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CHAPTER 1

INTRODUCTION

A. Some Theoretical Aspects of Nickel(II) Complexes

The stereochemistry of nickel(II) compounds has been one of the
most active and controversial fields of resszarch in lporganic chemlsicy
during the last 10 years. The multitude of colorful nickel compounds
bas intrigued chemists for & much longer time, but only in relatively
recent years have such tools as visible and infrared absorptiometry,
group theory and quantum mechanics, magnetic measurements, x-ray studiles,
and conductance measurements been brought to bear effectively to unravel
the questions on stereochemistry in metal cowmplexes.

In general, the arrangement of ligands about the nickel(II} ion

may be regarded as either octahedral, tetrahedral, or square planar.
Since the subject is very closely connected with ligand-field theory,
it is appropriate to discuss the ligand-field theory of the da system
along with the stereochemistries of the nickel(II) ion, following, in
general, the review by Millergl

By far, the largest class of nickel compeunds are those of 6-co-
ordinate nickel(If). The six ligands are thought of as being situated
at the corners of an octahedron with the nickel ion located at the center.
In a cubic octahedral field (six identical ligands), the 5-fold degenerate

34 orbitals are split into an orbital triplet and an orbital doublet as



depicted in Figure 1 (a). The triplet tog level lies lower in energy
than the doublet eg level.  Hence the lowest energy electron configura-
tion may be written (tgg)6(eg)2. There is only one way of arranging

the electrons in this configuration, and it is therefore non-degenerate
and not liable to Jahn-Teller distortions. The two electrons in the ey
orbitals are spin parallel (hence a triplet ground state), and, since
there is no resultant orbital angular momentum for the (tgg)ﬁ(eg)2 ground
state, one expects to find magnetic moments close to the spin-only value
of 2.83 Bohr magnetons (B. M.). For regular octahedral nickel(II) com-
pounds, magnetic moments normally fall in the range 3.0-3.3 B. M.; these
higher values are readily explained when the orbital angular momentum
arising from the first excited state is considered.

Interpretation of near-infrared and visible spectra using ligand
field theory has developed fram the basic principlesM set forth by
Orge1.2 Figure 2 is a simplified ®rgel diagram showing the splittings
of the lower tour free-ion electronic states by a regular octahedral
field. Transitions may take place from the BAzg g round state ™ to

higher triplet states; hence, three bands should appear in the spectrum,

"The conventional symbols are as follows: orwmital triplet, dyy s
dyz, dgx * dy + in octahedral field, tzyg, in tetrahedral, to; orbital’
doublet, dKZ,yz; d,2 = dy; in octahedral field, eg, in tetrahedral, e.

“*1he idea behind crystal field theory occurred to J. Becquerel
in 1929, and in that same year H. Bethe formulated the idea into an
exact theory. Van Vleck and Mulliken furthered the development of crystal
and ligand field theories, and Orgel introduced the subject to the ex-
perimental chemist.

&

" “The symbols are those of Mulliken. See reference 3, p. 71,



Figure 1. Splitting of 3d-orbitals in (a) octahedral, (b) tetra-
hedral, (c) weak. and (d) strong tetragonally distorted octahedral fields.
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and these are indeed observed for numerous octahedral nickel(II) com-
plexes. ‘'he classic examples are the spectra of the hexaquonickel(II)
ion and the trisethylenediaminenickel(II) ion as shown in Figure 3.

The pands may be assigned as in Table I. The splitting of the center
band in the spectra of the hexaquo and many other nickel complexes has
been the subject of considerable controversyfs’ﬁ The symmetry-forbidden
nature of the transitions results in the characteristic low intensities
of the bands: absorbancy indexes fall in the range 1 to 50. The posi-
tion of the visible band results in colors for octahedral nickel(II)
compounds ranging from green to blue and violet as the field strength
increases.

It was long believed that many seemingly 4-coordinate paramagnetic
nickel(II) compounds were tetrahedral in structure. The emergence of
ligand-field theory was followed by the re-examination of these supposedly
tetrahedral complexes in view of the calculation showing that the
crystal-field stabilization energy works out to be 0.84a" greater for
an octahedral complex than for a tetrahedral complex with the same
Ligands.l Although other factors (entropies, solvation energies, etc.)
play a part in governing the relative stabilities of complexes, the 20-
40 kilocalories per mele difference in stabilization energy (correspond-
ing to 0.84A) leads oue to expect sctahedral complexes to form with nickel

(1IT) so long as two extra ligands are available. Re-examination showed

"4 is the energy corresponding to the orbital splitting in the
octabedral case. Ay 1s the splitting for a tetrahedral complex.
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TABLE I

APPROXIMATE BAND POSITIONS FOR OCTAHEDRAL NICKEL(II) COMPLEXES

. y (. "2
[ﬁl(ﬂ20)6]2+ {NL(en)3J *
Transition cm. 1 cm, -1
3 3,
Agy —* Ty 9,000 11,000
3
Ayy —> 3T1g(F) 14,000 18,500
3A2g —_— 3'r]g(p) 25,000 30,000




without exception that the complexes 1n question were octahedral rather
than tetrahedral: water or other sclvent molecules which had been over-
looked, or polymeric species, were found to account for occupation of
the 5th and 6th coordination positions.

The search for tetrahedrally coordinated nickel(Il) intensified;
the tirst definitive case reported (1954) was in the spinel, NiCr204«7
Since themn, nickel(IIl) has been found to exist in tetrahedral environ-
ments in certain halide melts, in mixed crystals based on oxide er
chloride lattices, and in complexes having bulky ligands. Some repre-

-
1

sentative octahedral complexes are the blue LNiClg(OP¢3)2] (where QOP@3

is triphenylphosphine oxide), swﬁ&ﬁkﬂﬁ1€1uj (where @yas® is the tetra-

L
phenylarsonium ion), and [Ni(w3AsC)2Bri} (where @3As® is triphenyl-
arsine oxide),u

In a regular tetrahedral field, the 5-fold degereracy of the 3d
orbitals 1s split, as with an octahedral field, into an orbital triplet
and an orbital douwlet; however, the doublet e level lies lower than the
triplet t; level in the tetrahedral case, as shown in Figure 1 (b). The
ground state electronic configuration 1s therefore (e)u(tz)u.

Since the ground state has 3-fold degeneracy (the 8th electron
can be placed in any of three t3z orbitals), there 1s a resultant angular
momentum centribution to the magneric moment. Thus, regular tetrahedral
complexes s¢hculd have a moment between 3.5 and 4.2 B. M.

The Orgel diagram for tetrahedral nickel(II), shown in Figure &,

has the energy levels Inverted trom those of the octahedral case. The
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10
ground state, 3T1(F), has the same symmetry properties as the higher
3?1(P) level, and the two states influence each other; since all transi-
tions are from the 3T1(F) level, no transition corresponds to the
splitting A+. Three transitions to higher triplet states are possible,
but since At is wuch smaller than in the octahedral case, the first
transition, to 3T2, lies well into the infrared and has not been ob-
served. The spectrum of Ehi(93As.)2Br23, as shown in Figure 5, is
typical of nickel(II) ions in tetrahedral fields. The absorption band
at about 15,000 cm._1 is assigned to the T1{(F) — T1(P) transition; the

one at 7000-8000 cm.” !

, to the Ty(F) —» Ap transition. A notable feature
of the spectra of tetrahedral nickel(II) complexes is the relatively high
intensities of the bands. Since there is no center of symmetry in the

point group T4, there is mixing of the nickel dy d .-, and d,,-

y o Tyz

orbitals with the p-orbitals. Thus, the transitions have some d-p char-
acter and are therefore not forbidden. This results in higher intensi-
ties (about 200 1./mole cm.) than the nearly pure d-d transitions of
octahedral complexes.

The well known square-planar complexes of nickel(II) are best con-
sidered as the limit of tetragonal distortion of octahedral complexes.
Referring to Figure 1 (c,d) one can see the effect on the energy levels
of moving the ligands on the z-axls away from the nickel. As the €g
level splits into ajg and b2g levels in going from Op to Dy symmetry.
the complex will remain paramagnetic so long as the separation energy

between the alg and b2g levels 1is less than the energy required to pair
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12
two electrons (Figure 1 (c¢)); at greater distortions, the complex becomes
dlamagnetic (Figure | (d)). It is important to note that at the magnetic

change-over there is no sharp change in the orbital scheme cr in the

nature of the Wonding. Hence the classificaticn of complexes as square-
planar or tetragonally distorted cctabedral is quite arbitvary. Tuter-

pretation of absorpticen spectra 1s often quite difficult. However, weak
tetragonal distortion is usually recognized by a splitting of the first
octahedral band, which 1s no longer a simple tog —> ey transition; strongly
distorted ''square~planar" complexes may show only a single band in the

22,000-23,000 cm. b region of the spectrum.

B. Survey of Important Work Invelving Substituted

Pyridine Cemplexes

Transition metal complexes containing pyridine have been known
and extensively studied for many years. The first report of nickel per-
chlorate-pyridine complexes was the paper of Weinland, Effinger, and
Beck® which appeared in 1927. These workers described the preparation
of two blue complexes which they formulated [ﬁi(CSHSN)6](C1OQ)2-4H20 and
[Ni(C5H5N)Q:(CIOQ)2. In 1943, Sinha and Rayg reported a pale green com-
plex of the comporition NL(ClGO4) 3 6CcHgN,; and, in 195§, Sinhalo reported
complexes formulated as Ni(CsHgN)g(ClOg)o and Ni{TgHgN)4(ClO4)s. ALl of
the formulations are incorrect and incowmplete in scwe detail.

In contrast to the perchlorate salt, the uickel halide and pseudo-

talide complexes with pyridine have been carefully studied. An example
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s the recent work by Brown, Nuttall, and Sharpp11

Thermogravimetric
studies were made tor the thermal decomposition of dichlorotetrapyridine-
nickel(I1). Stages in the decomposition and analyses corresponded to

the empirical tormulas Ni(CsHgN)pCl) and Ni(CgHgN)C1l. Spectral studies
on the complex and its decomposition products showed that the nickel was
in an cctakedral environment in all three and that the wono- and di-
pyridine species were polymeric, containing chloride bridges.

Early work on substituent effect: compared the coordinating ability
of pyridine with that of other bases. Larsson12 reported dissociaticn
constants for silver complexes with ammonia, diethyl amine, aniline, -
toluidine, and pyridine as early as 1934. This work was later disputed
and corrected. For many years in succeeding studies with other metal iagn:,
work followed this idea of comparing pyridine, primary, seccondary, and
other tertiary amilnes.

Only in recent years have ilnorganlic chemists become interested in
the substituted pyridines as ligands, especially from the point of vigw
of substituent effects. RBrueblman and Verhoek13 included several alkyl-
substituted pyridines in a study comparing the first formatiocn constants
for silver-amine complexes with the acid dissoclation constants of the
corresponding ammonium ions. They found, upon plotting pKy for the com-
plexes against pK, for the ammonium lons, that two straight lines re-
sulted: wone for the pyridines and primary aliphatic amines, and one for
the secondary amines. [t is significant to note that the slopes of the

two lines were about one-fourth in both cases, indicating a much smaller



14
range of baslc strengths toward the silver ion than toward the hydrogen
iocnn. A number of years later, Murmann and Basolo!" extended the study
of formation constants of silver(l) with some additional pyridine bases.
They found that wvariations in the stability of the complexes could not
pe explained solely on the basis of the base strengths of the pyridines,
but that pi-bonding must be considered.

Sacconi, Lombardo, and Paoletti15 determined formation constants
and thermodynamic functions for complexes of heterocyclic bases with
diacetylhbisbenzoylhydrazonenickel (I1) (!ﬁi(DBHij) in benzene solutions.
The reaction consisted simply of the addition of two molecules ©f base
to the axial positions of the square-planar nickel complex:

(NLOBID] + 2 base = trans-|[Ni(OBi) (base),]|.

The free energy and enthalpy changes were found to move in the same direc-
tion as values of pKy for the protonated bases in water when steric
effects were not involved. The entropy changes divided the bases

studied into three groups: the saturated bases piperidine and pyr-
rolidine has AS values for the reaction of about -20 entropy units (e.u.),
the non-ortho-substituted pyridines gave AS values of -30.1 to -33.1

e.u., and the ortho-substituted pyridines gave AS values of -39.7 to

-43.5 e.u. The more negative 48 values for the second group were inter-
preted as evidence for d-pi bonding between the nickel and the pyridines
resulting in restriction of rotation aboutr the Ni-N bond; the third group
invelved steric hindrance to rotation in addition to pi-bonding effects

giving still more negative AS values.
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Trhe effect of varying ring substituents on the clathrating prop-
erties of tetrapyridine cowplexes with metal(1Il) halides and pseudo-
halides has been probably the wmost extensive study in the area of sub-
stituted pyridine complexes. It was insplired by the petroleum industry's
search tor lmproved separation methods: Schaefter, Dorsey, Skinner, and
Christiauiﬁ observed the sharp szelectivity of inorganic hosts having the
general formula M(X-pyJuyAy toward organic guest molecules and subse-
quently prepared more than 40 complexes of this type, with M = divalent
Mn, Ni, Co, Fe, Cu, and Zn, with X = alkyl, amino, cyano, bromo, and
other ring substituents, and with A = thiocyanate, cyanate, chloride,
and acetate anions. The compounds were studied only for their potential
uses as gelective clathrating agents. Other workers have investigated
other properties of a very few of these compounds,17’18’19’20

Probably the first systematic studies of spectral and magnetic
properties of substituted pyridine complexes with transition metal ions
were reported in the papers of Butfagni, Vallarino, and Quag]ianozl’22
appearing in April and May 1964, and in the paper of Moore, Gayhart, and
Bul1?3 appearing in May 1964. The two papers by the former group re-
ported preparations of various dimethylpyridine (lutidine) complexes of
nickel(f1) salts having both covrdinating and non-coordinating anions.
The complexes were found to fit one of the following formulations:

gNibzééw, INLL@AQ]) o1 %ﬁiLu}Ag where L = lutidine and A = monovalent

[ L
anion, Tetrahedral, gquare-planar, or distorted octahedral stuvuctures
were assigned to the complexes on the bases of their spectral and mag-

nevle properties.  The work of the latter group is included in this dis-

SE LA L,



C. Purpose of This Research

Tt has been pointed cut that the tools and theories necessary f[or
structural determinatlons of transition metal complexes are available,
and, during the last decade, have been particularly well developed for
nicke!(T1) complexes. When the research for this thesis was undertaken,
however, very liltle work had been dome to characterize the complexes of
transition metal lons with substituted pyridines. The pyridine bases
seemed especially well suited for an investigation of substituent effects
cn the donor properties of the ligand because of the stability of the
ring, the possibility of pi-bonding, and the ready availability of pyri-
dines with a wide variety of ring substituents. Thus it was determined
that a study would be made of the substituent effects on the spectra, mag-
netism, and structure of substituted-pyridine complexes of nickel(II).

In order to simplify interpretation of the visible spectra using
ligand- field theory, a cubic field about the nickel ion was deemed de-
sirable., For this reason, the perchlorate salt of nickel was chosen since
perchlorate was widely recognized as a ''non-coordinating anion;' thus, it
was reasoned, all six positions about the nickel 1ion would be left for
pyridine coordination. This proved to be wishful thinking: syntheses
for the previous!y unreported nickel perchlorate-substituted-pyridine
complexes had to be devised, in many of the complexes perchlorate was
found Lo be coordinated to the nickel; in none of them were six mono-
dentate pyridines coordinated to the nickel in a solid, anhydrous complex.

These vesults compiicated the interpretation of the visikle spectra.



Likewise the synthetic problem was complicated in some cases by the
clathration of solveut. fThese effects added many interesting aspects

to the original problem.
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CUAPTER T1

EXPER IMENTAT

A. Reagents

. Hexaquonickel(II) Perchlorate

Hexaquonickel (11) perchlorate ([ﬁi(ﬂgD)G](ClOQ)g) obtained from
the G. Frederick Smith Chemical Company was used without further puri-
fication in a portion of this work. However, the greater portion of
this reagent used was prepared by Robert B. Gayhart, National Science
Foundation Summe: Undergraduate Research Participant, using the follow-
ing procedure.

Perchloric acid was added slowly to an aqueous nickel(II) car-
bonate slurry until only a small amount of the solid carbonate remained.
The carbonate was removed by filtration and the filtrate evaporated
slowly on a hot plate until crystallization occurred. After cooling,
the well-ftormed ®reen crystals of lﬁi(ﬂgO)é](ClOu)z were collected by
suction filtration, washed in succession with cold ethanol and ether,

and dried in vacuo. The product was not analyzed.

2. Pyridine Bases

The pyridines used in this study were obtained trom several
sources. In general, the liquid pyridines were dried and purified by
distillation througt. an S-cm. fractionating column frouw Barium oxide
or patassium hydoeoxide. The distillation apparatus was assembled from

18
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a Merroware kit. The wolid 4.aminopyridine was purified by sublimation
or by tws recrystallizations from acetene, and the sclid 4e-cyanopyridine
by recrystallization from acetone. A few of the materials were used as
received without further purification. The varilous pyridine derivafivesw
that were used are tabulated in Table 11 {common symbols ave also indi-
cated); in the case of liguids, the drying agent in the distillaticn is
given in column 2. the bwiling range or melting point of the purified
material 1ls given in column 3; and the source of the material is given

in the last column.

3. SKalvents

Merck reagent benzene and “"Baker Analyzed” reagent toluene, meth-
anol, and acetone were used as solvents throughout this work. Spectro-
scoplic grade dichloromethane from Fisher Scientific Company and nitro-
methane from Eastman Kodak were used. Practical grade 2,2-dimethoxy-
propane was obtained from Matheson Coleman and Bell. Other solvents

tethanol . ether, ete,) were reagent grade chemicals.

B. Syntheses

i, General
The compounds prepared for study were of two types: tetrakis-
(pyridine baselnickel (I} perchlorate ({ﬂl(xwpy)ul(GLUM)z) and bisper-
i )
chloratotet rakis(pycidine base)nickel(I1) ({ﬁi(X»py}q(Clou)Q]). These

cowpuunds ave bygroscople in varying degrees: thus, removal and exclusion



TABLE II

PYRIDINE BASES

Drying b.p./

Compaund Agent?@ m.p. " Seurce”
G-rwminopycidine (&-Nhg py) S 158¢ R
2,2"-Bipyridine (btipy) S S
3-Bromepyridice € 3.Brpy) KOH 170~173° B
G-Crloropyridine Hydrochlaoride S - C
3-Cyanspyr idine S - R
L4-Cyancpyridine S - R
5,6-Dimethyl~1,10-phenontnhroline

Menohydrate S - S
2,6-Dimethylpyridine (2,6-1ut) - - P
3,5-Dimethylpyridine (3,5-1ut) Ba0 169-172° R
4-Ethylpyridine (4-etpy) KOu 165.5-166.5° R
4-Tsopropylpyridine (4-ippy) ( Ba0 176~178° 2

( KO 17&8-180°
4-Methanolpyridine S - A
2-Methylpyridine (Z-pic) Ba0 142-143¢ E
3-Methylpyridine (3-pic) Bal 141~145° E
4-Methylpyridine (4-pic) KOH T42-144° E
3-Propanolpyridine BaO v R
Pyridine (py) Ba0 113.5-114.5° B.M

A - . . . . . . - . .
5 indicates a solild pyridine derivative.

b S A - ; : o
A dast indlcates the compound was used wittnout further purifica-
tion; v indicates distilled at reduced pressure.

CSymbois are as follows: A--Aldrich Chemical Co., Inc.; B--
“Baker Analyzed"” reagent, (- -Columbia Organic Chemicals Co., ITuc.;
i -Fastwman Organlc Chemicals; M~-Mallinckrodt Analytical Reagent; P--
Pavagon Testing haboratories, R--Rellly Tar and Chemical Corporation,
and S-~6 . Prederick Smith Cremical Cowmpany.
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»f water proved to be the key to their preparation. Azeotropic distil-
lat ion and/or reaction with 2,2-dimethoxypropane (DMP) was used in some
of the preparations. 7Thne all-glass distilling apparatus, assembled from
Metroware, consisted of & round-bottomed flask for the reaction mixture,
a fractionating distill ing head having an 8-cm. jacketed column and a
water- jacketed condenser, and a receiving flask. The reaction flask was
heated with a heating mantle and, when necessary, stirred with magnetic
stirring.

For some of the preparations, drastic means were not necessary
to remove water and the reactions were carried out in open vessels. 1In
a couple of cases the bizaquotetrakis(pyridine baselnickel(I1) perchlorate
complex ([Ei(xmpy)u(HQU)ZE(CIUQ)2) was prepared and converted to the de-
sired product by further drying in an oven. The particular synthetic
procedure for each of the new compounds and the analytical data are given
in sections 2-14 of this chapter. Analyses were performed by Galbraith
Laboratories and by Weller and Strauss Microanalytical Laboratory. The
ma jority of the compounds did not melt, but decomposed slowly over a
wlde temperature range. 1In a few cases, definite melting and decomposi-
tion temperatures have been noted.

A number of attewpts to prepare complexes 1in these series with
other substituted pyridines was unsuccessful. These attempts are de-

scribed briefly in section 15 of this chapter.
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2. Diaquotetrapyridinenickel(II) Perchlorate, _Ni(CsHsN)u(ﬁzU)gJ(ClOa}g

Into a 20-ml., round-bottomed flask was placed 0.5 g. of
[ﬁi(hzo)é](C104)2 and 10-15 ml. of pyridine. The flask was attached to
the distillation apparatus described in section 1, and the mpyridine-
water azeotrope was removed by distillation. When the temperature reached
112°, the distillation was stopped. The blue product was isolated using
suction filtration, triturated and washed several times with dry ether,
and then dried for 12 hours over Py0g at 78° and 15 mm.

Anal. Caled. for [Ni(CsHsN)4(H0)5](ClOy)2: G, 39.37; H, 3.96;

N, 9.18. Found: C, 38.84; H, 4.59; N, 9.07.

3. Diperchloratotetrapyridinenickel(Il), [Ni Pyy (Cqu)é]

a. From [&i Pyy (H20)£](C104)2. The product prepared in section

2 lost water upon being stored in a desiccator over barium oxide for
several months. Infrared spectra and analysis showed the new material
to be [Ni Pyy (ClOa)z].

Anal. Caled. for [Ni(CsHsN)4(Cl04)7]: C, #41.85; 1, 3.51; N, 9.76.
Found: C, 42.11; H, 3.49; N, 9.90.

b. Using 2,2-dimethoxypropane. To a solution of 11 g. (0.03 mole)

of Ni(HZO)GJ(Cqu)g in 25 ml. of acetone was added 9.7 ml. of pyridine
and 24 ml. of DMP. The mixture was stirred and heated at 50-80° in an
open 250-ml. conical flask for 24 hours. The original volume was main-
tained until near the end of the 24-hour period by occasional additions
of benzene. At the beginning of the last hour, 10 ml. of DMP was added

and the mixture brought to a gentle boil. After boiling for an hour,
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the fine blue product was coullected by suction filtration. It was washed
twice witthi a 50:40:10 mixture of benzene, DMP, and acetone. At no time
was the product allowed to become dry on the filter. It was bottled wet
and dried in a vacuum oven at 40° and | mm. for 5 hours. Analysis in-
dicated almost 2 moles of benzene present per mole of complex (Calced.
for NL(CghgN),{Cl0y) - 20eHg: C, 52.6;, H, 4.42; N, 7.67. Found: C,
52.50;, H, 4.32; N, 8.48). The product was further dried for 5 days at
50° and 1 mm., after which time weight loss became negligible.

Anal. Calcd. for [Ni(CSHSN)L,(ClOu)Z;E: C, 41.85, 1, 3.51; N,

9.76. Found: €, 41.61; H, 3.61; N, 9.38.

4. Bisperchloratobis(2,2'-bipyridine)nickel(1I), “_Ish'.(bipy)2(4‘.’_}10;4)2”l

To a solution of 2.2 g. (6 mM) of hexaquonickel(II) perchlorate
in 25 ml. of acetone contained in a 125 ml. conical flask was added 5 ml.
of DMP, 3.4 g. (30 mM) of lithium perchlorate, and a solution of 0.94 g.
(6 nM) of 2,2'-bipyridine in 50 ml. of benzene. A rose precipitate,
probably tris(2,2 -bipyridine)nickel(II) perchlorate, [Ni bipy33(C104)2,
formed immediately. The mixture was stirred and heated at 60-78° on a
magnetic-stirrer hot plate for 2-3 hours. The rose precipitate slowly
changed to a purple precipitate of [ﬁi(bipy)z(ClOQ)Z}. An additional
S m!. of DMP was added, and the flask stoppered and allowed to stand
avernight at room temperature to ripen the precipitate. The product was
then collected by filtration with suction and washed twice with small
portions of absolute ethanol containing a little DMP; it was not allowed

to become dry on the filter. The wet product was transferred to a
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sample bottle and dried in a vacuum oven at 75° and 1 mm. for several
hours.

Anal. Calcd. for [Ni(CleHgN2)2(ClOoy)z): C, 42.14; H, 2.83; N,

9.83. Found: C, 42.33; H, 2.70; N, 9.69.

5. Bisperchloratotetrakiﬁﬁ3-bromopyridine)nickel(l&), {§i(3w8rpy}q(010u}£

a. By azeotropic distillation. 1Into a roynd-bottomed flask were

placed 14 ml, of 3-bromopyridine, 3.0 g. of {ﬁi(HgO)éJ(ClOu)z, and 45 ml
of benzene. The flask was attached to the usual distillation apparatus,
and water was removed by distillation of the benzene-water azeotrope.
When the vapor temperature reached 80°, the flask was removed and c¢ooled
in an ice bath. The light blue product which formed was collected by
suction filtration, transferred to a sample bottle, and dried in a vacuum
desiccator at reduced pressure.

Anal. Caled. for [Ni(3~BrC5H4N)Q(CIOQ)2]; C, 27.00; H, 1.81; N,
6.30. Found: C, 27.23; H, 1.88; N, 5.85.

b. Using 2,2-dimethoxypropane. The precedure described in para-

graph 3 (b) was used to prepare this complex. There was a tendency for
an oil to form when the ratio of benzene to acetone was large. Cooling

was necessary before filtering to obtain a reasonable yield.

6. Tetrakis(4-aminopyridine)nickel(11) Perchlorate, [ﬁi(4~NH2 py)uJ(Ciﬁ&}3
To 1.3 g. of ENi(HQO)@](Cqu)Z and 25 ml. of absolute ethanol corn-
tained in a 50-m!. round-bottomed flask were added 5 ml. of DMP and 2.!

g. of L-aminopyridine. The flask was attached to a distillation apparaius
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and the contents refluxed for a few minutes. The lower Bolling compo-
nents were removed by distillation until the temperature reached a con-
stant 78%. After cooling to room temperature, the yellow product was
collected by suction filtration, washed twice with ethanol, and dried
in a vacuum desiccator at 0.4 mm. The compound melts and detonates at
291-292°,

Anal. Caled. for [Ni(h-NigCoHyN)y](Cl04)p: G, 37.86; b, 3 /9,

N, 17.68. Found: C, 38.01; H, 3.74; N, 17.64.

7. Bisaquotetrakis(3-methylpyridine)nickel(Il) Perchlorate,

(NL(3-pic)y(H20) 2 }(Cl0L) 2

To 3.7 g. (0.01 mole) of Eﬁi(HQO)é}(C]Oq)Z in 6 ml. of 530 per cent
ethanol was added 9 ml. of 3-methylpyridine. The ®lue solution which re-
sulted was allowed to evaporate at room temperature for several days
until almost no liquid remained. A Bblue crystalline mass had fermed in
the bottom of the beaker. This was removed and washed with ether con-
taining a little ethanol, air-dried, and then greund with a mortar and
pestle. It was further dried at 50° and 16 mm.

—

Anal. Caled. for {Ni(3-CH3CsH4N)4(1120)2](Clog)2- €, 43.27; H

[

L.84; N, 8.41. Found: C, 43.36; H, 4.68; N, 8.14.

8. Tetrakis(3-methylpyridine)nickel(II) Perchlorate, [ﬁi(3~91034}(C10“3;

~
A sample of {Ni(Smpic)g(HzO)gj(Clﬁq)2 was dried in a vacuum oven
at 70° apd 1 mm. until weight loss was negligible and the product was

uniformly bright yellow.
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Anal. Caled. for |Ni(3-CH3CsHsN)4 (ClOy)p: C, 45.80; H, 4.48;

N, 8.89. Found: C, 45.80; H, 4.47; N, 8.74.

9. Bisperchloratotetrakis(3-methylpyridine)nickel(I1),

In a gloved bag that had been flushed with dry air, a sample of
{ﬁi(3'pic)u](010q)g was transferred to a clean glass ampule. The ampule
was sealed and then heated at 165-170° in an oven overnight. Ttpon cool-
ing, the blue product, (ﬁi(Bwpic)q(ClOQ)j], was obtained. It was neces-
sary to handle the product in a dry atmosphere. The product could be
converted back to tetrakis{(3-picoline)nickel(Il) perchlorate by heating
in a sealed ampule at 70° for a week, or by exposing to a moist atmos-
phere for several hours and then drying again at 70° in vacuo.

Anal. Caled. for [Ni(3-CH3CsHyN)4(ClO)p]: C, 45.80; H, 4.48;

N, 8.89. Found: C, 45.59; H, 4.56; N, 8.69.

10. Bisaquotetrakis(4-methylpyridine)nickel(I1) Perchlorate,
i T

[Ni(a-pic),(1p0)2](C10) 7

To a saturated aqueous solution of 3.7 g. of {ﬁi(ﬂzﬂ)i}(@lou)z was
added 9 ml. of 4-methylpyridine. Twenty ml. of saturated sodium per-
chlorate solution was added. The solution was cooled, and the blue
crystals which formed were collected by suction filtration. The product
was washed with a little cold ethanol and then with ether. It was air

dried.
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11. Tetrakis(4-methylpyridine)nickel(II) Perchlorate,

[NiCs-pic)y ](Cl04) 7

a. From [Ni(4-pic)s(ip0)y ) (ClOg)y. The blue [Ni(a-pic)y(Hp0) 7]~

(Cl0y) ) wag dried in an oven at 130° until a uniformly yellow product was
obtained and weight louss was negligible.

P. By azeotropic distillation. Into a 25-ml., round-bottomed

flask were placed 1 g. of [&i(HgO)é](ClOu)z and 15 ml. of 4-methylpyridine.
Solvent was distilled from the flask, as described previously, until the
vapor temperature reached 143° and very little solvent remained. The yel~-
low product was collected by suction filtration, washed with ether con-
taining a little BMP, and dried to constant weight at 130° in an oven.
Anal. Calcd. for [Ni(4~CH3C5H4N)q](0104)2: C, 45.80; H, 4.48; N,

8.89. Found: C, 45.87; H, 4.66; N, 8.62,

12. Dbisperchloratotetrakis(3,5-dimethylpyridine)nickel(II),

[Ni(3,5-1ut)(C104)7]

Into a 100-ml., round-bottomed flask were placed 25 ml. of benzene,

14 wl. of 3,5-dimethylpyridine, 5 ml. of DMP, and 3.0 g. ef [Ni(H20)g]-
(C1l0y)9. The low-boiling components were distilled from the mixture in
the usual way, the distillation being stopped when the temperature reached
a constant 80°. Well-formed blue crystals of the product separated.

After cooling, the supernatent liquid was decanted from the flask and the

crystals transferred to a sample bottle and dried in a vacuum desiccator

at reduced pressure.
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Anal. Caled. for [Ni(S,5«(CH3)2C5H3N)4(C104)£]: C, 49.00; H,

5.29; N, 8.16. Found: C, 49.24; H, 5.40; N, 7.99.

13. RBisperchloratotetrakis(4-ethylpyridine)nickel(II),

[;Nj_(u,-etpy)u(CIOL}) 2]

To 10 ml. of 50 per cent ethanol in a small beaker were added 3.6
g. of [ﬁi(ﬂg@)é}(Cqu)z, 7 ml. of 4-ethylpyridine and 1 ml. of acetorne.
Upon standing for 2 days, large, deep blue crystals formed. These were
dried in a vacuum oven at 80° and 1 mm. for several days until weight
loss became negligikle, yielding a light blue powdery product of
[ﬁi(u—etpy)q(CIOq)zj. The dry material detonates at about 380°.

Anal. Calcd. for [ﬁi(uwC2H5C5H4N)q(ClOQ)3:: C, 49.00; H, 5.29;

N, 8.16. Found: C, 49.07; H, 5.35; N, 8.20.

An attempt to prepare this complex by azeotropic distillation r:.-
sulted in an explosion. Into a 50-ml., round-bottomed flask were placed
5.1 g. of [ﬁi(ﬂzO)g](C]Oq)z and 25 ml. of 4-ethylpyridine. The flazk was
attached to the distillation apparatus. After most of the water had been
distilled from the mixture, the volume was considerably reduced, so addi-
tional U4-ethylpyridine was added, and heating was continued. An explo-

sion occurred as the temperature reached about 145°.

14. Bisperchloratotetrakis(4-isopropylpyridine)nickel(I1),

[Ni(4-ippy)u(Cloy) )]

To 50 ml. of bernzene in a round-bottomed flask were added 3.6 g.

(0.01 mole) of (Ni(HgO)6](6104)2, 5.3 ml. of 4-isopropylpvridine, and
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10 ml. of DMP. Distillation was carried out, as described previously,
until the volume was reduced to 5-10 ml. The blue product was collected
by suction filtration (but was not allowed to dry on the filter) and
dried in a vacuum desiccator at reduced pressure.

The product was soluble in benzene and toluene, from which un-
stable yellow svlids were obtained upon evaporation of the solvents.
The yellow solids lost enclathrated solvent rapidly upon standing to
give the blue complex again.

Anal. Caled. for [Ni(4-i-G3H7CsHuN)4(Cley)z]: €, 51.77; H, 5.97;

N, 7.56. Found: C, 52.38; H, 6.07; N, 7.26.

15. Attempted Preparations

a. With 4-chloropyridine. Samples of 4-chloropyridine hydrochlo-

ride were neutralized with sodium hydroxide and extracted into either
Benzene or chloroform. Addition of [Ni(Hz.)é](Clou)z to the extracts

and dehydration by addition of DMP or by azeotropic distillation usually
gave mixtures of yellow and chartreuse solid products. Washing the
product with benzene gave a blue solution and left a yellow insoluble
material. Evaporation of the benzene solution gave a blue solid which
became yellow upon drying. The latter yellow material gave the follow-
ing analysis: C, 32.64; H, 2.74; N, 7.27; calculated for Ni(4-ClCgHyNJy -
(ClOyYp: G, 33.745; W, 2.27; N, 7.87.

b. With 3-cyanopyridine. From a mixture of 2 g. of [Ni(HzO)s]—

(Cl0yd2 and 4 g. of 3-cyanopyridine in 25 ml. of toluene was obtained



a blue product by distillation of the toluene-water azeotrope. The
product did not come to constant weight upon drying.

Evaporation of a 50:25:25 acetone-ethanol-water solution contain-
ing 3.6 g. of [ﬁi(u20)5](0104)2 and 7 g. of 3-cyanopyridine gave a blue
oil, The oil was dissoulved in 100 ml. of acetone, and 10 ml. of DMP was
added. Upon warming, a blue precipitate formed. The solid was col-
lected by filtration, washed, and dried. It did not come to constant
welght. The infrared spectrum indicated that water was present.

-
Anal. C, 37.59; H, 3.0l; N, 13.65. Calcd. for INi(3-CNCgtyN),~

(H0)2 J(C10)p: C, 40.59: H, 2.84; N, 15.75.

c. With 4-cyanopyridine. A solution of 4.2 g. (0.04 mole} of

4-cyanopyridine in 30 ml. of warm isopropanol was added to a concentrated
aqueous solution of 3.6 g, (0.0l mole) of [Ni(H20)6](0104)2. Evaporation
of the solution gave an oil. Pumping on the oil in a vacuum desiccator
removed the remaining solvent and gave a plastic solid. The oil could
not be made to crystallize trom chloroform, benzene, or dioxane. A
portion of the oil was stirred and warmed with a 50:50 mixture of ben-
zene and IMP. A violet precipitate formed, which, upon continued heat-
ing, changed to a light blue powder. The blue powder was isolated by
suction filtration, washed, and dried at 60° and 1 mm. The infrared
spectrum indicated that no water was present and that perchlorate was
coordinated.

Anal. C, 32.30; H, 2.53; N, 11.79. Caled. for Ni(4-CNCgHyN)y-

(Cl0y)p: C, 42.76; H, 2.39; N, 16.62.
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A solution of 4.2 g. (0.04 mole) of 4-cyanopyridine in 15 ml. of
acetone was added to a sclution of 3.6 g. (0.81 mole) of{ﬁi(ﬁg@}g](clou)g
in 7 ml. of acetone. To this solution was added 0.5 ml. of DMP and 10
ml. of benzene; the mixture was warmed and evaporated until a fine violet
solid began separating. The flask and contents were cooled in an ice
bath, and the solid collected by suction filtration. It was washed with
dry benzene and then with dry ether and dried in a vacuum deslccator.
The infrared spectrum indicated that water was present.

Anal. C, 32.05; H, 2.92; N, 11.81.

d. With 4-methanolpyridine. About 0.5 g. of [ﬁi(ﬂgO)é}(Cqu)z

was dehydrated by warming with 30 ml. of DMP. The excess DMP was de-
canted from the resulting brown oil, and the latter was dissolved in 20
ml. of acetone. Solid 4-methanolpyridine was added to the solution with
warming until it was saturated. Addition of ether to the green solution
did not cause precipitation. The solvent was evaporated, yielding a
green oil. This was made to crystallize by boiling with successive
20 ml. portions of benzene. The green product was redissolved 1n acetone
and agailn crystallized by the same treatment. It was isolated by suction
filtration and air dried; m.p. 125-128°.

Anal. C, 42.32; H, 4.62; N, 7.13. Calecd. for Ni(4-HOCHPCsHyN)y~

(CloyYs: G, 41.5; H, 4.06; N, 8.7,

e. With 2-methylpyridine. To 5.0 g. of [ﬁi(HQO)éT(Clou)z was
added 5.5 ml. of 2-methylpyridine. Heat was evolved, and a pasty #reen

mass resulted which slowly solidified. The solid was dried in a vacuumn



desiccator, ground to a powder, and further dried over barium oxide. It
did not come to constant weight, even after drying several days, and
smelled strongly of 2-methylpyridine.

Anal. C, 37.85; H, 4.52; N, 7.04. Caled. for Ni(2-CH3CgHyN)y~

(Cloy)»: C, 45.80; H, 4.48; N, 8.89.

£ with 2,6-dimethylpyridine. To 4.0 g. of [Ni(Hz0)6|<C104)2

dissolved in a minimum amount of acetone was added 5.0 ml. of Z,6-
dimethylpyridine. A green, gelatinous precipitate formed immediately.
It was allowed to settle, and the solvent removed with a filter stick.
The precipitate was washed with ethanol and then chloroform; the ethanol
washings were pale green; the chloroform washings, yellow. The product
did not appear a uniform green when dried.

g. With 4-propanolpyridine. The procedure described in section

15 (d) was tried using 4-propanolpyridine. A brown solid, which appeared
to be a mixture, was obtailned.

h. With 5,6-dimethyl-1,10-phenanthroline. 'fo a hot solution ot

2.2 g. (6 m1) of [Ni(H20)6](CI04)2 in 25 ml. of acetone was added 1.4 g
(6 M) of 5,6~dimethyl-1,10-phenanthroline monohydrate as a slurry in

25 ml. ef hot benzene containing 5 ml. of DMP. A salmon-pink precipitate
formed immediately; 1t was probably tris{(5,6-dimethyl-1,10-phenanthroline:
nickel(II) perchlorate. The solution was saturated with lithium per-
chlorate, Wut, after heating for several hours, no change was noted.

The so0lid was collected by suction filtration, washed 6 tilmes with etiarald

containing a little DMP, and then dried at 70° and 1 mm.
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éﬂil” ¢, 53.33; H, 4.10; N, 8.26. C(Calecd. for [ﬁi(C14H12N2)£]—
(ClOy¥s: G, 57.16, H, 4.11; N, 9.53.

A 0.3 g. sample of the above product and 0.3 g. of {&i(ﬂz@)é](Cqu}g
ware dissolved in a mixture of 5 ml. of water and 80 ml. of acetone tc
glve a pink soluticn. Upon heating gently for an hour, the soluticn grad-
ually became blue. 'The blue solution was left to evaporate at room temp-
erature. After 3 days, & mixture of salmon-pink powder and well-formed

blue-violet crystals had deposited. Attempts to separate the two products

were not succesgsful,

C. Visible and Near Infrared Spectra

Visible and near infrared spectra were obtained on a Cary Model 14
recording spectrophotometer manufactured by the Applied Physics Corpora-
tion.

A modification of the powder technique described by Maki2u was used
in obtaining absorption spectra of the powders. 1In a gloved polyethylene
bag which had been flushed with dry air, about 0.1 g. of the sample was
ground in Nujol with a mortar and pestle to give a mull. The Nujol coat-
ing protected the complex from atmospheric moisture for an hour or longer.
The wull was spread on a quarter of filter paper cut from a 5.5 cwm.
circle, and, when necessary, additional Nujol was added to make the fil-
ter paper translucent. The sample was then suspended in the sample beam

of the instrument. A second quarter of filter paper was wet with Hujol

and suspended in the reference beam to equalize light scattering. The
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spectrum of the sample wasg then obtained in the 60300-16,000 angstrom
region using the infrared source and detector, and in the 3000-7000
angstrom region using the visible scurce and detector. The wavelengih
drive was set at speeds ranging from 10 to 50 angstroms per second.

For solution specira, a sample was transferred to a weighed
volumetric tlask In a gloved bag which had been flushed with dry ailr,
and the flask then was reweighed in order to determine the sample
welght by difference. Solvent was then added to dissolve the sample
and £il1l the flask te the mark. Spectra, in the ranges cited pre-

5~, or 1l0-cm. matched quartz cells

3

viously, were obtained in l-, 2-
wilth solvent in the reference cell. All solutions were prepared and

gpectra run at 21 e,

D. Infrared Spectra

Infrared spectra of the complexes were obtained using Nujol
mulls between sodlum chloride plates. fhe mulls were mrepared by grind
ing a small awount of sample in Nujol with a small agate mortar and
pestle. The wulls were prepared in a gloved bag wtiich tad been flushed
with dry air, and were spread on the sodiuym chloride plates using a
rubber policewan. Specira in the 2-15 wicron range were tlhen obtained
veing the Beckman IR-5A, the Peskin Elmer Intracord, or the Perkin i
Mcdel 21 reccrding spectrophotometers. 'The spectra wese calibrated
against polystvrene fllm. There was no evideuce that the complexes re-
acted with the #sodium chloride plates during the times required to get

i
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Preliminary work with the potassium bromide pellet technique in-
dicated that the bromide 1on replaced cocrdinated perchlorate in many
of the complexes during the pellet-making process.
One solution specfrum was obtained: LNi(umippy)h(CIOQ)ZJ in di-
chloromethane. The technique described in seetion € of this chapter
was used in preparing the solution. The 0.025% mm. sodium chloride cell

was tilled with a syringe. The spectrum indicated that the complex re-

acted slowly with the cell walls.

E. Magnetic Moments

Magnetic susceptibilities of the complexes were measured using a
Curie-Chaneveau torsion balance which was built in this department by
G. K. Schweitzer and W. K. Witherspoon. The sample holder was a 12 x 1/7-
mii., screw-cap vial suspended by a thread from the beam of the balance.
Using this balance, it was necessary to determine the weight of the
sample and the maximum total deflection of the beam due to the sample
since the deflection is directly proportional to the gram wagnetic sus-
ceptibility of the sample. (This differs from the more commonly used
Guoy method in which the deflection 1s proportional to the volume mag-
netic susceptibility of the sample, and is hence dependent on particle
size and packing for solid samples.) The balance was calibrated by
measuring the total deflection ot the beam caused by a weighed sample
of wercury tetrathiocyanatocobaltate(II) which hhas a magnetic suscepti-
Bility of 16.44 x 107 per gram and has been recommended as a magnelic

. 25
candar g
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The technique empleyed was as follows: The sample was transferves
te the previously weighed sample holder in a gloved bag which had been
flusned withk dry air, and the tolder was then reweighed to determine the
sample welght by difference. 1t was then suspended from the beam of ihe
baltance. After waiting 15-30 minutes for beam vibrations to stop, maxi-
mum Jdet lection readings were recorded when the magnet was moved away from
the sample in each direction., The two values were added te give the tor.:
deflection. Several pailrs of deflection readings were taken for each
sample and the average total deflection determined. For each pair of
readings, the sample holder was removed from the beam and then resus-
pended. The diamagnetic deflection due to the empty sample holder was
measured in the same manner, and this value added to the total deflec-
tion of each sample ito give the actual deflection due to the sample alone
The magnetic data are given in Table III.

The calculation of magnetic susceptibilitiles and magnetic moments
was quite straightforward. The gram susceptibility Xg of a sample was
calculated uszing the relation

XQ:’ m' \9‘
Xy =8 ——— 1)
g m@® ¢

wiiwre m ia the sample welght and © 1s the corrected total deflection fo:
L sawple; the pitwes refer tu the corresponding quantiiles for the
catibrany, mercury telrathlocyanatocobaltats( 1), The molar susceptl~
Lility Xy was obtained by wmaltiplylng Xg by the moleculsr weight B of
the sample and thea adding a diamaegnetic corrvection, The diamagnet ic

covieot g were shralnsd by oadding atomic diamagnetic susceptibilities



TABLE ITII

MAGNETIC DATA

Sample Temper -
Molecular Welgnt ature Corrected
Coupound Weight {g.} (K3 Defleat ion
Hg jcotscmy ! - 0.1907 297 Ly 40
Mi(3 Brpy)y (ClO4) 5] 829 .4 0.2903 297 16.72
Vi (4-ippy)4(ClOy) ;] 742 .4 0.2014 298 14.37
i3, 5-1ut),(Cl04) ;) 686.2 0.28569 298 23.65

Correction for diamagnetism of empty sample holder: 4.67

o

g [Co(SCN) | - 0.1617
Ni3-picig]ccioyy 630.1 0.1919
[Vi(3-piciy(Ccl0,);] 630.1 0.1256
Wi pyy (Cl04) 5] 610.0 0.1273
[Nitbipy)2(Cl0y) 7) 570.0 0.l1e07

298 39.21
301 0.50
300 13.53
299 16.61
301 16.45

Correction for diamagnetism of empty sawmple holder: 6.72

g [Coeseny, | - 01200
[Vits-etpy), (G104 5 ] 686.2 01288
[@iékwetpy)q(CIOQ)é} 558.2 0.2278
s picyy (010, 6301 0 n2i
INiCapie) ) (G100 630 1 0 073

301 28.93
300 11,66
300 20.39
301 -1.66
301 -0.21

Correction for diamagnetism of empty sample boldevr: 7.24

{Ni(ﬁ~NH2py)§l(C}04)2 S

301 (Y, 78

Correction fory diawmagnetism of empty sample holder: 8.48
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NP . . N . e
tabulated by Figgis and Lewis . ® From the wolar susceptibility, the
effective magnetic moment M was ceomputed by assuming a Curie tempera-

ture of 0K and using the relation
&

P 2,84‘\[}7_\4;?_ (2)

. Conductance Measuremeints

The same solutions used in the near-infrared-visible spectral
studies were also used for conductance measurements. The cell constant
of the conductance cell had previously been found to be 0.357 Cm.*] by
T, C. Patterson. It wasz determined by measuring the resistance of the
cell containing 0.0200 molar potassium chloride solution. The resis-
tances of the samples were measured, and the equivalent conductances
computed. All work was dome at 25.5 ¥ #.5°. A Model RC-1 Conductivity

Bridge made by Industrial lnstruments, Inc. was used for the resistance

gieasurements |



CHAPTER III

RESULTS AND DISCUSSION

A, General Properties of Complexes

The anhydrous complexes of nickel(Il) perchlorate and pyridine
bases substituted in tte 3- and U4-positions were found to be either
square-planar complexes having the general formula [@i(X-py?ui(ClOu52
or tetragonally distorted octahedral complexes having the general formuia
iﬁi(x~py34(C104)2]. These conclusions are based on the analytical re-
sults, as given in Chapter I1, and on the spectroscopic and magnetic
data. Low intensity absorption bands in the visible region of the
spectra are consistent with the assignment of trans (centrosymmetric
Dyp symmetry) rather than cis (Cyy symmetry) configurations to the
[Ni(mey)u(ClOQ)g] complexes. From symmetry considerat ions of d-pi
bonding posssibilitie&s‘z’7 between the metal and the pyridine base, 1t
seems most pro®able that the four pyridine molecules are co-planar in
the xy-plane of the complex (as contrasted to a paddle-wheel arrange-
went of the pyridines).

The spectrascople results will be discussed in more detail in sen-
tion B of this chapter. At thils polnt, however, 1t ile appropriate to

discuss some other characteristics of these compounds.

39
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. bDesciiption

Tre compounds which have been assigned a wquare-planar configura-

tion ave yellow in color. ENi(&~pic)4](610432 was obtained as well-

: Bisea miny, e - :
formed deep yellow cyrstals, le(ﬁ—plC}gé(Ll@g)g, 4z a Lright yellow

¢
i h
i

fwii*«Nhgpyiﬁjicloq)z, as & dull yellow powder. When exposed

Do
1o sumespheric molsture, the 4-wethvlpyridine and J-methylpyridine com-
plexes became blue, the former over a period of nours, the latter, 1n a
matter of a few minutes. The 4-aminopyridine complex appeared to be
stable to atmospheric moisture ftor at least several days.

The octahedrally coordinated complexes are bilue 1un color. All
except two were obtained az very fine powders. [ﬁi(umippy)u(ClOQ)é}
crystallized ay ttiin plates from 4-isopropylpyridine (but a powder re-
sulted when the compound was obtained by crystallizing from chloroform
or by decomposing the benzene clathrate). §1(3,5~1ut)g(8u3435] crystal-
lized as octahbedral crystals from benzene and from chloroform and as

lates trom cacbopn tetracnloride. All of the blue compounds are quits
p

hygroscopic except gNi(j,S»lut)a(Cloukzﬁ.

[n general, both blue and vellow complexes are soluble in water,
acetwne, ethanc!, and the compenent pyridine (if a liguid) giving blue
oo green soluticns . The degree of solubility varies frow slight for
tie Y4oasminopyridice complex to very soluble for the pyridine complex.
Solarlon 1s thought to take place in most cases by the addition or sub-
stitution of two molecules of solvent along the molecular axis perpen-

dicutar to the plane of the 4 pyridine ligands.
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Tre principal exception 1o these genevalizaticns about solubility
s ?Nl(d,é«lut)a{ClOQ)gr. This compound is not soluble in water or 3.5
dimettiylpyridine. It 1s slightly soluble in acetone, giving a blue solu
tion. and readily =zoluble in chloroform, giving a yellow solutions which
becomes blulsh upon cooling.

A tew well tormed crystalline octahedra of Ni(B,S»iut)uiClwhﬁyi
were examined under a polarizing microscope. The ¢rystals were found to
be aniszotropic and dichroic.

2. Magnetism

The vesults ef the magnetic studies and calculations are given in
Table TV. Among the yellow complexes, [Ni(&«NHzpy)u}(Cqu)Q and
{Niiuvpic)d](CIOQ)z were found to be diamagnetic, while [gi(3—pic)u](Cluu?,
showed a small magnetic moment ot 1.05 Bohr magnetons. The diamagnetism
found in the first two cases is consistent with the assignment of square-
planar configurations to these compounds. 'The paramagnetism of the J-
mettiyvipyridine compound. however, Ls of interest. There are two possibic
explanations: (1) the 3Azg state of the nickel may lie culy sligntly
above the LAlg ground state, thus allowing thermal excitation of an elec-
teon from the singlet ground state to the triplet excited state, or
{2} 1ne sample muy have been a mixture of dlamagnelic and patamagnetic
specles.

The fact that the yellow 3-methylpyridine complex can be readily
converted to a blee moditication having a magnetic moment of 3.46 B. .

by teating at 170% would seem to favor the first explanation. However,



TABLE Iv

MAGNETLC RESULTS

Molar Diamagrnetic

]

g Correct ian XM &

Compound x 100 x 106 x 106 B.oM,
(VL pyy, (10402 §.85 300 5350 3.8
(NiCBipy);(Ciog) | 6. 94 290 5250 3.2
[NiC(3-Br py)gcCiog) o]  4.07 410 4030 31
INTC3-pic)y(C104) 7 | 7.30 350 4940 305
[NLC3,5-1ut)y(Cl0) 5] 5.82 390 43990 3.2
INi Ca-etpy) 4 (Cloy) 5] 6.50 390 4560 3.4
[NiC4-ippy), (C10,) 5] 5.0L B40 4180 3.2
[ﬁi(uwNﬂgpy)ij(Cqu)g - -- - Diamagnetic
INi(3-pic),](Cloy, 0.18 350 450 1.0

[Nitt-pic)y](Cloy)z

Diamagnetic
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one wonld expect a temperature-dependent magnetic moment in the case of

a thermally accessible triplet staLe(ZB

Alttough a thermostated mag-
netic balance was not available for temperature-dependency studies, a
sitgle magnevic moment determinaticon was made on the yellow complex at
aboutr 70°. There was no significant change in the value of the wagnetic
moment from the 1.05-B. M. value observed at 28°.

Tte possibility of a mixture of diamagnetic and paramagnetic
nickel species seems more probable. A recent x-ray studyzg of the weaki:
paramagnetic (2.58 B. M.) yellow form of bis(meso-stil benediamine)nickel
{I1) dichloroacetate has shown that crystals of this yellow material
congist of a mixture of paramagnetic octahedral molecules and diamagnetic
planar molecules. By analogy, the yellow [@i(3~pic)4:(C1Oq)2 may be
similarly constituted.

Some samples of the yellow 3-methylpyridine complex could definitet.
be seen to contaln some bluish crystals. These could be the diaquo com-
plex, EN1(30pic)u(Hzo)é}(ClOu)z (however, the samples weie handled 1in a
dry atmosphere to avoid contact with wmoisture), or the anhydrous high
temperature moditication, [Ni(3~pic)4(C1Ou)éj, which may form in small
amounts at the 70°-80° temperatures required to prepare the yellow complex
When a sample of the yellew material was added to dichloromethane, part
of the solild dissolved guickly, put some blue solid remained undissolved.
Whether the blue solid formed due to a trace of molsture in the dichloro.
methane or whether 1t was originally present in the yellow sample was noy
determined. There 1ls, theretore, at present no conclusive evidence to

suppert etther explanarion
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The remalning complexes listed in Table IV are blue and have mag-
netic moments falling within or near the 3.0-3.3 B. M. range expected
for octahedral nickel(I1) complexes. No explanation can e offered for
the slightly high value of 3.60 B. M. observed in the case of

[’\1 py(ClOg) QJ .

3. Flectrolytie Conductance

The results of the conductance measurements are given in Table Vv,

In acetone solutions, values of the equivalent conductarnce were in the

range 87-120 cm.zohm”1 mole~l. One would expect much higher values for
a 1:2 electrolyte since 107 molar solutions of 1:1 electrolytes in
acetone have been reported to have equivalent conductances of 150-200
cm.2 ohm”1 molewl,30 In the current study, however, the solutions were
quite concentrated, and extensive ion association could have occurred,
causing the low values. One important conclusion can be drawn: since
the solutions did conduct, it 1s certaln that at least some of the per-
chlorate was displaced trom the coordination sphere during the solvation
process .

For the solutions 1n which each complex was digsolved in 1ts
component pyridine, the wvalues of the equivalent conductance ranged
From 1.6 to 35 cm,2 shn™ ! wote™!. Again the solutions were too concen-
trated for relilable determination of the nature of the electrolyte.
Also, neither conductances in nor viscositiles for the majority of these

solvents have been reported in the literature; nence there is no other

dara svailable for comparisons, It 1s Interesting to observe, however,
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TABLE V

CONDUCTANCI. MEASURBMENTS

Fquivalent

Concentration Canductagce
in Moles/1. Resistance in Cm.*
Complex x 103 Solvent in Ohms® ohw ! Mole™!
(i pyy (Clog)2] 14.7 Acelone 239 162
[Nicoimy) pci0y) 5] 14.1 Acetone 211 120
INL(3-Er py)y(Cloy)g] 17.5 Acetone 232 88
(Ni(3-pic)y)(Cl04)2 12.1 Acetone 260 113
[ﬂi(3~pic)4(€104)2] 10.0 Acetone 300 119
Nill-pic)y)(Cley), 21.5 Acetene 170 98
INi(3,5-1ut)4(Cl04) 7] 8.97 Acetone 330 120
INL(L4-ippy),(C10,) ;) 14.5 Acetone 234 105
INL pyy (C105),] 13.4 Py 751 35.4
{Ri(B_Br py)4(Cl04) 5] 26.2 3-Br py 8350 1.6
INi(3-pic), (€104, 22.8 3-mic 690 22.7
(Ni(L-piciy J(CLOL), 21.8 4-pic 718 21.9
(NI (4-etpy) 4 (ClO,) ] 240 hetpy 1508 9.9
(Nica-ippy),(Cl0,) 5] 15.3 4-ippy 2630 8.9

av . R N . -
Cell constant, k = 0.357 cm. "L
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that the three compounds having the smallest measured equivalent con-
ductances in the pyridine solvents are the same three compounds which
show splittings of the first absorption band in their near-infrared
spectra. It 1s possible that in these solutiocns there is little ten-
dency for the solvent to displace perchlorate from the coordination

sphere of the nickel complex.

4. Claihxégigﬁ

Clathrates were observed to form with two complexes during this
study, and it is suspected that enclathrated solvent may have been the
cause of poor analytical results in some of the unsuccessful prepara-
tions. No attempt was made to study and characterize these intriguing
compounds, but a brief description of some observed properties is of
interest,

From the analytical results, the presence ot enclathrated benzene
in almost a 2:1 mole ratio was suspected in the original [ﬁi pyq(ClOu)g
sample. The sample was decomposed in hydrochloric aecid solution and
this solution washed with heptane. The ultraviolet spectrum of the
heptane extract confirmed the presence of benzene in the sample. The
clathrate was a light blue powder, and the guest was apparently quite
strongly held in tne host lattice, for it was necessary to dry the
compound at 50° &nd 1 mm. for 5 days to completely strip the benzene
from the host. No color change was noted when the guest was removed
and no signiticant changes occurred in the spectrum of the solid complex

except the disappearance of the ®wenzene bands from the infrared spectrum.
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; . Fove B
The vellow clattirate of benzene and |Ni(4-1ppy)({Iayh,

od

was dis-
covered when a benzene sclution ol the complex was evaporated atb 30~ 35"
witto a4 Rinco flash evaporator attached to a water aspirator. Under trne
same conditinns a yellow toluene clathrate resulted upon evaporvating s
toluene solution. JThesze clathrates were tlaky crystalline waterials,

dry to the touch. They smelled strongly of benzene or toluene. [he
toluene clatbhrate was slighrvly more stable, but both lost guest mole
cules rapidly, leaving the host as a blue powder. At 35° and 18 mm.,

the yellow crystals of the clathrate burst apart, reverting to a blue
powder in 2-3 minutes. When the solutions were evaporated at tempera-
tures below 20° or above 50°, a considerable amount of blue solid
crystallized, and the amount of yellow material crystallizing diminished
rapidly at more extreme temperatures. The visible spectrum of the
toluene clathrate was very similar to that of the square planar
[ﬁi(&-pic)é](ﬁlOg)g complex discussed in the next sectjon. No analyses
were attempted because of the iustability of the compounds. DBvapocation
ot cyclobtexane, acetone, and chloroform solutions of ﬂi(u*ippyJu(ClOg>2é
gave only blue solids., It 1s thought, therefore, that a mi-electron
system, as found in aromatic bydrocarbons, 1s necessary for clathration
to oceur. This seews to indicate an interaction of the pi-cloud of the

guest with the hoast complex.
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B. Spectroscoplic Results

1. lonfrared Spectra

a. Perchlorate bands. The pexrchlorate ion consists of a chlorite

atom surrounded by four oxygen atoms situated at the corners of a regu-
lar tetrabedron. hence it Belongs to symmetcy point group Tq. The five
atoms contribute 9 degrees of freedom, but due to the hipgh symmetry ot

the lon there are only four normal modes. The assignments of tne nermal
modes have been established from infrared and Raman spectral studies by

31-33 frese assignments are listed in Table VI.

several investigators.
. . . . ?
Of the four normal modes, only V3, antlsymmetric stretchipng, and }’a,
antisymmetric bending, are infrared active. The former, qccurring at
\ -1 . . . .
1110 cm. ~, appears in the infrared spectra of ionic perchlorates as a
very broad, strong band with a poorly defined maximum; the latter occurs
below the region accessible with sodium chloride eptics, but is readily
" -1 . ; . . .

observed at 626 cm. with potassium bromide optics. The symmetric

. . L/ . . . . . .
stretching frequency /1, which 1s theoretically infrared 1lnactive,
usually appears very weakly at 932 em.” 1 due to distortion of the ion
in the crystal field. The symmetric bending frequency 2 1s asgsigned
a trequency of 460 cm.” ! from Raman spectra.

figure 6 shows the infrared spectrum of the yellow LNi(Q~pic)4 -
{C104)9 complex in the 7-12.5 P region, and the perchlorate bands ef the
vellow complexes are listed in Table VII along with the corresponding

bands for some perchlorate salts. 1t can be seen that the strong, broad

L1110 cmf'1 band and the very weak 932 em.”! band fit the requirements of



TABLE VI

VIBRATIONS @F THE C1l04 GROUP

Symmetry Modes®
7 !“?
Ta QE Vo V% Yy
A(R) E(R> T9(I1,R) To(T.R)
sym. str. sym. bend. asy. str. asy. bend.
932 Lea 1110 626
! ///// 7 N\
‘ // \ /// \
~ ) N
Cay V2 Ye Vi 4 b3 v
A1{I.R? E(I,R} A(I,R) E(I,R) ALT,R) E{I,R)
C1-0" str. rock. Cle, C1-0™ G103 Cle3
sym. str. asy. bend. svin. bend. asy. bend.

aSymbols are as follows: “Coordinated oxygen; A, non-degenerate; E, doubly degenerate;
T, triplv degenerate: I, infrared active; R, Raman active; sym., symmetric: asy, antisymmetric;
str., stretching: bend., bending.

ot
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TABLE VII

INFRAPED ABSORPTION OF €10y IN [Ni(X-py)y|(Cl04)7 COMPLEXES

Band Assignmentsa
T4 Symmetry

Vs Vi
To(1,R) A(R)
Compound Asy. Str. Sym. Str.
[Nis-pic)y [(CIOL), 1040-1130 s,b 951 w
[ﬁi(3~pic)4](0104)2 1085-1105 s 931 w
{&i(u~NH2py>4](c1ou)2 1050-1155 s,b 935 vw
KC104 1070-1165 s,b 942 w
[NiGHy0) 6] CC104) > 1030-1190 s,b 930 w
-
aA

fi

non-degenerate; T = triply degenerate; I = infrared
active; R Raman active, s = strong; w = weak; vw = very weak; b =

broad.
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T4 symmetry very well and confirw the presence of ioniec perchlorate in
these complexes.

1f the perchlorate group becomes coordinated through one of its
oxvgen atoms, this atom is no longer equivalent to the other three
cxygen atoms, and the Tq symmetry of the perchlerate ion is rveduced to
Gy, symmetry in the perchlorato group. This reductlon In symmetry ve-
sults 1n a splitting of the two triply degenerate normal modes of vibra-
tion. Also, the two symmetric normal modes become infrared active
since thesge vibrations are accompanied by a changing dipole moment.
Table VI also shows the normal modes of the perchlorato group and cor-
relates them with the modes of the perchlorate ion.

Figure 7 shows the infrared spectrum of the blue (FL(B,Swlut)a,
(Cqu)é] complex in the 7-12.5 2 region, and the perchlorate bands of
the blue complexes are listed in Table VIII. In each case, the strong

) ,
Vﬁ and VL bands appear at about 1030 and 1140 cmf*l,

respectively;

these arise from the splitting of the broad vé band ¢t ronic perchlorate.
The chlorine-coordinated oxygen (Cl-0") stretching frequency Vz, cor-
responding to the inactive Va mode in Ty symmetry, appears as a medium

] B

or strong band at about 925 ¥ 5 cm.” The range of freguencies of

thig band is shifted to slightly lower energies than that observed for

the inactive V] band (932 cm. !

3 in the ionic complexes. This shift
way be interpreted as further evidence for coordination of the per-

chlurate group since coordination through a given oxygenn atom would be

expected to lower the bond order, and hence the vibrational frequency
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TABLE VITI

INFRARED ABSORPTION OF 010y IN [ﬁi(X~py)4(01oa>§] COMPLEXES

Band Assignments®
C3y Symmetry

ACILR) ECI,R) ALCL,R)
' Compound Clu3 Sym. Str. Cl0™ Asy. Bend Cl0”" Str.
[ni py4(C104) 2] 1032 s 1133 s 929 m
[ﬁi(bipy)u(CLOQ)é] 1020-1040 s 1110-1145 s 923 m
[@i(s_srpy)4(01ou)§] 1025 s 1140-1165 s 920 m
[Nic3-pic)y(cloy)y] 1020-1035 s 1123-1160 s 928 s
[NiC3,5-1ut)y(Cr04),] 1025-1055 s 1115-1165 s 930 s
[Ni(4-etpy)n(C104)5 ] 1027 s 1130-1155 s 925 m
[vicu-ippy)y(c10,), ] 1010-1045 s 1120-1160 s 920 s
ucie, > 1032 1312 739
c1042" 1061 1315 715

a non-degenerate; E = doubly degenerate; I = infrared

>
([ 1

Raman active; s = strong; m = medium.



of the corresponding C1-0% bond. 3°
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The corresponding shift has been

to be from 981 cm.~ ! (T4) to 970 cm."1

reported for the sulfate ion
(C3yJ, which is about the same order of magnitude as the shift observed
here. Perchlorate coordination to nickel through an oxygen atom is not,
however, the equivalent of complete covalent bond formation. 1In the

4

latter case, a much larger shift of the V} band would be observed. For

7 . -1 . .
example, \fz occurs at 739 cm. 1 in the spectrum of anhydrous perchloric

..3 -1 . .
acid 7 and at 715 cm. 1 in the spectrum of perchloryl fluorlde;38 the
corresponding shifts (from 932 cm._l for ionic perchlorate) are thus 193

1

cm. - for the C1-OH stretch and 217 cm."l

for the Cl-F stretch.

On page 4C, it was indicated that solution of the blue complexes
was thought to involve the substitution of solvent for perchlorate in
the coordination sphere. This is not, however, true in every case. The
infrared spectrum of a dichloromethane solution of [Ni(Q—ippy)u(CIOQ)é]
showed perchlorate bands typical of coordinated perchlorate. When the
spectrum was ruii again after a 15 minute interval using the same solu-
tion and cell, the Pﬂ and V; bands were considerably reduced in in-
tensity and distorted, indicating that coordinated perchlorate was beilng
replaced in the complex by chloride from the cell walls.

b. Pyridine bands. Infrared bands arising from vibrations of the

1 and

pyridine ligands have been listed in Table IX for the 700-900 cm.”~
1125-1650 cm.”! regions of the spectra. Bands have also been tabulated

for the free pyridine bases in these same regions. Nujol absorption

often prevented cobservation of bands in the neighborhood of 1380 and



TABLE IX

INFRARED BANDS OF FREE AND COMPLEXED PYRIDINE DERIVATIVES

Compounds 700-9030 Cm,'l Bands 1125-1650 Cm.”] Bands®
Py 703, 749 1439, 1482, 1572, 1580
[§i pyycc1047] 703. 759, 763 N, N, 1598, 1632
bipy 756 1144, 1220, 1251, 1421, N, 1567
1588
[NiCbipy) 2(C104) ;| 733, 763 1163 sh, 1181, 1220. 1251, 1320,
- 1450, 1500, 1575, 1620
3-Brpy 700. 793 1194, 1224, 1325, 1418, 1468,
1567, 1580
INi(3-Brpy),(C104); ! 682. 697, 717, 799 1205, 1233, 1332, 1425, N, 1560,
- 1595
4-NH,py g11, §22, 844 1223, 1279, 1340, 1445, 1515,
1600, 1650
K U-IEpY) gy 1(C104) 5 826, 846, 853 sh 1220, 1293, 1355, N, 1525, 1637,
- 1650 sh

9§



TABLE IX (CONTINUED)

Compound 700-900 Cm. > Bands 1125-1650 Cm. - Bands®
3-pic 711, 793 1196, 1232, 1389, 1420, 1485,
1560, 1600
[Ni(2-pic)y(Clon)s ] 707, 798, 818 1204, 1250, N, N. 1492, 1590,
1615
[@i(3~pic)41(c104>2 706. 807 1203, 1250, N, N, 1495, 1590,
- 1615
4-pic 712, 726, 796 1210, 1220, 1330 sh. 1380, 1408,
1450, 1492, 1561, 1605
- —
(Ni(4-pic)y (C104); 723. 8l4 1212, 1232, 1335, 1385, 1428,
- 1448, 1500, 1565, 1620
U-etpy 777, 824 1225, 1320, 1380, 1422, 1460,
1500, 1567, 161C
- - .
(Ni(4-etpy)y(C10y) 7 | 769 . 831 1215, 1233, 1435, 1515, 1567,
- 1625
3.5-1lut 710, 858 1158, 1173, 1236, 1275, 1330.
1430, N. 1575. 1610
INi(3,5-1ut),(Cl0,) ! 707, 760, 873 1160, 1192, 1251, 1283, 1335.
- - N, N. N, 16iC

A9



TABLE IX (CONTINUED)

- -~
Compound 700-900 Cm. 1 Bands 1125-1650 Cm. ~ Bands
4-ippy 750, 819, 893 1221, 1240, 1314, 1368, 1390,
1414, 1460, 1493, 1555, 1600
INi(4-ippy), (C10OL)7 | 723, 765, 828, 895 sh 1235, 1250, 1317, N. N, 1430, N,
- - 1505, 1555, 1595

8N indicates bands obscured by Nujol absorption; sih = shoulder.

8%
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1465 cm,“l, and perchlorate absorption obliterated pyridine frequencies
in the 950-1170 cm. ! range.

1

Strong bands in the 700-900 cm.” " region in spectra of aromatic

hydrocarbons have been identified with motions of ring hydrogen atoms

moving in phase out of the plane of the ring.39

The frequencies of the
out-of-plane hydrogen bending bands have been shown to depend on the
number of adjacent hydrogen atoms around the ring and have been used to
determine substitution patterns. The splitting of an intense 1in-phase,
out-of-plane hydrogen bending mode upon complex formation has been in-
terpreted as evidence for a cis configuration in a complex.uo This in-
terpretation has been shown to be unreliable in more recent work,b'l’42
Interaction between molecules in the unit cell, low lattice site sym-
metry for the complex, or slight rotations of the coordinated pyridine
about the metal-nitrogen bond have also been invoked as causes for the
splitting of bands in this region.

For the substituted pyridines used in this study, the number of
bands appearing in the 7€0-900 cm."l region could be predicted with a
fair degree ef accuracy from the known pattern of hydrogen atoms on the
ring. The shifts and splittings of these bands upon complex formation
could not be correlated, however, 1n any systematlc manner.

Pyridine bands otcurring at the low-frequency end of the 1125-
1650 cm.ml range may arise from in-plane bending motivons of ring hydro-
gens or pessibly from ring vibrations; characteristic ring frequencies

. . o . . 39
of aromatic compounds occur near the high-frequency end of this reglon.j
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Also some bands in thls region may be attributed to overtones and combin-
ations. Because many bands were too weak tc be observed or were obscured
by liujol or perchlorate absorptions, detalled assignment of the bands
which appeared was not teagible. The only general feature observed in
this spectral region was a shift to higher frequencies by 5-50 cm. L o1
many of the bands upou complex formation.

A strong band, showing slight splitting, appeared at 2340 cnm. !
in the spectrum of [Ni(#«NHzpy)iJ(ClOu)z. The appearance of this band
was considered unusual since no band appeared in the triple-bond region
of the 4-aminopyridine spectrum. However, absorption bands in the 2300-
3000 cm.m1 region have been reported in the literature for alkylammonium
salts.43 These bands were attributed to N-H stretching modes which were
shifted to lower frequencies by hydrogen bonding of the amine hydrogens
to anions in the crystal. 1In [@i(h—NHzpy)éj(C104)2, there is also a
possibility for hydrogen ®bonding, either between two amine groups, or

between an amine group and the perchlorate anion. Such an occurrence

. -1 .
would explain the 2340 cm. band in the spectrum of the complex.

2. Visible and Near-Infrared Spectra

a. Complexes in pyridine base solutions. 1In Table X are listed

the frequencies of maximum abscrbance, the molar absorbancy indexes, and
the voncentrations for solutions of the blue and yellow complexes in the
compenentt pyridine derivatives,; only the complexes which were soluble in

the {liqiid} cowpoitent pyridine could be studied.



TABLE X

VISIBLE AND NEAR-INFRARED BANDS OF Ni(X-pv)y4(ClOy)o COMPLEXES IN X-py SOLUTIONS

Complex

Concentration
C x 102
Moles/1.

Absorption Maxima ( ¥ x 1073 cum.

Absorbancy Index

i
4

-

N1 pyu(Cqu)é}
[Bi¢3-pie)y(Cloy) 5,
(Ni(4-pic)y](Cl04) 2
Bﬁ(3—Brpy)4(Cqu)2}
(Ni(4-etpy)y(CLOL) ]

Vi (4-ippy)(C10y) ;)

13.4 10.1 (3.6

22.8 10.1 (3.6)

21.8 10.1 (3.8)

26.2 §.8 (2.5) 11.6 (3.11)
, | 24.0 8.8 (4.4) 11.4 sh

15.3 9.9 (4.2) 10.4 (4.4)

13.

(1.

sh

5.
7))

.6)

16.¢

(6.2

—~
W
N

.
(o)
w

(6.3)

(11.93

(6.0

26.

27.

26.

26.

(10.
(12.
(13,7
(28.

(13.73

9)

4)

19
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The spectra of the nickel complexes in pyridine (see Figure §),
3-methylpyridine and 4-mettiylpyridine, are nearly identical and corre-
spond to the spectra of regular cctahedral nickel(11) complexes. The
bands appearing at 10,100, 16,600, and 27,000 cmp~l may be assigned to
the 3A2g(F) -+v3T2g(F). 3A2g(F) - 3T1g(F), and 3A3g(F} - 3T1g(P)
transitions, respectively. These assignments may be seen to fit the
spin-allowed transiticns expected for a A-value of 10,100 cmn.”? from
a study of Figure 2 {page 4 ) . Also, they agree quite well with transi-
tions calculated in elither the weak-field or strong-field formalism,
Using the strong-field matrices of Tanabe and Sugano,uu (Table X1),
the three spin-allowed transitions for nickel(II) are calculated to be
10,100, 16,400, and 27,600 em. "} when A is assigned a value of 10,100
(:m.m1 from the experilmental spectrum, and the Racah parameter B is
assigned a value Qf 910 cm.'lo For the gaseous nickel(II) ion, B is
1080 cm.'l;45 hence, B, the ratio of B for the complex to B for the
gaseous nickel(I1} ion, 1s 0.771.

Wrten the crystal-field matrix elements reported vy Orgel2 (Table
X1I) are solved in the weak~field formalism, the energies of the three
spin-allowed transitions for nickel{(II) are predicted ts be 10,100,
17,200, and 27,000 cm.vl for assigned values of 10,100 em.”! for A and

3n

F and 3

13,900 c:mfl for the splitting of the P multiplets (this reduc-
tion in the [~P splitting from 15,840 cm. "1 corresponds to a B value
of 0.878).

These two sets of predictions seem to be the best fits to the

experimentally observed results which can be calculated using simple



25,000 23.000

Wave Number (cmﬁnl)

15,000 10.000 9000

8000

i i L T 3 T I
i 2
A
Pt
Pl
o bt
Pl
P!
ot
L

rpance
o

1

abzo

Molar

i i i

400

Figure

= 5.
INT v, (CLOLY A |
LYt o Evat 4 2

I5e

J
600 800 1000 1200
Wavelength (mf}

Visible and near-infrared absorption sp=sctrum of
pvridine solution.



64
TABLE XI

TANABE-SUGANO MATRICES FOR CONFIGURATLON d2-8

t2 .
(ilo B+ 5C - A TN oy
\fV%TIQB + C) 8B + 4C + A [/
2
(-8B + A)
t? o2
B+ 2C -2 2\ 3B
-2(3 B 2C + A
et
(413 + ZC)
£2 et
-5B - A 6B
6B uy
12 et
B + 2C - 4 275 »
EAEE 2c
et




TABLE XI1
ORGEL MATRICES FOR CONFIGURATION d°
0 46 Dq
4\['6 pq 4Dq
3
12 Dq
ip 1o
<(2u,/7) Dg (w0 \3/7) pq
\(140\} 3/7) Dq (4/7) Dq
e
(2 D)
3 3p
( -6 Dq 4 Dq
4 Dgq 0
1y 1
/ -(16/7) Dgq (207 3/7) g
( 20\ 3/7) Dq -(26/7) Dq
3

(2 Dg)
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ligand-field theory. Here, cubic symmetry has been assumed, pi-bonding
has been accounted for by a reduction of the F-P splitting from that
observed in the gaseous ion, and spin-orbit coupling has been neglected.
The fact that the observed band maxima do not fit exactly the calculated
transition energies is not surprising for the bands are ''vibronic' in
origin; i.e., the bands are allowed only by a coupling of certain vibra-
tional modes of the complex with the electronic wave functions; thus,
the energles absorbed correspond to the sum of the energies necessary
to cause an electronic transition and to excite a vibrational mode.

The weak band at about 13,400 cm. "1

in the spectra needs to be
accounted for now. As was mentioned in Chapter I, the appearance of a
fourth band (or splitting of the center band) in the spectra of many
nickel(XI) complexes has been the subject of some controversy. For a
series of these complexes, including the hexaquonickel(1I) ion, Jdrgen-
sen6 has assigned the corresponding weak bands in the spectra to a spin-
. . . 3 . 1 ) .
torbidden transition, Azg(F) — Eg(D). Although spin-forbidden tran-
sitions are normally too weak to be observed, Jgrgensen has contended
that near the crossover point of the lowest singlet state with a triplet
state, the states interact and the singlet state galns intensity from
the triplet state. More specifically, states of the same J (the vector
sum of L and S) interact as a function of the Landé multiplet splitting
?
factor % 1. For nickel(IIl), the interaction between the states with

J = 2 is warticularly strong. Figure 9 shows the Orgel diagram for

nickel(Il) which J#rgensen has developed from these considerations.
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It can be seen that the diagram predicts a iriplet-singlet transition
at about 13.000 cm.”1 when A 1s assigned a value of 10,100 cm.“l, thus
accounting for the 13,400 cm. ™1 band observed in the spectra under con-
sideration. This diagram predicts the three spin-allowed transitions

to c¢ccur at 10,100, 16,500, and 27,000 cm, "L,

Liehr and Ballhausen® have calculated a “complete' energy level

diagram for nickel(II) in a cubic field. To do this, they included
the spin-orbit coupling term §kri)li'si (1i and sgj are orbital angular
momentum and spin quantum numbers, respectively) in the Hamiltonian
operator of the Schrodinger equation. (Previously, spin-orbit coupling
has been neglected for 3d ions.) The Schrodinger equation was then
golved in both weak-~field and strong-field formalism for the energy
matrices. The solutions in both cases were functions of the four quan-
tities Fjy, Fy, }\, and Dq. F2 and Fy are the well-known Slater func-
tions, ;ﬂ is the spin-orbit coupling constant, and Dq is a measure of
the crystal field strength and is defined by 4 = 10 Dq. All four
quantities were treated as parameters and the matrices solved using
an IBM 704 data processing machine. Figure 10 shows Liehr and Ball-
hausen's energy level diagram, with spin~orbit coupling included, for
nickel(I1). Values assigned to the parameters were ,R = ~275 cm.'l,
Fy = 90 em.” b, and Fy = 14 Fy.

Using this diagram, the authors dispute Jgrgensen's assignment

of the 15,400 cm.”! band in the hexaquonickel(II) ion (Diq = -850 em. " b

te a triplet-singlet transition, but agree with his assignment of the
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13.150 cn.” ' band in the hexamminenickel(II) ion (Dg = -1075 cm._l) to
a spin-forbidden transition. 'they invoke the splitting at intermediate
tfield strengths of the compenents of the 3T1g level to explain the
13,500 and 15,408 cm. ' bands of the hexaquonickel(I1) ion.

For the three pyridine complexe: cof current interesti, having Dq
values of ~1010 cm‘hl, Liehr and Ballhausen's energy level diagram 1is
geen to predict spin-allowed transitions at 10,100, 16,100, 16,700, and
27,000 cm.wl, A spin-forbidden transition is predicted at 12,500 cm,"1
It seems likely that the splitting of the 3T1g levels 1s not resolved
in the spectra of these pyridine complexes and that the observed 16,680
cmh‘l bands correspond to the 3A2g — 3T1g transitions. Thus, 1n analogy
with the hexamminenickel(II) spectrum, the weak 13,400 em.” ! bands in
the spectra of the pyridine complexes are assigned to the spin-forbidden

3A2g !

Eg transition. Since all bands have been satisfactorily
assigned for regular octahedral symmetry, the complex specilies in solu-
ticen is thought to be [Ni(x-py)é]+2. This latter conclusion is suppurted
by the conductivity measurements which indicate the presence of ions in
the solutions.

Turning attention now to the spectra of the remaining three com-
pounds listed in Table X, it is seen that there 1s an apparent splitting
of the low energy absorption band of these complexes into two components:
(see Figure 11). 'This splitting, as mentioned in Chapter 1, is an indi-

cation of slight tetragonal distortion In octahedral complexes. (It will

be recalled that the conductances of these three solutions were found to
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be considerably smaller than the conductances of the solutions already
discussed. This indication that the perchlorate ion may still be co~-
ordinated in these solutions also supports the proposal of a tetragonal
gpecies 1n solution.)

In going from regular octahedral (Qp) symmetry to tetragonally
distorted octahedral (Dyp) symmetry, the energy states for a a8 system
are split according t¢ the correlations shown in Table XII1. The two
3T1g states, the 3T2g state and the 3A2g state of Op symmetry are split
into a total of seven triplet states in Dy symmetry. Hence with weak
tetragonality the spectrum should show six spin-allowed transitions
from the ground state (352g), provided no transitions are accidentally
degenerate and all occur in the observed spectral region. Calculation
of the energies for transitions in Dy} symmetry is more complicated
than in Op, but some theoretical work has been reported.zq’ué_51 The
reader is referred to the work by Maki, whose results will be used here
for the assignment of bands in Dy symmetry.

For an octahedral nickel(Il) complex in Dyp symmetry, Maki cal-
culated the electronic energy states as functions of four parameters.
The parameters were the in-plane point dipole strength Ho the nickel-
dipole distance R, the axial point charge p, and the nickel-axial point
charge distance 4. She then plotted energies of the electrenic states
as fuanctions of p at fixed values of p, 2, and R. In the reported
energy level diagram, the parameters were assigned values p = 1, 2 = 2.1

@

A, and R = 1.5 A. The diagram gives the correct qualitative prediction



TABLE XIII

CORREIATION TABLE FOR Op AND Dyp

Oh Dyp
Alg Alg
Tig A2g + Eg
T2g Big * lg
Aog g
Eg Alg + B2g
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of spectra of the distorted octahedral complexes at a'P-value of about
0.6 (Maki indicated{P in atomic units, where 1 au = 2,54 debye), Table
X1V gives the assignments, based on Maki's diagram, for the spectra of
the [ﬁi(X—py)u(CIOQ)zj complexes in X-py solutions, where X are the 3-
bromo, 4-ethyl, and 4-isopropyl groups. Also, the corresponding approxi-
mate predictions for these transitions are given based on Maki's dia-
gram, Further adjustment of the parameters from the fixed wvalues re-
ported should make the predicted values fit the observed spectra more
closely (since Maki chose parameters to best fit the spectrum of a
complex having chloride ions in the axial positions, these same par-
ameters should not be expected to fit exactly the complexes under con-
sideration),

b. Complexes in acetone solutions. The visible and near-infrared

absorption bands for acetone solutions of the complexes are listed in
Table XV, Since these solutions are electrolytes, and since the spectra
have the features characteristic of regular octahedral nickel(II) com-
plexes, it is thought that the absorbing species in solution is probably
Eﬂi(X—py)q(acetone)2]+2. Since both acetone and the pyridine bases are
neutral molecules, the tetragonal distortion in the complexes 1is
apparently not great enough to cause splitting of the first band. In-
stead, the nickel ''sees’ an averaged crystal field. The assignments

of the bands, also listed in Table XV, are therefore those of octahedral
nickel(II) complexes, Definite assignments have not been made for the

bands appearing in the 22,000-24,000 c:m."1 region of two of the spectra,.



TABLE X1V

ASSIGNMENT OF TETRAGONAL BANDS

Observed

Com. "l x 1073 Assignment Pre§ICted N

3-Brpy L4-etpy L-ippy 332g — Cu.”t x 1079
8.8 g 8 9.9 3, (F) 8

3

11 6 114 10.4 A () 13
13.4 13.1 13.4 3B) 5 (F) 14
16.4 16.5 16.5 3y (P) 18

[N
[o0]

26.9 26.7 27.0 35 (P)




VISIBLE AND NEAR-INFRARED BANDS

TABLE XV

OF COMPLEXES IN ACETONE SOLUT IONS

Concen-
tration Band Maximum (Absorbancy Index}
Compound mole/1. em.”! x 10-3 (1./mole cm.>)
Assignment 3A (F) —> Jp (F) 5 (D) 3T (F) 30,.(P)
& 2g  F - 2g g lg lgtt.
INi pyy (C104) 7] 0.0147 9.9 (3.9) 13.7 sh  16.2 (6.3) 26.6 (13.2)
[Ni(4-pic),] (ClO4) 5 0.0215  10.1 (3.8) 13.7 sh 16.4 (6.9) 26.7 (15.1)
(NL(3-pic),(C104) 5] 0.0100 9.9 (4.0) 13.7 sh 16.1 (6.2) 26.5 (14.0)
[Ni(:s-pic)u](cmu)z 0.0121 9.9 (3.9) 13.7 sh  16.1 (6.1) 26.5 (11.9)
[Ni(3-Brpy)4(Cl0g) 2! 0.0175 9.5 (L4.4) 13.7 sh 15.7 (5.7} 26.1 (11.8)
Ni(3,5-1ut)4(C104) ;1 0.00897 10.0 (3.9) 13.7 sh  16.1 (6.2) 27.2 (12.2)
[Ni(l-etpy)y (Cl0g) o] 0.0153  10.0 (3.1) 13.7 sh 16.2 (5.3) 26.6 (11.3)
INi(4-ippy) ,(C10) 7] 0.0145  10.0 (3.8) 13.7 sh 16.2 (6.5) 26.7 (15.3)
(Ni(bipy)2(C104) ] 0.0141  11.0 (11.3) 12.9 sh  17.9 (8.4) 23.5 sb
Ni(4-NHppy),](C10,)5 0.00594  10.0 sh (5) 16.1 (12.2) 22.1 (27.5)  26.4 (38.8)

9/
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The weak shoulder at 23,400 em. "1

in the spectrum of the bipyridine
complex is probably a spin-forbidden transition. The band at 22,100
en.” ! in the spectrum of the 4-aminopyridine complex is, however, too
intense and broad for a spin-forbidden band. 'The shape and position
of this band are similar to that of the single bands appeaving in the
spectra of the solid square-planar complexes. Hence this band probably
arises from a square-planar species in solution due to an equilibrium
of the type

[NiCu-NHopy),) " + 2cHaCOCHZ = [Ni(4-NHgpy),(CHa00CHS)5]™2

Since a A value for acetone apparently has not been reported, it
is appropriate to use the averaged fleld approximation52 to calculate it
from the spectral data now available. According to the averaged field
approximation, the crystal field strength for a complex of the type
postulated above should be given by

Bavg., = (1/6)(WApy + 205ct.)
Using the 3A2g — 3T2g transition energies of the first three cowpounds
in Table XV as values of Jayg, and the corresponding energies from
Table X as values of Apy, three values of d40t, were calculated to give
an average of 9600 ! 40® for the & value of acetone.

c. Powders in Hujol. The visible and near-infrared spectral
bands of the solid Ni(X-py)4(ClOy)y complexes in Nujol mulls are listed
in Table XVI. The yvellow complexes exhibit single, rather intense bands
1

at 22,000-24,000 cm.” The assignment of these bands is uncertain.

However, the spectra are typical of square-planar nickel(II) complexes.



VIS1BLE AND NEAR

TABLE XVI

-INFRARED BANDS @F

SOLID COMPLEXES AND CILATHRATES

Band Max imum
(em.” ! x 103

Compound )

Assignment 3825 o Eg(E 3Azg(F) SBlg(F} 3Eg(P) Ao (P} Other
Ni py,(Cl04)g, 0 12.3 13.4 16.7 27.2 24.0 sh
[Ni pyy(Cloy) ;] xCghe 12.1 13.4 16.7 27.1 23.9 sh
(Ni(bipy)2(ClO4) 5| 10.6 17.8 23.4
(Ni(3-Brpy)4(C104)7 | 12 13.3 16.2 26.9
3}11(& Nﬁzpv)ﬂ ClOyJ 23.6
NL(3-pic)y)iC10,), 22.6
[Ni(3-pic),(C104)5 | 12.3 13.4 16.8 27.1
INi(u-pic),]ic104)0 22.9
Ni (4-etpy),,(C10,) 4] 12.2 13.5 16.6 26.9
[Ni(3,5-1ut)4(Cloy) 5] 12.4 13.4 16.7 27.2
Ni(4-ippy)4(C104) 7] 12.1 13.3 16.3 27.0
Ni(U-ippy)y](C10,) 5 XClsCets 22.2

8¢
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The spectra of the blue powders may be seen, by comparison of
Tawles XVI and XiV, to be similar to the spectra oif those complexes
which have been assigned a tetragonally distorted cctahedral configu-
ration in their pyridine base solutions. The maxima of the broad

; . e : -1 . ,
weak Ptands in the 6500-8500 cm, region cculd not be accurately

lacated in the powder spectra because of the low signal-to-no rat 1o
of the instrument and the Interfering abscrption of the pyridine bases
in this region. llowever, the bands in Table XVI were asslgned in
analogy to the assignments in Table XIV. The infrared gpectra confirm
the coordination of perchlorate, and hence the assignment of distorted
octahedral symmetry (Dyp), in these blue powders. The similarity of
the spectra of the powders in the 10,000~30,000 cm._l region to that

of the solutions listed in Table XIV lends additional support to the

six-ceordinate Dy specles postulated in the solutioens.

C. Substituent Eftects

The existence of a substituent etfect it complexes of the empirical
formula Ni(X-py)iyu{ClOyd2 is quite obvious since the complexes fall into
elther a blue series of compounds containing coordinated perchlorate or
a yellow series of compeunds containing lonic perchlorate, depending
merely on the remcte ring substituent. The wmanner by which the sub-
stituent determines the narure of the complex is, towever, not zo cbvious.
In seekiuyg an explanation, it is appropriate ito look at the reles of in-

ductive effecis, steric effects, and the resonance effects since ihese



nave cften been successfully invoked by organic chemists for explaining
chiemical properties of arcmatic rings.

The inductive effect is a relay of electron polarization through
a chalt of sigma bonds. According to leser and tieser.?d the direc-
tion and magnitude of the inductive eifects of ditferent groups caun be
interred frow dipole moment data., Substituent groups which are move
powerful electron attractors than the hydrogen atom are sald to exhlbit
negative inductive effects (~I1), whereas those which are poorer elec-
tren attractors than hydrogen display positive inductive effects (+1).
Alkyl greups are considered +I ¢roups; the bromo and amino groups are

<L

~I groups. 'The dipole moments of the sumstituted pyridines’“ are given
in Table XVII as an indication of the relative inductive effects of their
substituents. Since the 3-methylpyridine complex exhibits both blue
and yellow forms, one would expect pyridine bases having more positive
inductive effects to give only vellow complexes and cnes having less
positive inductive effects to give only blue complexes if only the 1n-
ductive effect were the determining factor. The use of dipole moment
data is, of course, an over-simplification since the inductive effect
is transmitted only short distances through sigma bendg (hence a 3~
methvl group, being closer to the ring nitrogen, should give a larger

effect than a 4-me=thyl group). But even with ithis congidervaticn, oue

i

caunct rationalize the blue 3,5-dimethylpyridive complex, or the blue

Yoethyle and U-isopropylpyridine complexes, which would seemingly have

5

greater +1 effects than the 3-methyl- and 4-wethylpyridine complexes,

A



TABLE XVIT

Substituent Dipole Moment

He 2.3
Electron releasing {(+i)

3-CHy~ 2.4
4-CH3~ 2.6
3,5-(CH3) 2~ 2.6
4-CoHg- 2.6
b4-i-CgHy- 2.7
Electron attracting (-1)

3-Br- 2.0
4 -NHg- 3.9
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respectively. The yvellow 4-amine pyridivne complex 1s also not explained
by the inductive effect.

Steric effects 1n the usual sense cau be ruled out since none of
the substituents ave ortho to the ving nitreogen., The wmore subtle effects
of the size and position of the substituent on the lattice energy of the
crystal and 1is influence on the sterecchemistry of the complex are uot
known. (e can orly cobserve that clathration, a sensitive indication of
lattice strueture, occur:s with both the smallest (H-) and largest
(1-Cgt7-) substituents.

T'he resonance effect seems to hold the most promise of explaining
the differences in the blue and yellow cemplexes. However, it does not
give a completely satisfying explanation. When a disturbance ot pi-
electron density at one atom in a conjugated system becomes distributed
over the pi-electron cloud associated with the entire system, affecting
those atoms far from the source of the disturbance just as much as the
atotes; close to 1iu, the effect 1s known as a resgnance eftect. 3Substilituent
groups which supply electron density to conjugated pi-systems are desig-
nated as +R In character. These include the alkyl groups, the amino
group, and the bromo group. Greups having the opposite effect are
designated as -R in character. No -RB groups occurred among the com-
plexes prepared in this study. The explanation of the blue and yellow
complexes therefore rests, most probably, on the magnitude of the +R

eftect in these complexes.
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It is thought that in the complexes the possibility of d-pi back
vording (synerglic bonding) 1s the critical factor which governs the
nature of the complex. Thus, perchlorate wight becume coordinated to
the nickel only if synergic bonding is effective in reducing the con-
centration of negative charge on the nickel which would result from the
donation of six pairs of electrons trom the ligands. The pl cloud of

¥

ungubst ituted pyridine is apparently an effective “electro:r sink’ into
which electrons from the dyz- and dyz—orbitals of the nickel can be
delocalized by the formation of d-pi bonds. But in the case of the
sumstituted pyridines, It is the substituent group which governs the
efficiency of this electron siunk by the extent of its donation of elec-
trouns into the pi cloud, i.e., by the magnitude of its +R effect.

Since the +R effect influences the pl-electron density only at
positions on the ring which are ortho or para tu the substituent, +R
groups located in the meta positions of the pyridine ring should have
no effect on the pi-electron cloud density at the nitrogen atom. Meta-
substituted pyridines, therefore, should form blue complexes siwmilar
Lo the unsubstituted pyridine complex., This was indeed the case excemt
for 3-methylpyridine which furmed both blue and yellow complexes.

Substituents of +R character in the 4.position of the pyridine
ving should lucresse the pi-electron density at the nitrogen atom. 1f
ithe increase lg great enough, synergic wonding irom the metal to the pi
cloud at the nitrogen is prevented. Since electirons on the metal are
then not efficiently delocalized, the metal cannot accomodate two addi-

tional ligauds and the perchlorate ions are not coordinated.
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The largest +R eftfects occur with substituents having unshared
electron pairs on the atom attached to the ring.SS For alkyl groups,
+R effects are rather small, resulting from hyperconjugation of a-
hydrogens with the pi-cloud of the ring. Among alkyl groups, there-
fore, the magnitude of the +R effect shoyld decrease as the number ok
a-hydrogens decreases. From these considerations, the 4-substituents
in this study may be ranked 1n order of increasing +R effects as fol-
lows: i-C3Hy- < CgHs- -7 CH3- << NHg-. The two substituents having
the greatest +R effects were observed to result in yellow complexes
lraving lonilc perchlorate, while the remaining two substituents resulted
in blue cowplexes having coordinated perchlorate. The difference in
the complexes thus seems to depend on the subtle difference in resonance
energy between a methyl group and an ethyl group. This slight dif-
ference and the anomaly of the yellow 3~methylpyridine complex consti-
tute the major shortcomings of the resonance effect explanation.

Although the substituent on the pyridine ring does seem to de-
termine the nature of the complex, 1t 1s interesting to note that, in
geneval, the substituent, when located in the 3- or 4-position of the
ring, has little, if any, effect on the 4 value of the pyridine. For
comparison purposes, the most complete set of 4 values are the averaged
fieid A values fuor the complexes in acetone soluticns. They correspond
te the energles of the first transitions in Table XV. From a study of
these values, 1t cau pe seen that, of the wonodentate pyridine deriva-
tives, all except 3-bromopyridine have dayg. values of about 10,000

om .
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D. Further Aspects

Althouph several complexes of nickel(I1I) perchlorate with
pyridine derivatives have been synthesized and their compositions and
stereochemistries established, the study is, In a sense, lncomplete,
for several questions have been raised and left unanswered. The nature
of the slightly paramaguetic [NL(Bwpic)é](ClOu)Z complex could be fur-
ther clarified by studies of variatlons in the visible and near-infrared
abgorption spectrum and In the magnetic moment as functions of tempera-
ture. Visible absorption spectra, using plane polarized light, of
oriented single crystals of the complexes would be valuable in confirm-
ing the assignments of tetragonal bands in the powder spectra of the
complexes. Single-crystal x-ray diffraction studies and further inves-
tigation of clathration properties of the complexes would also be de-
sirable. The preparation of additional complexes, especially ones
having non-alkyl substituted pyridines, should be possible, and their
characterization ¢hould allow a mere complete interpretation of the

substituent effect.
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SUNMMARY

Blue paramagnetic (g = - 3.2 B. M.) cowplexes having formulas

?Ni(x~py)u(Cle)21, where X Is H. 3 CHsz, 3-Bor, #4-.CpH

: )
o

and h~i~tsﬁ7, were prepared. Also, vellow diamagietic LN?(x~py)g}<u‘wg&3
conp lexes, wheve N Is 4-CHz and 4-NHy, and the siightly parvamagnetic
vellow ;ﬁi{3~pic)gj(6104)g complex were prepared. Characterization of
the complexes included studies of the infrared, near-infrared, and
visible spectra of the sclid complexes and their solutlions in the com-
pouent pyridine base and in acetone,

Near-infrared and visible absorptien bands were assigned in
agreement with either regular or distorted octahedral stereochemistries
for the blue complexes and solutions and in agreement with square-planat
stereochemistry for the yellsw complexes. The coordinativn of the per-
ctilorate ion to the nickel lon in the blue complexes was courilrmed [om
the splitting of the depenerate modes and the activatlon of the symmeiric
modes of the perchlorate ion in the infrared spectrum. The ability of
two of the complexes to form clatnrates with aromatice giuests was ob-
gerved. Inductive., steric, and resonance effects of the substituents
were consldered as possible explanations of the observed substituent
effects. The influence of the resonance etfect on the poszsibility of
synergic bending between the nickel and the pyridine base was considered

86
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te be the mest lmportant factor in determining the stereochemistries of
the complexes. Trne wvalue of Dg for the 3- and 4-substituted pyridines

was judged relatively Insensitive to the substituent group.
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