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ABSTRACT

I. THE KINETICS AND MECHANISM OF THE DECOMPOSITION OF
AQUEOUS SOLUTIONS OF THE PENTACYANOCOBALTATE (II) ION

II. THE KINETICS OF THE FORMATION OF COBALT(III)
PRODUCTS FROM THE REVERSIBLE OXYGEN CARRIER,
u~-PEROXOTETRAKIS (HISTIDINATO )DICOBALT (III)

By
Charles S. Sokol

The kinetics of the decomposition of the pentacyano-
cobaltate(II) ion in aqueous solutions at low ionic strength
has been investigated. The reaction is second order with
respect to the pentacyanocobaltate(II) ion. The activation
energy is 9.84 + 0.27 kcal/mole in the temperature region
of 25-50° and is more than twice that previously reported.
It was found that the discrepancy in the activation energy

is due to the large ionic strength dependence of the de-
composition reaction. As the ionic strength increases, the

Co(CN)53- ion forms ion pairs with the cations in solution.
As the concentration of the ion pairs increases, the apparent
activation energy decreases.

Limited evidence in support of the postulated monomer-
dimer equilibrium of the pentacyanocobaltate(II) ion has
been observed. As the concentration of this ion decreases

from 0.17 M, there is a slight spectral shift.
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Charles S. Sokol

The kinetics of the slow formation of the bis(histi-
dinato)cobalt(III) cation from the reversible oxygén carrier,
u-peroxotetrakis(histidinato)dicobalt(III)has been investi-
gated. - From the dependence of the raﬁe of formation of the
product on the histidine concentration, the equilibrium forma-
tion of small quantities of the tris(histidinato)cobaltate(II)
ion is proposed, when the histidine to cobalt(II) ratio is
greater than two. Spectrophotometric and kinétic evidence
is given for the formation of p-superoxotetrakis(histidinato)-
dicobalt(III) ion in low yield when cobalt(II)- |
histidine solutions are oxygenated. The mést likely mech;
anisms for the formation of the bis(histidinato)cobalt(III)
cation are discussed and the mathematical equations foi
these mechanisms are deriQéd. Least squares calculations
for determination of rate and equilibrium constants could
not conclusively confirm the mechanism for the formation of
the bis(histidinato)cobalt(III) cation due to the presence
of the superoxo complex.

Evidence is given which suggests the possible auto-
catalytic activity of the bis(histidinato)cobalt(III) cation

in its formation from the peroxo oxygen carrier.
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I. INTRODUCTION

In the last 15 years, much work has been done on the
kinetics and mechanisms of inorganic reactions.l! Prior to
this time, the majority of investigations sought only to
determine the stoichiometry and thermodynamics of the kinetic
systems that were investigated.

A typical experiment involves the measurement of the
concentration (or some property of the system that is pro-
portional to the concentration) of one or more of the re-
actants or products of the reaction as the reaction proceeds.

Mechanistic investigations are usually performed at
constant ionic strength and are always performed at a con-
stant temperature since the ambient temperature will drastic-
ally affect both rates of reaction and equilibria. However,
there are reactions in which ion pair formation will signi-
ficantly alter the reaction rate and therefore, these reac-
tions will be siénificantly affected by the presence of an
"inert" electrolyte. 1In these cases, it is much more impor-
tant to keep the ionic strength as low as possible than to
keep the ionic strength as constant as possible.

Spectrophotometric methods of analysis can be very
convenient where they can be applied. Generally, spectro-
photometric methods of analysis do not give better than

1
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2
one percent accuracy.? 1In order to be able to use the spectro-
photometric method, it is necessary to know, for all reactants
and products, the molar absorptivities in the region of the
spectrophotometric investigation. Then, at any wavelength,
the total absorbance will be the sum of the absorbances of

all chemical species present.
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II. HISTORICAL

A. Cobalt Synthetic Oxygen Carriers

The first synthetic oxygen carrier, diamagnetic p-
peroxodecamminedicobalt(III), was prepared by Fremy3.4 in
1852 by oxygenatimrg an équeous ammoniacal cobalt(II) solu-
tion. Prior to the start of the twentieth centufy, several
diamagnetic and paramagnetic oxygen bridged compoundé were
prepared.5=10 fThen, around the turn of the twentieth
century, Werner, the father of modern coordination chemistry,
prepared m;ﬁy cobalt complexes including additional oxygen
bridged species. He also established the octahedral geom-
etry about the cobalt atom in these compounds,*"ll'i8
Interest in synthetic oxygen carriers was renewed by the
possible use of %hese compournds for oxygen fixationl? and
as models for thé investigation of the reversible oxygena-
tion of hemoglob:in.”o'21 Recently, extensive research on
synthetic cobalt oxygen carriers has been per formed .21-26

Several cobalt(II) complexes react with, and absorb,

molecular oxygen according to the- following equation:

II &
¥

2Co""LgX + O, > LgCoOpCOLg + X .

Two series of cobalt oxygen carriers can be formed. One

3
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4
series is diamagnetic and the other series is paramagnetic.
Werner? showed that the diamagnetic binuclear cobalt ammonia
oxygen carrier is the ion

[ (NH3 )5C00,Co(NHg )51 *Y .

Werner described the above ion as containing two cobalt(III)
ions. This required that the oxygen bridge be peroxide,
022-. The above ion can be oxidized2?4 to a paramagnetic ion

[ (NHg )5C005Co(NHg )51

A detailed discussion of much of Werner's work can be found
in reference 27;- There are other members of each series.
The ligand can be ethylenediamine,!! diethylenetriamine,28,
cyanide?? and various amino acids .26 There can be additional
ligands in the bridge.30-32 71pn the case of amines as ligand,
the diamagnetic oxygen carriers are red and the paramagnetic
oxygen carriers are green. The paramagnetic oxygen carriers
have one unpairea electron and a magnetic susceptibility of
1.7 B.M.26

Werner had characterized the paramagnetic oxygen car-
riers as being peroxo-cobalt(III,IV) species. This nomen-
clature continued in general use.39 However, it was shown
by esr that cobalt atoms were equivalent in the amine, 33,34
cyanide,35/38 histidine37 and some dibridged35 cobalt oxygen
carriers. The ﬁifteen line esr signal results from the
equal influence of the two cobalt atoms (59co - 100% abun-
dance - I = 7/2) on the unpaired electron. The two series

of cobalt oxygen carriers were then called "diamagnetic
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S5
peroxo" and "paramagnetic peroxo" complexes.24,32,38,39
Linhard and Weigel4? stated that Werner's formulation of

I1I IV
O

C 022'00 for the paramagnetic oxygen carriers was in-

correct and should be C011102—COIII

. As will be seen below,
Linhard and Weigel were correct.

An investigation of the cobalt ammine paramagnetic
oxygen carrier had incorrectly shown that the Co-0-0-Co
was a cis-boat type configuration.4! Dunitz and Orgel42?
had discussed the electronic structure for a linear
Co-0-0-Co arrangement. Brosset and Vannerberg43 and others+44
favored a structgre with the 0-0 axis perpendicular to the
Co-Co axis. Vlcek%5.46 3150 postulated the perpendicular
structure. He s£ated that the greater stability of the
paramagnetic oxygen carriers relative to the diamagnetic
oxygen carriers was due to the fact that the electron re-
moved from the.diamagnetic carriers to form the paramagnetic
carriers came from a Co-Os-Co antibonding molecular orbital.
While Vlcek's structure was incorrect, his explanation of
the relative stabilities of the paramagnetic and diamagnetic
oxygen carriers probably was correct. A detailed discussion
of these structures mentioned above can be found in reference
47.

Recent X-ray studies of some ammonia and ethylene-
diamine binuclear cobalt oxygen paramagnetic and dia-
magnetic oxygen carriers showed that for the diamagnetic
oxygen carriersé the Co-0-0-Co bonds are' "Z" shaped with

Co-0-0 bond angles of 110 to 113° and an 0-O0 bond distance
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6

of 1.47 to 1.48 48,49 and the Co-0-0-Co bonds are also "Z"
shaped for the paramagnetic oxygen carriers with Co-0-O0 bond
angles of 117 to 120° and an 0-O0 bond distance of 1.31 to
1.36 8.39,50-53 1he 0-0 bond distances for the diamagnetic
Op carriers are within the range of 1.49 * 0.02 % which is
expected for perpxides54 and the 0-0 bond distances for the
paramagnetic O, carriers are within the range of 1.32 to
1.35 & which is expected for superoxides.55 The Co-0-0-Co
dihedral angle is approximately 0° for the paramagnetic
oxygen carriers énd approximately 146° for the diamagnetic
oxygen carriers.? Thus, the configuration of the oxygen in
the diamagnetic oxygen carriers is similar to hydrogen
peroxide .56

. The striking similarity between the esr of the para-
magnetic amine and cyanide cobalt oxygen carriers indicates
that they are isostructural.358

The equivalence of the two cobalt atoms in the para-
magnetic oxygen carriers, the presence of a peroxo group
in the diamagnetic oxygen carriers and a superoxo group in
the paramagnetic oxygen carriers showed that the two series
of oxygen carriers should be formulated as follows:

I III

L5COII 02,27Co ""Ls (diamagnetic)

IIT

and Lscot 1o, "cott L

5 (paramagnetic) .

Thus, all binuclear cobalt oxygen carriers are now con-
sidered as containing two cobalt(III) ions and either a

peroxo or a superoxo bridge.
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7
Earlier research had incorrectly shown that the absorp-
tion of oxygen by ammoniacal cobalt(II)®7 and other cobalt(II)
amine complexes2?8.58 to form the oxygen carriers, was faifly
slow. However, recent stopped-flow studies proved that the oxygen

carrier was formed rapidly.59.60

B. The Pentacyanocobaltate(II) Ion

When cyanidé ion is added to a solution of a cobalt(II)
salt, a brown précipitate of Co(CN), is first formed that
redissolves to form a green solution®! when the cyanide to
cobalt ratio reaches five to one.62-€66 The maximum heat
evolution also occurs at this ratio.67

This pentacyanocobaltate(II) ion is of interest not
only as an oxygen carrier29:68,69 pyt also as a hydrogena-
tion catalyst. in the last ten years, this ion has been
investigated extensively.?’!:72 It has been shown that the
cobalt species present in solutions contaihing excess
cyanide ion is actually Co(CN)g3~ rather than Co(CN)g%™.61.,73
However, it could not be determined whether this ion was
five coordinate or contained a water molecule in the coordin-
ation sphere.

The violet solid which is in equilibrium with the
agueous green CQ(CN)ss— solution may be precipitated by the
addition of ethanol.®?2 whereas the green Co(CN)ss- ion is
paramagnetic with one unpaired electron and a magnetic

moment of 1.72 B.M.,82:74 the violet solid is diamagnetic.62.

75,76 Although the solid violet compound was reported to be
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8

K,Co(CN)g in the earlier literature,?7-79 it has been shown
to bé a hydrated®® (probably a tetrahydrated?2) dimer of
the Co(CN)s3~ ion, Ke[Coz(CN)lo]. It has been suggested
that the solid dimer contains a metal-metal bond®l (which
would explain the diamagnetism) as in the more receﬁtly
determined structure for the analogous methyl isocyanide
complex, [Cop(MeNC);0](ClOg),-82

In 1942, Iguchi®3 noted that aqueous solutions of
Co(CN)53‘ absorbed molecular hydrogen in the approximate
raﬁio of one atoh of hydrogen per atom of éobalt and that
the rate of heterogeneous hydrogen absorption was greatest
with a Co:CN ratio of 1:4.5. The product of this hetero-
geneous absorption was later assumed to be the colorless
hydrido species Co(CN)zH3~ .84 This was confirmed by nmr
studies which showed the existence of Co-H bonds in reduced
aqueous solutions of the pentacyanide.8! The solid mixed
sodium-cesium salts of the Co(CN)z;H3~ ion have recently
been synthesized.®5 Mills and coworkers found that aqueous
solutions of Co(CN)g3~ "aged" and lost their paramagentism
at a rate paralleliﬁg the loss of reducibility (i.e., the
loss of the ability to absorb H, bubbled into the solution)
and a hydride intermediate was proposed.8€ Both the original
co(CN)s3~ and the reduced solutions were found to catalyze
the heterogeneous D2(

)—Hzo( ) hydrogen exchange.

gas liquid
The "aging" of these solutions was first thought to be due
to dimerization but it was shown to be due to homogeneous

absorption of hydrogen from water to form the above mentioned
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9
hydrido species.”’® 1In earlier literature, the reduced or
"aged" solutions were thought to contain a cobalt(I)
species .87.88 hus, Co(CN)zH3~ is produced by both the
homogeneous and the heterogeneous absorptions of hydrogen.
The heterogeneous absorption of hydrogen by Co(CN)g3~ is
reversible and as the temperature is increased, the equi-
librium shifts toward the evolution of Hgp .89.90

On the basis of the similarity of solution spectra of
the pentacyanocobaltate(II) ion with some corresponding
alkyl isocyanates whichkare known to be CoLgH,03~, Pratt
and Williams®! postulated that the pentacyano ion must also
contain a water molecule and therefore, it should be formu-
lated as Co(CN)sHp03~. At the same time, other investiga-
tors, by means of analysis of esr and visible spectra, had
ruled out the possibility of a trigonal bipyramidal, Dah
structure.?2.93 ey showed that the complex had c,, Sym-
metry and could have a water molecule at a sixth coordina-
tion site. Thus, the pentacyanocobaltate(II) ion cpuld have
either of the structures of C4v symmetry as shown in
Figure 1.

There is no evidence for the formation of Co(CN)g4~
under equilibrium conditions (Kformation << 1).91. However,
certain electron transfer reactions appear to proceed by
the intermediate Co(CN)g%~ ion whose formation constant at
259 is estimated to be within the range of 10 ' to 10 *

1/mole .24
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C. The Cobalt-histidine Oxygen Carriers

Of the synthetic oxygen carriers most closely resembling
biological oxygen carriers, the cobalt l-histidine oxygen
carrier has probably been the most extensively investigated.

Histidine is an amino acid with the structure

N NH,
]/ N ~CH, -*CH :

W f T oo
. The carbon with the asterisk is asymmetric and the site of
the optical activity of the compound. Since l-histidine is
the optical isomer that is found biologically, this is the
isomer that was used in this investigation. The histidinate
anion (withodt the carboxyl proton) is a tridentate ligand.
The sites of coordination are the amine nitrogen, the
protonless imidazole nitrogen and the deprotonated carbox-
ylate oxygen. All three of these coordination sites are
bound to the cobalt in CoL, (L = 1-histidinato anion)
both in the solid state?5 and in solution.?€ 1In the solid
state, the imidazole groups in the CoLg, are trans to each
other.95:27 1In the trans imidazole configuration, the car-
boxyl groups must be cis to each other due to the enantio-
meric conformation of the l-histidine.98

Hearon and his coworkers found that CoL, reversibly
absorbed oxygen and they investigated the equilibria and
stoichiometry of this oxygen absorption. They found that

one mole of O, was absorbed per two moles of CoL,.20,99-103
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The oxygen carrigr was formed very rapidly upon oxygenating
a solution of the cobalt(II) histidine complex.29.59 The
oxygen carrier, LyCoOyCoLy, was amber colored and diamag-
netic.20.,96,104,105 The formation of the binuclear oxygen
carrier is believed to occur by dissociation from the coordin-
ation sphere of the carboxylate group of one of the histidine
molecules on each of two CoL, molecules and the formation
of a peroxo bridge at the coordination sites vacated by the
carboxylate groups.59.98 The solid trihydrate of the oxygen
carrier, LyCo05CoLy *3H,0 has been isolated.98

As expected from the two series of oxygen carriers in
the cobalt ammonia and cyano systems, it was recently shown
that the diamagnetic histidine oxygen carrier can be oxidized
by CeIV to a paramagnetic oxygen carrier .37 Even the color
change during this oxidation of the histidine oxygen carrier
from amber to blue-green was similar to the red to green
color change in the ammonia system. The esr of the para-
magnetic histidine oxygen carrier contained the 15-line
hyperfine structure, once again confirming the equivalence
of the two cobalt ions in the oxygen carrier .37 The
bis(histidinato)cobalt(II) complex rapidly and reversibly
absorbed one mole of 0O, per two moles of cobalt to form
the oxygen carrier.?® It then slowly irreversibly absorbed
a second mole of O, per two moles of cobalt to form cobalt(III)
products .20:106 phese final cobalt(III) products were iso-

mers of the bis(l-histidinato)cobalt(III) cation.l196 There
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are three isomers of the final cobalt(III) product and they
have recently been separated and their spectra have been
observed .107

In strongly basic solutions (pH > 12), histidine can
lose a second proton and can form.the complexACo(L—H)zz‘.96
This anionic cobalt(II) complex can also absorb oxygen to
form an oxygen carrier that is different from the oxygen

carrier formed by the oxygenation of the neutral CoL,.108






III. THEORETICAL

A. Linear Least Squares

In those cases where the kinetics of a chemical
reaction are simple enough, the rate law is usually written
in a linear form. It is then possible to use the linear
least squares method to calculate the optimum parameters
for the linear equation. The method is as follows.109,110

One form of the linear equation is
Y = mX +b (1)

where m and b are respectively the least squares values
of the slopé and intercept of the straight line. The experi-
mental data points are X and Y; and N is the total
number of experimental data points.

The residual of each data point is
x.m +b -y, . (2)

The sum of the squares of the residuals, S, is

N N N
S=32 (xm+b-y.)2=m223 x.2 + 2bm 3 x,
: i i i i
i=1 1 1
(3)

N N N

-2m Z x,y, +nb?2 -2b 3 y. +3y.2 .
1 U S

14
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To obtain the optimum values for m and b, S must
be minimized. The derivatives of S with respect to m

and b are set equal to zero

N
=0 2m > xi2 + 2b

1

=M™MZ
~
|
[\
™M
®
o]

i i¥5 (4)

g1

0 = 2m

[eX410%
&%
L}
=M

N
X, +2bn - 2 3 y.. (5)
1 1

Equations 4 and 5 can be solved for m and b

N 2 X, ¥, - b gi 2 Y;

2 _ 2
N 2 x; (= xi)

2 -
z x.2 2y, z x, z Xy,

2 _ 2
N 2 x; (Z xi)
It is also useful to determine the standard deviations
(i.e., the 50% confidence limits) of the slope and incer-
cept, o and O

According to Youden,110 the values for o, and o©

respectively.

can be obtained from the following equations:

5y - (2 y;)?  \Zxyyy - —F—

. N (= x,)2

1
N (8)

n
P.
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s x.2
i

2 _ 2
N 2 x; (= xi)

0, = S . (10)
The values of o and 0, can be multiplied by known
constants to obtain confidence limits other than 50%.

The computer program written by the author for linear

least squares calculations can be found in the Appendix.

B. Non-linear Least Squares

In the case of complex kinetic systems, even if one is
able to integrate the differential rate expression, he is
rarely able to linearize the expression. It therefore
becomes necessary to resort to a non-linear least squares
procedure. Such a procedure is derived as follows.111

The generalized non-linear rate law can be written
f(x, y, a, b, ¢, +--) =0 (11)

where x 1is the concentration of one of the chemical
species, y 1is the time and a, b, ¢, °-- are the kinetic
parameters (the rate and equilibrium constants) which are
to be optimized.

By defining‘xhe residuals between experimental and

calculated data points, one bbtains

in = Xi T *calc (12)
Ryi T Y T Yaale (13)
The sum of the squares of the residuals, .S , now

becomes
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N .
S == (Rx_+ Ry'). (14)
1 1 1 .

An obvious condition that must be met by the least

squares values of the kinetic parameters, a; . bl s.'
€1.s.r 77 18
f(xi r Y * q.s.’ bl.s.’ “1.s.° "e0) =0.(15)

i
calc calc

One must have good enough initial estimates of the
kinetic parameters, ag, bg, co., °°° to be able to truncate
a Taylor's series expansion of equation 11 about the point
(xi, Yir @0 bg, co, ---) after the first order terms.

The following terms are defined in order to simplify

following equations «

fa = ag - a) 5. estimate (16)
Ab = bo = DBy 5 estimate (17)
Ac = co - C) o, estimate’ StC- (18)
F. = f(x. v Y. , a, b, c, ...) (19)
1 laalc lcalc
Flo = f(Xio, Ylo; aOI bOI COI ...) (20)
BFi for each (21)
F = Sx data point i (21
xi x (X-: Y.+ Qg bOI Co . "')
i i
BFi for each
F.. ° 53 . data point i, (22)
ai a (X., yl' g, bo, Co s "')

1
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The Taylor's series expansion of equation 11 about

point (xi, Y;» @ bg., Co, -..) including only first order

terms is

F. = F. - F._ R - F R -F_lNa-F, Ob-F Ac - ...
1oTdle XXy oYYy 3y by 3

- 0 i=1,2, -.-,N. (23)

Rearranging equation 23, one obtains

F. = F_ R + F R + F NAa+F, b +F Oc + ...(24
lo Xy Xy Y3 Yy 3y by i (2¢)

In order to minimize the sum of the squares of the
residuals, S, (see equation 14), ds 1is set equal to zero

2 +
(in dei RYi dRYi)
ds = 5 = 0 (25)

Since the ehange in the residuals, de and dR
i i
must also satisfy equation 24 (the right side of equation

24 must still be equal to F, )
)

F drR + F drR + F dha + F dAb + F dAc + ...
X. X, Yy Yy a; bi cy

=0 i=1,2,+--,N. (26)
If M is the number of kinetic parameters, a, b, ¢, °--,

then there are N sets of equation 26 with a total of N
differentials of the x residuals, de., N differentials
of the y residuals, dRyi, and M dif;erentbls of the
kinetic parameters, ddAa, dAb, dAc, etc. There are a total
of 2N + M differentials with only N equations. Since
the N equations can be used to mathematically substitute

N of the differentials, there are only 2N + M - N =

N + M arbitrary differentials.
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Since N of the differentials are not arbitrary, one defines
N Lagrange multipliers, =Ny, =-Ag, =Nz, °", —xN and multi-

plies each of these by equations 26

-A\.F dr - N\ F dr - A\ F dda - A.F dAb
i . . Y. i~ a, i b,
1 1 1 1 (27)

- xtii dAC— e o o o =O 1 =1'2’ooo’ N.

Adding equations 25 and 27 and collecting terms, one obtains
= (R, - MNF_ )drR. + 3= (R. - AF. ) dR
. 1 X, X. Y. Y. X.
B | i i i i i (28)
+ 3 xiFa. dha + = xin' dAb + = kti' dioc + -+ = 0.
i i i
Since there are N equations with N arbitrary values
for xi in equation 28, the values of %i are chosen to
eliminate N of the differentials. This process leaves
N + M differentials. However, as stated above, N + M of
the differentials are arbitrary. Therefore, since the re-

maining N + M differentials are arbitrary, the coeffici-

ents of each differential in equation 28 must be zero

R, - N F, =0 i=1,2,8,---,N (29a)

1 1 &
R, - AN, F. =0 29b

v, ~ M Py, (29b)
Z N Fai =0 (29¢) (29)
SN Fy =0 (294)

1

TN F, =0 -+ . (29e)



; rearrarn

[

(3]

residuals

.
loar




20
By rearranging equations 29a and 29b, one can solve for the

residuals Rx and Ry

112131 **-,N. (30)

-
]

By rearranging equation 23, one obtains

F. - F, =F_R + F. R + Fa ha + Fb Ab + Fc A +---,
i i Yi i i i (31)

i=12,3,:-*N.

By substituting equation 30 into 31, one obtains

- 3 2 2 e o o
Fi Fio in%i + Fyiki + FaiAa + FbiAb + FciAc + .
(32)
i=1,2,83,---/N
and solving equation 32 for Ki
Fi - Fio - Fa.Aa - Fb.Ab - FC.AC -t
- i i i '
N T 2 2
F° + F (33)
X, Y.
i i

i=1,2,3,""°/N.

Substituting equation 33 into equations 29c, 294, 29e, *--,

rearranging and dividing by the quantity (Fi- + F; ) yields
i i

the following set of equations

A A A .o -
> F, F,0a+32F F 0b+ZF_ F_ Oct+ = F, (F; Fio)
1 1 1 1 1 1l 1

2 F

F ba +3F F 0b+ZF F_ A+ --- ZFb.(Fi-Fio)(34)

1 1 1 1 1 1 1

b

z Fc.Fa.Aa 2 Fc.Fb.Ab t2 Fc.Fc.Ac oo ZFc.(Fi_Fi )

i ‘i i 71 i i i 0

etc.
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There are M equations 34 and M unknowns (Aa, Ab, Ac,+--).
Therefore, the M simultaneous linear equations can be
solved for the M unknowns, Aa, Ab, Ac, °*°**. The easiest
way to solve the system of M 1linear equations is to use
the method of determinants. The determinental solutions

are as followb:

S F_ (F.,-F, ) S F_F S F_F
ai 1 "1 a; bi a; cy

2 Fy (Fl—Fio) S Fy Fyp S Fy F
1 1 1 1

s F_ (F —Fo) S F,F 2 F_F,
1 1 1 1 1

Aa = (35a)

2 F_ F > F_F = F_F s
a; a4 i bl ai ¢y

b Fb Fa b Fb.Fb. > Fb Fc s
1 1 1 1 1 1

2 F Fa > F Fb > F Fc
i i i Ti i i
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b3 FaiFal s Fai(Fi-Fi ) S F 1Fci e
= FbiFai b Fbi(Fi-Fio) s Fbtii cen
z Fchai b) Fci(Fi-Fio) S F lFCi ce
Ab = : . : (35b)
2 FalFal > Fa.Fbi S F chl e
s FblFal b Fbinl b2 Fbtil cen
2 F lFal ZF ini ZF 1F°1 .o
: : : , etc.
The new values of a, b, c, --- are
Aew - 20 F Aa
brew = bo + 4b (36)
Chew - €0 + Ac , etc.
1f ONa, &b, Ac, °** are not small enough (a, b, ¢, ---

are not close enough to their converged values), the whole

. = - =
process can be repeated by using ag anew' bg bnew’ Co

Chew’ etc. and calculating a new Aa, Ab, Ac, etc.
This derivation is essentially that of Wentworth.l11
The derivatives necessary to use this method for the
chemical system which has been investigated by the author,

as well as the computer subroutine, will be found in the

appendix.
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C. Mathematical Equations for the Decomposition of Penta-

cyanocobaltate(II)

As will be shown later, the decomposition of penta-

cyanocobaltate(II) is a simple second order reaction of the

type
k
2A > products (37)
da _
ac - - kaZ. (38)

This differential equation can easily be integrated

and linearizedl112-114

1, 1
A kt + Ag (39)

By plotting 1/A versus t, one obtains a straight
line of slope k and intercept of 1/a,.
The activation energy of the reaction can be obtained
from the Arrhenius equationﬁ13’114
-E_

ln k = —g= + constant. (40)

By plotting the value of 1ln k (at various tempera-
tures, T) versus 1/T, one obtains a étraight line of slope
E_/R.

The optimum straight line from the experimental data
points can be obtained from the linear least squares pro-
cedure previously descyibed. A computer program written by
the author for the linear least squares procedure will be

found in the Appendix.
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D. Mathematical Equations for the Formation and Decomposi-

tion of p-Dioxygentetrakis(l-histidinato)dicobalt

As will be seen, the following mechanism is proposed
for this reaction (L = l-histidinato ion -- to avoid con-
fusion, free histidine is shown as HL and free l-histi-

dinato ion is shown as L )

co2t + L~ <§1_5 cor.’ (41)
cort + 1~ <K2 >  CoL, (42)
CoLs + L~ <K3 > CoLg (43)
CoL, + O <K4a> CoLg0g4 (44)
CoLy0, + CoL, f‘b > (CoLg )02 (45)
gt o+ L <K1H> HL (46)
HL + H <K2H> HyL' (47)
mnt+ mt <K3H> a2t - (48)
(CoLy )02 ———Eié—> COL2+ + CoLg + Ogp (49)
or CoLg0g + CoLg 54 > CoLy  + CoLg + Og° (50)
k

+
CoLy;05 + COLy —=—> 2COL2+ + Og . (51)
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The equilibrium expressions for equations 41 to 48 are

as follows:

Ky = (cor.¥1/1co? 1 (17) B
K = [CoLyl/[coL™1(L ] N (52)
Ks = [CoLs ]/[CoLy] (L]

<
K,, = [CoL,0,]/[CoLg] [04]

> (53)
K,, = [(CoLy)z05]1/[CoL,0z] [COL,]

<
K,y = [HLI/[HT1(L7)
Ky = (B,LY] /(HL) (BT) B. (54)
Koy = [HaL?"1/[(H,L71 [HT] . ]

The rate law including reaction 49 will be derived
first and then the rate law including equation 50 will be
derived.

From equations 49 and 51, one obtains the following

rate expression

+
d[coLy "1 _ k,_ [(CoLy)z05] + ksb[CoL202][COL2+]. (55)

Substituting equations 53 into 55

+
d[CoLy, 1 _
EE___z__ = ksaK4aK4b[COL2]2[02]
+ kg K, [COLy][05][CoLy ] (56)

Since the total cobalt ion concentration, Cot, is

equal to the sum of the concentrations of all cobalt species

present



€c:
o

Iist ke



26
Co, = [Co ] + [CoL ] + [CoLga] + [CoLgj 1 o+ [CoL302]

+ 2[(C0L2)202] + [CoL, ] (57)

t

By substituting equations 52 and 53 into equation 57 énd

rearranging, one obtains

[CoLs12(2K,_[03]K,, ) + [CoL,] (' 1 — t 1
2 4a'V21 %4y 2 KiKa[L712  Ky[L]

t

+ 1 + K3[L-] + K4a[02]> + [COL2+] - Co = 0. " (58)
For the purpose of simplifying equation 58, the quantity

B; 1is defined

1 + 1
KiKa[L712 ~ Ky[L']

By = + 1 + Kg[L'] + K, [02].(59)

Equation 58 then becomes

[CoL,] 2 (2K4aK4b[02])+[COL2]B1+[COL2+]-Cot = 0. (60)

Equation 60 is then solved for [CoL,]

-B; ¥ Jﬁl -4(2x K4b[02])([COL2 1-co, )

[CoLg] = .(61)

4 K4aK4b[03]

Since [CoL,] must be zero or positive, the real root of
equation 61 must be the positive root and the negative root

must be extraneous and therefore,

-By+ JBI 8K4aK4b[02] ([COL2+] -Co

2 (2K4aK4b[02] )

e .

[CoL,] = (62)

For the purpose of integrating the rate expression, the

ligand concentration is assumed to be constant. (It actu-
ally varies slightly as the reaction proceeds.) Constant

oxygen partial pressures are maintained in the solutions.
To further simplify the writing of the mathematical
expressions, some of the constant terms will be represented

by single terms as shown below
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w
w
|

= 8K, K, [02] (63)

By = By2 + 8K, K, [02]1Co, = By2 + B3Co (64)

t

III will be used to represent [CoL2+].

and the symbol Co
By substituting equations 63 and 64 into equation 62,

one obtains

By ++ B, - Bycotll
CoLp] =
[CoL,] ‘ B3/2
- %;»(-Bl +-J>B2 - B3COIII) . (65)

By substituting equation 65 into equation 56, one obtains the

following:

IIT k — \2
dco _ _Sa f_ ' _ III
at = 75, (131 o B, - BjCo )
2k 1K, [05] [CoLy ]
2 2
b —22 4aB (iBl o By - BscoIII) .(66)
3 .

In order to be able to integrate equation 66, several
transformations of variables must be made. The first trans-

formation is shown below

X ='J4ﬁ2 - B3CoIII

. III III
dx _ d/' Bz -B3c0 . d(B2 —B3Co )
acottt d(Bz-B3COIII) dcotll
_ ~Bs _ “Bs (67)
III 2x

2 J ‘Bg -B3Co

Setting up the integration of equation 66 and substi-

tuting equations 67 in to the expression, one obtains
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CC)III
III
dco _
Ksa N 111)2 k5K, [0z ]COTLT J 111
g'é'_ -B]_ + Bz —B3Co + B3 (_Bl + B2 "B3CO
ottt
(68)
t
= fdt = t
0
COIII
-2xdx - t. (69)
a ' 32 —“!(2 .
——(x-By1 )2 + 2k5bK4a[02] T (x - By)
Cog Tt

The second transformation of a variable is shown below
U.=X"‘B1
(70)

du = dx :

By substituting equations 70 into equation 69 and rear-

ranging, one obtains

III

Co
(u + B1)
-2 |_ —2K [Oz]ksbu ksa 4K4a[03]k5b31
+ ) - B, u
III

(71)

(2K4a[03]k5bB2 2K, ,[031k g, B1 %\
+ -

B3 B3 ‘/
To simplify equation 71, the following constants are

defined
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K ,[021k ;B 2K, _[0z]kg, By

a= Bs - B3
T N e (72)
=3 B |
2K, [05]kyy
c = .
B3

By substituting equations 72 into equation 71, one

obtains
COIII COIII COIII
(u + By )du du B, du (73)
-2 =t=-2 [ —— 2 .
u(cu?+bu+a) cu? +bu+a u(cu2+bu+a)
III III
CO%II Coo COO

Both terms of equation 73 are standard forms and can
be readily integrated. The standard integrations!l5 of

these two terms is found below in equations 74

X = a + bu + cu?

q = 4ac - b2

\—/é_‘-l _ f du S | log (2cu+b- 'J-Q)
X quz +bu+a ~N-q 2cu+b+ N

1 log (2cu+b - b !—4ac)

Nb2-4ac 2cu+b+ Vb2 -4dac
Bu _ [au _ 1 w2)_ b fd
- “2a 99(x ) " 2za
Jux Ju (cu2+bu+a)

du _ 1 R _u? )_ b log 2cu+b- Vb2 -dac
uXx 2a u2+bu+a 2a/b2-4ac 2cu+b +Vb2-4ac
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By using equations 74 to integrate equation 73 and

rearranging, one obtains

£ = bBy _ 2 log <2cu+b- Jb5-4ac>
a/b2-4dac ~b2-4ac 2cu+b +Vb2-4ac
cotll (75)
By u2
- a log cuZ+bu+ta .
IIT
COO

Then by successively substituting equations 70 and 67 into

equation 75, one obtains the following
(bBl 2 (c[x-B1)+b Jb’-4ac>
t = - log
a VbZ-4ac ~bZ-4ac 2c[x—B1]+b-FJb2—4ac
2

III

B1 {x-B; }
— log > (76)
c{x-B;}"+ b{x-B;} + a 111

COD

[(:Bl 9 ) (2c N B, -BgColIl-B,; }+b-VbZ-4ac
t = - log
Nb2-4ac ~bZ-4ac 2cﬁJB2-B3CoIII—B1]+b+Jb!-4ac (77)

, coI1I

By Bz -Bgcolll_ g, )
-5 log 3 .
c WBy-B3ColII- B, }“+ b{VBy-BgCcolll-p, }J+a ITT

By introducing the limits of integration and rearranging,

one obtains
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2¢c(VB, —B3CO%II— B, )+b- b2 -4ac
2 bB, ZC(JBz-B3Co§II- B1)+b+-4b2—4ac
t = log
Nb

v

-

o 2
4ac aJb?-4ac 2c(VBz-BaCollI- B, )+b- NB¥-dac

2c(NB;-BgColll= B, )+b+ VbZ-4ac

_ . (78)
(VBz'Bscogll' By ) ]
By CN Bg -B3CO£II— By )2 +b (’J Bg "Bs(:O(]):II— By )+a

+ — log
a 11T

(WVBg-BgCo™ ~"- By )2

L.<':(~/132-133001ﬁ— By )2 + by B2—B3COIII- By )+a

-

If one repeats the derivation and integration of the rate
equation but includésxnaction 50 and deletes reaction 49,
the bulk of the derivation remains the same except as stated
below.

The differential rate law now becomes

III

dco . . . .
at —— = Kga [CoLz0z][cCoLp] + kg, [COL202] [COL; '] (55a)

III . «
dCo - ] +
de—— = k5 K. [02] [CoLp]2 + ksbK4a[02][COL2] ;CoLz ] .(56a)

Equations 57 to 65 obviously remain the same.

By substituting equation 65 into equation 56a, one. obtains

III k!
dco _ 'sa B WB B oIII 2
at = 2B3K4b ( B1 Bz B3C0 )
(66a)
I1I :
2k . K [02] [CO ]
+ —sP 43 (-By + NBz-BgCottl),

B3
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Setting up the integration of equation 66a, substituting
equation 67 into the expression and then substituting equa-

tion 70 into the expression, one obtains

bl
A; 111
i 2k _ K _[0g]cottT
38 (B + By Baoolll)y g2 P T (o g TEieetlT)
2BSK b B3
111
Coo =t (68a)
colit
=2xdx =t (69a)
k;a : By -x2
3K (x-By )2 + 2k K, [02] By (x-B1)
AY
cotIt
e 5 4
u + By )du
-2 -
L 2k5bK4a[02]u Ne |4k K, o (03] 3
2K, Bs
opx (71a)
= t .

5b 4a
B3 Bs

2k K, [03]B; . 2k5bx4a[oz]1312

In comparing equations 71 and 7la, one sees that the

only difference is the "b" term

x' 4k . K _[02]1B;
R s a (122
4b 3

Therefore, the integrated rate equation is the same as it
was with equation 49. The only difference is in the term

represented by "b".
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By inspecting equation 78, one can readily see that
the equation cannot be solved algebraically. It is neces-
sary to use a method of numerical solution which will be

described later in this section.

E. cCalculation of Ligand Concentration During the Forma-

tion and Decomposition of u—Dioxygentetrakis(l—histi—

dinato)dicobalt

The equation for calculating the ligand concentration
is the same for either mechanism, based on inclusion of
equation 49 or equation 50. By defining Lt as the total
ligand present excluding the ligand from the cobalt(III)
product which was present at the start of the reaction,

+
ColL, ],
[ 3,

L, = [L7]+[HL]+[H,L7] +[H3L* THicon™] +2 [coLg 1 +3[CoLs 7]

+2[COL202]+4[(COL2)202]+2[COL2+]—2[C0L2:]. (79)

Then defining n as the ligand-to-metal ratio (ex-
cluding the ligand and cobalt from the cobalt(III) product

which was present at the start of the reaction, C0L2+)
0

n Co, - 2[CoL,"] = L, -
0

t (80)

By substituting equations 52 to 54 into equation 79, one

obtains
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L, = [L714K (B ) [L7) 4K K (0712 [L7] 4K K, Ko (719117

[COLz] _
m + 2 [COLz] +3K3 [COL2] [L ] +2K4a[COL2] 71[02]
+4K‘aK4b[COL2]2[O2]+2[C0L2+]—2[COL2:]. (81)

Then substituting equations 58 and 81 into equation 80,

collecting terms and rearranging, one obtaihs the following:
2(on-
[CoL,) (2n 4 )K4aK4b[02]

+[CoLy] n — + ﬁ'_l +(H—2)+(H—3)K3[L'1+(H-2)K4a[02]]
KiKo[L 12  Ky[L'] . A .

(82)

+(F-2) [coLy "1 -[L7] (14K (814K K, (1] 24, o (5713) = o

The quantities Ay and E are defined to simplify the

equations

+ + +
Ay = (1+K1H[H 14K, K p [HT 124K Ko K [HT]2)
— _ (83)
E = ———+ Bl 4 m24(R-3)Ks (L] +(R-2)K  [0,].
KiKp[L 12 Kp[L ]

By substituting equations 83 into equation 82 one ob-

tains the simplified equation

[CoLp]? (23—4 )K 5 [02] +[CoLy ]E+(7-2) [CoL, +] —[L']AH=0

(84)

4aK4

and then solving equation 84 for [CoL,]., one obtains

-Et JE!-4(2=-4)k K, [02] {(n-2)[C L+]-[L‘T )
[CoLy] = . n 4 4a4pt¥2l LD oLz 1 Ay “(85)
2 [(2n-4)K4aK4b[02] ) ~
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+ .
III for [CoLy 1 and since

Again using the symbol Co
[CoLz] must be zero or positive, the real root of equation
85 is the positive root. Therefore equation 85 is written

as follows:

-E+ VE2 -4(20-4)K, _K,, [02] {(A-2 )-'CoHI-[~Li]AH}

[CoLg]= -(86)

2 ((2R-4)K, K, [05] ]

Then by substituting equation 86 into equation 65 one obtains

-H ,J£2-4(2ﬁ-4)x4ax4b[02]f(ﬁ-z)CoIII-[L']AH]

(45-8)x4ax4b[02]

= 2 (-p, + B3 Baoot T ), (87)
3 .

A careful examination of equation 87 and the variables

‘H
tions 59, 63, 64), reveals that the following variables are

within the equation, A_, E (equations 83), By, By, By (equa-
| +
present. Kll K2 ’ K3 ’ K4a‘ K4bl K].Hl K2HI K3HI [H ] ’ [02] ’
+ -
[CoLy ], and [L ].

‘The values of Kj, Ky, Kz, K, o ) G KzH'

4a Kep' Kim and KsH
are known (see Discussion section). The [H+] and [0p] are
fixed at known values by the experimental conditions. - There-
fore, by using the experimental value for [CoL2+], it is
possible to solve equation 87 for [L7]. It is necessary

to use a numerical method to solve this equation. The

numerical method used is described next.
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F. -Numerical Method Used to Solve Equation 87, the Newton

‘Method

Since it has been found that the ligand concentration
doés not change very much as the reaction proceeds, a good
estimate can be obtained for the ligand concentration at
any time during the reaction.

If one has a good initial estimate for the solution «of
an equatiqgn and a numerical solution of the equation is
necessary, the Newton method is the best numerical technique
to use.l16 The%Newton method converges on the solution to
the equation very rapidly (usually to four significant
figures within six iteratiéns).

Since a good initial estimate of the ligand concentra-
tion is available, the Newton method is used to solve equa-
tion 87 numerically.

The Newton method can be best described graphically
(see Figure 2).

Let us assume that one has an equation f(x) = 0 and
he wishes to find a root of the equation.  He éan try dif-
ferent values of x and plot the equation £f(x) =y.
Obviously, y 1is the residual when one substitutes his
estimate of x into the expression f(x). If y is zero,
then the estimate of x is a root of fhe equation f(x) = 0.
Referring to Figure 2, the initial estimate of a rootlto
the equation £f(x) = 0 is the quantity a;. Line A;P; is

constructed perpendicular to the x axis and then the
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<— tangent

toy = £(x)
at point
P, .

N

-Y

Figure 2.

SR, | o A

Geometric representation of the Newton method
for numerical solution of equations.
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tangent to the equation f(x) =y at point P; is con-
structed. The value of x‘ where this tangent intersects
the x axis, (x = ag), is a better estimate of the root than
is the original estimate, x = a;. This process of con-
structing a line perpendicular to the x axis at point a;
and then constructing the tangent to f(x) =y at point

a. to obtain a new estimate of the root, a can be

i i+1’
repeated until the estimate of the root is sufficiently
accurate. The accuracy can be determined by the value of
y (the residual), and the closeness of an estimate a; to
the previous estimate. The initial estimate of the root
must be close enough to the real root to avoid inflection
points or changeé in tﬁe sign of the slope of the equation
y = f(x) between the point on the equation x = a; and
the point where y = 0. If there is an inflection point
or a change in slope, the Newton method will fail.

-The mathematical equivalent of the geometric procedure
described above and in Figure 2 is as follows. As stated
above, the initial estimate of the root to the equation
f(x) = 0 is the quantity a;. Point P; is the point on
the equation f(x) =y where x = a;. Therefore, at point
P,, f(ay) =y (f[ay] is the value of £f(x) evaluated with
X = ai). The céordinates of point Py ére (x, flaq]).

Now the equation of the tangent to f(x) =y at point
P; must be obtained. The slope of the tahgent at point Py

must be the same as the slope of the equation y = f£(x) at

point P;. The slope of the equation y = f(x) at point
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P, is f'(a;), (the derivative of £(x) evaluated with
X = a;). The general equation for a straight line of slope

m and containing point (xl,yl) is as follows:

Y -~ Y1 _ oo (88)
X - X4 ‘

Therefore, the equation of the tangent is
- £
y - fad) o gy, (89)

Rearranging equation 89, one obtains
y - £(ay)
X =
£'(ay)

The point on this tangent where y = 0 1is the point

+ a; . (90)

where x = a,, the new estimate of a root of £(x) = 0.

By substituting y = 0 into equation 90, one obtains a,

f(ay) . (o1)
X = @g = a, -
P fi(ay) -

To use the Newton method to solve equation 87, it is

necessary to obtain the derivative of equation 87 with
respect to the unknown, [L"], and a good estimate of [L'].
The derivative of this equation can be found in the Ap-
pendix. The estimate of [L ] can be obtained by using trial
values of [L_] in the Newton method until a trial value

is found that is sufficiently close to the true [L ] for

the Newton method to work properly. The computer subroutine
based upon the Newton method and written by the author will

be found in the Appendix.
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G. Numerical Method Used to Solve Equation 78

Upon examining equation 78 and the variables within
the equation, it can be seen that all the variables from

equation 87 are present as are K and

4a"K4b’ k5a' ksb
[CoL2+]. By using the value of [L'] as calculated from
equation 87, choosing appropriate values for K4a and K4b
(see Discussion section) and using the current estimates
(either initial estimates of these variables or least squares

estimates) for k a (or kga) and k one can solve equa-

5 5b’

tion 87 for [CoL2+]. However, the initial estimates and
in some cases the iterative computer estimates of k5a (ar

k and k), may not be accurate enough to use the Newton

1
sa)
method to solve equation 87 numerically. Therefore, it
becomes necessary to derive a numerical method and a computer

program for the method which can be used even with poor

This method

initial estimates of k5a

(or k;a) and k_ .
is based on the method of successive approximations.

If one has a function of the form £(x) = 0 and he
tries two estimates of roots to the equation, x3 and x5,
to get £(x;) and f£(x,), he can tell from the magnitudes
and signskof f(xl)' and f(x,) whether there is a root
between X%, ana X, and if not, whether x; or x, is
closer to a root. If the signs of £(x;) and f(xy,) are
different, there must be a root betweén xl' and~ Xo. If

the signs of f(x;) and £(x,) are the same, whichever has

the smallest magnitude is based on a value of x which is
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closer to a root. In this way, one can tell whether in going
from x; to x5 a root has been passed or if it is ap-

proaching or leaving a root.

H. Computer Programs

The computer program for the linear least squares rou-
tine, which is used to determine rate constants and activa-
tion energy for the decomposition of the pentacyanocobalt-
ate(II) ion, is straightfoward. It is based upon equations
6, 7, 9, 10, 39 and 40. The computer program can be found
in the Appendix.

‘The computer program used for the-cobalt-histidine-
oxygen reaction consists of a main program, "Deriv", a ligand
concentration calculation subroutine, "Aligcalc", ;-[COL2+]
calculation subroutine, "Co3calc", and a determinant evalu-
ation subroutine, "Dterm".

There are two basic versions of the main program. The
preliminary version, "Kintslct", does not include any least
squares calculations. It i§ used to detemine order of mag-

nitude estimates for k__, k! and k5 It consists of

5a 5a b’
reading in the experimental data, the known variables, and

the estimates of Xk, or k;a and k_, and then calling

b

subroutines "Aligcalc" and "Co3calc" to calculate the ligand

a

and cobalt(III) product concentrations. This computer pro-
gram can be found in the Appendix. The. regular version of
the main program, "Deriv", includes the non-linear least

squares calculations. There are, of course, two versions
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of each type of main program; one is based on equation 49,
"Derivg" (and therefore, the parameter "b" is defined by
equation 72); the other is based on equation 50, "Derivh"
(parameter "b" is defined by equation 72a). A block diagram
of the main program including the least squares calculations
can be seen in Figure 3.

Subroutine "Aligcalc" is based on the Newton method.

It consists of calculating the necessary derivative, calcu-
lating a new estimate of [L ] (based upon the initial or
previous iterative estimate of [L ]) by means of equation 91,
checking to see whether the previous and new estimates are
close ‘enough to each other to terminate the calculation and

if not, going back and calculating the derivative, a new esti-
mate of [L ], etc.

Subroutine "Co3calc" is based on the method of successive
approximations. A block diagram of this subroutine can be
seen in Figure 4.

Subroutine "Dterm" is a standard program which was ob-
tained from the Michigan State University computer program
library. This éubroutine is used to calculate the values
of the determinants.

-Subroutine "Cobltclc" is.used to calculate [C02+];
[coL’], [CoLg], [CoLgz0z], and [(CoLg)z05] -

I. Estimation of K4a and K4b

The estimation of the values of K4a and K4b is based

on the observation that at 2509, = 7.2 x 106,59

K4a°K4b
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O

Read in the values of all constants, the experimental
kinetic data, (experimental conditions, initial concen-
trations of reactants, [CoL2+] and time), least squares
parameters, initial estimates of the parameters (k5a

X ksa’ k5b and [L7]).

Y

C
1

all the "Aligcalc" subroytine to calculate the free
igand concentration (based on the experimental values

th

for [CoL,%]) for each experimental data point.
y T
Call the "Co3calc" subroutine to calculate the [CoL,7¥]
(based upon the initial estimates of k__ or k'_ and k d

an
e [L”] calculated above) for each exggrimenégl dataSBoint.

. N

7

A

Calculate the derivatives necessary for the least squares

calculation (based on the current estimates of k or k;a
. + +

and ksb)’ the difference between [CoL, ]exp and [CoLz '] __ ;.

and set up the least squares determinants.

K

|call the "Dterm" subroutine to evaluate the determinants.]

Y

Use the determinants to calculate new values for k5a or

k;a and ksb'

N

call the "Co3calc" subroutine to calculate [CoL,']

. ]
(based on the new choices ©of ksa or ksa and ka for

each experimental data point.

Y

Print out the previous and new estimates of k or k;a

5a
+
and k 4., the new and old values of [CoL, ]calc'

+ ; + - +
[CoL, ]experim: the quantity ([CoL, ]exp [CoL, Calc),
and the mean and standard deviations.

A 4

AN

If the o0ld and new estimates of k5a or k; and k5 are

b
close enough to each other (indicating convergence),
terminate the calculations. Otherwise repeat the least

squares procedure up to a maximum number of iterations.

Figure 3. A block diagram of computer program "Deriv".
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The equations 53 can be multipl;ed to obtain the product

K4a.K4b'

[ (coLz )205]
K" K, = 7.2 x 106 = . (92)
[COL2]2[02] :

One can then assume that a specific percentage of the
II1

total cobalt(II), Co"y, is in the form (CoL;);0p immediately
after oxygenation (and before any decomposition of the
oxygen carrier to form,CoL2+). -Then azne can calculate

[CoLz], [CoL;02], and the number of moles of oxygen initially

absorbed per two moles of cobalt.

II
t

tially (CoLz)zoz, and rearranging equation 92, one can

"By defining F as the fraction of Co that is ini-

calculate [CoLy;] as follows:

[(coLz )202] COIi *F
[COLz] = = .(93)

Ko Koo (03] V7.2 x 106 - [0,]

Before any decomposition of the binuclear oxygen carrier

CoIi = [CoLy] + [COoLp05] + 2[(CoLgy)20,1 (94)

II
o

[COL202] = C t

- [CoLz] - 2[(CoLp0,]. (95)

Since [(CoLgkO) is assumed, [CoLy] 'and [CoL,0,] can
be calculated from equations 93 and 95,.K4a and K4b can be
calculated by using equations 53.

The number of mg%es of oxygen that are initially ab-

sorbed per two moles of cobalt(II) is equal to the quantity

[ (CoLy )205]1 + 2[CoL;0,]

) (96)

II
., 2Co £
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. +
J. Correction of CoL Absorbance Due to the Presence of

11
Coa

A simple linear correction on the absorbance of the
quenched cobalt-higtidine-oxygen solutions for the absorb-
ance due to Coié has been derived by Zompa.l17

Since, at any wavelength of the spectral observations,

the molar absorptivity of CoLz+ is much greater than that

Of COiél
A 11
F 11 < ng__ (97)
Co coll .

[coLy 1] A 111 _ Ptotal™ | 11
F 4= —— = L0 ~ Coo__ (98)

CoL, [CoL +£O A g A 111?11

2 ..
COOO COOO COO

where F is the fraction of the subscripted species (rela-

tive to its maximum possible concentration, at either the
start or end of the reaction). The A terms are all ab-

+ .
sorbances less any absorbance due to C0L2o° A, 1s the

experimental absorbance; A and A are respec-
cOII COIII

+ + .
q and CoLy, ; A 11 is

tively the absorbances due to Coi
COO

the initial absorbance of the solution and A ITI is the
Co
©

final absorbance of the solution.

Since the whole is equal to the sum of its parts,

At'AcOII ACOII
— L3 4——‘ ) - o
FCOII *Feor,t TR T1A_17 A II L (99)
Cow COO COO

The only variable in equation 99 that is not known from the
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experimental procedure is A 11 S° that by rearranging this

.Co

+

2
equation, the absorbance of the solution due to Coaq can

be calculated

COq

II

t
(100)

0 Co

II e

OIII

(101)
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IV.  EXPERIMENTAL

A. Preparation of Reagents

Reagent grade materials were used throughout. The 1-
histidine was obtained from Nutritional Biochemicals, Inc.
and was used without purification. The water used to pre-
pare the solutions was boiled distilled water. Throughout
the boiling of the water and while cooling afterward, pre-
purified nitrogen gas was bubbled through the water to
remove any dissolved oxygen. Thereafter, whenever water
was pipetted out of the container, prepurified nitrogen
was bubbled through the water to prevent air from entering
the container.

A potassium pentacyanocobaltate(II) solution of 0.170M
was prepared by mixing solutions of KCN and Co(NOz), in a
molar ratio of 5.49 to 1.00, in a special flask which al-
lowed mixing and withdrawal of samples into a spectrophotom-
eter cell in an atmosphere of prepurified nitrogen. The
flask, which is shown in Figure 5, is essentially "H"-
shaped and contains a sidearm with a stopcock for copnecting
a spectrophotometer cell to the flask. Before use, the
flask was evacuated several times and filled with prepuri-

fied nitrogen. Whenever reagents were added to the flask,

48
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2-way
stopcock
1 cm
spectrophotometer
cell
e 24/40
Ground

Glass Joint

Hoffmann
Screw 5

2-way
stopcock

Figure 5. Special mixing cell.
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nitrogen was passed through the flask to prevent the in-
trusion of any air. The KCN solution was pipetted into
one side of the "H"-shaped flask and the Co(NOj ), solution
was pipetted into the other side of the flask. The flask
was closed, tipped and shaken to thoroughly mix the re-
agents and then tipped at an acute angle to allow the
solution to flow through the sidearm and into the spectro-
photometer cell.

Hardened Tygon tubing must be used to connect the
spectrophotometer cell (which must have a round top to
permit the connecting of the Tygon tubing) to the "H"-
shaped flask to prevent collapse of the tubing while the
flask is being evacuated. When the spectrophotometer cell
is about to be disconnected from the flask, a Hoffman screw
is tightened about the Tygon tubing and the sidearm stop-
cock is closed. Then the spectrophotometer cell (with the
Tygon tubing and the closed Hoffman screw attached) can be
disconnected from the "H"-shaped flask and placed in the
spectrophotometer.

Bis(l-histidinato)cobalt(II) solutions, buffered at
pPH = 7 and in a medium of 1M KNO3;, were prepared by adding
the reagents shown in Table I to a 100 ml volumetric flask.
For simplicity, bis(l-histidinato)cobalt(II) will be desig-
nated CoL, and bis(l-histidinato)cobalt(III) cation will be

designated CoL2+.
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Table I. Preparation of the CoL, solutions (2:1 histidine
to cobalt ratio).

I II ITI
[CoLg] 6.08 x 107> 6.08 x 10> 12.16 x 1073
[coLg ] 0.00 6.0 x 1073 0.00

ml 1M KHoPO, 7.00 7.00 5.00

ml 1M K,HPO, 25.00 25.00 25.00

g KNOg 10.1 10.1 10.1

g 1l-histidine 0.1887 0.1887 0.3774

g (cony™)(Nog7) 0.00 0.2622 0.00

ml 0.1216M Co(NOg); 5.00 5.00 10.00

up to the up to the up to the

ml. Hz0 100 m1 mark 100 ml mark 100 ml mark

Solid (CoLjy)(NOs) was prepared by adding a two to one
mole ratio of l-histidine and Co(NO3)2 to water and bubbling
air which was passed through a glass wool filter through
the solution for three days. No buffer was added to the
reaction flask. The resulting red solution was added to
approximately four times its volume of acetone. The result-
ing fine precipitate was filtered through a fine fritted
glass funnel, washed several times with small quantities of
water, washed with acetone and ether and then dried in vacuo
for approximately two hours. The yield of the non-crystal-
line salmon-red powder was approximately 50%. The powder

was a mixture of the three isomers of the product.107
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B. Analytical

The cobalt nitrate solution was standardized by a
modification of a standard electrochemical method.118 a
volume of solution containing 150 to 200 mg of cobalt was
pipetted into a beaker; 0.3 g of NaHSO3, 5 g of NH,Cl, 50
ml of conc, NH,O0H and approximately 20 ml of H,0 was added
to the beaker. The solution was electrolyzed for approxi-
mately five hours on a Fisher electroanalyzer using a ro-
tating platinum anode and a platinum gauze cathode at 3.0
to 3.5 volts, 0.5 to 1.2 amperes.

The KCN solution was standardized by a silver ion
titration.11? potassium iodide was the indicator and a
small amount of NH,OH was added to dissolve any Agcﬁ prema-
turely precipitated due to a locally high Ag+ concentration
when a drop of AgNO3 from the -buret enters the solution. . The
endpaint is the first permanent clouding due to separation of AgCN.

To check the purity of the l-histidine, a neutraliza-
tion equivalent titration was performed. The result was
100.5 * 0.2% for the purity of the l-histidine.

In order to determine the quantity of phosphate buf-
fer necessary to maintain a pH of 7 in the cobalt-histi-
dine solutions listed in Table I, it was necessary to
standaraize a glass electrode for 1M KNOz. A titration
was performed by using standardized dilute acetic acid in
1 M KNO3 and standardized NaOH in 1M KNO3. Since the k_

for acetic acid in 1M KCl is 3.071 x 10°® (ref.120), it is
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possible to calculate the pH of the solution at all titra-
tion points (by assuming that the ka for acetic acid is
the same in 1M KCl and KNO3;). By comparing the calculated
and experimental values of pH, a calibration curve can be
made. The pH meter reading was found to be 0.12 pH units
high.117

Then, test solutions were prepared to determine the
quantity of phosphate buffer necessary to maintain a pH of
7. The test solutions were the same as listed in Table I
except that no KH,PO, was added initially. Then KH,PO, was
titrated into the test solution until a Corning pH meter
with a saturated calomel electrode and the 1M KNOsz standard-

ized glass electrode indicated pH 6.88.

C. Experimental Procedure for the Study of the Co(CN)sz3~

Decomposition

A preliminary study of the decomposition of Co(CN)g3-
showed that the decomposition was affected by light. One
sample of Co(CN)gz3~ was kept in the light and another sample
was kept in the dark. Spectra of both samples were taken
periodically. Some of these spectra are shown in Figures
6 and 7. From Figure 6, one can se<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>