion revealed that the
0,:Cr(III) ratio exceeded 1:1 for [Cr(III)]y = 2.00 x 107> M.
The mechenism of oxygen evolution from alkaline hydrogen
peroxide solutions proposed by Haber and Weisess involves
the production of hydroxyl and hydroperoxyl free radieals,
both of which can be expected to give rise to esr signals.
Another possible source of oxygen evolution ls 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 HO,* has a linewidth of
27 G,56 far wider than the pesk observed here. The hydroxyl
radlcal is also rejected as a possible source of the esr
peak. The OH* radiea} &s very shartmlived im-bBagic Mmedis
and esr spectra previously assigned to the species are now
thought to be metal-hydroxyl radfcal complexes.57’58 While
a chromium-hydroxyl radical complex as the source 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-
hydroxyl radical complexes have g values above 2.01 tends
to strengthen the case for chromium(V) as the intermediate?g’so
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The fallure to detect hydroxyl and hydroperoxyl radicals

may be due to their steady-state concentrations belng too

low to be monitored by esr.

A mechanism consistent with the experimental results

is glven below. In these reactions only the specles of

interest are shown,

Or(ITI) + B0, Kiscro,  formation of B
chromium(IV) pathway:

CrIIIOZ~J&L90r(IV) formation of D

Cr(IV) + Hy0p —>Cr1'0, fast

CrIvoz + Hy0p —k-s-é cr“oe

(6 coordinate) (4 coordinate)

cr'lo, + Ey0, &croi" + 0,

chromium(V) pathway:

ortlo, + B0, X250:%, formation of C
\'/ kx \'}

Cr'0s + Hy0p —=> Cr'(05), formation of C?

Crv(oz)z _k_;_) CrVIOZ loss of C!

(6 coordinate) (4 coordinate)

(74)

(75)
(76)

(77)

(78)

(79)
(80)

(81)

The rate constants kl, ka, k3, k4, k5, kg, and kg are

those assigned in Scheme IV, Equation (81) represents a

combination of a change in coordinatior number followed by

electron exchange. The change in coordination number is
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Tate determining,

A slow gain in absorbance was observed at 374 nm long
after the loss of the esr signal and of the absorbing spe-
cles at 500 and 594 nm. Therefore, chromium(IV) is shown
[eq. (77)] going to a diamagnetlic intermediate species,
CrVIoz, rather than to chromate (which is also diamagnetic).
Chromium(V) is alsc shown going to a diamagnetic species
[eq. (81)] since the second induction period et 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 (8l1), may be due to a coordination change to
the relatively more spable chromium(V) intermediate followed
by its loss. The change in coordination as the "botileneck"
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 intermedlates 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 & chromium(V) species will be
predominantly covalently bound. Before the chromium(V) could
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change from d23p3 to sp3 hybridization it would have to
lose two ligands. This process can be thought of as being
analogous to the rate determining step of an Syl substitu.
tlon reaetion, in which the bond strength of the dissocliat-
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 rate of ligand loss would be slow as
w 1d be the change of symmetry from six-coordinate to
four-coordinate. Basolo and Pearson61 present a good dis-
cussion of this effect. This could be resolved i1f the rate
of ligand exchange to chromium(V) could be mesasured.

It was difficult to obtain kiretic data on the B ——
D —( ) 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 deperndency and inverse hydroxide
dependency of the step D —( ) was established but a precise
value for kg could not be determined,

It should be noted that the kinetic evidence for the
path B —C does net allow for the direct conversion of
chromium(IV) to chromium(V). The peak at 500 nm, identified
as due to a chromium(V) species from the esr data, is the
regult of either a two-electron change or oxygen atonm
transfer. Any contribution to the produciion 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 plote. It follows from this that chromium(IV) must
be consumed in a two-equivalent change.
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AFPENDIX I--A
Pgeudo-Order Conditions
In all the reactions to be discussed, pseudo-order
conditions have been established. This 1s a convenlent
kinetic technigue for determining reaction orders.sz’63 For
a given stoichiometry, one reactant is kept in limiting

quantity with all other reagents in good excess (ten-fold
or greatei). During the course of s reaction, only the cone
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 ghe
limiting reactant with time that is being monitored. By way

of illustration, for a system

K

A+ B—15¢ +D
the rate law is

-d[A)/at = ky [A][B]

which is second order overall. However, if [B] > [A] then
the concentration of B is unchanged, to a good approximation,.
The result is that what is measured is

-d[A)/dt = kgpo[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 k . (= kI[B]).
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APPENDIX I-B
Infinite-Time Method
When kirnetic traces cannot be analyzed by the half.
life method, often because of overlapping reactions, graph-

ical methods must be employed.64 Such is the case at 594 nm,
where the fast loss step quickly becomes obscured by s
slower loss process,

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

relation
Ay = €14, + eldle"mlt

where € is the absorptivity of the species being monitored,
1 is the optical path length, mq 1s the macroscoplc rate
constant, and do and 4y are constante 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

L Ay = Ay = eld,
At 594 nm A = O, Subtraction of this second equation from
the first equation ylelds

Ay - A= eldje”M2%
Taking logarithms gilves

Inja; - A |= In|e1d;| - myt
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so that a plot of 1nfA, = A | vs. t gives a slope of -mj.
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APPENDIX I-C

Time~Lag Method

The time~lag method65 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 be 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 infinilte-time
method since they are evaluated in pairs.

Let the absorbance at time ¥, At’ be given by

Ag = elco + élcle-mlt

and at time t+ 7 Dby

Ay,r = eley + elogem1{+7)

Rearrangement and division of the first equation by the

second yields

At - elco
A‘l:-a-‘?' - e1"0

which further rearranges to give

M7

-~ 3

Ay = eley(l - e™17) + 4y, ™7

A plot of A  vs. Acir should give a straight line with
a slgpe of e®17, Toking the logarithm: of the slope and
dividing by 77, the constant time interval between the pairs
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plotted, resulis in a value for my, the macroscopic rate

constant. This was the procedure employed at 374 mm,
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APPENDIX II-A
Program for Calculating [Hzgzj
Hydrogen peroxide exiets predominantly as H,0, and HO,

for the range of basicity of the present study. Since H202
appears to be the moere 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.

From the equilibrium expression

B0, + H,0 ——H,0, + OH" K
8 - % 2 2x2 b-8a x B

where Ky (54.44 x 10"3) is the equilibrium eonstant,46
a = [B,0,]p (the total hydrogen peroxide concentration),
b = [0H Jp (hydroxide concentration after correction for
conversion of Cr(H20)2+ to Cr03), and x = [Hy0,] (the
actual Hy0, concentration), the relationship

x(b -~ a + x)
a - X

Kh:

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

[5202] = %{;-(b - a+ Ky) + [(b -at Kh)2 + 4 Kha]%}-

The following program was developed for use in the
Hewlett Packard 9810A Calculator to solve the above

equation:
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000 clear
001 sto?'
002 ¥-( )
003 O
004 O

o
=4
n
Smpe il NOO

016 enter exp 036

018
019 «+

017 clgange sign 037

O
Y]
%}
IR ECTER SO0

039

# ENTER: Y register - [0 ]qp

X register - [Hy05]np

then press "continue'.

To start:

press - go to
end
continue

FINAL DISPLAY

Z register - [H,0,]
Y register - [0H ],
X register - [HOZ ]
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APPENDIX II-.B
Simulation of Kinetic Traces

The expression for the concentration of species C at

any time
gk, [H,0,]2[er(1In)],  e~FalH202]
(92" ~ [y o] + =yl
, ik [E,0,] 2 [er(111)]q o~ (k2[Ho02] + k4)%
{Gey - k) [B0,] + k4 }iep [H,0,] +ky = k)
X kyko [Hy0p]2[Cr(IIT)] p  &~*3F (56)

(ky [Hp0p] = k3) (kp[Hp05] + ky = k3)

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

In part III of the Mechanism section it was shown
that kl could be determined experimentally along with the
ratio k4zk2, but the actual values of k4 and k, could no%
be 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 k, (and hence k,) with experimental
kinetvic traces, values could be assigned to these two
rate constants,

The following program plots the change in concentra-
tion of species C with time:
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150 4 177 © 204 ( )»X
151 x 178 9 205 0
152 Y= ( ) 179 + 206 O
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 0
158 1 185 1+ 212 6
159 7 186 ( )X 213 ( )X
160 + 187 © 214 0
161 ( )—X 188 0 215 o
162 0 189 6 216 8
163 1 190 x 217 IF X<Y
164 6 191 ( )X 218 ©
165 + 192 0 219 2
166 Y—( ) 193 © 220 2
167 0 194 8 221 7

168 1 195 <+ 222 go to
169 9 196 223 0O

170 ( )—X 197 FMT 224 ©
171 0 198 I 225 8
172 2 199 ( )=X 226 9
173 © 200 0 227 end
174 x 201 O

175 ( })—=X 202 6

176 0 203 1

The following variables must be entered into the indi-
cated storage locations prior to running the program:

001 - k4 005 - [Ex0p] 009 - (0.D.) .
002 - k, 006 - % 010 - €

003 - ks 007 - at 011 - [Cr]q

004 - Xk, 008 = by

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 € of location 010 is set equal
to one, then the variation of the concentration of species

C with time is being plotted. Imntroduetion of 2 value for
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the absorptivity of species C into location 010 results
in absorbance being plotted against time. Location 009
conteins the value of elther the maximum concentration
or maximum absorbance, depending on which is being plotted.
The following values were used in all simulations:
ky = 5.3 x 10° ¥t gec™t

k, = 2.0 x 10* Wt sect
k4 = l.l x 102 sec’l
€ = 310

Since the formation and loss steps are decoupled in
this systemn, k3 must be set equal to zero when plotting
the formation step at relatively low hydrogen peroxide
concentrations. If this is not done, low absorbanee values

will be obtained,
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