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I. INTRODUCTION

The chemistry of the nickel(II) complexes of the vic-
dioximes has been very difficult to elucidate, because of
the slight solubilities of the vic-dioximes and the bis(gig—
dioximato-N,N')nickel(II) complexes. Several complete
investigations have been carried out since Feigl (1) studied
the reaction between several oxidizing ageﬁts and bis(2,3-
butanedionedioximato~-N,N!')nickel(II) in alkaline media, but
the conclusions of these investigators have differed sub-
stantially. Even after it was realized (2, 3) that two
complexes of different composition and characteristics were
formed, depending on the conditions employed, controversy
still existed as to the vlic-dioxime and nickel ratio, and
the oxidation state of the nickel atom in the complex. The
red color obtained from the reaction has been attributed to
a vic-dioxime complex of nickel(IV) in which the ratio of
ligand to metal was 2:1 (1), 3:1 (4, 5, 6, 7, 8), and el
(3, 9); to a complex of nickel(III) in which the ratio of
ligand to metal was 3:1 (10, 11, 12, 13); and to complexes of
an unknown oxidation product of the vic-dioxime with nickel(II)
in which the ratio of ligand to metal was 1l:1 (14), 2:1 '
(15, 16), 3:1 (17, 18), and L:1 (18).

The difficulties due to limited solubility have been

overcome with the preparation of l~-carboxyl-1,2-cyclo-



hexasnedionedioxime (l-carboxynioxime) (19). This investiga-
tion was undertaken in the hope that this vic-dioxime would
allow higher concentrations of the complexes to be present
in solution so that spectrophotometric, polarographic, and
magnetic susceptibility data would resolve the problem and
permit the formulation of the correct course of reaction and
an estimation of the values of the stability constants
involved.

In this investigation, the nickel(II) complexes of the
vic-dioxime were studied in concentrated potassium hydroxide
media. An attempt was also made to determine the reaction

mechanism of the oxidation of the complexes with oxygen.



II, REVIEW OF LITERATURE

A. Oxidation of Nickel(II) Complexes

The application of the vic-dloximes for the detection
or determination of nickel in alkaline medla appeared in the
literature as early as 1913, Fortini (20) reported that a
mixture of dimethylglyoxime, nickel(II) chloride, ethyl
alcohol, and concentrated ammonium hydroxide gave a rose
color that could be used as a sensitive qualitative test for
nickel.

In 192), Feigl (1) reported that oxidizing agents such
as ferricyanide, peroxides, permangenate, and lead dioxide
tended to prevent the formation of the typical nickel pre-
cipitate with dimethylglyoxime. An intensely red colored
solution resulted from the reaction of bis(2,3-butanedione-
dioximato-N,N')nickel(II} and lead dloxide in basic solution.
By careful neutralization of the solution, he was able to
obtain a red colored precipitate. From analysis of this pre-
cipitate, he assigned the following formula [HON:C(CH3)-C(CH3):
Nd]zNizo. The precipitate was unstable in acidic media and
if potassium ilodide was present, 12 was liberated. Todometric
titrations indicated that there was a reduction of approx-
imately two electrons per nickel atom. From this, Feigl

postulated that the nickel was quadrivalent.
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Rollet (21) reported in 1926 that quantities of nickel
varying from 0,001 to 0.01 mg. could be determined in steel
and organic materials. He used a slight excess of bromine
to oxidize the bis(2,3-butanedionedioximato-N,K')nickel(II)
complex in an ammonical solution. Since then varicus proce-
dures have been developed for the determination of nickel
employing the reaction between an oxidizing agent and the
bis(vic-dioximato-N,N')nickel(II) complex in alkaline media.
The oxidizing agents that have been used are bromine (15, 21,
22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36,
37), iodine-potassium iodide (10, 29, 38, 39, 4O, 41, L2,

L3, Wby, 45, 46), sodium hypochlorite (15, 47), sodium
hypobromite (15, 448), ammonium and potassium peroxydisulfate
(15, 49, 50, 51, 52, 53, 54, 55, 56), lead dioxide (29),

and atmospheric oxygen {16, 56). These procedures were based
on the work of Feigl and Rollet.,

Wulff and Lundberg (15) were the first to make an
exhaustive study of the method using all of the common oxi-
dizing agents. They qualitatively attempted to explain the
color formation and were able to reproduce the color obtained
by Rollet (21) provided they added the oxidizing agent to the
vic-dioxime and then the nickel. The soluble red color was
not produced if the vic-dioxime was added to nickel(III). On
this evidence they proposed that it was the vic-dioxime, not

the nickel, which was oxidized.
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The color produced when bromine or other oxidizing agents
are used 1s unstable. By maintaining rigid control of the
amounts of reagents, the order of addition, and the time for
the deveiopment ol the color, it 1s possible to obtain repro-
ducible results. In an effort to standardize the method,
Furman and McDuffie (2) discovered that the red color reported
in previous literature was actually one of two complexes
formed depending upon the method of preparation. Bromine oxida-
tion in the presence of ammonia yielded an unstable complex,
Complex A, which decomposed ian a few hours to glve Complex
Be. This complex was stable for a few days. They found that
the optimum conditlion for the formation of Complex B was at a
PH 12 or greater with potassium peroxydisulfate as the oxidant.

Okac and Polster (Lly) repeatea Feigl's (1) work and
obtained a so0lid compound which had the séme appearance and
oxidizing properties, but contained lead, sodium, chlorine,
and only one-half of the nitrogen reported by Feigl. Attempts
to isolate an oxidatlion product of dimethylglyoxime and a
hydrolysis or reduction product of dimethylfuroxan failed.

The qualitative nature of the reactions in alkaline media
indicated the formation of such products. Okac and Polster
(59) also found that oxidation of the nickel-dimethylglyoxime
complex took place slowly even without the addition of

oxidizing sgents. This reasctior was accelerated by heating



or by the addition of oxldizing agents. A crystalline red-
brown colored substance was lgolated; DNaNiOH°H>0, which was
stable only in strongly alkaline media. These workers pro-

posed the following structure,

_— " 0~
CHy - C = 0 N =-=¢C-CH
3 , - N\ RN s 2
N1(IT) N1(II)
CH3-C=N/ \Q/ \1\?=C-CH3
0 R 0-

Upon hydrolysls bis(2,3-butanedionedioximato-N,N')nickel(II)
and nickel(II) were obtained. They concluded that the oxida-
tion occurred on the oxime group rather than on the nickel.

Hooreman (3) assumed that the oxidation state of the
nickel was plus four in the two complexes which were designated
I and II. These two complexes correspond to the Complexes A
and B reported by Furman and McDuffie (2). Hooreman reported
the ratio of vic-dioxime to nickel in Complex I was 2:1 and
in Complex II, L:1. Both complexes were unstable, Complex I
being completely destroyed and Complex II, 20% destroyed in
2l; hours. No reaction mechanisms were given.

Edelman (58) reported the preparation of a stable
bis(l,2-diphenylethanedionedioximato~N,N')nickel (III) complex
by a bromine oxidation with bromine in carbon tetrachloride.
From the analysis of the dark brown colored substance,
Edelman concluded that the formula was N1028H22Nu043r. This

material was soluble in alkaline media and upon hydrolysis
gave bis(1l,2-diphenylethanedionedioximato-N,N')nickel(II).



Babko (17) reported a 2:1 complex in ammonical media,
presumably Complex I. If sodium hydroxide was used ir place
of ammonium hydroxide, a 3:1 complex was produced, presumably
Complex II. The maximum color intensity of Complex II was
observed at a nickel:dimethylglyoxime:oxidizing agent ratio
of 1:3:3. Babko concluded that the vic-dioxime was oxidized
rather than the nickel.

Okaé and Simek (59) studied the compound prepared by
Rollet (21). By oxidation-reduction titrations, they found
an exchange of 1.86 electrons. In 8 N sodium hydroxide,
dimethylglyoxime and nickel(II) gave a yellow solution, which
could not be oxidized to yield the red colior., In lj N sodium
hydroxide, oxidation of the yellow solution was slow and
incomplete. They were able to isolate from these yellow
solutions & compound which they considered to be DNaNiOH-HZO
(57).

Carlson () studied Complexes I and II with several
different vic-dioximes. He established by Job's method that
the ratio of yvic-dioxime to nickel in both complexes was 3:1.
In an effort to establish the oxidation state of nickel in
Complex II, lodometric titrations, sodium hydrosulfite
titrations, and polarographic reduction were used. The results
obtalned approached, but never reached, the reduction of two
electrons per nickel atom, Magnetic susceptibility measure-

ments indicated that the complex was diamagnetic, but the

solutions used were too dilute to allow much confidence to be



placed in these measurements. Therefore, all the evidence
collected by Carlson indicated the Complex II was a 3:1 com~-
plex of nickel(IV). He proposed the following reaction

HN103 + 3D°2 + 40, + 2HOH = NIDJZ + 5OH"

He reported K' for the reaction to be 1l.1 x 109, but the
range in the values used to obtain this average was [} x 102,

Booth and Strickland (10) made an extensive study of the
reaction of bis(2,3-butanedionedioximato-N,N')nickel(II) and
an oxidizing agent in alkaline media. They reported two
complexes, one with a ratio of vic-dioxime to nickel of 2:1
and the second, i4:1. Using this information, they prepared
solutions containing stoichiometric amounts of nickel and
dimethylglyoxime. By adding varying amounts of bromine and
following the disappearance of bromine as a function of the
change iIn absorbance of the solution. They concluded that
there was a total electron transfer of three per mole of com-
plex formed. Migration experiments indicated that Complex II
was negatively charged and monovalent. They proposed the

following reaction
N1"2 + UDH, + 60H™ = [Ni(OH)a(DH)LL]'-r 4H50 + 3e”

and that the nickel was present as nickeli(III).
In 1953, Yatsimirskii and Grafove (18) reported a study

of the formation of the complex in ammonical media using



atmospheric oxygen as the oxidlizing agent. Three methods were
used to determine the ratlo of vic-dioxime to nickel in the
complex, but to explain the discrepancies in their data, they
postulated a 3:1 complex and the simultaneous existence of a
1:1 colorless complex., The followling reactions were proposed

Ni(NH3)4? + 3DHC  NL(DEC); - + 6NH,

NL(DH); -+ 2Ni(NH;)(2 = 391(DHO)(NH3), + (12-3%)NH,
They assumed that nickel was present as nickel(II) and DHC
represents some unknown oxidation state of dimethylglyoxime.

Ok&¢ (9) studied the oxldation of bis(2,3-butanedione=-
dioximato-N,N')-nickel(II) potentiometrically in acid and
alkaline media. He concluded that dimethylglyoxime was
oxidized rather than the nickel. In acid solution, the oxi-
detion was preceded by the decomposition of dimethylglyoxime
to give 2,3-butanedione and hydroxylamine. Furoxan deriv-
atives are probably formed in alkaline media. The reaction
mechanism was not given.

Nadezhina and Kcvalenko (11, 12) studied the formation
of the complex in both alkaline and ammonical solutions
uging iodine, bromine, potassium ferricyanide, ammonium
peroxydisulfete, and atmospheric oxygen as oxldants. They
found that the ratio of vic-dloxime to nickel was 3:1 and
that this ratio was independent of the oxidizing agent used.
They suggested that nickel was oxidized to nickel(III) in

the complex.
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German (5) made an extensive study of the reaction of
nickel(II) chloride, l-carboxy-l,2-cyclchexanedionedioxime
and an oxldizing agent in alkaline media. German obtained a
value of approximately 0.5 for the number of unpaired electrons
from magnetic studies. German proposed that Complex II was
actually a mixture of two complexes, one complex having a vic-
dioxime to nickel ratio of 3:1 containing nickel(IV), and
the other a 2:1 complex of nickel(II). The following reactions

were proposed
n'2 + 2073 . wipgh
Hy0 + ‘5‘02 + N1D§“+ p-3 - 1:11355 + 20H

The formation constants for the above reactions are

6

K{ = (11%10) x 10

' +
K, = 34% 20

From these data he attempted to explain the faillure of
previous workers to agree on the ratio of ligand-to-metal
in the complexes and why oxidation-reduction titrations con-
sistently yield electron changes approaching two, but due to
the small amount of reagent avallable, he was unable to con-
clusively prove this hypothesis.

Babko (16) reported the preparation of a water-soluble

red colored precipltate from the reaction of nickel and
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dimethylglyoxime in the presence of an oxidizing agent.

Babko propcsed that the precipitate was either (a) a compound
of nickel(IV) or nickel (V) with dimethyiglyoxime or (b) a
compound of nickel(II) or nickel(III) with partly oxidized
dimethylglyoxime. Babko supports hypothesis (b) on the basis
of the following arguments: Dimethylglyoxime can be oxidized
more readily than nickel. The complex 1s destroyed by excess
unoxidized dimethylglyoxime. The intermediate oxidation
product of dimethylglyoxime formed a red solution when nickel-
(I1) hydroxide was added.

Yemasaki and Matsumoto (6) determined the ratio of yvic-
dioxime to nickel iIn the dimethylglyoxime complexes formed by
oxidation in alkaline media by the spectrophotometric molar-
ratio method. They proposed the following compounds
[Ni(D)z(NH3)2] and [Ni(D)é]'2 in which the nickel was present
as nickel(IV).

Kudo {60) used lead dioxide to oxidize the bis(2,3-
butanedionedioximato-N,N' Jnickel(II) complex in 6 N ammonium
hydroxide. A black colored powder was obtained. Todometric
titration indicated that nickel(IV) was present. The pro-

posed structure of the powder was
H, [ DNION1(D,)d]

or & polymer,
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Peshkova and Mel'chakova (13) investigated the reaction
of nickel with dimethylglyoxime in the presence of bromine,
iodine, ammonium peroxydisulfate, and lead dioxide iIn alkaline
and eammonlum hydroxide medium. They found that the ratio of
vic-dioxime to nickel was 3:1 and assumed (III) to be present.

0k&e and éimek (7) studied the oxidation of bis(2,3=-
butanedionedioximato-N,N')nickel(II) photometrically,
potentiometrically, and by paper chromatography. The oxidizing
agents used were hydrogen peroxide, potassium ferricyanide,
lead dioxide, potassium peroxydisulfate, and atmospheric
oxygen. From a carbon tetrachloride suspension of bis(2,3-
butanedionedioximato-N,N')nickel(II), a black colored amor-
phous preciplitate of Ni(DH)eBre was obtained using bromine
as the oxidant, It wes insoluble in ethanoi, ether, chloro-
form, benzene and soluble in sodium hydroxlde, smmonium
hydroxide, and pyridine. A red colored precipitate of
bis(2,3-butanedionedioximato-N,N!)nickel(II) was obtained
upon hydrolysis. They proposed that Na [DN1(II)OH] was
either (a) oxidized in the presence of dimethylglyoxime
yilelding [Ni(IV)D3]'2 or (b) it reacts with dimethylglyoxime
to give [Ni(II)D3]"+, which is afterward oxidized to
[N1(1v)D312. In a different paper (8) Okl and Simek
studied the reduction of [Ni(IV)DB]-Z by the same methods as
above. The reducing agents used were sodium stannate,
hydrazine, hydroxylamine, and cobalt(II) salts. The reduc-

tion is represented by the following squation
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(red) [ N1(IV)D;] =24+ 2" = (yellow) [Ni(1I)D;] -k

Dilution or neutralization of the alkaline solutions resulted

in hydrolysis.
[N1D;] -4 + 3,0 = Ni(DH) + DE™ + 308"
[§¥4D3 ]2 + 3H,) + 26~ = Ni(DH), + DH + 30H"

They proposed the following mechanism for the oxidation of
bis{2,3~butanedionedioximato-K,N*)nickel(II)

2Ni(DH), + 60H™ = [ DN1(OH),NiD]™2+ 2072 + LH,0

[ovi(oR),ND] "2 + 1072 & 2[NiDy]7* + 208"
then,

[ving =% = [mipg}72 + 2e”

Selbin and Junkin (61) reported that bis(2,3-butanedione-
dioximato-g,g')nickel(II) dissclved In alkaline medla absorbs
oxygen in a reversible manner. Deoxygenation may be
accomplished by headting the solution, bubbling an inert gas
through the solution or bty reducing the pressure above the
solution. Bis(2,3-butanedionedioximato-N,N')palladium(II) does
not show this behavior.

Diehl (62) reviewed the general chemistry, synthesis,
and the application of the vic-dioximes to the gravimetric,

volumetric, and colorimetric determination of nickel.
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Banks and Richard {53) found that yvic-dioximes could be
quantitatively dehydrogenated with iodire in the presence
of mercury(II) acetate to give the corresponding furoxanes
in carbon tetrachloride. Fifteen different vic-dioximes were
determined by this method. Several furoxanes were isclated.

A review of the chemistry of furoxanes has been prepared
by Kaufman and Picard (64). A critical discussion of the
various structures which have been proposed, isomers, reactions
of furoxanes, preparation, and nomenclature was presented.

The following references pertain to the oxidation of
nickel complexes in which the vic-dioximes have been replaced
with other ligands. Malatesta and Monti (65) prepared and
studied the complexes of nickel(II) and benzamide oxime. The
compound, [ PhC(:NO-)NH,] 3Ni(II), was diamagnetic and changed
into a black colored salt, 01431303N5Ni, in methanol, ethanol,
benzene, and chloroform. In potassium hydroxide the following
black colored compound, 014H1303N5N1K0H, was 1solated. When
the above compounds were treated with dimethylglyoxime, the
bis(2,3-butanedionedioximato-N,N' )nickel(II) precipitate was
obtained indicating that nickel was present as4nickel(II).

In the absence of air, sodium thlosulfate titrations indicated
that approximately two oxidimetric equivalents per nickel
atom. The oxidlzing power of [ PhC(:NO-)¥Hp7] 3N1(II) is due

to one of the benzamide oxime molecules and not to nickel(III).

The compound PhC(sNOH)N(:0):NH or PhC(:NOH)N:NOH was isolated

from the oxldatione.
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Malatesta and Pizzotti (66) prepared the blue colored
salt 28 [ N1(NO)(CW), c(0H) ] [N1(CN),3Et0A] . The molecular
susceptibility, X, at 20° C. was 104 x 1070, In the solid
state, it oxldizes slowly and then gives the reaction of
nitrites. The compound H['Ni(NO)(CN)log(OH)os] *5 H,0 was
prepared from the above s8alt. 1t was difficult to prevent
oxldation of this compound, with the formation of nickel(II)
nitrite and nlckel(II) cyanide.

Jensen and Nygasrd (67) prepared a red colored complex
from the addition of sodium hydroxide to nickel(II) sulfate
and aminoguanidine. It was readily oxidized to a black colored
compound, possibly Ni(CHSNu)Z(OH)z s Which decomposes to
give ammonia, nitrogen, and carbon dioxide. The complexes of
diaminoguanidine and triaminoguanidine with nickel are pro-
gressively more readily oxidized. These complexes are
diamagnetic.

Hieber and Bruck (68) oxidized o-aminothiophenolate-
nickel(II) suspended in strong alkall with atmospheric oxygen
to give the u-dioxo-nickel(IV) compound via a hydroxo complex
with six coordinated nickel(II). Similer complexes are also
formed in systems where nickel cerbonyl is formed. Thus, if
bis(2,3-butanedionedioximato-N,N' )nickel(II) in 30% sodium
hydroxide 1is treated with carbon monoxide, the nickel{IV)
complex in formed, but is unstable and up to 90% of the

carbonyl was formed.
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Nyholm (69) reported that [N1012(06H4(A5M92)2)2 ] Cl was
oxidized by chlorine, cerium(IV), and concentrated nitric
acid to a compound contalning nickel(IV). The compound is
diamegnetlic and Nyholm assumed 1t was octahedral with dzs p3
binding.

Hieber and Bruck (70) prepasred a yellow colored compound,
N1 [S%Humzla' It can be oxidized to 0N1(SC6HL‘_NH2)2 in
concentreted sodium hydroxide by oxygen, peroxide, chliorine,
bromine, potassium permanganate, potassium ferricyanide.
Cryoscopic molecular weight determinations showed that 1t

was 2 dimer. They assumed that nickel was present as

nickel(IV).
B. Magnetic Susceptibility

The epplication of magnetic measurements to the study of
metal chelates was due largely to Pauling (71, 72, 73).
Pauling (74) has reviewed the relative stability and direc-
tional properties of atomic orbitals. Theoretical discussiomns
of the magnetic properties of complexes (74, 75, 76, 77, 78,
79, 80, 31, 82, 83, 84) and the applicationz of crystal fiela
theory and molecular orbital theory (79, 80, 85, 86, 87, 88,
89, 90, 91, 92) are discussed in detail in the literature.

The more important tetrahedral "ionic" type compounds
that have been reported to date are Ni(NZHA)ZSOB’ Ni(NZHu)z
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(N02)p, Ni(NH3),S0), [NL(roH) (WHp)p)p] (SCN), H 0, (93);
bis(acetylacetone)nickel(II), (94, 95, 96); bis(1l,2-diphenyl-
ethanedionemonoximato-N,N')nickel(II), (97); bis(ethyl-
3,3',5,5"-tetramethylpyrromethene-li,li' -dicarboxylate )nickel(II),
(98, 99); bis(salicylaldehydate)nickel(II), (100, 101);
Ni(OxH2)2C12-6H20, where OxH, is oxalenedlamidioxime, (102);
bis(o-hydroxyacetophenone )nickel(II), bis(formylcamphor)-
nickel(II), (103); bis(phenylphosphine)nickel(II), (104, 105,
106, 107); nickel(II) complexes of lL-methyloxybenzaldehyde,
S=bromo-2-hydroxylbenzaldehyde, 5-bromo-2-hydroxybenzal-
anilinate, 2-hydroxy-l-naphthal-p-iodoanilinate, (108);
N1(NO) (OH)3, N1(NO)(OCH;),(0H), Ni(NO)(OCH,CH;),(OH),
N1(NO) (OCHCH3) (OH) [Ni(NO)Z(OCHB)(CH3OH)] >» N1(NO)(0H)
(OCHB)Z’ (109); bis(bromosalicyaldehydato)-nickel(II),
benzidinesallcylaldehydatonickel(II) acetate, (110); the
magnetic moments of the above complexes were 2.6 to 3.2 Bohr
magnetons.

The octahedral complexes wlth magnetlc moments of about
3.2 Bohr magnetons that have been reported are Ni(NH3)6SOM,
(99); nickel(II) complexes of mitro acetic acid and ethylene-
diaminetetraacetic acid (111); N1013-206Hu(As(CH3)2)2, (112);
tris(l,2-bis(ethylthio)ethane )nickel(II) perchlorate,
tris(l,2-bis(methylthio)ethane)nickel(II) perchlorate, (113);
bis(2,3-butansdionedioximato->],N' )nickel(II) chloride, (11l4);
dicyanamminedipyridinenickel(II), (115); nickel(II) complexes
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of 0-(NH2)206H4, PhCH,NH (HZNCH (116); tris(2-pyridinal-

272 2)2’
doxime )nickel(II) iodide, (117); Ni(ethylenediamine)2(NCS)2,
(118); nickel(II) complexes of biacetyldihydrazone, 2~
pyridinalhydrazone, 2,6-pyridindialdihydrazone, and 2-
pyridinal-p-tolilimine, (119); tris(ethylenediamine)nickel(II)
sulfate, (110); and a polymer bis(N-methylsalicylaldimine)-
nickel(II), (120).

Some of the planar diamagnetic complexes reported are
K2N1(CN)M, K2Ni(CN)h.H20’ nickel(II) glyoximes, potassium
dithiooxalatonickel(II), bis(acetyldioxamto)nickel(II),
bis(ethylxanthato)nickel(II), bis(ethyldithiocarbamato)-
nickel(II), bis(phenylethylenediamine)nickel(II) nitrate,
potassium succinimidonickel(II), etc., (99); bis(1l,2-
benzylmethylglyoximato-N,N' )nickel(II), (121); (CN)ZNi-
ZNH3°3H20, (CN)2N1°NH3-06H6, (122); dimethylmesoporphyrin-
nickel(II), tetramethylhematoporphyrinnickel(II), (123);
bis(salicylaldiminato)nickel(II), (96, 100, 101); bis(oxalene=~
diamidoximato-N,N')nickel(II), (102); bis(o~hydroxyaceto-
phenoneiminato)nickel(II), bis(salicylaldehydepropyl-
enediamine)nickel(II), bis(oc-aminobenzaliminato)nickel(II),
bis(o=benzaldehydephenylenediamine )nickel(II), (96, 103);
bis(formylethylenediiminocamphor )nickel (II), (124); bis(1l,2-
vic-dioximato-N,N')nicekl(II), (125); bis(diacetylbenzoyl-
hydrazone)nickel(II), (126); bis(N-methylsalicylaldiminato)-
nickel(II), (101, 127, 128); nickel(II) complexes of
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o-phenanthroline and dipyridl, (129, 130}; nickel(II) complexes
of li-methyl-2-hydroxybenzaliminate, 5-bromo-2-hydroxybenzal-
iminate, 5-bromo-2-hydroxybenzalmethyliminate, S-bromo-2-
hydroxybenzalbutyliminate, S-bromo-2-hydroxybenzalethylene-
diiminate, (108); bis(bromosalicylaldehyde-c-phenylenediamine)-
nickel(II), (110); NiBr2-2PET3 {131); 17 diamagnetic nickel(II)
complexes, (132); and the nickel(II) complexes of o-carboxy-
formazylbenzene and o-hydroxyformazylbenzene with a coordi-
nation number of three (133).

Summaries and tables of magnetic moments of nickel(II)
complexes (81, 94, 99, 129, 132, 13), 135, 136) are reported
in the literature.

Mellor and Craig (99) made a study of the factors
affecting the nature of the bonds tetween nickel and non-
metallic atoms. The electronegativeties of S, N, and O
indlcate that the tendency to form covalent complexes with
nickel should be greatest with sulfur and least with oxygen.
They divided 37 nickel(Il) complexes having a2 coordination

number of four into the fcllowing six groups.

q 0 N 0 N N s N S, 0 s, 8
rI\I i\ 'Iq 1\ }\I 1\ lNi\ IN i\ :N 1\

0 O O N N N N S 0 S S 8
I IT III IV \ VI

The five compounds in group I were paramagnetic; group II,

five paramagnetic and eight diamagnetic; group III, five

parsmagnztic end seven diamagnetic; group IV, one paremsasgnetic
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and three diamagnetic; group V, one paramagnetic; group VI,
two dlamagnetic. They concluded that while the electro-
negativity of the atoms attached to the nickel was important,
other factors, such as the nature of the functional group in
which the atom bonded to nickel occurs, may also be significant.

Mills and Mellor (96) studied the absorption spectra of
some para- and diamagnetic nickel complexes. They found that
diamagnetic complexes exhibit the following features, (a) the
bands of the coordinated chelate molecule are slightly dis-
placed to longer wavelengths, and (b) a band of appreciable
intensity 1s observed at approximately 400 mu, which must be
attributed to the nickel. Paramagnetic complexes have no
bands in the range 250-650 mu. The spectra appear to be that
of the organic chelate molecule, sometimes displaced to
longer wavelengths. The spectra of the paramagnetic complexes
in ethanol resembles those of the chelate molecule in ethanol
and sodium hydroxide. A survey (132) showed that the corre-
lation between the color of nickel complexes and thelr
magnetic behavior was unreliable. They suggested that a
better classification would be furnished by a study of the
visible and ultraviolet regions of the spectrum.

Willis and Mellor (134) found that a number of nickel
complexes are dlamagnetic in the soiid state and had magnetic
moments as large as 3.2 Bohr magnetons in solution. The

solvents used were dioxsne, benzene, chloroform, pyridine,
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ethancl, and methanol. They postulated the formation of an
octahedral complex containing two molecules of pyridine in
& pyridine media. When the magnetic moment was less than
3.2, they suggested that under the influence of the solvent,
the complex was converted to a tetrahedral one.

Sone (137, 138, 139, 140) made a study of the absorption
spectra of nickel chelates in.the ultraeviolet, visible, and
infrared regions of the spectrum. He found that the bands
in the visible and infrared obeyed the sesme regulasrity.
Absorption maxima for & number of nickel complexes wss given.

Basolo and Matoush (1l41) isolated several well-defined
crystalline compounds of hexacoordinated nickel(II) from
anhydrous pyridine solutions of diamagnetic nickel(II)
complexes. The sollids were paramagnetic and upon removal of
the pyridine, ylelded the original dlamagnetic compound.

Thus they concluded that the paramagnetism of certain pyridine
solutions of diamagnetic nickel(II) complexes results from
expanding the coordination sphere of nickel to form hexa-
coordinated compounds.

Ballhausen (142) used crystal field theory to derive
formulas which can be used to calculate the spectra of simple
para- and diamsgnetic nickel(II) ammines. The absorption
spectra of paramagnetic complexes, assumed to have a
tetrahedral configuration, do not seem to fit these formulas.
in a later paper (143), the calculations of de-systems were

used for comparison with the strong and weak tetragonal fields.
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The ground state of diamagnetic nieckel(II) complexes was
found. The magnetically anomalous complexes were discussed
and peculiarities in the tetragonal splitting pointed out.
Orgel (1lll;) considered the energy-level diagrams in terms
of a functién, Dq, which depends on the geometry of the ion
and observed the following regularities, (a) the values of

D, for hydrated bivalent ions were close to 1000 cm=1l, (b)

q
the common ligands could be arranged in a sequence such that
the Dq values for their complexes with any metal ion increase
in the order: 1lodide, bromide, chloride, florlide, water,
oxalate, pyridine, smmonia, ethylenediamine, nitrite, and
cyanide, (c) the evidence avallable suggests that Dq was

much smaller for tetrahedral complexes than for corresponding
octahedral complexes,

Williams (145) states that in its present form the
crystal field theory makes unrealistic assumptions about the
strength of the electrostatic fields produced by different
ligands. The molecular orbital theory does not suffer from
the same disacdvantages. He discussed the absorption spectra
of various transition metal complexes in terms of molecular
orbital theory.

George et al. (89) made the following conclusions from
erystal fleld theory, (a) cobalt(II) 1s more 1likely than
nickel(II) to gilve tetrahedral complexes, (b) the tendency of

the transition metal ions of the second and third series to
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form complexes with a maximum number of paired electrons

is attributed to the larger crystal fleld splittings and the
small repulsions between d electrons because the orbitals are
larger, and (c) electron promotion from 34 to 53 orbitals in
octahedral complexes with a7 or 48 seems improbable in most
instances.

Jérgensen (90) recorded the absorption spectra in the
near infrared and visible regions of the spectrum for
ethylenedlaminetetraacetate, glycinate, acetylacetone, 2,2'-
bypyridine, and 1,10-phenanthroline complexes of chromium(II),
cobalt(II), nickel(II), and copper(II). The tris complexes
of 2,2'~-bypyridine, 1, 1l0-phenanthroline and nickel(II) had
spectra predicted by crystal field theory for a cubile
complex. He showed that the lowest singlet state, '[“B(D),

ot

ntermixes strongly with the triplet states and gives rise

to double bands. The energy decrease of this state at
Increasing crystal field strength was ascribed to interaction
with some states of other electronic configurstions.

Carassiti (146) calculated with the help of group theory,
the relative plane and tetrahedric tetragonal configuration
of cyanide and ammine complexes of nickel(II). He found that
plane tetragonal symmetry was Indicated for Ni(CN)i and that
Ni(NHB)K' has tetrahedric symmetry.

Kolos (147 applied crystal field theory (strong field

approximation) to the calculation of the relative stabillities
of square and tetrahedral complexes of copper(II), cobalt(II),
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and nickel(II). The most stable state of nickel(II) was
square planar, which agreed with experimental results.

Venanzi (104) discussed the formation of tetrahedral
nickel(II) complexes in terms of crystal field theory. The
transition from paramagnetic to diamagnetic complexes is
attributed to the force of the field generated by the ligands.
He suggested that tetrahedral compounds form instead of para-
magnetic octahedral compounds when the ligands do not have
enough perturbing power to cause "spin pairing” or if it is
required by the steric requirements of the ligands.

Sacconi et al. (148, 149) studied the effects of solvents
on some bis({N-ulkyl-salicylaldiminato)nickel(II) complexes.
Thelr results disagresd with the hypothesls that the complexes
are tetrahedral in noncoordinating solvents and suggest an
outer orbital usupzud planar configuration in equilibrium
with the inner orbital dsp.

Orgel (86) applied crystal field theory to some of the
problems in transition metal chemistry. He corrected the
heats of hydration by subtracting the stabilization energiles
of the crystal fields. The stability of tetrahedral and
octahedral complexes shows that the crystal field splittings
from the al-g10 configurations favors octahedral complexes
of nickel(II) and vanadium(II). They should be more stable
than those of titanium(II) and cobalt(II). He states that

the transition from ionic to covalent complexes occurs when
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the separation of the tpg ond eg orbitals exceeds the D
where Dg 1s the crystal fisld stabilization for the complexe.

Sutton (88) reviewed the crystal field theory, applica-
tion of the Janhn-Teller theorem to copper(II) complexes, and
molecular orbital theory in detail. Because nickel(II) has
one less electron than copper(II); it 1s not subject to the
Jahn-Teller distortion. Its eight d-electrons can fill the
four low lying orbitals of an infinitely distor£ed octahedron.
Therefore, it should form planar complexes readily. The more
polarizable the ligands are, the greater the splitting will
be, so that these elight electrons will tend to reside in the
lower orbitals rather than occupy &ll five. For the more
electronegative ligands, the splitting, and therefore the
stabilization, will be less. The tendency for the eight
electrons to spread over all five orbitals will be greater,
so the complexes may be paramagnetic. It does not follow
that the complex will become tetrahedral, because for a
given ligand the stabllization 1s much less for this arrsasnge-
ment than for a regular octshedral one.

Nyholm (82) has reviewed the fundamentals and determi-
natlion of magnetic susceptibility, applications to valency
problems, relationship of susceptibility and bond type, and
determination of stereochemistry of transition metal complexes.
Tables of the magnetic behavior of spin free and spin paired

complexes are given. Nyholm (87, 91) has also published two
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other reviews pertaining to the application of crystal field
theory to the interpretation of the magnetic properties of
complexes and the use of magnetic susceptibility in the study
of the stereochemistry of metal complexes.

Nortia (150) investigated the paramagnetic characteristics
of chelate compounds of the transition groups on the basis of
ionization of the element, the nature of the complex bond, and
the stereochemistry of the chelate compound. He found that
the pearamagnetic characteristics were closely associated with
the ionic character of the metal resulting from its electron-
shell structure. The nature of the complexing compound has
no effect on the magnetic properties, and the stereochemistry
of the compound had very little effect.

Schilt (151) studied mixed complexes of nickel(II)
with c¢yanide and 1,10-phenanthroline. He 1solated three
insoluble substances, [Ni(l,lO-phen)B] [Ni(CN)u] *LH,0,

[Ni(1,10-phen)(CN),] *Hy0 (yellow), and Ni(1l,10-phen)
(CN)2(HZO)O.S (lavender). The magnetic moment of the sub-
stances were 2.19, 2.26, and 1.67 Bohr magnetons, respectively.

Ratzin (152) suggested that paramagnetic nickel(II)
compounds of normal green color or having an absorption band
about 410 mp, can be presumed to be 6-coordinate. Other
nickel(IT) compounds which do not show this peak (may be
blue) are presumably tetrahedral or of an equivalent elec-

tronic structure.
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Griffith (153) calculated the general formula for the
matrix elements in octahedral complexes and applied the
calculation to the spin-orbit covpling energies. Structural
isomorphism was established between (dtzg)n and P2 config-
urations. Fair agreement was found between the calculated
and experimental magnetic moments of the transition metals,

Ballhausen and Liehr (154) discussed the magnetic and
spectral properties of tetra-coordinated nickel(II) complexes
in terms of the crystal fleld theory. They point out that
for such nickel(II) complexes there exist both strong experi-
mental evidence and theoretical arguments against (a) the
existence of dsp2 bonding, and (b) the existence in solutions
and melts of planar-tetrahedral conformational equilibria,
Equations governing the magnetic susceptibility of partially
paramagnetic planar nickel(II) systems were derived and used

in the determination of the singlet-triplet energy separation.
C. Stability Constants

Freiser (155, 156) published the first papers on the
structure and stability of chelates that are of analytical
importance. Ionization and formation constants were deter-
mined in 50%dioxane~50%water mixtures for various cations
and chelating agents. Anderson (157) determined the stability

constants of various vic-dioxime complexes of nickel(II) in
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YS%dioxane-ES%water mixtures. Potentiometric studies of the
nickel(II) complexes of acetyacetone, malonates, and fA-keto
esters in absolute ethanol were made by Van Ultent and
Fernelius (158). The stability constants for some bivalent
metals and methylene-substituted g -diketones in 75%dioxane-
25%water mixtures at 30° C. were reported by Martin and
Fernelius (159).

Lotz et al. (160) made a thermodynamic study of some
coordination compounds of metsl ions with amines containing
oxygen. Stability constants were reported. They also found
that heats of reaction were more important than entropy
changes. Hoyer (161) investigated the stability of nickel(II)
and copper(II) complexes of substituted 1,2-diaminocethanes.
The formation curves and stability constants are given. The
composition and instability constants of nickel(II) pyridine
complexes were determined polarographically by Tur'yan and
Serova (162).

Bjerrum et al. (163, 16L) have published two very good
reviews dealing with stablility constants of metal ions with
organic and inorgsnic ligand. freiser et al. (165) have
listed stability constants for nickel(II) and zinec(II)
complexes with 79 organic ligands.

S111én (166) reviewed the problems dealing with the

determination of stabllity constants. The review covers the
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varlious experimental methods, computations, saccuracy, and the
conditions necessary for obtalining good results.

Charles and Freiser (167) used titrimetric methods to
determine the stability constants of nickel(II), copper(II),
lead(II), cobalt(II) and zinc(II) wish dimethylglyoxime and
dimethylglyoxime O-monomethyl ether. The stability constants,
log k; and log kp, for nickel(Il) are 1l.16, 10.54 and 6.38,
5.69, respectively.

Bochkova and Peshkova (168) determined stability constants
for the nickel(II) complexes of dimethylglyoxime, dimethyl-
glyoxime O-monomethyl ether, dlacetylmonoxime, methylglyoxime,
ethylmethylglyoxime in 50%dioxane-50%water mixtures. The
values for the over-all stability constant, K5, are 22.3,
12,0, 14.5, 18.8, and 22.5, respectively.

Peshkova and Bochkova (169) investigated the complexes
of nickel(IIl), cobalt(IL}), and copper (II) with PhC(:NOH) C

(:NOH)H, p-MeOCbH C(:NOH)C(:NOH), and 1,2-di(2-furyl)ethane-

dionedioxime. Tng stabllity constants (log k; and log k,) for
nickel(II) are 9.9, 9.4; 9.1, 8.6; and 8.4, 6.4, respectively.
Wenger et al. (170) reported tbé formation of three
complexes of nickel(II) with 1,2-diaminocethanedionedioxime
in acid medium. The stability constants for the three
complexes were 2,69, 4.70, and 7.33, respectively.
Dyrssen et al. (171) studied the distribution of O3yi*2

between the aqueous phase and chloloform as a function of
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+*
H and dimethylglyoxime concentration. The data could be

completely explained by the equilibrium:
N1(DE),(aqueous) = N1(DH),(CHC1,)

The value of K, from the distribution data was 17.24.
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III. MATERIALS AND APPARATUS

The L-carboxy-l,2-cyclohexanedionedioxime was prepared
in this laboratory by the procedure of Banks et al. (19).
l~Carobxylcyclohexenfuroxene was preparsd by J. J. Richard
using the procedure of Banks and Richard (63).

Nickel(II) chloride stock solutions were prepared from
special low cobalt N1012-6H20 obtained from the Baker
Chemical Company. The solutlions were prepared using delonized
distilled water and were standardized by the heptoxime method
(172).

The potassium hydroxide was of certiflied reagent-grade
quality and was obtained from Fisher Sclentific Company.

All other chemicals were of reagent-grade quality.

All glassware used in this study was Class A.

The pH tltrations were made using a Beckman, Model G,
pH meter equipped with & Type E glass electrode.

A Cary Recording Spectrophotometer, Model 1ll, was used
to obtain all of the spectrophotometric data. Matched
silica cells were used for the measurements in the ultra-
violet, visible, and infrared regions of the spec¢trum. When
required, silica slugs were used to give cell paths of 0.005,
0.02, 0.05, and 0.2 cm.

Magnetic susceptibility measurements were carried out

using an apparstus of the Gouy type. The operation and
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description of the apparatus are given in detall by Vander
Hasr (173). The samples were contained in /O-cm., two
compartment, sample tubes of S5-mm. and 7.5-mm. inside
diameter. The tubes were calibrated by filling with dry

alr and making messurements at various coil currents, and
correctlons were applied whenever necessary. The instrument
was checked for deviations from a previous calibration by
Vander Haar by measuring the susceptibility of deionized
water and nickel(II) chloride solutions of known suscepti-
bility. All measurements were made at 20.0° C.

All computations were made on a Magnetic Drum Data-
Processing Machine, Type 650, manufactured by International
Business Machines Corporation.

The polarographic data were obtalned with a Metrohm
Polarecord, Model E 261, distributed by Brinkmann Instrument

Inc,.
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Iv, EXPERIMENTAL PROCEDURES

A, Determination of the Ligand to Metal Ratio

l. Job's Method

A modification of Job's method (17l) of continuous
variations by Vosburgh and Cooper (175) was used to determine
the ligand to metal ratio. This modification made it possible
to apply the method to cases in which more than one compound
was formed from the same components. The conditions stated
by Job to obtain reliable results are, (a) the two simple
constituents have, in solution, a well determined molecular
formula, (b) there was a single complex formed, (c) the law
of mass action was applicable, (d) for all equimolar mixtures,
within the concentraetion range, the maximum composition must
remain the same, (e) for non-equimolar mixtures, the value
of the equilibrium constant must remain the same within the
conditions as far as possible. Vosburgh and Cooper stated
that if two or more compounds could be formed, the maximum
should vary with wavelengih. If only one compound is formed,
the maximum should not vary. Therefore, it should be
possible to determine i1f there was more than one compound
formed by using several wavelengths.

Jones and Innes (176) have reported two restrictions

inherent in Job's method, (a) the effect which activity
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coefficents can have on the molar ratio at which the con-
centration of the complex is a maximum, and (b) the limita-
tion of the cholice of physical measurements which can be
used. When the measured property is not a linear function
of the concentration of the species involved, the maximum
observed may not coincide to the maximum concentration of
the complex.

In thils method solutions of equal concentrations of the
ligand and metal are preparsd. These soclutions are mixed in
varying proportions such that the total volume is the same
in all cases. The absorbances of the solutions measured are
corrected for the absorbances of the pure components. A plot
1s made of absorbance versus mole fraction of ligand in the
final solution. A maximum will appear on this curve at the
mole fraction corresponding to the ratio of ligand to metsl

in the complex.

2. Mole ratio method

The method of deducing the stoichiometry of complexes
in solution from spectrophotometric data was introduced by
Yoe and Jones (177). A mathematical treatment has been
developed by Meyer and Ayres {178). The method is based on
the consideration of a reaction of the type:

A + nB = AB, Ba. (1)

If the product is very little dissociated, a plot of the
ratio of B=to=-A, if A iIs held constant or if B is held
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constant, A-to-B, will be a stralght line passing through
the orgin below the ratio of the complex and a straight line
of differsnt slope above this point. Thus producing a break
In the curve at a point corresponding to the ratio of A to B
in the complex. If the complex is highly dissociated, the
mole ratio plot will show no sharp break, but a gradual
change of slope.

The stoichlometry of all the complexes in solution can
be defined by spectrophotometric measurements of solutions of
mole ratlos corresponding to each complex, of one solution
between successive complexes, and two solutions above and
below the mole ratio of the terminal complexes. The absence
of a change in slope, in the mole ratio plot, over the entire
spectrum 1s good evidence that a complex of a given mole ratio
does not exist. The mole ratio method has several advantages
over the method of continuous varistions, (a) one of the
reactants is held constant, thus simplifying the preparation
of solutions, (b) conserves reagents if a limitved supply is
available, (c) in ideal cases, fewer than three solutions
may be required for each complex in solution, and (d) the
method 1s especially suitable for determining the composition

of high ratio complexes.
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B. Determination of Bond Type and Oxidation
State by Magnetic Susceptibility

Magnetic susceptibility measurements have been used for
the elucidation of oxidation state, bond type, and stereo-
chemistry in the study of the coordination compounds. The
detailed discussion has been cited on pages 16 to 27.
Magnetic susceptibility arises from the electrical nature
of the atom-and the possible energy states the atom may
occupy. Diamagnetism 1s a property all atoms possess and
arises from the tendency of the electrons in closed shells to
orient their planes of rotation so as to suffer the minimum
Interaction with the imposed megnetic field. The atomic
susceptibility for a polyelectron atom can be derived either
from Classical mechanics or quantum mechanics and is given

by the equation

2 -2
X -Ne ;;rn = =-2.832 x 101°x§:‘-i Eq. (2)

D =
Bme?

where N 1s Avogadro's number, e the unit of electrostatic
charge, ¢ the velocity of light, m the mass of the electron,

and 7

the sum of the squsares of the x projections of the
orbits for all electrons on & plane. Thus diamagnetic
susceptibllity is virtually independent of the temperature.

Atoms or molecules that behave as though they have a

permanent magnetlic moment sre sald to be paramagnetic. This
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is due to the fact that unpaired electrons possess both spin
and orbital angular momenta. A paramagnetic substance is
subject to two opposing effects, (a) the magnetic field which
tends to align the molecular moments in the same direction
as that of the field and (b) the thermal agitation (kT
effect) whieh tends to randomize the directions of the
molecular moments. The susceptibility is given by the
equation
X N2 u2

P = ST . Eq. (3)
where N is Avogadro's numbér, p the magnetic moment, R the
universal constant, and T the absolute temperature.

The temperature independent (Van Vleck) paramagnetism
()ZV.V,) 1s the contributions to the configuration of the
molecule in which the energy states are separated from the
ground state by an energy (hv ), which is large compared to
kT. The effact 1s pictured as arising, from an unbalanced
orbital contribution.

In practice, one determines }:M which i1s the sum of
XV.V.+ X p +1P° Because the wvalue for XV.V.'~ 1s usually
not known, a corrected molar susceptibility (XI{&) which
equals Xy = Xy is used. Solving for p and substituting for

the constants, one obtains
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Hgpp = 2.84\/1;,[ T (Curie Law) Eq. (L)

If the susceptibility sz 1s proportional to 1/T, the Curie
Law 1s obeyed. The substance 1s saild to follow the Curie=-
Welss Law if TKP is proportional to 1/T +¢ , where « 1is a
constant.

The magnetic behavior of paramagnetic compounds is
dependent upon three things, (a2) the number of unpaired
electrons, (b) the spectroscopic ground state and upper states,
and (c) the symmetry and strength of the electric field
arising from the ligand. The first transition series has

the "spin only type" behavior. The squation is

p o= VIS (8 + 1) Eq. (5)

where S is equal to n/2, gives the best agreement betwsen
theory and experimental data. The orbital contribution 1is
ignored.

Therefore, 1f the molar susceptibility is known, the
number of unpaired electrons can be calculated from equations
ly and 5,

The application of magnetlic susceptibiliiy to the dster-
mination of the configuration of nickel(II) complexes may be
seen from Table I. From Table 1, it may be seen that some
ambigulty exists, but much information can be gained from
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Table 1. Relationships between oxidation states, coordina-
tion numbers, configurations, and magnetic moment
for nickel complexes

Oxidation Coordination Unpaired B. M.

state number electrons (calc.) Configuration
2 I 0 0 Sq. Planar
3d}slyp?
L 2 2.83 Tetrahidgal
6 2 2.83 Octahedggl 5
4shp-ld
6 0 0 Octahedral 3
3d<hshp
3 Ly 1 1.73 3dlslp?
3 3.86
% 3 3.86 Lﬁ:gp%d?
6 1 1.73 $afalip3
N ; 2 2.83 2
A B
2 2.83 sl 3442
6 0 0 3a2l,alp3

magnetic susceptibility measurements, particularly if
combined with independent knowledge as to the coordination
number or oxidation state.

The crystal field theory has recently been applied by
chemists to explain the magnetic behavior of complexes. The
detalls of the theory can be outlined briefly as follows., The
central metel atom is surrounded by anions or dipoles, which
set up a strong electrostatic or crystalline field. The
normally degenerate d levels are split by this field. The
extent of the splitting depends upon the central cation, the
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symmetry and strength of the applied fleld. It is due to

the fact that electrons tend to avold those regions where the
field due to the negative lons and dipoles 1s the largest,
Orgel (179) has discussed the physical ideas of slectron
distribution according to the crystal field theory and thelr
application to magnetism, color, configuration, and heat of
hydration of the transition metals,

The energy levels of the d orbitals due to the crystal
field splittings are shown schematically in Figure 1. From
erystal fleld theory, the stereochemistry expected for
nickel(II) with eight 4 electrons for the spin free case
(two unpaired electrons) is a perfect octahedron or for the
spin paired case (no unpaired electrons) square planar or
tetragonal,

In the Gouy method of measuring magnetic susceptibility,
a cylindrical sample of uniform cross section is suspended,
from a balance, between the pole pileces of an electromagnet
so that the sample extends from an area of large magnetiec
field to an area of negligible maénetic field. The change
in weight is related to magnetic susceptibility by the

following relationship

g AW = 1/2882(4; - 4,) Eq. (6)

where g 1s the acceleration of gravity, A is the cross

sectional area of the sample, H is the largest magnetic



Flgure 1. Crystal field splittings of the d orbitals of the central atom
in regular complexes.
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field present, and *1 and k, are the volume susceptibilities
of the sample and the surrounding atmosphere, respectively.
In this study the instrument was so callbrated that change
in weight at a particular coll current could be related
directly to #y. Division of 44 by the density then gives
lg, the gram susceptibility, and multiplication of this by
the molecular weight of the sample gilves 'XM, the molar
susceptibllity, which can then be used for the calculation

of n as described above.

C. Determination of Absorption Spectra and

Molar Absorptivities

Solutlons of known concentration were prepared by
weighing lj-carboxynioxime on a balance and transfering to
a 50 ml. class A volumetric flask, adding an aliquot of
standard nickel(II) chloride solution, 28 g. of potassium
hydroxide, and diluting to a volume of approximately LO ml.
with distilled deionized water. The flask was placed in a
cold water bath and shaken until the potassium hydroxide had
dissolved. The solution was allowed to come to room temper-
ature and then diluted to volume with distilled deionized
water. It was transferred to a polyethylene bottle, with
provisions for passing a gas continuously into 1t, and placed
in a constant temperature bath. The temperatures used in

this study were 25° and 50°C. Three milliliter sligants were
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removed at various time intervals, diluted to a volume of
25 ml, with 8.923 M potassium hydroxide and scanned lmmedlately.
The reference was air.

Spectra were scanned on an automatic recording Model 1l
Cary Spectrophotometer. Matched silica cuvettes were used
for all the measurements in the ultraviolet, visible, and
infrared regions of the spectrum. Silica slugs were used to
reduce the size of the cell paths. The cell paths obtalnable
with these slugs are 0.005, 0.02, 0.05, and 0,2 cm.

To obtain the absorption spectra of the nicksl complexes,
the observed spectra were corrected for the absorption of the

vic-dioxime end 8.923 M potassium hydroxide.
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V . RESULTS

" A. Determination of Stability Constants
of the Nickel(II) Complexes

1. Evidence for the existence of nickel(II) complexes

Due to the nature of the reaction, the determination of
the stability constants of the nickel(II) complexes of the
vic-dloximes is very difficult. Many chemists have used the
reaction to determine nickel, but most have made no attempt
to determine the reaction mechanism. Several papers (155,
156, 16), 167, 168) have been published concerning the
stabllity constants of nickel(II) complexes of vic-dioximes
in 50% dioxane-50% water. Wenger et al. (170) determined
the stabllity constants for the three complexes of nickel(II)
with 1,2-diamincethanedionedioxime in acid medium. In the
study of the oxidation of bis(2,3-butanedionedioximato-
N,N')nickel(II) in alkaline media, Oki& and Simek (7, 8, 59,
46, 57, 58) proposed the existence of Na [DNi(II)OH) and

[Ni(IT) D3] -k to explain thelr experimental data. They did
not determine stability constants for elther of these speciles,
German (5) reported a stability constant of 1.1 x 107 for the
formation of bis(L-carboxynioximato-N,N!')nickel(II).

In this investigation, an attempt has been made to show

that there are three complexes, mono(l-carboxynioximato-
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N,N')nickel(II), NiD"; bis(lj-carboxynioximato-N,N')nickel(II),
Nibgh; and tris(l~carboxynioximato-N,N')nickel(II), N1D37;
present in concentrated alkaline media. To determline which
absorption maxima were due to the nickel(II) complexes of
h-carboxynioxime, two studies were made. In the first study,
the solution was prepared in an atmosphere of helium. The
concentrations of l-carboxynioxime, nickel(II) chloride, and
potassium hydroxide were 8.843 x 1073, 1446 x 10-3, and
8.923 M, respectively. These reasctants were placed in a
50 ml. volumetric flask. Approximately 4O ml. of water was
added and the flask was placed In & cold water bath and
shaken until the potassium hydroxide diasolved. The solution
was allowed to come to room temperature and then diluted to
volume with water. A 3 ml. aliquant was removed, diluted to
a volume of 25 ml. with 8.923 M potassium hydroxide. This
solution was then placed in a silica cell with a cell path
of 0.2 or 0,005 em. and sealed with Scotch Electrical Tape,
No. 33. The solution was scanned from 320 to 300 mu at
various intervals over a period of 96 hrs. The reference
was air. The spectra obtained are shown in Figure 2. No
change in sbsorption was found in the region 600 to 900 mu.
The second study was carried out in a simlilar manner,
except that oxygen was used instead of helium and the cell
was not sealed. The concentrations of l-carboxynioxime,

nickel(II) chloride, and potassium hydroxide were the same



Figure 2. Absorption spectra obtained from a rate study of
a solution sealed in a silica cell. Curve 1,
0.0 hrs. Curve 2, 53.0 hrs.
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as in the first study. These reactants were placed in a

50 ml. volumetric flask. Approximately 4O ml. of water was
added and the flask was placed in a cold water bath and
shaken until the potassium hydroxide dissolved. The solution
was allowed to come to room temperature and then diluted to
volume with water. It was transferred to a polyethylene
bottle and placed in a constant temperature bath. The
temperature of the bath was 50° C. Oxygen was bubbled
continuouslj into the solution. Three-milliliter aliquents
were removed at various time intervals, diluted to a volume
of 25 ml. with 8.923 M potassium hydroxide and scanned from
320 to 900 mp. The reference was air., The spectra obtained
are shown in Figures 3 and 4. By comparing the absorption
spectra obtained from the two studies, the 393 mu absorption
maximum may be assumed to be due to a nickel(II) complex and
the 438G and 740 mp absorption maxima are due to some oxidized
complex of nickel(II) with Lf-carboxynioxime. Due to the hign
concentration of the vic-dioxime in these studies, the
absorption maximum at 335 mp was not observed. If the L-
cerboxynioxime, nickel(II) chloride, and postassium hydroxide
concentrations are 1l.)16 x 10-3, 1446 x 10'3, and 8.923 M,
respectively, the 335 mp absorption maximum can be observed
as is shown in Figure 3, Curve 1. This sabsorption maximum is

also due to a nickei(II) complex.



Figure 3. Absorption spsctra obtained from a rate study of
a solution treated with oxygen. Curve 1, 0.0 hrs.
Curve 2, 12.0 hrs. Curve 3, 29.0 hrs.
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Figure L. Absorption spectra obtained from a rate study of
a solution treated with oxygen. Curve 1, 0.0 hrs.
Curve 2, 12.0 hrs. Curve 3, 29.0 hrs.
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The study of the effect of oxygen and helium on the
system has also shown that there was not a significant amount
of the oxidized complex of nickel(II) and L-carboxynioxime
present immediately after the preparation of the solution.

The vic-dioxime to nickel ratioc in the nickel(II)
complex was determined by the mole ratio method described on
page 3L. The solutions are described in Table 2. The mole
ratio plots are given in Figure 5. It was concluded that
both the 335 and 393 mp absorption maxime were due to the
mono(li-carboxynioximato-N,N*)nickel(IT) complex ion. Because
there were no other changes in the slope of the lines in the
mole ratio plots, complexes of higher lj-carboxynioxime to
nickel(II) ratios probably do not exist or they do not have
any appreciable absorption in this region.

Magnetic susceptlibility measurements were made on a
series of solutions Immediately after they were prepared.

The concentration of li-carboxynioxime was varied from l.727
x 10=2 to l;.001 x 10t M, while the concentrations of
nickel(II) chloride (L4.634 x 1072 M) and potassium hydroxide
(8.923 M) were held constant. The reactants were placed in
a8 50-ml. volumetric flask and diluted to & volume of

of approximately 4O ml. with water. The flask was placed

in a cold water bath and shaken until the potassium hydroxide
had dissolved. The solution was allowed to come to room

temperature and then diluted to volume with water and the



Figure 5. Mole ratio plots for the determination of the

ratio of li-carboxynioxime to nickel(II). Curve
1, mole ratio plot obtained at 390 mu. Curve 2,
mole ratio plot obtained at 335 mp.
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magnetic susceptibility measurements were made. The results

are shown in Figure 6.

Table 2. Description of solutions used o determine the ratio
of vic~dioxime to nickel by the mole ratio method

Solution

no. (03], x 103 [m1*3); x 100 [p73], /ul? |
1 1.334 5.559 0.24,00
2 2.668 5559 0..:800
3 L .002 5.559 0.7200
L 5.673 5.559 © 1.0205
5 7.500 5.559 1.3492
6 9.000 5.559 1.6190
7 12,000 5.559 2.1587
8 2,000 5.559 43173

2. Determination of stabllity constants for the three complexes

The solution used to determine kl was prepared by the
procedure cited on page l43. The concentrations of lj-carboxy-
nioxime, nickel(II) chloride, and potassium hydroxide were
1446 x 10'3, 1446 x 10'3, and 8.923 M, respectively. The
spectrum is given in Figure 3, Curve 1. It was assumed that
the concentrations of NiD'u, N1D37, and Nioéa were not

significant in the calculation of k;. The number of hydroxyl



Figure 6. Magnetic susceptibility measurements of L-carboxy-nioxime-
nickel(II) solutions.
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radicals associated with NiD™ and NiDéa were not dstermined
and were omitted in the equations below. The pK values (19)
were determined for the three acldic hydrogens of lj-carboxy-
nioxime and the results obtained were: pKj = .85, pKyo =
10.45, pK3 = 12.37. The D=3 ion was found to be the most
important hydrogen species of the vic-dloxime present in con-

centrated base., The system may be defined in the following

manner
N*2 + p-3 . wipT Eq. (7)
N1*2 + OB" = NiOH® Eq. (8)
N1*2 + 2087 = N1(0H),(s) Eq. (9)
N1(OH),(s)+ OH™ = ENi03 + HpO Eq. (10)
[p-3], = [p3] + [¥ip7] Eq. (11)
¥1*2) ;= [N1*2) + [wiD7] + [N10H] + [N1(0H),(s)]
Eq. (12)
+ [HN103]
A =z € 1|03 + ¢, [N107] Bq. (13)
[vip™)
[NioH"
Ky = — EOH_] = 2.3 x 103 Eq. (15)
Ni(oH),
z [ 2o = 1.54 x 1017 Xq. (16)

[¥1*2] [om"]®
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[ENi05 ]

- ————— = 6.0 10~° Eq. (17)
vi(om),(s)]  [oH7] ’

K7

From equations 11 and 13, an expression for (NiD ) may be

obtained
A - €1 [D7]g
(NiD7] = ; ]
, 1 - &1 Eq. (18)

An expression for [Ni+2] may be obtalned by substituting

equations 15, 16, and 17 into equation 12
[§1*2); - [wip7)

L+ K, [0H]+ kg [oH° + KKy (0H) 3

Eq. (19)

Substituting equations 11 and 19 into equation 1lli, we obtain
for kl
- 2 -
) [84D7] (1 + k) [oH] + K [0H]® + KK, [ou13)
= +2 - - -
(n*2], - (M7 ( [D >, - D7D

k1 Eq. (20)

The values for Ku, KS and Ké were determined by Gayer
and Gattett (130, 181). Due to the slight solubility of
nickel(1I) hydroxide, the (NiOZ) term was neglected in
equation 8. The data for A, €, and €, from 320 to 600 m,
and the computed values of kl are listed in Table 2. The molar
extinction coefficlent (el) for the vic-dloxime was determined

from an experiment in which the nickel(II) chloride was omitted.
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Table 3. Determination of kla

€. for 62 for €. fo €, fo
, mu A lD‘g NiD~ N?DZAE N%D3°$° log kq

320 0.701 592.1 2L61 4638 5902 28.73
330 0.710  205.7 2,93 5106 L4975 28.73
30 0.689 101.2 2419 5157 L4532 28.73
350 0.58l 62.39 2050 1,098 3537 28.73
360 0.383 38.78 1345 2096 1956 28.73
370 0.292 21.36 1025 1433 143 28.73
375 0.295 15.74 1036 151 1478 28.73

380 0.308 10.12 1081 1707 1605 28.7h
385 0.323 6.755 113} 190l 1637 28.74
390 0.332 3.93L 1166 2055 1769 28,74
395 0.332 2.2l8 1166 2089 1773 28.74
100 0.330 1.686 1159 2067 1737 28.74
llos 0.321 1.12l, 1127 1967 1668 28.74
1110 0.30l 1.12L 1067 1791 1534 28.74

Ave. log ki = 23.7L
Std. Dev. = 0.004

%The a?sorptlon spectrgm was obtained from a solution
1.6 x 10° 1445 x 1072 ¥, and 8.923 M in l-carboxy-
nioxime, nickel(II) chloride, Tand potassium hydroxide,
respectively.

be was calculated from an absorption spectrum of a
solutio% in which the vic-dixolme to nickel ratic was 2:1,
using the values obtained previously for 61, 29 and€+

Ce was calculated from an absorption spectrum of a
solution in which the vic-dioxime to nickel ratio was 6:1,
The NiD,™%+ was assumed to be negligitble.
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Table 3. (Continued)

€, for €, for €, for €, for
1
e N %D N&D

A, mp A D-3 NiD" olb 377% log ky
420 0.264 1.124 927.0 1405 1211 e8.74
430 0.226 1.12) 793.5 1055 948.2 28.74
Lo 0.197 1.124 691.7 199.9 763.2 28.74
4150 0.180 2.1,.82 632.0 681.1 615.5 28.74
460 0.161 2.21.8 566.3 415.8 478.7 28.74
Li70 0.148 2.2I18 519.7 263.0 372.8 28.74
1,80 0.138 2.243 L8L.5 103.3 272.2 28.74
485 0.133 2.2)8 467.0 70.66  236.0 28.74
1190 0.128 2.2148 Lol 62.98 181.0 28.74
195 0.123 2.24,8 431.9 49.68 159.0  28.7L4
500 0.116 2.243 407.3 89.13 130.2 28.74
510 0.103 2.2,8 361.7 133.1 90.27 28.74
520 0.089 2,213 312.5 117.7 75.29 28.74
530 0.077 2.2838 270.4 103.5 71.94 28.74
540 0.067 2.2,8 235.3 Tl.),8 61.21 28.73
550 0.061 2,213 214.2 T1.24 54.79 28.73
560 0.050 2.810 189.6 72.14  L5.27 28.73
570 0.045 2.810 158.0 71.22 h2.7h 23.73
580 0.033 2.310 133.4 71.37 18.68 23.73
590 0.036 2.310 126.! 70.29 21.27 28.73
600 0.036 2.810 126.0; 70.29 21.27 28.73
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The concentration of li-carboxynioxime and potassium hydroxide
were 8.896 x 10~3 and 8.923 M, respectively. These reactants
wers placed in a 50-ml. volumetric flask and diluted to a
volumetric flask and diluted to a volume of approximately

40 ml., with water. The flask was placed in a cold water bath
and shaken until the potassium hydroxide had dissolved. The
sclution was allowed to come to room temperature and then
diluted to volume with water. A 3-ml. aliquant was diluted
to a volume of 25 ml. with 8.923 M potassium hydroxide. The
solution was scanned in a silica cell with a cell path of
0.02 ems from 320 to 900 mp. The solution did not have any
absorption from 370 to 900 mp. The reference was air. The
absorbancies were corrected for the absorption of the
potassium hydroxide.

For the determination of 52, a solution was prepared in
which the concentrations of li-carboxynioxime, nickel(II)
chloride, and potassium hydroxide were l.lli6 x 103, 1.446 x
10'3, and 8.923 M, respectively. The procedure cited above
was used. The absorbancies obtained were corrected for the
absorption of the vic-dioxime and potassium hydroxide. The
value found for k; was (5.4+0.03) x 1028, The standard
deviation was 0.04 x 1028,

On the basis of the conclusions that were made on page
60 to explain the magnetic susceptibility determinations, the

following equations were used to calculate k, and k3
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NiD~ + D=3

nipsh Bq. (21)

NiD'e'L" + p-3 N1D§7 £q. (22)

(071 - 1*3)g = [p-Avip;H+2(w1D37) - [N1*2) Eq. (23)

[vip3H)
ko = Eq. (24)
2 [vip=1 ([p-3] 3. (2
[nip37)
Eq. (25)

* o bl

The equations for the straight lines, A and B, in Figure 6,

Curve 1 are

o}
1]

18.27 ([p72], - i%1p) + 0.0k23 Eq. (26)

4.966 (D7) - (¥E21p) + 0.757 Eq. (27)

n

If we assume [N1T2]1< [D~3], then substituting equations 2l

and 25 into equation 23, we obtain

D317 - [¥1*2)p = (D73 +k,[D73] [V1D"] + 2kok
r 2 > Eq. (28)

(D=3 2 (niD"]

or,

=31 -(1+ 1 (VD7 )+ ((1 +x, [N1D7) )2 + Bk k5 (N1D7) ( (073, - N3 %
D™°] =

e kg [¥iD~] Eq. (29)
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[13'3’]T = [p3] + [wip] + 2[:\111)54] + 3[N11>57] Eq. (30)

The number of unpaired electrons is a measure of the
emount of [NiDéu] and [N1D§7] present in solution. The
concentration of [NiD~™ 1] is the difference between [ﬁiiZ]T
and the sum of [NiDé'}*] and [N1D37]. A typical exsmple of
calculating (NiD"] is

For n - 1.0
viozh + 03] = 508 [m173, Eq. (31)
[Fip7] = s0% [w1'2], Eq. (32)

The quantity, [D°3]T - fN1+2]T , was computed from either
equation 26 or 27. Using the data calculated from equation
26 and the corresponding values for n, [ NiD~1, and the
trial values for ko and k3, the best value for k, was computed
by holding k3 constant and veryling ky» The kp was adjusted
so that the computed [D'}]T in equation 30 was within 1% of
the experimental value. The quantities [NiDéhi and [NiDSﬁ
in equation 30 were calculated from equations 2l and 25.
Then using the same procedure and equation 27, the new
ko was held constant and k3 was adjusted. Three iterations
were required. The values for k, and k3 are 5.8 and 4.7
X 103, respectively.

In order to obtain e check on the accuracy of the

computation, the computed values of k,, k2, and k3 were used



66

to calculate an absorption spectrum, which was then compared
with an experimentally obtained spectrum. The results are
shown in Figure 7. It may be seen that the spectra are almost
identical. Therefore, the assumptions made concerning the
bis(j-carboxynioximato-N,N' )nickel(II) and tris(l-carboxy-

nioximato-N,N')nickel(II) complex ions were justified.

3. Discussion

Stabllity constants have teen reported for the nickel(II)
complexes of vic-dicximes in various sclvents, but not in
alkaline medium. There seems to be no correlation between
the stability constents obtained in concentrated potassium
hydroxide and other media. No experiments were preformed
to determine the dependence of NiD~ or NiDéu on the con-
centration of base. It has been substantiated by previous
workers (2, 5, 7, 57, 59) that the oxidation of the nickel(II)
complexes 1is very slight at 25° C. in 8 to 10 M soldium or
potassium hydroxide.

The order of the magnitudes of kl, k2, and k3 are in
agreement with the theoretical stabilities of the nickel(IT)
complexes predicted from energy level diagrams (1ll4)i) and
crystal fleld theory (82, 88, 89, 1oL, 1L47).

The magnetic susceptibility studies shown in Figure 6
explain why the odd magnetic susceptiblility values were
obtained by Carlson (L) and German (5), when the vic-dioxime

to nickel(II) ratios were between 1:1 and l:1l.



Figure 7. Comparison of calculated and experimental
absorption spectra; o-o-o- are the calculated
values plotted on the experimentally recorded
curve.
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From Figure 6, Curve 2, it may be seen that the 1l:1,
li-carboxynioxime-nickel(II), complex ion 1s diamagnetic.
If we assume that the geometrical configuration of the 1l:1
complex in solution may be predicted from the valence bond
theory, then the 1:1 complex ion is planar. This complex

lon may have one of the following structures
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Structure I can be eliminated from consideration, because

the stability constant for the 1l:1 complex ion indicates

that it would compete with the observed red colored bis(li-
carboxynioximato-N,N')nickel(II) precipitate. The 1l:1
complex ion has not been observed in aqueous solution between
PH = 4.5 and pH = 12.0. It 1s difficult to conclusively

show that structure II is not present, but in 8.923 M
potassium hydroxide solutlion, we may assume that structures
III and IV predominate. Various authors (7, 25, 38, 52,

65, 99, 122, 151) have proposed complexes which have structures
similar to III while others (7, 66) have proposed complexes
which have structures similar to IV.

From Table 1, three complexes could be formed that are
paramagnetic, a tetrahedral, NiDéh, an octahedral, NiDZ(OH)éé,
or an octahedral, N1D57. Because the 1l:1 complex ion is
diamagnetic, the change in slope at a ratio of approximately
2:1, and one unpaired electron may be the transition from
the tetrahedral, NiDEL*, or octahedral, NiDZ(OH)gé, to the
octahedral, NiD3'.

The initial absorption spectra obtained from the studies
in which the nickel(II) concentration was held constant and
the vic-dloxime concentratlion was varied were the same,
indicating that there was no significant amount of the
oxldized complex present and there were no complexes having

an appreciable absorption spectra in this region. The number
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of unpalired electrons found from the magnetic susceptibility
studies of the same solutions increased with increasing vic-
dioxime concentration. These results have been shown in
Figure 6. Therefore, nickel(II) complexes of li-carboxy-
nioxime having two unpaired electrons were present in solution,
but they did not alter the absorption spectra. Mills and
Mellor (96), Katzin (182) and Sone (137, 138, 139, 140) have
also found that paramagnetic complexes of nickel(II) do not
have an absorption maxima in this region.

Consideration of all the evidence concerning the yvic-
dioxime complexes of nickel(II) leads to the following

probable courses of reaction

(a) Ni(0H), + D3 « WiD(0H)33 Eq. (33)
NiD(0H)3> + D™ - NiDp(0H)30 Eq. (34)
Ni])e(ori)é6 + D73 = NiD§7 + 20H™ Eq. (35)

or (b) Ni(0H), + D3 = NiD(CH)}’ Eq. (36)
NiD(OH)3> + D3 = N1zt + 204 Eq. (37)
nozb  + 073 - wing? Eq. (38)
or (c) Ni(oH), + D3 - WNiD(0H)}3 Eq. (39)
2NiD(0H)33 - [DNL(0)NiD) =0+ 280 Ea. (40)

[DN1(0),N1D] -0+ p=3+ 2Ho0 = NiDg(OH)§6+ NiD(OH)§3
Eq. (41)
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Nivy(0m)3° + D73 - ming? + 208 Eq. (42)
or (d) N1(0H), + D™ = NiD(0H)33 Eq. (43)
2NiD(0H);3 =  [DN1(OH)N1iD) b+ o20mm Ea. ()

[DN1(oH) N1D] "+ 2073 - [DoWi(om)N1D4™10 Eq. (45)

[DoN1(0H) ,N1D,] “1% 20m~ & 2N1D, (0H)3° Eq. (L46)
NIDZ(OH)EG* p-3 . N1D§7 + 20H" Eq. (47)
or (e) NL(OH), + D™ = NiD(oH);> Eq. (48)
2NiD(0H)33 = [DN1(0),NiD] O 2H50 Eq. (49)

[DNi(o)ZMD]'(’f 2p-3 - [D,N1(0),NiD,] =12 gq. (50)

-12

[DN1(0) N1D) "7+ 2H 0 w 2N1D2(oa)§6 Eq. (51)

N1D2(0H)56+ p-3 . N1D§7 + 20H™ BEq. (52)

The highly charged species, N1D57, [DNi(OH)ZNiﬂ]'&,

-10

[DN1(0)2N1D]‘6, [D,N1 (0H) ,N1D,] » and [DyN1i(0),NiD] -12

probably exist in solution associated with potassium ilons.

Feigl and Suter (183) and Chatterjee (102) have 1solated the

metal salts of similar vic-dloxime complexes of nickel(II).
The mechanism of the formation of N1D§7 will be discussed

agalin after the rate data have been presented.
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B. Study of the 0Oxidized Complex

l. Determination of the ratio of ligand to metal

Job's method was used to establish the ratio of k-
carboxynioxime to nickel in the oxidized complex at 25° C.

A series of solutions was prepared by the procedure cited on
page 43. Oxygen was bubbled continuously through the stock
solutions. The description of the solutions used in given in
Table 4. The absorphion spectra obtained after 1j8 hrs. are
shown in Figures 8 and 9. The corresponding Job's plots are
shown in Figure 10. Similar absorption spectra and Job's
plots were obtalned for the time intervals of 2l, 72, and

96 hrs. It will be seen that the maximum of these plots falls
at a mole fraction corresponding to a ratio of lj-carboxy-
nioxime to nickel of spproximatsely 3:1. Similar results were
obtained from mole ratio studles,

The mole ratio method was used to determine the ratio of
li-carboxynioxime to nickel at 50° C. The solutions were
prepared by the procedure cited above. The description of
the solutions used is given in Table 5. The mole ratio plot
obtained after 53 hrs. is shown in Figure 11. It will be
seen thet there 1is one breask, corresponding to a reatio of
li-carboxynioxime to nickel of 3:1. Similar mole ratio plots

were obtained for the various other time intervals.



Figure 8. Absorption spectrum obtained after 48 hrs. from a rate study of
a solution treated with oxygen.
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Figure 9. Absorption spectrum obtained after 418 hrs. from a
rate study of a solution treated with oxygen.
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Figure 10, Job's plots for the determination of the ratio
of lj-carboxynioxime to nickel in the oxidized
complex .
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Figure 1ll. Mole ratio plot for the determination of the
ratio of l-carboxynioxime to nickel in the oxidized
complex.
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Table L. Description of solutions used to determine the
ratio of vic~dioxime to nickel by Job's method

Solution

no. [D3], x 103 [v1*2] x 103
1 741l 0.0
2 6.673 0.741
3 5.931 1.483
L 5.709 1.706
5 5.486 1.928
6 5.264 2.150
7 5.190 2.22l
8 4.968 2.6
9 bo746 2.669
10 h.522 2.892
11 L0449 2.966
12 . 226 3.188
13 3.707 3.707

2. Magnetic susceptibility studies

The magnetic susceptibllity determinations were made at
20° C. only because of the rapld attack of potassium hydroxide
on the sample tube and instrumental limitations. The solutions
were prepared by the procedure cited on page L43. The
concentration of L-carboxynioxime was varied from L.727 x

10-2 M to 2.0 x 10-1 M, while the concentrations of nickel(II)
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Table 5. Description of solutions used to determine the
ratio of vic-dioxime to nickel by the mole ratio
me thod

solution  [D=3], x 103 [W1*2)y x 103 [p-3]/ "3,

NOoe.
1 1.l446 lolli6 1.00
2 2.892 1446 2.00
3 4.338 1.416 3.00
Ly 5.856 1.446 .05
5 8.821 1.6 6.10

chloride (l4.63L x 1072 M) and potassium hydroxide (8.923 M)
were held constant. Measurements were made at 2l hr,
intervals. The results are shown in Figure 12. It will be
seen that the number of unpaired electrons found decreases
with increasing time. This decrease in the number of unpaired
electrons may be due to the cxidation of nickel(II) to the
nickel(IV) state in which the nickel in the complex, tris(l-
carboxynioximato-N,N'nickel(IV) may have 3d243up3 bonding

or to the oxidation of the tris(lj-carboxynioximato-N,N')-
nickel(II) to some oxidized state, followed by the decompo-
sition of thils complex to give NiD™ and oxidized l-carboxy-

nioxime.



Figure 12.

The change in the number of unpaired electrons
obtalned from & rate study of a solution trgated
with oxygen_at 25° C. Curve 1, 4.727 x 10~
634 x 10=2 M, and 8.923 M in u»carboxynioxime,
nickel(II) chloride, and potassium Bydroxid
resgectively. Curve 2, 6.250 x 10~ L. 63& x

M, and 8.923 M in u-carboxynioxime, nickel(II)
chloride, and potaSSéum hydroxide, rgspectively.
Curve 3, 7.499 x 10~ .63 x 1074 M, and 8.923
M in Y-carboxynioxime, nickeL(II) chloride, and
potassium hidroxide, respecEively. Curve
1.000 x 10~ Lh.634 x 10°“ M, and 8.923 M in
u-carboxynioxime, nickel(II) chloride, and -
potassium h{droxide, respecgively. Curve 5,
2.000 x 10~ k.63 x 107 M, and 8.923 M in
u-carboxynioxime, nickel{II) chloride, and
potassium hydroxlide, respectively.
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3. Rate studies

The solutions used were prepared by the procedure cited
on page l13. The temperatures used in the rate studies were
259 and 50° C. The samples were removed from the stock
solutions at various time intervals and the measurements
wsre made,

The rate of formation of the oxidized complex at 25° C,
was determined spectrophotometrically at 490 mp. Rate data
for the experiments in which the concentrations of -
carboxynioxime and nickel(II) were varied are given in Table
6. These data are plotted in Figure 13. Similar results
were obtalned at 740 mp.

The rate of formation of the oxidized complex at 50° C.
was determined spectrophotometrically, polarographically,
and by the reduction of the oxldized complex with tin(IT)
chloride., Rate data for the spectrophotometric studies at
490 mp in which the concentration of li-carboxynioxime and
nickel(II) chloride were varied are given in Table 7. These
data are plotted in Figure 1. Similar results were obtained
at 740 mp.

Rate data was obtained from the polarographic wave with
a half-wave potential of -1.,06 volts vs. the saturated
calomel electrode by measuring the increase of the diffusion
current. The li-carboxynioxime-nickel(II) complex exhibits a
polarographic wave with a half-wave potential of -1.51 volts



Figure 13. A plot of the rate data obtained from Solutions treated with
oxygen at 250 C. Curve 1, 5.632 x 1072 M, 3.615 x 107 M, and
8.923 M in l-carboxynloxime, nickel(II) chlorige, and potassiug
hydroxIde, respectively. Curve 2, 7.136 x 10 M, 2.132 x 10~

M, and 8.923 M in l-carboxynioxime, nickel(II) chloride, and
potassium hydroxide, respectively.
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Figure 1.

A plot of the rate date obtained from solutions
treated with oxygen_at 50° €. Curve 1, 1l.446 x
10-3 M, 1.446 x 10~3 M, and 8.923 M in l-carboxy-
nioxime, nickel(II) chloride, and potassium
hydroxide, resgectively. Curve 2, 2.92L x 10-3
M, 1.446 x 1072 M, and 8.923 M in u-oarboxy-
nioxime, nickel(TII) chloride, and potassium
hydroxide, resgectively. Curve 3, 5.862 x 10 -3
M, 1446 x 102 M, and 8.923 M in l-carboxy-
nioxime, nickel(TII) chloride, and potassium
hydroxide, resgectively. Curve l, 8.794 x 103
M, 1.446 x 1072 M, end 8.923 M in L-carboxy-
nioxime, nickel(II) chloride, and potassium
hydroxide, respectively.
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Table 6. Rate data for the formation of the oxidized
complex of l-carboxynioxime and nickel(II) at

259 C.
Time, hrs. A% kia(;flofl AP k,° x 102 (hrs.”1)
s.”t)

0.0 0.000 0.000

5.0 0.007 1.99 0.015 2.85
12.0 0.017 2.17 0,032 2.77
2ly..0 0.031 2.26 0.053 2.6l
36.0 0.0L0 2.16 0.07Y4 2.96
18.0 0.046 2.03 0.087 3.06
60.0 0.053 2.10 0.098 3.37
72.0 0,060 2.31 0.105 3.68
8L..0 0.066 2.65 0.110 .32
96,0 0.074 0,113
Average 2.21 + 0,22 3.21 + 0.43

5 87he rate datazwere obtained from a solution 5.632 x
107 M, 3.615 x 10™< M, and 8,923 M in l-carboxynioxime,
nickel(II) chloride, and potassium hydroxide, respectively.

Prhe rate data_were obtained from & solution 7.136 x

1072 M, 2.132 x 1072 M, and 8.923 M in l-carboxynioxime,
nickel(II) chloride, and potassium hydroxide, respectively.

vs. the saturated calomel electrode. Rate data for the
experiments at various concentration of l~carboxynioxime
and nickel(II) chlioride are given in Table 8. These data are

plotted in Figure 15.



Figure 15. A plot of the rate date obtained from golutions treated with
oxygen at 50° C. Curve 1, 1,954 x 10=> M, 4.820 x 10™% M, and
8.923 M in l-carboxynioxime, nickel(II) chlorige, and potassium
hydroxide, respectively. Curve 2, 3.908 x 10~ s o820 x 107+

M, and 8.923 M in li-carboxynioxime, nickel(II) chloride, and
potassium hydroxide, respectively.
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Table 7. Rate data for the formation of the oxidi%ed complex
of li-carboxynioxime and nickel(II) at 50~ C.

Time, hrs. AR AP A® ad
0.0 0.000 0.073 0.073 0.062
2.0 0.128 0.225 0.285
5.0 0.128 0.355 0.721 0.812
7.0 0.154 0.4953 0.951 1.078

12.0 0.240 1.300 1.522
14.0 1.380

2L.0 0.345 1.104 1.457 1.615
29.0 0.376 1.147 1.459 1.612
36.0 0.381 1.1 1.431 1.594
48.0 0.381 ‘1,058 1.372 1.52l
53.0 0.396 1.006 1.344 1.489
60.0 0.355 0.938 1.271

72.0 0.291 0.776 1.316

8The rate data_were obtained from a solution 1.446 x
1073 M, 1.446 x 103 M, and 8.923 M in l-carboxynioxime,
nickel(II) chloride, and potassium hydroxide, respectively.

3 Prhe rate data_were obtained from & solution 2,92 x
1070 M, 1.446 x 10-3 M, and 8.923 M in lj-carboxynioxime,
nickeI(II) chloride, and potassium hydroxide, respectively.

®The rate data_were obtained from a solution 5.862 x
10~3 M, 1.446 x 10-3 M, and 8.923 M in j-carboxynioxime,
nickeI(II) chloride, and potassium hydroxide, respectively.

dhe rate data_were obtained from & solution 8.794 x
10-3 M, 1.446 x 1073 M, and 8.923 M in l-carboxynioxime,
nickeI(II) chloride, and potassium hydroxide, respectively.
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Table 7. (Continued)

Time, hrs. AR AD AC ad
77.0 0.262 0.703 1.075 1.259
96.0 0.839 1.042

Table 8. Rate data for the formation of the oxidized complex
of L-carboxynioxime and nickel(II) at 50° C.

Time, hrs. 18 kia(ﬁri?fl) ® kib(ﬁri?fl)

0.0 0.0 0.0

2.0 0.6 2.66
3.0 3.9 5.89

5.0 6.0 5.73 2.6 5.07
8.0 9.l 6.18 3.9 5.12
12,0 5.5 5.35
24,0 19.9 7.28 8.9 6.07
27.0 21.0 7.60
29.0 21.1 7.19 9.9 6.62

-3 8The rate data were obtained from a solution 1.95k x
1077 M, 4.820 x 10-4 M, and 8.923 M in Y4-carboxynloxime,
nickel(II) chloride, and potassium hydroxide, respectively.

N bThe rate data were obtained from a solution 3.908 x
1077 M, 4.820 x 10-4 M, and 8.923 M in h-carboxynioxime,
nickeI(II) chloride, and potassium hydroxide, respectively.
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Table 8. (Continued)

Time, hrs. 18 k;?h;sfgi) 12 kib(iri?fl)
32,0 21.2 6.61
36.0 21.6 6.29 10.5 6.54
118.0 22.5 5.65 11.2 7.01
53.0 22.8 5.51 11.3 6.90
60.0 23.1 5.30 11.4 6.77
72.0 23.5 5.13 11.5 6.60
8li.0 23.7 4. 88 11.6
96.0 2h.1 11.6
Average 6.10 + 1.11 5.89 + 0,82

The rate of formation of the oxldilzed complex was
followed by spectrophotometric titrations with tin(II)
chloride. The wavelength used was 490 mp. Rate data for
the experiments are given in Table 9. These data are
plotted in Figure 16.

The general rate equation 1s

d [N1D3™7)
g1 .

k) (0737 ™ (n1p273%) P L k) (N1DJ°1P Eq. (53)

where x may squal 0, 1, 2, or 3, and the sum of m and n is
the order of the formation and p, the order of the decomposi-

tion of N1D§3. The partial pressure of oxygen was assumed



Figure 16. A plot of the rate date obtained from Bolutions treated with
oxygen at 50° C. Curve 1, 1.954 x 107> M, 4.820 x 10~% M, and

8.923 M in lj-carboxynioxime, nickel(II) chlori&e, and otassi
hydroxfde, respectively. Curve 2, 9.770 x 10~ O x 10~

M, and 8.923 M in u-carboxynioxime, nickel(II) chloride, and
potassium hydroxide, respectively.
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Table 9. Rate data for the formation of the oxidized complex
of li~carboxynioxime and nickel(II) at 50° C.

Vol.&of ‘e 2 Vol.bof ' 5

Time, Sn(II)ClZ, m}. kl x 10 sn(11)012, ml. k. x 10
hrs. (2.408 x°107< M) (hrs.-l) (2.408 x“10-2 M) (Brs.-1)

0.0 0.00 0.00

3.0 0.0 5.48 0.12 3.39

5.0 0.55 L.36 0.32 5.97

8.0 0.80 5.12 0.48 6.12
12.0 1.02 5.10 0.60 6.05
2.0 1.16 6.95 0.98 6.20
29.0 1.20 6.30 1.01 5.81
48.0 1.2l 4.21 1.16 5.71
53.0 1.25 3.91 1.17 5.42
72.0 1.30 3.33 1.18 .20
77.0 1.33 3.45 1.20 L6
84.0 1.36 3.59 1.21 holi3
96.0 1.43 1.2k
Average 4.75 + 1.00 5.25 * 0.95

-3 ®The rate data, were obtained from a solutlon 1,95l x
1073 M, 4.820 x 10°4 M, and 8.923 M in 4-carboxynioxime,
nickel(II) chloride, and potessium hydroxide, respectively.

bThe rate datahyere obtalned from a solution 9.770 x
10~k M, 4.820 x 10" M, and 8.923 M in L-carboxynioxime,
nickeI(II) chloride, and potassium hydroxide, respectively.
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to be constant and was included in ki and ké. To determine
m and n, the ratio of the reasctants was varied. The con-
centrations of nickel(II) chloride and potassium hydroxide
were held constant aqd the concentration of l-carboxynioxime
was doubled. The curves are shown in Figure 1ll. The ratio
of the slopes of Curves 1 to 2 and 2 to 3 for short intervals
is equal to 2™, It was found that m is equal to one. To
determine n, a study was made varying the concentration of
nickel while holding the concentrations of l-carboxynioxime
and potassium hydrdxide constant. The ratlo of the slopes
for short intervals of the Curves 2 and 5 is equal to the
ratlio of the concentrations of nickel. Therefore, the value
of n 1s one. The same values for m and n were obtained from
Figure 13. To determine p, a plot of log A verse t of the
data reported, c, Table 7 was prepared. The graph is shown
in FPigure 17. A stralght 1ine was obtained for the last
portion of the curve, indicating that the decomposition of
I\Ifi.D3"5 1s first order with respect to the starting material,
Therefore, p is equal to one.

There seems to be no direct way to determine the value
of x. But the magnetic susceptiblility measurements indicate
that either NiD‘h, N1D37, or both are present in solution
and only sevem per cent of the total nickel is present as
NiD™ at the beginning of the study of Curve 1, Figure 1lj.

Thus the rate determining step is



Figure 17. A log plot of the rate date, ¢, Table 7.
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NiDé’LL + p3 - N1D57 Eq. (54)

Therefore, equation 28 may be written

d [N1D§5]
dt

= ki -3 [Ningl*] - ké [NiD§5] Eq. (55)

The values of ki and k; are 2.87 x 10~2 nhrs.”! and 1.59 x
10-2 hrs.'l, respectively. These values were obtained from
the data reported in Table 7 by a curve fitting procedure.

The values of ki reported in Tables 6, 8, and 9 were calculated
from the following equation

2.303 log a
—_— Eq. (56)

1
kl : t a-x
where a is the initial concentration of reactant, and x is
the amount of resction at time t. The rate studles indlcate
that there was an exchange of two electrons in the reduction
of the oxidized complex.

Several attempts were made to isolate and idsntify the
products of the oxidation. A small amount of an acidlc
substance was obtained from ether extractions of the neutrsal-
1zed solution. The substance decomposed very rapidly upon
contact with air. No reaction was observed with nickel(II)
chloride at any pH. After reducing a small quanity with zine

in acetic acid, a red color was obtained when a drop of

nickel(II) chloride (0.2317 M) was added and the solution
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made slightly alkaline., This indicates that the compound
obtalned upon reduction may be the vic-dioxime. Two nitro
tests were performed. Positive results were obtained with
the ferrous hydroxide test reported by Hearon and Gustavson
(184) and the lithium aluminum hydride test reported by
Nystrom and Brown (185) and Krynitzky et sl. (186). UL-
Carboxycyclohexesfuroxane gave a negative nitro test. These
results indicate that the oxidation product was a nitro
compound and not a furoxane.

A study of the decomposition of l-carboxynioxime in the
presence of oxygen at 25° and 50° C. was made. The solutions
were prepared by the procedure cited on page 43 and the
concentrations of l-carboxynioxime and potassium hydroxide
were 1.00 x 10'4, 8.896 x 10'3, and 8.923 M, respectively.
The spectra obtained are shown in Figures 18 and 19, There
wag no change in the absorption spectrum from 400 to 900 mp
at 25° C. and 600 to 900 mp at 50° ¢. It is seen that there
is a 8light decrease in the absorption maximum at 273 mp.

. Reduction of the oxidized complex

The reduction of the oxidlzed specles was studied
spectrophotometrically. The reducing agents used were tin(II)
chloride, hydrazine sulfate, and hydroxylammonium chloride.
An excess of the reducing agents were added to a solution
that oxygen had been bubbled through for 72 hrs. at 50 C,

The concentrations of lj-carboxynioxime, nickel(II) chloride,



Figure 18. Absorption spectra obtained from a rate studi of

a solution treated with oxygen at 25° C. Curve

l, 0.0 hrs, Curve 2, 12.0 hrs. Curve 3, 60 hrs,.
Curve l, 84 hrs. Curve 5, 96 hrs.
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Flgure 19. AbsorptionFSpectra obtained from a rate study of
a solution treated with oxygen at 50° D.
1, 96.0 hrs.

Curve
hrs.

Curve 2, 29.0 hrs. Curve 3, 0.C
Curve 4, 8.923 M potassium hydroxide.
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and potassium hydroxide were 5.863 x 10'3, 2,169 x 103,
and 8.923 M, respectively. The results are shown in Figures
20 and 21. The absorption maxima at 4,90 and 740 mu disappeared
and no maximum was observed at 393 mp. The solutions became
turbid after 20 minutes., If a slight excess of the vic-dioxime
was added, the precipitate diseppeared and the original
yellow color of the nickel(II) complex was obtained with an
absorption maximum at 393 mp. This Indicates that no vic-
dioxime-nickel complexes were present after the addition of
the reducing agents.

The effect of tin(II) and tin(IV) on the rickel(II)
complexes of li-carboxynicxime was studied. They were added
15 minutes after the preparation of the solutions in which
the concentrations of h-carboxynioxime, nickel(II) chloride,
and potassium hydroxide were 1.603 x 10'3, 1.446 x 1073, and
8.923 M, respectively. There was no change in the absorption
spectrum, indicating that the nickel(II) complexes were not
destroyed. from a similar study, it was also found that
hydroxylammonium chloride and hydrazine sulfate do not
destroy the nickel(II) complexes.

5. Discussion

The rate data indicate that the rate determining step
in the formation of the oxidlzed complex 1s either

mpsk + 073 & wipy’ Eq. (57)



Figure 20. Absorption spectra obtained from a solution
treated with oxygen for 72 hrs. before and after
the addition of SnCl,. fCurve 1, no SnClZ.

Curve 2, an excess o SnClz.
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Figure 21, Absorption spectra obtained from a solution

treated with oxygen for 72 hrs. before and after
the additlon of SnClZ. Curve 1, no SnCl

present. Curve 2, an excess of SnC12 prgsent
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or, N1D2(OH)§6+ p7? o N1D37 + 208  Eq. (58)

Therefore, mechanism a or ¢ discussed on page 71 may describe
the formation of N1D57.

The oxidation of NiDS7 and the decomposition of NiDSS
may be described in the following manner

N1D§7 + 40, + HO = N1D35 + 20H Eq. (59)

If we assume that nickel(IV) 1s present in NiDES, then the

5

decomposition eof NiDS may occur by the following mechanism

-0 o 0
- N\ -3 5 - -~ N 6
00C Ni(D"”)>°+ 20H"= 00C—+ S + NiD,(OH)-
N ~
0. 0.
Eq. (60)
+ 0 OH _
N* o N-0 _ NO,
~00C + CH = 00C = 00C
N N N
Mo o. No.
Eq. (61)

Consideration of all the evidence concerning the
complexes of li-carboxynioxime and nickel, leads to the

following probable course of reaction
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Ni(CH), + D™ = wiD(0H)}’ Eq. (62)
NiD(oH)5? + D73 - NiDZ(QH)éé Eq. (63)
or, 2NiD(0H)3> = [DNi(O)eNiD]'é*' 2H,0 Eq. (6L)

[DN1(0)2N1D]'6+ D=3+ 28,0 = NiDZ(OH)géf-Nin(OH)§3
Eq. (65)

1

then, NiDe(OH)§6+—D'3 3! N1D37 + 20H" Eq. (66)
NiDST‘* 20, + Hy0 = N1D§5 + 20H" Eq. (67)

NO
N1D§5+-30H' L 'ooc{:::IN 24 N1D2(0H)§6 Eq. (68)

~o

The proposed mechanism is consistent with the following

evidence:

{a)

(b)

The 1:1 complex lon is dependent on tke hydroxide

concentration.

The magnetic susceptibllity date reported in this
work and by previous workers (4, 5, 97, 99, 11i,

117, 121, 125).

(c)

(a)
(e)

The information obtained from the spectrophoto~
metric and polarographic rate studies,

The formation cf substance containing a nitro group.
Why previous workers (9, 14, 16, 17, 6lL) have not

isoleted furoxanes or their derivatives from the
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oxldation of the complexes of the yic-dioximes
and nickel(II).

(f) The hypothesis by various workers (1l, 15, 16,

17, 18, 65, 67, 68, 69, 70) that the ligand is oxi~
dized.

The following interpretation of the magnetic suscep-
tibility date by the valency bond theory is proposed. The
diamagnetic NiD™, me(o*a)é3 or [DNi(0) 2N1D] 6 458 square
plenar complex ion with 3dlslp? hybrid bonding orbitals.
The paramagnetic NiDEh is a tetrahedral complex ion with
lishp3 hybrid bonding orbitals. The paramagnetic NiDg(OH)'éb
and N1D§7 are octahedral complex ions with hsup3ud2 hybrid
bonding orbitals. The diamagnetic NiDE5 is an octahedral
complex ion with 3dzhshp3 hybrid bonding orbitals. The
configurations predicted by molecular orbital theory and
crystal field theory were simiiar to the configurations

predicted by valency bond theory and are not discussed.
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VI, SUMMARY

1. The literature concerning the oxidation, magnetic
susceptibility, and stability constants of the complexes
of vic-dioximes and nickel has been reviewed.

2. The presence of three complexes of l-carboxynioxime and
nickel(II) was established from spectrophotometric and
magnetlic susceptibility data. The step-wise stabllity

constants were found to have the following values:

log k; = 28.7h
log kp = 0.76
log k3 = 3.67

3. The rate of formation c¢f the oxidlzed complex was
followed spectrophotometrically, polarographically, and
by spectrophotometric titrations with tin(II) chloride.
The following rate equation was obtained from the

spectrophotometric data at 50° C.:

d [NiDSS]

= 2.87 x 1072 [Ninz(on)’él [D'3] -
dt 2

1.59 x 1072 [N1D35] Eqe (1)

The rate of formation of the oxidized complex was found
to be first-order at 25° C. The rate constant was found

to have the following value:
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= 2.71 x 1072 prs."t (250 ¢.)
1

k

The polarographic and spectrophotometric titration data
obtained indicate that the reaction is first-order at
50° ¢, The rate constant was found to have the following

value:
ki = 5035 X 10-2 hI‘S.-l (500 Co)

The eoffect of reducing agents on the formation of the
oxidlized complex was studied. It was found that tin(II)
chloride, hydrazine sulfate, and hydroxylammonium
chloride prevented the formation of the oxidized complex.
The magnetic susceptibility data of the complexes of l-
carboxynioxime and nickel(II) were interpreted with the
valency bond theory. The configuration of the 1:1
complex of l~carboxynioxime and nickel(II) was discussed.

The probable structures are:

I\I\

¥ _ OH
@ Sw 00C m\ ,Ni c00
00C Ny oH
0

The following mechanism for the formation of the
oxidized complex of li-carboxynioxime and nickel(II) is

proposed:

-6
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Ni(oH), + D73 N:LD(OH)EB

NiD(OH)?-:- p-3 N1D2(0H)56

or, 2’1‘”.D(0H)§3 = [DNi(0),NiD) -6+ 2H,0

[D¥1(0),N1iD)] -6, p-34 2H,0 = NiDa(OH);_,é

+ NiD(OH);>

6 T+ 208"

s 4
+ 03 k1 NiD]

then, NiD,(OH)g

NiDo! + 20 + H.O = Ninf + 208"

-2

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

) ' NO
N1D35+ 308~ K1 ooc@ 21 + wip,(om)=®
. 2'%% 5

)

Eq.

(2)

(3)

(i)

(5)

(6)

(7)

(8)
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VII. SUGGESTIONS FOR FURTHER WCRK

The analytical application of li-carboxynioxime should

be investigated. The evidence obtalned indicates that
lh~carboxynioxime could be used to determine nickel
spectrophotometrically and polarographically in 8.923 M
potassium hydroxide.

Similar experiments should be performed in various con-
centrations of potassium hydroxide to determine the
effect of hydroxyl ion on the formation of the complexes
of lL-carboxynicxime and nickel(II), the rate of oxidation

of NiDJ', and the megnetic susceptibility of the

3
complexes.

Rate studies should be performed with various oxidizing
agents to substantiate the rate data obtained from the

study with oxygen as the oxidant.

An attempt should be made to prepare, isolate, and
-7

3
Similar experiments should be performed in 8.923 M

identify the prcducts of the oxidation of WNiD

potassium hydroxlide with variocus vic-dioximes to determine
the step-wise stability constants, the magnetic suscep-
tibility, and the rate of formation of the oxidlzed
complexes. This data would be useful in correlating the

physical properties of the complexes with the structures
of the vic-dioximes,



7.
8.

9.

10.

121

ViiI. BIBLIOGRAPHY

feigl, F., Ber., 57B, 759 (1924).

Furman, N. H. and McDuffie, B., Studies of the Color-
imetric Process For the Estimatlion of Nickel with
Dimethylglyoxime, U. S. Atomic Energy Commission Report,
M-423) (Princeton University Analytical Group, Frick
Chemical Laboratory, Princeton, N, J.] December, 1947.

Hooreman, M., Anal. Chim. Acta, 3, 635 (1949).

Carlson, A. B., "Complexes of Nickel with Vic-Dioximes

in the Presence of an Oxidizing Agent in Alkaline Media,®
Unpublished Ph. D. Thesis. Ames, Iowa, Library, Iowa
State University of Science and Technology. 1952.

German, D. E., "Reactions of Nickel with L~-Carboxy-1l,2-
cyclohexanedionedioxime in Alkaline Medium,"™ Unpublished
M. S. Thesis. Ames, Iowa, Library, Iowa State University
of Science and Technology. 1956.

Yamasski, K. and Matsumoto, C., Nippon Kagaku Zasshi, 77,
1111 (1956),

oké&, A. and Simek, M., Chem. listy, 52, 1903 (1958).
and , Chem. listy, 52, 2285 (1958).

N Sbornik celostétn{ Qggcovni konf. anal.
chemikt, I, 149 (I952). (Original not available for
examination; abstracted in Chem. Abstr., 49, 13820

Booth, E. and Strickland, J. D. H., J. Am. Chem. Soc.,
75, 3017 (1953). T

Nadezhina, L. S. and Kovalenko, P. N., Zhur. Obshchel
Khim., 2, 173k (1954).

and s J. Gen. Chem. U.S.S.R., 24, 1707

19 .

Peshkova, V. M. and Mel'chakova, N. V., Referat. Zhur.,
Met., 19;1, Abstr. No. 13697. (Original not available
for examination; abstracted in Chem. Abstr., 53, 1974

(1959).




1l
15,

16,
17,
18,

19.

20,
21,
22.

23,
2.

25,
2b.
27
28.
29.

30.

31,

122

Oka¢, A. and Polster, M., Collection Czechoslov. Chem.
Communs., 13, 561 (1943).

Wulff, P. and Lundberg, A., Z. ver. deut. Chem., Beih,
NO., _Q’Q, 76 (19}4-“-)°

Babko, A. K., Zhur. Neorg. Khim., 1, 485 (1956).

» Zhur. Ansl. Khim., 3, 284 (1948).

Yatsimirskii, K. B. and Grafova, Z. M., J. Gen, Chem,

U.S.8.R., 23, 973 (1953).

Banks, C. V., LaPlante, J. P. and Richard, J. J., J.
Org. Chem., 23, 1210 (1958).

Fortini, V., Seifensieder Ztg., 4O, 49 (1913).

Rollet, A. P., Compt. rend., 183, 212 (1926).

Ferguson, R. C. and Banks, C, V., Anal. Chem., 23,
1486 (1951).

and , Anal, Chem., 23, L8 (1951).

Makepeace, G. R. and Graft, C. H., Ind. Eng. Chem.,
Anal. Ed., 16, 375 (194lL).

Norwitz, G., Analyst, 76, 314 (1951).
Mauzy, H. L. and Yellin, H., Metal Progr., 45, 689 (194L).

Yakovleva, O. A., Zavodskaya Lab., 11, L71 (19,5).
(Original not available for examination; abstracted in
Chem. Abstr., 4O, 1110 (1946).

Haim, G, and Tarvant, B., Ind. Eng. Chem., Anal. Ed., 18,
51 (1946).

Gulyaeva, L. A., J. Applied Chem. U.S.S.R., 18, 726
(1945).

Masurova, A. I,, Zavodskaya Lab., 15, 610 (1949).
TTable T

(Original not ava or examlnstion; abstracted in

Chem. Abstr., L3, 6939 (1949).

Serfass, E. J., Levine, W, 8., Prang, P, J., Perry, M,
H. and Freeman, R. B., Plating, 37, 495 (1950).




123

32, Kslinichenko, I. I. and Rudakova, 0. P., Zavodskaya
Lab., 16, 358 (1950. (Original not available for _
examination; abstracted in Chem. Abstr., I, 6761 (1950).

33. Overston, T. C. J. and Parker, C. A., Anal. Chim. Acta,

3. EKura$, M. and Ruzilka, E., Chem. listy, LS, 100 (1951).

35. Yamasaki, K. and Matsumoto, C., J. Chem. Soc. Japan,
Purs Chem. Sect., 76, 736 (1955)-

36. Sobers, W. B., Am. Foundryman, 8, 45 (1945).

37. Yamasaki, K. and Matsumoto, C., Nippon Kagaku Zasshi,
78, 833 (1957).

33. Goldverg, C., Am. Foundryman, 18, No. 1, 66 (1950).
39. Edwards, W. T., Metal Ind., 65, 329 (194).
40, Cooper, M. D., Anal. Chem., 23, 875 (1951).

41, ihil%ipié)D. F. and Edwards, L. L., Metal Ind., 66,
09 (19 .

42. Cmuikv, V. T., Zhur. fnal. Khim., 2, 328 (1947).

43. Goldberg, C., Foundry, 78, No. 2, 170 (1950).

L. Culbertson, J. B. and Fowler, R. M., Steel, 122, No. 21,
108 (1948).

45. Gregorowicz, Z., Z. anal. Chem., 168, 241 (1959).

L6, » Acta Chim. Acad. Sci. Hung., 18, 79 (1959).

47. Jones, B., Analyst, Sk, 582 (1929).

4,8. Dietrich, K. and Schmitt, K., Z. anal. Chem., 109,
25 (1937).

49. ?isﬁ?gr, J. and Cayard, N., Z. anal. Chem., 122, 25
19 .

50, Carlson, A. B., "Complexes of Nickel with Vic-Dioximes
in the Presence of an Oxidizing Agent in Alkaline Medisa,"
Unpublished Ph. D. Thesis, Ames, Iowa, Library, Iowa
State Unlversity of Science and Technology. 1952.




12}

51. Claassen, A. and Bastings, B., Rec. trav. chim., 73, 783

52. Hummon, C. G., Steel, 11l, No. 25, 97 (19ly).

53. Dymov, A, M. and Volodina, O. A., Zavodskaya Lab., 12,
53 (1946). (Original not available for examination;
abstracted in Chem. Abstr., 4l, 1171 (1947).

5. Haar, X, T. and Westerveld, W., Rec. trav. chim., 67,
71 (1948).

55. Lushchik, Y. N., Zavodskaya Lab., 25, 801 (i$59).

56. Babko, A. K. and Mikhel'son, P. B., Trudy Komissii
Anal. Khim., Aked. Nauk, U.S.S.R., Otdel. Khim. Nauk, 3,
51 (19;E)

57. Oka¢, A. and Polster, M., Collection Czechoslcv. Chem.
Communs., 13, 572 (1948).

58. Edelman, L. E., J. Am. Chem. Soc., 72, 5765 (1950).

59. Okac. A. and éimek, M., Collection Czechoslov., Chem,
Communs., lﬁ: 977 (1951).

60. Xudo, I., Nipoon Kagaku Zasshi, 77, 1792 (1956).

61. Selbin, J. and Junkin, J. H., J. Am. Chem. Soc., 82,
1057 (1960).

2. Diehl, H., The Application of the Dioximes to Analytical
Chemistry, Columbus, Ohio, The G. Fredrick Smith Chemical
Co., 1940,

63. Banks, C. V. and Richard, J. J., Talanta, 2, 235 (1958).

bly. Kaufman, J. V. R. and Picard, J. P., Chem. Rev., 59,
429 (1959).

65. Maletesta, L. and Monti, F., Gazz. chim. ital,, 79,
8hk2 (1940).

66. end Pizzotti, R., Gazz. chim. ital., 72, 174 (1942)

67. Jensen, K. A. and Nygaard, B., Acta Chem. Scand., 3,
481 (1949).

68. Hieber, W. and Bruck, R., Naturwissenschaften, 2_,
312 (1949).




69.
70.

71.
T2.
73.
k.

75.
76.
77.
78.

79

80.

81.

82.
83.

8lye

125

N¥yholm, R.S., J. Chem. Soc. 1951, 2602.

Hieber, W, and Bruck, R., Z.anorg. u. allgem. Chem.,
269, 13 (1952). T

Pauling, L., J. Am. Chem. Soc., 53, 1391 (1931).
9 _{o ém;' gmo §_9_c_-’ Eg;, 988 (1932)0
and Huggins, M. L., Z. Krist., 87, 214 (1934).

, Nature of the Chemical Bond, 2nd ed., Ithacsa,
N. Y., Cornell University Press, 1948.

Bates. L. F., Modern Magnetism, 3rd ed., London,
Cambridge University Press, 1951,

Selwood, P. W., Magnetochemistry, 2nd ed., New York,
N. Y., Interscience Publishers, Inc., 1956.

Moeller, T., Inorgenic Chemistry, New York, N. Y.,
John Wiley and Sons, Inc., 1952,

Gould, E. S., Inorganic Reactions and Structure, New
York, N. Y., Henry Holt and Company, 1955.

Bailar, J. C., The Chemistry of the Coordination
Compounds, New York, N. Y., Reinhold Publishing
Corporation, 1956.

Basolo, ¥. and Pearson, R. G., Mechanisms of Inorganic
Reggtions, New York, N. Y., John Wiley and Sons, Inc.,
1958.

Martell, A. E. and Calvin, M., Chemlstry of the Metal
Chelate Compounds, Englewood Cliffs, N. Y., Prentice-
Hall, Inc., 1956,

Nyholm, R. S., J. Inorg. and Nuclear Chem., 8, 401
(1958).

Orgel, L. E., J. Chemn. Soc., Spec. Publ. No. 13, 93
(1959 .

Liehr, A. D. and Ballhansen, C. J., Ann. Phys., 2,
13l (1959).




86.
87.

88.
89.

Q0.
910

92.

93.
Ol
95.

96.

97-
98.

99.
100,

101.
102.

126

Richardson, J. W., "A Theoretical Study of the Electronic
Structures of Transition=-Metal Complexes," Unpublished

Ph. D. Thesis. Ames, Iowa, Library, Iowa State University
of Science and Technology. 1956,

Orgel, L., E., Inst. intern. chim. Solvay 10® Conseil
Chim. Brussels, 1956, 289.

Nyholm, R. S., Inst. intern. chim. Solvay, 10€
Consell Chim.’Brussels, 1956, 225. ’

Sutton, L. E., J. Inorg. and Nuclesr Chem.. 8, 23 (1958).

George, P., McClure, D. S., Griffith, J. S. and Orgel,
L. E., J. Chem. Phys., 2l, 126G (1956).

Jérgensen, C. K., Acta Chem. Scand., 9, 1362 (1955).

Nyholm, R. S. Record Chem. Progr., 19, No. 2, 45
(1958). ’

Hartmann, H. and Flscher-Wasels, H., Z. physik. Chen.,
L, 297 (1955).

Rosenbolm, E., Z. physik. Chem., 93, 693 (1919).
Cambi, L. and Szego, L., Ber., 64B, 2591 (1931).

Shibata, S., Kishita, M. and Kubo, M., Nature, 179,
320 (1957).

Mills, J. E. and Mellor, D. P., J. Am. Chem. Soc., 6
181 (1912). ’ » d- &m- Chem. Soc., bk,

Malatesta, L., Gazz. chim. 1ital., 68, 319 (1938).

Mellor, D. P. and Lockwood, W. H., Nature, 15, 862
(1940).

and Craig, D. P., J. Proc. Roy Soc. N. S.
Wales, , W75 (1941).

Tyson, G. N. and Adems, S. C., J. Am. Chem. Soc., 62,
1228 (1940). S

Clark, H. C., and Odell, A. L., J. Chem. Soc., 1956, 520,
Chatter jee, R., J. Indian Chem. Soc., 18, 19 (1 ) e




103.

10l.
105.

106,

107.

108.

109.

110.

111.

112.
113.

11h.
115,
116.
117.

118.
119.

127

French, H. S., Magee, M. Z. and Sheffield, E., J.
Am, Chem. Soc., 6L, 1924 (1942).

Venanzi, L. M., J. Chem. Soc., 1958, 719.

Asmussen, R. W., Jensen, A. and Soling, H., Acta Chem.
Scand., 9, 1391 (1955).

Jensen, K. A. and Nygaard, B., Acta Chem. Scand., 3,
479 (1949).

Vananzi, L. M., J. Inorg. and Nuclear Chem., 8, 137
(1958).

Zelentsov, V. V., Savich, I. A. and Evdokimov, V. B.,
Nauch.é%pklady Vysshel Shkoly, Khim. 1 Khim. Tekhnol.,
1§E§, Ce

Griffith, W. P., Lewils, J. and Wilkinson, G., J. Chem.
SOCQ’ 1959’ 1775‘

Manca, P., Rend. semlinar. fac. sci. univ. Cagliari, 28,
69 (1958). ~(Originel not available for exemination;
abstracted in Chem. Abstr., 53, 13706 (1959).

Klemm, W. and Raddatz, K. H., Z. ancrg. u. allgem.
Chem., 250, 20l (19423. T ==

Nyholm, R. S., Nature, 165, 154 (1950).

Backhouse, R., Foss, M. E. and Nyhoim, R. 8., J. Chem.
Soc., 1957, 1714.

Asmussen, R. W. and Bostrup, O., Acta Chem. Scand., 11,

1097 (1957).

Kondo, M. and Kubo, M., J. Phys. Chem., 61, 1648
(1957) .

Bandyopadhayay, D., J. Indian Chem. Soc., 3L, 798
(1957).

Krause, R. A. and Busch, D. H., Nature, 181, 1529
(1958).

Lingafelter, E. C., Nature, 182, 1730 (1958).

Stoufer, R, C. and Busch, D. H., J. Am. Chem. Soc., 78
6016 (1956).



120,

121.
122,

123,
124.
125.

126.
127.
128.
129.
130.
131.
132.
133.
13L.

135.
136.

137.

128

Harris, C. M., Lenzer, S. L. and Martin, R. L.,
Australian J. Chem., 11, 331 (1958).

Sugden, S., J. Chem. Soc., 1932, 2i6.

%amb}3 L., Congre. intern. quim. pura gpl., 2, 208
1934).

Haurowitz, F. and Klemm, W., Ber., 68R, 2312 (1935).

Lifschitz, I., Rec. trav. chim., 66, 4O (1947).

Banks, C. V., Vander Haar, R. W. and Vander Wal, R. P.,
J. Am. Chem. Soc., 77, 32 (1955).

Sacconi, L., Lombardo, G. and Pacletti, P., J. Chem.
Soc., 1958, 848.

Frasson, E. and Sacconi, L., J. Inorg. and Nuclear

Chem., 8, 4li3 (1958).

Sacconl, L., Paoletti, P. and Cini, R., J. Am. Chem.,
80, 3583 (1958).

Cambi, L., Cagnasso, A, and Tremolada, E., Gazz.
chim, ital., bly, 758 (193L). -

Russell, C. D., Cooper, G. R. and Vosburgh, W. C., J.
Am. Chem. Soc., 65, 1301 (1943).

Glacometti, G., Scatturin, V. and Turco, 4., Gazz.
chim. itel., 88, L3k (1958). —

McKenzie, H, A., Mellor, D. P., Mills, J. E. and
Short, L. N., J. Proc. Roy. Soc. N. S. Wales, 78,
70, (1944).

Freiesleben, W. and Grin, F., Chimia, 11, 276 (1957).

Willis, J. B. and Mellor, D. P., J. Am. Chem. Soc., 69,
1237 (1947).

Sacconi, L., J. Am. Chem. Soc., 76, 3400 (195)).

Fischer, E. O.,, Joos, G. and Meer, W., Z. Naturforsch.,

13b, Lsb (1958).

Sone, K., J. Chem. Soc. Japan, Pure Chom. Sect., 1L,
270 (1950)-




1380
139,

140,
141,

142,
143,

1y,
145.
16,
147.
1), 8.

149.

150.
151.
152,
153.
15)4.

155.

156.
157.

129

s Jo Chem. Soc. Japan, Pure Chem. Sect., 71,

316 (19507,

,)g. Chem. Soc. Japan, Pure Chem. Sect., 71,
0).

» J. Am. Chem. Soc., 75, 5207 (1953).

Basolo, F. and Matoush, W. R., J. Am. Chem. Soc., 75,
5663 (1953). -

Ballhausen, C. J., Kgl. Danske Videnskab. Selskab,
Mato-fys- Meddo’ 2 9 NO. _8, 18 (I;;;)o

and Jgrgensen, C. K,, Kgl. Danske Videnskab.
Selaskab Mat.-fys. Medd., 29, No. 1L, 32 (I355].

Orgel, L. E., J. Chem. Phys., 23, 1004 (1955).

Williams, R. J. P., Jd. Chem. Soc., 1956, 8.
Carassiti, V., Gazz. chim. ital., 85, 9l (1955).
Kolos, W., Roczniki Chem., 32, 393 (1958).

Sacconi, L., Paoletti, P. and Del Re, G., J. Am. Chem.
Soc., 79, 4062 (1957).

» Cini, R. and Maggio, F., J. Am. Chem. Soc.,

9, 3933 (1957).

Nortia, T., Suomen Kemistilehti, 304, 92 (1957).

Schilt, A. A., J. Am. Chem. Soc., 81, 2966 (1959).
Katzin, L. I., Nature, 182, 1013 (1958),

Griffity, J. S., Trans. Faraday Soc., 54, 1109 (1958).

Ballhausen, C. J. and Liehr, A. D., J. Am. Chem. Soc.,
81, 538 (1959).

Freiser, H., Baskerville Chem. J. City Coll. N. Y., 3,
No. 1, 20 (1952]. (Original not available for
examination; abstracted in Chem. Abstr., L6, 7927 (1952).

Freiser; H., Analyst, 77, 830 (1952).

Anderson, S., "Stability Constants of Some Nickel-
Vic-Dioximes in Dioxane-Water Mixtures," Unpublished

M. S. Thesis. Ames, Iowa, Library, Iowa State University
of Science and Technclogy. 1960.



158.
159.
160,

161.
162.

163.

16l;.

165.
166.
167.
168.

169.

170.
171.

172.

130

Van Uitent, L. G., Fernelius, W. C., and Douglas, B.
EO [ ] 2. A—m. Chem. SOO .9 12’ 3577 (1953) [ 2

Martin, B. B. and Fernelius, W. C., J. Am. Chem. Soc.,
81, 23h2 (1959).

Lotz, J. R., Block, B. P. and Fernelius, W. C., J.
Phys. Chem., 63, 51 (1959).

Hoyer, E., Z. anorg. u, allgem. Chem., 297, 176 (1958).

Tur'yan, Ya. I. and Serovs, G. F., Zhur. Fiz. Khim., 31,
2200 (1957).

Bjerrum, J., Schwarzenbach, G. and Sillén, L. G.,
Stability Constants, Part I: Organic Ligands, London,
The Chemical Society, 1957.

Bjerrum, J., Schwarzenbach, G., Gunnar, L. and Sillén,
L. G., Stability Constants of Metal-Ion Complexes,
with Solubility Products of Inorganic Substances,

Part II: Inorganic Ligands, London, The Chemical
Society, 1958,

Frelser, H., Fernando, Q. and Cheney, G. E., J. Phys.
Chem., b3, 250 (1959).

Sillén, L. G., J. Nuclear and Inorg. Chem., 8, 176
(1958).

Charles, R. G. and Freiser, H., Anal. Chim. Acta, 11,
101 (1954).

Bochkova, V. M., and Peshkova, V. M., Zhur. Neorg.
Khim., 3, 1131 (1958).

Peshkoya, V. M. and Bochkova, V. M., Nauch., Doklad
Vysshei Shkoly, Khim. i Khim. Tekhnol. 1958, No. l,
b2.

Wenger, P. E., Monnier, D. and Kapetanidls, I., Helv.
Chim. Acte, 41, 1548 (1958).

Dyrssen, D., Kralovec, F. and Sillén, L. G., Acta

Chem. Scand., 13, 50 (1959).

Voter, R. C. and Banks, C. V., Anal. Chem., 21, 1320
(1949).




173.

174.
175.

176.
177.
178.

179.
180.

181.

182,
183.

184.
185.

186.

131

Vander Haar, R. W., "Magnetic Studies of Nickel
Complexes with Some Vic-Dioximes," TUnpublished Ph.

D. Thesisy, Ames, Iowa, Library, Iowa State University
of Sclence and Technology. 1952,

Job, P., Ann. Chim., 9, 113 (1928).

Vosburgh, W. C. and Cooper, G. R., J. Am. Chem. Soc.,
63, 437 (1941). - T

Jones, M. M. and Innes, X. XK., J. Phys. Chem., 62
1005 (1958). ’ oo I 2228 2

Yoe, J. H. and Jones, A. L., Ind. Eng. Chem., Anal.
E__EO’ !._9_’ lll (lgml-) L 4

Meyer, A. S. and Ayers, G. H., J. Am. Chem. Soc., 79,
49 (1957). _—

Orgel, L. E., J. Chem. Soc., 1952, 4756,

Gayer, K. H. and CGarrett, A. B., J. Am. Chem. Soc., 71,
2973 (1949).

and Woontner, L., J. Am. Chem. Soc., 7.,

1438 (1952).

Katzin, L. I., Nature, 183, 1672 (1959).

Feégl, F. and Suter, H. A., J. Chem. Soc., 1948,
378.

Hearon, W. M. and Gustavson, R. G., Ind. Eng. Chem.,
Anal. Ed., 9, 352 (1937).

Nystrom, R. F. and Brown, W. G., J. Am. Chem. Soc., 70,

3738 {1948).

Krynitsky, J. E., Johnson, J. E. and Carhart, H. W.,
_J_o ér_n.. Chem. lq, L|.86 (191.!.8).



p
\»
n

IX. ACKNOWLEDGMENTS

The author is greatly indebted to Dr. Charles V. Banks
for his interest, suggestions, and cooperation throughout
the course of this work.

The author also wishes to thank Mr. J. J. Richard for
his assistance in the synthesis of l~carbexynicxime and

for the preparation of lL-carboxyecyclohexenfuroxane.



	1960
	Complexes of nickel with 4-carboxy-1,2-cyclohexanedionedioxime in alkaline media
	Joseph Paul LaPlante
	Recommended Citation


	tmp.1411597683.pdf.qe01S

