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I, INTRODUCTION

It was in 192l that Feigl (20) first reported an
oxidized complex of nickel with a vicina1~diaxima,1
2,3~butanedionedioxime. His experimentsal evidence led him
to propose that two yic-dloxime molecules were bound to &
nickel(IV) ion as in the nickel(II) compound. The two
remaining nickel valencles were used to bond an oxygen atom,
Very nearly all of the papers appeéring since that time
have retained the oxidized connotation.

In 1926, Rollet (69) devised a spectrophotometric
method for the determination of nickel based on the work of
Felgl, He recommended the use of bromine in ammoniacal
solution as oxidant. By noting that the color changed from
orange-red to red-brown with time, he indirectly pointed
out that two complexes were formed, This is now known
as the change of Complex A into Complex B. The experimental
procedure of Feigl was such that only one complex was ob-
servable. Since then, most investigators have 1lndiscri-

minately applied the term "nickelic" to both complexes.

1 These compounds &re also known as a-dioximes,
ortho-dioximes &nd l1,2-dioximes. A paper, concerned with
the structure of the vic-dloxime-nickel(II) compounds,
has appeared recently (81).
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Most of this confusion arose because the colors of the
two complexes &re so ne&rly alike. In the past ten years,
spectrophotometric data have provided concrete evidence for
two complexes, This development encouraged & few workers
to investigate, at least briefly, the nature of the reac-
tions involved. It was during this time that the original
work éf Felgl was questioned.

| yonly ﬁwo papers, by the same &uthgra, have appeared
that report comprehensive results of a theor&tical study
of thaae complexes. However, these investigators did not
asudy the aamplexas’in solution, but were concerned with an
isolated solid. |

The present invastigatian was instigated in an attempt
| to resolve the conflicting data and arrive at suitable
structures for these rather unususal complex@s. It 1is
believed that, within the limitm of present day knowledge
of complex ions, this objective was attained in the case of
the more stable complex. A structure that 1s consistent
with the known facts i1s hypothesized for the unstable complex,

The study reported below was carried out as part of a
general investigation in progress in this laboratory con-
cerning the chemiatry of the zigfdiaxime*nickal compounds
end complexes. The oxidized complexes are of more than
academic interest because thelr colors are the bases of the
principal methods used for the spectrophotometric detarminaQ

tion of nickel.



II. REVIEW OF LITERATURE

A, Nature of the Reactlion

In 192}, Feigl (20) first reported the formation of an
oxidized complex of nickel with 2,3-butanedionedioxime.
While investigating nitrate ion interference in the graviw
metric determination of nickel with this vic-dioxime, he
tested other oxldants for possible interference. He found
that a number of other oxidizing agents prevented preci-
pitation of nickel in alksline solution. Feigl prepared
deep, red-brown colored solutions by the addition of lead
dioxide to alkaline mixtures of nickel(II) and 2,3-butane-
dionedioxime., He 1solated & red compound from these soluQ
tions by cautious neutralization with mineral acid. Analysis
of the red compound indicated it to contain a ratio of

vig-dioxime to nickel of 2:1, Careful neutralization of the
red-brown solution in the presence of lodide ion followed
by titration of the lodine with thiosulfate lon led Feigl
to conclude the nickel(II) ion had been oxidlized to the
tetravalent state. The following structure for the red

Solid was praposed.l

1 Throughout this study the symbol DH2 will represent
(Footnote continued on next page)



ly-
(DH) pN10

Feigl, of course, devised a spot test for nickel(II) ion
using the above reaction which was about 50 times more
sensitive than the usual test utilizing the reaction of
nickel(II) with 2,3-butanedionedioxime.

Just two years later, Rollet (69) introduced a
colorimetric method for the determination of nickel using
this reaction. He tested & number of oxidants and recom-
mended bromine as being the best of the group. He observed
that the first formed color was orange-red, and this éolor
became red-brown on standing.

Since 1926; a large number of papers have appeared
(1,11,16,21,22,31,35,54,59,71,77) dealing with the spectro-
photamatrie'detarmination of nickel, most of them based on
the original work of Rollet. Upon examining these papers,
1t becomes immediately evident that the reactions are poorly
understood. Workers disagree among themselves as to the
order of addition of reagents, preferred oxidants and fac-
tors affecting the stability of the complexes. The ﬁajority
of papers are concernsed with the older, 2,3-butanedione-

dioxime, However, & number of recent pépers have presented

(continued) any vic-dioxime. The symbols DH and DT will
be used to designéte the singly charged and doubly charged
anions respectively, formed by removal of the oxime
hydrogens.
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information on the use of other vic-dioximes. Mitchell (58)
found l,2~bia(2~furyl)ethanadionedioxime {a-furildioxime)
gave a very unstable nickel complex (Complex A) in the pre-
sence of bromine. Both 1l,2-cyclohexanedionedioxime (21,42)
and 1,2-cycloheptanedionedioxime (22) yleld oxidized com-
plexes similar to 2,3»butanedioﬁadiaxime.

A total of nine articles, which.méy be considered of
theoretical nature, have &ppeired, The first of these, by
Wulff and Lundberg (83), appeared in 194l and was entirely
qualitative in scope. These workers claimed, without sub-
stantlation, that they prepared nickel(III) lon by treatment
with bromine. This aqueous solution of "oxldized" nickel
ion failed to produce the soluble complex when & vic-dioxime
was added. Thelr second experiment involved treating the
vic-dioxime with a limited quantity of bromine, followed by
nickel(II) ion, This procedure yielded the orange-red
colof. From these two experiments, they concluded that the
nickel(II) ion reacted with some oxidlized product of the
xig}dioxime. This was the first refutation of the original
work of Felgl.

- Furman and McDuffle (2l4) published spectrophotometric
curves whlch 1llustrate the difference between the colors
reported by Rollet. They devised procedures, which permit
each color to be used as the basis of a colorimetric methed

for the determination of nickel, These workers described
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the colors as complexes A and B as given in Filgure 1. The
color of Complex A begins to change in about an hour, while
Complex B, prepared with peroxydisulfate ion as oxldant,
forms in about an hour and the color fades after about 12
hours.

Babko (6) reported that Complex A contained a nickel
to yic-dioxime ratio of 1:2 and Complex B was a 1:3 complex.
This worker claimed that the ylg-dioxime rather than the
nickel(II) ion was oxldized. Only an abstract of this
article was available and his experimental procedures sare
unknown.

Hooreman (36) reported some semi-quantitative results,
which indicated the ratio of nickel to vig-dioxime to be
1:2 in Complex A and 1l:l in Complex B., He claimed, or per-
haps accepted; the tetravalency of the nickel ilon in each
complex. However, he reported that 1t took much less re-
ducing agent to destroy Complex A than Complex B. The
limited nature of this study prevents extensive consideration
of the results. ,

Edelman (18) has recently reported the preparation of
stable nickel(III) compounds of 1,2«bis(phenyl)ethanedione~
dioxime (a-benzildioxime). Analyses indicated the following

compounds had been prspared.

Bis(a-benzildloximo)nickel (III) bromide



/JNSOLUBLE Ni(DH)2

" ABSORPTION MAXIMUM AT ABOUT

s
555 my
&
4 COMPLEX A
NICKEL + e~ DIOXIME < YNH4\°H+B'2 = ABSORPTION MAXIMUM AT ABOUT

540 AND 445 myu,

COMPLEX B
ABSORPTION MAXIMUM AT ABOUT
460 my, ’

FIG.1= SCHEMATIC = OUTLINE OF THE REACTION BETWEEN NICKEL AND vic— DIOXIMES,
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Bis(a~benzildioximo)nickel(III) iodide

The bromide was prepared by mixing bromine with a carbon
tetrachloride solution of 1,2-bis{a-benzildioximo-N,N!)-
nickel(II). The product separated on standing, The iodide
was prepared in a similar fashion using benzyl alcohol as
solvent and lodine as oxidant, except the mixture was heated
to produce the reaction. The corresponding bis(2,3-butane-
dionedioximo)nickel(III) bromide derivative was unstable.
An attempt to prepare the 1,2-cyclohexanedionedioxime com-
pound resulted in decomposition of the nickel(Il) derivative
by the bromine.

A recent report (48) claims the followlng compounds
were prepared by the action of bromine on the metal;

2,3-butanedionedioxime complexes in slkaline solution.

CBHJ_&Q&K&C‘&
Clzﬂziﬁgﬁéye(III)

These compounds were stated to be nitroximes., Since only
an abstract was available, it 1s lmpossible to discuss this
paper in a critical manner. An earlier paper by the same
workers (47) 1s belleved to be similar to that above except
nickel(Il) ion was the metal used. This abstract was very

uninformative.
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The most 1lluminating papers on this subject appeared
in 1948 (62,63). These workers attempted to repeat the
original work of Feigl and were only partially successful.
The red solids they isolated using Feigl's procedure always
contained chloride, lead and sodium lons in varying propor-
tions. They substantiated the claim of Feigl concerning the
oxidizing power of the red-brown solutions. However, reso-

- lution of the isolated compound in alkali yielded & solution
having only wesk oxidizing gowsr. Furthermore, analyses of
the red solild indiéatad only half as much nitrogen as Feigl
reported, while the nickel values were similar.,

Thelr second peper reported results obtained utilizing
thelr own experimental procedures. Microscopic examination
of the red solid obtained by Felgl's method indicated a
mixture of white crystals and & red, amorphous solid was
present. They identifled the white crystals as being the
disodium salt of 2,3-«butanedionedioxime. They were also
able to prepare the pure red solld without using lead dioxide,
provided the reaction was performed in about 10 per cent
sodium hydroxide solution. This pure red solid separated
when the mixture was allowed to stand. The solid showed no
oxidizing power and analyses indicated ﬁhe formula to be
DNaNiOH. These workers infer that the red solid is responé
sible for the color of the solution, but faill to account

for the experimentally confirmed oxidizing power of the
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original solution and lack of oxidizing power of the iso-~
lated solid. Thelir qualitative experimants with the furoxan
derivative of 2,3-butanedionedioxime (see Part V.A.3.) lead
them to the conclusion that the vie~dioxime was oxidized to
some 1ntarma&iate stage between dioxime and furoxan. They
dealt with solutions as much &s 1000 times a&s concentrated
as those used in the colorimetric procedures, It seems
likely that the results and conclusions presented are valid
when appllied to the red sollid. However, they present no
evidence whilch permits extension of their ideas concerning
the so0lid to the nature of the complex producing the red-
brown color in dilute solutions,

It is obvious from the above summary that very little
is known about the chemistry of the formation of these

oxldized complexes.

B. Oxidation States of Nickel

Latimer (51, p. 187) accepts evidence for the +1, +2,
+l, 46 and +8 oxidation numbers of nickel. He claims the
oxide, ﬂiZGB, is probably a nickel(II,IV) oxide. The fol-
lowing compounds having higher oxidation states are men-
tioned: NiO,, Kaﬁiou and Kzﬁiﬂg. These compounds are all
unstable 1in acid solution.

The formation of nickel tetracarbonyl during decompo-

sition of orgsnic thio salts has been reported (37). A
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number of recent papers (29,49,50) report data substantiating
the occurrence of nickel{III} and nickel(IV) oxides. The
preparation of viec-dioxime-nickel(III) compounds was dis-
cussed above.

An excellent paper by Nyholm (60) describes the forma-
tion of & nickel(III) complex. Many di(tertiary arsines)
react with nickel(II) ions to form compounds of the type,
Ni(disrsine),Clp. Using o-CgH) /Rs(CHz)p 7,, Nyholm pre-
pared the nickel(II) compound, which is red. Upon refluxing
this compound in dilute hydrochloric acid, the solution
turned green, He isolated a green compound and found it tp
be Zﬂi(aiarsina)201gm7bl. Magnetic susceptibllity measure-
ments indieated the compound was paramagnetic to the extent
of one unpsaired eleetrbn. He tested the action of the com-
pound on &n ammanlaaal soclution of 2,3~butanedionedioxime and
found & dark, purple~red color was slowly formed on standing.
Unfortunately, the color specification does not provide suf-
ficient information for deciding if Complex A or Complex B
was rermad. However, in ammoniacal solution Complex A
would be expected to form more easily,

A more recent paper by Nyholm (61) reports the prepara-~
tion of & similar nickel(IV) compound , [31012(d1arsina)2“7;
[ﬁiou;7é, which is deep-blue colored and is diamsgnetic.

Jensen and Nygsard (39) reported & nickel(III) compound
prepared from anhydrous nickel(II) bromide and triethyl-
phaaphine, which they formulated as NiBrBZTCEH5)3§7é.



The compound has one unpﬁired electron as expected.

The above evidence indicates that both nickel(III) and
nickel(IV) are possible; particularly when they can be sta-
bilized through complex formation.

C. Aqueous Chemistry of Nickel

The studies of complex ions of nickel have been exten-
sive, Most of the papers have been concerned only with the
determination of the ratio of the ligand to the central atom.
Even though these papers are not of direct interest to this
problem, a few will be included for future reference. All
of the papers listed below deal with nickel(II) complexes.

A number of pepers (9,13,38,73) discuss complexes of
nickel(II) with orgenic acids. The cyanide complexes have
also received study (10,12,70). A few papers deal with some
phosphate complexes (45,68) and certain ammine complexes
(2,3,14,19,28,30,34,43,44,67,79)» It should be pointed out
~ that the magnetochemistry of nickel(II) complexes has re-
ceived considersble emphasis (23,55,56,82).

The cyasnide complexes have been studlied by radiochemi-
cal techniques (53). An attempt has been made to correlate
isotopic exchange with bond type in an extensive series of
nickel(II) complexes (32,41). The paramegnetic complexes
studied readily exchanged, but most of the diamagnetic com-
plexes failed to show axehénga‘ Experiments of this type
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will undoubtedly be extended.
The hydrolytic equllibria of nickel(II) in both acidie

and basic media have been investigated by Gayer and Garrett

(25) and by Gayer and Woontner (26).
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ITI. MATERIALS AND APPARATUS

In general, the best available reagent-grade chemicals,
as indicated by the manufacturers! labals, were used. A
selected lot of sodium hydroxide having a particularly low
iron content was used throughout this study. All solutions
were prepared with delonized, distilled water.

Nickel metal. Mond nickel from the International
Nickel Company. This metal was specified to contain no more
than 0.008% cobalt, 0.008% copper and 0.045% iron. A stock
solution was prepared by dissolving about 5.9 g. in aqua
regia. The resulting solution was treated with perchloric
aoid,»evaporated to dense fumes three times and finally
diluted to & liter. A gravimetric analysis of this solution
by the electrolytic method indicated the nickel(II) ion
concentration to be 0.0996 + 0.0001 M. A spot test for
chloride lon with silver nitrate was negative., Dilute solu-
tions for the experimental work were prepared by diluting
meéaured volumes of thils standard solution.

Vic-dioximes., Raagﬁntégrade 2,3«butanedionedioxime
(dimethylglyoxime) from a commercial source was used. Both
the 1,2-cyclohexanedionedioxime (nioxime) and l,ZQayclo‘
heptanedionedlioxime (heptoxime) were prepared in these labora-

tories (66,78). Btock solutions of esch vic-dioxime were
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standardized by adding an excess of nickel(II) chloride solu-
tion to ammonium acetate buffered aliquots of the various
vic-dioxime solutions and weighing éh@ precipitates obtained
in the usual manner. It was found that 2,3-butanedione~
dioxime has a water solubility about twice, or 0,8 g. per
liter, that given by Diehl (15, p. 20) and by Babko and
Mikhelson (7). This solubility was checked by analyzing for
nickel in the above precipitates by the "heptoxime" method
(80). No attempt was mede to ensure the solubillity measured
was maximal., The solution was prepared by adding an excess
of solid yiec-dioxime to water and allowing the mixture to
stand several days with occasional shaking. The solution
was filtered just prior to standardization,

"Normax" brand glassware was used throughout this study
except in a few cases where the measured volumes did not
require such accuracy. All of the solutions of the complexes
and vic-dioximes prepared for spectrophotometric examination
were contsined in 200 ml, "Normax" volumetric flasks.

A Cary, Model 12, recording spectrophotometer was used
to obtain all of the absorption curves reported below. The
instrument was operated as recommended by the manufacturer
and with a S51it Control setting of 10. A Beclman, Model DU,
spectrophotometer was used to obtain the absorbancy maasureé
ments of solutions employed in the study of the formation

constant of Complex B, Matched sets of 2.000-cm. and
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5.,000-cm. cuvettes were used for all solutions and blanks.
Corrections for dlight differences in the transmittancies of
the cuvettes were made whenever necessary.

All pH measurements were made with & Beckman, Model G,
pH meter aquip@ad with a Type E glass electrode. The instru-
ment was standardlzed against commerclal buffers in the
usual manner.

The potantiametric titrations were carried out with the
Model G pH meter by substituting a platinum slectrode for
the'glaas electrode., The end points In the lodometric
titrations were determined by mesns of a Fisher Titrimeter.

4 Sargent, Model XXI, polarograph equipped with an
H-type electrolysis vessel was used to investigate the

polarographic behavior of the oxidized complexes.
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IV. EXPERIMENTAL PROCEDURES

The less common experimental procedures employed in
this study are deserlibed in this section. The symbology
used in the #arious equations wéa standardiyed as much as
possible. The terminology of spectrophotometry recommended

by Gibson (27) has been followed.

A = Absorbancy = log 1/T, (Optical Density)
ay = Molar Absorbency Index (Extinction Coefficient)
b = Depth of solution traversed by the light beam

Other terms of interest herein conform to the following

aystem,

{ ) = Equilibrium activity of the species indicated

[/~ 7 = Equilibrium molar concentration of the
- specles indicated

C, = Analytical or totel molar concentration of x
= Ioniec strength

Yx = Molar activity coefficient of x

Kt = Molar aQuilibrium constant

K = Thermodynamlc equilibrium constant

log = Logarithm to base 10



A. Determination of Acidic Dissociation Constants

Stenstrom and Goldsmith (7)) devised a method for deter-

mining the dissociation constants of acids and bases from
spectrophotometric data. The method may be applied only in
instences where it 1s possible to infer at leeast a part of
the absorption spectra of the acld or base and its salt,
An experimeﬁtally demonstrated i1sosbestic point would ful-
£ill this requirement. The value of pK' can be calculated
using the egquation developed below. These workers did not
treat cases where further ionization can occur.

Let the followlng terminology apply.

c = Molar concentréation of acid (or base)} added
X = Fraction of lonized molecules
1-X = Fraction of unlonized molecules

ay = Molar absorbancy index for & mixture of the two
' absorbing specles

aﬁ/ = Molar absorbancy index for unionized molecules

aﬁ = Molar absorbéncy index for ionized molecules
Then
ay = ay {1-X} + a} [x},

From the law of mass action
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Provided the concentration, C, and cell length, b,
remain constant, the absorbancy may be substituted for the
molar absorbancy index thus simplifying the caleculations.

The prime deslignatlions retain their original connotation.

A - A*

s [

I{tm

The experimental procedure to bes followed involves a
determination of the absorption spectra of the unionized
molecule, the ion and a mixture of ionic and nonionic forms

having & pH near the pK' value. The pH of the solution
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containing this mixture, together with absorbancy measure-

ments of the three aolutiens are used to calculate K', An

average value 1is obtained by,ﬁal@ulating K' from data taken
at several wavelengths.

A similar equation can bs derivad for the case where
furthar 1enizatien is posaibls. when the second dissooia»
tion constant 1s sufficmently different from the first, no
parbicular diffiaulty should arise. Howevar, when Ké is 1933
than about 1000 Ki, 1% may beceme impoaaible bo obtain the
true abaorption spectrum of the intermediate ion. In this
case K! snd K}

1 2 | | |
The thermodynamic ionization constant can be estimated

cannot be accurately detarmined.

by application of the Debye and Hlickel theory (8). The
equilibrium equation may be wﬁitten as

88T
e

px‘z‘pﬁ + log + lsg YHA log Yp- ¢

The actlvity coefficlent of a 1:l elactrelyta‘is given by
;1og & % -§&i£§7§ 4 Cu
1 + Bu
and fcf an unionizad molecule bj

«~log ¥ = C'p &

The terms A, B, C and ¢' are characteristic constants which



depend on type of solvent, etc. Substitution of these
terms into the equilibrium equation gives

. 1/2
pKapH*lch-Cg+6"p+-i&~m‘
[A"j ‘ 1 + Bp

Since the values for the conatants C and (' are usually
small (about 0.02) for weak orgenic acids, these terms can
be eliminated bectuse C'p - Cu becomes negligibly small,

The value of A for water as solvent at 25° ¢, is 0.509 and
the value of B can be taken 88 unity. The final equation

becomes

1/2
pK = pH + log [BAT , 0.50%

KT 1+u1;2

This correction term, which must be added to the pKi values,

is 0.12 for p = 0.1 and 0.21 for p = 0.5,
A similar treatment may be applled to determine pK?

from pKé.
pK = pH + log ZﬁA j; + log YQA“ - log TA“ .

The activity coefficlent terms may be calculated by

Y.

~log ¥, ,. = ~_--*7w + Cp,
HA 1+ Bul 2



-7
4172

‘ 2
~log Yp= = ;—:~§~i7§ + Ctyp .

1

The factor of two in the coeffiecient for A~ is the valency
correction factor for a 2:1 electrolyte. Combination of
the above equations and elimination of the C and ¢! terms

as before gives

[T | 0.599»3*/ 2
[A=7 1 4+ pl/é

pK = pH + log

Thus the activity coefficient factor 1s the same as that
for the first ionlzation step.

B. Determination of Ratioc of Ligand to Central Atom

l. Job's method

The method of continuous varlations, first proposed by
Job in 1928 (4j0) and reviewed by Vosburgh and Cooper in
1941 (79), is probably the method most used for the deter-
mibation of the formula of & complex ion in solution, Its
dpplieatlen has hecome so common that it is unneceasary to

discuss the method here,

2. Blope ratio method

Recently, & new method was reported by Harvey and
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Manning (33). These workers developed the slope ratio
method and presented it along with a review of a number of
methods that had been proposed before. The derivation of
this new method 1s presented here.

The reaction for the formation of & complex ion may be

written as

If the concentration of B is constant and in sufficlent ex-
cess to make dissociation negligible, the equilibrium con-
centration of the complex ion will be proportional to the

analytical concentration of A added in the reaction; so

c
[taBoT = 5 - (1)

Assuming the unreacted molecules of A and B do not
absorb or are compensated for, the Bouguer-Beer relation

becomes
As = aMbehmsn¥7 ' (2)

Substituting the value of the complex from (1) into (2)

glves
Ay = gﬁhcA/ﬁ . (3)

The sbsorbancy is plotted against different analytical
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concentrations of A, keeping the concentration of B constant
and in excess. Over the straight line portion of the curve,

equation (3) is valid and this straight line will have a
slope glven by

Slopey = ayb/m . (Q)

Similarly, i1f A is the component in constant excess

and the concentration of B is varled
L AgBy 7 = Cg/n (5)

end if A  is plotted against GE’ the slope of the straight

line portion of the curve will be
Slope, = aMb/h . (6)

The ratio of n to m in the complex may be found by
taking the ratio of the two slopes

5lcp§1/ Slope, =n/m . (7)

When this method 1s applled tcleamplax fons in aqueous
solution, it is generally possible to assume m to be unity

and thus determine n.
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C. Determination of Electron Change

by Potentiometric Titration

The data obtained in a potentiometric titration can be
used to determine the electron change of the material being
titrated., The method is based on & simple mathematical

treatment of the Nernst equation.
oxidized + n e” = reduced

E = g0 + BL 104 loxid)
nF  (red)

A straight line should be obtained when the pékential E is
plotted against log (oxid)/(red). This line will have a
slope equal to RT/nP. As a first approximation, the terms
(oxid) and (red) can be obtained from the volume of titrant
added at any point and the total velume required to reach
the stoichlometric end point.

(red) = volume added

(oxid) = equivalence volume - volume added at E

Since the constants R, T and F are known, the value of n can

be found from the value of the slope.
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V. RESULTS

A. Vie~Dioxime Chemistry

The vic-dioximes are stable compounds in neutral
‘agueous solution, but hydroiysis of the oxime groups is to
be expected in seid or alkaline solution. Strong oxidizing
agents should attack the dioximes bringing about more rapid
decomposition. These aspects of yic-dioxime chemistry were
investigated together with the determination of the acidie
ionization constants and are discussed below, Finally,
some information concerning the furoxan derivative of

2,3-butanedionedioxime is presented.

1. Stabllity

The stability of the vic-dioximes was investigated
only under conditlions of interest to this study.
a, Alkeline solutions. The decomposition of the

vic-dioximes in alkaline solution was followed by means of
the spectrophatgmeter. Absorption curves were obtained at
intervals of 24-48 hours and representative curves appeer in
Figure 2. The solutions were scanned in 2.0-cm. cuvettes
egalnst a 0.5 M sodium hydroxide solutlon: curve 1, after

five minutes; curve 2, after 142 hours; curve 3, after L35
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hours., The curves indicate that the dione is much less
stable than the vic-dioximes tested. Absorption by carbon~
ate lon prevented extending the curves to shorter wave~
lengths. The absorbancy of the sbsorption maxima decreased

in 435 hours as follows:

1,2-Cyclohexsnedionedioxime 13%
2,3~Butanedionedioxime 7%
1,2-Cycloheptanedionedioxime 5%

No attempt wes meade to identify the decomposition pro-
ducts of the yic-dioximes., The formation of dione is to be
expected and the absorption curves show an absorbancy in-
crease in the region of dione absorption. Decomposition of
the dione does not appear to lead to appraaiabls gquantities
of compounds which absorb light in the region studied,

b, Alkaline solutions containing peroxydisulfate.

This study was performed in the same manner as that in the
previous section. Representative absorption curves are pre-
santed‘in Figure 3. The solutions were scanned in 2.0-cm.
cuvettes ag@inat a 0.95 M sodium hydroxide solutlon: curve
1, after five minutes; curve 2, after 77-1/2 hours; curve 3,
after 2,7 hours. The absorbancy of the absorption maxima

decreased in 435 hours as follows:

2,3~Butanedionedloxime 83%
1,2-Cyclohexanedionedlioxime 73%
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1,2-Cycloheptansedionedioxime 57%

No new maxime appear above 250 mpw, The slight increase in
absorbancy in the region of 300 mu. is probably due to dione
absorption.

¢. Ammoniamcal solutions containing bromine. An attempt

was made to obtain ultraviolet absorption curvesshowing the
decomposition of vig~dloxime by bromine. However, the ab-
sorption aufve of the vie-dioxime was éamplately obacured

by absorption due to hypobromite ion. Qualitative tests
with nickel(II1) ion indicated complete destruction of the
vic~dioxime by bromine in & matter of minutes, depending on
the ratio of bromine to vieg-dioxime. These results partially

explain the known instabllity of the color of Complex A.

2. Determination of the acidic dissociation constants

Most oximes are weak &fcids and this acidie nature of
the vic-dioximes was of particular interest in the study of
the complexes with nickel ion. Other workers have reported
studies of the acidity of 2,3-butanedionedioxime (7,75,76).
Preliminary tests indicsted that the ultraviolet sbsorption
maxima of the vic~dioximes under consideration are shifted
to longer wavelengths with an increfse in pH, Consequently,
this physical property wes used to determine the ionization

constants., It is assumed that thils change in absorption
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spectra represents removal of the protons from the oxime
groups.

- Solutions of the vic~dioximes for these studles were
prepared in the following manner. The pH of each solution
was adjusted to an approximate value by the addition of a
measured volume of sodium hydroxide solution. Sodium
chloride solution was added, when necessary, to maintain
constant ionic strength end thﬁ mixture diluted to nearly
200 ml. The solutions were then allowed to equilibrate at
room temperature (23 + 2° C.). The wyic-dioxime was added
just prior (5-10 minutes) to scanning the solution against
a2 blank of similar composition and pH with the Cary spectraé
photometer, Some of the absorption curves for solutions
listed in the tables were omitted from the figures to avoid
confusion.

a, 2,3-Butanedionedioxime. Upon examination of

Figure L, curve 6 was chosen as representing the absorption
spectrum of the singly charged anion. Using this curve
together with curves 1 and 3, & calculation of pKi was made
by the method of Stenstrdm and Goldsmith (see Part IV).

The average value obtalned for nine wavelengths was

10.61 + 0,04, The curve for singly charged anion probably
lies between curves 5 and 6. The calculated pKi value ob-
tained using curve 5 is about 10,5. The activity coefficlent
correction for this case 1s 0.1y therefore, the best value

for pKl is concluded to be 10.65 + 0,05.
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Using curves 1, l} and 6 from Flgure 5, pKi was calcu~-
lated to be 10.30 # 0.02. If curve 7 1ls substltuted for
curve 6, pKi is found to be about 10.4. The activity coef-
ficient correction for this case is 0.2 and the best value
for pKi becomes 10.55 + 0,05.

Examination of Figures 4 and 5 indicates & new species
of ebsorbing lon is being formed at high pH. There 1s a
further shift in the abeorption maximum as well as a depar-
ture from the isosbestie point. It is assumed that these
changes occur due to formation of the doubly charged anion
by removal of the second oxime hydrogen.

Tha dats in Teble I are presented in Figure 6. For an
ideal case, the midpoint of the break in the curve would
correspond to the point at which the pH became identical
with the pK.

pK = pH - log (A”)/(HA)

At this point the solution would contain an equal amount of
unionized and ionized molecules,

The lines fitting the data plotted in Figure 6 were
drewn in a somewhat arbltrary fashion. In order to obtain
a graphical pKi value corresponding to the calculated value,
it is necessary to assume there 1s & break in the vertical
portion of the ocurves. The midpoints of the breaks yleld
the following pK' values:



TABLE I

Solutions used for the Determination of the
Ionization Constants of 2,3-Butanedionedioxime
with e 0.1

1 5.95% 0.66%5 0.02g9
1s 9.33 0.645 0.110
2 10.31 0.520 0.295
3 10.60 o.uuo 0.415
L 11,00 0.345 0,530
5 11.43 0,260 0.595
6 11.76 0.215 0.750
7 12.07 0.180 0.795
8 12.49 0.175 0.855
9 12.77 0.160 0.870
10 13.04 0.155 0.885




TABLE II

Solutions used for the Determination of the
Ionization Constant of 2,3~Butanedionedioxime
with p = QOS

§@1§§f6n " pH
1 | 6.51
la 7.49
1v 8.98
2 9.31
3 9.96
L 10.32
5 10.70
6 11.20
7 11.61
78 12,01
8 12,10
8a 13.18

9 13.48
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227 myu 260 mp
Pkl 10.61 10.40

If pK| is taken to be 10.50, the pK} values become 11.73 and
11.77 raspactivaly, when caleulated by direct prnpcrtion.
Tha pK2 value becomes 11l. 8g

' An sbsorbancy vs. pH plot fcr the data obtained at an
ioniu strength of 0.5 was used to obtain further pKé values.
At 226 m . pKé was found to ba 12.2, while at 260 my. the
value obtained was 11.7. |

| A éonsideration of the data above leads to the following

values for these constants:

PKy 10.6 + 0.1

The paper by Babko and Mikhelson (7) was not available,
but the abstract listed a PK] value of 11.1. The fact that
ﬁhis value liles between the pKi and pK, values listed above
indicates these workers falled to 1solate thelr pKi data
from the effgcts of removal of ﬁhe second proton.

b. 1,2«Cyoclohexanedionedioxime. This vic-dioxime was

treated experimentally as in Part a sbove. The data for the
solutions used are presented in Table III and representative

absorption curves are reproduced in Figura 7.
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TABLE III

3oluﬁians used for the Determinstion of the Ioniza-
tion Constants of 1l1,2-Cyclohexanedionedioxime with

B = 0.5

.ygalution |

No. R PK‘ A§32.5 ’ A§E§
P 6.53 0.665 0.220
18 8,70 0.660 0.250
2 9.78 0.615  0.335
‘3 10.43 - 0.530 0.515"
M  10.82 0475 0.630
g 11.28 04430 0.755
6 11.60 0.435 0.825
7 12.85 0.510 1.060
8 13.58 0.525 1.095
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Solutions numbered 1, 3 and 5 were used to caleulate
pK{. The average value obtaéined for nine wavelengths was
10.33 # 0.04. The pK! values were estimated from Figure B.

The points of inflection were found by inspection and the

midpoints indicate the following values for the constants:

232.5 mp. 265 mu,
pKJ ' 10.31 10.39
231 12.33 12.16

The activity coefficient correction for this case 1is
0.2. Consideration of the above data leads to the following

best values for these dissociation constants:

Pk, 10.5¢ # 0.1
PK, 12.4 + 0.5

c. 1,2-Cycloheptanedionedioxime, The experimental

procedure used with this vic-dloxime was the seme as that
described sbove., Table IV contains the data for the solu-
tions employed and representative curves &re presented in
Figure 9. Unfortunately the absorption maxima related to
this vig-dioxime occur at such short wavelengths that car-
bonate lon absorption obscures critical portions of the
curves for soclutions at high pH. The reglon of 290 mu.
might be of value provided higher vic-dioxime concentratlons
were used. Since very little work with this vic-dioxime

was planned, this alternative was not pursued.



TABLE IV

Solutions used for the Determination of the Ionigza-
tion ngstmta of 1,2-Cycloheptanedionedioxime with
= 0.

SeTuelon. ~oH a240 2%
1 6.53 0.235 0.000
la 6.86 0.230 0.005
b 8.98 0.255 0.020
le 9.97 0.320 0.030
2 ~ 10.28 0.365 0.045
3 10.61 0.44s 10,080

11.10 0.545 0.105
La 11.51 0.605 0.110
5 11.76 . 0.655 0.095
Sa 12.12 0.700 0.100
5b 12,43 0.740 0.080
6 12.50 0.735 0.050
6 12.92 0.800 0.065
6b 13.14 0.805 0.055
6o 13.33 0.805 ~ 0.055
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Figure 10 permits an estimation of the pK' values. The
curve at 290 mp. indicates a pKi value of 10.49. When this
value is used to determine the point of inflection in the
curve at 240 mp., pKé is found to be 12.08. Here again the
activity coefficlent correction 1s 0.2. A consideration of
these results, together with the assumption that this
vic-dioxime should behave simllarly to those above, leads to

the following estimates for the constants:

pK,y 10.7 + 0.2
pKQ 12.3 + 0.5

e

3. Furoxan derivative of 2,3-butanedionedioxime

This derivative was prepared by the method of Scholl
(72). The procedure was followed a8 described except com;
merclial, tank dinitrogen tetroxide was employed. A 50 per
cent yield was obtained. The compound 1s a yellow oil,
which distills under 14 mm. of mercury at about 108° ¢.

The Ring Index (64, p. 84) describes the furoxan ring
as 2,6-dloxa-1,3-dlazabicyclo/ 3.1.0_7-hexane.

N
< |
\QHS——u CH

PN

)

K. v. Auwers (l4,5) proposed the following equilibris based
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on valency &nd refraction experiments.

R——ﬁ———ﬁ—a‘ . R—C—C—R!' R—ﬁ—ﬁ—ﬁ'
| — 0 ==
N~0~N=0 l/ \l O=N-0-N
N N
\/
0

(1) (2) BNEY

Kinney and Harwood (446) used ozonolysis reactions to confirm
the presence of structure 2. The isolation of isomers of
structures 1 and 3 has not been reported. Further informa-
tion concerning the furoxans and rslated compounds can be
found in the extensive dioxime work of Ponzio and coworkers
(57,65). |

Spectrophotometric curves of the furoxan are reproduced
in Figure 11. Decomposition of the furoxan in hot alkeline
solution is apparent. After this curve was obtsined, nicke
el(II) ion was added to the solution: no color developed on
standing up to 24 hours. This would indicate that very
little yic-dioxime had formed from the furoxan.

A few of the qualitative experiments reported by okéé
and Polster (62) were repeated. It immediately became appar;
ent that these workers were dealing with a compound whose
structure was unrelated to that of Complex B. Experiments
reported below (Part B) indicate Complex B does not form
with 2,3~butanedionedioxime at the high sodium hydroxide

concentrations used by these workers., The results of their
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work, while of general interest, probably have very little

bearing on the structures of Complex A and Complex B.

B. Stable Complex (Complex B)

1. Effect of pH and time

The visible color of Complex B 1s characterized by a
broad absorption maximum in the region of 460 muy. 8nd a
minimum near 410 mp. The actual values of these points is
dependent upon the vig~-dloxime used. Absorption ocurves of
Complex B, Complex A and the stabilized nickel(II) wampaundl
are presented in Pigure 12 for comparison. The spectrum of
, Complex A lies intermediate between that for Complex B and
that for the nickel(II) compound. This figure will be
referred to agein in a later section.

a, Visible spectrum. The effect of both time and pH

were investigated in the region of 350600 mp. Absorption
curves were obtained at intervals of asbout 72 hours. The
data obtalned at the large absorption maxima are plotted in
Figure 13. The absorbancy measurements are less accurate
than might be expected due to the presence in the solutions
of suspended sodium carbonate.

Only part of the time curve for 0,05 M sodium hydroxide

1 Taken from the original data of Ferguson and Banks
(21).
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solution is shown in part A of Figure 13 because the solution
originally contained the insoluble nickel(II) compound.
Table V presents the significeant results of this study.

The results presented in Figure 13 and Table V illus~
trate the striking differences in the reactivitiaa of these
three vic-dioximes. These differences are also apparent in
the insoluble vic-dioxime-nickel(II) compounds: the
1,2-cyclohexanedionedioxime derivative appears to be much
more insoluble than the other two; the 1,2~cycloheptanedione~
dioxime derivative 1s yellow while the other two are red;
and the lower pH limit for complete precipitation varies bee
tween all three. Reasons for this somewhat anomaloﬁs beha#
vior cennot be given at present.

b. Ultraviolet gpectrum, A few studies were made to

investigate the ultraviolet absorption spectrum of Complex
B. This region 1s not readily accessible dus to the strong
absorption by the vig-dioxime, Representative data are pré»
sented in Figure 1l;.

Part A of Figure 1l shows a strong increase in absarp; :
tion at the yic¢-dioxime maximum immedliately after adding
nickel(II) ion. As the visible color reached its maximum,
the 270 mu. abaerp#icn peak shifted to longer wavelengths
aecampanied by & decrease in ebsorption. The solution was
yellow for the first few hours. This may be due to the pre-
sence of appreciabie quantities of lower complexes, since the

metal ion was in excess over thevic-dioxime.



TABLE V

Résumé of Study of Effect of Time and pH
on Stabllity of Complex B

1.50 x 102 M Nickel ion
L.60 x 1074 ¥ Vie~-dloxime

Optimum Concentration
h concentration of sodium hydroxilde
Vie~-dioxime of sodlum where precipitation
hydroxide occurred
2,3-Butenedione-
- dioxime 0.01 M 0.05 M
1,2-Cyclohexane~-
. dionedioxime 2.50 0.10
1,2-Cycloheptane~

dionedioxime 1.25 0.25
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FIG.14~ULTRAVIOLET ABSORPTION SPECTRA OF GOMPLEX B PREPARED

WITH 1,2~CYCLOHEXANEDIONEDIOXIME. .

SGANNED vs. SODIUM HYDROXIDE BLANKS.

(A) 0.5M SODIUM HYDROXIDE, 2.50x I0°M

DIOXIME AND 3.00x10™ M NICKEL; 5.0-cm.

GUVETTES.

(B) 0.05M SODIUM HYDROXIDE, 2.5x10'i M
POTASSIUM PEROXYDISULFATE, 1.50x 107 M
DIOXIME AND 1.50x10™ M NICKEL ; 2.0-cm.
. CUVETTES.
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Part B of Figure 1l illuatrates that peroxydisulfate
ion only causes Complex B to form more rapidly. Since
there was an excess of vie~dioxime over nickel(II) ion,
lower complexes probably were not present to any extent.

No increase in absorption was observed at the vic-dioxime
meximum,

Lifschitz, et al. (52) pointed out that most dlamagnetic
nickel(II) complexes are bright red through red-brown to
yellow in color. The work of Mellor and coworkers (55,56)
indicates that the ultraviolet spectrum of & nickel(II)
complex forms & more reliable basis for prediction of mag-
netic type. These workers present the following cancluQ
sions. In pearamagnetic complexes of nickel(II), there is
very little difference between the absorption spectrum of
the metal complex and that of the chelate molecule from
which it i1s derived. However, the dlamegnetic complexes of
nickel(II) usually show & broad band between 385 and 415 my.
and a bathochromic shift in the bands of the chelating
group.

Tha‘avidence presented thus far would lead to the pre-
diction that Complex B is a diamagnetic nickel complex.
Experimental svidence concerning this prediction is pro;

sented below.
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2. Oxidizing agents

As mentioned previously, many oxidizing agents have
been used to form these "oxidized" complexes. 4ll of those
reported, except peroxydisulfate ion, first form Complex A.
It has been found that, when Complex A 1s formed with
1,2-cyclohexanedionedioxime in the usual manner, the spec-
trum of Complex B does not appesr.

When the color of Complex B has been used as the basils
of an analytical method for nickel ion, the recommended oxi-
dant has been peroxydisulfate ion. Using a standardized
procedure, thila oxidant will yield satisfactory results
(24)+ Since this study was directed toward an understanding
of the complexes, peroxydisulfate ion was only used in & few
experiments.,

A simple teat’provad that formation of Complex B wés
brought about by air oxidation. 0xygan~freg nitrogen was
bubbled through an alkaline solution of 1,2-cyclohexane~
dione dioxime. After 0.5 hour, & small quantity of & nickel
perehlorate solution was sdded. The nickel(II) compound
precipitated leaving a colorless solution.

An attempt was made to lncrease the rate of color devel-
opment by bubbling oxygen into solutions of Complex B.
Absorbancy measurements falled to indicate & more rapid for-
mation of the complex. This would indicate that, under norQ

mal conditlions, the concentration of dissolved oxygen
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remaina sufficlently high to prevent the oxygen from being

rate determining.

3. Ratio of ligand to gentral atom

The formula of Complex B was determined by Job'as method
(40), The results obtained using 1,2-cyclohexanedionedioxime
are presented Iin the form of absorption eurvés in Figure 15.
The solutions are described in Table VI,

Inspection of Figure 15 indicates that the ratio of
ng}dioxime to nickel ion is 3:1 at all wavelengths between
350-600 mp. This ratio was confirmed by plotting the data as
recommended by Vosburgh and Cooper (79). Such & plot at one
wavelength 1s presented in Figure 17.

The ratio of 3:1 did not appear to change when the solu-
tions were allowed to stand (see Figure 15). The positions
of the maxima and minimum depend upon the ratio of vic-dioxime
to nickel ion. This may be interpreted as being due to the
formation of other complexes. However, if thls is true,
thelr molsar absorbancy indexes must be considerably less than
that for the 3:1 complex. The problem is complicated becsause
it is necessary to obtain the data under non-equilibrium
conditions. f

The data obtained for Complex B prepared with the other
xigfdioximéa appear in Figure 16, The solutions are de-

seribed in Tables VII and VIII. All of these solutions were
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TABLE VI

Solutions used for the Determination of the Ratio of
Nickel to 1,2-Cyclohexanedionedioxime as complex B by
Job's Method

All solutions contained 0.5 M sodium
hydroxide with a final volume of 200 ml.

Sclution ml, of 3.00 x 10”3 M solution
Nickel -~ Vic-dioxime
1 10.0 0.0
2 8.0 2.0
3 6.0 IO
L 5.0 5.0
5 k.5 5.5
6 .0 | 6.0
7 3.5 6.5
8 3.0 7.0
9 2.5 7.5
10 2.0 8.0
11 1.5 8.5
12 1.0 9.0

0.0 10.0

P
L
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FIG.15-ABSORPTION CURVES OF JOB'S SOLUTIONS OF GOMPLEX B
WITH 1,2~ CYCLOHEXANEDIONEDIOXIME.
NUMBERS CORRESPOND TO SOLUTIONS DESCRIBED IN TABLE VI
SGANNED IN 5.0-cm. GUVETTES vs. DISTILLED WATER.
(A) 14 HOURS AFTER PREPARATION
(B) 24 HOURS AFTER PREPARATION
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TABLE VII

Solutions used for the Determination of the Ratio of
Nickel to 1,2-Cycloheptanedionedioxime as Complex B
by Jobt's Method.

All solutions contained 1.25 M sodium
hydroxide with & final volume of 200 ml.

- e " ite s ——
— e s o amem——

Solution ml. of 3.00 x 103 M solution

Ko, | Nickel  Vic-dioxime
1 8.0 2.0

2 6.0 )

3 5.0 5.0

L 4.0 6.0

5 3.0 7.0

6 2.5 7.5

7 2.0 8.0

8 1.0 9.0
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TABLE VIII
Solutions used for the Determination of the Ratlo of
Nickel to 2,3-Butanedlonedioxime &s Complex B by Job's
Method.

- All solutions contained 0.25 M sodium
hydroxide with a final volume of 200 ml.

i

Sal;g%an ml. of BQOGm; 10™3 ¥ solution
: Nickel Vie~dioxime
1 8.0 2.0
2 6.0 - 4.0
3 5.0 5.0
L 4.0 6.0
5 3.0 7.0
6 2.5 7.5
7 2.0 8.0
8 1.0 | 9.0
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FIG.16= ABSORPTION CURVES OF JOB'S SOLUTIONS OF COMPLEX B.
NUMBERS CORRESPOND TO SOLIRJ"BIONS DESCRIBED IN TABLES VIi

SCANNED IN 5.0-cm. CUVETTES vs. DISTILLED WATER 100 HOURS
AFTER PREPARATIO

(&) 1,2-GYGLOHEPTANEDIONEDIOXIME
(B) 2,3-BUTANEDIONEDIOXIME

€00
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FIG. I7- DETERMINATION OF COMPOSITION MAXIMUM OF COMPLEX B BY JOB'S METHOD.
(A) 2,3-BUTANEDIONEDIOXIME . AT 480my.
(B) 1,2 -CYCLOHEXANEDIONEDIOXIME AT 483mu,
(€) 1,2 -CYCLOHEPTANEDIONEDIOXIME AT 488 my.,
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scanned 150 hours after preparation with only minor chenges
in the ebsorption curves. The condition of equal molarity
of the two reacting specles loses its validity after thls
length of time because of decomposltion of the vic-dioxime.
This may be the cause of the flat maxima obtained for these
ggg}dieximes in Pigure 17. Color development was very slow
in these solutions and non-equilibrium conditlons prevailed.

in attempt was made to obtain more conclusive evidence
for the ratio using the slope ratio method (33). This
method failed for the cemplez prap&red with 1 2-cyclohept&ne~
dionedloxime because the red-~brown color failed to develop in
the solutions containing excess nickel(II) ion.

It was possible to obtain the red~brown color in solu~-
tions of E,B-butanadionadioximevin_which there was a constant
excess of nickel(II) ion. ‘However, the ratio of x;g;diaxime
to nickel ion was about L.4:1. This high ratio can be ex-
plained if it is assumed that the solutions containing excess
nickel(II) ion do not develop maximum color.

Since the result obtained for Complex B prepared with
1,2;cyclohexanedionadioxime was so conclusive, it will be
agsumed that the predominate specles present In alkaline

solutions has a vie-dioxime to nickel ion ratio of 3:1.



;65#

. Ionic charge

The sign of the charge on Complex B was determined by
simple migration experiments. Several tests were made, but
only one will be described., A solution of Complex B was
made up to contain 0.5 M sodium hydroxide, 0.5 M lithium
nitrate, .00 x 1075 M nickel(II) perchlorate and 1.00 x
1074 ¥ 1,2-cyclohexanedionedioxime. A U-tube was half filled
with the above solutlon. Portions of 0.5 M sodium hydroxide
solution were carefully added to esach drm in such & way that
the boundary remained distinet. Platinum electrodes were
inserted in each arm of the U-tube and connected through &
rheostat to & slx-volt battery. A current of about five-
milliamperes was allowed to pass through the solution for two
deys. Movement of the boundery was apparent at the end of
the first day.

The color of Complex B rose in the arm connected to the
positive pole of the battery. From these results, it was
concluded that Complex B carrles one or more negative

charges.

5. Magnetic susceptibility

The magnetlc susceptibility of Complex B was determined
by the Gouy method. These measurements were made by
Mr. R. W. Vander Hear of these laboratorles.

It was found difficult to prepare solutions sufficiently
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concentrated to permit evaluation of the susceptibility.

Some of the insoluble vig-dioxime-nickel(II) compound always
formed. The following procedure was used: 10 ml. of 0.10 M
nickel(II) perchlorate solution were slowly added to about
125 ml. of a solution conﬁaining 20 ml. of 10 M sodium
hydroxide and 1.5 g. of 1,2~cyclohexanedionedioxime. Oxygen
was bubbled through the solution for about three hours. At
the end of this time, 0.5 g. more of the vic-dioxime was
added and oxygen bubbled through the solution for two hours.
The solution was made to a volume of 200 ml., allowed to stand
for abaut 12 hours and then filtered through a medium,
sintered-glass filter crucible. A blank solution containing
no nickel(II) ion was prepared in a similar manner. Spectro-
photometric analysis of the solution containing nickel(II)
ion 1ndicatad the concentration of complex to be about

1.5 x 1073 M.

The experimentally observed magnetic susceptibility of
the complex was found to be ~0.709 x 10-6 c.g.8,u./ml. with
an experimental error of less than 0.001 x 1076 Cog.8ous/ml,
The cslculated value of the susceptibility for & complex
having a magnetic moment of 2.83 Bohr magnetons is

6

«0.703 x 10°° c.g.5.u./ml, From these measurements, it was

concluded that Complex B is & diamagnetic complex of nickel.

6. Electrometric axparimants

As mentioned earlier, Feigl determined the oxidation



state of the nickel ion in Complex B in an indirect manner.
It was hoped that the electrometric work described below
would give more direct evidence for the elesctron change.

a. Polarography. A few attempts were made to apply

the polarographic method to the study of Complex B. Very
poor polarograms werse obtained. An indication of two breaks
was observed: one &t about ~0.95 volt, the other at about
-1l.2 volts vs. S.C.E.

It was impossible to caleculate consistent electron
change values from the polarograms. The n values obtained
for each break ranged from O.4 - 0.8. This would indicate an
electron change of one for each step in the curve. However,
it must be emphesized that the datsa obteined were very poor.

b. Potentiometric titrations. A search for & sultable

reducing agent was made after the polarographic method was
found unsatisfactory. It was hoped that the complex could

be titrated directly. Sodium dithionite, N&zsaﬁh, the only
agent that appeared to react rapidly, was used to titrate a
solution of Complex B. A nearly normal potentiometric
titration curve was obtained when the potential of a platinum
va. & saturated calomel electrode was measured. An accurate
determination of the normality of the Complex B solution
could not be obtained due to the instabllity of the sodium
dithionite solution and the nature of its unknown oxidation

product. However, the electron cha&nge of the nickel ion can
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be estimated by use of the Nernst equation. A vsalue of 1.8
was found for the electron chenge.

Here again the method does not provide uncontestable
results. However, the titration provides further evidence to
substantiate the claim for an oxidation state of four for the
nickel in Complex B.

An iodometric titration was performed to substantiate
the results of earlier workers. Solutions of Complex B con-
taining 5,00 x 1072 M nickel(II) perchlorate, 2.3 x 1073 M
'2,3~butanedionsdimxima and 0.1 M sodium hydroxide were
prepared. The sodium thiosulfate solution was stendardized
a8 described below by addition to & blank solution containing
sodium hydroxide and vie-dioxime., The solution to be
titrated was added to & 600 ml, ﬁeakar containing 50 ml. of
10 per cent potassium lodide and 50 ml. of 7 per cent sodium
bicarbonate, The solution was magnetically stirred during
the slow acldification of the solution by 6 N hydroechloric
acld, After acidification, 10 ml. of about 0.003 N sodium
thiosulfate solution were added and the excess back-titrated
with standard 0,001 N potassium iodate. The end point of
the titration was determined potentiometrically. An average
value of 1.6 was obtained for the electron change of the
nickel from decompositlion of Complex B.

Spectrophotometric evidence indicated that nearly all of

the nickel ion was present &s Complex B. The reason for an
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electron change of less than two is believed to be due to
’part of the complex decomposing without reaction with iodide
ion. Nickel(IV) weuld be expected to react with both water
and vic-dioxime; the oxidized products might not oxidize
iodide ion or, if gaseous, might be swept out of the solu~
tion by the carbon dioxide before reaction could occur.
Using more concentrated solutions, Feigl (ZQ) obtained
values of 1.8 and 1.9 for the electron change, The values

reported in this work are in fair agreement.

7. Formation constant of the complex

The work of Gayer and Garrett (25) indicates that
nickel(II) ion is present in salksaline solution as the

20
brium constant to be:

nickelate ion, HN1O They calculate the following equili-

2

NL(OH), + OH" = HN10
K=(6%5) x 107 .

+ HOH

The upper limit of their value, 1.1 x 10™% was chosen for
the study reported below, since the median value gave a less
precise value for the formation constant of Complex B.

A consideration of all the data at hand indicates that

the reaction should be formulated as follows:
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Hi(II) = Ni(IV) + 2 e~ (1)

%-02 + HOH + 2 e~ = 2 OH™. (2)

Combining equations (1) and (2) together with the addition

of vic-dioxime givesa:

“+3Dp°4+ 10
303

" , + 2 HOH = NiDT + 5 OH" .,  (3)

HNiO > 3

The formation constant becomes:

> = -\5
- (NiD3) (OH)
K = 3 ~
3 (Hﬂiﬂé) (D“)3 (02)i7§ (HOH)2

Under conditions of constant ionic strength, the activity
coefficlents of the lons c&n be combined with KB' It will
be assumed that the activitles of oxygen and water remain
constant, 1f not unity, and thus obtain the following

constant:

= -5
Kt = thxnéﬁ7 (0H™) .
[8103 7 [ 7

The activity of the hydroxide ion was left in the above ex-
pression becsuse variation in the pH was experimentally
observed.

The formation conatant, K!, for the complex prepared

using 2,3-butanedionedioxime, was calculated by means of the



molar absorbency index. The vic-dioxime concentration was
corrected to allow for 1ts slow decomposition in alkaline
solution. The absorbancies used in the calculations repre-~
sent the-maximum value attained by each solution and appro;
priate corrections were applied for absorption due to the
reacting specles, The absorbancy measurements were made
wlith the Beckman spectrophotometer using 5.0=cm. cuvettes,

Data for the calculation of the formation constant were
obtained from two experiments. An ionic strength of 0.1
was obtalned by the addition of sodium hydroxide solution to
give a final pH of 13. The solutions were meintained at
23-25 degrees centigrade.

A series of sclutions, described in Table IX, were
prepared in which the vic-dioxime concentration was varled
while the nickel ion concentration was kept constant. A
similaer aeriea, in which the nickel ion concentration was
varied, is described in Table X. The data obtained are
plotted in Figure 18: the ocurves were calculated as
described below.

The value of the molar absofbaney index for Complex B
was obtained for each serles by successive approximations.

‘The minimum deviation in Ky was obtained when 14,000 was
chosen for the value of aMB in each series.

This value for the molar absorbancy index was used to

calculate the concentration of complex ion in each case. The



Molar Ratio Solutions of Complex B Prepared with
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TABLE IX

2,3-Butanedionedioxime at & Copstant Concentration of
Nickel Ion equal to 1.50 x 107

-

No. Aﬁég c!ﬁg;gtgx%?:n pH
x 10
1 0.070 0.99 12.95
2 0.125 1.48 12.95
3 0.175 1.98 12.96
I 0.240 2.53 12.96
5 0.320 3.03 12.96
6 0.385 3.54 13.00
7 0.400 3.95 13.01
8 0,450 Lo 13.01
9 0.515 .95 13.02
10 0.585 5.45 - 13.02
11 0.645 5.91 12.98
12 0,680 6.41 13.01
13 0.775 7.21 12.97
1y 0.880 9.61 12.97
15 0.960 11.99 13.01
16 0.975 1l .40 13.02
17 0.995 16.77 13.02
18 0.980 19,17 13.02
19 1.010 23.97 13.02




TABLE X

Molar Ratio Solutions of Complex B Prepared with
2,3-Butanedionedioxime at a Nearly Cgnstant Concentra-
tion of Vic¢-Dioxime equal to 3 x 102 M

. 460 | Wickel z?igfﬁiﬁiima =
o. M Gonaingggtien Ganc:ngggtian pH
1 0,110 0.25 2.90 13.01
2 0.190 0.50 2.9 13.00
3 0.250 - 0.75 2.90 13.00
L 0.265 1.00 2.96 13.00
5 0.275 1.25 2,96 13.00
6 0.275 1.50 2.96 13.00
7 0.295 1.75 2.96 13.01
8 0.320 2.00 . 2.90 13.01
9 0.320 2.50 2.88 13.01

10 0.365 3.00 2.88 13.01

11 0.375 3.50 ~ 2.88 13.02

12 0.375 .00 2.88 13.02

13 0.395 .50 2.88 13.02

1 0.390 5.00 2.88 13.02
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formation constant was then calculated. A sample calecula-

tion follows:

A, = 0.385 pH = 13.00
= 1.50 x 102 M (OH") = 0.100
Cp = 3.54 x 105 M

Cyi

= 0.385 _ - -5
NiD = =0 . 10 )
3 g x 14,000 55 x

/70.55 x 10° wZ [0.10007%
Kl = — H
3 /7(1.50 - 0.55) x 107°_7 /7(3.54 = 1.65) x 10 5;75

9‘

K; = 0.64 x 10

The results obtained by such calculations are presented in
Tables XI and XII.

The curves presented in Figure 18 were calculated by
assuming the average value for Ké for each serles was the
true value of the constant. The value of the absorbancy for
each solution was then calculated assuming the molar absor-
bancy index velue was 14 ,000,. Thus, Figure 18 illustrates
the "goodness of fit" of the final value of Ké for each
series to the experimental data,

A grand average of all the Kg values yields
(1.1 + 0.6) x 109. The acecuracy to which the formation con-

stant is1known leaves much to be desired. No resason for the

difference in average Ké values between the two series can be

given.
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TABLE XI

Calculation of Formatlion Constent of Complex B
Using the Data in Table IX

oy = 14,000
3 ;u. - N Ky x 19'5
1 1.60
2 1.10
3 0.77
L 0.57
5 0.58
6 0.74
7 0.52
8 0.41
9 0.41
10 0.63
11 0.40
12 0.48
i3 0.34
1y 0,19
15 0.24
16 0.15
17 0,11
18 0.05
19 0.0l

_Ave. (0.5 #0.3) x 109
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TABLE XII

Calculation of Formation Constant of Complex B
Using the Data in Table X

1 1.32
2 1,22
3 1,52
3 1.01
5 0.80
6 0,62
7 0.88
8 1.33
9 1.38
10 2.31
11 3.06
12 3.06
13 3.73
1y 3.92 9

Ave. (2 +1) x 10
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One source of error lies in the measurement of pH of
each solution. An error of 0.02 pH unit introduces a varia-
tion of sbout 0.3 x 109 in the value of the constant. The
measurement of pH in the region of 13 is probably less
accurate than + 0.02 unit. An error of 0.0l in the absor-
bancy measurement resulta in & similar error in Ki. The
presence of suspended sodium carbonate in these solutions
could cause an error of as much as 0.0l absorbancy unit. An
additional error arises due to the uncertainties in the
equilibrium concentration of vig-dioxime, which is a cuble
term in the equilibrium expression.

Perhaps a large portion of the errors preaeﬁt have
thelr origin in the chemistry of the reaction. For & case
such as this, there is reason to doubt the existence of a
true tharmédyn&mie equilibrium. If this is true, the appli-
cation of the Bouguer-Beer relationship above is probably
invalidated.

The presence of complexes other than the 3:1 species
cannot be completely ruled out. However, it is unlikely that
appreciabla’quantities of these complexes can be present.
The presence of a 1l:1 nickel(II) complex is unlikely since
the 2:1 nickel(II) compound is insoluble at pH 13. The prau‘
sence of 1:1 and 2:1 nickel(III) and nickel(IV) complexes
are not expected. The formation of & L:1 complex also

appe&ars unlikely.



A consideration of the above results and discussion
indicates that Complex B is a 3:1 complex containing
nickel(IV) ion and its formation constant has a value of

about 1 x 107,

C. Unstable Complex (Complex A)

1. Factors affecting stability

Furman and McDuffie (24) have presented & good discus-
sion of this complex from the viewpoint of the analyst.
Their general method was used in most of tha work described
below.

Complex A is characterized by its very rapld formation
end short period of stability. Decomposition is indicated
by complete loss of color when the complex is prepared with
1,2-cyclohexanedionedioxime. Gonvarsion to Complex B oceurs
when Complex A is prepared ﬁibh 2,3-butanedionedioxime and
1,2;aycloheptanedionaﬁiaxime, High ammonium lon concenbra;
tion tends to stabilize the complex prepared with each of
the vic-dioximes and bromine water appears to be the pre-
ferred oxidant. /

The time required for complete decomposition of the
color of Complex A varies with the conditions of preparation,
but appears to be complete in 12 hours in all cases. This

ultimate loss of color is due to the decomposition of the

vie~dioxime by the bromine,
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A strong, rapid oxidant is required in order to obtain
Complex A without forming a precipitate of the insoluble
1,2-bis(vic-dioximo-N,N')nickel(II). Once the precipitate
forma, 1t only slowly redissolves to form the complex.

These considerations make a theoretical study of

Complex A very difficult.

2. Ratlo of ligand to central atom

Considerable difficulty was encountered while attempting
to determine the ratio of vic-dloxime to nickel in Complex A.
It was laérned that the time elapsed between addition of
bromine~water and vic-dioxime was an important factor
governing the amount of complex formed. A standardized pro-
cedure was devised which permitted reéaon&ble data to be
obtained in most cases,

All Complex A solutions were prepared as follows:
20 ml. of 7.5 M ammonium nitrate, L ml., of 1 M trisodium
citrate, 10 ml. of 28 per cent ammonium hydroxide and the
sppropriate quantity of nickel(II) perchlorate solutions were
added to a 200 ml. volumetric flask containing about 130 ml.
of water. To this solution were added 10 ml. of saturated
(35° C.) bromine-water. The mixture was then made homogene;
ous. Exactly 0.5 minute alter the siart of addition of the
bromine-water, the addition of vic-dioxime solution was

started. The solution was finally diluted to the mark end
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thoroughly mixed. Absorption curves were obtained &t met&
sured intervals after the start of addition of the
vic-dioxime solution.

Complex A solutions prepared with 1,2-cyclohexanedione-~
dioxime were studied by Job's method (40). Absorption
curves, for solutions deseribed in Table XIII, are reproduced
in Figure 19. The ratio of vie-dioxime to nickel ion 1s
quite claarl& 3:1 over the wavelength region studied., The
data for several wavelengths were plotted as recommended by
Vosburgh and Cooper (79) with confirming results.

Complex A prepared with the other vic-dioximes was
studied by the slope ratio method {33). The solutions were
prepsred as described in Tables XIV and XV. Figure 20 pre-
sents the results in the form of & time study. The diffev;,
ence 1in stability between solutions having excess nickel ion
and those having excess vlic-dioxime is striking. An extra-
polation to zero time was made to determine the maximum
absorbancy for soclutions in which the nickel ion was in
excess.
| The data ébtained from Figure 20 are shown in Figure 21,
where the absorbancy is plotted against the concentration of
varylng specles. The stralght lines through the plotted
points were obtalned by the method of least aqnarea.

The results obtained by this method for Complex A pre-

pared with 2,3~butanedionedioxime were satisfactory. A ratio
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TABLE X111

Solutions used for the Determination of the Ratio of
Nickel to 1,2-Cyclohexanedionedioxime in Complex A by
Jobt's Method

Solution mlﬁyar 3.00 x 10-3 M solution
No. Nickel g%grdioxime
1 L.0 6.0
2 3.5 6.5
3 3.0 7.0
L 2.5 7.5
s 2,0 8.0
6 1.5 | 8.5
7 1.0 9.0
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PABLE XIV

S8olutions used for the Determination of the Ratio of
Nickel to 1,2-Cycloheptanedionedloxime in Complex & by
the Slope Ratio Method

Solution ml, of 3.00 x 10™3 M solutlon

No. Nickel Vic-Dioxime
1 | o.s (5 x 1074 M)
2 1.0 ¢ " )
3 1.5 ( " )
N 2.0 ( " )
g 2.5 ( " )
6 (5 x 107k m) 1.0
7 ( " ) 2.0
8 ( " ) 3.0
9 { " ) 4.0

10 ( " ) 6.0

11 ( ") 8.0
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TABLE XV

Solutions used for the Determination of the Ratlo of
Nickel to 2,3~Butanedionedioxime in Complex A by the
Slope Ratio Method

chutign | ml, :‘uf 3.00 x 1@"3 M sulut:an

No. Nickel Vic-Dioxime
1 0.5 (5 x 1074 m)
2 1.0 ( ")
3 1.5 ( ")
y 2.0 C v
5 2.5 ( " )
6 (5 x 107% M) ' 1.0

7 ( " ) 2.0

8 ( " ) 3.0

9 ( " ) 1.0

10 ( " ) 6.0

11 ({ " )

800
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of vie-dioxime to nickel ion of 3.2:1 was obtained from the
ratio of the calculated slopes.

This method gave rather poor results when &applled to
Complex A prepared with l,2-cycloheptanedionedioxime. A
ratio of vig-dioxime to nickel ion of L:l was obtained in
this case, If it is sagain assumed that the reaction is
retarded when the nickel ion 1s in excess over the vic-
dioxime, thla high ratio can be explained. The ratio
approaches 3:1, when the points representing solutions 10 and
11 in Table XIV are neglected, |

It was concluded from the above results that the ratio

of yie-dloxime to nickel ion in Complex A is probably 3:1.
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VI. DISCUSSION

A. Stsble Complex (Complex B)

When the results reported 2bove are reviewed, it sesems
most likely that Complex B represents & case of an unfamlliar
oxidation state of & matai ion, which has been stabllized
through complex formatlon. This study, as well &s the re=-
sults of others, confirms the presence of an oxidized product
connected with the acmpiex. The electrometric expsriments
indicate an electron change of two associated with decompo-
sition of Complex B. It does not appear reasonable to ase
cribe an electron change of two to one, or more, of the three
vic-dioximes bound to the nickel ion. A more likely explana-
tion for all of the facts can be found by assuming an oxida-
tion state of four for the complexed nickel ion.

The oxidetion of nickel(II) ion to nickel(IV) ion
makes two-34 orbitals available for bond formation. Conse-
quently, strong covalent bonds can be formed by d‘?‘sp3
hybridization. These six bonds can be filled by alectron?
pairs from the six oxime nitrogen atamd;‘ Stabilization of
nickel(IV) ions would not be unexpected when such an octa-
hedral complex can be formed &nd, in fact, the complex should
be strong. The data presented above indicate Complex B 13 a

relatively strong complex.
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The study of the acidie dissociation constants of the
vic-dioximes indicates that D™ is the predominate species
present in solutions having a pH of about 13. 8Since the
complex was shown to carry one or more negative charges,
both oxime hydrogen atoms on each vic¢c-dioxime molecule pre-
sent in the complex are undoubtedly absent.

It is therefore concluded, that Complex B exists in
aqueous solution as the ion, HiD?,
cules are attached to the nickel(IV) ion in an octehedral

and the vie~dioxime mole~

arrangement by bonds between the nlckel(IV) lon and the
oxime nitrogen atoms,

No attempt was made to obtaln results in each experi;
ment above for Complex B prepéred with each vic-dioxime. It
has been sssumed that the conclusions reached above apply to
Complex B prepared with the three vic-dioximes employed in
this study. It is believed that this assumption 1is valid
and can be extended to other vic-dioximes which form Complex

B.

B. Unstable Complex (Complex A)

The great instabllity of Complex A caused most of the
emphasis in this study to be placed on Complex B. Time
limitations prevented extension of the experimental work coné
cerning the unstable complex. However, it is possible to

deduce & probable structure for Complex A,
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The pKl values for the vic-dioximes studied indicates
that the ion, DH™, is the predominate species present in con-
centrated ammoniacal solution. The possibility that a proton
is lost by reaction with nickel lon cennot be eliminated.
However, it seems likely that the vic~dioxime molecules &are
present in Complex A as the ion, DH",

Tha.absarption curves presented in Flgure 12 suggest
that the structure of Complex A might be intermediate between
that for the l,BQbia{xggrdioximoﬁg,ﬂf)niekel(XI) and that for
cGﬁplex B, It is believed that the best formulation would
result from assuming & nickel(III) complex, Hi(DH)B.

Attempts to extract the complex into organic solvents
such as benzene, chloroform, carbon tetrachloride and diethyl
ether failed. Howsver, dilsopropyl ether caused the aqueous
layer to become pale yellow without imparting a visible color
to the orgenic phase. This simple test does not constitute
proof of solubility and indirect proof of a neutral complex.

Only one-3d orbital is available for bonding in the
nickel(III) ion &nd one-3d electron rbmains unpaired. It is
not knnwnlif such an electron can be promoted to an orbital
of higher principle quantum number in this case. If promo=-
tion occuras, the resultant structure would be expected to be
unstable. The use of orbital arrangements such as 3aslp3La
and 3&ushp353 are expected to be much less stable than
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ordinary octahedral type bonding. In either case, &n un-
stable complex would be predicted.

It is suggested that Complex A is a nickel(III) complex
having three yic-dioxime molecules attached to the nickel |

ion by bonds to the oxime nitrogen atoms, N1(DH) The com-

3'Q
plex is predlicted to be paramagnetic.



VII. APPLICATION TO THE SPECTROPHOTOMETRIC
| DETERMINATION OF NICKEL |

Unfortunately, the abavé'reaults do not provide the
analyat‘with a superlative method for the determination of
mlicrogram quantities of nickel., However, the above con-
clusions explain the necessity for rigid control of variables
in the existing methods utilizing these so-called "oxidized"
complexes. »

Application of the term, "stsabilized oxidation state",
to Complex A is perhaps & miasnomer. It is a well known fact
that ihe stabillty of this complex 1s a rather transient
phenomenon. It seems unlikely that & rapld oxidant, capable
of produeing Complex A without concurrent destruction of the
g&ggdioxime,‘will be found. Furthermore, there are nco
methods available that will prevent the unstable complex
from changing into an apparently more stable state, i.s.,
Complex B.

The formation of Complex B by alr oxidation has been
shown to be extremely slow. Here agein oxidants, such as
peroxydisulfate ion, destroy the vic-dioxime and consequently
the complex.

It would appear that a new type of reagent for the



spectrophotometric determination of nickel 1s required. This

conclusion, perhsps, is the most valuable result of this

study insofar as the analyat 1s concerned,



VIII. SUMMARY

1. The literature pertaining to the +3 and + oxidation
states of nickel has been reviewed with special emphasis
being plaéed on complex compounds.

2. Estimates of the acidie dissoclation constants of
three vic-dioximes have been obtained from spectrophotometric
data. The values for these thermodynamic constants may be

summarized as follows:

. PK, Pk,
2,3-butanedionedioxime 10.6 # 0.1 11.9 + 0.3
1,2;eyclohaxanedianedioxime 10.55 + 0.1 12.4 + 0.5
1,2-cycloheptenedionedioxime 10.7 # 0.2 12.3 + 0.5

3. An extensive study has lead to the conclusion that
the vic-dioxime-nickel lon complex, which has been designated
Complex B, is a diamagnetic nickel(IV) complex that exists
in aqueous solution as the ion, RiD?. Such a formulation
indicates an octahedral structure with the bonds being be-
tween the nickel(IV) ion and the oxime nitrogen atoms, The
mclar formation constant for Complex B prepared with

9 at an

2,3-butanedionedioxime was found to be about 1 x 10
ionic strength of 0.1.

ll+ The unstable vig-dioxime-nickel ion campiax, which



has been designated Complex A, has been shown to be & 3:1
complex. It is suggested that Complsx A is a paramagnetic

nickel(III) complex having the foimula, Hi(vﬂ)a.
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IX. SUGGESTIONS FOR FURTHER WORK

As mentioned previously, & more satisfactory reagent for

" the spectrophotometric determination of nickel would be
useful. The synthesls of a vig~dioxime containing one or

more sulfonic acid groups should be carried out. Such & com-

pdund might react with nickel(IX) lon in the manner of an
ordinary vic-dioxime yielding & soluble, colored compound.
Such a reagent would be extremely valuable.

A more complete study of the polarographic behavior of
both Complex A and‘Cnmplex B might provide much useful infor-
mation., Further aﬁtempha to isolate the complexes in solid
form should be undertaken. An X-ray er&stallographie study
of the solid complexes should provide valuable information
conearning thelr actual structures.

The preaent study of Complex A was brief and further
experiments are definitely indiaated. The detarmination of
the magnetic susﬁeptibility of the complex is only one line
of attack thet could be pursued.

Experimental studles should be instigated to obtain
information concerning the difference in the reactivities of
the several x&g—diqximes. Such a4 study would provide much
needed fundamental knowledge concerning the stabilities of all

complex compounds.
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