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I. INTRODUCTION

Of the rapidly growing group of organic compounds which
are used as qualitative and quantitative reagents in
analytical chemistry, perhaps the most familiar 1is
dimethylglyoxime., The brilliant color and "climbing"
ability of 1ts nickel derivative are remembrances not
eagily forgotten by the erstwhille student of quantitative
analysis., The near-specificity of the reagent for nickel
and the simplicity of the gravimetrie procedure in which it
is most often used are more likely to be recalled by the
analytical chemist, who doubtless frequently wishes that &
similar reagent were avallable for each of the troublesome
elements of the perlodic table.

Dimethylglyoxime, or more properly, 2,3-butanedione-
dioxime, is but one of & class of similar compounds known
as the ylc-dioximes., Also referred to as 1,2-dioximes,
ortho-dioximes or a-dioximes, these compounds have in common
the functional structure of two oxime groups attached to
adjacent carbon atoms. Isomeric forms of the compounds are
possible, depending on the angles at which the hydroxyl
groups extend from the nitrogens of the oxime groups, but

the a or antl fom,
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in which the hydroxyls are most distant from each other,
1s the structure responsible for the formation of the
insoluble nickel and palladium dérivatives of these
reagents, The class name Yic-dioxime is to be preferred,
since the prefix yic-, an abbreviation of vicinal, meaning
neighboring, polnts out the necessary adjacency of the
carbons to which the reactive oximes are attached.

Among the numerous yie-dioximes which have been
investigated for thelr analytical propertles, there are
five which have met with more frequent and useful applilca-
tlon than the others. They are: a-benzildioxime,
2,3-butenedionedioxime (dimethylglyoxime), 1,2-cyclo-
heptanedionedioxime, 1,2-cyclohexanedlonedioxime &nd
a~furildioxime. The structures of these reagents are

indicated below,
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The practical applications of even these five compounds
have not been uniformly successful, however. Factors which
in some cases have operated to the detriment of their
usefulness include insufficient sclubllity of the reagent
in water, coprecipitation of the reagent wlth the desired
nickel derivative, and incomplete insolubility of the nickel
precipitate in water, among othera. Even 1l,2~cycloheptane-
dionedioxime, which is considered to turn in the best per-
formence in the gravimetric analysis for nlckel (L9), cannot
agsume the role of the best all-around reagent because of
its definite inferiority to 2,3-butenedionedicxime or
1,2;cyclahexansdionedioxtme in regard to the sensitivity of
qualitative detection of nickel. The vivid red colors of
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the nickel compounds of the latter two resgents are the
attributes which cause them to excel in this phase of
analysis; the yellow color of the nickel derivative of
1,2-cycloheptanedionedioxime is definitely less easily
recognized when the substance 1s present only in small
quantities,

Although the vie-dioximes approach the concept of the
ideal reagent (53) more closely than do most of the organic
compounds used in chemical analysis, 1t is evident that
there 1s ample room for improvement in even these highly
regarded reagents. Since there are several of them which
have been used for the same purpose, steps toward such
improvement can obviously be guided best by (1) consideration
of the results of fundamental studies not only on the
reagents themselves, but on thelr nickel and palladium
derivatives as well, and (2) correlation of these results
with the practical aspects of the use of the reagents.

With the primary objective thus lyling in the improvement
of one of the methods of chemical analysis, a second stimulus
for the intensive Investigation of these compounds and their
.derivatives is provided by the possibllity of satisfyling mere
curiosity. Some of the characteristies of the insoluble
nickel(II) complexes of the vic-dioximes vary rather widely
in view of the fact that they are probably all formed as the

end-products'of essentially identlcal reactions. For example,
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the colors of the nickel derivatives of four out of the five
compounds listed above range from a brilliant scarlet to &
dull brick-red, while the color of 1,2-bis(l,2-cycloheptane-
dionedioximo~§,§')niekal(ll)a is yellow, as has already been
mentloned.

Another manner in which the several vic-dloximes and
their nickel compounds vary is in the pH renge over which
the latter can be precipitated in aqueous solution.
1,2-Cyclohexanedionedioxime &nd 1,2-cycloheptanedionedloxime
ecan be used to separats nickel(II) at relatively low pH's
(449,50) while the derivatives of the other vigc-dioximes are
‘inaolubla only in neutral or weskly alkaline solutions
(10, p. 30; 10, p. 48; 36).

Long range investigations into the baslc nature of
these complex compounds are indicated in order to try to
find explanations for puzzling phenomena such as those which
have just been mentioned. Some work along this line has
recently been accomplished, using the tools of infrared
apaetroseopy'(a9) and X-ray diffraction (18).

The me&surement of magnetlc susceptibilities has been
of great assistance in recent years in the study of the

fundamental character of chemlcal compounds. With the

& mhe nomenclature used here for the nickel derivatives
of the vigc-dioximes follows the recommendations of
Fernelius, Larsen, Marchi and Rollinson (15).
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theory of magnetic susceptibilities flrmly éstablished
through the appllication of quantum mechanics by authoritles
like Van Vleck (47), the estimation of the number of
unpaired electrons in & chemicsal compound through suscepti-
billity measurements c¢an be considered to be quite rellable.
This estimate 18 of greatest lnterest in connection with
the elements of the several transition series. In these
groups of elementa, where variable valence ls almost the
rule rather than the exception, the number of unpaired
electrons often changes with the valence and also with the
type of compound that the element in question forms. The
determination of this number then frequently makes possible
& cholce between several valence states and configurations.
Though the field of magnetic studies has expanded
rapidly in recent years and susceptibllity measurements are
not difficult to make, the technique and nomenclature used
in the determination of magnetic susceptibilities are not
so well known as are those employed ln other types of
physical study, as for example in aspectrophotometry. For
this reason, it 1s advisable to review the significance of

some of the terms used in susceptlibllity work.
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A. Definitions of Magnetic Terms®

If a body 1s placed in & magnetlic field H, the inten-
sity of the fleld within the body is glven by B, where

B”H"'}.L‘KI-

The quantity I 1s called the intensity of magnetigzation.
B may be either smaller or larger than H, depending on the

slgn of I.
If the relation above 1is divided through by H, the

result is

Pu§w1+mk,

where P 18 the permeabllity of the body and k 1s ita
magnetic susceptibllity per unit volume. The permeabllity
has been represented either by P or u; the former symbol
is used here to prevent confusion with quantities to be

presented shortly.

Another useful relation is
X= £,

where X 1s the mass or gram susceptibllity of the substance

8 Mueh of the materisl presented in this section 1is
also given by Selwood (42).
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end p is its density., The molar susceptibility, ’(M' can be
obtained from the gram susceptibility by multiplication of
the latter by the molecular weight of the subatance.

If I, k and X are negative, then the substance in
question is said to be diamagnetic, and its permeabllity
1s <<1l. Diamagnetism has been explained (47, p. 203) to be
8 consequence of the orbital motlon of electrons within
the atom. As & result, all substances are to be credited
with more or less diamagnetism, whether or not they are also
paramagnetic or ferromagnetic, Diamagnetic molar suscepti-
bilities have magnitudes in the range 1074 - 1076
c.g.8.u./mole, and are generally independent of temperature
and the magnetic fleld intensity.

If I, k and X are positive, then the material to which
they apply 1=z called paramegnetic &nd P>1., Paramagnetism
has likewise been satisfactorily explained on theoretical
grounds (47, p. 226-315), and is due only to the presence of
unpéired electrons within the atom., Paramagnetic molar sus-
ceptibilities show values in the range 1072 - 1073
Ceg+8.us/mole, and thus when & substance is paramagnetic,
this effect is large enough to hide completely the underlylng
dismagnetism that 1s always present. Paramagnetic suscepti-
bilitles are usually inversely proportiocnal to the absolute
temperature, but independent of the megnetic fleld Iintensity.

In the special case in which the permeability is very
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much larger than unity, the material showing thls effect
is said to be ferromagnetic, Ferromagnetism is dependent
upon both the temperature and the magnetlc fleld intensity
in 8 complicated manner. Though this effect 1s of great
importance technologlcally, 1t occurs only rarely in nature,
and is generally not consldered at all in chemical applica-
tions of magnetlc studies.

When the molar paramagnetism of & substance is strictly
inverssly proportional to the absolute temperature, 1t

follows what 1s known as the Curle law:

where C 1s a constant. The paramasgnetic susceptibilities
of many materials do show this behavior, but the phenomenon
is by no means universal. Other materials may adhere to &

relation kmown &8 the Weilss law:

where A is &an additlonal constant sometimes callsd the
molecular fleld constant.

The presence of unpaired electrons within an atom
serves to give that atom & perménent magnetic moment. The
value of the magnetic mamanﬁ, expressed in Bohr magnetons,

is given by a modification of the Curie law (2, p. 146):
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Bopr, = 22..3!;.,\’)(1‘4 T ;

or in the case that the Weiss law 1s followed:

bopp. = 2:8hyXy (T + 2).

The new quantum theory has been of ald in deducing the
relation between the number of unpalred electrons and the
value of the permeanent magnetic moment. Although generally
there are both spin and orbital contributions to the magnetle
moment (this is striectly true in the case of the rare
earths), in the elements of the first transition series the
orbital component is apparently largely "dquenched" by
interactions with neighboring atoms and the value of the
magnetlc moment 1s determined prinecipally by the apin
component. For those cases in which the orbital component
is completely quenched, the magnetic moment, in Bohr
magnetons, is given by

u&ff« = _"n (n + 2),

where n is the number of unpaired electrons in the atom or
molecule., It 1s seen thdt a molecule containing one such
electron has a moment of 4J3 or 1,73 Bohr magnetons, while
for a molecule with two unpaired electrons the moment is
1ﬁ§ or 2.83 Bohr magnetons, and so on.

Proofs, rigobons or otherwise, have not been given for
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the several relations presented in this section of these
writings. The author has felt that such proofs are
unnecessary elther for the understanding of the work to be
discussed later or for the orientation of a reader unfamiliar
with the terminology used in magnetic susceptibillty studiles.
The letter has been the primary reason for this brief mention

of magnetic terms.

B. Purpose of the Inveatigation

Since megnetlic suaceptibllity studies on the complex
compounds of elements of the first transition series are
likely to provide much information concerning the valence
of the central element and/or the configuration of the
complex, through the determination of the number of unpaired
electrons present, it was judged that equipment suitable
for conducting such studies would make a worthwhlle addition
to available research facilities. Accordingly, the project
of setting up such equipment was undertaken, with a view
toward making the apparatus as versatile and accurate as
possible without, of course, goling to financlal extremes,
Using the equipment thus made avallable, the magnetic pro-
pertlies of the vig-dioxime complexes of nickel(Il) were then
investigated, both in the solid state and In solution, in an
effort to see what fundamental differences, if any, might

exist between these several complexes,



IT. PART ONE: THE MAGNETIC SUSCEPTIBILITY
MEASUREMENT APPARATUS

In the century which has elapsed since Michael Faraday
discovered magnetism to be a universal property of matter
(12, p. 69), the measurement of magnetic susceptibilities
has been accompllished by methods which exhiblt seemingly
endless variaetion. The magnetlec nature, physical state and
availability of the material being investigated, the purpose
of the measurement, and the resources of the investigator
are some of the factors whlch have been responsible for the
introduction of many of the modifiecatlions. Although
special methods have been developed which differ markedly
from the rest, many of the techniques can be seen at once
to differ only in minor detail from the two principal
methods, which are the methoda of Gouy (19) and of
Faraday (12, pp. 27, 497). Modern reviewers of the field,
including Selwood (42}, Bates (2), and others (43,22,27),
have considered some six or eight variations of these two
mnethods to be of sufficient importance to discuss in some

detall.
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A, Review of Principal Methods of Measurement

of Magnetic Susceptlibllity

The sharp increase, in recent yeers, in the volume of
published results of magnetic Investigations has besn marked
by & concurrent incresse in the number of investigators who
have chosen to use the Gouy method of magnetic susceptibi-
lity measurement. The convenience, accuracy and versatility
of the method have undoubtedly been responsible for its
popularity, and these are the factors which led the author
to select this technique for the susceptiblllity measurements
mede in the resesrches being reported here, For these
reasons, the Gouy method will be discussed rather fully
below, while other methods wlll receive less extensive

treatment.

1. The Gouy method

The Goﬁy method (19) requires that the material under
investigation be in the form of & long homogeneous cylinder
of uniform cross-section, and 1s applicabls regardless of
the phyaical state of the material, Metals and alloys can
be cast or machined to the required shape, and powdered
golids, liquids and solutions c&n be packed or poured into
glass sample tubes of the proper shepe and dimenslions. The
method is not very accurate for gases, although 1t has been

used for lnvestigetions on oxygen and other paramagnetic gases.
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The c¢ylinder of materlial 1s placed between the pole
faces of an electromagnet in such & way that one end is in
a region of high fileld strength and the other 1s 1ln & region
of much lower fleld strength. Under these conditions the
cylinder will be subject to & force along its length, the
magnitude of which is glven by the expression:

£ =382 - B2 (k) - kyp).” (1)

In this equation A 1s the cross-sectional area of the
cylinder, H; and H, are the greater and lesser magnetic
fields present at the ends of the sample, respectively, and
k1 and ka are the volume susceptibilities of the sample and
the surrounding atmosphere, respectively. The force is
ordinarily measured by suspending the cylinder from one pan
of a sensitive balance, welghing the cylinder in the absence
of the magnetic fleld, then weighing 1t again when the fileld
is present. |

The placement of the sample 1s not & critical adjustment
if the end of the tube in the stronger field can be placed
in the homogeneous portion of the fleld, between flat pole
faces, and if the other end of the tube extends to a region

of negligible field strength. In this case H_ can be

2
neglected, and equation (1) reduces to:

& The derivations of the equations glven in these
review sections are to be found in Bates (2).
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gaw = 2aufi - kp), (2)

where g is the acceleration of gravity and AW is the change
in welght of the sample tube, 23 measured with the balance,
By using a dlasmegnetic ga&s such as hydrogen, nitrogen or
helium for the surrounding atmosphere, ka may also be made
negligible, but this 1s not usuvally necessary for measure-
ments close to room temperature, where the volume suscepti-
bility of air is known.

It is to be seen that the Gouy method lends itself
admirably to the making of both absolute and comparison
measuremsnts. For absolute measurements, the determination
of the intensity of the magnetlc fleld in the ailr gap
between the pole faces is probably the limiting factor so
far as the accuracy of the me&surement is concerned. Com-
parison measurements ln the same contalner require only a
knowledge of the volume susceptibllities of the standard
and the surrounding atmosphere. An accuracy of about 1 part
per 1000 can be obtalined without excessive trouble for
meagurements on ligquids and solutions. For samples composed
of powdered crystals packed into glass tubes, however, an
accuracy of about 1 per cent is difficult to exceed. The
primary factors responsible for this low accuracy are the
uniformity and reproducibllity of the packing of the sample
into the tube.
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The sample tubes used for the determination of the
susceptibilities of 1liquids and powdered sollds vary
aceording to the desires of the investigator. The load
capacity of most microchemical balances is only 20 grams,
so that if such a balence is used, the welght of the sample
and its container must be kept to a minimum. In this ocase
the sample tube may be a simple flat-bottomed test tube of
uniform dlameter, although the change in welght of the
empty sample tube under the influence of the magnetic fileld
will be appreciable here and must be determined indepen-
dently. If a balance of higher capacity is employed, 1t is
convenient to use & tube which extends to regions of
negligible field intensitles both above and below the pole
faﬁes, so that the correction for the tube will be reduced
essentlally to zZero. This type of tube will have & glass
pertition midway between the ends, of course, so that the
sample will be present only in the upper half. The
double~ended tube cé&n 2lso be used to adventage in differ-
ential measurements on solutions, the lower half being
filled with solvent or a "blank" solution. In this way the
change in welght due only to the component of interest can
be obtained.

It is evident from the equations gilven above that the
Gouy method leads to a determination of the volume suscepti-

bility of the sample. In most cases the mass susceptibility
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is & more useful quantity, however, and therefore an inde-
pendent determination of the density of the sample must be
made so that the one quantity cen be converted to the other.
Por strongly paramsgnetic powdered solid samples, the "bed"
density, or effective density of the packed column, 1s often
accurate enough for these calculatlions, since the contribu-
tion of entrapped air to the change in weight will be
extremely small in compsarison to that due to the paramag-
netic solid. For dilasmagnetic or weakly paramagnetic

seollds, ﬁowaver, the contribution of the entrapped alr 1s

no longer negligible, and the effective denaity of the column
cannot be used to convert from volume to mass susceptibility.
The contribution of the entrapped &lr to the effective

volume susceptibility of the column 1is calculated, instead,
and the volume susceptibllity of the sclld determined by
taking this into account, after which the conversion to mass
susceptibility is made using the crystal density of the
solid,

It is often desirable to carry out magnetic investiga-~
tions over & wide range of tempersatures, and thils is
entirely possible with the Gouy method. In the viecinlty of
room temperatures, & simple Jjacket, through which water or
other llquids from a constant tempserature bath can be
circulated, can be constructed of such form that it will fit

around the sample suspension and between the pole faces,
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For very low temperatures, Dewar flasks of the proper shape
can be fabricated, and the ususl liquefied gases used for
gooling. High temperatures may be attalned by placing the
sample suspension inside a tubular electric furnace,
although at elevated temperatures convectlon currents may
become & problem so far as reliable use of the balance is
concerned. It should be borne in mind, also, that the
buoyant effeect of air changes with the temperature, and that
therefore the temperature of the sample tube must be con-~
trolled qulte closely in order that the effective welght of
the tube may be constant throughout a set of measurements,

The Gouy method for the determination of magnetie
suseeptibilities has been discussed very thoroughly by
Selwood (42) and Bates (2).

2. The Quincke method

An adaptation of the method of Gouy which has been used
rather extensively 1s that of Quincke (33), which is
employed primarily for the measurement of the susceptibili-
tles of liquids. The accuracy which may be expected with
the method can, with careful work, approximate that of the
conventional Gouy technique. Auer (1) used the Quincke
method for his authoritative absolute determination of the
susceptibility of water, claiming an estimated error of
7 parts per 10,000,

The method conslists in placing the liquid under
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investigation in & container which 1s essentially a U-tube,
one leg of which is rather narrow and of uniform dilameter.
The other leg is usually made with & much larger dlameter,
so that it aects as the reservolir for the system. Conslder-
able changes in the helight of the liquid level in the

narrow leg will not affect the helght of the liquid level

in the wide leg very much. The narrow leg is placed between
the poles of an electromagnet in such & way that the
meniscus is in the homogeneous part of the magnetic fileld,
with the tube extending down to reglons of negligible field
strength., When the field is exclited, the meniscus will rise
1f the liquid is paramagnetic, and fall if it is diamagnetio.
The force acting on the l1iquid is:

£ =3a(k - kB, (3)

where the terms have the same slignificance as in equation
(2), except that kz now refers to the volume susceptibility
of the gas above the surface of the ligquid, Thils force 1is
balanced by the hydrostatic pressure resulting from the
change of the 1liquid level in the narrow leg from that of

the reservolr:

A(k) - kp)HZ = (d) - d,)Aghh, (1)

where 4, snd 4, are the densitles of the 1iquid and gas,

respectively, A and g have the same slgnificance a&as before,
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and Ah is the observed change in the helight of the meniscus
under the influence of the fleld,

If the susceptibility, ky, and density, d,, of the gas
above the liquid are both negligible, then equation (l)

reduces to:
x]_ = gg%?‘» (5)

where Xl is the mass susceptibility of the liquid, Under
these circumstances, then, the mass susceptibility of the
liquid is obtained directly, and the density need not be
determined., If the proper liquid standard 1s chosen, kz
will not be negligible in comparison to k,, and the method
then becomes applicable to the study of the susceptibilities
of gases,

Working temperatures for the GQuincke method are limited
to the vieinity of room temperature, because of ths nature
of the materials which can be studled with the method, and
also becsuse of the inconvenience of fabricating temperature
controlling apparatus to fit the ssmple vessel, Moderate
temperatures, however, &re maintained and controlled very

nicely by circulating liguids from constant temperature baths.

3+ The Faraday method

In contrast to the long columns of test material used

in the Gouy and Quincke methods, small sphericel samples are
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used in the Faraday method of magnetic susceptibility
meagurement (12, pp. 27, 497). The sample is suspended near
the poles of & magnet, in such & way thaet it is situated in
a place where the fleld strength 1s changing most rapldly
with respect to the distance outward from the pole face
region., The weight of the sample 1s usually not large;
therefore a very sensitive device such as a torsion balance
can be used to measure the force a&cting on the test body.

The force acting on the body is proportional to the
rate of change of the square of the fleld strength with
respect to the distance outward from the pole face reglon,
so that 1t is desireble to place the body at the polnt where
this rate of change 1s at a maximum., If flat or truncated
cone pole faces are used, @&s in the Gouy method, this rate
of change ls &t its maximum vealue over a very smell reglon,
ao that reproducible positioning of the sample 1s critical
and extremely difficult. This disadvantage of the method
has been overcome to some extent by seversal workers,
including Pereday (14} and Bates (3), who used special pole
faces shaped in such & way that the rate of change of the
gguare of the field strength was constant over a somewhat
larger region.

The Faraday method is used principally for compsrison
measurements, since absolute measurements would require the

accurate mapping of the magnetlic field in the region of
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interest. The accuracles obtalnable with the method are
usually lower then with the Gouy or Guincke methods. Only
small amounts of material are necessary, however, and the
use of controlled high and low temperatures is not so dif-
flcult as with the other techniques, because of the rela-
tively small volume occupled by the sample, suspension and
balance,

The Farsaday method was used & great deal by Plerre
Curie (9) in his eminent researches on magnetic properties,
The method 1s often referred to as the Curie method for
this reason.

Two variations of the general method that have proved
very successful are the Sucksmith ring balance (L)) and the
Fodx and Forrer translational balance (16). In the Sucksmith
instrument, the sample is suspended from the bottom of a
flexible phosphor bronzZe ring the upper side of which 1is
fixed. An asscclated lamp and scele system includes two
mirrors stretegically placed on the ring in such positions
that when the ring is distorted by the movement of the sample
under the influence of the mégnetic field, the movement of
the image on the scale is about 150 times the sample move-
ment. The device 1s suitable princlpelly for materials of
large susceptibility.

In tha)Feﬁx and Forrer balance, the sample 1s placed on

the end of a rod which is horizontelly suspended in such a



way that the sample and rod can move only toward or away
from specially shaped pole pleces. A coll on the other end
of the rod is in close proximity to & permanent magnet
system, The current through the coll cén be varied so that
the reactlon between the permanent magnet and the coll can

offset the force exerpad by the magnetic field on the sample.

e The Curie-Chéneveau balance

A technique somewhat less sensitive than those already
described and therefore used only for substances of high
susceptibility, such as the rare earths, is that devised by
Chéneveau (8) and improved by Gray and Farquharson (20).

The method 1s rapid, but temperature control is not easily
introduced, and the measurements can be made at only one
field strength, thereby limiting the usefulness of the
method. Relatively small amounts of the sample are required.

The instrument is essentially & torsion balence. The
sample 1s placed in & tube which is suspended from one end
of a rod, a balancing weight being placed on the other end.
The rod is supported in the middle by & torsion fibre such
as a fine wire or metal ribbon. The movement of the torsion
arm can conveniently be followed by & sultable mirror, lamp
and scale srrangement,

A permanent horse-shoe type magnet, with parallel pole

faces, is placed on another arm which can rotate about the
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same axis a&s does the torsion arm. The magnet is at such

a distence from the axis that when the arm is moved, the
sample tube wlll pass betwsen the pole faces, If the sample
tube 1s filled, there will be a certain attraction or
repulsion between it and the magnetic field, depending on the
nature of the material under lnvestligation. When the magnet
is moved past the sample tube, therefore, a certain deflec-
tion of the torsion arm will be produced which is character-
istic of the sample. Corresponding deflections for the
empty tube, the tube filled with a magnetlic standard, and
the tube filled with the unknown can be used in conjunction
with the known susceptlbility of the standard to derive the
susceptibility of the unknown.

5. The Rankine balance

A very accurate method of magnetic susceptibility
measurement suggested and used by Rankine (34), and later
improved by Iskenderian (21), departs rather radically from
the usual technique in that the movement of the megnet,
rather than that of & sample container, is measured. In
Iskenderian's form of the apperatus, & cylindrical bar
magnet hanss so that its axis is parallel to the plane sur-
face of a glass sample container.

The induced polarity on the surface of the sample

causes an attraction or repulslon between 1t and both poles
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of the magnet, depending on whether the material 1s para-
magnetic or diamegnetic. The magnet 1s suspended from a
light horizontal torsion beam by & quartz fiber; a balancing
welght 1s placed on the other end of the beam. The beam is
supported in the middle by another quartz fiber, Although
presumably the torques produced in the upper fiber could be
measured with a torsion head, Iskenderian chose to place a
stralight conduector at the base of the apparatus and measure
instead the small current necessary to restore the magnet

to 1ts original position.

The method 1s admirably sensitive and accurate for
substances of small susceptibility, but suffers from the
disadvantage of being unduly influenced by stray flelds,
since the primary field from the magnet 18 only of the order
of 100 gausses, compared to flelds of 10,000 - 15,000
gausses used in other methods. Extraordinary precautions
must be taken to eliminate ferromégnetic impurities from
the apparatus and sample material, except for the magnet,

of course,

B. Structure of the Apparatus

Consideration of the preceding descriptions of the more
widely used methods of magnetic susceptibility measurement
shows the reasons why the Gouy method has become the most

popular of these. While some of the other techniques may
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be better suited for certain types of special investigations
and may in some c&ses be less expensive to set up, the
versatility and precision of the Gouy method are the charsac-~
teristics which lead naturally to the selection of this
method for general magnetic investigations., The relative
aase of ma&intalining temperature control, the ready
avallability of sultable magnetic standsrds, and the lack

of the necessity for extreme preclision in positioning of the
sample are additional factors favoring this cholce.

In special cases, only & very small amount of eQuipment
is needed to carry out magnetic investigations in the Gouy
menner, with no sacrifice in precision and accuracy. These
special cases would be those in which the material under
investigation contains no paramasgnetic components and there
is no danger of the presence of ferromagnetic impuritles,
The absence of paramégnetic materlals eliminates the
necessity for preclse temperature control, since the
susceptibilities of diesmagnetic materials are essentially
independent of temperature, Similarly, the absence of
troublesome ferromagnetic impurities, which may completely
mask the true magnetic nature of & substance, simplifiles the
necessary apparatus in that measurements at only one fileld
strength are sufficient. Correction for ferromagnetic
impurities, as discussed by Bates (2, pp. 133-136), is
ordinarily done by & graphlcal method which utilizes
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susceptibilities determined over & range of field
intensities.

Por these speclal cases, then, the minimum amount of
apparatus necessary for accurate work would include a
magnet, probably of the permanent type, & balance arranged
8o that the sample tube ¢&n be suspended from one pan, and
perhaps & shleld around the sample suspension to prevent
drafts from upsetting the equllibrium. If 2 permanent
magnet were used, either 1t or the balance would have to be
easily movable in order that the sample could be weighed
in the presence and absence of the magnetic fleld.

In the more general case, however, the substance being
studied may very well contain paramagnetic components, which
means that for thorough work temperature control must be
provided. Ferromsgnetic impurlties probably occur less
often, especially with careful work, but they can crop up
most unexpectedly &nd therefore measurements should always
be made at several fleld intensities, if possible. The
susceptibllities of param&gnetic and dlamagnetlc materials
are independent of the magnitude of the fleld, while the
susceptibllity of a ferromagnetic substance varies with
the field intensity; therefore ferromagnetic impuritlies are
eagily discovered in this way. Megnetic flelds of several
different intensities are most conveniently obtained through
the use of an electromagnet, of course, and once agalin the

apparatus has become more complicated, since the electromagnet
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must be supplled with current, and either this current or
the fleld must be stabilized and measured.

In setting up an assembly of apparatus of such nature
that it will be useful for investigating & variety of
magnetle phenomena over & perliod of ye&rs, the effects
mentioned above must of course be considered., The major
items of equipment necessary for an apparatus of this type,
then, ineclude the following: an electromagnet with 1ts
agssociated power supply, & balance of the proper sensitivity,
the sample suspension, the current measuring device, and the
sample temperature controlling apparatus, The complete

assembly of this equipment 1s pictured in Figures 1 and 2.

1. Electromagnet and power supply

Although Selwood (42, p. 25) states that most investi-
gators of magnetic propertlies have used magnets of their
own design, & unit which was placed on the market &fter the
publication of hls book appeared to be very satisfactory
for the type of apparatus considered here, Such & magnet,
the Consclidated Engineering Corporation Type 23-104A, has
now been used for over two years in the author's laboratory,
and no serious complaints can yet be lodged against it.

The shape and construction of the magnet can be seen in
Figure 2.
The air gap of the magnet can be varied from practically
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Fig. 1. Magnetic Susceptibility Apparatus, Front View.
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Fig. 2. Magnetic Susceptibility Apparatus, Rear View,
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zero up to & maximum of about 4 inches, depending on the
particular pole faces employed, The maximum fleld lintensi-
ties available, under the limitations of the power supply,
range from more then 16 kilogausses at gaps of less then
0.5 inch down to about I kilogsusses at the widest gap
widths. The pole faces &re easily interchangeable, since
they screw into threaded sockets in the ends of the coil
cores. For the work being reported here, the air gap was
set at 1 iﬁah and pole faces in the shape of truncated cones
were used, the outer flat surfaces being 2 inches in diameter.
Using these pole tips, the fleld was apparently homogeneous
over an area somewhat more then an inch in diameter. This
of course meant that the positioning of the sample tube diad
not need to be extremely precise.

The distance from the centers of the pole tips down to
the top of the yoke 1s 9 inches. This 1s ample room for
most sample tubes and tempserature controlling devices, for
when the field intensity between the pole 1s at & maximum,
the field strength decreases radially until it is negligible
at a distance of about 7 inches from the pole face centers.
4 leeway of a&bout 2 Inches is thus allowed for the ends of
the sample tubes and the bottom end of the temperature con-
trol apparatus.

No provisions have been made for cooling the windings

and cores of the electromagnet, contrary to the ususl
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practice with instruments of this type. The temperature

of the end plates on the colls does not undergo &ny detec-
table change when the maximum current of 10 amperes is

drawn for periods of 20 minutes or so, however, so appar-
ently no cooling is ordinarily needed. For experiments
carried out over very long periods at high currents, or for
currents in excess of the rated capacity of the power supply,
1t 1s possible that the temperature rise in the windings
might be excesslve and cooling would then have to be
provided.

The D.C. power supply for the electromagnet,
Consolidated Engineering Corporation Type 3-121A, 1s more
or less conventional. A varisable suto-transformer (the
coarse voltage control), fed from the 110 volt A.C. line,
leads to an isolation transformer, which in turn feeds &
selenium rectifier bridge circult. This effects full wave
rectification and furnishes the D.C. output. A covered
reversing switch is located in the output circuit; the
cover is interlocked with the primary A.C. circuit in such
fashion that when it is removed, as i1s necessary in order
to throw the reversing switeh, the A.C. power to the whole
unit is cut off. This feature 18 & precaution against the
pessibility that an attempt might be made to reverse the
direction of current flow while the magnet is still energized.

The rated capacity of the power supply is 10 smperes at
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72 wvolts D.C. When currents of 5 amperes or less were
drawn from the power supply, the output seemed to be quite
stable, When currents approaching the limit of 10 amperes
were used for more than & few minutes, however, several of
the components of the power supply seemed unable to dissi-
pate heat fast enough, and the stabllity of the output
current deterioreted. A small fan, placed beneath the chas-
sis and blowing air upward past these components, improved
the stabllity somewhat, especially at the higher loads. A
further ald to the stability of the output of the power
supply was rendered by &n electronlc A.C. line voltage
regulator, & Superior Electric Company Type I£5105, placed
between the A.C. power source &nd the D.C. power supply.

The original circult of the power supply was altered
in several minor ways in order to make its use more con-
venient and reliable, First of all, an indiecator circuit
using two panel lamps was added. This circuit has the
funoction of indicating the position of the reversing switch,
so that the operator may be consistent on this point.
Secondly, one slide of the D.C, output circult was brought to
a set of terminals on the front panel. An external ammeter,
used for measuring reversing and saturation currents, and
the shunt for the potentiometer were connected in serles
scross these terminals, The total magnet current thus

flowed through each of these components,
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A third change in the power supply circuit involved
the addition of 2 large (500 ufd, each) capacitors,
connected across the D.C. output voltage line Iimmediately
following the rectifier bridge. The addition of the
capacitors was occasioned by the discovery that the magnetic
field present at the poles of the electromagnet included
an alternating component whose magnitude was nearly 1 per
cent of the total fleld. Since the frequency involved
here was presumably 120 cycles per second, 1t was unlikely
that this component could cause any trouble wlth the present
form of the apparatus, but the capaclitors were added &s a
precaution against that possiblllity. The magnitude of the
alternating component of the field was reduced to less than
0.2 per cent of the total by the filtering action of the
capacitors. The electrical circuilt for the electromagnet
and power supply, including the revisions just mentioned, 1is
pregsented in Figure 3.

It was found that a residual field of some 130 gausses
remained in the space between the pole faces after a coll
current of 10 amperes had been used. With some highly para-
magnetic materials, this residual fleld could of course
lead to an inccrrect'value of the initliel welght, so 1t
therefore had to be done away with, if possible. A current
of approximately 0.75 amperes in the reverse direction was

found, when shut off, to leave a residual field of less than
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5 gausses, A reversed current of this magnltude was conse-~
quently used at the end of each set of me&surements made
since the time of the discovery of its effect.

The electromagnet was mounted on the lower level of a
sturdy angle iron table assembly, as seen in Figures 1 and 2.
Although this table was bullt in such & way that the appara-
tus could have been rather easily moved, this quality was
decreased somewhat by the fact that it became necessary to
mount the table itselfl on devices which reduce the trans-
mission of buillding vibrations to the appearatus, and which

thus protect the knife edges of the balance to some extent.

2. Balance and semple suspension

A modified semimicro balance of the keyboard type, the
Ainsworth Type TCX, was used a&s the force-measuring device
of the susceptibility apparatus, Special features which
fit the balance for this work &nd which are not standard on
the TCX include double magnetic dempers, & hook on the
bottom of the left pan, 8 hole through the floor and lower
case of the balance beneath the left pan, and & special pan
rest under the left pan, shaped so as not to interfere with
the hook. The capacity of this balance (100 grams on e&ch
pan) 1s large enough that relatively large sample tubes
could be used, and the sensitivity (about 0.10 milligram per
division, damped) is sufficient that changes in weight of



the order of & few milligrams could be me&sured as
accurately &8s could the other wvariables concerned.

The sample tube suspension system began with & hook,
which, during & set of measurements, was suspended from the
left pan of balance. This plece of the suspension was made
of silver wire. It extended some 10 inches down through the
table top into the draft shleld, where it terminated in a
small aluminum pulley. A thin silver chain, looped around
the pulley and hooked into 1ltself, reached from the pulley
down into the central chamber of the constant temperature
jecket, The sample tube itselfl hung from another hook, also
of silver, at the lower end of the che&in, The links of the
chain were 1/16 inch long, which meant thet the vertical
position of the sample tube could be adjusted by increments
of half thils distance.

The sample tubes used were approximately 16 inches long
and were prepaéred from Fischer and Porter Company precision
Pyrex tubing. BEach tube had a partition at its center, and
was fltted withf§'7/15 outer joints at each end. C(Care wes
taken in the preparation of these tubes to affix the end
joints at such distances from the partitlion that the precise
Internal diameter of the tubes would remain undilstorted for
a distance of at least 7 inches from the partition; & length
of 7 inches had been determiﬁed to be sufficlent for the

aclumn to reach to negligible fleld Intensities. The lower
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half of each tube was filled with dry air, stoppered &nd
sealed with Pyseal.

A platinum wire collar with two loops or "ears" exten-
ding upwards was fastened in plece around the neck of the
§ joint at the upper end of each tube, using either Pyseal
or Sauereisen cement, A platinum wire stirrup was hooked
into the "eara" of the collar, and & loop at the center of
the stirrup fitted onto the hook at the lower end of the
silver chaln mentioned above. After these wire fittings
were permanently attached, the tube was hung from the loop
in the stirrup 8&nd the fittings adjusted so that the tube

hung in as vertical & positlon &s possible.

3. Current measurement

It became apparent falrly early in the setting up of
the apparatus that 1t would be & much easisr process to
measure the c¢oll current to the required accuracy rather
than to try to set the current to & definite value with
comparative accurecy. Accordingly, no attempt has since
been made to reproduce a measurement by adjusting the
current. What was done, instead, was to set the coarse
voltage control at points which would yleld currents in the
desired ranges; these currents were then measured by a
shunt-potentiometer system to an accuracy of 0.1 per cent

or bstter.
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A current shunt of 0,01 ohm resistance and 15 ampere
capacity was connected into the D.C. current line as
deseribed above in connection with the power supply. The
voltage available at the "Potential" terminals of the
shunt was measured by means of a Leeds and Northrup Type
K-2 potentiometer. Since no attempt was being made here to
obtain the absolute value of the current, the resistance of
the shunt was taken as exsctly 0.01 ohm and the reading on
the potentiometer gave the current directly. A Leeds and
Northrup Type 2430-C galvanometer was used with the
potentiometer as the balance-indicating device. The short
period (2.5 seconds) of this galvanometer proved to be &n
8id in the smooth operation of the whole apparatus. It
permitted exceptionally rapld balancing of the potentio-
meter, which helped in that time was thus left free to
attend to the operation of the semimicro balance.

In order to make the current measurements more Indepen-
dent of room temperature , the lower part of the case of the
current shunt was wrapped in @luminum foll and then placed
inside a few turns of coppser tubing, colled to fit the case.
Water from the constent temperature bath, which was main-
tained at 20° C., was pessed through the tubing. The heat
transfer here wes probably not very efficlent, but the cur-
rent measurements did seem to be more consistent and lnde-

pendent of the room temperature.
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For less precise measurements of the coll current, as
for exemple in the setting of the reverse and saturation
currents, & Weston Model 901 D.C. ammeter was used. This
meter, with its 5.5 inch scale, could be convenlently used
to estimete currents to within ebout 0.02 ampere, although
the values obtalned were subjeet to slight fluctuationa

wlith room temperature.

. Temperature control

Since the Gouy method of mesassuring magnetic suscepti-
bilities can be applied over a very wlde range of tempera-
tures, provided that these temperatures can be accurately
controlled, an arrangement of apparatus whlch utilizes the
Gouy method to best advantage must &lso provide flexibility
of temperature control. In its present form the apparatus
being discussed here cé&n be used only &t temperatures which
vary not too widely from room temperature. An attempt wes
made , however, to design and mount the components of the
present temperature control system in & way that will
permit relatively easy substitutlon of equipment designed
for maintaining higher and lower temperatures.

The system used involved the pumping of water from a
constant temperature water bath, & Precislon Sclentifie
Company No. 6548, through a glass jacket surrounding the

chamber in which the sample tube hung. The system as a whole
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cen be seen in Figure 2, and the jacketed sample chamber is
presented in Figure 4. The bath was set at 20,1 + 0.05° C.
for the present work, and the temperature of the central
chamber inside the jacket varied no more then 0.1° from this
point. The pumping of the water from the bath through the
jacket apparently did not interfere wlth the magnetic
measurements, and consequently wuavdone continuously.

A Lucite plate was attached to the top of the jacketed
chamber, 8s seen in Figure 4. A similar plete was‘placed
at the bottom of a Luclte draft shield assembly which
extended from the glass water jacket up to the lower surface
of the top of the table. The two plates were held together
by three adjustable bolis which were the sole support of the
water jacket and were &lso the me&ns by which the vertical
and horizontal adjustment of the position of this unit were
madé. The jacketed a#mpla chamber could thus be removed
very easily to make way for other means of temperature
control. The plate on the bottom of the draft shield could
serve as a point of attachment for sultably shaped Dewar
flasks, for low temperature work. |

The draft shield assembly was supported, in turn, by
brass rods which were bolted to the frame of the table. The
upper tubular portion of the draft shleld was split and
hinged, and thus formed the opening in which the measuring
tubes could bs inserted and hung from the chain in the

sample chamber,



BIEe

Fige. L. Jacketed Chamber for
Susceptibility Tubes.
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It may be seen from Figure L that, at the bottom of the
central tube in the water jacket unit, there is a small side
tube leading through the jacket. This entrance into the
sample chamber was useful for admitting cooled air for the
purpose of bringing the sample tube to thermal equilibrium
more Quickly, for admitting an inert gas, if such an
atmosphere was desired, and for draining such liqulds as were

used to rinse down the walls of the sample chamber,

C. Calibration

In the measurement of magnetic suaceptibilities, as in
the determinat;on of any physical property, the value of
the results 1s largely determined by the saccuracy with which
the measuring apparatus can be calibrated. Relative or
comparison measurements of magnetic properties can often be
made quilte precisely, but the difficulties encountered in
making absolute determinations limit the accuracy with which
these properties may be known. Ths apparatus being dealt
with in this discussion was used for comparison measurementa
only, and its calibration was therefore of the utmost
importance., Both the standards used and the method of

calibration employed should be considered,
1. Standards

Some care should be exercised in choosing & standard for
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the calibration of a Gouy type susceptibllity apparatus.
The numerical value of the volume susceptibility of the
standard should be greater than that of any other solution
or solid that is to be subjected to measurement, in order
that & column which extends to negligible field strengths
in the case of the standard shall also extend to negligible
field strengths in the case of the unknown., A standerd
which met this requirement for the present work and was, in
addition, readlly obtained and easily prepared, was &
solutlon of nickel chloride of a concentration in the
neighborhood of 30 per cent by welght. Selwood (42, p. 29)
reports the grem susceptibility at 20° C. for a solution in

this concentration range as being given by the relation:

X = [Wp - 0.720 (1 - p)] x 107, (6)

where p 1s the welght fraction of nickel chloride present,

Several other calibrating agents, whose susceptibili-
ties lie in ranges removed from that of the nlckel chloride
solutions and are therefore suitable for Investigations of
a slightly different nature, are also suggested by Selwood.
A standard often used for work with gases ls oxygen, whose
volume susceptibility he gives as (0.1434 + 0.0004) x 10~6
at 20° ¢, and 760 mm. The magnetic susceptibility of water
has been investlgated many times, and thls substance 1is

usually employed when & calibrating agent of relatively low
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6 at 20° C.) is needed.

susceptibility ( X = -0.720 x 10~
The water must be free of dlssolved air, because of the
paramagnetlc oxygen present in air, For work with materlals
of extremely high susceptibllities, Selwood suggests the

use of Mohr's salt, hydrated ferrous ammonium sulfate,

whose molar susceptibility is 9500 x 10'6/(T + 1), where

T is the absolute temperature.

The standard nlckel chloride solution was prepared from
special reagent grade material (J. T. Baker Chemical Company,
Phillipsburg, New Jersey) with a very low cobalt content,
The hexahydrated salt was not recrystallized before use,
this belng deemed unnecessary. The solution was made up by
dissolving 1489 grams of the salt in water, filtering, and
diluting to 2 liters. It was stored in a Pyrex bottle
bearing an all-glass slphon system,

Standerdization of the solution was done electrolyti-
cally, in the usual manner (41) except that 10 grams of
ammonium chloride were added to each sample taken for
analysis, in lieu of the ammonium sulfate that accumulates
in the ordinary analytical procedure for nickel in its
alloys. The semples taken for the analyses were weighed
out with & welght burette, and the necessary buoyancy cor-
rections were made, The solution residues left after the
electrolyses were tested for nickel with a saturated solu-

tion of 1,2-cyclohexanedionedioxime at a pH of l; those
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showing more than & negligible amount of the red compound
were dlscarded.

As & result of these analyses, the standard solution
was found to contain 29,98 per cent nickel chloride by
weight. Using this figure in equation (6é) led to a value of

X = 9,751 x 10‘6 ceg+8.u./g. for the mass susceptibility
of the solution. The density of the solution was measured
with a Westphal balance (L. W. Hohwald Company, Jersey City,
New Jersey) and checked by use of a specific gravity bottle;
it was detvermined to be 1.345 g./ml. The product of the
mass susceptibllity and the density 1s equal to the volume
susceptibility; the value of k = 13.115 x 10~8 CegeBou./ml.
was thus obtalned for the latter quantity.

2. Method of celibration

The best and most direet method of callibration of a
susceptibllity-measuring apparatus using the Gouy technique
would be to determine the changes in weight of a sample
tube, filled with the standard, for various values of the
square of the magnetic fileld intensity in the air gap of
the electromagnet. The changes in weight so produced would
have to be corrected for the changes in weight undergone by
the empty tube at the same flelds, of course. However, the
direct measurement and control of the magnetic field is not
so easlly done, to the desired precision, as 1s the measure-

ment and control of the current through the coils of the
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electromagnet, If some &ttention is pald to the hysteresils
of the core, and 1f the colls are cooled or run at low
enough power that they remain cool, the current can often
be taken as proportional to the field. The procesa of
finding changes in weight of the standard-filled sample tube
for various values of the current is sufficlent for call-
bration, in this case, and this is the practice that was
followed here.

In the case of a system of apparatus in which the cur-
rent can readlly be reproduced to 0.1 per cent or so, the
process of calibration is relatively simple. The values of
the welght changes of the standard-filled sample tube can
be determined for the several desired currents and the
process 1s complete., For the system under consideration
here, however, in which the power supply was not stable
enough thet the current could accurately be reproduced and
in which therefore the current we&s mes&sured rather than set,
calibration was more complex. Since the current drawn when
a measurement of an unknown wés belng made very rarely
duplicated the current used for any of the calibration
points, what was needed here was a continuous plot of the
change in welght for the standard egainst the current. In
this manner the change in weight for the sample tube filled
with the standard solution could be found for any and all

values of the current.
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This scheme was indeed used for the calibration of
sample tubes in the first part of this work. Some 40 or
. more observations of the ohange’in.weight for the standard
solution, at various values of the current over the whole
range of 0-10 amperes, were taken for each tube; a large
plot of AW vs. I was then made. This served as the
ecalibration curve for that tube.

This process was very cumbersome, time-consuming and
somewhat lacking in precision. Its unwieldiness is shown
by the fact that if & typical calibration curve had been
plotted on & single plece of cross-section paper on a scale
commensurate with the accuracy of the individual observa-
tions, that plece of paper would have measured some 7 by 10
feet. Thls type of plot was also unsatisfactory in that
even though more than }0 observations were used in its
preparation, the individual polints were stlll so widely
spaced that it was difficult to draw a smooth curve through
them,

It became apparent, after several tubes had been cali-
brated in this manner, that the shape of the curve was
nearly the same in e&ch case, though the magnitude of the
AW values varied somewhat from tube to tube. Point to point
comparison of the curves for two tubes of grossly different
diameters revealed the fact that, while the helghts of the

two elongated S-shaped curves were different, the ratio of
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AW values from one curve to those from the other, for the
same currents, was constent. It appeared that the calibra-~
tlon curve for one tube could be used for the other 1f thils
ratio were once accurately determined &nd used &s &
calibration factor.

Consideration of equation (2), reproduced here for

convenlence,

2
gﬁw = %Aﬁl(k}_ - ka), (2)

shows that the facts mentioned in the preceding paragraph
should indeed be true. For a gilven solution in the tube,
which fixes the value of the term in parenthesls, the shape
of the curve should be determined by the mammer in which Hi
varies with the current through the colls of the magnet, if
~the cross-sectional area of the tube is constant throughout
its length, The dlascovery of the constant ratio mentioned
above indicates that the cross-sectional areas of the two
tubes were constant within experimental error. It is
unlikely that 1f variations in these areas had been present,
such variations would have been the same for both tubes.

The callbration system used for the major portion of
this work took advantage of the situsation discussed above.
Some 61 observations of the change in weight of one of the
sample tubes fllled with the standard solution, at various

values of the current, were obtained to be used as the basis
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for the "master" calibration curve. These data were plotted
on very large cross-sectlon paper. It would have been
desirable to smooth out the curve by fltting the data to some
relatively simple mathematical relation, but inspection of
the plot made 1t apparent that the equatlon for the curve
would not be simple nor easily found. In lieu of this
procedure, the plot was split into } sections, the division
being based on the appearance of the curve and made in such
a way that each section so produced would be as symmetrical
as possible. Each section, with the exceptlion of the first,
was then fltted to & quadratic equation by the method of
least sqQuares. As the last step in the process, the equa-
tions were then used to calculate AW values for currents
over the whole range of 0-1l0 amperes, in 0.01 ampere steps.
These values were arranged in tabular form, to be used as
the master calibration table,

The first section of the curve could not be accurately
fitted to a quadratic or other simple expression. Since 1t
was relatively smoother than the other sections anyway, the
values from this portion of the curve were simply resd off
the plot and inserted in the table without further treatment.

Once the master calibration table had been prepared,
calibration of sample tubes was reduced to a very simple
process., BEach tube was filled with the standard nickel

chloride solution., The changes In weight, measured to the
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nearest 0,05 mg., for the tube so fllled were determined at
some half-doZen different currents, measured to the nearest
0.001 ampere. The master table was then entered to obtain
the AW's listed there for the same currents. The average
ratio of the experimental to the tabular values of AW was
taken as the calibration factor for that particular tube,.

When & tube was used for the me8surement of the sus-
ceptiblility of some unknown materisl, the raw data consisted
of a number of AW values and the corresponding currents at
which they were obtalned, BSince the basis of the method lay
in & comparison with a standard, the AW values for the tube
filled with the standard solution,‘at the same currents,
were needed, These were obtained by entering the master
calibration table, noting the values listed therein for the
specified currents, and multiplying the tabular AW values by
the calibration factor for the tube used.

The system of tube calibration using the master table
was found to be very much more satisfactory thean the origl-
nal method, especlally when the factors of time savings,
accuracy and convenience are considered. An additional
consideration favoring this system 1s the fact that the use
of the table will still be valid when 1t becomes necessary
or desirable to use & different magnetic standard, provided
that the volume susceptlibllity of the new standard is no
greater than that of the nickel chloride solution used in
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setting up the table. The calibration factors for the sample
tubes would be determined in exactly the same fashlon &as
described above; the tubes belng fllled with the new standard,
of course., The only other alteratlon necessary in the

whole procedure of calibration and measurement would be that
the volume susceptibllity of the new standard would be used
in equation (2), in the calculation of the susceptibility

of the sample material.

D. Method of Operation of the Apparatus

The successful operation of the magnetic susceptibility
apparatus requires patient, careful attentlon to a host of
details. HResults can be obtained which are preclse to
better then 1 part per 1000, but the preclsion deteriorates
rapldly as the haste of the operator increases.

Several steps in the operating procedure &re carried out
prior to the actual taking of data in order to insure smooth
operation., The constant temperature bath and circulating
pump, which are ordinarily left running continuously, are
checked occasionally to see that the sample chamber 1is being
maintained at 20° C. The storage battery supplying current
to the potentiometer 1ls connected at lesst 2 hours before
the measurements, in order that 1ts voltage may be sensibly
constant. The sample tube should be fllled, wiped off with

acetone or methanol, and placed in the sample chamber a
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minimum of 1.5 hours before the taking of any data, so that
its welight will not be changing too rapldly. At the time
the tube 1s placed in the chamber, the suspension should be
hung from the pan of the balance for & few minutes while

the position of the tube is adjusted; the partition at the
center of the tube must match the centers of the pole faces.
A few minutes before the measurement is to begin, the
balance lamp, the galvanometer lamp, the line voltage regu-
lator and the small fan beneath the power supply are all
turned on.

The sequence of opsrationa during the measurements can
probably be best understood by following numbered steps in
the procedure, as would be given on &n instruction sheet.
Explanatory comments on some of the steps wlll be found

immediately following the procedure.

1. Check balance action for irregularities.

2. Engage hook on suspension with hook under left
pan; make sure tube is freely suspended.

3. VWelgh tube a&and suspension to 0.01 mg.; note
time when welighling 1s completed.

li» Throw main power supply switch on; using "Coarse
Voltage" control, run current up to 10.0 amps.;
throw meln power supply switch off.

5. Repeat step li, allowing current to remain at
10.0 smps. for 20 to 30 seconds this time.

6. While waiting for 20 to 30 second period in
step 5, standardize potentiometer against
standard cell.
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8.

9.
10,

1l1.

12.

13.

1h.

15.

The
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Set "Coarse Voltage" control at point to give
current of desired magnitude; throw main power
supply switeh on.

Reweigh sample tube, measuring current with
potentiometer 8t same time; note time when both
measurements are complete,

Increase current to 10.0 amps.; throw main power
supply switch off.

Repeat steps 7~9 for each additional AW vs, I
value wanted,

Meke sure main power aupgly switch 1s off;
decrease "Coarse Voltage™ control to O; throw
reversing switch,

Throw main power supply switch on; lncrease
current to 0.75 amp. using "Coarse Voltage" con-
trol; when this current is reached, throw main
power supply switch off,

Throw reversing switch to originsl position.

Reweigh sample tube; note time when weighlng is
complete.

Disengage sasmple suspension from balance; unlosd

balance; turn off all powered components except
the thermostat and circulating pump.

initial and finel weights of the sample tube willl

rarely be identleal, They will often differ by 0.02 or

0,03 mg.

, &nd may infrequently differ by 0.10 mg. or more.

The weighing operations are all timed so that the zero-field

welght of the tube at the time of & measurement may be

found by interpolation between the initial and final weights.

The

AW values for strongly paramégnetic samples are

usually large enough that the sample tube weights in thess

cagses need be obtalned only to the nearest 0,05 mg., while
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the currents corresponding to these weights should be
measured to 0.001 ampere, if possible. For diamagnetic
samplses, on the other hand, the reverse of this situation
holds: the currents need be accurate only to about 0,005
amperse, while the sample tube welights should be measured
down to the nearest 0,01 mg. The changes in weight are

small for diamagnetic samples, so that the welight estimatlions
are the factors which limit precision &and accuracy here,

The setting of the current at its maximum value in
steps l4 and 5 1s done to avoid uncertainties in the magnetic
field due to the hysteresls of the cores. While 10,0 amperes
1s not sufflclent to saturate the cores, it is apparently
enough that the méagnet operates on the upper portion of the
hysteresis loop after this current 1s dreawn, and the current
can more accurately be taken to be representative of the
field produced. The setting of the current at 10.0 amperes
after & measurement at & lower current is likewise a precau-
tion taken to keep the magnet operating on the same portion
of the hysteresis loop.

The reverse current of 0.75 smpere has been discussed
previously; its function 18 to remove the residual fleld
between the pole faces so that the final and initial welights
of the sample tube wlll be true zero-fleld weights,
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E. Treatment of Data

The raw data obtained by operating the apparatus as
deserlbed above consists of the initial and final weights of
the ssmple tube, the welights of the sample tube at various
currents through the magnet, the values of those currents,
and the times at which the data were obtained, Additional
information needed to convert these datea into the volume
susceptiblility of the material belng investlgated include
the callbration factor for the tube, the master calibration
table, and the volume susceptibllity of the standard solution.

The recorded times of the initlal and final gzero-field
welghts of the filled sample tube allow the estimation of
its weight at any intermedlate time, by interpolation.
Zero-field weights of the tube &t the times of the observa-
tions made with the magnet energized are obtained in this
way. The differences between these interpolated zero-field
welghts and the actual weights in the presence of the
various magnitudes of the magnetic fleld are then secured by
subtraction, respecting the sign of the change; these are
the true AW values for the unknown.

The uncorrected AW values for the standard solution,
corresponding to the AW's for the unknown, &re next obtained
from the master callbration table, using the recorded experi-

mental values of the current. These standsard values are
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corrected for the particular tube used by multiplication by
the calibration factor for that tube.

Equation (2) of course holds true in the case where the
tube 1s filled with the unknown material as well as in the
case where 1t is filled with the standard solution. If it
1s set up for these two cases and then the first equation
divided by the second, the square of the fleld intensity,
the cross-sectional area of the tube, the acceleration of
gravity and the numerical coefficlient will all cancel, and

the result wlll be:

= LJ
AW -k,

” (7)

8 8

Here wa is the experimental value of the change in weight
for the unknown, Awa is the corrected change in weight for

the standard solution, and k., k,, and k, &re the volume

g ?
susceptibllities of the unknown, the standard solution and
alr, respectively, Since all of the factors here are known
except the volume susceptlibllity of the material being
investigated, kx, the equation can be solved for this
quantity.

Strictly speaking, the quantity kx obtained in this
fagshion 1is the volume susceptibility of the column of mate-

rial subjected to measurement. If the material 1s a liquid,

- the tube 1s of course filled completely and the quantity kx



is actually the volume susceptibllity of that ligquid. The
gram susceptlibllity of the liquid can be found by dividing
the volume susceptibility by the density, which must be
determined Independently.

If the;ﬁaterial under investigation 1s a powdered solid,
however, k, cannot be considered to be the volume suscepti-
bility of the unknown, Here 1t 1s strilctly the volume sus-
ceptibllity of the p&ukéd column, and rust be corrscted for
the air also contained in the column with the solid. If the
density of the solid, the volume of the tube and the weight
of the solid 4in the tube are known, these factors can be
used with she volume susceptiblility of air to calculate
first the fractlion of the tube volume occupled by the solid
and thgn the volume susceptibility of the powdered material
{tself. Once this 1s known, converslon to the mass sus-
cepﬁibility may be done by dividing the density, as before.

In the pase that the unknown material is & powdered
golid which is evidently quite highly paramagnetic, judging
from the m&g@itud@ of the AW values, the corrsction for the
air in the yacked column becomes negligible, Although ki is
still onkwthﬁ volume susceptibility of the packed column,

a very agﬁafactary approximation to the gram susceptibllity
of the ®1lid can be obtained by dividing k, by the "bed"
densi¥ ©f the column, "bed" density being equel to the
weigt of the solid contained in the sample tube divided by
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the volume of the tube, The process of findlng the
susceptibility of the material is somewhat simpler, in this
case, since an independent measurement of the density 1is

unnecessary.
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III. PART TWO: MAGNETIC STUDIES ON THE
CRYSTALLINE COMPLEXES OF
NICKEL(II) WITH SOME VIC~-DIOXIMES

Studies of the behavior of similar substances when they
are present in solutions are almost certain to provide more
information about the comparative stabilitles and reactivi-
ties of those substances than will investigations of the
isolated pure materlals. At the same time, the basic
information derived from the latter type of study 1s needed
in order to decide whether or not the substances &re lndeed
similar enough that the solution studles wlill have any
meaning.

Both types of investigation have been carried out here.
They are very closely allled, but the techniques of measure-
ment are sufficiently dissimilar that it has been judged
advisable to consider them separately. The review of litera-
ture pertinent to the magnetic study of solutions of
nickel(II) complexes with the vic-dloximes is presented in

Part Three.

A, Review of the Literature

The nickel(II) lon possesses 26 electrons, 8 of which
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must somehow be distributed among the available orbitals in
the 34 shell. In the normal ion, all 5 of these orbitals
are available, with the result that 3 become occupled by a
-pair of electrons each, while the remaining 2 orbitals
contain & single unpaired electron in each case, The latter
two unpaired slectrons glve the lon a permanent magnetic
moment, According to the relation presented previously,
this moment will have the value of,J;I;—;_ET Bohr magnetons,
where n is the mumber of unpsired electrons, if the "spin
only" formula can be followed, This leads to & value of
Boppr, = 2.83 Bohr magnetons., Measured values of this

moment for the simple nickel(II) ion range from 3.0 to 3.4
‘Bohr magnetons (29), however, indicating that a sizeable
orbital component is present.

The electronlc and spatial configurations that become
possible when nickel(II) is tied up in some of its complex
compounds 8&re very thoroughly presented by Pauling (30,
pp. 81-123), using the well-known hybrid bond orbital theory.
It is sufficlent here to mention them only briefly.

One of the possibilities that arises is thaet four bonds
may be formed between the nlckel atom and the attached
groups which &re elther ionic or utilize the ls and the
three lLp orbitals in wesk covalent bonds. These bonds have
- been consldered to be directed toward the corners of a regular

tetrahedron. The 8 electrons in the 3d shell are undisturbed



and there are yet 2 unpaired electrons in this type of
complex. The orbital contribution to the masgnetic moment
appears to be more completely quenched, however, and the
values for pepe, renge from 2.6 to 3.2 (42, p. 176).
Examples of compounds which exhibit the tetrahedral con-
figuration include the nickel(II) complex with acetylace-
tone (%) and tetra&mminanickei(ll) sulfate (39).

The second type of bonding encountered in nickel
complexes 1s that in which I} covalent bonda are formed that
utilize one 34, the 4s and 2 of the three l4p orbitals. The
bonds are directed to the corners of a square and the four
coordinating atoms 8s well as the metal satom lle in a common
plane, Since the fifth 3d orbital is used for bond formae
tion, this means that the 8 electrons originally present in
the 34 shell must now distribute themselves among the i
remaining orbitals, with the result that they all become
paired. Compounds involving bonding of this type should
therefore be diamagnetic. Two of the many representatives
of this group are the nickel(II) complexes with o-aminophenol
and salicylaldoxime (26).

A third configuration which may occur is that in which
6 bonds directed to the corners of & regular octehedron are
formed, The bonds are probably ionie in nature, for
nickel(II) complexes which show this coordination number are

in general paramagnetic, with 2 unpaired electrons indicated.
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The electronic configuration of the octahedral state for
nickel(II) has not been discussed very thoroughly in the
literature, although Emeléus and Anderson suggest that 2
electrons are promoted to the 5s level (11, p. 177). The
foremost examples of thls group of compounds are the
hexaamminenickel(II) halogenides, some of which have been
demonstrated to be octahedral by Wyckoff (55).

The inner complex compounds of divalent nickel with the
vig-dioximes fall into the second group of coordination
compounds mentlioned above. Much of the evidence for their
square, coplanar structure has been very ably reviewed by
Diehl (10}. Recent X-ray work by Godycki and co-workers on
the structure of 1,2-bis(2,3-butanedionsdioxime-N,N')nickel(II)
(18), as well as the infrared study by Voter, et al. (51) on
this compound and several similsr to it, have indicated that
this configuration in the neighborhood of the nickel atom is
symmetrical even to the positions of the hydrogens in the
hydrogen bonds. The structural formula below, the gross
features of which were first suggested by Pfeiffer (31,32),
represents the configuraiion now commonly &ccepted for the
1,2-bis(vic-dioximo-N,N')nickel(II) compounds. It is to be
noted that the bonds from the nitrogens to the nickel atom

must be regarded as belng all equivalent; a similar situation



holds for the bonds between the nitrogens and the oxygens.

Pauling's theory for the li-coordinate square com-
plexes of nickel includes the prediction that they be
diamagnetic. The several investigatlions into the magnetlc
character of the vic-dloxime complexes of nickel(II) over
the past 2 decades have borne out the accuracy of this
prediction, with no exceptions. Thus, Klemm, Jacobl and
Tilk (23) reported in 1931 that they had found
1,2-bis(2,3-butanedionedioxime~N,N! Jnickel(II) to be dia-
magnetic, with X = -0,53 x 10”6. In the same year, Cambi
and Szegd (5) published the results of their researches on
& number of nlckel complexes; thelr value for the gram
susceptibility of the same compound wes ~0,335 x 1076, They
included 1,2-bis(a-benzildioximo-N,N')nickel(II) in their
survey, and reported this compound to be diamagnetic also,
with X =-0.476 x 107°,

Sugden (45) and Cavell and Sugden (6) carried out an
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extensive series of studles with the primary aim of inves-
tigating the cig-trans lsomerism of nickel complexes with
unsymmetrical vig-dioximes. They were successful in
isolating 2 forms e&ch of 1,2-bis(l-phenyl-2,3-buté&nedione-
dioximnngg')niakeltiz), 1,2-big{2,3~hexanedionedioximo~
§,§})niekel(xl),tand 1,2~bis(2,3-heptanedionedioximo~
ﬂggf)niekelfil), smong others. The higher-melting forms of
esch pair were assigned the irans configuration on the basis
of electric dipéla meagurements. All of ths lsomers which
they subjected to megnetic susceptibility measurement were
found to be diamagnetic.

The nickel(II) complex of o-naphthoguinonedioxime wes
reported by Mellor and Craig (26) to be dismagnetic. It was
pointed out by Voter (48) that this result violates Feigl's
statement (13) that aroma&tic rings destroy the specific
activity of the vig-dioxime grouping and that the oxime
groups would, in this case, behave merely a&s acids. Since
the empirical formule which Mellor and Craig reported for
thelr product corresponds to the normal yiec-dioxime complex
and not to the salt of & dibaslc s&c¢id, Votar‘auggaatod that
a reappraisal of the situation would be 1n order.

The light orange compound resulting from the reaction
of niekel(II) with 1,2-diaminoethanedionedioxime in
smmoniacal solution was prepared in 1941 by Chatterjee (7)
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and found to be dlamagnetic, X = ~0,393 x 10-6. The same
two reactants, however, when added in slightly acld solution
gave blue crystals which were paramagnetic. Chatterjee
found the empirical formula Ni(CpHgN02)012°6H0 for the
latter compound, whlch of course does not conform to that
expected for the normal vie-dioxime complexes,

In & study desligned to compare the susceptibilities of
nickel complexes in the solid state with those of the same
complexes in solutlion, Willis and Mellor (54) im 1947
prepared 1,2-bis(l,2-propanedionedioximo-N,N')nickel(II).
They found the compound to be diamagnetic in the so0lid state,
but parsmagnetlic when dissolved in pyridine. This study has
& speclal bearing on Part Three of this discussion and will
be treated in more detail there,

In view of the results of the investigations just
clted, 1t would be logical to assume that all normal inner
complex compounds of nickel(II) lons with the vic-dioximes
would be diemagnetic, at least in the solid state, If the
elemental analysis of a new compound showed 1t to conform to
the normal 2:1 ratlo of organic reagent to nickel, if other
physicalvcharacteristics were similar to those of compounds
which had been demonstrated to be diamagnetic, and 1f the
parent orgénic reagent had unmistakably been & vio-dloxime,
then such &n assumption would probably be sound. The

investigator who desired to do further work with the compound,
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based on thls assumption, could proceed with & falr amount
of confidence.,

There 1s always the cha&nce, however, that things may not
be quite what they seem, Willis &nd Mellor, in reporting on
their work with solutions of nickel complexes (5l), suggested
that the energy differences between the planar and tetrahedral
states may be quite small, In the light of this suggestion,
the small but real differences in the physlcal charaocteris-
tics and chemical resctivities of the several
bis(vic-dioximo~N,N')nlckel(II) complexes that were dealt
with in these reseérches would indeed be reason enough for
investigating thelr magnetic nature. The facts that the
values for their susceptibilities were also needed for
subsequent work and that published values for one of the
compounds were somewhat dlscordant served to broaden the
Justification for the work, if such justificatlon was

needed,

B. Materisls

Where not otherwise specifled, reagent-grade chemicals
were employed. The nickel chloride used for the preparatlion
of the compounds wes the same (J. T. Baker, low cobalt) as
that used in the preparation of the magnetlc standard

solution. Demineralized water was used throughout for making
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up solutions, washing, etc., in an effort to keep the mate-
rials free from traces of iron.

1,2-Bis(2,3-butanedionedioximo-N,N')nickel(II).
2,3-Butanedionedioxime (dimethylglyoxime) obtained from the
Matheson Company was uased to prepare this compound in a
straightforward scale-up (0.15 g. to 20 g.) from the
standard enalytical procedure (10, p. 30). The dried pre-
cipltated material was recrystallized from o-dichlorobenzense.

1,2-Bis(a-benzildioximo~N,N'}nickel(II). The insolu-
bllity of the reagent, a-benzlldioxime, in water and the
usual solvents precluded the possibllity of obtaining this
compound in any sizeable quantity by the usual analytiesl
procedure. The following scheme was used to prepare 20 g.
of the material in a msnner which avolded the excessive
volumes of solutions which otherwise would have been
necessary.

A dropping funnel, a Soxhlet extractor and an electric
heating mantle were fltted to a 5 1. 3-neck flask. A
solution containing 16.0 g. of 30 per cent agqueous nickel
chloride solution in 500 ml. of 95 per cent ethanol was
prepared and placed in the dropping funnel. The extractor
was charged with 19.0 g. of Eastman white label
a~benzildioxime, while the flask was fllled with 3.5 1. of
acetone and 50 ml. of concentrated ammonia solution. The

acetone solution in the flask was heated to bolling and the
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extractlion process was thereby begun. When the first several
portions of the vie-dioxime had been added to the reaction
mixture in the flask, the addition of the nickel chloride-
ethanol solution was started, very slowly. This latter
addition was completed over & period of 12 hours. The
extraction process was complete in about 2 days; the extrac-
tor was then replaced by & reflux condenssr and refluxing
was continued for another day. At the end of thls time, the
orange product was flltered off, dried and recrystallized
from o-dichlorobenzense.
1,2-Bis(1l,2-cycloheptansedionedioximo-N ,N! Jnickel (II).
1,2-Cycloheptanedlionedlioxime was synthesized according to
published directions (46) and used to prepare the nickel(II)
compound by & procedure scaled up (0.25 g. to 6 g.) from the
usual analytical precipitation (49). The dried precipitate
was recrystallized from nitrobenzene.
1,2-Bis(1,2-cyclohexanedionedioximo-N,N')nickel(II).
1,2-Cyclohexanedionedioxime was synthesized following the
selenlum dioxide oxldation procedure of Rauh, Smith, Banks
and Diehl (35). The nickel(II) compound was prepared by a
scale-up (0.25 g« t0o 6 g.) of the standard gravimetric
procedure for nickel (50). The product was recrystallized
in part from bromobenzene, in part from o-dichlorobenzene.
1,2-Bis(a~furildioximo~N,N')nickel(II). The procedure
of Reed; Banks and Diehl (37) was used for the preparation
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of the reagent, a~furildioxime. The nickel(II) compound was
obtained by use of a method w ich resembled an enlarged
version (0.25 g. to 12 g.) of the gravimetric procedure for
nickel using this reagent (36), but wi th some minor changes.
The quantitative precipitation of nickel is ordinarily done
in the presence of 200 per cent exceas of the reagent; to
conserve the latter, 50 per cent excess was used, with
subsequent especially thorough washing of the precipiltate.
The vic-dioxime was dissolved in a 10 per cent ethanol-water
mixture to reduce the volume of the reagent solution
somewhat. The order of additlon of the reagents was also
reversedj that 1s, the dllute solutlion of nickel chloride
was added to the reagent solution, in order to effect as
complete precipitation &s possible. The dried precipltated
material was recrystallized from o~dlchlorobenzene.

The réarystallized compounds were analyzed gravimetri-
cally for their nickel contents, This was dﬁna to check
their conformlty with the respective formulse established
for the normal nickel(II) complexes with the yic-dioximes.
It was not certaln beforehand that the recrystallization
process, which was necessary in order to obtaln easily
handled forms of the compounds, would leave thelr fundamental
nature unchanged., Welghed samples of the compounds were
treated with nitric acid and then with perchloriec acid to

bring them completely into solution. The perchlorate
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solutions were analyzed for nickel according to the
1,2-cycloheptanedionedioxime method of Voter and Banks (L49).
The results of the anal yses are to be found in Table 1.
Other pertinent data given in Table 1 include the
colors of the complexes when precipitated from aqueous solu-~
tion and also after recrystalliszation from the organie
solvents mentioned above, the theoretical moleocular welights,
the theoretical nickel contenta, and the densities of the
compounds, Estimates for the last-named ltem were obtained
by the liguid dlsplacement method of me&suring densities of
solids (). Pyenometers of 50 ml. capacity (Kimble No.
15123) were used, and the liquid employed was 95 per cent
ethanol., Water would be sultable for thls purpose except
that it does not wet the crystals well; some tend to float

to the surface.

C. Magnetic Susceptibility Measurements

The ylg~dioxime complexes of nickel(II) as obtained
from precipitation In agueous solution proved to be nearly
impossible to manipulate satisfactorily. The particles
collected static charges very easily and clumped together at
the slightest touch. GQuantitetive transfer in the dry state
could not be effected. Through slow crystallization from
organic solvents, however, the particle size was evidently

increased enough that the materlials behaved more like



Table 1.

Physical Data for the 1,2-Bis(vic-dioximo-N,N')nickel(II) Complexes

Compound Color % Nickel Mol. Density,

| Aq. Ppt. Recryst. Cele. Obs. Wt . g./ml.
1,2-Bis(a-benzil-
dioximo-N,N')nickel(II) Red-or. Red-br.  10.92 10.97 537.2 1.509
1,2-Bis{2,3-butanedions-
dioximo-N ,N')nickel(II) Red Brown 20.32 20.47 288.9 1.715
1,2-Bis(1,2-cycloheptane~
dionedioximo~N ,N')nickel(II) Yellow Orange 15.90 15.88 369.0 1.619
1,2-Bis{l,2-cyclohexane~
dionedioximo-N,N!')nickel(II) Red Brown 17.21 17.30 341.0 1.703
1,2-Bis({a~furil- A
dioximo-N ,N')nickel(II) Red-br. Br.-blk. 11.81 11.87 497.1 1.747

maz‘q
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crystalline bodles, They still showed & slight tendency to
clump together, but this effect had been reduced to a point
where the substances were quite saslily worked with. The
recrystallized compounds were used for all megnetlic suscepti-
bility measurements.

The usu&l double~length sample tubes with central
partitions and 0.50 or 0.75 em. inner dlameters were used for
magnetic measurements on the 5 crystalline complexes. The
lower half of each sample tube used was filled with dry air,
stoppered and sealed, The fllling of the upper compartment
of the sample tube was done by adding several very small
portions at & time, then vertically tapping the tube on the
bench or table top about 100 times or until the volume of
packed solid appéarad to be constant. The process was
relatively tedlous. The height of the material in the tube
waa brought to the calibration mark at the top &s closely as
possible.

Two sets of measurements, independent even to the pack-
ing of the sample tube, were made on each complex compound
in the menner set forth in Part One of these writings. Each
set included observations of the change in weight of the
sample tube at 9 or 10>dirferent currents over the whole
range of 0-10 amperes,

In the treatment of the data from a single, typlcal set

of measurements, the changes in weight for the sample tube



filled with the complex were first plotted against the stan~
dard changes in weight for the same tube, as obtained through
the use of the calibration table and the factor for the tube.
This plot was made in order to ascertain whether or not the
complex wis contaminated with ferromsgnetic impurities; the
presence of these would cause the plot to deviate from
linearity, as would the presence of non-uniform packing in
the sample tube, Invariably the curve produced on such a
plot had & slight amount of curvature at the lower values of
the coordinates, but was linear for the latter 75 per cent
Or Mmore.,

The value of the average ratlio of the change in weight
of the unknown to that of the standerd was desired here,
This was given by the slope of the linear portion of the
curve, With this retio thus determined, the volume suscepti-
bility of the packed column was caloulated by the use of the

relation

AW - k
R = (,_E) = EE___~& (8)

aye, 8

where R 1s the ratlo just mentioned, and the other terms have
the same significence as in equation (7) of Part One. The
volume susceptibllity of the nickel(II) complex was derived
from that of the packed column by correction of the latter

for the contribution of the ailr in the column. Division of
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the volume susceptibility of the complex by its denslty of
course led to the gram susceptibility, which in turn gave
the molar suscsptibility when multiplied by the molecular
welght.

The mass and molar susceptibilities of the 5 complex
compounds were measured and calculated in the manner just
described, The average values of these dst e for each
compound &re to be found in Table 2. Individuasl observations
differed from the average values by approximately + 3 per
cent, in general.

The rather low precision of the results is to be
ascribed principally to the peoor uniformity and reproduci-
billity of the packing of the sample tubes, The complex
compounds crystallized in needles, the length of some of
which approached half the dilsmeter of the sample tube. This
factor, coupled with the clumping tendency mentioned earlier,
prevented satisfactory packing. The latter process is most
convenliently done with powders, or more nearly spherical

particles.

P. Concluslons

The results of magnetic measurements on the 5 viec-dioxime
complexes of nickel(II} show them all to be definitely dia-
magnetic in the s0lld state. Thess results also indicate that

they are to be assigned the square planar structure, since



Table 2.

Megnetic Susceptibilitles of the

1,2-Bis(vie-dioximo-N,N')nickel(II) Complexes at 20° C.

Gram suscep-

Molar suscep-

Compound tibility, X, tibility, Xy,

x 106 x 106

1,2-Bis{a~benzil~

dioximo-N,N')nickel(II) -0.,88 -262

1,2-Bis(2,3=butanedione-

dioximo-N,N')nickel(II) -0.374 -108

1,2-Bis(1l,2~cycloheptane- ‘

dionedioximo=-N,N' )nickel(II) -0.469 =173

1,2-Bis(1,2~cyclohexane~

dionedioximo-N,N')nickel(II) -0.393 -134

1,2-Bis(a=-furil- ‘

dioximo-N,N')nickel(II) -0,388 -193
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the lack of any unpsired electrons in the moleculss signifies
the assumption of the dsp2 electronic conflguration by the
central nickel atom in these compounds. These facts being
established, it is to be recognized that the 5 complexes
studied here can be c¢considered exsmples of the normal
1,2-bis(yvic-dioximo~-N,N')nickel(II) compound.

The value found for the diamagnetic susceptibility of
1,2-bis(a~benzildioximo-N,N')nlckel(II), -0.488 x 107°, 1s
sbout 2.5 per cent higher than the figure of «0.476 x 1076
reported by Cambl and Szegd (5). The author's finding for
the susceptibility of 1,2-bis(2,3~-butanedionedioximo=
N,N')nickel(II), -0.37h x 10”6, is about 11 per cent higher
than the figure of ~0,335 x 1076 given by the same workers
for this compound, but is some 0,16 x 10~® lower then the
value of ~0.53 x 10~6 reported by Klemm, Jacobi and Tilk (23).
The relative concordance between the measurements of Cambi
and Szegd &and those of the author, for the latter compound,
casts some doubt on the &accuracy of the result published
by the last-named trio of workers., Comp&rison of the
Cambl and Szegd values, for both compounds, with those of
the author suggests higher purity of the latter's compounds.

It would be instructive to be able to compare the
sxperimental susceptibility values reported here with theore-

tical or empirical susceptibililities for the nickel(II)
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complexes, Empirical estimates for organlc compounds can
often be made through the use of the Pascal atomic suscepti-
bility constants, a table of which is glven by Selwood

(42, p. 52)s The constants vary according to the manner in
which the atoms &re comblned in their various compounds,
howsver, and constants &re not listed for some of the atomic
groupings present in the vic-dioxime complexes of nickel(II),
80 such estimates for the latter compounds would be very
inasccurate and the comparison with experimental values

meaningless.



Iv. PART THREE: STUDIES ON NON-AQUEOUS SOLUTIONS
OF THE COMPLEXES OF NICKEL WITH THE VIC-DIOXIMES

The magnetlc studies which proved the several crystal-
line bis(vic-dioximo-N,N')nickel(II) compounds to be strue-
turally similar brought forth no significant deviations
which could be correlated with the variations of other
characteristics of the compounds. As has been stated pre-
viously, investigations into the behavior of these substances
when present in solution would be more likely to yield infor-
mation of this sort, and this was the primary reason for
this part of these resea&rches,

The extreme insolubility of these compounds in water is
one of their foremost attrlbutes, since 1t is one of the
faetors responsible for thelr usefulness as reagents in the
gravimetric determinations of nickel and palladium. By the
same token, water is sutomatlcally excluded from the list of
solvents in which the reactlions of these complexes can be
studied. Thelr non-ionic nature indicates that perhaps a
great variety of organic solvents would be suitable for thls
purpose, but only limited solubllity is exhibited by the
compounds in all but & few of these. The scope of the mag-
netic studies, for which reasonably concentrated solutions

must be used, was limited by this effect, but the intense
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color of even very dilute solutions of the complexes poilnted
to the possibillity of using spectrophotometric techniques
to extend the limits of the investigation,

A. Revisw of the Literature

Within the last decade, it has been demonstrated by
several Investigators that the magnetic character and pre-
sumebly, also, the bagic structure shown by & number of
nickel(II) complexes in the solid state are not always
retained when these same compounds are dissolved in organic
solvents. The first instance of this behavior was apparently
noted by French, Magee and Sheffield in 1942 (1T7). These
workers investigated a number of nlckel complexes, both from
the magnetic standpoint and wlth reference to thelr visible
and ultraviolet asbsorption spectra. One of the compounds
that was included in thelr study was
bis{formylcamphor)ethylenediamine nickel, which was diamag-
netic in the solid state, but showed & magnetic moment of
1.9 Bohr magnetons in methyl alcohol solution. The normal
moment for paramagnetic nickel(II) is 2.83 Bohr magnetons or
more, of course, so these authors postulated an equilibrium
between plansr and tetrahedral forms of the complex. They
reasoned that the planar form was under some straln, even in
the crystalline state, due to the presence of the asymmetric

centers in the camphor rings, and that the influence of
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solvent molecules was sufficient to make possible the trans-
formation of about one third of the molecules into the
tetrahedral forms.

The same compound was leater subjected to study by
Lifschitz, who in 1947 reported that the observations of the
former workers were correct (2l). Furthermore, he found
that the complex was also partially paramagnetic in
nitrobenzene and acetonitrile, but dlamagnetic in benzene
and acetones Lifschitz stated that there was apparently no
simple relation between the suasceptibllity of the solute and
the various ah&rdéteristies of the several solvents which he
used, but it is to be noted that hls figures for the
dielectric constants of these solvents were highest for
those in which & paramagnetlc moment was shown by the nickel
complex.

Willis and Mellor in 1947 concluded an extensive survey
of the magnetic behavior of nickel complexes in solution,
using organic solvents (5L). A total of 12 compounds were
studied, 2 of these being paramagnetic and the rest diamag-
netic in the sclid state. The paramagnetic compounds were
observed only in pyridine solution, and the magnetic moment
of the nickel atom was unaffected by the dissolution in each
case.

Each of the 10 dlamagnetic solids, however, showed &

partial conversion to & paramagnetlic form in at least 1 of



the 6 solvents used, and in 3 cases this conversion was
essentially complete, with magnetlic moments of more then
3,00 Bohr magnetons being reported. None of the solvents
seemed to influence the magnetle character of all of the
solutes in any consistent manner, although pyridine effected
the conversion more often than most, and was the solvent
present in the 3 cases of complete conversion.

These authors suggested, in the case of the pyridine
solutions, that the change in the magnetic moment of the
nickel atom upon entering solution was due to the setting up
of an equilibrium between the original square coplanar state
and &n octahedral configuration involving the addition of 2
pyridine molecules to the originsl compound. They further
suggested that an equilibrium between square and tetrahedral
configurations was the cause of the change in magnetiec
moment in the non-pyridine solutions, the influence of the
solvent molecules being responsible for any conversion that
was produced, This i1s, of course, the explanatlon offered
by French and co;workers for the same phenomenon.

It is interesting to note that Willis and Mellor
included in their survey the same bis{formylcamphor)ethylene-
diamine complex that had previously been investigated by
French, et al., and which was apparently studled by
Lifschitz &t about the same time as Willis and Mellor did
their work. In general, the findings of &ll three groups of
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authors are in agreement, with the exception that Lifschitz
found the compound to be diamagnetic in benzene solution,
wheress Willis and Mellor noted that it showed some paramag-
netism in the same solvent.

The compound bis(methylglyoxime)nickel, or better,
1,2-bis(1l,2-propanedionedioximo-N ,N')nickel(II) was listed
among the diamagnetic sollds Iinvestigated by Willis and
Mellor., This complex which by its dlamagnetic nature must
be a typlcal square coplanar compound in the solid state,
was studied in pyrldine solution., The magnetic moment of
the central nickel atom was found to be 1.5 Bohr megnetons
at the partlcular concentration used, signifying that an
equilibrium between the dlamegnetic form and same paramag-
netlc structure was being observed, Since for complete
conversion into the letter the nickel should have had &
molar susceptibility of at least +3400 x 10"6 and could have
exhibited a value as high as +uh00 X 10“6 or so, the molar
susceptibility of +990 x 107® found in the solution indicates
an amount of conversion in the range 22 to 29 per cent. The
authors of the paper méde no statements or suggestions
specific for this compound, but since the solvent was pyri-
dine, it 18 to be assumed that they considered the paremag-
netic form to be an octahedral structure involving 2 mole-
cules of pyridine,

The discovery of an equillbrium of this type for a
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vic~dioxime complex of nickel(II) points at once to the
possibility of using the reaction with pyridine a&s & measure
of the stabillity of the several vie-dloxime complexes uased
in the work being reported here, The compound used by
Willis and Mellor differs somewhat from the 5 compounds used
in this work in that the parent vie-dioxime 1s unsymmetrlcal,
but it was felt that the reaction 1s probably essentlally
chareacteristic of the coordination center of the molecule,
and that such structural differences might influence the
degree to which the reaction proceeds but not its funda-
mental nature, It was also felt that other basic solvents
might react with the vic-dioxime complexes in similar
fashions. For these reasons, then, it was determined to
make an Investigatlion of the magnetiec properties of the
bis(vie-dioximo-N,N')nickel(II) complexes in pyridine and
other orgénic solvents, with a view toward the estimation of
thelr relative stabilities.

The spectrophotometric extension of the results of the
magnetic studies to those compounds too insoluble to permit
creditable magnetic measurements seemed feasible after
consideration of recent correlations of absorption spectra
and magnetic properties. Selwood has pointed out (42, p. 179)
that while in general solid diamsgnetlic compounds of nickel
show colors ranging from red through brown to yellow and

paramagnetic complexes exhibit shades of green or blue,
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gabsclute rellance cannot be placed in this rule since there
are several rather striking exceptions (28). Mills and
Mellor (28) and MeKenzie, Mellor, Mills and Short (25) have
shown, however, that somewhat more confldence can be placed
in the visible and ultravioclet absorption spectra of solu-
tions of nickel, They found, with very few exceptions, that
the presence of square diamagnetic complexes in solution led
to ths appearance of an absorption band in the vicinity of
00 mpu. which was not found in solutions of paramagnetic
complexes. The intensity of this "nickel band” was very
great in all cases, with the molar absorbancy indices
ranging from 3,000 to 12,000, The deviations from this
standard behavior wers only partially explaeined by these
workers, but it 1s to be noted that the parent reagents were
also very highly colored in e&ch of these cases,

The sbsorption spectra of a-benglildioxime, in chloro-
form, and the nickel(II) complex of this reagent, in
absolute aleohol, were presented by the latter group of
authors. The former spectrum was characterized by very
little absorption at wavelengths above 300 mp., while that
of the latter compound exhiblted strong absorption up to
about 475 mp., with the characteristic "nickel band" showing
a maximum at LOS mu.

In view of the results of the spectral studles conducted

by Mellor and co-workers on nickel(II) complexes, it appeared



likely that the nickel(II) compounds of the 5 vie-dioximes
considered in the present work would exhibit spectra charac-
terized by the "nickel band" when dissolved in nonreactive
liquids, but that this absorption band would be expected to
be diminished or perhaps even eliminated in solvents such &as
pyridine or other amines, in which the structure of the
complexes might be altered., The Inherent sensitivity of
spectrophotometric methods for highly colored systems such
a8 these would be useful, also, in helping to establish the

nature of the reaction.

B. Materials and Apparatus

The preperation, purification and analysis of the five
1,2-bis(vie-dioximo-N ,N')nickel{II) compounds were described
in Part Two. Diamagnetlc susceptlblility data used here in
caleulations relevant to these compounds are to be found in
Table 2 of Part Two.

Pyridine, n-butylamine, chloroform, o~-dichlorobentzene.
Reagent grades, where obtalnable at moderate cost, or good
technical grades of these solvents were used wilthout further
purification, Where redistillation was indicated for the
sake of conservation of solvent, this was done through a
column 1.5 inches in diameter and 16 inches long, packed with
glass Raschlg rings.

Magnetic susceptibllity measurements were made using the
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apparatus and technique described in Part One. Densities

of the solutions, necessary for the susceptibility calcula-
tions, were obtained through the use of & chain-type Westphal
balance, L. W. Hohwald, Jersey Clty, New Jersey.

Spectrophotometric absorption curves were secured with
& Cary Recording Spectrophotometer, Model 12, Serlal 72,
Applied Physics Corporation, Pasadena, California., Matched
Corex cells were used in this instrument for the measurements
in the vislble region down to 340 mu; matched silica cells
were used for work in the ultraviolet portion of the
spectrum, Direct control of the temperatures of the cells
and solutions contalned therein was not provided, but the
temperature of the room was maintained at 25° C., so that the
temperatures of the samples probably varied only slightly
from this point.

Specific conductivity measurements were made with a
portable conductivity apparsatus, Leeds and Northrup Model
4866, Philadelphia, Pennsylvanis, using & Leeds and Northrup
No. hqaﬁ'dip cell electrode assembly designed for use with
solutions of low conductlivity. Since in general only the
order of magnitude was desired in the conductivity measure-
ments, rigid temperature control was not always employed,
although the temperatures of most of the samples were fixed
by placing them in the 20° ¢. vath of the magnetic suscepti-
bility apparatus.
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C. Experimental

The experimental measurements described here were made
for one or both of two purposess (1) to assist in the
comparisocn of the reactivities or stabilities of the several
vig-dioxime complexes of nickel(II); (2) to obtain informa-
tlon relative to an estimation of the nature of the reactions
between 1,2-bis(a-furildioximo~N,N')nickel(II) and pyridine
or n-butylamine. The methods used, however, can most con-
cisely and clearly be described by following the natural
division into magnetic and spectrophotometric studies,
ignoring, for the present, the ultimate use of the results

of the messurements.

1, Magnetic measurements

The solutions prepared for the magnetic studles were
made up by dissolving welghed samples in the desired solvent
and diluting to 100 ml. at 20° C., with the exception of the
chloroform and n-butylamine solutions containing
bis(l,2-cycloheptanedionedioximo-N ,N' )nickel(II). The latter
were solutions saturated with the complex at 20° C., and were
‘analyzed subsequent to the magnetic measursements on them.

The speciflc gravitlies of all the solutions were measured
with the Westphal balance immediately following their several

preparations, before any samples were taken for magnetic or
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other measurements. The densitles derived from the specifie
gravity readings were assumed to be constant throughout the
remainder of the work with the solutions.

The susceptiblility of each of the solutions studied was
determined at least twice, and some of the solutlions for
which it was difficult to obtain reproducible values were
sub jected to ﬁhis measurement as often as 6 or 8 times,

Bach determination of the susceptiblility was carried out by
measuring the change in weight of the solution-filled
sample tube at 6 or more different magnet currents. The
changes in weight for the standard nickel chloride solution
at these currents were obtained by reference to the calibra-
tion table and the calibration factor for the tube. The
average ratlo of the changes in welght for the unknown and
the standard was obtalned by calculation, the individual
values of the ratlo being sufflclently consistent that no
plotting of the data was necessary. The lindividual ratios
differed from the average by &n average deviation of +0.1
per cent, in general.

The volume susceptiblilities of the solutions were

caleoulated with the now-familiar relation

’
kg - kg

where R 1s the average ratioc again, and the other terms



continue to have thelr usual significance. The volume
susceptibllities, k,, were converted to the mass susceptl-
bilities, X,, by dividing the former by the respective
densities.

The experimental values for the mass susceptibllities

of the solutes were obtained by use of the equation
Xsoln = ¥1X31 + WaXp, (10)

where Xg,1ns X7 @nd X, &re the mass susceptibilities of
the solution, solute &and solvent, respectively, and Wy and wp
are the welight fractions of the solute and solvent. These
caleulations of course assume the linear additivity of sus-
ceptibllities according to welght., The gram susceptibilities
of the solvents were needed for this work; they were deter-
mined to be as follows: chloroform, -0.4985 x 10'6;
pyridine, -0.6084 x 107%; n-butylamine, -0.8175 x 1076, The
grem susceptiblilities of the sclutes were converted to

molar susceptibilities by multiplication by the respective
molecular welghts.

Since in many of the solutlons some conversion to para-
magnetic forms did occur, it was desirable to obtalin the
molar susceptibilities of the central nickel atoms in the
various compounds. These were derived from the total moler
susceptibilities of the complexes in solution by subtracting
from the latter the molar diamagnetic susceptlbllities of the
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original compounds, as listed In Table 2, Part Two. The
molar susceptibilities for the nickel are to bs found in
Table 3, in the column headed )(A°

The primary interest in the latter quantitles lay in
the possibility of using them for eatimating the amounts
of conversion that had taken plece. Divalent nickel theore-
tically has but 2 possible magnetic states, one in which
there are 2 unpaired electrons and one in which there are
none, A molar susceptibility for nickel which lles between
0 and +3L400 x 10“6, the value calculated for 2 unpaired
electrons at 20° Cs, will therefore indicate the position
of an equilibrium between the 2 states, Because of the
usual orbital contribution, however, the actual molar sus-
ceptibility of nickel(II) in its paramegnetic state always
lies somewhat above +3400 x 10“6, and may be as large as
+4500 x 108 or +4600 x 1078, ‘

Because of this uncertainty in the susceptibility of
the nickel in the paramagnetic complex, the indlcations
presented by the experimentally measured susceptibllities
a8 to the amounts of conversion can only be approximate,
For consistency and for lack of & better basis for calcula-
tion, the molar susceptlbility of the nickel in the parsemag-

netic form was assumed in all ceses to be +3400 x 10~6

the ratios of the experimental values to the latter figure

were taken to be mesgsures of the amounts of conversion.
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Table 3.

Magnetle Data for Solutions of
Niekel(II) Complexes at 20° C.

Per Cent Hoff

Solute 010+ goivent Cone.,

56
No. g./100ml, x 10° Conversion B,m.
* 1 CgHN 0.850 140 b + 2 0.6
1IP 2 CgHgN 0.056 ~0 A0 0
111° 3 CoHeN 0,309 120 b +2 0.5
CHGlB 0.235 ~0 ~ 0 0
n-BuNH, 0.055 740 22 + 6 1.3
Tvd 6 CgHgN 0.971 1190 35 1,68
7 CgHgN 0.888 1180 35 1.67
8 CgHN 0.671 1080 32 1.60
9 CgHgN 0.485 1030 30 1.56
10  n-BuNHp 0.977 870 26 1.43
11  n-BulNHp 0,961 9440 28 1,49
12  n-BulHp 0.706 1300 38 1.75
13  n-BuNHj 0,531 1040 3 1.56
14  n-BuNHp 0,361 1500 by 1.88

8 I = 1,2-Bis(a-benzildioximo-N,N!')nickel(II).

b 11 = 1,a-Bis(2,3~butanedionedioximo-§,g')niékel(II).

¢ I1I= 1,2;Bis(l,2-cycloheptanedionedicximo-g,g')nickel(II).
4 1v = 1,2-Bis(a-furildioximo-N,N')nickel(II).
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These ratios, times 100, are listed in Table 3 under the
heading "Per Cent Conversion". The figures presented
thereunder are to be regarded only a&s estimates for the upper
limits of the amounts of reaction that have apparently taken
place, because of the uncertainty mentioned above.

The effective magnetic moments for the nickel present
in the solutlons were calculated from the Curile law (2, p.

146):
Heorf, = 2.84 XAT) (11)

where p ee 18 the moment expressed in Bohr magnetons, )(A is
the molar susceptlbility of the nickel and T is the absolute
temperature,

No magnetic data &re glven for solutlons of
1,2-bis(1,2-cyclohexanedionedioximo-N,N")nickel(II) because
of the limited solubility of this compound in all of the
solvents tested.

The concentrations of solutlions 2 and 5 in Table 3 are
considerably lower than those of the other solutions studied
and are about at the lowest limit permissible for work of
this type, in which the detectlon of & paramegnetic element
1s desired. The results t&bulated for these two solutions
are to be regarded as qualitative indications only; the data
for the other solutions are much more exact.

Consideratlion of the evidence presented in Table 3
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permits the following conclusions to be drawn immediately:
(1) 1,2-bis(a-furildioximo-N,N')nickel (II) unmistakably
reacts to & conslderable extent with the solvents pyridine
and n-butylamine; (2) 1,2-bis(1l,2-cycloheptanedionedioximo-
N,N')nickel(II) reacts only slightly with pyridine, probably
is changed somewhat more in n-butylamine, and dissolves in
chloroform unchanged from its original diamagnetic state;
(3) 1,2-bis(a~benzildioximo-N,N')nickel(II), though quite
soluble in pyridine, is only slightly affected bj this
solvent; and (4) 1,2-bis(2,3-butanedionedioximo-N,N')nickel(II)
probably does not react wl th pyridine.

The magnetlc measurements on these solutions were in
each case completed within a week after thelr respective
preparations. It was noticed some time later, howsver, that
the colors of some of the solutions had faded considerably,
In pursuit of & reason for this behavior, the susceptibili-
ties of those solutions that had not already been discarded
were meaéurad again. Table l presents the comparison between
the results of the original measurements and those of the
second determinations. The calculations for the magnetie
quantities were made In the same fashion for both sets of
tssulta. The column headed "Days Lapsed" indicates for each
golution the time delay between its preparation and suscepti-
bility determination.

The ssecond determinations for the last three solutions



Table L.

Comparison of Magnetlc Data for Fresh and
Aged Solutions of Nickel(II) Complexes at 20° C.

Per Cent v
Conversion gfﬁ:

No. Lapsed
Ii® s n-BulNH, L 740 22 +6 1.3
30 170 120 ¥ 15 34
w6 CgHN 2 1190 35 1.68
1y 1370 [0 1.80
8 CgHGN 2 1080 32 1.60
20 1370 Lo 1.80
9 CoHN i 1030 30 1.56
575 26 1210 36 1.89
10(a)  n-BuNH, 3 870 26 1.43
12 870 26 1.43
10(b)  n-BuNH, (3) (870) (26) (1.43)
15 2410 71 2.38
12 n-BuNH, 3 1300 38 1.75
28 3590 106 2.91
13 n~BuNH, N 1040 31 1.56
20 3680 108 2.95
1 n-BuNH 7 1500 1.88
=02 22 090 1 3.11

a Concentration data for these solutions are to be found
in Table 3.

b III = 1,2-Bis(1l,2~cycloheptanedionedioximo-N,N')nickel(II),
© IV = 1,2-Bis(a-furildioximo-N,N')nickel(II).
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11lustrate the error in assuming the value +3400 x 10
the susceptibility of the nickel in the paramagnetlic complex.
Amounts of conversion greater than 100 per cent are impossible
and therefore not especially i1lluminating in comparison to
previously determined values for the same solutions. Because
of the complete consumption of these solutions, it was not
possible to inquire further into whether or not they were
finally at equilibrium. For this reason, it was not con-
sidered worthwhile to recalculate all of the results, since
this process would shed no further light on the comp&arlson

of fresh and aged solutions.

Table |, shows that the fading of the color of the
solutions was accompanied by an aging effect of considerable
magnltude in the case of the n-butylamine solutions and of
lesser consequence in the pyridine solutions. Unfortunately,
the solutlons were all so nearly opaque that it was impossible
to study the color éhangaa spectrophotometrically except
perhaps with very short cells, which were not available.

The results of two remote sets of measurements on each
solutlon do not give sufficient information to allow any
decision to be made about the nature of this aging effect.

The results can be explained in at least two ways., The
solutions could come to some sort of quasi-equilibrium
almost immediately, with amounts of conversion approximately

equal to those given by the first measurements, and could
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then change slowly under the influence of some secondary
reaction. Thils behavior appesars to be the more probable in
the case of the pyridine soclutlons. Alternatively, the
results could be explained by & rather slow logarithmic
approach to equilibrium. The latter speculation would seem
to be better suited for the n~butylamine solutions.

Solutions 6 and 10, which contain
1,2~bls{a-furildioximo~N,N')nickel(II) in pyridine and
n-butylamine, respectively, were prepared expressly for &
more complete investigation of the aging effect. The
magnetic and other measurements on these two solutlions will
be considered shortly.

In casting &bout for more informatlion on what might have
been happening in the solutlons in which some conversion had
taken place, rough conductivity measurements were made on
some of those listed in Table 3., The results indicated that
while the dissolution of l,2§bis(1,2-cycloheptanedionedioximo-
N,N!')nickel(II) in chloroform appaerently did not raise the
specific conduetance of the latter at all, pyridine and
n-butylamlne solutions of this compound and
1,2-bis(a~-furildioximo~N,N')nickel(II) exhibited specific
conductances which were measurably gresater than those of the
pure solvents, Furthermore, the conductivities of several
of the solutions of the last-named complex in n-butylamine

appeared to have risen in direct proportion to the analytiocal
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econcentration of the complex. Numerical values for these
gquantitles are not quoted here becéuse the subsequent dis-
covery of the aging effect has rendered thelr comparison
somewhat less valid and therefore less useful,

The specific conductances of the n-butylamine solutions
lay in the range 1076 to 1077 mhos/cm., while those of the
pyridine solutions generally were slightly greater then
10“6mhos/cm. The specific conductance of pure n-butylamine
was found to be'<10"7, and that of n-butylamine to which
sufficient perchloric ascid had been added to make concen-
tration of the latter 0.02M was 5.6 x 1076, The pyridine
available showed a specific conductance of .3 x 10'7, and &
0.02M perchloric acid-pyridine solution gave & value of
6.8 x 10~h mhos/em. Thus, although the actual conductivities
of the solutions of nickel(II) complexes in these basic
aolﬁants were very low, comparison with the values for the
pure solvents and for the solutlons containing perchlorie
acid leads to the conclusion that a meagurable amount of
ionization must have taken place.

It was desirable to know whether the conductivities of
the solutions were affected by the age of the latter and if
so, whether the change in conductivity could be considered
to run & course parallel to the change in the amount of con-
version in any or all of the solutions. For these reasons,

also, solutions 6 and 10 were prepared and investigated.
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One portion (sample (a)) of each of these two solutilons
was placed in & susceptibility sample tube. Both of these
tubes were then stoppered and left intact for & period of
2 weeks, durlng which the susceptibilities of the enclosed
samples were measured dally. Another portion (seample (b))
of each solution was placed in a vessel sultable for conduc~
tivity measurements., The specific conductances of these two
ssmples were also measured daily for the same two week perilod,
at roughly the same times as the magnetlc measurements on
their twins were being conducted. At the end of the period,
the conductivities of the samples (a) and the susceptibili-
ties of both samples (b) were determined.

The susceptibility of semple (a) (reserved for magnetic
work) of solution 6 (pyridine solution) was constant, for
nearly a week, a8t & value which indicated some 35 per cent
conversion of the solute, and then rose slowly until, at the
end of the perlod, some 40 per cent of the solute had
spparently reacted. The conductivity of sample (b) of
solution 6 rose almost linearly from an initial value of about
6.5 x 10~7 mhos/em, to about 3.5 x 10-6 at the end of the
study. The final susceptibilitles of samples (&) and (b)
were very nearly equal, as was llkewlse true for their
conductivitiea, The rise in the speclific conductance of (b)
did not exactly parallel the change in the amount of con-

version for (a), but aside from this one small difference,
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apparently the two samples were not to be distingulshed from
each other. For thils reason they were not listed separately
in Table l.

n-Butylamine solution 10 showed an unexpectedly dif-
ferent behavior. The susceptiblility of sample (a) (reserved
for magnetic work) fell slightly during the first few days,
then remained constant for the remainder of the 2 week period
at a value which corresponded to 26 per cent conversion of
the original complex. The specific conductance of sample
{(v) rose, relatively rapidly at first, then more slowly,
from 1.5 x 10”7 %o 5l x 107 mhos/cm. over the same period.
The specific conductance of sample (a) at the end of the
study, however, was only l.2 x 10~7 mhos/ecm,. , or slightly
less than the initial value of this quentity for sample (b).
The susceptibility of sample (b) at the end of the 2 weeks,
moreover, had risen to & figure which indiocated about 71
per cent converslon. Since (&) had been completely isolated
during this period while (b} had been repeatedly exposed to
and mixed with alr, through the frequent insertions of the
electrode assembly, the logical conclusion is that some com-
ponent of the atmosphere ls of some influence on the resction

between n-butylamine and 1,2-bls(a-furildioximo-N,N')nickel(II).

2. Spectrophotometric measurements

With two exceptlons to be discussed later, the solutions
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of nickel(II) complexes used for the recording of spectral
absorption curves were made up by dilution of measured
volumes of stock solutions with the desired reactive
solvents. Chloroform was employed &s the solvent in all of
the stock solutions except that of 1,2-bls(l,2-cyclohexane~
dionedioximo~N,N')nickel(II), for which g-dichlorobenzene
wasg used, The chloroform stock sclutions were prepared by
dissolving weighed samples of the crystalline vic-dioxime
complexes of nickel in this solvent and diluting to volume
at room temperature. ,

The stock solution of 1,2-bis(l,2-cyclohexanedione-
dioximo-N,N')nickel(II) in o-dichlorobenzens was made up
by introducing & weighed sample of the solid lnto a measured
volume of the solvent and allowing the mixture to come to
equilibrium. The excess nickel complex was then flltered
off, dried and welghed. The difference between the two
welghts divided by the volume of solvent used was taken as
the concentration of complex in solution,

Chloroform wa&s chosen &8 the solvent for most of
the stock solutions not only beca&use 4 of the 5 complex
compounds were soluble enough 1in this medium for spectro=-
photometric work, but also because one of them, 1,2-bis(l,2-
cycloheptanedionedioximo=N,N')nickel(II}, had been

shown to be dlamagnetic when present in chloroform
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solution. It is unfortunate that this conditlon could not
be checked for 8ll of the complexes, in particular for the
a~furildioxime complexes. |

The absorption curves were obtained by using the Cary
spectrophotometer strictly aceording to the manufacturer's
directions, The sample cells were cleaned, rinsed with
acetone and dried before use., The instrument was balanced,
for the particular pair of cells used, before each set of
curves was made, Care was taken always to use the cells
in the same positions &8 those for which the instrument had
been balanced.

The absorption curve of each of the solutions was mea-
sured sgainst a "blank" composed of the seme solvent or
golvent mixture as that present in the solution of interest.
By using this "blank", the spectral absorption due only to
the nickel compound was recorded.

The spectrophotometric absorptlon ocurves as obtained
for solutions of the 5 viec-dioxime complexes of nickel(II)
are to be found in Figures 5-9. Concentration data and the
composition of the solvent mlxtures for each solution
accompany the curves. The lengths of the particular cells
used are also recorded, It is to be seen that each of the
complexes was observed in (&) an unreactlive solvent; (b) &
solvent mixture composed largely of n-butylamine; and (c) &

solvent mixture containing & large amount of pyridine,
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Comparison of the curves (a) in Figures 5-9 shows that
in the unreactive solvents (chloroform or o-dichlorobenzene)
& double-pesked absorption band is present in every case.
The two peaks of thls band are very nearly L5 mp. apart for
each of the complexes, although the positions of the pe&ks
with respect to wavelength and the relative heights of the
two maxime vary somewhat from compound to compound. It is
believed that this absorption band c¢can be considered squiva-
lent to the "nickel band" of Mc Kenszie, et al. (49).

The presence of & large amount of n-butylemine in the
sclutions represented by curves (b) in Figures 5, 6 and 9
apparently affected the a-bengzildioxime,
2,3-butanedionedioxime and a-furildloxime complexes to a
conslderable extent, since in these cases the principal
absorption band has essentially disappeared. n-Butylamine
evidently had & lesser effect on the 1l,2«-cycloheptanedione-
dloxime compound, for the magnitude of the absorption band
here (curve (b), Figure 7) has been reduced only some 20
per cent or so., In the case of the 1,2-cyclohexsnedione-
dioxime complex, the maxims of the principal band have been
only very slightly affected by the presence of the basic
solvent (eurve (b), Figure 8).

It may be sald that in general, pyridine affected the
several solutes In these solutions much less than did

n~-butylemine. Only in the cese of the a-furildioxime
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Fig. 5. Spectrophotometric Absorption Curves for
1,2-Bis(a-benzildioximo~-N,N' )nickel(II) in:

(a) 100% chloroform
(b) 10% chloroform, 90% n-butylamine
(¢) 10% chloroform, 90% pyridine

Complex concentration: 1.0 x lO-u M.
Cell length: 1.00 cm.
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Spectrophotometric Absorption Curves for

is(2,3-butanedionedioximo-N,N' )nickel(II) in:

)  100% chloroform
) 10% crloroform, 90% n-butylamine

) 10% chloroform, 90% pyridine

Complex,concentfation: .0 x 10-5 M.
Cell length: 5.00 cm.
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Fig. 7. Spectrophotometric Absorption Curves for
1,2-Bis(1,2—cycloheptanedionedioximo-ﬁ,E')nickel(ﬂI) ins

(a) 100% chloroform
(b) 10% chloroform, 90% n-butylamine
(¢) 10% chloroform, 90% pyridine

Complex concentration: 1.0 X 10'4 M.
Cell length: 1.00 cm,
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Fig. 8. Spectrophotometric Absorption Curves for

1,2-Bis(1,2-cyclohexanedionedioximo-N,N')nickel(IT) in:

(a) 1007 g-dichiorobenzene
(b) 50% o-dichlorobenzene, 50% n-butylamine
(c) 50% o-dichlorobenzene, 50% pyridine

Complex concentration: 1.1 x lO"5 M.
Cell length: 10.00 cm.
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Fig. 9. Spectrophotometric Absorption Curves for
1,2-Bis(a-furildioximo-N,N')nickel(II) in:

(a) 100% chloroform
(b) 15% chloroform, 85% n-butylamine
(¢) 15% chloroform, 85% pyridine

Complex concentration: 7.5 x lO"5 M.
Cell length: 1.00 cm.
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compound {(curve (c¢), Figure 9) were the sbsorption maxima
very greatly reduced, and even here they were reduced only
by about 50 per cent. Curve (c¢), FPigure 5, shows that the
peaks for the a-benzildioxime complex have decreased some

30 per cent as & result of the presence of pyridine in the
solutlion, while the absorption spectra of the other 3 com-
pounds , 88 presented in Figures 5-8, have been affected very
little by this factor.

A1l of the spectrophotometric measurements represented
in Pigures 59 were made within 2 days, at the very latest,
after the soclutions had been prepared. As in the solutions
used in the magnetic work, some fading was later noticed in
some of the n-butylamine solutions, but this effect was not
investigated here.

Several attempts were made to obtain equilibrium data
for the reaction of n-butylamine with the a«~furildioxime
conplex by recording absorption spectra of solutions con-
taining & constant emount of the complex and varying amounts
of the amine. The apectra of such solutions were not eagily
reproduced, howsver, because of the unpredictable fading of
the colors of the solutions. It waas felt, therefore, that
any cilculations based on these data probably would have
been in error and might heve been seriously misleading.

The appearance of & broad absorption band of relatively

low intensity in the range [50 to 550 mu. was noted in
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gseveral of the curves (b) and (¢) in Flgures 5-9. It was
felt that perhaps this band was due to the presence of the
simple hexapyridinenickel(II) complex, in the pyridine
solutions, or the hexe-n-butylaminenickel(II) complex, in
the n-butylamine sclutions. To check on this matter, the
absorption spectra of these two simple complexes, in
pyridine and n-butylamine, respectively, were determined.
Hydrated nickel chloride was heated for several hours
at >100° ¢, until all traces of the original green color
had disappesred and the materlel had assumed the yellow color
of the anhydrous salt, Portions of this material, in excess,
were then introduced into pyridine and n-butylamine in order
to form saburated solutions of the two complexes. In the
case of the pyridine-nickel chloride mixture, the solution
became blulsh-green and the excess salt was largely conver-
ted to & light blue powder. The n-butylamine-nlckel chloride
solution assumed & deep blue color, while the excess solid
material was completely transformed into large, transparent,
deep~blus crystals. Neither of the new blue solid forms was
stable in the absence of excess solvent; both changed more
or less rapidly into & ysllow-green mixture of anhydrous and
hydrated nickel chlorlde when exposed to air. The nickel
aontant‘af‘each of the two solutions was determined
gravimetrically.

The absorption spectra of the twec solutions were
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determined with the (Cary spectrophotometer and are presented
in Figure 10, along with concentration and cell length data,
Consideration of the two curves shows that these two com-
plexes are not responsible for the broad absorption band
previously mentioned, for the wavelength region in which the
latter appesred is almost precisely that in which these two
simple complexes exhlblt the least absorptlion.

It 18 of interest to note that these two complexes have
absorption mexime in the neighborhood of 40O mw. This, of
course, iz the very region in which the "nickel band" of
diamagnetic nickel complexes 1s most prominent. The molar
absorbency indices for the latter type of absorption band
are usually grester than 1000, howsver, while the indices
for the absorptlon bands of the simpler complexes, as can
be calculated from Figure 10, will only be in the neighbor-
hood of 10 or 15. On the basis of this comparison, it is
evident that the presence of these simpler nickel complexes
cannot be detected in solutions of the diamagnetic nickel (II)

compounds by reference to absorption spectra,

D. Discussion and Conclusions

The various items of megnetic and spectrophotometric
evidence presented in the preceding sections are, for the
most part, quite interesting and in some ceses relatively

informative. The plcture which they help to paint is still
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Fig. 10, Spectrophotometric Absorption Gurves for:

(a) 0.0243 M. NiClp (anhyd.) in n-butylamine
(b) 0.020l4 M. NiCl, (anhyd.) in pyridine

Cell length: 2.00 cm.
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incomplete, however, and for the present, at least, only

tentative conclusions ca&n be drawn concerning the relatlve
stabilities of the yic-dioxime complexes of nlckel(II) and
the naturs of the re&ction betwsen these and certaln basic

gsolvents.,

l. Comparative stabllitles of the vie~-dioxime complexes

Magnetic susceptibility measurements on pyridine solu-
tions of the bis(vic~dioximo-N,N')nickel(II) compounds have
clearly established the fact that 1 ,2-bis(a~-furildioximo-
N,N')nickel(II) was considerably more affected by this sol-
vent than were any of the other complexes on which these
‘measurements could be made. It can also definitely be
stated that the a-bengzildloxime and 1,2-cycloheptsnedione~
dioxime complexes of nickel(II) showed very little reactivity
toward this reagent, on the basls of the magnetic evidence.
The 1,2-cyclohexanedionedlioxime compound was too insoluble
to permit & study of its pyridine solution, and the complex
of 2,3~butanedionedioxime wa&s only soluble enough that
gimilar unreactivity was indlcated, but not proved.

Spectrophotometric observations of solutions in whieh
these compounds were present and which also contalned large
excesses of pyridine corroborate, in general, the conclusions

based on magnetlic evidence., It i1s logical to assume that the
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prinecipal absorption band in the region 350-400 mp., which
is shown by all of the complexes when dlssolved in unreac-
tive solvents, is charsacteristic of the dlamagnetic square
nature of these complexes, in view of the work of Mc Kensie,
et al. (25) and the magnetic data presented for & chloroform
solution of one of them, If this assumption 1s accepted,
then 1t would follow that a major change in the helght or
shape of this absorption band would probably indicate a
change in the fundamental cheracter of the compound.

On this basis, then, 1,2-bis(a-furildioximo~N,N')nickel(II)
must again be considered to be the least stable toward
reaction wlth pyridine, since its principal absorption band
suffered the greatest reduction in height, as a result of
the presence of this solvent, of &1l the complexes studled.
The next least stable, judging by the same standard, is the
a-benzildioxime compound. The absorption spectra of the
remaining 3 vle~dioxime complexes were so little affected by
pyridine that no one of them c¢a&an be sald to be more or less
stable than the other two. As & group, they are evidently
more stéble toward pyridine than either of the other complex
compounds named above,

. Russell, Cooper and Vosburgh (40) and Roberts and Fileld
(38) have demonstrated correlatlons between ébsorption

spectra and stabilitlies of seversl complexes of nickel,
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copper and cobalt in aqQueous solution. 1In these complexes,
the wavelsngth of maximum absorption decreased as the
stability increased; apparently the absorption bands studiled
could, In these cases, be taken a3 characteristic of the
meta1§1igand bonds.

Comparison of the absorption spectra measured for solu-
tions of the vic-dioxime complexes of nickel(II) in chloro-
form and o-dichlorobenzene gives rise to the speculation
that a similar correlation may be made here. If the double~
peaked principsal absorption band ls characteristic of the
diamegnetic square coplén&r nature of the complexes and
therefore probably characteristliec also of the bonds within
the coordination sphere of the nickel atom, then perhaps the
wavelength region at which the band occurs may be indicative
of the strength of those bonds,

The mean wavelength of the principal absorption band
(the average of the wavelengths corresponding to the two
peaks) was calculated for each of the 5 nickel compleies con-
sidered here., They are as follows, in order of decreasing
wavelength: a-furildioxime complex, 413 mu.; a-benzildioxime
complex, 384 mp.; 1,2-cyclohexanedionedioxime complex,

362 mp.; 1,2-cycloheptanedionedioxime complex, 354 mp.;
2 ,3~butanedionedioxime complex, 351 mu.

The fact that the order in which the compounds are

listed here iz the same as that found for their stabilities
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against the resctlion with pyridine makes this correlation
more plausible, If the correlation 1s sound and 1f the mag-
nitude of the separation of the mean wavelengths of the
various complexes has any be&ring on thelr relative stabi-
litles, then the bonds within the a~furlldioxime complex
must be the weakest and those of the a~benzildioxime complex
somewhat stronger, The mean wavelengths for the principal
bands of the other 3 complexes are quite closely bunched,

so that there 1a probably little distinction to be made
between the strengths of the bonds ln these compounds.

No such nicely ordered inferences as those presented
above ca&n be drawn from the studies of solutions of
nickel(II) yic~dioxime complexes where n-butylamine was em-
ployed as the reagent or reactive solvent. The magnetic evi-
dence indicates that 1,2-bls{e~furildioximo-N,N')nickel(II)
reacts wlth or is affected In some way by this sclvent
to a considerable extent, and that
1,2-bis(1,2-cycloheptanedionedioximo~N ,Nt)nieckel(II)
probably enters into & similar reaction to a lesser degree
or perhaps only more slowly.

In view of the effects observed in the pyridine solu-
tions, it was not aurpriaing to learn that the absorption
Aapectr& of the a-furlldioxime and a-benzildioxime complexes
exhibited radical changes when n-butylamine was added in

excess to thelr respective solutions, It was also not
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unexpected when the absorption apectra of asolutions of the
1,2«cyclohexanedionedioxime complex were but little affected
by the presence of this amine. The slight change in the
spectrum of the 1,2-cycloheptanedionedioxime compound in
solutionsveantaining n-butylamine was not to be predicted,
but it was to be regarded as aignificant since it could be
correlated with magnetic data,

The complete disappesrance of the "nickel band" from
the absorption spectrum of 2,3~butanedionedioxime in solu-
tions where n-butylamine was added came, therefore, entirely
without warning. This behavior was completely out of line
with previously observed evidences of relative stabllities
among the vig~dloxime complexes, and cannot &t present be
easily explained.

The effect of n~butylamine on the absorption spectra
of solutions of the various vic-dioxime complexes ca&n be
correlated with one other item of their behavior, but the
true relation, if any, between these phenomena 1is unknown
at the present time. Thus, it has been reported that quan-
titative precipitation of nickel(II) with a~furildioxime
(36), a-benzildioxime (10, p. 48), and 2,3-butanedionedioxime
{10, p. 30) in agueous media oceurs only in neutral or
slightly alkaline solutlions, whereas the same type of pre-
cipitation can be made with 1,2-cycloheptanedionedioxime (49)
or 1,2-cyclohexanedionedioxime (50) in distinctly acid
solutions, or down to & pH of about 3. The nickel(II)
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complexes formed by the first 3 of the reagents neamed &re
those which are apparently most greatly affected by
n~butylamine. The fact that this amine 1s & much stronger
base than pyridine may be of some consequence in the latter

phenomencn,

2. Nature of the reactions

A number of speculations may be made &s to the manner
in which pyridine or n-butylamine reacts with
1,2-bis(a=-furildioximo-N ,Nt)nickel(II). One of the filrst
that comes to mind is that in which 2 moleculss of the sol-
vent are added to the square complex, forming & paramagnetic

octahedral atructure:

The symbol DH5 is more or less universally used to represent
a vic-dioxime; DH™ then indicates the anlon of the reagent
and is so used here. This equlilibrium is the same as that
suggested by Willis and Mellor for the reaction between
1,24bia(1,2~prapanedionedioximo~§J§‘)nickel(II) and
pyridine (5l4).

The infrared sbsorption studles by Voter, et al. (51)
on the nickel and palladium derivatives of the gig;dioximes
have demonstrated the &bsence of absorption bands which may

be ascribed to hydroxyl groups; they suggested, by way of
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explanation, that thls effect was due to the symmetry of the
0**H**0 bonding in the dismagnetic squere complexes. The
same authors have &lso shown (52) that when these compounds
are dissolved in pyridine, an absorption band appesars at &
wavelength at which bands due either to 0-H or N-H bonding
usually ocour,

In view of the latter observation, it 1s not unreason-
able to suppose that the presence of the solvent molecules,
in the product of the resction postulated above, i1s sufficilent
to destroy the symmetry of the O«+He+0 bonding. If the dis-
turbance were great enough, the hydrogen bond might in
effect be broken., Since the hydrogen of an oxime hydroxyl
group is quite sctive, i1t is possible that, with the hydro-
gen bond broken, the basic character of the solvent would
cause the removal of this hydrogen. This process could take
place simulteneously with the reactlion suggested above, or

subsequent to it.

Ni(DH)2 + 3 R3N = NiD(DH)(R3N)3 + RyNE'
NL(DH)p + 2 RyN &= Ni(DH)p(R3N),

NL(DH)(RqN)p + Ryl &= NiD(DH)(R4N)3 + RyNH'

A second possiblility for the manner in which n-butylamine
or pyridine might cause a change in the magnetic character
and the absorption spectrum of

1,2-bis(a~furildioximo~-N,N')nickel(II) is that some nsbulous



=120=-

"solvent effect” is of sufficient influence to effect &
simple conversion from the square configuration to &

tetrahedral form.

Ni(ﬁH)E(SQuare planar) = Ni(BH)a(tetrahedral)

With the molecule thus distorted, the same hydrogen-bond-
breaking and ionization processes as those mentioned &bove
could presumably occur, agaln either simultanecusly or
subsequently. The "solvent effect" theory was proposed by
Willis and Mellor (54), but for eases specifically not
involving pyridine., It was also suggested by French, Magee
and Sheffield (17).

A third behavior which may be postulated is that of a
simple competlition between solvent molecules and the
- yie-dloxime groups for the coordination positions about the

nickel atom. No declision can definltely be made as to

NL(DH), + 6 RyN = Ni(R,N)g* + 2 DH™

whether the product of this reaction would be tetrahedral
(4~coordinate) or octahedral (6-coordinate). The tendency
of nickel to form octahedral complexes with pyridine,
ammonia snd other resagents in aqueous solution, however,
points toward the aixfold coordination (L40).

The reaction type last presented &ppears to be the least
probable of the three suggested here. Thils sort of
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equilibrium wes considered by Willis and Mellor (54), but
dismissed on the grounds that the inherent stabilitles of
govalent nickel oomplexes are too high and those of octa-
hedral complexes too low to permit this kind of competition
to take place to any great extent. Thls argument is rein-
forced by the fact that the simple nickel-pyrilidine and
nickel-n~butylamine complex compounds are not stable enough
to exist in the absence of excess solvent., To be allled
with this, also, 18 the inability of n-butylamine to keep
nickel from precipitating as the hydroxide 1n aqueous
gsolutions, Ammonia, of course, sccomplishes this task quite
nicely.

No very strong arguments can be quoted elther in support
of or agalnst the second of the reactlon types proposed
above. The tendencles of pyridine and n-butylamine to coor-
dinate with nickel, however, make the proposal implausible
in that it is hard to belleve that such & conversion could
take place, in the presence of these molecules, without the
occurrence of some more direct Interaction or coordination.

Lecking more complete evidence on the nature of this
reaction, the process first postulated above is to be
regarded as the most acceptable of those presented here. The
objections which were ralsed in connection with the other two
possibilities are satisfied and, in addition, this type of
behavior 1s believed to offer & plausible explanation for

some of the experimental observations.
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The conductlvity measurements on some of the pyridine
and n-butylamine solutions of the a~furlldioxime complex
indicate that some ionizatlion takes place in the reactions.
When the magnltudes of these observations are compared to
the specific conductances obtailned when perchloric acid was
dlssolved in these two solvents, however, the fact is
revealed that probably & good deal less ionization occurs in
the reaction wlth pyridine than in that with n-butylemine.
Since in freshly prepared solutions the amounts of conversion
were roughly the same for the two cases, the conclusion to
be drawn 1s that the lonization process 1s secondary to the
addition reaction. The greater basiclty of n~-butylamine,
compared to pyridine, would explain the difference in amounts
of ionization.

The possibilities for ionlzation are indicated in all
three of the proposed processes, but only in the first and
second of these 1s the production of ions & secondary
reaction. The first process is to be preferred over the
second because of the utilizatlon of the solvent molecules
in the coordination sphere of the nickel atom.

All three of the processes would likewlse explain
the reappearance of the infrared absorption band at a posi-
tion indicative of 0-H or N-H bonding. If & choice could
be made between these two types of bonding, through further

infrared absorption studles, perhaps, this fact would be of
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great assistance in making & decision on the nature of the
reactlon.,

It is not yet by any meeans a certainty that the reaction
of the a~furildioxime complex with pyridine is entirely
similar to that with n-butylamine. From Table L, for
example, it is to be noted that in pyridine, greater concen-
trations of the complex lead to larger amounts of conversion,
whereas in n-butylamine, the reverse of this effect is
indicated.

Another dlfference between the reactions taking place
in the two solvents 1s in the &pparent influence of some
component of the atmosphere on the conversion of the solute.
Though of considerable magnitude in the n-butylamine solu-
tions, this effect 1s exhibited to & far lesser degree in
the pyridine solutions, 1f indeed it 1s present at all, The
fact that the complex shows & satisfactorily steady magnetiec
state when 1solated from the atmosphere, elther in pyridine
or n-butylamine, indicates that perhaps the effect of the
atmosphere 1s secondary, and that ihe principal reactions
are similar,

It is evident that no unequivocal decision can at
present be made regarding the nature of the reactions between
1,2-bis(a-furildioximo~N N')nickel(II) and the two solvents
pyridine and n~butylamine. The arguments and experimental

observations presented here have not been particularly



1lluminating in this connection. As & result of thils
evidence, however, the addition of two solvent molecules
to the original asquare complex, possibly followed by more

or less ionization, now appears to be the most probable

formulation.
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V. SUMMARY

In response to the feeling that megnetlic susceptibility
measurements would be of considerable value 1n the studies
of the fundamental nature of complex compounds of the ele-
ments of the flrst transition series, an apparatus sultable
‘for obtainling these data was constructed, The Gouy method
of susceptibility determination was employed as the basis
for the design and operation of the eguipment. The assembly
of the various components was made &s flexible as possibls,
so &g to permit a maximum of versatility in future use of the
apparatus. An electrom&gnet, its power supply, & semimicro
balance &and a current-measuring device comprise the major
units of the equipment. A callbration method was devised
which is belleved to allow measurements on liquid samples to
be made with & precision of 0.1 per cent or better and with
sn accuracy of the seme order of megnitude.

The magnetic susceptibilitles of the water-insoluble
nickel(II) complexes of a-benzildioxime, 2,3-butanedione-
dioxime, 1,2-cycloheptanedionedioxime, 1,2-cyclohexanedione~
dloxime, and a~furildioxime were measured. All of these
eompounds,‘ﬁhich~wera transformed into more easily manipule-
ted forms by recrystallization from organic solvents, were

found to be diamagnetic. The values obtained for two of the
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complexes corresponded fairly well to susceptibllity figures
previously reported in the literature for the same compounds.
The conclusion drawn from the results of these measurements
was that the five compounds are all to be considered as nor-
mel square éoplanar complexes of nickel{IIl), at least in

the crystalline state,

Magnetic and allied spectrophotometric studies were car-
ried out on solutions of the same flve nickel(II) complexes,
in both reactive and nonreactive organic solvents. Thess
studies established definitely the fact that 1,2-bis(a~furil-
diloximo-N,N' )nickel(II) is the least stable of these com-
pounds toward reactlion with pyridine and n-butylamine to form
an unknown paramegnetic complex, The results of the observa-
tions on the pyridine and n-butylamine solutions of the other
four compounds were not entirely in agreement, but they indi-
cated that 1,2-bis(a~benzildioximo-N,N')nickel(II) is the
next least stable, Some tentative suggestions were made as
to the nature of the resactions of 1,2-bis{a-furildioximo-
N,N')nickel(II) with pyridine and n-butylamine, on the basis
of magnetic and conductance measurements carried out on solu-
tions of this complex in the two solvents. The additlion of
two molecules of the solvent to the original square complex
to form an octahedral paramagnetlc configuration was regarded

88 the most probable course for these reactions to take.
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V1, SUGGESTIONS FOR FUTURE WORK

Determinations of the magnetic susceptibilities of
dismagnetic semples with the apparatus described prevlously
have not been &s precise as 1t is bellieved that they could
be. One factor which may have been responsible for this is
the assumption of & constant value for the susceptibllity
of sir, This quentlity should vary as atmospheric condlitions
change , and these variations may be great enough to influence
the calculations in which the susceptibility of air is used,
in the case of diamaegnetic materials., It is recommended
that an investigation of the variation of the susceptibility
of some dlamagnetic standard, such as water, with changes
in atmospheric pressure and room temperature be undertaken.
If this effect should be found to be serious &nd not easily
offset by using varying values for the susceptibility of air
in the calculations, the possibility of substituting nitrogen
or some other diamagnetic gas for the air surrounding the
sample tube should be explored.

A structurel change in the s&pparatus which would increase
i1ts flexibility somewhat 1s the alteration of the position
of the electromsgnet, This unit now rests on the bottom of
the yoke, but if it were mounted so as to lle on 1ts side,

considerebly more room would be available below the poles,
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This additional space would not only facilitate the dlamount-
ing of the jacketed ssmple chémber for cleaning, but would
8lso make somewhat easier the constructlion of other tempere-
ture control units which may be needed in the future,

The chemlcal problems left unanswered by this investi-
gation are numerous. One effect that should certalnly be
examined more closely is the influence of alr or oxygen on
the reaction of 1,2-bis(a~furildioximo-N,N')nickel(II)
with p-butylemine. If the nature of the effect can be estab-
lished, then perhaps & repetition of some of the measurements
reported here will permit the drawing of more valld and
complete conclusions concerning the reaction of the nickel
complex with the amine.

It is possible that more sa isfactory magnetic studies
on the reactlion of 1,2-bis(l,2-cycloheptanedionedioximo-
N,N')nickel(II) with n-butylamine can be carried out by
adding various amounts of the amine to chloroform solutions
of the nickel gamplex and measuring the susceptibilities of
the resultent mixtures. The greater solubility of the
complex in chloroform compared to its solubllity in
n-butylemine points toward thls move,

Once the effect of air or oxygen on these reactions ls
determined, then perhaps & more thorough spectrophotometric
investigation of the reaction of 1,2-bls(a-furildloximo-
N,N!')nickel(II) with n-butylamine can be made. This type of
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stﬁdy might establish the number of amine molecules taking
part in the reaction and the order of magnitude of the
stabllity constant.

Limlited spectrophotometric observations have indicated
that dioxane also causes conslderable fading of chloroform
solutions of some of the nickel(II) complexes., Magnetie
and additional spectrophotometric studles might be expected

to yleld interesting information on this phenomenon.
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