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INTRODUCTION

A major problem in the field of inorganic chemistry is
the separation of mixtures of ions of metals having similar
chemical properties. One technique for such separation uses
‘the partition of inorganic materials between organic and
aqueous phases, so that a particular constituent may be re-
moved almost exclusively and quantitatively. This method of
separation is termed liquid-liquid extraction or extraction
for removal.l

Solvent extraction in the organic field is a familiar
technique which has long been in practice; however, its coun-
terpart in the inorganic field has not received considerable
attention until recently. As a result, not a great deal of
progress has been made in formulating a theory correlating the
factors influencing and promoting this type of separation.

The vast importance of such a separation technique is not
to be denied in the light of the recent advances in the chem-
istry of the heavier and transuranic elements made possible by
solvent extraction. Such a means of separation should also be
of great value in the manufacture of pure chemicals.

The present investigation was part of a larger project
set up for the purpose of extending fundamental knowledge in

the field of solvent extraction, and for bringing the field



closer to widespread application in the separation of metal
ions.

Studies of the liquid-liquid extraction of nickel and co-
balt chlorides from aqueous solution into an immiscible
organic phase were reported by Garwin and Hixon.2 The cobalt
salt was found to concentrate in the organic phase, while the
nickel tended to remain in the aqueous phase. The extent of
extraction and separation was appreciable only in the presence
of certain strong electrolytes such as calcium chloride and
hydrogen chloride. Octanol-2 was reported to be one of the
most efficient organic solvents for the separation of cobalt
from nickel.

This particular extraction process is recognized as one
of a general type which occurs in the presence of a high con-
centration of an ion of charge opposite to that of the
extracted component.

Following the work of Garwin and Hixon, it was decided
that an initial intensive study would be carried out by the
project on the system NiCl,, CoCl,, octanol-2, and MCl , where
MCln is a chloride classed as a strong electrolyte.

Irving' suggested that the dissolving of metal halides in
an organic phase in the presence of high concentrations of
halide ion was caused by the formation of complexes which re-
duced the compatibility of the metallic compound with ﬁater,

and conferred on it something of an organic character.



Accordingly, some of the things to be investigated by the
project were the nature and stability of any complexes of co-
balt and nickel which might be formed in the octanol phase.

It was thought that a comparison of the stabilities and
configurations of any complexes formed by cobalt with the same
properties of any complexes formed by nickel would point out
some of the reasons for the difference in behavior of the co-
baltous and nickel chlorides under the conditions of the
extraction.

W. B. Est1113 studied the chloro-complexes formed by co=-

L

balt in octanol=-2 using Job's method of continuous variations
as modified by Vosburgh and Cooper5.
The purpose of the present investigation was to determine
the stoichiometry , the configurations, and the order of magni-
tude of the instability constants of any complexes which might

be formed by nickel chloride in the presence of a high concen-

tration of added chloride ion in octanol-2.



REVIEW OF LITERATURE

A search was made for reports of the formation of metal
halide complexes in aqueous solution, organic phases, and in
mixed solvents.

S. S. Schaffer and N. W. Taylor6 reported the effect of
complex ion formation on magnetic susceptibilities of N1012
and NiBr,. Susceptibilities were measured for the pure aque=-
ous solutions before and after addition of excess chloride
ion. A definite reduction of paramagnetism was observed
suggestive of complex ion formation.

M. Pavlik7 suggested from polarographic studies that the
reversible deposition of nickel ions in aqueous solutions
heavily concentrated in chloride occurred from the complex

Ni Cly @-2— . The complex ion was assumed to be formed by

dehydration of the hydrated nickel ions, and penetration of the

chloride ions into the inner coordination sphere. Using layers

varying in thickness from 2 to 100 mm., Pavlik8 also measured
the absorption spectra of aqueous N1012 solutions containing

calcium or lithium chlorides, HCl, glycerol, ethyl alcohol or

methyl alcohol. Large additions of inorganic chlorides greatly

increased the absorption in the blue part of the spectrum. The

complex NiCln™2~ was suggested as being responsible for

the optical phenomena.
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ganic chlorides. The NHB groups were sald to be progressively
replaced by chloride ions.

Eiss, Beor, and Gerendaslo made determinations of the
molecular extinction coefficients of NiCl2 in agueous salt
solutions and in HCl. It was maintained that changes in the
spectrum of Ni012 were caused by formation of complexes and
dehydration, but the constitution of the color-forming entity
was unexplained. Later, however, Kiss and Csokanll identified
the complex ion in aqueous mixtures of NiCl, and HCl as NiC 1>

Paul Job12 added increasing amounts of HBr to agueous
NiSO, and found the change in color toc be due to varying pro-

b

portions of NiBr,, and NiByﬁ’ . He also calculated the

2
values of the

K P [Nibv‘z] and K/ - CNIBYAI}-:]

INi**] (Fm)* [NiBv,] (¥m)*
as 6.03 x 107% and 1.32 x 102 respectively.

constants

Eleonora Majorl3 determined extinction curves of NiClz,
and NiBr‘2 in aqueous salt and acid solutions of various con=-
centrations at room temperature and compared them to a curve
of Ni(ClOLf)2 as a standard. In the presence 0of complex-forming
annions, the complexes {Hixh ]2— seemed to exist, and in sat-

urated solutions of Niclz, NiIz, and NiBr, a neutral molecule

of NiK2 was found to be present.



FRELIMINARY INVESTIGATIONS

A review was made of the various means used for the study
of complex ions, and the first plan was to use the method of

r >
by in a manner similar to that of

continuous variations
Estill's study of CoClz. The method was to be applied by
adding a solution of lithium chloride in octanol<Z in varyving
amounts to a solution of anhydrous nickel psrchlorate in
octanol-2, both at the same molal concentration, so that the
total weight after mixing remained constant in each case. Use
of the perchlorate salt was desirable because the perchlorate
ion has such a low complexing tendency.

One problem was to obtain anhydrous nickel perchlorate.
Sidgwicklh stated that the salt occurs in anhydrous form,
while Chaney and Mannl5 reported that attempts to prepare the
anhydrous salt resulted at best in the dihydrate.

Nickel perchlorate was preparsd by boiling C. P. grade
nickel shot {low in cobalt content) in dilute reagent grade
pérchloric acid. FEvaporation of the supernatant liqulid gzave
long green needles of some hydrate of nickel perchlorate as

16

described in the literature. This hydrate was recrystallized
twice, and dried in a vacuum pistol at several iixed tempera=-
tures using a range of boiling liquids. Samples were removed

at the various temperature intervals, and tested with an



aqueous solution of silver nitrate for any presence of chloride
ion which might indicate decomposition of the salt. Analyses
for nickel content were also performed on these samples. Al-
though temperatures well above 200° were finally employed, the
lowest hydrate obtained was the dihydrate.

Since the anhydrous salt as such could not be prepared by
this method, an attempt was then made to form an anhydrous so-
lution of nickel perchlorate by metathesis directly in the
octanol phase. Stoichiometric proportions of dried Ni012 and
AgCth were introduced into a weighed quantity of octanol-Z.
This mixture was made up in a brown glass cell which was fitted
with a mercury-sealed stirrer. The mixture was stirred for
several hours at room temperature, and the resulting AgCl
filtered off and weighed as a check. Several such attempts
showed that the reaction was within 98% of being quantitative,
and this method appeared satisfactory.

One of the nickel perchlorate solutions prepared by meta=-
thesis was mixed in varying amounts with a seolution of LiCl in
octanol-2 of the same molal concentration after the manner pre-
scribed by the method of continuous variations. However, with-
in a few minutes after mixing, yellow NiCl, was observed to
precipitate in the solutions. It was thereby concluded that
the method of continuous variations would not be applicable to
this study owing to the low solubility of N1012 in octanol-2.

Several qualitative experiments were tried on a saturated

solution. A blue color developed when large quantitles of HC1
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cag were passed into the solutions, or whan an excess of

tithium chloride was introduced into the solution with as

tion, indicating some change in the nature of the NiCl_ entity

in solution. This sceemed to parallel the observations o
o

Pavlik.6

‘L_h

N



METHODS

A solubility methodl7’l8 for studying complex ions
appeared feasible in view of the apparently low solubility of
NiCl, and the development of a color in the solution on the
addition of excess chloride ions.

This method is based upon the fact that the addition of a
certain molecular or ionic species sometimes causes a large in-
crease in the solubility of a sparingly soluble substance.l7
The increase in solubility is due to the formation of complex
ions from the simple ions. According to the mass action prin-
ciple more of the slightly soluble substance must dissolve in
order %o preserve the solubility product constant. Although
the complex must possess some appreciable stability under the
conditions if it is to influence the solubility apvreciably,
it is probable that there is always an equilibrium between it

and the simple ions from which it is formed.

NiClp™P- Z=——= Ni**+nCl™ (1)

Upon application of the equilibrium law,

™

r, = _laN+llacH] (
[NiClqgfm-2-]
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vhere & 1is the activity of the designated entity. The con-
stant KK, is a measure of the tendency of the complex to
dissociate into simple ions, and is called the instability
constant of the complex. Generally, concentratlions rather
than activities are employed for lack of knowledge of the

activities, 1. €.,

A, - INeaCoa™ (
[NiCl h(“'z)ﬂ

\ad
—

7. . . 9 .
where »2;1s the approximate instability constant. If a solu-
tion is in equilibrium with solid anhydrous nickel chloride,

then by the approximate solubility product principle,

K., = CNit#I[CI* (L)
- [NicCl, ]

Under the above conditions it can be assumed that

W
S

[N:ClL] = K (
Then,
. K Kse=I[Ni*lc11* (6)
or,

A.. = CNnTleas (7)
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[Ni*t] = e (

LCI-I1*

and substituting this value for the nickel concentration inte

equation (37},

jo—
“‘\‘O
P

-/gi = %s.e CciJ™

LCIT*DN:C 1]

or,

j:’. _ ECI-]M—Z. (1@)
/gsp CNiCi,ima-]

and taking logarithms,

Loe [NiCly™¥] = (m-2)LoclCl]+Los —j;é‘— (11)

syl
i

he nickel concentration found by analysis was assumed to be
equal to the concentration of free nickel ion plus the concen-

tration of the nickel complex,

CNi**dp = CNit*J e +ENi Cln 21 (12)
where again
(13)

,Ag&n.

Lerl®

il

[N ] F
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Thus the concentration of a single nickel complex could be

experimentally determined by,

LN C ™21 =[N+, — &_ . (14)
[Ci-]
From equation (11) it is seen that if the logarithm of the
concentration of the complex is plotted as ordihate versus the
logarithm of the free chloride ion concentration as abscissa,
the slope of the resulting curve will-have the value (n-2), and
the intercept will be Loe :%g_‘s_’.‘i__._,.,,~ |
3
An alternative method for measuring the concentration of
the complex may be possible for colored complexes. From the
Beer-Lambert law, optical density is proportional to the length
of the light path through the absorbing medium, and the concen-

tration of the light-absorbing entity. Thus,

0.D =¢E¢C - (15)

0.b. _ ¢ (16)
€/

and for a one-centimeter light path,



i.,.J
Lt

In a region of absorption due to two entities,
O.D. rora. = O.D., +O.D., (18)
if no interaction occurs between them. Letting C. D.q equal

the absorption due to nickel chloride, and O. D., equal that

due to the complex,

O'D'COMPLEX = O-D-T'QTAL—O;D-I‘MCI,_ = AO.D. (19)

Substituting this into the Beer-~Lambert expression, we can ob-

tain the concentration of the complex as,

INiClp-] = OB compex = ADO.D. (20)
&

Then substituting this value for the concentration of the

complex into equation (11) gives,

Loe 280D = (m-DioeclllI+ Loe _-’gji__ (21)
¢ &
or
Loec AOD. = (m-2) LoclCId + Loes (d)(/)es.a) (22)
P,

If loz AOD. is plotted as ordinate against the logarithm of

the free chloride ion as abscissa, the slope will equal (n=-2),



i Loe (6)(’£SP)

and the intercept will be

L4

2

Thus the instability constant may be evaluated from the inter-

Ui

cept on the ordinate axis as,

Loc %i = Lo /res.e +Loel — vALe oF nTERCEPT (23]

Equation (23}, however, requires a knowledge of € which may
be impossible to obtain without meking assumptions concerning

the concentration of the complex in solution.
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EXPERIMENTAL PROCEDURE

A. lHMaterials

In the first two attempts to apply the methods described,
C. P. nickel chloride hexahydrate from the Bimer and Amend
Company was pulverized in a mortar and dried at 120°.  The
anhydrous form is supposed to be obtainable by heating the
hydrate on a water bath.l9 In the third series of solutions,
C. P. nickel chloride was recfystallized once from & solution
of water and C. P. acetone, and twice from an entirely aqueous

P

solution. The recrystallized hydrate was then dried at least
three days at 120°.

C. P. anhydrous lithium chioride was pulverized and dried
at 1209 for at least twenty-four hours before using.

In the first two series, the best grade of "anhydrous”
octancl-2 available from the Matheson Company was used. In
the third series, the octanol-2 was dried by refluxing with
‘sodium alkoxide prepared by allowing C. P. metallic sodium to
react with an excess of octanol-2. After refluxing, the octa=-

nol-2 was redistilied for use.

B, Analvtical Methods

The chloride content of the solutions was determined

directly in the organic phase using an excess of alcoholic
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silver nitrate and back-titration with an aqueous solution of
potassium thiocyanate in a modified Volhard method.

3

Hickel analyses were periformed using a colorimetric
method described by Snell.zo In the first series, the solvent
was evaporated from each solution, the residue taken up in
water, and the nickel precipitated with alcoholic dimethylgly=-
oxime. The precipitate was collected on a fritted glass
filter, then dissolved by washing with reagent grade pyridine.
The pyridine washings were diluted to twenty—five milliliters,
and removed to a Beckman model DU spectrophotometer where the
optical den5ity were measured at a wave length of 360 milli-
microns. The nickel content was then determined by comparing
the measured optical density with a calibration curve.

In the second series of solutions the dimethylglyoxime
reagent was added directly to thé octanol~2 solution, which
was then diluted to twenty-five milliliters with reagent grade
pyridine. Thus the processes of evaporation and filtration
were eliminated. Another colorimetric method using sodium
d.ie‘t;hyldithioca:r"toamatezl’2;3 was investigated, and it was found
to be very sensitive, but the scatter of the data intended for
use in the preparation of a Beer-Lambert law calibration curve
for this method showed that it would probably not be as accu-
rate as the pyridine method. Accordingly, the procedure for
nickel analysis used in series 2 was repeated for series 3.

The calibration curve for nickel analysis was prepared by

welghing out three samples of driled nickel chloride into
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volumetric flasks where each was mixed with alcoholic dimethyl-
glyoxime, cctanol-2, and pyridine. The resulting mixtures
were warmed to dissolve all of the solid nickel chloride, and
after cooling, diluted to volume with pyridine. Approximately
the same proportions of reagents were used in the preparation
of these solutions as might be expected to occur in the
analyses proper. Standards of various lower concentrations
were made from these three stock solutions by dilutieon with
additional pyridine. The optical densities of these solutions
were plotted against the respective nickel concentrations as
shown in Figure 1. The slope and the intercept for these data
were found by applying the method of averages. According to

the Beer-Lambert law,

O.D. = K¢C - ' (24)

The cells used had a length of 1 centimeter, therefore,

IS

O0.D. = KC (25)

Thus when optical density is plotted as ordinate versus con-
centration as abscissa, the slope with be the constant K .
This constant was evaluated as 120.96, and the grams of nickel
present in twenty-five milliliters of pyridine solution were
determined in the actual analysis by dividing the optical
‘densiﬁy of the pafticular pyridine solution by 120.96. This
constant wasvused for evaluating nickel contents in both

series 2 and series 3, and later series 1 was re-calculated
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using this Value. Theoretically, the intercept of such a
curve should be zero, but in practice it is usually not, owing
probably to imperfect matching of the spectrophotometric cells.
From the data cobtained in the preparation of this cali-
bration curve for nickel analysis, it was estimated that an
error of t 3% was to be expected from the average of three

determinations made on the same sampls.

B. Procedure

In a first application of the methods, dried lithium
chlori&e was allowed to remain in contact with octanol=-2 for
a period of at least two weeks. The excess lithium chloride
was filtered off, and ten solutions of lower concentration
were made by dilution of this stock solution with pure
octanol-2., A small excess amount of the dried nickel chloride
was introduced into each of the sclutions which were placed in
a thermostat regulated for 30 X 0.20, and shaken at frequent
intervals. A blue color developed which was deepest in those
solutions having the greatest chloride content. Samples were
renoved from one of the solutions for measurements of optical
density, and it Was assumed that egquilibrium had been reached
when the optical density approached a constant value. After
two weeks in the thermostat, the solutions were removed,
filtered, and analyzed for chloride and nickel.

The second trial was carried out in much the same manner

except that the lithium chloride stock soclution was prepared



™o
i‘.-.!

by agitation on a mechanical shaker. In the third trial, the

lithium chloride stock solution was preparsd by continuous

agzitation for twenty-four hours at roowm temperature. The
regulting solution was decanted from the excess solid lithium

chloride and thirty solutions of lower concentration were pre-
pared by dilution with dried octanol-2. A small amount of
dried, powdersd nickel chloride was then introduced into each
of ths solutions, and they were agitated at approximately 50°
for several hours. This was done in an attempt to promote a
mere rapid attainment of equilibrium. The solutions wsre then
placed in a thermostat regulated for 30°. pfter a period of
more than twe weeks they were removed, filtered, and analyzed

for nickel and chloride content by the methods described.



The absorption spectra of the equilibrated solutions were
recorded in the visible region. Figure 2 shows a graph of
percent transmission as ordinate versus wave length as gbscissa.
Two main absorption maxima are observed at wave lengths of
approximately 650 and 700 millimicrons. These data were taken
from the solutions of the first series in which the octanol-2
was assumed to be anhydrous, and was not dried before use.
However, it was shown later that the presence of small amounts
of water in the octanol solutions appeared te cause no change

in the location of the absorption maxima of the blue solutions.

B. Test of solubility methods

Figures 3 and 4 show the change of tqtal nickel molality
with total chloride molality for series 1 and 2 respectively.
The curves exhibit roughly the expected shape in that there is
a minimum somewhere in the regions of lower chloride concen-
tration due to common ion effect, and a steady increase in the
regions of higher chloride concentration due to complex ion
formation. Logarithmic plots for the first two series using
the direct spectrophotometric determination of the concentra-
tion of a colored complex are presented in Figures 5 and 6.

No correction was made in either case for the amount of



TABLE II

VALUES OF FERCENT TRANSMISSION FOR NICKEL CHLGRIDE
SOLUTIONS IN CCTANOL-2 CONTAINING VARIQUS
AMOUNTS OF LITHIUM CHLORIDE

.2\3
s

Wave Total Cﬁloride Molality
Length 1.12 1.03 .890 .G6LG6 .550 LL2 .335 .30L

520 90.6 91.3 95.3 91.7 92.1 94.2 94.6 94.8
530 89.1 90.2 94.8 90.5 91.2 93.2 93.9 94.2
540 85.8 87.4 92.9 87.9 88.7 9l.4 92.9 93.4
550 81.0 83.6 89.9 84.0C 85.5 89.2 91l.5 92.6
560 7h.0 78.0 86.3 79.8 L 86.0 89.3 90.7
570 65.8 71.5 82.1 7L.9 2 83.0 87.3 89.3
580 58,6 05.9 78.8 69.7 2 80.1 85.4 &7.8
590 56.2 58.2 73.7 64.9 0 77.3 83.0 86..
660 LE.5 55.2 70.5 0Ol.h 0  74.8 8l.k 8L.S

OVEO W~ =

O G~ 08

610 43.2 52.1 67.3 58.6 63.4 72.3 79.0 82,7
620 40.8 50.0 65.5 56.8 €l.8 71.0 77.8 81.6
630 38.2 47.6 63.7 5L.8 60.1 69.8 76.5 80.5
6 ':_} 31{..8 L}'l""? {/10!«}— ’)v‘f.{} 58-8 68-8 76.0 80.2
650 32.5 L2.5 358.7 5).3 57.0  G7.5 75.2 79.8
660 3.0 43.9 00.3 5L.5 57.8 067.8 7h.5 78.9
67 38.3 47.7 63.0 55.4 60.9 69.7 75.3 79.2
680 38,0 L7.3 62.9 55.0 060.L  69.5 75.3 79,2
690 33.7 L3.3 59.2 51.9 57.8 67.5 7L.0 78.0
700 32.0 41.8 58.5 50.7 57.1 67.1 73.9 78.3
710 35.2 45.2 61.9 53.6 60.2 69.9 76.8 £1.2
720 43.2 52.8 68.2 £60.2 66.1  75.2 Bl.3 #5.0
730 52.7 61l.2 75.0 67.8 72.9  79.8 8L.8 B87.6
740 6l.7 ©69.1 80.8 73.7 77.8 83.9 87.6 89.7
750 68.2 7ho7 EL4.3 79.1 82.6 87.0 89.8 91.1
760 7he8 79.8 87.5 83.2 85.7 89.2 9l.2 92.0
770 79.5 83,6 90.0 £6.1 88.1 90.9 92.2 92.6
780 83.1 86.4 91.8 8&8.4 90.0 92.3 93.1 93.2
790 85.7 88.2 92.9 90.2 91.5 93.5 94.0 94.0
800 87.7 89.9 93.9 91.5 92.7 94.0 94.2 9L.1
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TABLE II1I

TOTAL HICKEL AND CHLORIDE MOLALITIES

Series 1

e
ot e

vocstanrn

s

™

Mickel Chloride
0.0118 1.119
0.00951 1.030
0.00525 0.8899
0.00786 0.7533
0.00819 0.64L63
0.00920 J0.5505
0.00781 OeLliB5
0.003807 0.3346
0.0109 0.304L1
0.0085. 0.1344

Series 2

Nickel Chloride
0.00328 1.251
0.00223 1.112
0.00196 1.005
0.00237 0.88L4
0.00096 0.735%5
0.00127 0.6432
0.00150 0.L869
0.00060 0.3003
0.00135 0.2400
0.00126 0.1905
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./;gs,g = /5§ x /0%

B

e

Loelctd, Loe A 0.0
O&llv875 "f oBL}Ol
0.1275 ~0.4673

~0.0507 ~0.7077

~0.1230 ~0.5850
~0.1896 ~0.628C
~0.2592 ~0.6861

~0.5515 -0.8665

0. 0755 -1.0315

~0.5170 ~1.1549

Series 2
/gs_@ = 1778/ 10~5

Loe [CI17] Loec AO.D
0.0976 ~0.1979
0.0461 -0.4976
0.00217 -0 714

-0.0534 ~0.8601

~0.1317 -1.0809

-0.1917 -0.9066

-0.3126 -1.0044

~-0.6198 -1 7447

~0.7201 -2.3979
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chloride tied up in any coordination compound. The optical
densities were measured at a wave length of 700 millimicrons
where the difference between the absorption of the chloride
solutions and that of pure nickel chloride appeared to be al-
most a maximum. A Beckman model DU spectrophotometer was used
for these measurements.

Thirty solutions of various added chloride concentration
were used in the third series in an effort to collect an
amount of data which would better allow interpretation in view
of the scattered patterns shown by the results of the first
two series. Figure 7 depicts for series 3 the change in the
solubility of nickel chloride as increasing amounts of lithium
chloride are added. Figure & shows the logarithmic plot
(Eq. 11) of the series 3 data where the concentration of the
complex is based on the solubility method. No attempt was
made to correct for the amount of chloride present in the com-
plex, as it was thought to be a minor correction relative to
the very appreciable amount of scattering.

In treating the data from the spectrophotometric determi-
nation of the concentration of the colored entity, the log-
arithm of the change in optical density was plotted as
ordinate versus the logarithm of the total chloride molality
as a first approximation. The data appeared to fall within a
definite band which had a slope of approximately 3.15.
According to Eq. (11) this would suggest a nickel coordination

number of five.



TOTAL NICKEL ANWND CHLORIDE MOLALITIES
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Nickel Chioride
0.0873 1453
0.0498 1.386
. 4 3 -33
0.0171 1.329
0.0568 1.244
0.0641 1.177
0.0596 1.146
0.0L60 1.177
0.04L56 1.030
0.0466 0.990
0.0501 0.918
0.0438 0.904
0.0196 0.840
0.0377 0.822
0.02L7 0.589
0.0139 0.684
0.0108 0.652
0.0138 0.606
0.0095 0.547
0.0112 0.517
0.0183 0.479
0.0180 0.438
0.0138 0,345
0.0141 0.287
0.0143 0, 596
0.0192 0.173
0.0255 0.140
0.0207 0.0952
0.0221 0.0428
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TABLE VI

\ad

Series

/£&E==$OSWIO‘5

Loe ([N;**]A— ’l-__&—c-“—_%,_) LoelCid,
-1.059 001623
-1.303 0.1418
«1.350 0.1199
-1.316 0.1252
-1.767 0.1235
~1.2L46 0.0948
~1.193 0.0778
-1.225 0.0592
-1.337 0.0778
«1.341 0.0128
-1.332 -0.0044
~1.3C0 -0.0369
-1.358 ~0.0LL0O
-1.304 ~0.0756
~1.424 -0,0852
-1.607 -0.0509
-1.860 ~0.1648
-1.971 -0.1855
-1.863 -0-2177
=-2.027 ~-0.2622
~1.955 -0.2864
-1.742 -0.3193
*lﬂ?SO -003588
~1.870 -0 4617
-10866 —0.5&20

-1.830 .002251
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Corrections for the amount of chloride present in the
nickel complex were then made from the following consider-
ations: By the Beer-Lambert relation, the concentration of

the cecmplex is proportional to the excess optical density,

CONCENTRATION OF COMPLEY <« AO. D. {286)
and also,
CONCENTRATION OF COMPLEX oC A SOLUBILITY {27)

where solubility, as shown by "Eq. 15), is the difference be-
tween the total nickel found by analysis and the free nickel

to be expected from the solubility product constant.

ANO.D. = & (28)

A SOLUBILITY

where is the apparent extinction coefficient. Values for ¢
were computed, but the constant exhibited a drift with change
in chloride concentration. An average value for € was chosen
from the region where the added chloride concentration was
greatest, for in this region the ratio of complexed nickel to
free nickel ion is a maximum, and the value for £ could be
expected to approach the true extinction coefficient most

closely. It was also in the more concentrated region that the



change of € with chloride cannentfauloﬁ was slightest. The
value chosen was 6.67, and accordingly,
. 0.D. -
Emncentratlon of complex] = LoD (29)
667
The concentration of free chloride ion was assumed to be equal
to the difference bestween the total chloride found by analysis

and the concentration of the complex multiplied by the nickel

coordination number. Thus,

[CI-Te =LCHT, — MINCI&9-] (30)
or,
[, =[CH, -~ n £0.0. G

Taking v equal to five as suggested by the first approxima-

tion, a second graph was plotted with log AO.D. as ordinate,
o q. - & L0.0. e el
and log Gil]A T as abscissa.

This second approximation gave a graph with a slope of about

3.93. This would suggest a coordination number of six, and a

third approximation was made in which log AO.D. was plotted
versus log (tleL\~ 64%%%;) . The resulting curve

( igure 9) had a slope of about 3.96. It was seen that the

successive appreximations could be carried no further, and it
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Series 3

model B spectrophotometer)

{Optical densities measured by Beckman

P,
————

w——

Lo AO.D. LOG(EC 11— ¢ %’%—) Los Yt LoalCll,

-0.4962 0.0342

-0.4685 0.0103

-O.Qhél 0.0064

04580, -0.0302

~0.3925 -0.0887 -0.5977

=0.4341 -0.0877 -0.7158

- =0,5157 ~0.0L44 )

-0.5703 -0,1027 -0.6419

-0.6056 -0e1143 ~-0.7162

-0.6180 ~0.1530 ~0. 7455

-0.6840 -0.1@33 ~0.73G2

-0.9244 ~0.1675 -0 4450

~0.7773 ~0.1723 -0.7189

~0.95L7 ~0.1018 -0e7353

~1.1487 -0.2071 ~0.4984

~1.1487 ~0.2300 -0.0778

-1.28L0 -0.2522 -0.5724

-1.4202 -0+2903 -0.6685

~1.5229 -0.3445 -0.6138

-1,7696 ~0.3740 -0.6110

-2.3010 -0, 4670 -0« 52L7

-2.1549 -0.5511 -0.2603

-1.3979 -0.2517 -0.6039
-1.1518 -.7620
-1.0912 -. 8539
~0.6957 -1.0214
-0.0000 -1.3686
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was concluded that the data are probably best represented by a
slope of four.

Estimation of the value for the instability constant of
the colored complex was also made from the use of equation
(24). The band shown in Figure 9 intercepted a region on the
ordinate. axis having the liwmits of about +0.20 and -0.68 .
These 1imits corresponded to 1.7 x 10=% and 13 x 10~% respec-

tively.
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DISCUSSION OF RESULTS

From a consideration of Figure 2, there appears to be no
shift in the location of the absorption maxima characteristic
of the blue complex as the amount of added chloride ion is
varied. If the solutions were saturated and in equilibrium
T with annydrous_NiClz at a constant temperature, the only inde-
pendent variable was the concentration of added chloride ion.
The conclusion drawn from these facts was that there appeared
to be only one light-absorbing complex present under the con~
ditiong of the experiment. If colorless complexes were
present under the given conditions, their presence might be

2y

indicated by definite inflection points in the'curve in Pigure
6. If such indications are present in the data, their detec-
tion is rendered impossible by the scattered positions of the
points. The blue entity may be the only complex ion present,
but Burkin<®> says it is to be expected that the addition of a
coordinating group to a metal ion always proceeds in a step-
wise fashion, and that a series of complexes is obtained. If
other coordination compounds were present during the expsri-
ments, the properties observed were probably those of the most
stable one, and the estimated instability constant would be an
overall constant, equal to the product of the successive con-

stants. In view of the large value of the instability constant



obtained in this work, no intermediate complexes of large
stability would appear to be present.

Analyses for both nickel and chloride ion were carried

~

out in triplicate in series 2 and 3, and since fairly good
precision was obtained, some other means were sought for ex-
plaining the discord in the data evident from Figure 8. All
of the sclutions were kept in the same water bath for a

period of at least two weeks, so that it was improbable that
the variations were caused by a temperature effect. It is
quite probable, however, that equilibrium was incompletely
attained in a number of the solutions. The original lithium
chloride stock solution had a very high viscosity as did a
number of the solutions even after dilution with pure octanol-2.
The solutions were agitated for a nuwber of hours on a mechan-
ical shaker after the introduction of dried nickel chloride.
However, it is possible that, due to the viscosity of the so-
luﬁion,vthe solid nickel chloride was not washed sufficiently
by the solvent in the shaking process to insure the attainment
of eguilibrium. The distance of a particular solution from
equilibrium conditions might have been dependent upon its
viscosity, as well as its actual position on the’meéhanical
shaksr, since some solutions received a more violent agitation
than others. Also, the state of subdivision of the dried
nickel chioride might have varied from one solution teo another.
Since the medium is one of low dielectric constant, one might

expect relatively slow attainment of equilibrium because
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Kl

ionization in such a medium would probably be slight and hence
the reaction themselves might not be simple lonic addition or
isplacerents.

A brief but significant study was made of the effect of

water on the blue color. Fure octanol-2 was squilibrated with

=

water at 30°, and a series of solutions o rying water con=-

12
tent was made by adding various amounts of the water-saturated
octanol to samples of one of the blue solutions. The affect
observed was tne settling out of a fine, yellow precipitate
accompanied by a decrsase in optical density. Some of the
srratic results in the early series might be explained by
failure to completely exclude wabter from the system, although
a good deal of care was exercised in series > to protect the
olutions from moisture.

%

The above conditions would have aifected the results of

both means of determining the concentraticn of the complex.
The scatter is much worse in the results from the solubility
method than the optical method, and it was thought that per-
haps any errors resulting from incomplete attainment of
equilibrium might have been magnified in the solubility method
by a rapidly changing activity coefficisent. Such a possibil-
ity was then briefly explored.

For the true solubility product constant,

(W]
Do
~

=[Y+1° [Ni+¥1 [ C 172 (



where Xg;is the mean activity coefficient of NiClZ and

Ni*f] and [er are the assumed ionic concentrations.
was arbitrarily assumed equal to unity in the most dilute
sclutions, and therefore.the solubility product constant 4.05
x 10™° obtained from a solution in this dilute region is a
thermodynamic constant. For seolutions in which the spectra

indicated no appreciable complex formation,

3loe ¥t =LoakKsp ~Loe[N*¥), — 2LoelCl], (33)

For solutions in which the colored complex is assumed to be
the only one binding up chloride ions, Eq. (33) may be written

as

JLoec ¥t = Loe Kgp —Loe([N;*flA—M‘ﬁ"'-)— 2 Loc—(El‘]— CQ‘%-D-'— (34)

thus cofrecting for the amounts of nickel and chloride tied up
in the cdlored conmplex. Values of log ‘KI were avaluated for
the various solutions, and were plotted against the logarithﬁ
of the concentration of the free chloride ion as in Figure 10
merely for the purpose of depicting the rate of change of such
a coefficient with the change of chloride concentration. The
fact that the values of ¥+ obtained by Egq. (34} do not corre-
late well with those found by Eq. (33) in the more dilute
region is indicative that both Eqg. (33) and (34) should contain

corrections for colorless or nearly colorless complexes. This
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ould not be unexpected as stepwise formaticn of complexes is

usually found. The substitution of stoichiometric values of

gven in the

jo

ths lonic concentrations is probably not Justifisc
most dilute regions. The error due to activity considerations,
however, might be ekpected to cause a smooth deviation from

the graph in vau:e 2. The graph from the re-

sults of the spectrcph@tometfic determination of the concen-

D)
"3
L
¢t
a,“l

sion of complex shows that the data definitely fall within
a reascnably narrow band about a straignt line. A slope of
tal

avout {our was evaluated by a series of successive approxima=-

tionsg, and the coordination number for nickel which is best

1,

repraesented by the available data is six. This is not an un-

reasonable coordination number for nickel. In a discussion
of the relation between color and coordination number,

Paulingz‘ ocbserves that & numbsr of nickel complaxes which

\JT

axhibit a blue color sre characterized by octahedral coordi-

i

nation. The value of the instability constant probably lie

scmewhere between 1.7 x 10'4 and 13 x 10“4.
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SUMMARY

Bbth the solubility method and optical measurements were
used in an attempt to estimate the configurations and insta-’
bility constants of the complexes formed in a solution of
nickel chloride in octanol-2 upon the addition of large
amounts of lithium chloride. A blue color developed in the
solutions under the above conditions, and the absorption
spectra of the solutions indicated that the blus color was
due to only'one colored complex. It was not possible to draw
aﬁy conclusions as to the existence of other; colorless com=-
plexes in the system. A chloro-coordination number of six for
nickel in the blue complex best represented thes data. The
instability constant of the complex was estimated to be some-

where between 1.7 % lO'A‘and 13 x 10k,
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