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ABSTROT 

In these studies there were two main aims of a 

general nature. The first was to determine the fac-

tors that are of significance in the adoption of a 

given structure for nickel (II) complexes. The second 

was the study of the spectral and magnetic properties 

of nickel (II) complexes of a particular structure. 

More specifically, an examination was made of the gen-

oral chemistry, electronic spectra, and magnetic prop-

erties of the complexes formed by nickel (II) with 

benzimidazole, a ligand of some biological importance. 

Complexes with a number of heterocyclic ligands 

have been prepared, and from the trends observed, and 

the electronic spectra, it appeared that steric effects 

were the dominant factor in determining ;structure. 

The polymeric complexes of stoichiometry NiLX2, 

and NiL2  X2  (L =heterocycle, X = halide), were found 

to give Curie-Weiss 0 values of ferromagnetic sign. 

The tetrahedral complexes of the type NiL2X2, gave 

electronic spectra that suggested marked distortion from 

Td symmetry. Those latter complexes showed Curie-Weiss 

behaviour in the region 80-300°K, with small negative 

values of G. The proton n.m.r. contact shifts for these 



tetrahedral complexes in solution were investigated, 

for ligands of the imidazole type;. Predominantly a 

delocalisation was found. 

The magnetic and spectral properties of Ni(benzimi-

dazole)4X2.2 14.catone (X = Cl, (3 forms);Br), and the 

various desolvation products, were found to be critically 

dependent on the conditions of preparation. The anoma-

lous magnetic behaviour seen in a number of these com-

plexes was rationalised in terms of antiferromagnetism, 

spin state equilibria, and phase changes. 
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7. 

INTRODUCTION 

In these studies there are basically three main 

aims. Two are of a general nature. The first is an 

investigation of the factors which might be of significance 

in determining the structures adopted by nickel (II) 

complexes. The second is a study of the magnelio and 

spectral properties associated with compounds of a given 

structure. Various ligands have been used within this 

framework, one of which was benzimidazole (see p.13 ). 

This latter ligand has some biological importance, 

though the complexes formed with metal ions have been 

little investigated. Thus the third aspect of these 

studies has been an examination of the general chemistry 

and electronic and magnetic properties of the nickel (II) 

complexes with benzimidazole, substituted benzimidazoles, 

and to a lesser extent the complexes with imidazole, 

substituted imidazoles, and benzothiazole. An outline 

is given below of the previous work relating to the two 

general topics mentioned above, and some background is 

given to both the biological importance of imidazole 

type heterocycles, and to earlier studies of the complexes 

formed by these ligands. 
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Nickel (II) forms complexes within each of the main 

structural classes seen for the first row transition 

metals, octahedral, tetrahedral, and planar. It was 

considered of interest to examine, in a general manner, 

the factors which might be of significance in determining 

which of these structures a nickel (II) complex would 

adopt with a given heterocyclic ligand, and anion. 

At the time of starting the present work, there had been 

no systematic study of this question, only a limited 

number of tetrahedral complexes, of the 2:1 type, being 

known. Tetrahedral and planar structures for complexes 

of the type nickel (tertiary phosphine)2a2  ( X = halide) 

had been described.1 Octahedral, tetrahedral, and planar 

complexes in the system nickel (quinoline)2X2  (X 

halide) were also known2, it being suggested that 

structural changes might be connected with varying contri-

butions of (7- and n- bonding. 

Recently however there have been contributions in a 

number of publications which have added considerably 

to the information relating to the question of 

structural factors. Studies on the complexes formed 

with methyl substituted pyridine and quinoline type 

ligands93,4,4(a),5 have indicated the importance 
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of steric factors. On the basis of the studies on the 

substituted pyridine complexes,4'5  and the electronic 

spectra of various nickel (II) complexes,6'7  o- and 

bonding, and lattice energies,4'7  have also been 

cited as possible causes of differences in structure 

between closely related compounds. Complexes within 

the various stereochemical systems have been prepared 

in this work, and these are examined to see if they 

throw any light on the structural factors, the data 

obtained being mainly interpreted in terms of the 

factors outlined above. 

The electronic8'9' 10,  and magnetic11'13  properties 

of nickel (II) in regular octahedral and tetrahedral 

symmetries are fairly well understood. There have been 

some studies of the effects of low symmetry on the 

electronic spectra of octahedral nickel (II)12, and 

of distortion on the magnetic properties of tetrahedral 

nickel (II)14. There was however little experimental 

data relating to these topics. 

The low energy bands in the electronic spectra of 

both octahedral, and tetrahedral nickel (II) appear to 

be sensitive to distortion, and thus fairly extensive 

investigations were made of the electronic spectra of 
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complexes in various symmetries in the range 4,000-28 

000 cm.-1. The magnetic properties of the 2:1 polymeric 

octahedral complexes, the 2:1 tetrahedral complexes, and 

certain of the 4:1 complexes, were examined over the 

temperature range 80-300°K. 

Imidazole, and the imidazole ring are considered to 

play a part of some importance in biological systems, 

mainly in connection with enzyme units, this role has 

been reviewed in the literature in some detail15. It 

has recently been suggested that the coordination 

possibilities of imidazole, and the delocalisation 

within the ring, may enable it to act as a bridge for 

rapid electron transfer in biological systems.16 

Imidazole is found in the histidine molecule, and 

coordinated to iron in haemoglobin. Benzimidazole 

occurs in vitamin B12, where a 5,6 dimethylbenzimidazole 

molecule is coordinated to a cobalt ion. Benzimidazoles 

have been suggested as possible virus action inhibitors17, 

and fluorinated benzimidazoles have been shown to act 

as uncouplers of oxidative phosphorylation.18 

The ability of benzimidazole to form salts with 

metals was first noted in the 1870ts19'20.Most of 

the subsequent work was done in Germany, concerned 
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mainly with the preparation of the inner complexes21'22 

The inner complexes with cobalt, nickel and copper (II), 

and the 4:1 and 2:1 vanadyl complexes have been described 

since 1950 by workers in India23 '24  . The only recent 

study of the complexes with this ligand was concerned 

with the electronic spectra, and room temperature 

magnetic properties, of the 2:1 tetrahedral complexes 

with cobalt (II) salts.25  

The inner complexes formed by imidazole with nickel, 

copper, zinc and silver have been prepared26,27,  also 

a hydrated 6:1 complex with nickel chloride27. The 

interaction of imidazole with metal ions in solution is 

considered of importance in understanding the action of 

proteins, and several stability constant studies have 

been made28,29,30,31. 

Imidazole has two possible sites for coordination, 

in the secondary (pyrrole type), and tertiary (pyridine 

type) nitrogens. The various investigations to date 

have suggested that coordination takes place through 

the tertiary nitrogen. This was based on, changes in 

the N-H stretching frequency on coordination,32  differences 

in stability constants between complex formation with benzi- 

midazole and N-substituted benzimidazole33,.and n.m.r. 

studies on the imidazole group in histidine complexes34. 
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The:—) appears to be very little published material 

on the complexes formed by benzothiazole (see p.13 ), 

though very recently there has been a contribution from 

Russia on the copper complexes with 2-substituted 

benzothiazoles.35  

Various techniques have been used in the course of 

this present work. The theoretical principles are not 

in general given here, as there is not space available 

to give an adequate coverage of each, and also as there 

are several excellent reviews and textbooks relating 

to these subjects, electronic spectra36,37,38,  magnetism38, 

11,39 and n.m.r. contact shifts40'41. This latter topic 

is less well documented than the first two, and is dealt 

with briefly in the introduction to Chapter V. An out-

line is also given, in Chapter IV, covering some of 

the main references to the crystal field and molecular 

orbital treatments of the splitting of electronic 

spectral bands arising on the lowering of symmetry. 



Ligand 

Acetone 

Benzimidazole 

2-Methylbenzimidazole 

Abbreviation 

Ac 

bz 

2-mebz 

5,6-Dichlorobenzimidazole 

Benzothiazole 

2-Methylbenzothiazole..•.  

5,6-diCibz 

bth 

2-mebth 

Abbreviations used in Text  

13. 

5,6.-Dimethylbenzimidazole 	5,6-dimebz 

Imidazole im 

2-Methylimidazole 	 2 -meim 

N-Methylimidazole 	 N-meim 

Isoquinoline 	 isoqn 

3-Methylisoquinoline 	3-meisoqn. 
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Abbreviations (continued) 

Ligand  

2,5-Lutidine (2,5-Dimethylpyridine) 

Pyridine 

4-Cyanopyridine 

3,5-Dichloropyridine 

Abbreviation 

2,5-lut 

PY 

4-CNpy 

3,5-diClpy 

Quinoline 

Anion 

Tetramethylammonium 

Tetraethylammonium 

Methyltriphenylarsonium 

qn 

Abbreviation 

[Me4N]4- 
[Et4N]-4- 

[MePh3As]+  

Abbreviations relating to spectral data  

s ; strong 	sh ; shoulder 

m ; medium 	nor ; not resolved (for two 

w ; weak 

	

	bands of similar intensity) 

br ; broad 

v ; very 	sp ; sharp 
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CHAPTER I 

Polymeric 1:1 and 2:1  Nickel Halide Complexes 

Preparation 

Complexes were prepared of the type NiLX2, 

imidazole, benzimidazole, quinoline, 2-methyl-

benzothiazole, and 3-methylisoquinoline, X = Cl,Br 

L . pyridine, X = Cl); and NiL2X2, (L = pyridine, 

benzothiazole, X = Cl,Br). The 2:1 complexes with 

benzimidafole and 3-methyquinoline were tetrahedral, 

and with 2-methylbenzothiazole, planar, these complexes 

are described in Chapter II. 

• The 1:1 complemas NiLX2  (L = imidazole, benzimidazole, 

X =.C1,Br j L - 2-methylbenzothiazole, X = Cl), were 

prepared by evaporating to dryness a 1+1 ethanolic 

solution of ligand and nickel halide. The other 1:1 

complexes were obtained by heating the 2:1 complex. 

The colours of the 1:1 complexes are described on 

P. 
The 2:1 complexes were prepared by mixing ethanolic 

solutions of ligand and nickel halide, in 2:1 mole 

ratio, when the complexes precipitated. The 2:1 

complexes with pyridine were yellow-green, and those 
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with benzothiazole, pale yellow. 

Electronic  Spectra. 

The electronic spectra of the compounds were 

measured by the diffuse reflectance technique in 

the range 4,000 - 28,000 cm71 (Table 1.1, Fig. I.1). 

The spectra may be interpreted in terms of the energy 

levels arising for nickel (II) in. an essentially 

octahedral environment. Calculations have been done8 

for the energy levels in nickel (II) in Oh  symmetry, 

using the crystal field approximation, including 

spin-orbit coupling, the results are given in Fig. 1.2. 

The compound [Me4N][NiC13
] may be used to give 

a value for the ligand field parameter, a, arising 

from an octahedral arrangement of chloride ions about 

a nickel ion. (This compound had been prepared pre- 

viously42). Little distortion would be expected, and 

the spectrum may be assigned in On  symmetry: 

--* 3T2g, [vi] at 6,600 cm-1  ; 3A2g  --> 3T1g  (3F), [v2] 

at 11,200 ; 3A2g  --* 1Eg(1D) at 	12,800 ; 3A2g  -4. 1T2, (1D) 

at ^-18,200 	3A2g  --* 3T1g  (3r), [v3] at 21,200. 

While the assignments fit well in the Liehr and Ball- 

hausen scheme for X .---- -275cm.-1  and F4 = 90 cm.
1  (Fig. 1.2). 

1 This does not rationalise the weak shoulder at ---14,300 cm.. 
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Table 1.1 

Electronic Absorption Spectra 

Compound Absorption Maxima (cm:1) 

[Me4N][NiC13 ] 

Ni(py)2C12  

21,200 ; 	,-18,200(sh) 	; 	---141 300(w.sh); 
^-12,800(sh) 	; 11,200 ; 6,600 

24,100 ; 	---22,200(sh) 
,-12,200(sh) 	; 8,400 ; 6,000 

Ni(py)2Br2  23,350 	,..-21,400(sh) 	; 	',-19,800(Sh) ; 
13,700 ; 	--11,600(sh) 	; 8,000 j 5,800 

Ni(bth)2C12  23,300 ; 	,-19,700(sh) 	; 	13,700 ; 
--12,300(sh) 	; 	8,100 ; 	---61 700(sh) 

Ni(bth)2Br2  22,300 ; 	,-18,700(sh) 	; 13,200 ; 
-'-111 600(sh) 	; 	7,800 	,,61 300(sh) 

Ni(cin)2C123E3E  22,700 ; 	,-19,200(sh) 	; 13,150 ; 
v 7550 	~6,000(sh.) 

Ni(py)C12  22,400 ; 	---18,900(sh) 	; 	13,100 ; 
,-12,200(Sh) 	; 7,800 ; 	,-6,500(sh) 

Ni(im)C12  22,100 ; 	,-18,700(sh) 	; 	12,950 ; 
12,000 	; 7,730 	; 	,---6,300(sh) 

Ni(im)Br2  21,400 ; 	,-18,700(sh) 	,..-18,000(sh) 
12,300 ; 	,-11,00(sh) 	; 	7300 ; 
,--5900(sh) 

Ni(im)Br2  77°K 21,600 ; 19,400'; 	^-18,300(sh) 
12,700 ; 	^-11,800(sh) 	7,700 ; 6,450 

Ni(bz)C12  21,700 ; 	--181500(sh) ,---16,000(s9 
13,000 ; 	111800 ; 	7,450 	; 	6,100(sh 

Ni(bz)Br2  20,900 ; 	--17,900(sh) 	; 	12,200 ; 
,-11,100(sh) 	; 	7,200 ; 	,-6,00(sh) 

.0 
At room temperature unless otherwise stated 

Yellow form, previously prepared2. 



Table 1.1 (continued) 
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Absorption maxima (cm  ) 

21,100 ; --18,500(sh) ; 11,100 ; 
,--10,200(sh) 6,400 

20,000 ; ,--17,500(sh) ;-14,500(sh) ; 
10,800 ; --9,500(sh) ;. 6,250 

21,200 ; 
,-16,300(w:sh) ; 11,000 	,9,000(sh) 
,,79400(w) 

77°K 21,200 ; 	20,100(sh) ; ,-19,000(sh); 
17,450 ; 16,000(w) ; 11,300 ; 
,-9,500(sh) 7,600 ; 6,000 

19,700 ; 
6,100 

77°K 19,800 ; 

,--17,000(sh) ; 10,500 

--18„700(sh) ; 17,700 
,--9,500(sh) ; 6,200 

21,200 ; 	-19,200(sh) 
,-16,700(w.sh) 11,000 	,-9„100(sh) 
,-7,400(W) 

Compound  

Ni(qn)C12  

Ni(qn)Br2  

Ni(2-mebth)012  

Ni(2-mebth)C12  

Ni(2-mebth)Br2  

Ni(2-mebth)Br2  

Ni(3-meisoqn)C12  

Ni(3-meisoqn)Br2 	20,100 ; ,-18,200(sh) 	14,500(w) 
10,700 ;- ,-8,700(sh) ;• 7,200 

Ni(3-meisocinYBr2  771 20,200 	18,200 ;. 16,800(w) ; 14,500 
11,000 ,9,000(sia) ; 6,900 ; 6,100 
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A possibility is that the field is in fact distorted 

from 0h  symmetry, and that the bands at 11,200, and 

12,800 cm.71, are spin allowed components of a split 

v2  band, when the shoulder at --14,300cm.-  would be 

assigned as the 3A2g --+ 
1E

g  (
1D). The value of L1 is given 

by the energy of the 3A2g  ---> 
3T2g transition, i.e. 

6,600 cm71. The interelectronic repulsion parameter 

in the complex, B', may be found from the relationship:43  

15B' = Energy 3T1g(3F) + Energy 3T1, (3P) - 3b, 

For the above complex the value of B' is found to be 

----840 cm.-1, compared with ---1030 cm.-1  for the free 

ion. 

For the 2:1 complex Ni(pyridine)2C12, each nickel 

ion has been shown to be surrounded by four halide 

ions and two nitrogen atoms, in a transconfiguration.44 

In the resultant approximately Dah  symmetry, the elec- 

tronic states of symmetry Es, Tlg  and T2,, arising 

in 0h symmetry, for nickel (II) will be split: 

E
g 
 --4. Alg -1-. Blg 

Tlg -÷ A2g  + E g 
T, --> B 	E 

2g cg 	g 
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The ground state symmetry will be B
lg. In discussing 

the spectra of the distorted octahedral nickel (II) 

complexes the symbols v1, v2; and v3, as given above 

for the spin allowed transitions, in regular Oh  

symmetryi will be used to describe the bands arising 

from the transitions to the groups of levels arising 

from the splitting of the orbital triplet levels by 

low symmetry. Thus in D4h  symmetry the v band will 

have components of B
2g and Eg  symmetry. 

Assignments may be made for the spectrum of 
7 

n(pyricline)2c12; 3Bl,g  --0—) B26  at 6,000 cm:1 

3B
lg 	3Eg  at 8,400 	the latter band being the more 

intense (Fig. 1.1). The bands seen in the region of 

---,13,500 cm.-1, and ,----24,000, may be generally assigned 
to v2 and v3 

respectively, or to components of these 

bands if split. The splitting expected is however 

not known, and it is not clear whether the shoulders 

seen on the low energy side of the main bands, (Fig. 1.1), 

arise from orbital singlet components, or from spin 

forbidden transitions, or both superimposed. Thus 

tentative assignments could b 	
7 	

and g1g 
1318, or 

3B1g --> 
3A2g' at ,--12,800 cm.

1  ; -B 	1B, 3Blg 	cg 

and 1E or 3Blg -4 'A2g(32)' at ---22,200i. and 
3B1g 	3E (3P) at 24,100. 
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The complexes Ni L2  X2  (L=quinoline, X=C1; 

L-benzothiazole, X-C1,Br) gave electronic spectra 

which were similar inform -bp -the spectra of Ni(pyridine)2C12, 

suggesting that they have the same trans-octahedral 

structure. The v1 band energy may be used to obtain 

a value for a, as described above. The weighted average 

of the energies of the components of vi  will be taken, 

to give a value of A faethe field taken as spherically 

symmetric, the 'average ligand field'. In the case 

of the 2:1 benzothiazole and quinoline complexes, the 

splitting of vi  was less than that seen for the pyridine 

complexes, and it was not clear exactly where the 

3B1g 	3B2g transition should be placed, it being seen 

as a broadening to low energy of the main component. 

This rendered the value of A for these complexes rather 

less reliable. The differences in the splittings of 

the v1 bands will be discussed further in Chapter IV. 

The a values are given in Table 1.2. 

The effective value of A appears to be similar 

for the 2:1 complexes with pyridine and benzothiazole, 

suggesting that the latter is bonded via the nitro-

gen atom, as low fields might be expected if the sulphur 

was coordinated. The lower A value seen in the quino-

line complex may be a reflection of the greater sterio 
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hindermwe that might be associated with this ligand. 

The calculation of B' values, as described above, if 

carried out for the 2:1 complexes would require mean 

v2  and v3  band energies, from the weighted averages 

of component energies. The values obtained are rather 

sensitive to the assignments taken, and in view of the 

general uncertainty on this latter point, 3' values 

are not given, but they appear to be of the same order 

as seen in [Me4N][NiC13]. 

The 1:-1 complexes with the ligands pyridine, 

imidazole, and benzimidazole, (to be termed pyridine 

type ligands), give electronic spectra similar to those 

seen for the 2:1 complexes described above, but with 

smaller splittings of v i  and v2, and with the bands 

lying to lower energy. For the complex Ni(pyridine)C12  

the value of 6 lies about half—way between that seen 

for Ni(pyridine)2C12  and [Me4N][NiC13]. (Table 1.2). 

The splitting of the vi  band also appears to be about 

half that for the 2:1 complex (Table 1.1, Fig. I.1). 

It thus seems reasonable to suppose a polymeric 

structure for the 1:1 complex, in which halide ions 

occupy five coordination positions, and the heterocycle 

the sixth. Band assignments may thus be made as for 

Ni(pyridine)2C12, but with the components of vi  no 
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longer resolved. The symmetry in the 1:1 complex is 

lower than Di , and is probably approximating to 

C4v9 when the g suffix given to the symmetry symbols in 

D4h is dropped i.e. in C4v 	B1g -a B1 etc. 

The electronic spectra of Ni L C12  (I?-'4imidazole, 

benzimiazole) are as that for Ni(pyridine)C12, sug-

gesting that they have similar structures. The 

imidazole groups do not appear to be bridging, as if 

this were the case, and the bridging were such that 

the nitrogens were trans-, then splittin s of the 

same order of magnitude as seen in NiL2X2  might be 

expected. If the nitrogens were cis- then the splitting 

would be small, but the bands would be expected at 

higher energy. While the v values, (Table 1.2), 

seen in the 1:1 complexes are probably not very 

sensitive indicators of ligand field strength for the 

heterocycle, in that the latter occupy one coordination 

position, it seems that imidazole and pyridine give 

similar fields, with benzimidazole rather weaker, 

probably due to steric effects. 

The complexes of the form NiLX2  (L=pyridine., 

X=C1 ; L-imidazole, benzinidazole, X-C1,Br) are 

pale yellow for the chloride complexes, and pale 



Table 1.2 

Spectral and  Magnetic Parameters 

Compound 
A 

Diamag. 
co.011.4,x10

6  T.I.P. >106 
(c.g.s.u.) 

4; 
(°K) 

1Joff,. 
(B.M.) 

—M 

(c 	.1/ (c 	1)(c.g.s.u.) 

[Me4NliNiC13] 6600 213 318 0+2 3.20t0.03 220+20 
Ni(py)2C12  7600 165 272 19 3.17 230 
Ni(py)2Br2  7250 180 288 13 3.14 200 
gi(bth)2C12  7600 
Ni(bth)2Br2  7300 
Ni(qn)2C12  7050 213 297 19 3.22 24-0 
Ni(py)C12  7200 110 290 34 3.32 300 
Ni(in)C12  7200 
Ni(im)Br2  6800 
Ni(bz)01,)  7000 125 299 30 3.31 300 
Ni(bz)Br2  6800 150 307 20 3.17 210.  
Ni(qn)C12  6400 135 327 18 3422 220 
Ni(2n)Br2  6250 160 336 5 3.24 230 

corrected for 8 and T.I.P. 
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yellow-brown for the bromide complexes. However the 

complexes NiLX2  (L=quinoline, 2-aethylbenzothiazole, 

3-methylisoquinoline, X=01,Br) are all pinkish red. 

The electronic spectra of Ni(quinoline)C12  is shown 

in Fig. I.1. The band positions may be rationalised 

in terms of the transitions in an essentially octa-

hedral environment, as for Ni(pyridine)C12. There are 

however three main differences between the spectra of 

the 1;1 chloride complexes with pyridine and quinoline. 

For the complex with the latter ligand, the bands lie 

at lower energy, the vl  and v2  bands are less split, 

and the spectrum is generally more intense for v2  and v3. 

These three features will be considered in turn. 

The A value for Ni(quinoline)C12  is less than that 

for [Me4y][NiC13], (Table 1.2). This might be due to 

the steric effect of quinoline causing it to lie fur-

ther from the metal ion than for pyridine. This however 

does not seem adequate to explain the low A value. 

It is possible that the steric effects of the quinoline 

cause a distortion of the lattice, such that the halide 

trans- to the quinoline is further from the metal than 

the inplane halide ions. As a result the net axial 

field is lass than that for two halide ions. In the 

limit of such a distortion a five coordinate complex 
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is formed. If an approximate value for the a of a 

single halide ion, of --1,100cm71, is taken from b. 

for [NiCl
3' 

and then that for quinoline, of 

1,300 cuT1, from a for Ni(quinoline)2C12, then 

for the five coordinate complex Li would be expected 

5,800 cm71. While only approximate, comparison 

with the observed value of 6,400 cm 1, suggests that 

the sixth halide is coordinated, if only weakly. 

Crystal field calculations have been made for 

the energy levels arising in square pyraidal, five 

coordinate nickel (11)45. These predict that if there 

is a strong band, 3B1 	3E(3F) at 6,400 cm.1, then 

3B1 
--> 3A

2
(3F) and 3B2 at ----10,000; 3B1 	3E(3F) 

at 	3B1 	3112(3P) at 	and 331  —4 3E(3P) 

at e-27,000. These values are not similar to those 

observed for the present complexes, consistent with the 

six coordinate structure suggested above. 

If the axial field from the quinoline is thus taken 

as weak, then there may be less difference between the 

axial and inplano fields, than in the case of Ni(pyradine)C32, 

and hence the band splittings may be less in Ni(quinoline)C12, 

as observed. 

The complexes NiLX2  (L=quinoline, 2-methylbenzothiazole, 

X=Br) give spectra which are similar in intensity and 
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and 3B1 	3B2 remain -  symmetry forbidden. 

complexes give spectra which are somewhat less 

29. 

outline to that seen for Ni(quinoline)C12, (Fig. 1.3) 

though with the bands shifted to lower energies. It 

therefore seems likely that these complexes also have 

a distorted structure, similar to that postulated above 

for Ni(quinoline)C12. The other pink 1:1 complexes 

while essentially similar to Ni(quinoline)C12, showed 

some differences and are described below. 

The difference in intensity between the spectra 

of Ni(pyridine)C12  and Ni(quinoline)C12  is an aspect 

of a general trend seen in the intensity of the spectra 

of the complexes examined in this chapter, and this 

will be discussed generally. 

In D4h symmetry all electric depole transitions 

are symmetry forbidden, and vibronically allowed, 

electronic spectra then being expected to be weak, as 

seen for the 2:1 complexes. If however the center of 

symmetry is removed, as in C4v, then the transition 

becomes symmetry allowed, while the transitions 

intense than the spectra of the 1:1 complexes with 

the pyridine type ligands, while the latter spectra 

arc about half as intense as the 1:1 complexes with 

quinoline, (Fig. 1.1). 

32'1 
--> 

331 
-> 

The ",1  
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Intensity measurements from reflectance spectra 

must be treated with some caution, intensities being 

dependant on factors such as crystallinity. The 

present spectra were however all measured on samples 

in the form of fine powders, and it seems probable that 

the above generalisations are meaningful. The changes 

in tntensity may be associated with a progressive loss 

of centrosyinmetry in the complexes 	The 1:1 complexes 

with quinoline, through the large distortions discussed 

above, giving the most intense spectra. The loss of 

centrosymmetry will increase the intensity of the E 

components of vl  v2  and v3, as these become associated 

with more symmetry allowed transitions. The apparently 

smaller splittings in the 1:1 complexes may be due in 

part to the more intense E component rendering the 

orbital singlet component less conspicuous. 

An examination was made of the ratios of the 

maximum intensities of the v1, v2  and v3  bands, for 

certain of the complexes, (Table 1.3). Where the 

bands are clearly split the ratio of the maximum 

intensities of the main components is given. There 

appears to be little change in the relative intensities 

of the bands in passing from the 2:1 to the 1:1 

complexes with the pyridine type ligands. In the 
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Table 1.3 

Relative intensities of electronic spectral 

bands. for polymeric 2:1 and 1:1 nickel halide complexes 

Ni(py)2C12  Ni(py)C12  Ni(im)C12  1'1i(im)Br2  

v3/v2  1.2 1.2 1.2 (RT) 1.4 (77°K) 1 

v2/v1 1.2 1.0 1.0 1.4 0.9 

Ni(qn)C12  Ni(qn)Br2  Ni(2-mebth)Br2  

	

1.4 	1.2 	(RT) 1.2 	(77°K) 1.2 

	

2.5 	2.1 
	

2.1 	1.2 

complexes Ni(quinoline)X2  (X=C1,Br) the v2  and v3  

bands have both gained considerably in intensity, and 

to about the same extent, while vi  remains relatively 

weaker. A similar effect is seen in the room temper-

ature spectrum of Ni(2-methylbenzothiazole)Br,, however 

at 77°K the vi  band has gained relative intensity 

(Fig. 1.3), and the ratios of band intensiteis approach 

those seen in the 2:1 and 1:1 complexes with the pyri-

dins type ligands. The origin of the intensity 

differences, and of the changes with temperature are 
not at present clear. 
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The pink complexes Ni1a, (1,2-mOthylbenzothiazole„ 

L=3-methylisoquinoline, X-C1,Br) give spectra 

in the v2 and v3 
regions that were vary similar to 

the spectra in these regions of Ni(quinoline)X2  (X-C1,Br), 

(Fig. 1.4), and may be assigned in an essentially octa-

hedral environment as described above. The v1 region 

was however different in that the clear band seen at 

6,300 cm:1  in the 1:1 quinoline complexes, was not 

present in the room temperature spectra. On cooling 

to 77°K two distinct bands were seen, at 6,000 cm 71  

and 7,600cmm:1, in the spectrum of Ni(2-methylbenzothi-

azole)C12 (Fig. I.4), and the spectrum of Ni(3-methyl—

isoquinoline)C12  appears to be similar. For Ni(3-methyl-

isoquinoline)Br2, at 77°K, two bands were again seen 

in the vl  region, but close together and not resolved, 

(Fig. 1.4). A possible explanation is that for these 

complexes, the symmetry is rather lower than C4v' such 

that the E component of v1 is split into two orbital 

singlet components. If the two components seen at 

77°K in the spectrum of Ni(3-acthylisoquinoline)Br2  

are superimposed, than the ratio of the intensity 

maximum of v2 to that of the superimposed band is 

which is the same as that seen for Ni(quineline) 

Br2. 
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If low symmetry is the cause of this splitting, then 

the sensitivity of vi  to distortion is shown by the 

fact that no differences are seen in the v
2 and v7 

bands for these complexes, and those such as Ni(quino-

line)C12' where the v1 band is not appreciably split. 

It appeared initially that the differences in 

the spectra in the vl  region for the pink 1:1 com-

plexes might be connected with the method of prepara-

tion. The 1:1 complexes with unsplit vl  coming from 

heating the 2:1 complex, and those with split vl  coming 

from solution evaporation. However, samples of 

Ni(2-methylbenzothiazole)Br2  were prepared by both 

methods, and no differences in spectra were found. 

Magnetic Properties 

The magnetic susceptibilities of a number of 

1:1 and 2:1 complexes were examined over a temperature 

range of 80-300°K, using a (Gouy balance, with a 

cryostat arrangement, (see Chapter VI). 	Susceptibility 

measurements were made at eight temperatures, and on 

two packings. The observed susceptibilities were 

corrected for ligand and metal ion diamagnetism, using 

Pascal constants, and for temperature independent 

paramagnetism, (T.I.P.), calculated from the 
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relationship46: 

T.I.P. 	8N32/21 	2.09/A e.g.s.u. 

where N = kvogadros' number, p = Bohr magneton, 

and A - the energy of the first excited state, 

being mixed into the ground state. In these com-

plexes when low symmetry splits the orbital triplet 

levels, the T.I.P. contribution is taken to be the 

same as that for an unsplit 3T, level at the position cg 
given by the weighted average of the component posi-

tions. In these compounds the T.I.P. amounts to 

^-300 x 10-6  e.g.s.u., or about 7% of the room tem-

perature susceptibility. 

Plots of 1/X..ALcorr.) against T were made, when 

for all the complexes examined, excellent straight 

line graphs were obtained. The results of a typical 

plot are shown in Fig. 1.5. (Some discussion of the 

errors expected for the magnetic data is given in 

Chapter VI). 

The linear plots indicate that the compounds 

obey the Curie-Weiss law 

X = 
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in this temperature range. This type of behaviour 

is expected for nickel (II) in an essentially octa- 

hedral environment, when there is an orbital singlet 

ground state. The tetragonal, or other distortions, 

in the present complexes, will lead to a splitting of 

the orbital triplet excited levels, when by the action 

of spin-orbit coupling, the spin degeneracy of the ground 

state will be raised47. However, this latter splitting 

is expected to be small, less than 10 cm:1 and thus 

non-Curie--Weiss behaviour, from this cause, would only 

be expected at temperatures below 50°K. 

The values of G found for magnetically dilute 

nickel (II) in an essentially octahedral environment, 

are generally of the order of -10° 11. For all the 

present complexes however, positive G values were 

found, ranging from 5-34°  (Table 1.2). Comparison 

of the data for the 2:1 chloride complexes, with that 

for the 1:1 chloride complexes with the non sterically 

hindered ligands, suggests that the G value depends 

on the number of heterocyclic ligands present, rather 

than on their nature. Thus for NiL2C12 (L=pyridine, 

quinoline), G 	and for WiLC12  (L=pyridine, 

imidazole, benzothiazole), 	In Ni(quinoline) 

Cl2 the 8 value is markedly smaller at 18°, agreeing 
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with the indications from the electronic spectra that 

the coordination system is rather different from that 

with the pyridine type ligands. For the bromide com-

plexes less data is available, but the results seem 

to follow similar trends to those seen in the chloride 

complexes, with the 9 values somewhat reduced. 

The sign and magnitude of A may be indicative 

of magnetic coupling. For non-magnetically dilute 

materials, at temperatures above the Curie point, long 

range coupling ceases, and Curie-Weiss behaviour is 

followed, the value of A being negative for anti-

ferromagnetic interaction, and positive for ferro-

magnetic.119 39 Small values of A must be interpreted 

with caution, thus the G Lyalue of about -10°, often 

seen for octahedral magnetically dilute nickel (II), 

is not regarded as indicating any definite interaction.
11 

Positive A values are however somewhat unusual, and 

the origins of some magnetic coupling in the present 

complexes may possibly be seen in the descriptions 

given of the magnetic interactions in anhydrous nickel 

halides. 

Anhydrous nickel chloride has a 9 value of 68°, 

for temperatures above the Curie point at 500K.48 

The anhydrous chlorides of the iron group form cubic 
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close packed structures, with the cations occupying 

alternate interstitial planes. The magnetic proper-

ties of anhydrous nickel chloride have been inter-

preted in terms of an intralayer ferromagnetic inter-

action, of greater magnitude than a antiferromagnetic 

interaction between layers49. A ferromagnetic inter-

action of this type is considered likely on the basis 

of qualitative symmetry considerations49. Thus in 

the chloride complexes examined here it may be con-

sidered that while magnetic interactions, both within 

and between layers, are reduced as a result of the 

distortion caused by the introduction of the hetero-

cyclic ligands, effective intralayer ferromagnetic 

coupling is still retained. The larger Q vplues 

seen for the 1:1 complexes, compared with the 2:1 

complexes, are consistent with the lesser distortion 

of the halide lattice expected for the former complexes. 

For anhydrous nickel bromide a G value of -20°  

is found50 and a larger interlayer antiferromagnetic 

interaction has been postulated'0  . Thus if a quail-

tative extension is carried over these present com-

plexes, a lower 0 value might be expected for the 

bromide complexes compared with the chloride complexes, 

as observed. 
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the magnetic studies given here are at temp-

era-tuns well above the Curie points for the complexes, 

which exhibit paramagnetism, no dependence of suscep-

tibility on field strength would be expected. This 

was found to be the case for fields between 2,400 - 6,700 

gauss, except for one sample of Ni(benzimidazole)Br2, 

which showed a small field dependence at all tempera-

tures. This sample had good analyses, and an electronic 

spectrum indistinguishable from other samples of this 

compound which showed no field dependence. It was 

found that, for this sample, graphs of susceptibility 

against reciprocal field strength gave straight lihes 

at all temperatures. The susceptibilities at infinite 

field, when any contribution from saturated ferro-

magnetism would be insignificant, were found to agree 

well with the susceptibilities observed for other 

samples. This behaviour indicated the presence of 

ferromagnetic impurity. 

There will be a contribution to the magnetic 

moment arising from spin-orbit coupling mixing the 

excited orbital triplet electronic states into the 

ground state. The first excited state is primarily 

mixed in, this state having symmetry 3T26  in fields 

of Oh symmetry, but which is split into 3B2  and 3E 
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components in C4v  symmetry. It appears however that 

the contribution to the magnetic moment is effectively 

that of an orbital triplet at the position of the 

weighted average of the two components. 

The magnetic moment, 11off.,  is given by:
46 

µoff.  = 2.83 	EXA(corio(T-G)] _- 2.83(1-4X'/0) 

where. 	is the observed susceptibility, 2c.(corr.) 

corrected for ligand and metal ion diamagnetism, 

and T.I.P., and X' is the spin-orbit coupling constant 

in the complex. Thus values of X' may be found, and 

are given in Table 1.2. The values should not be 

taken as quantitatively significant, but indicate 

that the X' values are about 75% of the free ion 

value of 315 cm. 

For octahedral magnetically dilute nickel (II) 

complexes, the room temperature magnetic moments based 

on the observed susceptibility, corrected only for 

ligand diamagnetism, are usually found to be in the 

region of 3.15 B.E.11 When calculated in this way 

rather larger magnetic moments of 3.4 - 3.6 B.M. are 

found for the 1:1 complexes with pyridine type ligands, 

and of 3.3 — 3.45 B.M. for the 2:1 complexes. Similar 

magnetic moments have been seen for other 2:1 polymeric 
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halide complexes.51 The high values of the uncorrected 

magnetic moments for some of the complexes are given 

in Table 1.4, together with the contributions to the 

magnetic moment due to the positive 8 value, and from 

the T.I.P. 



Table 1.4 

Contributions of T.I.P. and G to the magnetic moments, 

at 298°K, of some polymeric 1:1 and  2:1 complexes. 

X x106  a . . off,. 	XAx106 	 11- eff. , 110ff.  
Compound 	(c. g. s.1.4 ( B. 1\5. ) corr. T. I .1J3 	corr. T. I. P. (°K)  CD.rn. T. I.?. 9 

(c.g.s.u.) 	(B.M.) 	(3.Y.) 

Ni(py) C12  5500 3.62 5210 
Ni(bz) Br2  4820 3.39 4510 

Ni(py)2C12  4770 3.37 4500 

Ni(PY)2Br2 4600 3.32 4310 
Ni(cin)2C12  4960 3.45 4660 

3.52 34 3.32 
3.28 20 3.17 
3,28 19 3.17 
3.21 13 3.14 
3.34 19 3.22 

observed susceptibility corrected for ligand and metal ion dia.nagn3tism. 

see Table 1.2 for T.I.P. values.. 



CHAPTER II 

Tetrahedral 2:1 Nickel Halide Comrlexes 

Tetrahedral  Complexes 

Preparation 

As discussed in the introduction (p. 8 ), up to 

1963 the number of tetrahedral nickel (II) complexes 

known was small. It was thus considered of interest 

to make an examination of the properties of complexes 

of this type, in particular the 2:1 complexes with 

heterocyclic ligands that may be prepared from non- 

aqueous solvents. 

The compounds examined were of the type NiL2X2  

(L=N-methylimidazole, 2-methylimidazole, X=Br; 

L=benzimidazole, X=Br,I; L=benzothiazole, X=I; 

L=2-methylbenzimidazole, X=C13%BrH, I; L=37methylisoquino-. 

line, X=C15% Bin, and also [Et4N][Ni(benzimidazole) 

Br7]-. To permit comparison with the electronic 

spectrum, and magnetic properties, of a complex with 

regular tetrahedral symmetry, [MePh3As]2[NiC1a] was 

prepared following the method of Goodgame et a153. 
A number of the 2:1 complexes had previously 

been prepared by Dr. M. Goodgame, and are indicated 

Prepared by Dr. M. Goodgame 
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in the above list. The same general method was used 

for the preparation of the benzimidazole and 2-methyl-

benzimidazole complexes. Ligand and nickel halide, 

in 2:1 mole ratios, were dissolved in acetone, the 

solution filtered, and hot carbon tetrachloride added 

to the hot filtrate. The oil formed was triturated 

with successive portions of hot carbon tetrachloride 

till a crystalline solid was obtained. This technique 

of rapid removal from the hot solution was necessary 

owing to the high solubility of the tetrahedral com-

plex, and also in the case of the benzimidazole nickel 

bromide complex, a 4:1 solvated compound formed on 

cooling. No complex Ni(benzimidazole)2  C12  has been 

obtained in any configuration. Although a tetrahedral 

complex of this type exists in acetone solution, attempts 

to prepare the solid compound by the above technique 

resulted in the formation of a 4:1 solvated complex. 

The less soluble 3-mettylisoquinoline complexes 

crystallised out on cooling a hot -oncentrated acetone 

solution of ligand and nickel halide in 2;1 mole 

ratios. The other complexes were prepared by specific 

methods, the details of which may be found in the 

collected experimental data in Chapter VI 

The complexes had intense colours, the chloride 
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and bromide complexes being blue, and the iodide 

complexes green, except in the case of Ni(benzothiazole)2  

I, which was dark brown. The complexes were hygro-

scopic, this being less marked for the benzothiazole 

and 3-methylisoquinoline complexes. 

Some tetrahedral 2:1 cobalt complexes have been 

examined in connection with the n.m.r. studies in 

Chapter V, and they will be introduced at this point 

as their electronic spectra may be usefully related 

to the electronic spectra of the nickel complexes. 

The complexes examined were of the type CoL2X2  

(L=N-methylimidazole, 2-methylimidazole% benzimida-

zole3EH, 2-methylbenzimidazole, X-C1, Br), and [E14N] 

[Co(benzimidazole)Br3]. The cobalt complexes either 

crystallised from acetone, or ethanol, solutions con-

taining ligand and cobalt halide in 2:1 mole ratios, or 

the solutions were evaporated to a small bulk, benzene 

added, and the oil formed triturated with further ben-

zene. Those complexes were all an intense blue colour, 

and hygroscopic, though to a lesser extent than the 

nickel (II) complexes. 

H- 
Prepared by Miss K.A. Price of this Department 

HH 
Prepared by Dr. M. Goodgame62 



X-ray powder patterns were taken for the follow-

ing compounds to determine whether the cobalt and nickel 

analogs were isomorphous. EL2X2  (M=cobalt or nickel; 

L=N-methylimidazole, X=Br; L=2-methylimidazole, X=Br;. 

1,-benzimidazole, X=Br, I; 1,---2-methylbenzimidazole, 

X-C1, Br). The d spacings of the more intense lines 

are given in Table 2.1. 

From the above complexes only the cobalt and nickel 

analogs of M(benzimidazole)2  Br2  and M(benzimidazole)2  

12  were found to be essentially isomorphous. [Et4N] 

Mbenzimidazole)Br
3
], (M=Co or Ni) have previously 

been shown to be non-isomorphous56. 
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Ni(bz)2Br2  

Inten-- 
sity 

Table 2.1 

Co(bz)2I2  

X-Ray Powder Data 

Co(bz)2Br2  

d 	Inten- 
sity_ 

Ni(bz)2I2  

d Inten- 
sity 

d Inten-
sity 

7.45 m 7.53 m 7.87 ms 8.17 ms 

6.82 s 6.80 s 7.17 ms 7.23 ms 

5.74 vw 5.78 vw 4.975 w 5.26 w 

5.33 ms 5.45 a 4.79 vs 4.85 vs 

5.11 vw 5.19 vw 4.21 w 4.26 w 

4.77 vs 4.78 vs 4.035 as 4712 ms 

3.91 w 3.96 w 3.875 vw 3.89 vw 

3.57 vw 3.46 vw 3.67 s 3.66 s 

3.43 ms 3.37 ms 3.51 s 

3.35 ralV 3.39 ms 3.40 ms 

3.09 w 3.13 w 3.235 w 3.25 w 

2.95 w 3.01 w 3.11 mw 3.10 mw 

2.85 w 2.83 vw 2.69 ms 2.69 w 

2.56 m 2.57 m 2.28 a 2.28 m 

2.275 m 1.99 ms 2.00 as 
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Electronic Spectra 

The spectra of the 2:1 nickel (II) complexes are 

given in Table 2.2, and may be interpreted in terms of 

an essentially tetrahedral environment, the high molar 

extinction coefficients of the solution spectra are 

consistent with the high intensity of absorption expected 

for noncentrosymmetric tetrahedral species. In dis-

cussing the spectra of the tetrahedral complexes the 

notation used will be 	(3F) 	3 2 vl  

3T1(3F) -4 3A2  = v2  ; 3T1(3F) 	3111(31)) = v3. Calcu-

lations of the eazgy levels for nickel (II) in a 

regular tetrahedral environment, have been carried out 

by Liehr and Ball hausen8, the resultant energy level 

diagram, for a given value of A, and F4 in Fig. II.1. 

For [MePh3As]2  [NiC14] the bands at 7,200 cm:1, 

and 14,550 cm.1  may be assigned to v2 and v 3, 
giving 

a good fit within the energy level diagram of Fig. II.1 

for a ti value of 3580 cm71  The v1  band is not seen 

as it lies below 4000 cm.10  the lower limit of the 

instrument used. At 770K there is considerable 

sharpening of the spectrum, and a band is resolved 

on the low energy side of v3, separated from it by 

-- -2,500 cm-.1  Weakliem has made a study of the spectra 

of nickel (II) in tetrahedral sites, including [NiC14], 
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Table  2.2 

Electronic Absorption Spectra for the  • 

Tetrahedral 2:1 Nickel (II) Complexes 

Compound 	Phase 	Absorption maxima (cm.1) 

(E molar for solutions)  

Ni(Nmeim)2Br2 	solid 	--17,600(Sh);• 16,350; 
--11,950(sh);' 10,730; 

8,700; 5,700 

Ni(2-meim)2Br2 	solid 	17,600; ,--16,100(sh); 
,-11,700(Sh);' 10,100i. 
'-6,700(br) 

Ni(bz)2Br2 	solid 	^-121,700(sn); 17,250; 
,--11,700(sh); 10,420; 
'-6,760(br) 

solid (77°K) 	24,000(w);,-21,600(w.sh); 
17;300; ,--111700(Sh);• 
7,800; 6,300 

	

acetone (0.0025M) 	17,500(200); ,-11,900(s4); 
10,350(60);• 

	

MeN02 (0.0025M) 	17,500(170);• --11,900(sh); 
10,370(50) 

Ni(bz)2I2 	solid 	16,200; -"-10,800(sh); 
9,950; 6,800(br) 

solid (77°K) 	16,304 --10„950(sh); 
9,900; 71620; 6,470; 

---5,600(sh) 

	

acetone (0.0025M) 	16,600(280);• ,--15,400(sh); 
,---10,900(sh); 10,050(80) 

	

MeN02 (0.0025M) 	16,700(200);. --15,400(sh); 
,--10,900("sh.); 10,050(55): 

At room temperature unless otherwise stated. 



Table 2.2 ('"continued) 
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Absorption Maxima (.cm.1  ) 

(( molar for solutions) 

--162300(sh); --14„000(sh); 
^-10,400(n.r) --9,900(n.r); 

7,300 

,--16,150(sh); 13,650v 9,800w 
7,250 

18,300; 15,500; ^-12,100C h); 
10,000; 6,750 

18,000v 15,550v --12,100(sh); 
10,100v --7,100(br); 

^-5,900(sh) 

17,700(150)v --16,500(sh); 
--12,200(shjv 10,120(45) 

17,700(145); --16,500(sh)v 
-12,200(sh)v 10,120(45) 

18,000; 14,800; --11,800(sh); 
9,900; 6,830 

18,000; 15,000; --I2,000(Sh); 
10,000; 7,000 

17,100(188); --15,800(sh);. 
,--11,700(sh); 9,900(50) 

17,400(175); --15,800(sh)v 
^-11,700(sh); 9,900(40) 

Compound 	Phase 

Ni(bth)212 	solid 

solid (77°K) 

Ni(2-mebz)2 	solid 

solid (77°K) 

acetone ('0.0025M) 

meN02 C0.0025MY 

Ni(2-uobz)2Br2 	solid 

solid (77°K) 

acetone (0.0025M) 

meN02 (0.0025M) 



Table 2.2 (continued) 

Compound 	Phase 	Absorption  Maxima (cmT1)  

molar for solutions) 

Ni(2-Eacbz)212  

Ni(3-meisoqn)2C12  

solid 	16,800; 14,500; 
--11,000(sh); 10,000; 
7,070 

solid (77°K) 	16,800; 14,500; 
--11,000(sh); 10,004 

7,270 

acetone (0.0025M) 	16,530(280); ----14,600(sh); 
10,800(sh); 9,900(80) 

solid 	--18,200-16,700(br);. 
--21;900(sh); 10,104 
--6,800(br) 

H 	109 204 79 300; 
--6,000(sh) 

Ni(3-meisogn) Br2 	solid 	--17,700-15,750(br);. 
--11;600(sh); 9,900; 
6,800(br) 

solid (77°K)--17,300-16,250(br); 
11,250(sh); 9,950; 
71100;,  --6,000(sh) 

CHC1
3 	

17,100; 15,900(sh);. 
11,600(sh); 10,100; 

-s-8,900(sn) 

acetone 	--16,800(sh);• 15,500; 
11,600(sh); --10,100(s4 
8,900 

High energy values not obtained. 

solid (77°K) 



541 

Table 2.2 (continued) 

Compound 	Phase 	Absorption Maxima (cm :1)  

CC molar for solutions).  

[Et4N][Ni(bz)Br3 ] 	solid 	15,650; 8,700; 5,100(br) 

solid (77°K) 15,700; --10,8000*v 
8,704 6,304^-4,400(br) 

acetone (70.001M) 15,900(210); 	8,700(40) 

MeN0 (0.001M) 16,250(210; .  
-- -10,200(sh); 	8,800(40) 

[MePh3As]2[NiC14] 	solid 	22, 900(w);: 20,100(W); 
--19,350(w.n.r)v 18,500(w); 
--15,000(s.sh); 14,550v 
--13,050(sh)v --11,850(sh); 
--8,850(w.sb); 7,200 

solid (77°K) 	15,050; 12,550; 
--10;000(v.w);• 
^-8,850(w.sh); 7,150 
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54 from nickel (II) doped into CsZnC14-  . The orbital 

triplet levels are split by the action of spin-orbit 

coupling, into four components, grouped into two 

pairs, and the spectrum of the above doped complex at 

room temperature, showed v3  split into two components 

separated by rather less than 1000 cm:1 This splitting 

is considerably smaller than that seen in the present 

complex. 

The observed splitting is not due to low symmetry, 

as preliminary crystallographic data has indicated 

that in [MePh
3
As]

2
[Ni014  ] the [NiC14]

2- ion has an 

almost regular tetrahedral structure55. Thus the 

observed band may be due to a spin forbidden transition 

to 1T,-,(1D) or 1E(1D), which gains intensity by the 

close proximity of the. like symmetry components of 

• 

Turning to the complex [EtLy][Ni(benzimidazole)Br3], 

this may be considered to have a distorted tetrahedral 

structure,witheffectivelyC,symmetry. This com- 
7v• 

pound is of interest in that it is the only one known 

at present, in which three halides and a nitrogen 

donor are tetrahedrally coordinated to nickel (II). 

In 03v  symmetry the degenerate levels of Td  symmetry 

will split; 
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T1 ---> A, +• E 

T2 --> Al + E 

mhebana at 15,650 cm71 may be assigned to v3, no 

splitting being resolved, and that at 8,700 to v2. 

Only broad absorption is seen in the v1 region at 

room temperature, but at 77°K two components of vi  

are resolved, with a splitting of --2000 cm. 

The stronger component, assigned to the transition 

to the 3E level, lies lowest. This splitting would 

then be of the same sign, but --1000 cm:1  less than 

that seen in [Et4N][Ni(C6H5)3P Br3]56. 

The 2:1 complexes may be considered to have 

distorted tetrahedral structures with effectively 

C,cv symmetry, when the degenerate levels will split:. 

T1 --> A2 
+ B1 + B2 

T
2 	

Al + Bl + B2 
Following previous assignments,2'3  the bands in the 

region 159 000-17,000 cm71 may be assigned to v3, or 

components of v3, and the comparatively sharp band 

at 	---10,000 cm.- 1  to 	The shoulder seen at 

,-12,000 cm.-1  may be assigned to the spin forbidden 

transition to 1E(1D). 

There have been a number of publications of the 

spectra of tetrahedral 2:1 nickel (II) complexes, 
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only the v
2 

and v
3 

bands being given however, owing 

to machine limitations.2'3'4'5453  These two bands 

were seen to be unsplit, and the band energies were 

found to fit well into the energy level scheme for 

nickel (II) in a regular tetrahedral environment. '53 

This is also found to be the case for the present 

complexes. In the spectra of the 2:1 complexes with 

the benzimidazole type ligands, the v2  and v3  bands 

for the chlorides will be found to fit, in Fig. 11.1, 

for a 	of ^-5,500 cm.-l; the bromides, ^-51 000; and 

the iodides ---4,500. It might be anticipated that 

these A values would be intermediate between the value 

seen for four nitrogen donors, and the value for four 

halide ions. For [Ni(NC0)4]" and [Ni(NCS)21 ]2-, (both 

tetrahedral) the a value is found to be --4,600-4,000 cm.1, 
57,58 and for [NiC14]2-  A is --3,600 cm:1 53. Thus the 

values of A indicated above for the 2:1 complexes seem 

larger than expected. 	further indication that the 

energy level diagram can not be used directly in the 

case of these 02v complexes, is in the position of the 

v i  band. For most of the complexes a single broad 

band is seen in the vl  region. (Figs. 11.2 and 11.3). 

A more detailed examination of the nature of this 

band is given after the spectra of -the cobalt complexes 



Vigo 11.2 

Spectra oft Ni(benzimidazole)2I2  A. at RT 
B. at 77°K 

Ni(benzimidazole)2Br2  Co  at RT 
De at 770K 

A 
I 

I • 
• • • 

a 

4:-.. a 	 a 

a 	% 	I 	 I 
9 D , 	i 	I 	 I 

I a 	a  
• i 	I 	 a I 	a 	 a 

• i • 1 	a 	 I 

	

I 	 41.11.. 

a 	
I 	 I 	 a 	

I 
a 	 I 	 I 	 I 	 a .0, 	 /# \ B 0.0 	...." 	 % i 	I 	 I 	• 	I 	 • • a 	I 	• 	I 	 • • 
0 	 I 	i 	I 	 \ 

• 	i 	 • 
II 	 • • In 	$ 	a 	 • i 	I 	 I 	• • • 	• 	 • • I 	 • 	 • s 	 a 	r 	I • 	s 	a 	 a 

a I 	I 	• 	 a 

	

t • 	 a
a  I 	I 	a 	I g 	 I 	 nn 	 a a 	I 	 I g 	 a 

I 	 I 
I 	 I 	I 	 I 	 1 

	

i 	 I II 	I 	I 	 a I 	 I 	1 	 a I 	a 	I 	I a 	I 	I 	I 	 I 	 a 
a 	 s 	

i 	r 	 a I 	 a 
a 	 % • S 	a 	 a) 	 l

a s 	 • 0 	I 	 • • i 	 I 	 • 0 	 1 	 S a 

	

IS

I 	• • i 
• $ 14..% 	S 	\ 

• a 	 I 	
/ 

t 	• 	 a I 	 a 	s 	t 	.•  a 	 • 	5 	• • • 	• 	I 	 ;3:1 
a 	 I 	• 	1 	 t I 	a 	• 	 I 
• I 	 1 

	

a 	 I 
I 	 • 	 s 	I 	 a 
s 	 • 	 a 	 a  

	

I 	 : 

	

a 	 i r 	 i 	 0 
1
,1  • 	 I 

	

I 	 • I 	
• 

	

s 	i 	 a 	• a 	I 	 I 8 	 I 
a 

\ 
i 	I 	 I 	• , 	 I I • 

	

•• 	 a 
al I • II 	 a 

1 
	 a 

20 	 15 
	

10 	 605 
	

5 

	

FREQUENCY 	( 0116'1,103  ) 



• 
• • 
• • ' 13 • I • II 

• • 	• 
• • 
I 
I • 

I
t 	 • 

I $ 

Fig. 11.3 

5pootra of s Ni(2-mebz )02'2 A. 
13. 

at Id 
at 770X 

kli(2-mebz )2I2 	C. at id 
D. at 77°K 

. 	I 

O 	I 
8 	I 
I 	I 
i 	I 
I 	1 
I 	I 
8 
e 

8 
1 ....., ..... 	 8 	 • 	• 

I % 	 f 
I I 	 I 	

8 	 e 	 % 
I 	 • 

I 	 • I 	I 	
/ • 8 	I 	 o 	 • • 

i•
•

•  
8 

 ID 	I 	 I 
/ 	

I 	 .4 %. 
I 	• 	 I 	 I 	 • 
t 	 I I 	 i 	 i ii. B 

	

. il 1 	 \ 
• I 	
1 11 	I 	

t 

	

I I 	 / 	 t 
t 

•5 

2 0 	15 	10 	6.5 
	5 

FRBVENCY ( am-1.103  ) 



61. 

have been introduced, but it will be taken that this 

band contains the observable components of v1, which 

are in general not resolved at room temperature. It 

seems unlikely that there would be other components 

- lyin below 4,100 cm.1  

The average energy of the vl  bands would be expected 

to occur at the same energy as the L. values given 

above, and to drop in energy on going from NiL
2
Cl
2 

to NiL2I2.- However the v1  bands are found at around 

7,000 cm.-  , this energy showing little change between 

the complexes with the various anions. A possible 

explanation of these observed energies, is that they 

are significantly affected by distortion. Any splitting 

of the ground state would raise the energy of all 

transitions, the effect being relatively greater the 

lower the energy of the transition. 

Thus if the band energies for the electronic 

spectra of the C
2v 
 complexes are to be fitted into 

the energy level diagram for Td  symmetry, a value of 

L. may be taken that is reasonable for two nitrogen 

donors and two halide ions, and the transition energies 

increased by a suitable amount, due to the ground 

state splitting. A good fit can not be immediately 

obtained however, and it is found necessary to make 
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empirical reductions in term separation energies 

calculated for F
4 	90 cm 

	
(The energy separations 

of the free ion terms may be expressed as functions 

of the radial integrals, F F
2 

and F
4' 

as given by 

Condon and Shortley60, which are linearly related to 

the Racan parameters61). 

These effects may be seen through the spectra of 

[Et4N][Ni(benzimidazole)Br7] and Ni(benzimidazole)2Br2. 

For these bromide complexes the term separation energy 

between, 3F and 1D has to be reduced to 78%, and 

3F-3F' to 94/o, of the separation calculated for 

F
4 
 = 90 cm.-

-1 
 . The effects on the energies for Td 

symmetry, arising from the distortion, and the above 

arbitrary changes in term separation, are given in 

Table 2.3. 

The spectra of the other complexes may be simi-

larly treated by suitable variation of the parameters. 

The spectral band energies (- r thus be made to look 

reasonable, but the question remains as to whether the 

arbitrary alterations in term separations have any 

meaning. The fact that the same reductions are 

needed for complexes wit',1 the same anion indicates 

that t :.ey may not be completely random, but the 

differing reductions that are needed for different 



'5,550 
lo, 400 

17,300
-11,70 

6,700 

10,400 

--11,700 

17,250 

(a) 	Energy of 3F-1D reduced to 78°/a of value, 
t I 
	3F -3P 	11 

	 t I 94% I1 

calculated for F4=90cra. . 
I t  I 	 II 

Table 2.  

Band T-Piner,,,ies from the  Spectra of Distorted Tetrahedral  ' 

v1  
V 
(b) s.f 

v3  

[Ni(bz)Br
3
] 

Averge 

3,800cm
:1 

Lowering from 

G/S(b)splitLE 

1,100cn:1 

Ri(bz)
2Br2 

Average A 

4,000cm:1 

Lowering from 

G/S ,.(b) 	. 

2,300cm71  

Band Energies 

(cm
:1) 

Td F4  = 90 

cm. 

4,250 

8,100 

-,12,100 

16,000 

Band Energies 

(cm:1) 
Reduced. Term 

Sep-' 
rs  (a) 

4,000 

7,800 

--9,400 

14,600 

4,250 

8,100 

--9,400 
15,600 

vl 	4,000 

7,800 

s.c-f(c)  --12,000 

v3 	15,500 

- (cm.1  ) 

vii td. effect of 

G/Scb)  

splitting 

Observed 

Spectrum 

(cm:1) 

	

5,100 	5,100 

	

8,90D 
	8,700 

	

--10,500 	--10,500 

	

15,700 
	

15,700 

Cb) 	G/S, --,- Ground State 

(c) 	c.f.s Spin-forbidden transition, T- (1D) 
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term separations suggests thot no simple correlation 

with effects such as delocalisation can be made. 

In most cases the v
1 and v5  bands for the C, cv 

complexes do not show any significant splitting in 

the room temperature spectra. However the v3  band 

for Ni(2-methylbenzimidazole)2X2  (X=Ol, Br, I) is 

split by 2,500 - 3,000 cm.-1 (Fig. 11.2). The split-

tinge may be due in part of solid state effects, 

for in the solution spectra, while the mean v3  band 

positions are roughly the same as seen in the solid 

state, the splittings are about halved (Table 2.4). 

There are no systematic changes in the splitting in 

the solid state, but in solution the splittings, for 

complexes with a given anion, are I > Er > Cl. 

The splitting of one of the bands in the elec-. 

tronic spectra of tetrahedral cobalt (II) complexeS 

may give some indication of the likely splitting of 

the tetrahedral nickel (II) ground state. Hence the 

spectra of the tetrahedral cobalt (II) complexes 

be introduced. The notation used will be: 
a 	4 , A 	---> 'T, = v 	- i 4 'i.,, 2 	1 	c --› 4 T1  (4F) = v2 ; 

4, 	p 	(4_, 
kL2 -4 'T1 ' r) = v_,. The diffuse reflectance 

will 

spectra are given in Table 2.5, and may be interpreted 

in terms of an essentially tetrahedral coordination, 
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Table 2.4 

Splittings of the v3  band for complexes of the type 
Ni(2-methylbonzimidazoleX2  in the solid state and 

in solution. 

Splitting of 	Weighted 1;lean 
v3 (cm:1) 	v 3 Position (cm

tl) 

Complex Solid Solution Solid Solution 

Ni(2-Debz)2  Cl,c  2,800 1,200 17,350 17,300 

PP  Br2  3,200 1,300 16,900 16,700 

Pt 

12 2,300 1,900 16,000 15,900 

the high intensity of the srJectra, as for the nickel (II) 

complexes, again being consistent with a nonc.,:ntro- 

symLetric configuration. The band, or group of bands, 

seen in the region 5,000 - 9,000 cm:1 Day be assigned 

to v2, or components of v2, and the band, or group 

of bands, in the region 15,000 - 17,000 c2:1  to v3, 

or components of v
3
. The v1 band is not usually seen, 

lying below 4,000 cm71. The v2  band in the spectra 

of the tetrahedral cobalt complexes arises from the 

transition to a level of T1  symmetry, which is the 



Table 2.5 

Electronic ilbsorption Spectra of the 

Tetrahedral 2:1 Cobalt (II) CouRlexes 

66. 

Conipound 

Co(N-meim) Cl, 2 c 

Co(N-ueim),Br, 

Co(2-ueiu),C1 c 2 

Co(2-moim)2Br2 

Co(bz)23r2  

Co(2-mebz)2C12  

Co(2-mebz),Br c 2 

--17,300(s.sh); 16,600; 16,100; 9,100; 
7,000 --6,400(p..sh) 

--17',150(sh)e 16,400; 15,200; 8,700; 
6,800 --6,300(s.sh) 

--17,900(s.sh); 17,050; 
9,900 ,-7,700(n.r); 

,-16,500(s.sh); 
,-7,100(n.r) 

,-17,750(s.sh); 16,850; --16,200(s.sh); 
9,860 ,-7,650(n.r); --6,950(n.r) 

16,850(s); 16,100; 15,500; 8,900; 
7,200; 6,000 

----1
6
7,300(
150

sh); 15,800; 8,700; 7,250; 
,  

17,200; 15,200; 8,650; 6,850; 5,650 

L11 in the solid state 
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same symmetry as the ground state for tetrahedral 

nickel (II). Thus any splitting in the v2  band for 

the former may give some indication of the order of 

magnitude of the splitting of the ground state, in 

the latter, though this can not be taken as in any 

sense quantitative, or as giving the sign of the 

splitting where this gives rise to A and E components. 

The complex [Et4N1[Co(benzimidazole)Br3] is 

expected to have c3v  symmetry, and the T1  level will 

split as given above. The observed bands have been 

assigned56  to the
2 component of v2 at 4,900 cm

:1, 

— and the E component at 6,900 cm.1  . The cobalt and 

nickel analogs of this complex are not isomorphous, 

though it does not necessarily follow that the local 

symeetry of the metal ions will differ in the complexes 

with  the two metals, and it seems likely that the 

general symmetry of the complexes with a given anion 

and heterocycle may be similar. Thus the splitting 

of 2,000 cm—.1  in the v2 band for the cobalt complex 

indicates that the significant splitting of the 

ground state in the nickel complex postulated above, 

(Table 2.3), is reasonable. 

The complexes Co(benzimidazole)2  X2  (X=Br,I) 

56,62 give spectra 	in which the v2  band is split 



68. 

into three components, as expected for C2v  symmetry, 

(Fig. II.4). The X-ray powder patterns (Table 2.1) 

for M(benzimidazole)2Br2  (M = Co,Ni) indicate that 

these complexes are virtually isomorphous. Thus 

again the large splitting suggested above for the 

ground state in the nickel (II) complex (Table 2.3) 

seems quite likely. In the spectrum of Ni(benzimidazole)2  

Br2  at room temperature vl  appears as a broad band at 

7,000 cm 1, which at 77°K is resolved into two com- 

ponents with a splitting ----1,500 cm  1. The appearance 

of only two components is possibly to be expected for 

nickel (II) in C2v  symmetry, as whichever of the 

levels 3112, 3B1, or 3B2, of the split ground state, 

lies lowest, transitions will only be symmetry allowed 

to two of the levels of the split v1, 3A1, 3B1, or 

3B2. (All ground states give symmetry allowed tran- 

sitions to v2, (3A2). For the v
3 
 band, if the 3A2 

level of the ground state lies lowest, then transitions 

to all components of v
3 

are symmetry allowed, while 

if either of the other levels lies lowest, then tran- 

sitions to only two components of v3  are symmetry 

allowed). 

The spectra of Co(2-methylbenzimidazole)2X2  

(X = Cl,Br) are very similar to those for the 
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benzimidazole complexes, with v2  clearly split into 

three components. The cobalt and nickel analogs of 

the complexes with 2-methylbenzimidazole are not iso-

morphous, which renders any comparison rather dubious. 

The splitting of the ground state is likely to be 

significant, in the nickel (II) complexes, as indicated 

by the band positions in the electronic spectrum. 

However no resolution of the v1 band could be obtained 

at 77°K, while the v
3 

band shows a clear splitting. 

This is in contrast to the spectra of the benziaidazole 

complexes, where the vi  band is split, and v3  fairly 

sharp and unsplit, at 77°K. This is somewhat sur-

prising as the general symmetry of the complexes with 

both ligands might have been expected to be similar, 

and further examination of complexes of this type 

will be necessary to determine the factors which con-

trol the relative splittings of vl  and v2  in the dis-

torted tetrahedral nickel (II) complexes. The com—

plex Ni(benzothiazole)2I2  has a dark brown colour, 

in contrast to the 2:1 tetrahedral iodide complexes 

previously discussed, these latter being dark green. 

The complex is paramagnetic, and gives an electronic 

spectrum, (Table 2.2), whose intensity and band 

positions indicate an essentially tetrahedral 
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structure. 

The origin of the intense dark green colour of 

the other nickel iodide complexes was in a charge 

transfer band extending into the visible region. 

Similarly here the brown colour arises from a charge 

transfer band extending further into the visible, to 

the extent of partly obscuring the v3  band. This 

might indicate that the benzothiazole was bonding 

through the sulphur atom, sulphur donors tending to 

cause low energy charge transfer bands63. There is 

however no evidence from the infrared spectrum to 

establish the mode of bonding, and the electronic 

spectrum may be interpreted in terms of bonding 

through the nitrogen atom. 

The presence of tho electronegative sulphur 

in the thiazole ring bonded via the nitrogen atom, 

might cause a flow of charge into the ring, and a low 

energy charge transfer band. The splitting of the 

v
3 

band is similar to that seen for Ni(2—methyl—

benzimidazole)
2
I
2' while the average band energy is 

lower for the benzothiazole complex, which might be 

a result of the delocalisation into the ring, and a 

reduced term separation. 

The v2 band appears as a doublet, with a splitting 



72. 

of --500 cm71  this probably arising from the 1T2, 

(P 5 under spin-orbit coupling in tetrahedral 

symmetry), being energetically close to the 3A2  (C 5),  

and mixing strongly to gain intensity. The vi  band 

is sharp, and at high energy, being barely resolved 

from the v2  band. In general outline it resembles 

the vi  band of Ni(2-methylbenzimidazole)212. This 

similarity is seen more clearly from the spectrum 

of the benzothiazole complex at 77°K, when the v1 

band is completely resolved from the v2  band. 

Magnetic Properties 

For the d8 system in Td symmetry the room tempera- 

ture magnetic moments are expected to be high owing 

to the contribution to the moment from the orbitally 

degenerate ground state (3T1 ). The action of spin- 

orbit coupling however, is to raise the degeneracy 

of the 3T
1 term, such that the lowest energy state 

has J=O, with levels J=1, and J=2 severals multiples 

of X above (Fig. 11.5). At room temperature there 

will be appreciable population of all levels, and 

the magnetic moment will be significantly above 

the spin only value. On lowering the temperature 



Fig 11.5 

Free ion F term, for niokel(II), under the successive 

influences of a weak tetrahedral ligand field, spin-orbit 

coupling, and a magnetic-field. 
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the electron population will begin to drop into the 

J---0 level, the moment showing a progressive decrease, 

Fig. 11.6. Nickel (II) in an essentially octahedral 

environment, where there is an orbital singlet ground 

state, was found to obey the Curie-Weiss law (see 

Chapter I, P.36): 

XA  = C/1_,0  

When this law holds, the magnetic moment, corrected 

for 99  remains constant. Thus for nickel (II) in 

Td symmetry a Curie-Weiss behaviour should not be 

shown, and plots of 1/./ v.T will show a curvature 

away from the temperature axis; such plots being 

linear for octahedral nickel (II). (Fig. 1.5). 

The action of symmetries lower than Td  will be to 

split the orbitally degenerate ground state, when 

spin-orbit coupling will be reduced. Thus on distor-

tion, the room temperature magnetic moments should 

be diminished, owing to loss of orbital moment, and 

the drop in moment on lowering temperature should be 

less than that seen in T
d symmetry. 

Figgis has calculated the magnetic moments, as 

a function of temperature for nickel (II) in Td 
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symmetry, and in symmetries such as C3v  and D2d, 

where the orbital triplet level is split into A and 

E components14. 

In making the calculations four variables were 

used, the spin-orbit coupling constant in the complex, 

( ); the relative strengths of the ligand field 

and interelectronic repulsion energies, (A)? the 

splitting of the orbital triplet by low symmetry, (A)? 

and a delocalisation parameter, (k). 

Certain generalisations may be taken over from 

these results. For those distortions which split 

the orbital triplet into A and E components, if 

the delocalisation is significant, i.e. K 	- 0.7, 

then the drop in moment and deviation from Curie-Weiss 

type behaviour, are larger when the E component lies 

lowest. For cases where the orbital singlet lies 

lowest, -diCi behaviour approximates to Curie-Weiss, 

then it might be thought that the ° G' value would be 

larger, the greater the value of the room temperature 

moment, if spin-orbit coupling is leading to a loss 

of moment. This however is not the case in general, 

in that while the room temperature moment decreases 

the larger the distortion for given values of the 

other parameters, the detailed behaviour of the 
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magnetic moment with temperature depends on the 

interrelation of all the parameters. 

Attempts have been made to determine the 

values of these parameters in some complexes by 

fitting the magnetic moment data found over a tem-

perature range to the calculated curves14. It would 

seem however, that while such curve fitting gives 

parameters which would, within the limits of the 

approximations used, describe a system giving the 

observed behaviour, the real situation might re-

quire other distortion, and bonding characteristics 

to be considered, which would lead to a greater 

variation in interpretation of the magnetic data. 

Of the present complexes the curve fitting 

technique might apply to [Et4N][Ni(benzimidazole)3r3] 

where the nickel ion is in C3v symmetry. The magnetic 

moment and susceptibility of this complex at 295°  and  

100°K are given in Table 2.6. 

While it was not found possible to make a quan-

titative fit, the best agreement was obtained with; 

x' 	cm:1  ; /_Vx, 	,--3 (singlet state lowest) ; 
A = 1.5 	K = 	The magnetic susceptibility 

showed an effectively Curie-Weiss behaviour, con-

sistent with the generalisations from the Figgis 
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calculations. The calculations are strictly only 

valid for complexes with Td, or c3v  and D2d, symmetries. 

Attempts have been made however to derive parameters 

for complexes with C2v symmetry, where the E com-

ponent is split into two orbital singlets1 . The 

lowest state must then be an orbital singlet, and it was 

indeed found that applying the calculations for C3v 

symmetry to the C
2v complexes, the parameters de-

rived indicated a singlet ground state in all cases14. 

The parameters found for complexes of C
2v 

symmetry 

can not be considered quantitatively meaningful, and 

are not always in agreement with values obtained by 

independent methods .9  

Following the generalisations given above it 

might be expected that C2v  complexes, with a singlet 

ground state, would show effectively Curie--Weiss be-

haviour. This was found to be the case for all the 

tetrahedral 2:1 complexes examined here. The sus-

ceptibilities and magnetic moments at 295 and 100°K 

are given in Table 2.6. The room temperature moments 

are seen to increase for complexes with a given ligand, 

and with the various anions, in the order, chloride 

bromide > iodide. This is consistent with the larger 

distortion expected in the iodide compared with the 
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chloride complex. The intercepts on the temperature 

axis for the 1/./  v.T plots (Table 2.6) were apparently 
AA  

random, and could not be correlated with the room 

temperature moment, a feature suggested by the gen-

eralisations from the Figgis calculations. Dr. Leask 

at the Clarendon Laboratories, Oxford has measured 

the susceptibilities of [MePh3As]piC14], [Et4IT] 

[Ni(benzimidazole)Br
3 
 ], and Ni(benzimidazole),Br,. 

in the region of liquid helium temperatures Table 2.6. 

Qualitatively the results are as expected, in that 

the[NiCl4]
2- ion has a much lower moment at these 

temperatures than the nickel (II) in C3v  and C2v  

symactries. All three show moments at these tempera-

tures below the spin-only value. 
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Table 2.6 

Magnetic Data for the Tetrahedral 2:1 Nickel (II) 

Complexes 

295°K 	 100°K 

Copound 10 AA 

(c.g.s.u) 

µeff. 

(B.M.) 

10 AA  

(c.g.s.u) 

µeff. 

(B.M.) 

Intel 
cept 

(-T°K) 

[Et4N1[Ni(bz)Br3] 5390 3.57 14,780 3.44 11 

Ni(bz)2Br2. 5080 3.46 13,950 3.34 13 

Ni(bz)2I2  4550 3.28 12,550 3.17 10 

Ni(2-mebz)2C12  5480 3.60 14,500 3.41 19 
Ni(2-mebz)2Br2  4980 3.43 14,080 3.36 7 

Ni(2-mebz)212  4780 3.36 13,300 3.26 12 

Ni(3-meisoqn)2C12  5400 3.58 14,800 3.45 12 
Ni(3-meisocin)2Br2  5360 3.56 14,300 3.38 16 

Ni(qn)2C12  5220 3.53 15,000 3.47 5 
Ni(qn)2Br2  5050 3.45 13,400 3.28 17 

Molar 9usceptibility corrected for ligand and metal ion 
diamagnetism. 

For 1/1/ v.T plots, which are linear over the range 
'A 

of measurements. 
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Table 2.6 (continuell.  

Susceptibility measurements in the region of Liquid 

Helium Temperatures for some Tetrahedral Nickel (II) 

com0_exes 

Compound 	T(°K) 	q(c.g.s.u)  

[MePh3As]2[NiC14] 4.2 	1.46x10 Xm assumed indep. of 
temp. 

[Et4N][Ni(bz)Br3] 4.187 	2.38x10-1  

4.005 	2.35 

3.502 	2.31 

1.430 	3.63 

Ni(Ph3P)2C12 	4.2>T>1.4 1.40x10'1  

Ni(bz)2Br2 	4.186 
	

2.40x10 —1 

4.010 
	2.59  

3.509 
	

2.54 

3.006 
	

2.54 It 

2.472 
	

2.75 It 

1.943 
	

3.07 

1.481 
	

3.20 

Molar susceptibility 
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CHAPTER III 

The 4v1 Complexes of Benzimidazole with Nickel (II)  

Halides 

Preparation 

The complexes initially prepared were of the 

type Ni(benzimidazole)4X2.n Acetone ('X = Cl, Br, n = 2; 

X = I n = 3). These solvated compounds were prepared 

in a number of different forms, and a further series of 

compounds obtained on desolvation. For discussion 

purposes a code alphameric will be assigned to each 

compound. These will be given at the first appearance 

of the compound in the text, and a general statement of 

the coding made at this point. 

For the solvated complexes the first letter refers 

to the colour of the complex B = blue, G = green, 

0 = olive-green, and Y = yellow( for the second letter, 

C = chloride, B = bromide. A prefix A indicates that 

the compound has been obtained on desolvation of an 

acetone containing complex, by heating. For the letter 

following, C = chloride, B = bromide. The number after 

the letter indicates to which of three classes of 
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unsolvated chloride, or two classes of unsolvated 

bromide complexes, the compound belongs. There is 

in some cases a final letter, which for the unsolvated 

chloride complexes, indicates the colour of the solvate 

from which the disolvated complex was obtained. The 

code assignments are summarised in Fig. III.1. 

The presence of acetone in these compounds was 

indicated by the infrared spectra of the solids, and 

of the gases evolved on heating the solids. Some diffi-

culty was experienced with carbon analysis for all com-

pounds containing acetone. It appears that the solvent 

molecules are lost so rapidly under the conditions of 

the analysis, that incomplete combustion occurs, and 

low results are obtained. The stoichiometries assigned 

to the solvated complexes have been checked by analysis 

for other elements, including oxygen, and also by weight 

loss on heating, followed by analysis of the desolvated 

product. 

The compound Ni(benzimidazole)4C12.2 Acetone, may 

be found in blue (BC), green (GC), or olive-green (00) 

forms. On refluxing a 4:1 mole ratio mixture of ben-

zimidazole and nickel chloride hexahydrate, in acetone, 

there is an immediate precipitate of a pale green solid. 

After refluxing for 24 hours the green solid changes to 



Fig. I1I.1 

   

The Acetone Solvates of Ni(BH)4X2  
and the Desolvation Products 
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an olive-green solid (00). The system is allowed to 

cool, and stand corked, for up to 12 days, the olive-

green crystals slowly altering to a blue crystalline 

form (BC). 

This process may be much hastened if a small 

quantity of water is added to the initial reaction mix-

ture. The olive-green form is then obtained after 

3hrs. refluxing, and the blue form after standing for 

48 hrs. Oxygen analyses indicated that there was no 

water present in the final compound, prepared either 

with, or without, any water added to the initial mix-

ture. 

If the blue product is dissolved in dry acetone, 

an excess of benzimidazole added, and the solution 

allowed to stand, green monoclinic crystals are formed 

(GC). It was found that this green compound, if placed 

in acetone containing 1% of water, altered to the 

blue form. Direct oxygen analysis again showing that 

no water was present in the blue form. 

The compound OC slowly loses acetone at room 

temperature, changing first to a dark yellow, then to 

a pale yellow colour, the compound (YC) then containing 

about one molecule of acetone per molecule of 4:1 com-

plex. The rate of loss of further acetone is greatly 
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reduced. The forms BC and GC also lose acetone at 

room temperature, but at a slower rate than OC, and 

do not appear to form any intermediates. 

On desolvation of the acetone containing chloride 

complexes a number of products may be obtained dep-

ending on the temperature. These various products will 

be differentiated through their magnetic and spectral 

properties in later sections. 

If the solvates BC and GC are heated at 130°C 

to constant weight, a bright green compound is formed 

(P01). The compound BC on heating at 110°C however, 

gives a darker green compound (QC2), whereas heating 

at 75°C gave an olive-green form (P23). If the solvate 

OC is heated at either 130, or 110°C, it gives 601. 

The compound YC gave Cla on heating at 75°C. (See 

Fig. III.1). X-ray powder patterns (see next section) 

showed that the various samples of AC1 from different 

sources, had the same structure. 

The compound Ni(benzimidazole)4Br2.2 Acetone, has 

been found in one blue form (BB). Attempts to produce 

other forms analogous to the chloride system have not 

been successful. The blue form may be prepared by 

refluxing a 4:1 mole ratio of benzimidazole and nickel 

bromide hexahydrate, in acetone. A pale green solid 



86. 

is initially formed, this altering to the blue form 

over about 4 hours. If the pale green solid is removed 

from the acetone, it immediately changes to a blue 

form. 

A number of desolvation products may again be 

obtained, from BB, depending on the temperature used. 

The procedure necessary to obtain any given product is 

difficult to define precisely. It was found that 

apparently similar experiments gave different products, 

and mixtures were often obtained. However certain 

guiding principles emerged from a number of experiments, 

and those are outlined below. 

Rapid removal of acetone, eitn6r on desolvation 

by heating (----80-90oO) under vacuum, or by heating 

the samples to high temperatures (,,,140o0) in an open 

vessel, such as a watch glass, tended to give mixtures 

containing tetrahedral Ni(benzimidazole)2
Br
2
. On heating 

the solvate BB at 14000, in an elongated vessel with a 

small aperture, such as a drawn off ignition tube, 

(i.e. the ratio of surface area, to mass, is small), 

for about 15 minutes, the colour changed to blue-brown. 

When transfered, without cooling, to a temperature of 

160-165°C,there was an alteration to a dark green 

compoliniover 1 hour. This latter compound on cooling 
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changed to a yellow-green form (N=11). This change 

had sometimes not occured when the sample had cooled 

to room temperature undisturbed, then on tapping the 

tube the change took place immediately. 

If BB is heated solely at 140°C, in the vessel 

decribed above, a pale blue product is obtained (AB2). 

However if heated at 140°C in a more open vessel, such 

as a weighing bottle, uncapped, an orange diamagnetic 

form may be produced (.B3). 

A sample of another orange form was obtained by 

placing a portion of the acetone solvated complex BB, 

in chloroform, and sealing the tube. Over a period of 

some months, the blue crystalline material slowly turned 

into well formed orange crystals. From analysis, and 

weight loss on heating, it was found that this orange 

compouodwas the 4:1 bromide complex, with three mole-

cules of chloroform per molecule of complex. The 

product obtained on heating this latter complex at 

110°C was a pale blue. paramagnetic solid. The elec-

tronic spectrum, and X-ray powder pattern (see next 

section) showed that this compound was the same as 

that designated AB2 above. 

The compound Ni(benzimidazole)4 I2' 3 Acetone has -  

been found in one pale green form. This was obtained 
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by dissolving Ni(benzimidazole)2I2  in acetone, adding 

an excess of benzimidazole,and allowing to stand. On 

desolvation an orange diamagnetic compound was obtained, 

independent of the conditions under which the acetone 

was removed. 
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X7-flay Power Patterns 

The X-ray powder pattern data is collected in 

the tables below, the results being required at various 

points in the following sections. The nature of the 

complexes listed, and the significance of any mixtures, 

or phase changes, established, will be discussed in 

the sections on electronic spectra and magnetism that 

follow. 

As some of the complexes occur in isomeric forms 

fairly full X-ray powder data is given. The d 

spacings and intensities of some of the stronger lines 

for the powder patterns of the solvated complexes are 

given in Table 3.1, and for the desolvated complexes 

in Table 3.2. 

The samples of ClA from the various sources, i.e. 

AC1, B, G and 0 as in Fig. III.1, gave powder• patterns 

that were indistinguishable. 

The complex ac2 (see Fig. III.1) gave a powder 

pattern that was the same as that for ACI, except that 

for an exposure of the same time interval the lines 

were less intense. The same effect was found to a more 

marked degree for AC3, such that for the latter, only 

the strongest lines from the ClA powder pattern were 



Table 3.1 

BC 

X-Ray Powder Data : Solvated Compluxes 

7i(bz)4Br2.3CHC13  

d 	inten. 

Ni(benziaidazole)4C12.2 

GC 

inten. 

Acetone 

OC 

inten. 

Ni(bz)4 

BB 

inten. inten.341  d d d 

9..54 vs 11:57 vs 12:01 vs. 10:61 vs. 10'.87 a 
7.96 in 9:15 vw 11..19 vs 9.86 s 9..25 vs 
6..47 mw 7.35 Ii7 8:52 w 7:98 ms 7..37 vs 
5..85 Ms 7..15 w 6:14 w 7:30 as 7:21 s 
5'.35 m 7:08 w 5:62 w 4:86 ms 7.3.5 s 
5'.03 in s 5.76 w 5'..39 ms 4..32 s 6..91 s 
3..84 m 4:81 in 5:10 s 3:47 as 5:96 'as 
3:48 a 4:63 VT 4:38 w 3.43 'as 4.00 s 
3:28 a 4:29 w 4:64 mw 3:22 a 3:70 s 
3:23 in 4.24 aw' 4:28 w 3.12 in 3.47 s 
3.15 mw 4.01 w. 414 mw 3:04 caw 
2:94 mw 3:84 Illw 3'.61 a 3:02 ow 
2:88 aw 3.79 w 3..20 w 2.97 uw 
2.63 mig 2.88 w 3.16 vw 2.90 mw 

Intensity 

0 • 



Table 3.2 

X-Ray Powder Pattern Data : Desolvated Complexes.  

Ni(bz)'4C12  

Lel 

Ni(benzimidazole)4Br2 
LB1,X 	i Y ........-- i_01 632 

d inten. d inten. d inten. d inten. 

9.75 vs 10.61 w 10,81 w 10.81 a 
6.92 m 10.10 vs. 10.10 vs 
6.02 vs 9.27 w 9.27 vs 
4,82 7.38 w 7,.38 as 
4.38 w 7.17 vs 7.17 vs 7.17 m 
4.16 vs 7.02 vw 7.02 m 
3,80 ri 6,93 w 6,93 ra 
3.46 vw 6.72 vw 6.56 vw 6.56 vw 
3,34 w 6.20 vw 6.20 w 
3.26 niw 5,35 raw 5.35 mw 5.35 w 
3.18 w 5.10 ra 5.10 la 
3.10 ra 4.51 vs 4.51 vs 
3.07 ms 4.25 vs 4,23 vs 
3.01 vw 4.00 w 4.00 ms 
2.72 w 3.81 w 3.81 w 
2.69 w 3.61 m 3,61 m 
2.68 w 3.47 w 3.47 w 3.47 ms 
2.45 mw 3.24 s 3.24 s 
2.31 mw 3.07 s 3.07 s 

01 • 
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visible against a fairly strong background. This may 

indicate that .C2 and AC3 are mixtures of iCl with 

another phase that does not give a defined powder pat-

tern. 

The complex ABll Y appears to be a mixture of AB1,X 

with AB2, (Table 3.2). 

The measurements of the magnetic susceptibility 

of ClA over a temperature range indicated the possibility 

of a phase change at 	180°K. X-ray powder patterns 

were thus taken at low temperature, using the apparatus 

described in Chapter VI, Physical Measurements. 

As a control the powder pattern of AB2, for which 

there was no indication of any 

magnetic results, was taken at 

at 140°K. The powder patterns 

temperatures were identical. 

For AC1 there was a clear  

phase change from the 

room temperature, and 

obtained at the two 

alteration in the pow- 

der pattern on cooling from room temperature to 130°K, 

as shown in Figure 111.2. (The powder photographs 

were obtained with a front plate camera.) 

The room temperature powder pattern was quanta-

Lively the same as that obtained using a Guinier 

camera, (see Chapter VI,Physical Measurements). There 

was however a shift between the two sets of d spacings 



Fig. 111.2 

X-Ray Powder Patterns (Front Plate Camera) for 

Ni(benzimidazole)4C12, A01 at Room Temperature 

and —140°K . 

Room Temperature 

ti 140°K 



from the patterns with the different cameras, this 

being most marked when the d spacing was large (i.e. 

the diffracted angle was small). The origin of this 

difference is not at present known, but as it is 

anticipated that the results from the Guinier camera 

will be the more accurate, d spacings at room temper-

ature and low temperature from the powder patterns 

using the front plate camera are not given, though 

the photographs of Fig. 111.2 provide qualitative 

evidence for a phase change. 
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Electronic Spectra 

The electronic reflectance spectra are given in 

Table 3.3. Solution spectra are not reported as the 

4:1 complexes dissociate to give the tetrahedral 2:1 

species, for solvents in which dissolution may be obtained, 

Such as acetone._ 

The electronic spectra of the paramagnetic 4:1 com-

plexes may be interpreted in terms of nickel (II) in a 

tetragonally distorted octahedral field, while the dia-

magnetic complexes have an essentially square planar 

field. The transitions expected in a tetragonal field 

have been given in Chapter I (p. 22 ), and the same 

notation will bellscl?in this present section. 

Considering first the acetone solvated complexes. 

The blue forms, BC and BB, of. Ni(benzimidazole)4X2.2 

Acetone (X = Cl or Br), and Ni(benzimidazole)4I2.3 Acetone, 

give spectra which.are alike in appearance, and with 

similar band energies. The spectrum of BC is shown in 

Fig. 111.3.- Band assignments will be made here for 

this latter complex, which will be considered as 

typical for the paramagnetic complexes in this chapter. 

For BC at room temperature 3A2g 	3E at 8,050 cm71; 
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3A2g 	3B2g  at 11,300; either 3A2g 	3A2  , or 

3A2g 	1E:, at --13,6001  3A2g 	3Eg  at 162104 

3A2g 	1T2sK  at 20,800; and 3L2g  —> 3Tig(3P)4€  at 

25,900 cm:l. 

In that Ni(benzimidazole)4I2 is known only as 

an orange diamagnetic complex (Table 3.3), it sdyras 

,reasonable to suppose that the acetone molecules, 

in the above solvated complexes, are coordinated in 

the axial positions. The spectra indicate an average 

value of x of ,-9,100 cmtl  for BC and BB, and -- 8,950 

cm.-  for Ni(benzimidazole)4I2°3 Acetone. 

The green isomer, GC, of Ni(benzimidazole)4C12.2 

Acetone, gives a spectrum in which the bands lie 

at lower energy than in the blue form BC, (Fig. III.4).  
This would arise if the halide ions, considered as 

weaker lignnds than acetone, were coordinated in the 

axial positions in GC. Sub-c,ort for this is found in 

the similarity of the spectrum of GC to that of one 

of the desolvated 4:1 complexes, LCl (c.f. Figs. 111.4 

and 111.5). 

On cooling GC to 77°K, the bands shifted to 

higher energies by ---5% 	arising from the expected 

or components thereof. 
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gable  3.3 

Electronic Absorption Spectra. 

Compound 
-1 4E- 

Absorption Maxima (cm.  

   

Ni(bz)C12. 2 Acetone 

BeH 	25,900; --20,800(w);'16,100; 
--13,600(sh); 11,300; 8,000. 

BC • 	77°K 	26,500; 21,300(w)';-16,850r 
14,400r 12,100; 8,400. 

GC 	25,000; --20,800(w); 15 400; 
--12;800(sh); --11,400(s4; 
8,800(w.sh.); --6,100(br) 

GC 	77oK 25;800; 16,000; 12,500;,  
--8,800(w.sh); 6,400 

OC 	25,204 21,300; 15,350; 
--12,850(sh); --11,000(sh); 
--6,000(br) 

OC 	77oK 25;900;• 21,600; 16,100; 12,700; 
--8,800(w.sh); --6,600(br) 

Ni(bz)4C12. --1 Acetone 

YC 

YC 
77°K 

--25,100(sh); 21,600; 16,100; 
--13;000(sh); --11,500(sh); 
--8,800(w.$10; 7,100(br) 
. 26",000; 21,800; 15,700; 13,100; 
--8,850(w.sn); 7,900 

At room temperature unless otherwise stated 
Hy See Fig. 111.1 for symbols 



Table  3.3 (continued) 

9a• 

Compound Absorption Maxima (cm.1  ) 

Ni(b 	Br2.2  Acetone 	26,300; 20,800(w); 16,250; 
,_13;700(sh); --11,900(sh.); 

7,800 

	

Ni(bz) 4j2.3 Acetone 	26,100; 20,500; 16,150; 
--13,100(sh); --11,750(sh); 7,520 

Ni(bz)LI C12  

601 	 24,900; --20,800(sh); 
,-170700(sh); 15,200; --12,500(w.s1)) 
--110600(w.sh); 9,900; 5,700 

Cl 	77°K 250200;, --21,500(w.sh);: 
---190400(w); --17,500(sh); 150500; 

12,400; --9, 700(w).; --6,100(br) 

W2 	 24,800; --20,800(w.sh); 
17,700(sh); 15,100;,12,500(w.di. 
9,900; 5,700 

W3 	 24,200; --20,000(sh);' 14,404 
---11,650(sh); --8,800(w.sh.); 6,900 

W3 	77oK 24,500; 14,700; --11,700(sh); 
^-9,100(sh); 7,000 

Ni(bz)4Br2  

AP).2€3€ 	 27,700; --25,100(sh); 
--19,700(wY; 15,300;'---12',600(sta);' 
--10,500(w.sh); --80800(w.sh); 
---6,700(br) 

6B1 	77°K 28,000; 25,304 --20,800(w); 
^-18,700(w); 15,804 12,604 

80700(w); ( ,-80 000(sh))-N 
6,200 

Both 6B1.X and 6B1.Y 

tiBi.Y only 
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Table 3.3  (continued) 

Compound 	Absorption Maxima (cm71)  

a;B2 	25,100; --20,000(w); 15,630;. 
13;000(sh);' --11,000(shYr 

---8,800(w.sh)F 7,250 
AP2 	77oK 26,500; 21,300(w); 16,850; 

14,400; 12,100;• 8,400 

4B3 	21,300; --12,500(br.w) 

Ni(bz)4Br2.3 0H013 	21,300; --12,700(br.w) 

Ni(bz).412 	21,300;.--120500(br.w) 
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small increase in G, owing to a shortening of bond 

lengths on cooling. It is noticable that while there 

are shoulders on the low energy side of v 2  at room 

temperature, only one band appears in this region at 

77°K. 

The band assignments for GC,aand a number of the 

other compounds examined below, are less certain than 

for the solvated complexes BC' and BB, where the orbital 

singlet compients of vi  and v2  were fairly clear, loqa-

ted between the stronger orbital doublet components 

(Fig. 	In making assignments for these com—

plexes, a feature which is of use is that the position 

of the vl, v2, and v3  bands, taken from the weighted 

average positions of the components of these bands, 

should fit approximately within the Liehr and Ball-

hauson energy level scheme fcr nickel (II) in Oh  symmetry, 

(Fig. 1.2). This will be true if the tetragonal dis-

tortion is not too great, when configuration inter-

action, and orbital mixing may occur. (A. general dis-

cussion of band. splittings in distorted nickel (II) 

complexes is given in Chapter IV). 

Thus for GC the spectrum at 77°K suggests that 

there is essentially one band, at --12,500 cm.1, between 

the main components of vi  and v2, at 6,400 and 16,000 cm. 
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respectively. 

This might arise if the splitting of vi  was small, 

so that the 3B
2g and 3Eg components were not re-

solved, the band at 12,500 cm.- 1, then being assigned 

to the orbital singlet components of v2. Alternatively 

the splitting of v1  might be large so that the orbital 

singlet components from vi  and v2  overlap, and are 

seen as a single band at 12,500 cm.-l. 

Taking the average band energies for the second 

assignemnt, (v1 ---8,430 cm.
-  v2 ,--.0•149830 I)3,25,800), 

it is found that the energies fit well into the energy 

level diagram of Fig. 1.2. For the first assignment, 

the 	value indicated by 	6,500 cm:1, would be 

vary :such too low. 

In the room temperature spectrum two shoulders 

are seen on the low energy side of v2, and it is pos-

sible that the orbital singlet components no longer 

overlap. Assigning the shoulder at ^-11,400 cu.1  to 

the 
7 
'A2g component of v2, and that at --120800 cm

tl to 

the 3B2g  component of v1,  a good fit may be obtained 

within the energy level diagram of Fig. 1.2. The 

shoulder at 12,800 cm:1  might alternatively be assigned 

to the spin-forbidden transition to one of the 
l.

com-

ponents 1Aig, Big, of the split 1Es, This band would 
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not be seen at 77°K, lying on the side of the stronger 

resolved band at 12,500 cm.1. The weak shoulder at 

--8,800 cm:1 may be assigned to the spin-forbidden 

transition to the other component of 1E g. 

Comparison of the electronic spectra of GC and 

the olive-green isomer, OC, (Fig. 111.4) shows that 

the spectrum of OC is identical to that of GC, both 

at room temperature and 77°K, with the addition of a 

band at 21,300 cm71. This latter band energy is that 

at which a planar diamagnetic species would be ex-

pected to absorb, as seen from the spectrum of the 

orange form of Ni(benzimidazole)4Br2  (Table 3.3). It 

is further found that the magnetic moment of OC is 

considerably lower than expected for six coordinate 

nickel (II) (Table 3.5). It is thus considered that 

both paramagnetic and diamagnetic nickel (II) ions 

are present in OC. The X-ray powder pattern of 00, 

(Table 3.1), did not show any lines that could be 

attributed to GC, thus indicating that there is no 

mechanical mixture of GC with a separate diamagnetic 

species. This might suggest a uniform lattice with 

nickel ions thermally distributed in different spin 

states, or a lattice containing nickel ions in two 

different sites. This will be discussed in the next 
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section. While the diamagnetic species appears to 

be stabilised in this lattice, it has not been found 

possible to prepare a fully diamagnetic form of 

Ni(benzimidazole)4C12. 

As the complex 00 slowly lost acetone at room 

temperature, the bands initially at 5,800 and 15,400 cm.-1  

gradually shifted to higher energies, until the com- 

plex YC was obtained, containing one mole of acetone 

per mole of complex. The strong diamagnetic band 

was seen in YC, and the spectrum of the paramagnetic 

portion, in the vl  region, was intermediate between 

that for BC and GC, it being possible that one mole- 

cule of acetone is associated with each molecule of 

4:1 complex, and is coordinated to the metal ion. 

Turning next to the desolvated complexes the 

paramagnetic compounds Ni(bonzimidazole)4X2  (X = 

show spectra which may be considered as arising from 

nickel (11) in a tetragonal field, the transitions 

will then be as given above. 

Considering first the complex LIC1, (see Fig. 111.1), 

it was noted above that GC and the desolvate L\L1, 

have somewhat similar spectra, though for ClL there is 

a band at 9,900 cm71 not seen in GC (c.f. Figs. 111.5 
and 111.4). 
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By comparison of the average band energies with 

the energy level diagram of Fig. 1.2, as described 

above for GC, it was found that the band at 9,900 cm.1  

may be associated with the orbital singlet component 

2g) pf v2, with 3B2g  component of vl  lying at higher 

energies, ('-12,600 cm.1), under the main component of 

v2. The shoulder at —11,600 cm:1 might be assigned 

to the spin-forbidden transition to one of the com-

ponents of 1E g. The lower energy component would lie 

on the side of a strong spin-allowed band, and can not 

be distinguished. 

ILt 77°K the band at 9,900 cm:1  appeared to be 

much reduced in intensity (Fig. 111.5). 	was evidenced 

from the X-ray powder patter data at low temperature 

(see earlier section in this chapter), and initially 

indicated by the magnetic results over a temperature, 

there is a phase change at ---180°K, and it seems likely 

that the alteration in the spectrum is due to this change 

in structure. 

It was a possibility that the absorption at 9,900 cm.-1  

arose from a hot-band. In this case the band intensity 

might be expected to diminish gradually on lowering 

the temperature. Spectra were thus taken at a number 

of temperatures, using slush baths of various liquids 
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at their melting points, (n-amyl alcohol, 195°K; 

toluene, 178°K;• iso-amyl alcohol, 156°K). No sig-

nificant alteration was seen on cooling to 178°Ki, 

though on cooling a further 20°, to temperatures in 

the region of the expected phase change, there was a 

definite diminution in the intensity of the 9,900 cmtl  

band, indicating that the effects are not due to a 

hot band. 

The assignments for the spectrum at 77°K are un-

certain. While the band at 9,900 cm.-1  appears to 

have diminished there remains a weaker band at --9,700 

1 cm. . This might be due to a spin-forbidden transi- 

tion, but it is rather stronger than that seen in the 

spectrum of GC, (c.f. Figs. 111.5 and 111.4). An 

alternative explanation might be that the stronger 

Eg  component of v
1 has shifted to higher energies 

on cooling, and become broader, thus filling in the 

absorption trough seen on the low energy side of the 

9,900 cm:1 band at room temperature, hence rendering 

this band less conspicuous at 77°K. Thus either both 

orbital singlet components from vi  and v2  are located 

at --12,500 cmTi, or the 3A2g(v2)  is at ,9,700 and 

the 3132g(v1) at --12,500 cm
71. 

The three weak bands betwwen v
3 

and the main 
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component of v2, in the spectrum at 77°K, may be 

assigned to spin-forbidden transitions to 1Alg and 

the two components of 1T2g. 

In the spectrum of 8C3 the vl  and v2  bands appear 

to be essentially unsplit, (Fig. 111.5). However it 

seems unlikely that the four nitrogen donors, and two 

halide ions, would give a symmetrical field with 

-----6,900 cm71, which would be only slightly greater 

than that for six chloride ions (see Chapter I). Thus 

it seems probable that there is again a significant 

splitting of the vl  band, such that the orbital singlet 

component is under the v2  band. There is a shoulder 

on the low energy side of v2  which if assigned to the 

orbital singlet component of vl would give a very 

reasonable value for, 8 average, of ---8,3000 cm.-1, 

and also for the band splitting parameters, as discussed 

in Chapter IV. If this assignment was correct then it 

might be expected that the orbital singlet component 

of v would be resolved from v2 at 77°K. This however 

is not the case, (Fig. 111.5Y, which throws doubt on 

the above interpretation, unless the splitting of vl  

is greater than anticipated. The low in-plane field 

required for the orbital singlet component of vl  to 

1 be located below 9,000 cm. 	suggest that in general 
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the above assignments are more reasonable. Following 

the latter assignments the band splittings for i.C3 are 

significantly less than foraC1, (4C3, v1  splitting 

4,700 cm71  ;. Cl,L 	(T > 180°K), ,----7,200 cm71). 

Turning next to the desolvated bromide Qomplexes, 

and al (see Fig. III.1). The various samples of al, 

gave electronic spectra which were in general very 

similar. The common features will be considered first, 

then any differences. (The samples of al were all 

prepared by the same method, and differentiated by 

their magnetic properties, as discussed in the next 

section). 

The spectra show large splittings of vi  and v2  

(Pig. 111.6) as were seen for GC and ©Cl; and consider-

ations of band assignments, and average band energies 

may be made as above. At 77°K, a single band is resolved 

on the low energy side of the main component of v2, and 

the spectrum is very similar to that for GC at 77°K 

(c.f. Figs. 111.6 and 111.4). 	It may thus be considered 

that the band at 12,600 cm71  again contains the orbital 

singlet components of both v1  and v2. 

The spectrum of LBl,Y shows a shoulder (---8,000 cm.-1) 

on the high energy side of the main (E g) component of 

v1. This band seems rather too strong for a spin-forbidden 
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band, and it is likely that the band is due to 6B2, the 

presence of which was indicated by the X-ray powder 

data (Table 3.2), the shoulder then arising from the 

Eg  componemt of v1  for that complex, which is expected 

at 8,400 cm.-1  (Table 3.3). 

The spectrum of LO2 (Fig. 111.6) shows considerably 

smaller band splittings than were seen for LBl (spli-

ting vl  for bB21  ,--3,700 cm:1, for 6B11 ,--6,000 cm:1). 

This difference then resembles that between the spectra 

of LCl and LiC3, as given above. The band splitting 

parameters for 6B2 are similar to those for Ni(pyridine)4  

Br2,as will be discussed in Chapter IV. 

Thus summarising it would seem that LC3 and ZD2 

may give band splittings which are of the order of 

magnitude expected for a D4h  complex with four nitrogen 

donors and two halide ions. GC, 6C1, bIC2, and al show 

larger splittings, which, as there is no increase in 

the average field, indicates a weakening of the axial 

field from the halide ions. 

The diamagnetic complexes 6B3, Ni(benzimidazole)4  

Br2,3CHC13, and Ni(benzimidazole)412, give identical 

electronic spectra as might be expected if the in-plane 

field is the same for each compound. The main band 

at 21,300 cm.-1  may be assigned as the transition 
liig  -4 1B3g. It seems likely that the weak band seen 
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to lower energies may be attributed to a spin- 

forbidden transition, following the assignments 

given for similar bands in other planar complexes.2/7° 
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Infrared Spectra 

The infrared stretching frequencies for the. 

C=0 group in the acetone of the solvated complexes 

were examined to see if significant differences 

could be found between the various forms. The 

3,000 - 4,000 cm:1  region was also examined, this 

being the region where the N-H stretching frequency 

would be observed. 

Table 3.4 

Compound 4,000-3,050(cm:1) 	0=0 stretches  Freq. 
(cm71) 

  

Ni(bz)4C12.2 acetone 
BC 	3,640(sp.w); 3380(m); 

(--3080(m.sh)) 	116Xsp.m.$) 
GC 	--3300(w.sh); 3115(m.br) 	,, 

) 
It 	\ 

00 	 3100( " " ) 	1706( "  It \ 
) 

YC 	 ,.._3130(sh) 	1708(sp.m) 
Ni(bz)4Br2.2 Acetone 

BB 	3450(w.br)—,3,120(br) 	1701(sp.m.$) 

Ni(bz)4I2. 3 Acetone 	3420(w.br); 3,120(br) 	1697(sp.m.$) 

In the gas phase the CO stretching frequency for 

acetone is seen at 1742 cm71, and at 1718 in the liquid. 
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It was suggested on the basis of the electronic 

spectra that the acetone molecules might be coordinated 

in the blue solvated forms of the chloride and bromide 

complexes (BC,BB),and also,(for two of the acetones), 

in the solvated iodide complex, while being hydrogen 

bonded in the green solvated form of the chloride com-

plex. The somewhat lower CO stretching frequencies 

for the former group of complexes could be consistent 

with this suggestion. 

A further indication of possible differences in 

the modes of acetone bonding is seen in the spectrum 

in the NH stretchihg region. The blue solvated chloride 

complex (BC) shows a number of clear bands between 

3050 and 3650 cm.
-1 while the green form (GC) gives 

rather undefined absorption at lower energies. 
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Magnetic Properties 

Results 

The magnetic susceptibilities of the 4:1 benzimi-

dazole complexes were measured over a temperature 

range of 80 - 300°K. The Curie-Weiss law (see Chapter I) 

was obeyed over this range by certain of the compounds, 

however other of the compounds showed Curie-Weiss 

behaviour over only part of this range. 

The room temperature susceptibilities, magnetic 

moments, and the Q values, with the temperature range 

over which the 9 value holds, are given in Table 3.5. 
For those complexes where Curie-Weiss behaviour was 

not shown over the full range, the observed suscep-

tibilities, at various temperatures, are given in 

Table 3.6. The general features of the magnetic prop-

erties of these complexes will be given below, and 

the anomalous magnetic behaviour discussed in the 

next section. 

The two blue solvated complexes, BC and BB, are 

magnetically normal with room temperature magnetic 

moments of 3.15 and 3.10 B.L. respectively, and a G 

value of -80. Small negative values of Q, 



Table 3.5 

Magnetic Data for the Acetone Solvates of 

Ni(BH)4X2  (X= Cl,Br), and the Desolvation Products 

(a) 
Compound 	"YxI06c.g.s.u. 	lj eff.  B. hi. 	49

o 	
holds over 

' s'11 
294 	K 294°oK 	 range oK 

Ni( 7H)b)2 
BC1  4180 

Ni (1-1) 	C12 (Ac)2 (c) 
3.15 -8 

GC 	• 3940 3.06 -77 

GC/M(d)  3810 3.00 -70 

OC 2330 2.35 -400 

Ni(BH)4Br2  (Ac)2  
BB 4040 3.10 -9 

Ni(BH)4C12  

LCI,B 422Q 3.17 -14 
ti 	CI,G 4210 3.17 -I0 

R " 	CI,G(e)  4320 3.20 -20 
II 	C1,0 4260 3.18 -30 
It 	C2,B 4200 3.16 -42 

-105 

" 	C3,B 4115 3.13 -15 

Ni(.6H)4Br2  

CBI,X 2770 2.56 
it 	BI,Y 3450 2.86 
it 	B2 4170 3.14 -16 

Notes 

full range 

200-300 
to 	81 

100-300 

full range 

190-300 
II 	11 

II 	.11 
ti 	II 

190-300 
80-110 

full range 

)Cindep.temp. 

full range 

(a) Calcd. from. Curie Law 

(b) See p. 	for symbols 

(c) i.e. Curie-Weiss Law behaviour over range of 

measurements, 80-300°K 

(d) OC after a prior cooling to 77°K, and warming to RT. 

(e) Reversed temperature measurement, i.e. starting at 77°K 
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are found for manysix-coordinate nickel (II) complexes, 

and can not be taken as indicating any specific struc-

tural, or electronic, feature.11 

The magnetic moment (294°K) of 3.05 B.M. for GC 

is lower than expected for six-coordinate nickel (II). 

This low moment can be correlated with the large 

negative G value, the origin of which is discussed 

below. When a freshly prepared sample of GC, made up 

of small well formed crystals, was used for the mag-

netic studies, the results followed the full line 

(for GC) in Fig. 111.7. In the region of 100°K the 

susceptibility values showed a sudden drop, and this 

is marked with the dashed trace at the low temperature 

end of the full line, as the detailed behaviour of 

the susceptibility in this region is not known. On 

removing the Gouy tube after the magnetic measurements, 

the initial crystalline solid was found to be reduced 

to an amorphous powder, without loss of acetone (as 

indicated by analysis, see experimental data section 

in Chapter VI). This crystal collapse appears to 

be quite sudden, and has been observed on immersing a 

sample of GC in liquid nitrogen. It seems likely 

that the drop in susceptibility is associated with 

the crystal break up, although the connection is not 

at present clear. 
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The relationship is however demonstrated by 

the fact that temperature range susceptibility 

measurements repeated on the amorphous powder show 

no drop at low temperature (GC/M in Fig. 111.7). 

The magnetic behaviour of the crystalline and amor-

phous samples are somewhat different over the whole 

temperature range, though no differences in the X-ray 

powder patterns could be detected. 

The complex OC has a room temperature moment of 

2.35 E.M., which on the basis of the electronic spec-

trum, (as discussed in a preceding section), may be 

attributed to the presence of a diamagnetic species. 

The observed susceptibility indicates that the ratio 

of diamagnetic to paramagnetic species at room tempera- 

ture is 	0.75:21. An essentially Curie-Weiss plot 

is followed over the range 100 - 300°K with a 9 value 

of about -400°, the susceptibility showing a marked 

increase at temperatures below l00°K (Fig.. 111.7). 

Low temperature X-ray powder patterns, at present 

being obtained, should indicate whether this increase 

is due to structural changes. On some of the measure-

ments it was found that the susceptibility in the 

region below 100°K showed time dependence. However 

experiments to investigate this were unable to detect 

paramagnetic portion taken as GC 
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any consistent changes. 

The samples of AC1 ([101, B; LC1, G; AC1, 0) ob-

tained from heating the three solvated chloride 

complexes (see Fig. III.1), were found to give basi-

cally similar magnetic properties, but to show some 

variations depending on the source. They gave nor-

mal room temperature moments of ^-3.l7 B.M., and a 9 

value for temperatures above 190°K of between -10o to 

-30°. Below 190°K the susceptibilities dropped off 

from the Curie-Weiss values, until the values were 

virtually independent of temperature (Fig. 111.8). 

It was found that in the region below 190°K, the 

results showed some dependence on the rate of change 

of temperature. (General details on the timing of 

measurements may be found in Chapter VI. Physical 

Measurements). If the readings wore taken at 30°  

intervals, (with one of the points being around 180°K), 

then the discontinuity appeared to be sharper, and 

the value of the temperature independent susceptibility 

higher, than if measurements were taken at 10°  intervals, 

at temperatures below 190°K. In some cases where 

there had been a more rapid lowering of temperature, 

on decreasing the temperatures towards 77°K, the sus-

ceptibilities appeared to drop back towards the 



30 

25 

20 

I 0 x I/4 
A 

for plot C 

15 

I0 

0 I00 Toic 300 200 



123..  

values obtained using a slower cooling rate. The 

susceptibilities, at a given temperature, under these 

conditions, were not however time dependent. The 

effects arising with the various rates of cooling 

may be due to some form of supercooling. 

Temperature range values of the susceptibility, 

using two different rates of temperature change, are 

given for LCl, G (Table 3.6), this sample showing the 

most marked variation with cooling rate. For LCl, G 

data is also given (Table 4.6) for measurements taken 

in the reverse direction, i.e. starting at 77°K. The 

results obtained were essentially the same as those 

found for decreasing temperatures. 

The most plausable explanation of the magnetic 

behaviour seen in the complexes LC1, was that a phase 

change occured between 190 - 150°K, and this was shown 

to be the case from room temperature, and low tempera- 

ture X-ray powder patterns (Fig. 111.2). 

The susceptibility of the low temperature phase 

was essentially independent of temperature, and it was 

considered of interest to establish whOther this botrivicur was 

continued below liquid nitrogen temperatures. Professor 

B.R. Coles, of the Physics Dept., Imperial College, 

measured the susceptibility of LC1, B from liquid 
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nitrogen (77°K), to liquid helium temperatures 

(4.2°K) Table 3.8 Fig. 111.9. 

A susceptibility independent of temperature was 

maintained for a few degrees below 77°K, then on 

further lowering of temperature the susceptibility 

showed a marked, and rapid increase, until at liquid 

helium temperatures the values were close to those 

that would have been seen if the Curie-Weiss behaviour, 

shown at temperatures above 190°K, had been maintained 

from 190 - 4.2°K. In the region of liquid helium 

temperatures the s'.1sceptibility approximates to a 

Curie-Weiss behaviour (Fig. 111.9) with a 4) value simi-

lar to that shown by the compound at temperatures above 

190°K. The susceptibility also shows a marked field 

dependence at these very low temperatures, (Table 3.8), 

a feature associated with coupling of ferromagnetic 

sign, and it is possible that the increase in suscep-

tibility at temperatures below 74°K amy be due to the 

onset of coupling of this type. Alternatively the 

increase might arise from a second phase change, but 

it has not been possible to obtain X-ray powder data 

at temperatures below that of liquid nitrogen. 

The plot of 16(  v.T for 6C2 (Fig. 111.8) shows A  
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two discontinuities such that for temperatures above 

190°K Curie-Weiss behaviour is found,with a G of -42°, 

while for temperatures below 110°K,9 is -105°. In 

the light of the results from LxC1 this behaviour may 

indicate two phase changes, and low temperature powder 

patterns are being obtained. 

The complexes L1C3 and 02 have normal magnetic 

properties as expected for six-coordinate nickel (II), 

(Table 3.5). 

The desolvated bromide complex 681,X gave a room 

temperature susceptibility of 2770 X10 6  c.g.s.u. 

It was found that this susceptibility was independent 

of temperature in the range 80-300°K. There were fluc-

tuations of ± 80 x 106 c.g.s.u., these being entirely 

random. There was no dependence of the susceptibility 

on field strength. 

The complex 6B1,Y gave a room temperature sus-

ceptibility of 3450 x 10-6 c.g.s.u, somewhat larger 

than that for LIB1,X. The plot of 17,( v. T was a 
A  

curve (Fig. 111.8). The X-ray powder pattern, at 

room temwrature,for 6B1,Y suggested that the latter 

might be a mixture of AR,X and ba2 (Table 3.2), and the 

magnetic properties can be interpreted in terms of such 

a mixture, (Table 3.7). While the agreement seems very 
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satisfactory, some recent preliminary results on the 

low temperature powder pattern for LB1,Y indicate 

that there may be some change in structure on cooling, 

in contrast to 65.10X which shows no alteration. If 

this is the case, then any such structural changes 

might be associated with the observed magnetic be—

haviour. This point is at present under investigation. 



Table  3.6 

Mametic Susceptibility  Data over a Temperature  Ran[,ia 

for the Complexes not showing Curie—Weiss  behaViJur. 

Ni(bz)4C12.2 Ac. 
GC. Crystalline 

T°K 10 X 

(c.g.s.u)  

Ni(bz)4C12.2 Ac 
GC/M. amorphous 

T°K 	. 106Y, 

(c.g.s.u)  

Ni(bz)4C12.2 

)C 

T°K 	106X 
(c.g. s.u)  

Ni(bz)4C12 
Lx 

T°K 	_1067( 
(c.g.s.u) 

293 3940 292.5 3820 294 2330 294 4220 

271 4190 271 4070 271.5 2410 270 4600 

243 4550 243 4430 241.5 2530 241.5 5090 
212 5030 212 4910 213 2660 211 5810 

181 5525 180 5440 182 2320 185 6500 

149 6080 147 6100 148 2980 172.5 6790 

121 6360 119 6730 121 3190 161 6920 

93 4750 91 7270 98 3360 151 7010 

79 7450 78 3730 142 7010 
132 7010 
119 6900 

95 6910 

after prior cooling to 77K 
molar susceptibilities corrected for ligand and metal ion diamagnetism 



(a) 

Table 3.6 (continued) 

Ni(bz)4012  

T°K 10
6x 

A 
(c.g.s.u) 

LIC1, 	G 

106'v A A 

(c.g.s.u) 

(c) 10
6
Xyl_  (b) 	T°K 

295 4210 298 4100 97 7120 

272 4540 273 4470 117 7140 

242 5070 243 4990 696o 

215 5750 210 5740 162 6750 

181 6660 182 6380 131 6540 

147 7440 170 6580 216 5780 

118 7400 158 6760 253 D.990 

96 7400 150 6900 2-95 4320 

139 7030 

129 70 70 

120 7100 

107 7100 

94 7100 

81 7100 



Table 3.6 (continued) 

Ni(bz)4C12  

AC1 0 

T
o
K 

Ni(bz)4C12 

AC2 

T°K 

Ni(bz)4Br2  

AB1 Y 

T
o
K

6  
0. X. A 

(c.g.s.u) 

106/ . A  

(c.g.s.u) 

10
6

1.„, 
li 

(c.g.s.u) 

297 4230 297 4170 293 3450 

271 4590 271 4520 272 3620 

243 5050 241 4990 242 3840 

217 5580 213 5540 214 4140 

199 6060 182 6340 181 4600 

179 6500 162 6690 148 5230 

166 6660 146 7020 119 6060 

157 6750 130 7310 96 7000 

146 6780 113 7620 82 76 80 

120 6750 96 8250 

96 6730 85 8760 

78 9080 
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Table 3.7 

Observed and Calculated Susceptibilities for 
Ni(bz)4Br2  ; i\R11Y 

For calculated values 

Ni(bz)4Br2  ; LB1,X , . 2770 x 10-6c.g.s.u. Indep. of 
temp. 

1, Ni(bz)4Br2  1 AB2 	. . 2(1  = 4170 	11 	at 294°K 

g = -16°  

Ratio 	LB2 : L01,X is 0.96 : 1 

o- T K 	 Xx106 c.g.s.0 

Observed 	Calculated 

295 	 3450 	3450 

250 	 3790 	3790 

200 	 4330 	4350 
150 	 5200 	5300 

100 	 6860 	6870 
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Table 3.8 

Magnetic Susceptibility Data for Ni(benzimidazole)4C12; 

LCl,B from Liquid Nitrogen to Liquid Helium Temperatures 

T°K 106X1
(  a) 

Field Strength dependence of  
magnetic susceptibility at 4.2°K (c.g.s.u) 

77 7000(b)  Field (Kgauss) 1o6XM 
74 6900 (c.g.s.u) 

41 10,500 

36 11,440 2.3 58,425 

32 12,780 3.4 52,580 

28 14,970 4.6 49,570 

23 19,250 5.5 47,680 

6.6 46,135 6.3 45,425 

5.9 46,530 6.8 43,820 

5.3 47,555 7.3 43,760 

5.0 47,900 7.9 43,210 

4.8 48,250 8 42,875 

4.5 48,690 

(4 4.6 Kgauss field 

(b) 	Found independent of field strength 

Measured by Professor B.R. Coles of the Physics Dept. 
Imperial College. 
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Discussion of Maginetic Results. 

It is apparent that the magnetic states arising 

in the present system are finely balanced. The dif-

ferent spin states in various samples of 4:1 complexes 

with the same anion presumably arise from probably 

small changes in structural characteristics, which in 

turn are critically dependent on the method of pre-

paration. The anomalous magnetic behaviour seen in 

some of the compounds is likely to be caused by elet-

tron spin coupling. 

Two mechanisms which may lead to lowering of mag-

netic moment are antiferromagnetism, and partial 

spin-pairing due to ligand field effects. The prop-

erties of systems in which there are antiferromagnetic 

interactions, and the mechanism of this interaction, 

are well covered in the literature ll 39' "' 77' 78,  79 

Ligand field spin pairing, and the conditions for spin 

state equilibria do not seem. to be so adequately treated, 

and a brief outline of these topics is given below. 

The spin pairing of electrons in octahedral fields 

of suitable strength is known, or theoretically pos-

sible, for all first row transition metal ions con-

taining between four and seven d electrons. It arises 
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in these cases from the raising of the degeneracy of 

the five d orbitals into doublet (es) and triplet(t2g) 

levels, such that for a certain value of the cubic 

field the splitting of the levels is greater than the 

spin pairing energy. In the present case for nickel (II), 

(d8), the pairing arises from tetragonal distortion of 

six-coordinate complexes. If the complex is of the 

type NiLLIX2, then the z axis may be taken as unique. 

From. a strong field picture the distortion along the 

z axis raises the degeneracy of the eg  level, made up 

of the dx2_y2 and dz2 orbitals. For a suitable splitting 

the two electrons will be paired in the dz2 orbital, 

this being stabilised with a weak axial field. For 

certain values of the splitting energy the singlet 

and triplet spin states might be separated by an energy 

of the order of thermal energies, when a thermal dis-• 

tribution between the spin states would arise. 

Most of the work on this topic has been done using. 

the crystal field approach. Both Maki9  and Ballhausen8°  

have shown that even with the axial ion,or dipole,at 

infinite distance the complex may be paramagnetic if 

the in-plane field is within certain values. Maki-9, 10  

has given energy level diagrams for singlet and triplet 

states as a function of in-plane dipoles, and bond 
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lengths. 	Such calculations show the 

dipole strengths necessary to produce a spin state 

degeneracy for a given value of the bond lengths. 

This would then describe the electronic spectra, as 

by the Franck-Condon principle transitions are expec-

ted without appreciable change in bond length. In the 

case of spin-state equilibria however the energy terms 

will be the total molecular state energies, for the 

molecules with equilibrium bond lengths in the two 

spin states. 

For the transfer of an electron in 0h symmetry, 

from the eg  to the t2g level, through the decreased 

occupancy of the antibonding orbitals, there is 

a reduction in a of ----20% 81. For D4h  symmetry 

the removal of an electron from the xx  a -y2 orbital 

into the dz2 orbitalp  may load to a reduction in: the 

equilibrium ion-dipole distance in the plane, and an 

increase axially, in the absence of steric effects or 

rigid ring systems. Thus for the total energy a three 

dimensional potential energy surface is needed. For 

this present system the spin-pairing energies may be 

comparable to changes in bond energies etc.,that occur 

on going from the singlet to the triplet state. 

The alteration in the electrostatic crystal field 
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interactions on changing the ion-dipole distance may 

be found from the enrgy level diagrams of Maki9, 10 

The energies of the singlet and triplet ground states, 

as a function of axial ion-dipole distance, for fixed 

dipole strengths and in-plane ion-dipole distance, 

are shown by the full lines in Fig. III.10. On spin-

pairing the action of an increased in-plane field will 

be to lower the energies of both the singlet and the 

triplet levels, the former more than the latter 

(dashed trace in Fig. III.10). It will be seen that 

if a degeneracy of the spin states is to occur, then 

it will be for a value 	r of -axial' for the paramagnetic 

state, that is considerably shorter than that at the 

cross over point of the full lines, the axial bond 

length being greater in the diamagnetic complex. 

If on spin pairing there is a shortening of the 

in-plane ion-dipole distance tnen it may be considered 

that there will be an increase in bond energy. 

For the case where there is little or no movement 

of the in-plane groups, then the electronic energy 

levels will follow the full lines in Fig. III.10. It 

might be supposed that there would be some increase 

in the axial ion-dipole distance leading to a stabi-

lisation of the spin-paired state. If there is no 
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change in the in-plane bond lengths then the in-plane 

bond energies might remain similars or show a decrease, 

on spin pairing. 

Thus in principle the total potential energy curves 

for the molecules in the two spin states may be degen-

erate at the position of the equilibrium bond lengths, 

but this will require a fine balance of various fac-

tors. It is clear that in most 4:1 nickel (II) com-

plexes the magnetic properties correspond to one spin 

state or the other, although apparently small changes 

may give rise to a change in the spin state, as evi-

denced by the Lifschitz compounds.82 

Two examples have recently been given of spin-state 

equilibria in the solid stote. One of these involved 

a rigid raacrocycle providing the in-plane field
83 and 

the other dichlorotetrakis(H, N'-diethylthiourea) 

nickel (11)811. 

The magnetic behaviour of a system in which there 

is an equilibrium between the singlet and triplet 

states will be considered. 

If the total energy separation of the molecules 

in the two spin states is A7T, then there will be a 

Boltzman distribution between the states, the popu-

lations given by the usual expression: 



K = [T/3]/Es]  T = no. of molecules in triplet state 

s = 1 	1/ 
	

" singlet 11 
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3 e -LETAT NT/  
NS  

NT 	number of molecules in triplet state 

= 	II 	 11 	 II 	 /1 	 If singlet NS  

ATP,T = ET  (triplet) - ET (singlet) 

A factor which could affect the change in dis-

tribution with temperature is the alteration in the 

partition coefficients of the vibration modes in the 

two states, and this might be corrected for. If the 

paramagnetic state is regarded as essentially obeying 

the Curie Law then the observed susceptibility 2(A  

is given by. 

/A 	
2g2p2N, 	rl 	1/3 e 

-1 

	

3kT 	Na 

Na is the correction for temperature independent para-

magnetism, and the other symbols have the usual sig-

nificance. 

If the magnetic properties of the paramagnetic 

portion are knovm, and follow the Curie-Weiss Law then 

the coefficient of the bracket may be replaced by 

C/T-G. An equilibrium constant (K) may be written: 
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K will be related to the thermodynamic parameters 

by: 

- RTln K = LSE = 	- TLS 

A plot of lnK v.1/T would then give, if linear, values 

for LH and LS. If entropy (3) is given by87  

S = klnP 	P =-thermodynamic probability 

of state 

then for spin alone a gain of entropy of kln3 

or ',Os?? cm.1 /o  C/mol is expected for the change from 

the singlet to the triplet state. 

The 4:1 benzimidazole complexes which show anom- 

alous magnetic behaviour will be examined below in 

the light of antiferromagnetism, and the possibility 

of singlet-triplet equilibria. 

The compound GC shows Curie-Weiss behaviour with 

19 around -700. This may be indicative of an antiferro- 

magnetic interaction, for the compound at temperatures 

well above the N6e1 point. The electronic spectrum 

indicated that there is a large tetragonal distortion, 

with a weak axial field. The halide ions would provide 

the most obvious path for any superexchange mechanism, 

and it is possible that only one halide ion is coordinated, 

and is bridging, the other halide ion considered as 
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ionic. This would provide 180°  anion-metal-anion 

honding which is expected to give coupling of anti-

ferromagnetic sign for nickel (II)49. The curvature 

away from the Curie-Weiss plot at temperature below 

100°K (Fig. 111.7) would be consistent with the ex-

pected behaviour of an antiferromagnetic system as 

it approached a temperature region not much in excess 

of the N6e1 point. 

Considering next the compound 0C, the electronic 

spectrum indicates the presence of both paramagnetic 

and diamagnetic species, the former giving a spectrum 

as for GC, though the powder pattern data showed that 

OC was not a mechanical mixture of GC with a diamag-

netic species (Table 3.1). If the ratio of paranag-

nectic to diamagnetic ions was static, and the para-

magnetic ions had magnetic properties similar to GC, 

then a G value of around -70o would be expected for 

OC. The observed G value of -400°  might indicate 

that there was extensive antiferromagnetic coupling 

between the paramagnetic ions, which obeyed the 

Curie-Weiss lay with a 8 of -400°. This seems unlikely 

however in that the probable presence of a diamagnetic 

species indicates that the paramagnetic portion has a 

room temperature magnetic moment greater than that 
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observed for OC, of 2.35 B.M., whereas a 49 value of 

-400°  would require the paramagnetic portion to have 

a room temperature moment of 	B.M. 

Two explanations of the observed behaviour might 

be considered. First that OC contains diamagnetic 

nickel ions together with paramagnetic ions in which 

the coupling is such that the susceptibility is almost 

independent of temperature, the room temperature sus-

ceptibility of the paraalipetic ions being close to 

that shown by magnetically dilute six-coordinate nic-

kel (II). That such a paramagnetic species might exist 

is shown by the temperature independent susceptibility 

of 8B1, and the 74-180°K phase of 801. The sudden 

increase in the susceptibility of OC at temperatures 

below 100°K, might then be similar to the marked in-

crease seen for Cl8 at temperatures below 74°K. If 

the magnetic properties are due to this type of struc-

ture, then the lattice must be ordered to enable coup-

ling to take place which might otherwise be interrupted 

by diamagnetic ions. 

A second explanation might be that there is a ther-

mal distribution between the spin states, The energy 

differences between the states that would be required 

to describe the observed behaviour, are given below, 
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but should not be taken as indicating that such an 

equilibrium exists, but merely as showing that a 

reasonable scheme can be derived: To explain the 

marked increase in susceptibiltiy at ^-100°K a phase 

change would be invoked. 

In order to obtain values for the energy separation 

of the spin states some knowledge of the magnetic 

properties of the paramagnetic species is required. 

The paramagnetic portion in OC gave a spectrum as for 

GC. However in GC if there is a thermal equilibrium 

between the spin states, and the distribution was 

random the next neighbour at any time night be in a 

spin singlet state, and hence coupling would not occur 

over any distance. Thus two sets of values were cal—

culated, one assuming that the paramgnetic ions had 

µeff.(295°K) = 3.15 B.M., G = —10°; the other taking 

eff. (295°K) = 3.05 B.M., G = —77°, it being expected 

that an actual system would lie between these limits. 

The residual paramagnetism of the diamagnetic ions 

was tot on as 250 c.g.s.u. 

Equilibrium constants can be calculated at each 

temperature, as given above, then following the 

equation giveni values of LIE may be found. Plots of 
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logK v. 'T gave curves for both sets of parameters, 

and from the tangents values of AR and AS were obtained. 

The results taking loffs(2.95°K) = 3.2 B.M., G = -10°  

are given  in Table 3.9, similar results were found 

taking µeff (295°K) = 3.05 B.ni, 0,-77°  with the 

values of AN and LS reduced by 

Table  3.3 

Parameters  required by  a Singlet-Triplet  Equilibrium  

description of the Magnetic Properties of Ni(bz)a  

C10.2 Acetone, OC. 

For the Paramagnetic ions: Ileff.(295°K) = 3.15 B.M. 9 =-10°  

If 	11 Diamagnetic 	XA  = 250 c.g.s.0 (temp.Indep.) 

T LE LH -LS 

(°K) (cm-1)  (cm 1) 
(cm-l/oc)  

295 205 208 --O 	. 
250 205 168 O.148 

200 197 126 0.355 
150 177 95 0.546 
100 145 83 0.65 



145. 

It has not been possible to distinguish which 

of the two postulated mechanisms applies for OC, 

antiferromagnetism or a spin state equilibrium. In 

the second case, on cooling there is expected to be 

a change in the relative proportions of the two spin 

states. Thus the ratio of diamagnetic to paramagnetic 

ions is required to be 	0.9:1 at 295°K and 	2.75:1 

at 100°K. If the proportion of diamagnetic species 

increased around three times, then a significant change 

in the intensity of the band at 21,300 cm:1  would be 

expected. Some increase in intensity is observed 

(Fir.. 111.4) but to a lesser stent than would be anti-

cipated for a singlet-triplet equilibrium,though the 

relative intensities of the electronic spectra for 

the paramagnetic and diamagnetic ions might alter with 

temperature apart from any change in the proportions 

of the species. 

The compounds OCl, B, G and 0, may be considered 

together. Their magnetic behaviour above 190°Y, is ess-

entially as expected for magnetically dilute six-

coordinate nickel (II). The phase of 6C1 between 70 

and 190°K shows a susceptibility that is independent 

of temperature. A similar property is seen for i_01 

over the temperature range 77-300°K. As discussed in 
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the previous section, 6B1 and the low temperature 

phase of LC1 show similarities in powder pattern, and 

it is considered likely that the structure, which 

gives rise to the interactions causing the observed 

magnetic behaviour, is comparable in both. 

It was also noted that the electronic spectra of 

LBl and GC were similar, an antiferromagnetic coupling 

having been postulated in the latter. It would then 

be reasonable that a similar coupling could occur 

in /11, and the low temperature phase of Cl.a 	Thus 

it may be that there is a bridging halide in all 

three compounds, though there is no evidence for this. 

If this is the case then while the X-ray powder pattern 

data indicate that there is a phase change in LC1 at 

--190°K, the electronic spectra shows that the axial 

distortion is large in both phases. Thus if a bridging 

halide is postulated for the low temperature phase of 

LC1, then this would also be the case for the phase 

above 190°K. This being so the latter phase would be 

expected to show antiferromagnetic coupling. However 

the electronic spectra show that the band splitting 

is greater, and the average ligand field weaker for 

6C1 (> 190°K) compared with GC. Thus it might be sug- 

gested that the axial bonding is weakened in L101 (> 190°K) 
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to a point where superexchange is diminished such that 

the compound approximates to a magnetically dilute 

system. The 9 value of -30 in LCl, 0 may be indicative 

of weak coupling. 

Two other less likely possibilities for the origin 

of the temperature independent susceptibility may be 

mentioned. A singlet-triplet distribution of the type 

discussed above, is improbable here, as there is no 

diamagnetic band distinguishable in the room temperature, 

or 77°K, spectrum. Further the conditions under which 

an equilibrium of this type would have a susceptibility 

independent of temperature are very closely defined, 

and it would be surprising for it to occur in the com-

plexes with two different anions. 

second possibility is that there is a temper-

ature independent paramagnetism (T.I.P), arising from 

the second order Zeeman effect mixing a spin singlet 

ground state and a spin triplet state close above the 

ground state, (but separated by more than kT). However 

the electronic spectra are clearly consistent with a 

spin triplet ground state. 

T.I.r might also arise from the second order 

Zeeman effect operating on a spin triplet ground 

state, the spin degeneracy of which had been raised 
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by second order spin-orbit coupling with a split 

excited state. However while the splitting of the 

ground state is large for Cl,L 	—70 cmtl, it is not 

sufficient to cause a temoerature independent sus-

ceptibility term, even if the splitting placed the spin 

singlet level lowest. 

Thus the observed behaviour is probably due to 

antiferromagnetism. The extension of a temperature 

independent susceptibility over --100°  for the chloride 

complex L1Cl, and over at least 2000  for the bromide 

complex Lal is a feature that is not seen in antiferro-

magnetic systems such as the metal oxides and fluorides. 

The IThel point, which represents the temperature at 

which an antiferroMagnet shows its maximum susceptibility, 

may become broad in some systems in which there are a 

large number of interacting centres, this however would 

not give a constant susceptibility over any significant 

range of temperatures. 

Figgis has given11 the results of calculations, 

following the method of Van Vleck77, for the magnetic 

moments of systems of spins coupled in linear chains, 

when the interaction is with the nearest neighbours. 

The calculated results would approximately describe 

the present observed temperature independent suscep-

tibility for the bromide L131, in the temperature 
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range 100 - 250°K, using a value of J (exchange 

integral) of 	cm.-1, and chain lengths of 10 units. 

For the chloride LC1, an approximate fit may be obtained 

in the region 100 - 150°K using a J value about half 

that for the bromide. 
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CHAPTER IV 

Structural Factors in Nickel (II) Complexes  

Introduction  

An outline of the background relating to the question• 

of what should be considered as the main factors in 

determining the structures adopted by nickel (II) complexes, 

was given in the Introduction (p. 8 ). Steric factors,3;4  

differing amounts of o and it bonding4a'6,7, and lattice 

energies4a'7, have been cited as possible causes of 

differences in structure between closely related compounds. 

During the present studies complexes within each of 

the stereochemical classes, octahedral, tetrahedral, and 

planar, have been prepared, and these complexes will be 

reviewed to see if they throw any light on the structural 

factors. Steric and lattice effects will be considered 

in the general discussion at the end of this chapter, 

and spectral evidence for the nature of the bonding in 

the octahedral complexes reviewed first. 

The splitting of electronic spectral bands, arising 

when the symmetry of a complex is lowered from cubic, 

has been the subject of some discussion in the literature. 
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As with the energy levels in cubic symmetry, the splittings 

on lowering symmetry may be considered from a crystal, 

or ligand field viewpoint, or by using a molecular 

orbital method. In the absence of appreciable covalency 

similar results should be obtained by both approaches, 

though the development and qualitative interpretation 

may not be so readily expressed in the two cases. The 

literature references to some of the main contributions 

are outlined below, together with such results as are 

pertinent to evaluating the splittings observed for 

the present complexes. 

Chronologically discussion of band splittings in 

terms of crystal field and molecular orbital approxi- 

mations have been developed in parallel, some authors 

using both as complementary methods.88 Most of the 

discussion has related to the spectra of spin-paired 

cobalt (III), as the electronic spectra of numerous 

complexes of this type were available. 9 However the 

energy separations derived may be used for interpreting 

the splittings of the orbital triplet levels, arising 

from the free ion ground state term, for the spin-free 

d-, d3, d7  and d8 electron configurations, by suitable 

choice of sign.90 
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There was a number of papers during 1955-6 dealing 

with the energy levels in tetragonally distorted complexes 

91,92,93.  Yamatera,88  in a paper which also contains 

the basis of a molecular orbital approach, gives a crystal 

field calculation based on the use of the Slater free 

ion radial wave functions, which are now viewed as 

unsatisfactory94,95,96.  In the earlier publications93, 

and in more recent contributions from Piper97,98,  the 

radial parameters were considered as empirical. 

The molecular orbital approach has been through the 

use of the angular overlap method99, and consideration 

of d orbital, and complex ion, symmetry. Contributions 

from Griffith and Orgel,100  Yamatera88, McClure101 9 

and Sch6.ffer and Jorgensen90, have been of this type, 

and the results derived essentially equivalent. 

For both the crystal field and the angular overlap 

approaches the problem is essentially that of finding 

the one-electron orbital energies, then taking suitable 

combinations of one-electron wave functions to give levels 

of the correct symmetry for the many electron system. 

This procedure will be outlined below to show the relation 

between the two sets of results. 

In the crystal field approximation the field of the 

electron is expanded in a series of normalised spherical 
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harmonics, and the cubic field splitting parameter 

Dq is associated with the fourth-order term. On 

lowering the field symmetry from Oh  to D4h, a further 

term in the fourth-order, and a term in the second-

order harmonic are required. These latter two terms 

may be associated with two radial parameters that 

have been termed Ds and Dt93. The perturbations of 

the one--electron orbital energies on going from the 

cubic field to D4h symmetry are then given by linear 

combinations of these parameters102 

E(big) = (dx2_y2 fVtj dx2....y 2) = 2Ds 	Dt 	[1] 

E(a1g) = (dz2 IV 1 dz2) = - 2Ds 	6Dt 

E(b2g) = (dxy  IVt  dxy) = 2Ds 	Dt 

Ort  dyz) = -Ds + 4Dt E(e,J = (dxz 117t l dxz)  = (dyz 

For nickel (II) in a cubic field, the free ion 

ground state term 3F gives rise to levels of 3A2g, 

31-2
2g' 

and3T1g symmetry (Fig.I.2). In D4h symmetry the 

orbitally degenerate levels will split: 

3 > 3  T 	A2g + E ig  —  

3T2g -4 3B2g + E 
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The following combinations of one-electron wave functions 

will then transfJrm with the required symmetries (for 

two electron system): 

3/12g 

3E 

3 

1(x57) (x2-Y2) • 

-1/2  1(xz)(x2-y2) M + -V- 1(xz)(z2) 

-1/2  1(Yz)(x2-3r2) - 	l(Yz)(z2) 

1(xy)(z2) 

[2] 

3 	-1/2  Kxz)(z2)1 '13  kxz)(x2-y2) I 

: -1/2  I(xz)(z2)I + 2  (x )(x2-y2)1 

The energy levels then follow as in equations 1 

E(3 	) = 4Ds - 2Dt 	 [2a] 

E(3E ) = -2Ds - 3/4  Dt 

E(3B2g) = -7Dt 

E(3E
g
) = +7/4  Dt 

Then for the splittings in nickel (II), the signs 

having been reversed for d8  (two position) system ,3E  

NE(3T1g'  On) = E(3A2g) - E(3Eg) = 5/4  Dt 	6Ds 
	

[3] 

,E(3T2g' 0h) =•E(3B2g) 	E(3Eg) = 35/4  Dt 

The off-diagonal terms are not included. 
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Thus the splitting of the first excited st_,,te depends 

only on the fourth-order term. Then following Piper: 

0h 	Dc = 1/6  p4 = W10 	[4] 

= 2/7  (p2xy 	
p2Z) D4h : Ds [5] 

97,103 

Dt = 2/21 (p4xY 	p4°) 

Where pn  is a radial parameter, taken as empirical, 

associated with the splitting term for the nth order 

harmonic 

pn  = 	< rn/Rn+1 > 	 [6 ] 

e = electronic charge 

q = ligand charge 

r = electronic radius 

R = ligand-metal ion distance 

Thus from equations 3, 4, and 5; 	E(3T2g)= 1/2(1lane - 

axial) [7] 

It may be noted that in the crystal field treatment the 

tetragonal distortion is viewed as a perturbation of 

the cubic field, the in-plane field considered as 

remaining constant. 
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Thus from the splitting of the vi  and v2  bands, 

(v1 and v2 
as defined on p.16 ), the values of Ds and 

Dt may be found (equations 3), and hence the splitting 

of the one electron atomic orbitals (equations 1) 

In theory it would be possible to use the expression 

given above for the radial parameters, as a function of 

ion-dipole strengths and separations, to check whether 

the observed values for the splittings are consistent 

,lith a reasonable model for the complex. This may not 

however be satisfactory, as it is not easy to estimate 

likely values for the various parameters involved.104  

The radial parameters are thus best viewed as empirical. 

Turning next to the angular overlap model. It is 

considered that overlap will occur for the metal ion 

t2g orbitals with ligand orbitals of n symmetry, and 

for the eg  orbitals with ligand orbitals of o symmetry. 

The energies of the one-electron orbitals are then 

evaluated in terms of the interaction between metal 

ion d orbitals and the total ligand orbital density, of 

the correct symmetry, along the axes of the d orbitals. 

The antibonding energy is taken to be approximately 

8,90,99,105 equal to the square of the overlap integral- 
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The relative contributions to the antibonding energy of 

a metal ion orbital, from the ligands along the various 

axes, may thus be evaluated. The results as given by 

Yamatera88 and McClure101 are shown in Fig0IV.1 (after 

McClure). 

The one-electron orbital energies are thus known 

in terms of the o and n antibonding contributions of 

the various ligands. The splittinga of the 3T1g  and 

and 3T2g levels may then be found using the same 

combinations of one-electron atomic wave functions as 

given previously for the crystal field treatment. 

Then for nickel (II) in D4h  symmetry: 

E(3Tlg,0h) = E(3A2g) 	E(3Eg) = 2(8n + 5(5) [8] 

L.E( 3T 2g ,011 ) = E(3B2g) - E(3Eg) = 2(8n - 80) 

The off-diagonal elements are again ignored, though these 

have been given by Schaffer and Jorgensen90, and could 

be allowed for if the E state interaction is considered 

significant. 

Thus the relation between the splitting of the one-

electron energy levels, and the splitting of the spectral 

bands is the same for both the crystal field and the 
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Fig. IV.1 • 

e •e 2 2 0 x -y 
• 

r22  
E •4cr 

et)* ezz 
•11:2•21f (2z2-xl-y1) 

r. 	3 
E •41(74.-Pcr 

E • an 	E • 41r4-8.1r 	E • or+15Ir' 

Interaction of the Five d-orbitals with the ligands. The example given here 
Is that of a monosubstituted octahedral complex. It can be seen that, due k 
their orientation, the various orbitals are perturbed by the subititutent by 
different amounts. The formula for the distribution of the orbital In space 
and Its energy In the array of Nand, Is given In each case. 

• 

(from ref. 101) 
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angular overlap approaches, the same expressions being 

used in both cases. The difference between the two 

methods lies in the interpretation of the origin of the 

splitting of the eg  and t2g one-electron energy levels. 

In the one case this is seen as arising from a perturbation 

of the cubic field potential, and in the other as due 

to differences in c and n bonding capacities of the 

ligands. 

In general however the splitting will depend on 

changes in both electrostatic and antibonding energies. 

It will not be possible, on the basis of the observed 

splittings of the spectral bands for the present 

complexes, to decide which term is in fact dominant. 

Thus a useful parameter will be the calculated splitting 

energies of the one-electron orbitals, in that these are 

independent of the bond type, and depend only on the 

symmetry of the complex. Thus for a monosubstituted 

complex: 

5eg  = E(a1g) - E(big) = -(4Ds + 5Dt) = 4/3  50 	[9] 

ot2g = E(eg) - E(b2g) 	-3Ds + 5Dt = On 

5c; and 5n can thus be related to the radial parameters 

pn and to values of ion-dipole strengths and separations.
90 
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Further relationships may be seen, such as by 

considering a complex MY6  going to MX6  thent103  

Y X • -Li = 4(5 - 870 [i 0] 

Splitting of the 3T2g = 2(81t - 8a) = iz( Y  - X
) = 

2-8 A 

This being the same result as obtained above (Eqn.7) 

using the crystal field approximation. This relationship 

between 8, (60 - 8n), and Dt may also be obtained by 

considering the change in the average ligand field for 

a monosubstituted complex, it being noted that the change 

in the average field is dependent only on Dt. 

On a first inspection it might be considered that 

the ordering of the splitting of the t2g  level would be 

inverted on using the two approaches,thus for say 

M(NH3)4  012, as the halide ion is lower in the spectro- 

chemical,series than ammonia, the dxz  and dyz  might be 

anticipated as stabilised with respect to the dxy  orbital. 

While on a molecular orbital approach the halide ion 

might be viewed as a stronger 7t donor than ammonia, hence 

giving the reverse order of stability.103 
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However the more detailed crystal field theory 

shows that;(as given above);the sign of the splitting 

of the t2g level depends on the difference in the values 

of Ds and Dt. Thus if Ds < 5/3  Dt the splitting order 

will be as for the molecular orbital approach. 

Considering next the complexes with iron (II), the 

5D free ion ground state will give rise to 5T2g and 

5Eg  levels in a cubic field. In D4h symmetry these 

levels will split: 

Eg 	A1g + B1 g 

T2g—>  B2g + Eg 

These levels then have the same symmetries as the metal 

ion d orbitals in D4 	The splittings of the electronic 

spectral bands will therefore be as for the splitting of 

the one-electron energy levels, i.e. for a monosubstituted 

complex: 

LE(5Eg'0h) = E(5A1g - 5B1g) = -(4Ds + 5Dt) = 4/3  5cy [ii] 

6,E(5T2g,0h) = E(5Eg  - 5B, g) = -3Ds 	5Dt = 5n / 

Thus the splitting of the spectral band should give a 

direct measure of the splitting of the e level. It is 
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then of interest to compare the splittings obtained 

for the iron (II) and nickel (II) analogs of the 

complexes. While the absolute bond strengths for the 

complexes with the two metal ions may differ somewhat, 

it might well be the case that the splittings of the one 

electron orbitals, in D4h symmetry, would be similar. 

If this was so, and the values of 8a were approximately 

the same for the complexes with the two metals, then 

it would be reasonable to assume that the splitting 

of the ground state for the iron (II) complex, should 

be given by a value of 811 that could be taken from 

the spectral data for the nickel (II) complex. Such 

calculated splittings might then be correlated with 

values of the ground state splitting obtained by 

independent methods, such as quadrupole splittings in 

Miissbauer spectra. 

Certain of the electronic spectra are given at 

both room temperature and 77°K, and a brief note may 

be made at this point in connection with the changes 

expected on cooling. On lowering the temperature any 

vibrations will tend to oc„upy lower energy states. 

Thus owing to the anharmonicity of the vibrations, 

.the mean bond lengths will shorten. As the value of 
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Dq is proportional to R-5  for ionic ligands (equation 

6), (or to R-6 for dipoles), it will be very sensitive 

to any changes in the separation of the ligand and metal 

ion. 

For a metal ion in a cubic field, the effect of 

lowering the temperature un the energy (E) of a given 

electronic level will then depend on the sign and 

magnitude of dE/dDq. Flor the spin-allowed bands for 

iron (II) and nickel (II), (Fig.I.2) this term is 

positive. 

Considering the effect of change of temperature on 

the observed splittings of the spectral bands. This 

will depend on the relative energy distributions, 

and anharmonicities, of the vibrational modes for the 

axial and in-plane bonds. A generalisation as to the 

likely relative magnitudes of these factors is probably 

not possible. 

From a crystal field viewpoint a shortenicg ,of the 

bond length will have a similar effect on both Dq and 

Dt as both depend on R-5, while Ds is a function of R-3 

(equations 5). Then in a situation where Dt is positive, 

and the relative shortening of the in-plane bold is more 

significant than that of the axial, an increase in Dt, 
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and hence of the splitting of the 3T2g level, is 

expected. Ds will als, increase but probably to a 

lesser extent than Dt, however as the splitting of the 

3T1 g level is given by 5/4Dt - 6Ds the splitting will 

become more negative, if Ds is appreciable. 
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Six Coordinate Iron (II) Complexes  

Preparation of Compounds  

The compounds prepared were of the type FeL2X2  

(L = 3,5-dichloropyridine, k-cyanopyridine, benzothiazole; 

X = Cl, Br.); FeL4X2  (L = benzothiazole, X = Br) 

Fe(benzimidazole)4Br2.3 Acetone, and Fe(imidazole)C12.2H20. 

The electronic spectra are included of complexes prepared 

by others in this department. 	(See, D.M.L. Goodgame, 

M. Goodgame, M.A. Hitchman, and M.J. Weeks, ref. 106). 

The method of preparing the 2:1 complexes given abo.‘e 

was by addition of an ethanolic solution of the ligand, to 

a freshly reduced ethanolic solution of the ferrous halide. 

Details of the methods used to reduce oxidation, and of 

the preparation of the other ferrous complexes, may be 

found in the collected preparative data in Chapter VI. 

Electronic Spectra  

It has been indicated1°6 on the basis of isomorphism 

studies that Fe(pyridine)2C12  has the same trans-octahedral 

polymeric structure as is known to occur in Co(pyridine)2- 

Cl2
107. 	The 2:1 complexes given above, (except Fe(benzo-

thiazole)2Br2), give electronic spectra which are similar 
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to that given by Fe(pyridine)2C12  suggesting that they also 

have a trans-octahedral structure. 

The spectra of some 4:1 and 2:1 complexes are shown 

in Fig . IV 2 	. 

The spectral data are given in Table 4.1, together 

with the values of be. 	The splitting of the one-electron 

eg  level is given by 8/3 bo, i.e. the same as the splitting 

of the spectral band (equations 9 and 11). 

The signs given for be are based on the assumption 

that the halide ions might be expected to have a smaller 

c antibonding effect than the nitrogen heterocyclic. 

Thus for the 4:1 complexes the 5Blg is considered to be 

higher in energy than the 5Alg, and vice versa for the 

2:1 complexes. 

As the splitting of only one electronic band is 

available from the spectra of the iron (II) complexes, 

values of Ds and Dt can not be found. However it may 

be seen that, for the 4:1 complexes, a positive value of 

Dt will be expected from equations 4 and 5, if the halide 

ion is lower in the spectrochemical series than the 

heterocycle. 	It is also anticipated that Ds will be 

positive103  , thus, (from equation 9), leading to the same 

ordering for the splitting of the eg  and E levels as 

given above for e bonding. 
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Table 4.1 

Electronic Spectra of the Iron CII) Complexes 

Compound Absorption Maxima (cm-1)N 	5o(cm-1)xx  

Fe(py)4C12  

Fe(py)4Br2  

li 	If 	” 	77°K 

	

10,300 	; 	--8550(sh) 

	

10,650 	; 	7750 

	

11,500 	; 	8200 

- 650 

- 1100 

- 12 50 

Fe(isoqn)4C12  10,950 ; --9100(sh) - 700 

Fe(isoqn)4Br2  11,450 ; 7800 - 1350 

Fe(isoqn)4I2  11,750 ; ,—.5900(a)  - 2200 

Fe(bth)4Br2  9400 ; 6950 - 900 

It 
	ft

It 	77°K 990o ; 8100 - 1050 

Fe(im)4C12.2H20 12,450 ; 8950 - 1300 

Fe(bz)4Br2.3Ac 11,600 ; 6900 - 1750 

Fe(py)2C12  9900 ; --5850(a)  + 1500 

Fe(py)2Br2  9550 ; --520o(a)  + 1650 

Fe(4-CNpy)2C12  9850 ; 6250 + 1350 

Fe(4-CNpy)2Br2  9780 ; --5850(a)  + 1450 

Fe(3,5-diClpy)2C12 9350  ; 6300 + 1150 

Fe(3,5-diClpy)2Br2  905o ; 5870 + 1200 

tt 	 II 	 It 	77°K 9300 630o + 1125 

Fe(bth)2C12  9050 ; 6600 + 900 

Fe(bth)2Br2 	--17,600(w.sh); 15,300(w) 

---12,600(w.sh); 6330 

At room temperature unless otherwise stated 

Splitting of e
g 
 level (& eg  ) is 8/3 be 

Approximate value due to presence of vibrational bands 



Fig. I %Ng 

Speatra 	Fa (banz o thiazola )4Br2 A. at ET 
B. at 770K 

Fe (3,05-diohloropyridine )231'62 
C. at KT 
D. at 770K 

10 	6.5 

PRIQUENCI (om71 #103  ) 
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It may perhaps be noted, as discussed in the intro-

duction, that be, bit and Ds, Dt are empirical parameters 

required by a covalent and electrostatic model respectively. 

The observed parameter is ;,e g, the splitting of the one- 

electron level. 	Any changes in this latter parameter 

may be seen in terms of likely alterations in covalent 

or electrostatic bonding. 

For the 4:1 complexes, the trends on varying the anion 

are established by the series Fe(pyridine)4X2, (X = Cl, Br) 

and Fe(isoquinoline))X2, (X = Cl, Br, I). 	The be values 

are found to increase for the anions Cl < Br < I-. 	This 

may be due either to decreasing o bonding capacities for 

the halide ions, or to steric effects pushing the in-

creasingly bulky anions out from the metal ion, or to 

both of these effects simultaneously. 

This rePult might also be anticipated from the crystal 

field approach either on account of the iodide ion lying 

loner in the spectrochemical series than the chloride ion, 

or if the point charge for the iodide is considered further 

from the metal ion. 	It is then to be expected that Ds 

and Dt would both increase, from chloride to iodide, 

leading to a greater splitting of the eg  and Eg  levels 

for the latter. 
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As might be expected for the band assignments given 

above, the position of the lower energy component /5  

is most affected on changing the anion. 

On the crystal field picture outlined in the intro-

duction to this chapter, the bonding of the in-plane 

ligands is considered to remain unchanged on altering 

the axial field. 	Thus from equations 1 it will be seen 

that the energy for exciting an electron from the b2g (dxy)  

level to the big  (dx2_7.2) is not altered on going from Oh  

to D4h symmetry. 	This is similarly found for the angular 

overlap approach, thus from Fig. IV.l the energies of the 

dxy and d x 2  -y2 orbitals will necessarily be dependent on 

the in-plane field. 

Then for the present spectra, if the b2g  orbital lies 

lowest, the energy of the 5Blg component will not alter 

if the in-plane field remains constant on altering the 

axial field. 	It will be seen in the next section that 

the values of bo found for the iron (II) and nickel (II) 

complexes are generally in good agreement. 	It is thus 

not unlikely that the values of bm will also be similar 

for the complexes with the two metals. 	If so, then the 

value of tqc will be positive, and the b
2g level will lie 

lowest. 
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From the data in Table 4.1;in the series Fe(pyridine)4X2  

(X = Cl, Br) and Fe(isoquinoline)4X2  (X = Cl, Br, I), there 

is a progressive shift in the energy of the 5Big  component 

to higher energies, as the anion is changed from chloride 

to iodide. 	This effect may be related to a greater o 

donation by the in-plane ligands, which might be the 

result of a lowering of electron density in the dz2 

orbital, from the contribution of the halide ions, on 

going from chloride to iodide. 

Some indication of the e bonding capacity of a ligand, 

or on a crystal field model, of the perturbing effect of 

the e lone pair, may be gained from the pka  value. 	This  

must be treated with some caution however, as the pka  

value will be determined by changes in both enthalpy and 

entropy of protonation. 	A small pka  could arise from an 

unfavourable entropy term which might not be reflected in 

the complexing bond. 	The pka  values for a number of the 

ligands discussed in this chapter are collected in 

Table 4.6. 

For the complex Fe(benzothiazole)4Br the be value 

(Table 4.1) is seen to be smaller than that for the 

pyridine complex, correlating with the considerably 

smaller pka  value expected for the former ligand. 	The 

pka value for pyridine is somewhat less than that for 
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isoquinoline, and the energies of the 5Big  component for 

the complexes with the former ligand come at lower 

energies than those with the latter. 	This may however 

be an indication of some relative 71 acceptance by the 

isoquinoline, lowering the energy of the b2g  level. 

The values of be for the complexes Fe(benzimidazole)2-

Br2.3Acetone and Fe(imidazole)2C12.2H20, will be discussed 

in the next section in conjunction with the nickel (II) 

analogs. 

The 2.1 ferrous complexes give absolute values of 

b 	e 
g 
 , and be, which are larger than those for the corres- 

ponding 4:1 complexes. 	This might arise from the halide 

ions forming weaker a bonds, (smaller effective electro-

static perturbation), when bridging, compared with a 

terminal position. 	Alternatively the heterocycle could 

approach closer to the metal ion, owing to smaller steric 

interactions in the 2:1 complexes. 	This latter possi- 

bility is shown not to be the case by the X-ray data on 

related compounds. 

In the octahedral polymeric form of Co(pyridine)2- 

107. Cl2 	' Co-C1 = 2.49 A, Co-N = 2.14 A, for Co(pyridine)4- 

'01 108
•o 

2 	' Co-Cl = 2.32 A, Co-N = 1.99 A. 	Thus on going 

from the 4:1 to the 2:1 complex both metal-heterocycle, 

and metal-halide bond lengths increase by about the same 
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percentage. 	On a crystal field model, if all other fac-

tors remained constant, then from equation 6, for the bond 

length changes given above, the values of Ds and Dt are 

expected to be reduced on going from the 4:1 to the 2:1 

complex. 	Thus the increased values of b eg  in the 2:1 

complexes probably arise from weaker o bonding, or 

electrostatic perturbation, by the bridging halide ions. 

This may be due to geometric considerations of lone pair 

overlap which might apply to both crystal field, and 

angular overlap models. 

The variation in the values of bo for the 2:1 com- 

plexes with the pyridine type ligands, containing sub- 

stituents in the p and y positions, the steric effects 

of which may thus be similar, are again seen to parallel 

the changes in pka  values, (pyridine, 5.17; 4-cyanopyridine, 

1.90; no value for the pka  of 3,5-dichloropyridine has 

been found, but it is probably low as that for 3-chloro- 

pyridine is 2.84). 

As discussed above the energy of the 5Big  component 

may be taken as dependent on the in-plane field. 	For 

the 4:1 complexes above, with a given heterocyclic ligand, 

it was found that the in-plane field increased as the axial 

field weakened; and a similar trend is seen in the 2:1 

complexes. 	Thus the energy of the 5Blg component, for 
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the complexes with a given anion, is seen to show a 

progressive drop as the value of bo increases. 	The 

explanation for this might be as suggested above for 

the 4:1 complexes. 

A reflection of this apparent increase in the in-

plane field is seen in the value of A For a average 

D4h complex the energy of the alg level is altered by 

8/3 bo, thus the change in the average a value ( av
) 

will be shifted by 4/3  be if the b2g  level lies lowest. 

However for the present complexes the alteration in the 

axial field contribution to A av  is offset by the change 

in the in-plane field. 	Thus for both Fe(pyridine)2C12  

and Fe(benzothiazole)2C12, 	A av--7,850 cm
-1, while 

for the former complex be = 1,500 cm.-1, and for the 

latter 900 cm-1. 

The amount of data available on the effects of cooling 

on the spectra of the iron (II) complexes is at present 

somewhat limited. 	However from the results in Table 4.1 

it appears that on lowering the temperature to 77°K, for 

the 4:1 complexes the band splitting (and hence the 

splitting of the eg  level, and be) increases by --155b. 

The energy shift for the 5Big  level is greater than that 

for the 5Alg component, suggesting that the increase in 
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ö eg  arises from a relative shortening of the in-plane 

bonds. 

For the single result available for a 2:1 complex at 

low temperature, the bo value is seen to decrease on 

cooling, this being due to the 5Blg component again 

undergoing a greater shift to higher energies than the 

5Alg component. 
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Six- Coordinate Nickel (II) Complexes  

Preparation of Compounds  

Studies were made of the electronic spectra of various 

2:1 and 4:1 six-coordinate nickel (II) complexes. 	The 

1:1 six coordinate complexes while giving spectra poten-

tially suitable for evaluation in terms of the splitting 

parameters, did not show any features not seen in the 2:1 

complexes, and as the band splittings in the former were 

too small to be of quantitative use, the 1:1 complexes 

are not considered. 

Compounds were prepared of the type NiL2X2  (L = 

pyridine (Ch. I), benzothiazole (Ch. I), 3,5-dichloro-

pyridine, X = Cl, Br), NiL4X2  (L = k-cyanopyridine , 

X = Cl, Br; L = benzothiazole, X = Br, L = benzimidazole 

(Ch. III) X = Cl, Br) and N1L4X2.2S (L = benzimidazole, 

(Ch. III), X = Cl, Br, I; S = acetone; L = imidazole, 

X = Cl, S = H20), also Ni(imidazole)6(C104)2. 

The method of preparation of the 2:1 and 4:1 com-

plexes was essentially by mixing ethanolic solutions of 

ligand and nickel halide in stoichiometric proportions. 

Details may be found in the collected experimental data 

in Chapter VI. 



177. 

The electronic spectra are included of complexes 

prepared by others in this department (see D.M.L. Goodgame, 

M. Goodgame, M.A. Hitchman and M.J. Weeks; ref. 106). 

Electronic Spectra 

The usual designations of; 3A2g 3T2g = 

3A2g 4 3Tlg(3F) = v 2  and 3A2g -> 3Tlg(3P) = v 3; will 

be used for the transitions arising for nickel (II) in 

an octahedral field. 

The 2:1 complexes will be considered first. 	The 

electronic spectra, at room temperature, for NiL2X2  

(L = pyridine, benzothiazole, X = Cl, Br) are given in 

Table 1.1. 	The spectra of certain of these latter com-

plexes at 77°K, and the spectra of the remainder of the 

2:1 complexes listed above, are given in Table 4.2. 

Assignments for the spectrum of Ni(pyridine)2C12  

were given in Chapter I, (p. 22 ), and the reflectance 

spectrum is shown in Fig. I.1. 	The further 2:1 complexes 

examined in this chapter gave similar spectra to that of 

Ni(pyridine)2C12, and may be assigned likewise. 

If the splitting of the v 1  and v 2  bands in D4h 

symmetry are AE( v 1) and CE( v 2) respectively, with 

a positive splitting taken as that which places the 
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orbital singlet component at higher energy, then the band 

splittings on the crystal field model are given by 

equations 3: 

Z1E( v 2) = 5/4 Dt - 6 Ds 

LIE( v ) = 35/4 Dt 

and for the angular overlap approach, from equations 8: 

nE(v 2 ) - 	LE( v 1) = 4 bo 	[12] 

LE(v 2 ) + 	LE(v 1) = 4 611 

Thus from the observed splittings of the v 1  and v 2  

bands, values of the splitting parameters may be obtained. 

To find these parameters however unambiguous assign-

ments, and reasonably accurate values for the positions 

of the components are required. 	While the components 

of the v 1  band are clearly resolved (Figs. 1.1, and 

IV.3), any splitting of the v 2  band gives rise to a 

shoulder on the low energy side of the main component of 

2 • 
	The spectra were examined at 77°K, but no sig- 

nificant improvement in the resolution of v 2  was seen, 

(Fig. IV.3). 

The shoulder on v 2  might be taken as the 3A2g  com-

ponent, there is however a spin-forbidden band expected 

1 i 

	

in this region ( E n 0
h symmetry). 	While this is 
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Table 4..2 

Data for the Nickel (II) Complexes Electronic Spectral 

C omppund Absorption Maxima (cm.-1 )H  

Ni(py)2C12KH  770K 14,650; 	--13,100(sh); 8700; 

6400 

Ni(bth)2C123'13E  77°K 14,100; --13,00(sh); 	8550; 7000 

Ni(3,5-diClpy)2C12  23,500; --18,900(sh); 	13,600; 

--12,450(sh); 8100; --6600 

(br.n.r) 

Ni(3,5-diClpy)2Br2 	22,600; --19,250(sh); --18,500 

(sh); 13,300 --11,500(sh); 

8000; --6500 (br.n.r) 

It 	 77°K 	13,700; --12,700(sh); 8350; 

6700 

Ni(py)4C12 	25,800; 16,050; --14,500(sh); 

--11,000(sh); 8700 

At room temperature unless otherwise stated 

For the majority of the complexes spectra are only 

available in the region 5000-18,000 cm:1  

KH Room temperature spectrum given in Chapter I, Table 1:1 
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Table 4.2 	(continued) 

Absorption Maxima (cm:1) Compound 

Ni(py)C12  77°K 16,800; ^-15,300; 	11,900; 9000 

Ni(py)4Br2  25,200; 	15,700; ^-13,700(sh); 

11,000; 	8100 

It 	II 	It 
 77°K 16,650; 	14,300; 11,700; 8500 

Ni(py)4I2  15,800; 	12,300; --11,000(sh); 

7520 

I? 	It 	II 77°K 16,500; 	12,500(br); ^-11,000(sh); 

7900; --7100(sh) 

Ni(isoqn)4C12  16,050; --14,700(sh); --11,000 

(sh); 	8770 

It 	 II 	 It 77°K 16,900; ----15,o00(sh); 	12,300; 

8,850 

Ni(isoqn)413r2  16,000; --13,700(sh); --11,200 

tl 	 II 	 It 77°K 

(sh); 8100 

16,900; 14,40o; 12,35o; 8400 

Ni(isoqn)4I2  16,000; 	12,700; --11,500(sh); 

--10,900(sh); 7500 
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Table 4.2 	(continued) 

Absorption Maxima (sm:1) Compound 

77°K Ni(isoqn)4I2  16,700; 	13,100; --12,600(s.sh); 

--10,900(w.sh); 7900 

Ni(4-CNpy)4Br2  15,400; --11,900(w.sh); 

ft 	 ft 	 ft 77°K 

--10,400(sh); 8550 

16,150; --11,800(n.r); 

10,700(n.r); 8700 

Ni(4-CNpy)4I2  15,650; --11,600(w); --11,000(w); 

tt 	ft 	 It 77°K 

8000 

16,400; --14,200(sh); 	12,000; 

8koo 

Ni(bth)4Br2  24,000; --20,400(sh); 	14,400; 

ft 	tt 	it 77°K 

--12,500(sh);--9,500(sh); 7650 

14,850; --13,050(sh); 	9650; 

7,900 

Ni(im)4C12.2H20 27,000; 21,500(w); 	16,950; 

--14,350(sh); 11,200; 9000 

It 	ft 	tl 	 it 77°K 18,000; 	14,800; 	12,000; 	9200 



Fig. IV.3 

Spectra oft Ni(pyridine)2012 A. at RP' 
B. at 77°K 

Ni(3,5-dichloropiridine)2Br2  
0, at RT 
D, at 770K 

15 	10 	6.8 	5 
FRIQUENCY (cm7 1 ,103 ) 
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normally expected to be weak, it could gain intensity in 

proximity to the spin-allowed band of the same symmetry, 

if the distortion is not too large. 

If in the first instance the shoulder is assigned to 

the 3A2g component, the splitting of v 2  is negative, 

with the splitting of v 1  also negative. 	Using this 

assignment, and the band positions given in Table 1.1, 

- then for Ni(pyridine)2C12, So = ,-+ 200, Sit = 	1000 cm.1  , 

and for Ni(pyridine)2Br2, So = 	50, bit = ,-- 1100 cm-l. 

It will be seen that these derived values of Sc are 

not at all similar to those found for the corresponding 

iron (II) complexes (Table 4.1). 	This might be the result 

of differences in the bond lengths for the iron (II) and 

nickel (II) complexes, such that the heterocycle was further 

from the metal ion in the latter, and also acted as a in 

acceptor. 	Such marked differences would however be sur-

prising, and the lack of agreement of be values probably 

arises from other causes. 

Two features may be seen that would affect the observed 

band splittings. 	Firstly there is the interaction between 

the two E components arising from the splitting of the v 1 

and 2  bands, which will depend on the energy separation 

of these components. 	From the ferrous complexes it appears 

that So, for a 2:1 complex, is likely to be large and 
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positive. 	The 4:1 nickel (II) complexes, examined below 

indicate that bit values are likely to be small, and for 

the 2:1 complexes bit will probably be negative (i.e. the 

halide ions are considered better n donors thatl,  the hetero- 

cycles). 	Thus, from equations 8, the splitting of v 

will place the E component to higher energy, and the split- 

ting of v 2  is expected to place the E component to lower 

energy. 	The separation of the E states, if there was no 

interaction, might therefore not be large. 	Then as a 

result of the interaction the separation of the two E 

components may be significantly in-reased. 	The splitting 

of the v 2  band is expected to be smaller than that for 

the v1  band, (see equation 8, bo and bit considered as 

having opposite signs), and thus it would not be surprising 

if the E state interaction in fact placed the E component 

of v 2  at higher energy than the A component, or at least 

rendered the apparent splitting of v 2  very small. 

A second factor which may tend to affect the splitting 

of the v 2  band is the mixing of the 3"21g (313) and 3Tlg  (
3P) 

levels, (for On  symmetry). 	The splitting of the former 

level in D4n symmetry is predicted to be the inverse of 

09 
the splitting for the latter level,1 	and it has been 

suggested52 that the interaction of these states may lead 

to the net splitting being small. 
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It is found that by assuming reasonable values for 

bo, bt and the interaction energy of the E states from 

v  1 and  v 2'  the observed spectra may be rationalised. 

Owing to the interactions however, the spectra are not 

immediately suitable for the determination of empirical 

band splitting parameters. 

In the absence of any E state interaction the split-

ting of the v
1  band will be given by 2 On - bo), while 

the difference in the value of the average ligand field 

from the value of the field for the in-plane ligands, is 

given by 4/3  (bo 	bn), from equations 10. 	Thus as the 

observed value of the splitting of the v 	band decreases, 

for the 2:1 complexes with a given anion, the value of the 

average ligand field should also decrease. 	This however 

is not found to be the case, and the value of the average 

energy of the v
1  band shows little change e.g. for both 

Ni(pyridine)2C12  and Ni(benzothiazole)2C12  the average 

energy of v 1  is ---7600 cm:1, while the splitting of 

v 1 for the former complex is 2400 cm:I, and for the 

latter --1400 cm:1  This situation is thus analogous 

to that found for the iron (II) complexes, and it would 

appear that for the 2:1 nickel (II) complexes the in-plane 

field also effectively increases as the axial field 

decreases. 
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As for the ferrous complexes, the transition which 

corresponds to the exciting of an electron from the dxy  to 

the dx 2-y  2 orbital should have an energy which depends only 

on the value of the in-plane field. 	Such a transition 

would leave unpaired spin in the dxy  and dz2 orbitals, 

and hence will correspond with the 3B2g component (see 

equations 2). 	(This is consistent with the crystal field 

results. 	The wave function for the ground state (3A2g 

in Oh  symmetry), on going to Ditn  symmetry, will be given 

by 1(x2-y2)(z2) \! , (the ground state being 3Blg  in D411), 

the energy shift as for equations 1, is then -7 Dt. 	The 

shift of the 3B2g level is also -7 Dt, from equations 2a, 

the net change then being zero.) 

Thus the energy of the 3B2g  component of v 1  should 

give an indication of the in-plane field. 	For the com- 

plexes NiL2C12  the splitting of the v 1  band varies for 

the various ligands in the order: pyridine > 3,5-dichloro- 

pyridine > benzothiazole. 	The energy of the 3B2g  com- 

ponent increase in the reverse order, thus suggesting 

that, as indicated by the average field values, there may 

be an increase of the in-plane field as the axial field 

decreases. 

Turning next to the 4:1 complexes. 	Here the signs 

of be and bit will be the reverse of those for the 2:1 
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complexes, hence the signs of the splittings of the v 1  

and 2  bands are also reversed, placing the E components 

considerably further apart than in the 2:1 complexes, and 

hence leading to a marked reduction in any E state 

interaction. 

Considering the complexes with the pyridine type 

ligands, a typical spectrum in the v 	and v 2  regions 

may be considered as that of Ni(pyridine)4Br2  (Fig. 1V.4.b), 

the band positions being markedly clarified at 77°K. 	A 

spin-forbidden band is again expected between v l  and 

2' 
	This has the symmetry Eg  in Oh, splitting to Aig+Big  

in D411. 	It seems most unlikely that the two bands seen 

in the present spectrum, between the main components of 

1 and '1)2' would arise from this spin-forbidden tran- 

sition. 	Firstly on account of their relative intensity, 

and secondly because if this were the case it would mean 

that the spin-allowed band splittings were small, which 

would not be consistent with the data from the ferrous 

complexes. 

Thus for the 77°K spectrum the bands may be assigned 

3Blg 
	3Eg  at 8,500 cm:1; 3Blg .4. 3B2g at 11,600; 

3Blg -4. 3A2g at 14,300; and 3Blg  3Eg  at 16,650 cm-1  

The position of the orbital si4glet components in the room 

temperature spectrum is not so clear. 	This was also the 



A 
• 
B 

I 

0 I 
1 

D 

I
t 

(b) 

Spectra of: 

Fig. IV.4 (a) & 

Ni(pyridine)4022 	A. at 1 
B. at 77°X 

Ni(pyridine)4Brg 	0. at ET 
D. at 77°K 

(a) 

• 
BI 

 

•...t. 1 	 • 	I 
1 	 I 	' 	• 
t
i 	I 	% 	I 

I 	1 
I 	 I 
t 	o  

	

I 	• I 

	

1 1 	to  

20 	15 	10 
	

6.5 

FREQUENCY (cm: I 	) 



Co) 

I
I.  

I% 
% 

	

# 	#
I 

% 

0.'I 	 1 

	

B ;
1 	1 

I 	 I 	 I 
I 	I 	 1 
1 	 1 

1 	 1 	I 	 I 
1 	 1 
! A t • 

s 
1 t I •., 

B 

 

# 	• • • • 

 

D 
• • 

•
•• 

I 
I 

 
• 
• 
• 1 • 
• 

I 
 

• 5
1 

• • • ...• 

I 
	

I 
	

I 

ki$6, IVA, (0) & 

Spectra oft Ni(pyridine)4I2 A. at RT 
B. at 770K 

Ni(4.oyanopyridine)4I2  
0. at RT 
D. at 770K 

20 	15 	10 
	

6.5 

FREQUENCY (omV6103) 



190. 

case for the chloride complex, the position of the 3A2g  

component of v 2  being most uncertain in both room 

temperature, and 77°K spectra, (Fig. IV 4.a). 	For the 

complex Ni(pyridine)4I2  the two orbital singlet components 

appear to have overlapped, a single band being seen between 

the two stronger components (Fig. IV 4.c). 

The electronic spectra of the isoquinoline complexes 

are very similar to those of the corresponding pyridine 

complexes. 

For the 4:1 complexes with 4-cyanopyridine the band 

splittings are considerably smaller, such that the com- 

ponents of v 1  are barely resolvable (Fig. IV.5). 	
Esti-

mates hays been made for the positions of the v l  com- 

ponents, but these must be considered approximate. 	The 

splitting of 2 is assumed to be small, less than 

1000 cm:1. 

Values of the band splittings were found from the 

spectra of the complexes at room temperature and 77°K, 

then following equations 3 and 12 values of Ds, Dt and 

be, sit may be found, these are given in Table 4.3. 

The values from the 77°K spectra are probably the 

more accurate as the bands are better resolved. 	While 

there appear to be systematic changes in the parameters 

on cooling from room temperature to 77°K, as will be 
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Tetragonal Field 

Tabb 4.3 

Parameters  Splitting 

Compound Ds Dt _50(a) bit(b) 

RT 	77°K RT• 77°K RT 77°K RT 	77°K 

Ni(py)4C12  310 	32o 225 330 950 1,080 170 	350 

Ni(py)413r2  400 	46o 320 360 1,200 1,350 200 	200 

Ni(py)412  67o 	78o 420 530 1,80o 2,200 50 	155 

Ni(isoqn)4C12  310 	65o 230 400 1,000 1,330 200 	400 

Ni(isoqn)4Br2  44o 	52o 380 45o 1,380 1,630 300 	350 

Ni(isoqn)4I2  64o 	710 450 530 1,800 2,100 170 	250 

Ni(4-CNpy)4Br2  230 270 850 300 

Ni(4-CNpy)4I2  450 400 1,400 350 

Ni(bth)4Br2  340 200 900 0 

Ni(bz)4C12.2Ac 500 	520 370 420 1,500 1,600 180 	300 

[BC] 

Where values are not given, the positions of the com-

ponents, in the electronic spectra, were too uncertain 

to allow calculation of param4ters. 

(a) Splitting of eg  level is 8/3 be (see eqn. 9, p.1159) 

(b) It 
	

t1 t2g 
91 	It 	2 bit 	It 	tt 	If It 	it 
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discussed below, the trends on alteration of anion or 

heterocycle are the same for both sets of results. 

Considering first the alterations on changing the 

anion. 	These are shown by the series NiL4X2  (L = pyridine, 

isoquinoline, X = Cl, Br, I). 	The trends and numeric 

values of bo (Table 4.3) are seen to follow those found 

for the ferrous analogs (Table 4.1), and may be interpreted 

as for the latter, i.e. that the o donor capacity of the 

halide decreases, and therretal anion distance increases. 

The values of bit for the nickel (II) complexes do 

not show such a clear trend, this being probably due to 

in-ccuracy. 	The bo values are large, arising from the 

addition of the two splitting terms, as these have 

different signs (see equations 12), whereas 87u is from the 

small difference between the values of the band splittings, 

and hence more sensitive to the energies taken. 	The 

figures given for Sit in the Table 4.3 represent reasonable 

values, however whether in fact the order of bit is 

Cl < Br > I, Cl > Br > I, or another permutatiaa, depends 

on the position taken for the orbital singlet component 

of v2 for the chloride complex, this being seen as a 

shoulder on the low energy side of the main component 

(Fig. IV.4a), and also on where the two overlapping orbital 

singlet components in the iodide complex spectrum, are 

positioned. 
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The choice of these band positions does not however 

affect the ordering of the 6c values. 	Sit is clearly 

small, and may well decrease in the same order as be, 

from chloride to iodide. 

It is found that the cubic field splitting parameter 

Dq associated with a particular ligand, shows only a small 

variation between the complexes with the various metal ions 

of a given transition group, if the oxidation states of the 

metal ions are- the same. 	The similarity of b eg  and be 

for the complexes with iron (II) and nickel (II) suggests 

that the parameters Ds and Dt may also be comparable for 

the complexes with these metal ions (equations 9 and 11). 

Dt depends on the fourth order harmonic, as does Dq 

(equations 5), and hence a similarity for the former 

parameter might be expected. 

The values of Ds and Dt are both positive, (Table 4.3), 

and of similar order of magnitude , as required for a 

large negative splitting of the eg  level, and a small 

splitting of the t2g  level (equations 9). 	Positive 

values for these parameters may not be unreasonable from 

a consideration of likely models for these complexes  

From equations 5 it is seen that if the halide ions are 

lower in the spectrochemical series than the nitrogen 

donors, then Dt will be positive. 	This is also reasonable 
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if the halide ion is considered as attracting electron 

density to the region of the fourfold axis, this being 

described by the localised fourth order, harmonic Dt93. 

Concerning the relative values of Ds and Dt, it has 

been suggested that for tetragonally distorted complexes 

the second order term may be the most significant111 

This is clearly not the case for the present complexes. 

If the origin of the tetragonal perturbation is considered 

to lie mainly in the difference of the strengths of the 

point charges in the plane and along the axis, then from 

equations 5 and 6 the ratio of Dt/Ds = 1/3  F/112  where 

r = average electronic radius, and ft = average ligand 

distance. 	Then any increasing significance of the fourth 

order term might be associated with increased delocalisation 

(covalence), or a shortening of the metal ligand distance. 

The implications of this type of approach for tetragonally 

distorted hexa-aquo complexes have been worked through by 

Van Vleck104. 	It may be noted however that, from equtions 

5 and 6, any increase in the axial bond lengths over that 

of the in-plane bond lengths will tend to increase the 

ratio Dt/Ds. 	In the previous section on the iron (II) 

complexes, the bond lengths in Co(pyridine)4C12  were 

given (p.172 ), indicating that the metal-halide bond 

lengths are significantly longer than those for the metal 

nitrogen. 
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From equations 9 any cr bonding will be reflected in 

an increase in both Ds and Dt over the values for the 

purely electrostatic interaction, the effect being 

relatively greater for Ds. 	For It bonding Dt will in- 

crease in relation to Ds. 	As bit is small, the trends 

in the calculated values of 50 and Ds, Dt will be the 

same. 

The increase in the magnitudes of Ds and Dt may be 

seen in terms of the point charge for the iodide ion 

being further from the metal ion than the chloride ion. 

It is of interest to compare the values of the 

splitting parameters for the present complexes, with 

those for related compounds. 	While there do not seem 

to be any studies on nickel (II) or iron (II) complexes, 

there have been a number of investigations on the spectra 

of spin-paired cobalt (III) complexes, as noted in the 

introduction to this chapter. 	On raising the oxidation 

state of a metal ion the 1.1 value increases, and a figure 

of 	has been suggested for the ratio of the P values 

for cobalt(III) and nickel (II) complexes110. 	Thus as 

35/4 Dt2 	plane - IA axial)' (from equations 3 and 7), 

the value of Dt may also be expected to double on going 

from nickel (II) to cobalt(III). 	Wentworth and Piperl°3  

found the following values for Dt: for trans-Co(NH3)4X2 
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and trans-Co(ethylenediamine)2X2, X = Cl, 	X = Br, 
Dt 	These are then roughly twice the values found 

for the 4:1 nickel (II) complexes with these anions 

(Table 4.3). 

For consideration of the changes in the splitting 

parameters, on altering the heterocyclic ligand, a com-

parison between pyridine and isoquinoline is best made 

for the bromide complexes, where fairly accurate bond 

energies are available for all components. 	The data 

(Table 4.3) indicates that isoquinoline may be a somewhat 

better o donor, and 7 acceptor, than pyridine, the former 

result also being found for the ferrous complexes (p.171 ). 

The values of 5o for the complexes with 4-cyanopyridine 

are considerably smaller than those for the corresponding 

complexes with pyridine, correlating with the smaller pka  

value for the former ligand (Table 4.6). 
The effects that lowering of temperature may have on 

the band energies and band splittings, were discussed 

briefly in the introduction to this chapter (p. 162). 

The examination of any shifts on cooling for the present 

spectra may be rendered more difficult by the fact that 

there is extensive overlapping of the bands. 	Then 

changes in band shapes may also lead to shifts in apparent 

band maxima. 
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It is expected that the electronic spectral bands will 

be broader at room temperature compared with 77°K, as 

higher energy vibrational levels will be occupied, and 

hence greater variations in bond lengths will occur during 

bond vibrations. 	At higher temperatures there may also 

be sequences based on excited vibrational levels, leading 

to further broadening112. 

There is a considerable reduction in band widths for 

the spectra of the present complexes on cooling to 77°K, 

(Fig. IV.4), and a number of features suggest that the 

observed shifts in the energies of the band maxima may be 

correlated with changes in the actual band energies. 

The
3
Eg  component of v 1  shows a definite shift to 

higher energies on cooling, this component being fairly 

well resolved from the 3B2g component. 	An approximate 

value may then be taken for the shift in the average 

energy of v 1, and it is found that this shift is similar 

to that calculated for the average energy of the v 2  band, 

using the observed shifts in the energies of the components 

of v 2. 

It is further found that the shifts on cooling cal-

culated from the observed spectra are in general agreement 

with those found for the ferrous complexes. 
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The changes in the apparent position of the bands, 

for those portions of the spectra which are extensively 

overlapped, are thus taken to be as for the changes in 

band energies. 

Individual results must be treated with caution, in that 

for a number of cases it is most uncertain where the 

	

shoulders should be placed. 	However from a consideration 

of all the spectral data certain changes appeared consis-

tently, thus on cooling from room temperature to 77°K: 

Splitting of v 1  increases 10-30% 

P 
2 

	

Average Energy of v 1 	
tt 3-6  

IP 	 u 	u 	 u u 
2 

	

bo 	tt 	10-20% 

For the v 1 band the shift of 
3B2g component is in 

	

general greater than that for the 3Eg  component. 	As the 

energy of the former component depends on the value of 

the in-plane field, this may indicate that the lowering 

of temperature produces a more effective shortening of 

the in-plane bonds relative to the axial, hence leading 

to the increase in band splitting, 6 e , and the splitting 

parameters (Table 4.3). 
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This result is also supported by the data from the 

ferrous complexes, where the shift of the band depending 

on the in-plane field, again appears to be more significant 

than that of the band for which the energy depends on both 

axial and in-plane fields. 

From the data at present available, (Tables 4.1 and 

4.3) it would appear that the fractional change in o e g  

and So for the 4:1 complexes, on cooling, is essentially 

the same for the iron (II) and nickel (II) complexes, 

suggesting similar changes in bond lengths for the com- 

plexes with the two metals. 

If the energy of the 3B2g component gives a value 

for the energy of the in-plane field, then in conjunction 

with the observed v 1  band splitting, the equation 7 should 

give a figure for the axial field. 

Applying this to the complexes NiL4X2  (L = pyridine, 

isoquinoline), the results are obtained as given in Table 4.4. 

The value of b, for the chloride ion, at room 

temperature, is very similar to that found from [NiC1
3
]- 

of 6600 cm71  (see Chapter I, Table 1.2), however the 

values are in general probably not quantitatively signifi- 

cant. 	There is a trend towards lower values for the axial 

field on cooling, which may be a reflection of greater 

steric interaction of the halide ions with the heterocycles, 
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if the metal-nitrogen bond shortens, causing the rings to 

rotate further out of the metal-nitrogen plane. 

Table 4.4 

Complex Type X G, heterocycle 	(cm71) G, halide 	(cm71) 

RT 	77°K RT 	77°K 

Xi(PY)4X2 Cl 11,000 	11,900 6500 	6100 

Br 11,000 	11,700 5200 	5300 

I 11,200 	12,400 3800 	3400 

Ni(isoqn)4X2  Cl 11,000 	12,200 6500 	5400 

Br 11,200 	12,350 5000 	4400 

I 11,500 	12,500 3500 	3200 

For the complex Ni(pyridine)4Br2, at room temperature, 

the planes of the pyridine rings lie at angles of 45-55°  

to the M-N4 plane
113

. 

It was noted above that the A values for iron (II) 

and nickel (II) complexes are frequently similar. 	As 

discussed in the section on the ferrous complexes, for 

the spectra of the latter, the energy of the 5Blg com-

ponent (the higher energy component of the split Eg  level 

for the 4:1 complexes) should give a value of A for the 

in-plane field. 
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Comparison of the energies of the 5Big  component 

(Table 4.1), and a values from Table 4.4, for the 

analogous 4:1 complexes of the two metals with pyridine 

and isoquinoline, indicates that p may be somewhat 

larger for the iron complexes, as is frequently found to 

be the case 
 

For the complexes with both metals the same trend is 

seen towards larger in-plane L  values as the axial field 

decreases. 	If this is a result of increased bond strength 

in the plane it might be shown in the N-Metal vibrational 

frequencies. 

However measurements have been made of the N-Ni 

stretching frequencies for Ni(pyridine)4X2  (X = Cl, Br)71, 

and these were found to be essentially the same for the 

complexes with both anions. 	X-Ray structural determi-

nations for these latter two complexesl08'72, have indi-

cated that the N-Ni bond lengths are also the same (2,00A)). 

Thus these two results do not demonstrate any marked 

alteration in the in-plane bonding on going from the 

chloride to the bromide complex, though the modifications 

associated with an increase in L of the order suggested 

by the electronic spectra, might not be reflected in 

observable changes in vibrational frequencies or bond 

lengths. 
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The value of bo for Ni(benzothiazole)4Br2  (Table 4.3) 

is in good agreement with the value found for the ferrous 

analog (Table 4.1). 	The be is again considerably smaller 

than that for the pyridine complex consistent with the,low 

pka  value for benzothiazole (Table 4.6). 	The bIT of zero 

may indicate some Tc donation by the heterocycle, or be due 

to the greater steric effect of the benzothiazole in-

creasing the metal-anion distance. 

For Ni(imidazole)4C12.2H20 the Oa value is again in 

good agreement with the figure obtained from the ferrous 

complex. 

The electronic spectra of a number of the 4:l com-

plexes with benzimidazole studied in Chapter III show 

definite splittings of the v 1  and v 2  bands. 	The 

spectra are given in Table 3.3. 

For the blue solvated complex Ni(benzimidazole)4-

C12.2Acetone, [BC], the positions of the components are 

fairly clear (Fig. 111.3), and values for the splitting 

parameters are given in Table 4.3. 	The value of be from 

the ferrous complex is very similar to that for the nickel 

complex, as also are the energies of the 5B1g component 

(ferrous), and 3B2g component (nickel (II)). 

Following the approach given above, in connection 

with the 4:l pyridine complexes, for determining the 0 
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value for the axial ligands from the in-plane field and 

the splitting of the v 1  band, it appears that the large 

splittings for the above complex arise from a fairly 

strong in-plane field, with a weak axial field 

( axial ,-5,000 cm:1). 

For the remaining 4:1 benzimidazole complexes the 

assignments are too uncertain, (see discussion of 

Electronic Spectra in Chapter III), to merit the deter-

mination of splitting parameters, however certain 

features may be noted. 	For the complexes Ni(benzimidazole)4- 

C12.[ 6 C3] and Ni(benzimidazole)4Br2.[A B2], (see Fig.III.1 

for symbols); which were magnetically normal; following 

the assingments suggested in Chapter III, the values of 

bo and bn are similar to those found for the corresponding 

pyridine complexes. 

For Ni(benzimidazole)4C12.2Acetone [GC], Ni(ben- 

zimidazole)4C12  [/.. C1], and Ni(benzimidazole)4Br2  [iaBl] 

the values of Oo appear to be large, following the assign- 

ments in Chapter III. 	If the axial field is determined 

for the latter complexes, using the method indicated above 

for the blue solvated chloride, then this is found to be 

zero or negative, suggesting that the approximations on 

which the calculations are based are not valid when the 
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distortions become large. 	Thus the values given in 

Table 4.4, for the field of the halide ions, may be too 

low, though the qualitative trends observed could be 

valid. 
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Structural Factors in Nickel III) Complexes  

The structures of some of the compounds prepared 

during the present studies, and of some related complexes 

reported in the literature, are collected in Table 4.5. 

The factors that might influence structure, as given in 

the introduction to this chapter, will be considered in 

turn. 

It is perhaps worth mentioning that in this 

discussion the concern is not with which is the most 

stable complex formed by a system, but with a consideration 

of the stereochemistries of the complexes that may be 

obtained in the solid state, for a given coordination 

number. 

Turning first to the effects of changes in the 

ligand field strengths of the ligands in the complex. 

From a molecular orbital viewpoint this may be considered 

in terms of the a and it bonding for a given ligand. 

On the crystal field picture, while there are two 

parameters Ds and Dt for describing the splitting of 

the cubic field levels on going to D4h  symmetry, there 

is the single parameter, Dq, related to the crystal 

field strength of an individual ligand, Dq = 2,/5 (c-n). 
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Table 4.5  

Structures of Nickel (II) Complexes  

2:1 Complexes 	4:1 Complexes 

Ligand 	Cl 	Br 

NH3 
(1 ) 	0 	0 

imidazole 	- 	- 

pyridine 	0 	0 

3,5-dichloropyridine 	0 	0 

4-cyanopyridine 	0(1) 	0(1  ) 

isoquinoline 	0 	0 

aniline 	0 	0 

benzothiazole 	0 	0(2)  

N-methylpyridine(a) 	- 	0 

N-methylimidazole T S A 

2-methylimidazole T .0 

1F-3,4-dimethylpyridine(b)  - 	T 

benzimidazole 	- 	T 

%uinoline(d) 	0/T 	T 

H2-methylpyridine(a) 	T 	T 

3-methylisoquinoline 	T 	T 

2-methylbenzothiazole 	- 	P(2) 

1 ,5-dimethylpyridine(e)  P 	P 

I 

- 

- 

Cl Br 

- 

P 

- 

0 

- 

P 

0/T 0 0 0 

00 00 GO .. 

.. .. 0 0 

T 0 0 0 

0 - 0 0 

T .. 0 .. 

T 0 0 0 

00 .4 0 00 

0. 00 0 • 0 

T(c)  0 0 P 

T 0/P 0/P P 

P 
(3) 

P 

P 

P 

P 
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Table 4.5 (continued)  

0 = octahedral 	€ ligand not used during present 

T = tetrahedral 	 study 

P = planar 	- compound has not been obtained 

• 0 preparation not attempted 

(1) prepared in this department 

(2) tetrahedral 211 complex readily formed in solution 

(3) 4:1 complexes have not been obtained for ligands 

below line 

(a) ref. 5; (b) ref, 4(a); (c) ref.3; 

(d) ref.2; (e) ref.4. 
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Table 4.6  

Rk_values for the Heterocyclic Ligands 

Heterocycle Heterocycle pKa  

imidazole 6.95 benzimidazole 5.53 
2-methylimidazole 7.86 2-methylbenzimidazole 6.19 

N-methylimidazole 7033 5,6-dimethylbenzimidazole 5.98 

thiazole(1)  2.53 quinoline 4.87 

pyridine 5.17 isoquinoline 5.40 

2-methylpyridine 5.97 
4-methylpyridine 6.02 

3,4-dimethylpyridine 6.46 

2,5-dimethylpyridine 6.40 

3-chloropyridine(2)  2.84 

4-cyanopyridine 1.90 

(1) no value has been found for benzothiazole, but 

comparing imidazole and benzimidazole, the value 

for benzothiazole is probably < 2.53. 

(2) no value has been found for 3,5-dichloropyridine. 

The values are taken from the collected data of ref.114. 
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However in discussing the changes of structure, 

the feature of significance will be the diffcrence between 

the bonding of the ligands present. Hence in considering 

a series of complexes with the same anion, the splitting 

of the eg  and t2g 6ne-electron orbitals may be used as 

a guide, the splitting being seen as due either to anti-

bonding or electrostatic effects. 

From the preceding section it would appear that the 

splitting of the eg  level (i.e. a bonding, or electro-

static interactions following the spectrochemical series) 

is the most significant factor. As So and 6m are directly 

proportional to the splitting of the one-electron orbitals, 

(Fig.IV 1), discussion will be in terms of these para-

meters, though not implying complete covalent bonding. 

It was found for those 4:1, and octahedral 2:1, 

complex's where other factors might be expected to be 

similar, that the observed c donor strengths of the 

ligands were related to the pKa  values. This correlation 

has also been shown by examination of F19  shielding 

parameters, in :platinum (II) fluorophenyl complexes, 

which could be related to the a and m bond strengths of 

other ligands in the complexes.115 It may then be a 

reasonable extrapolation to consider that this relation 
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will also apply in tetrahedral and planar configurations. 

The pKa  values of most of the ligands given in Table 

4.5, are collected in Table 4.6. 

It would appear that there is no correlation 

between the pKa  of a ligand, and the ability to adopt 

a 4:1 structure, or with the change in structure of the 

2:1 complexes from octahedral polymeric, to tetrahedral, 

or planar. 

It is noticeable that those with low basicity, 

benzothiazole, 3,5-dichloropyridine and 4-cyanopyridine, 

form the 4:1 complex with more difficulty, a polymeric 

2:1 complex tending to be obtained, suggesting that when 

the bonding become weak it is energetically more 

favourable to adopt the latter structure. 

Spin-pairing will occur for nickel (II) complexes 

if the splitting of the eg  level is greater than the 

spin-pairing energy. Thus the 4:1 complexes where Sc 

is large may be diamagnetic, this being shown by the 

imidazole complexes. While N-methyl- and 2-methylimidazole 

have pKa  values greater than that for imidazole, the 4:1 

bromide complexes are paramagnetic, presumably because 

steric effects from the methyl group increase the metal-

nitrogen distance. 
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Metal— ligand it bonding has been suggested as a 

significant factor in determining the change from 6 to 

4 coordination in cobalt complexes analogous to those 

examined here.67 This conclusion was based on 

observations of entropy terms for solution equilibria. An 

explanation of this data on the basis of steric 

effects has however been put forward.116 

It might be expected that in the event of metal 

to ligand it bonding there would be a drop in the 

energy of the ligand it 	7tH  transitions. Attempts 

were made to examine the ultraviolet spectra of some 

of the present complexes to evaluate any shifts in the 

energies of transitions of this latter type. Satisfactory 

spectra were however not obtained, and no conclusions 

could be drawn. Using similar complexes, spectra in 

the ultraviolet region have been observed by others117 

which were interpreted as indicating it bonding between 

the metal and ligand. 

The relative contributions of electrostatic and 

antibonding interactions to the splitting of the t2g  

level, are not known from the splitting of the electronic 

spectral bands. For the molecular orbital approach 

the splittings in fact depend on the differences in it 
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bonding, but as the values of on remain similar, and 

small, through 9. range of anions and heterocycles, this 

would indicate that the total it bonding is small. 

The spectral data indicates that the heterocycles 

are weaker it donors than the halide ions. That the 

halide ions act as it donors has been shown by the 

measurements on F19 shielding effects mentioned above. 

The heterocycles might then be weak it donors or weak 

in acceptors. 

There is little independent evidence relating to 

the it bonding of the heterocyclic ligands in complexes 

of the present type. A study has been made of the proton 

contact shifts (see Chapter V) in the adducts of pyridine 

with cobalt (II) and nj.ckel (II) acetylacetonates118  

For the cobalt complexes where there is unpaired spin 

in orbitals of in symmetry, it was found that the 

observed shifts could be rationalised in terms of a- 

contact and pseudocontact interactions (the effect of 

t2g electrons being through anisotropy rather than in 

bonding). For the nickel complexes the results were 

similarly explained. While no spin of it symmetry is 

expected for nickel (II), that there is some mixing has 

been shown by the results from the adducts with phosphines119. 
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The it bonding appears to be small in the octahedral 

complexes, but might be more significant in tetrahedral 

and planar complexes, though it has been suggested that 

this would not be the case for the tetrahedral 

configuration°, Studies on the contact shifts seen 

for the tetrahedral complexes Ni L212  (L = pyridine, 

nicoline),120 nave indicated that there may be some 

slight n acceptance by the heterocycle, although any 

observed n effects may arise from indirect mechanisms. 

Turning to steric effects, a detailed study has 

recently been made of the nickel (II) complexes with 

the mono- and dimethylpyridines.404a,5 These ligands 

have a range of pKa  values, but the results were 

rationalised in terms of the steric effects of the 

methyl groups in the various ring positions. The 

general conclusions of that study are in agreement 

with those found for the present complexes. 

The steric effects depend to some extent on 

whether the donor nitrogen is in a five- or six-membered 

ring. 

Considering first the six-membered rings and the 

2:1 complexes. It is found that for those ligands with 

no substituent in the position a to the nitrogen, the 
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chloride and bromide complexes are six-coordinate 

(octahedral polymeric), the iodide complexes being 

tetrahedral. If there is an a-oubstituent then the 

complexes are four-coordinate, with the iodides planar,  

It would seem that increasing steric hinderance, 

by crowding of the atoms close to the metal ion, 

causes a change first from 6- to 4-coordination, and 

then from tetrahedral to planar forms. This latter 

change is reasonable if the different packing 

requirements of the neutral and anionic ligands are con-

sidered. With four roughly spherical ligands, such as 

halide ions, the tetrahedron will be preferred on geo-

metric grounds. However with heterocyclic ligands, and 

in particular when there are a-substituents, a trdns-

planar arrangement of metal-ligand bonds, with the 

planes of the aromatic rings perpendicular to the 

plane of the bonds, will introduce less steric strain. 

This idea is supported by the fact that when there 

are two a-substituents e.g. 2,5-dimethylpyridine, all 

the complexes are planar. For this latter type of ligand 

the rings might well be inclined at an angle to the 

plane of the metal-ligand bonds. 
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It may be noted that while the ligands giving marked 

steric hinderance do not form polymeric 2:1 complexes, 

they do give polymeric 1:1 complexes in many cases, 

in which there is considerable distortion of the 

lattice (see chapter I). 

For the 4:1 complexes with the donor nitrogen in 

a six-membered ring, those ligands which cause the 

least steric strain, as evidence by the formation of 

octahedral Ni L2Br2 and tetrahedral Ni L2I2' readily 

form 4:1 complexes which are paramagnetic. With 

somewhat greater steric hinderance Ni L2Br2  is tetr- 

hedral, and some of the 4:1 complexes are diamagnetic 

(though this latter effect also depends on the c donor 

strength). If the steric effects are sufficient to force 

a planar structure for Ni L2I2, then halide complexes 

with more than two neutral ligands are rarely formed. 

The bond angles in five-membered rings differ from 

those of the pyridine type ring, such that any 

substituent a-to the nitrogen is further removed from 

the region of the metal-nitrogen bond. 

The data available on steric effects in five-membered 

ring heterocycles is limited by the fact that imidazole 
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and benzimidazole have specific characteristics, possibly 

associated with hydrogen bonding, as discussed below, 

which significantly affect their properties. 

The octahedral Ni(benzothizole)2Br2  suggests a 

steric effect from the heterocycle which is closer to 

that of isoquinoline than quinoline. The planar structure 

of Ni(2.-methylbenzothiazole)2Br2  then indicates rather 

more steric interaction than would be expected. However 

a tetrahedral configuration is readily adopted by this 

complex in solution, and the planar solid stace 

structure may be due to contributions from lattice 

effects, and possibly IT bonding. 

Imidazoleend benzimidazole behave similarly as 

ligands, but stand in contrast to benzothiazole. The 

pKa  for the latter ligand is considerably less than 

that for benzimidazole, which might account for the 

differing magnetic properties of the 4:1 complexes. 

This would not however seem to rationalise the 

formation of a polymeric 2:1 bromide complex by benzothiazole, 

the corresponding benzimidazole complex being tetrahedral. 

Tetrahedral 2:1 complexes are readily formed by 

imidazoles, and benzimidazoles in solvents such as 
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acetone, which suggests that hydrogen bonding may be 

of some importance in determining the structures 

adopted by complexes with these ligands. It is not 

however clear why this effect should favour a tetra—

hedral rather than a planar, or polymeric configuration. 

The action of hydrogen bonding is shown by the frequent 

occurence in the complexes, of solvents such as 

acetone or water. 

In concluding this section it may be noted that 

though steric requirements appear to influence 

markedly the structures adopted by nickel (II) complexes 

they do not rigidly require for example a planar rather 

than a tetrahedral structure. This is shown by the 

fact that where the analogous cobalt (II) complexes have 

been studied, they are in most cases tetrahedral. It 

thus seems that in nickel (II) the balance of 

electronic factors renders the structures which are 

adopted susceptible to effects such as steric strain. 
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Chapter V 

Contact Shifts in the Proton N.M.R. Spectra of the 

Tetrahedral 2:1 Nickel lexes.  

Introduction 

The isotropic contact shifts observed for n.m.r. 

proton resonances in the paramagnetic complexes with 

certain transition metals, can be a source of inform-

ation on electronic structure and the nature of the 

metal--ligand bonding. Thus some studies were under- 

taken of contact shift phenomena in complexes with 

imidazoles, knowledge of spin distribution in ligands 

of this type being potentially of some biological sig-

nificance.16 

The study of contact shifts in transition metal 

complexes has been developed during the past six years, 

and review material is at present not very extensive, 

though outlines have been given by some authors.4041  

A brief summary of the essential features is given be-

low, together with relevant equations, the origins of 

which may be found in the references cited. 

The fine structure seen in the n.m.r. spectra of 
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diamagnetic materials is not normally observed in the 

presence of unpaired electron spin, any lines then 

being broad. The line width is determined by the 

lifetime in a given state, (uncertainty principle), 

and electron relaxation together with electron-nucleus 

relaxation, then leads to extensive line broadening 

for the proton resonance. However if the electron 

relaxation time (Tle)  is fast, or if there is a rapid . 

interchange of electron spin states (TeX), then n.m.r. 

lines may be seen which have undergone an time average 

isotropic contact shift. 

The proton experiences an electron-nucleus Fermi 

contact interaction, in which the contact interaction 

constant (A.) is given by 

A. 	8,7c 
3h 

g
H 

 p 
e  pH  plr(o)]

2 1 

whore ge  and gH  are the electron and proton g values, 

and Re  and pp  are the Bohr and nuclear magnetons, “0) 

is the wave function for the unpaired spin at the nuc-

leus. 

The conditions for observation of time-averaged 

contact shifted lines have been related to the contact 

interaction constant;121 
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either 	14„ » 	, or 1/
Tex 

>> x. 
'le 	 1  

[2] 

These conditions are found to be satisfied for 

the proton resonances in the complexes with a number 

of transition metals.122 For nickel (II) complexes 

there may be a spin singlet-triplet equilibrium leading 

to short relaxation times. Thus Phillips et al.126  in 

their studies on the nickel (II) aminotroponeiminates 

observed very sharp lines due to a tetrahedral-planar 

interconversion. For other tetrahedral nickel (II) 

complexes, such as those with pyrromethenes127 there 

is no such interconversion. LaMar128 has reviewed 

the mechanisms that might lead to short relaxation 

times, and has concluded that the main factor is a 

coupling of the zero field splitting with the tumbling 

motion in solution. 

The line width will depend on the relaxation tine, 

and an expression 

1/m 

2m 	
1/
15 

1/3  

has been given 

S(S+1) 	Y12g2P2  

by Luz and Meiboom129, 

4tc 	3tc 	13-be  

r6 

S(S+1)Ai2  Te  1 Te 

li-(1)I2tc2  i+w2t2 

[3] 
11-ws2te2 
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where ws and wI are the Larmor precession frequencies 

for the electron and nucleus respectively, to  and to.  

are the correlation times for the dipolar and hyper-

fine interactions respectively, and YI the magneto-

gyric ratio for the nucleus. 

When the inequalities given in 2 hold, then the 

isotropic shift is given by,121 

/H)  = (Lf /f )2  = 	 Ai  60/ y gO3k(ST+1)  
t 
=H 

where H,(f) is the applied field (frequency), 6H(P.f) 

is the observed isotropic field (frequency) shift 

th of the . proton, 'moo  and 6'11  are the magnetogrric 

ratios for the electron and proton respectively. 

The direction of the shift in resonance fre-

quency will depend on the sign of the spin density 

at the nucleus, positive spin giving a down field 

shift. Spin density may be transmitted through the 

ligand by o or 7r orbitals. This point is considered 

further in the section that follows, though it may be 

noted here that positive spin density at a point in 

a 7c system gives rise to negative spin at a proton 

attached to the ring, owing to the indirect inter-

action. 



If there is anisotropy in the g tensor for the 

complex, then the proton will experience a fluctu-

ating field that does not average to zero in solu-

tion. This field has been given for an axially sym—

metric system123, and following these authors123, LaMar 

obtained124,125 equation 5 for C2v  symmetry, for the 

case whore 1/T 	to (where to is the electron le 
 

correlation time). 

(LH/0 = - 	( gli- g2-Fg3)  

1 1 (13cos2Xil 

(gl-  262- -g3) .  3 
RI 

  

[ 5] 
sin'Xcos2“  

R. 3/2 (62 - g3)  

es(s+1)  
27kT 

where gl  is the g factor along the C2  axis, g2  and 

67,  the g factors in the two mirror planes, and fL 

the angle that the projection of the radius vector, 

R9  in the g2g3  plane makes with the g2  axis, X is the angle 

the radius, makes with the C2 axis, (Fig. V.1 (b)). 

For protons in non-equivalent positions, the 

resonance frequency separation of which is (vA-vB), 

if there is rapid exchange between sites, then the 

spectrum will consist cf a single line. The expected 



Fig. V.1(a) 

(from rof. 131) 

277T (vA—I/6 )210 	27TT (VA-118) 	 2  77 111/A-:11a) R2 

2 ITT (VA-118 ) • vir 2771. 	 27TT 	0.5 

Pie. 10-1. Change, of shape function g(p) for increasing exchange rate between two 
positions with equal populations. (Note that r is half of the lifetime of either site. 
The intensities are not on comparable scales.) 

Fig. V.1(b) Location of a proton (1) within the 

sinunetri coordinates of the complex.* (Ogv ) 

C2 
(g1) 

• (gg) 
• I 
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line shapes for various ratios of t, (the average 

time between exchange), to vA  - vB, have been given1301  

and are shown in Fig. V.1(a) (from ref. 131). 

Contact Shift Spectra 

A general examination is being made of contact 

shift spectra from complexes of the type MIX2  

(M = nickel or cobalt, L - imidazole, benzimidazole, 

and various methyl substituted imidazoles, and ben- 

zimidazoles, X = Br, I). These studeis are at present 

incomplete, and at this point a brief outline of the 

data for the 2:1 nickel (II) complexes with benzimi- 

dazole and methylsubstituted benzimidazoles will be 

given, to illustrate the type of results obtained. 

Considering first the spectra of the free ligands, 

these are shown for acetone solutions in Fig. V.2. 

(Throughout this section all line positions are given 

in cycles per second (cps) from tetramethylsilane (TMS), 

at 56.4 mcs., and are downfield, (negative), unless specified.. 

The pyrrole type proton undergoes rapid exchange, 

and a line from this proton, (393 cps for benzimidazole, 

375 cps. for 5,6-dimethylbenzimidazole), is only seen 

within certain concentration limits. The N-Ti resonance 



Fig. V.2 
Proton n.m.r. Spectra of Free Uganda in 
Acetone Solution 

A. Benzimidazole 
B. MO thylbenzimidazole 
C. 5,0-Dimethylbenzimidazole 

A* 
• I 

I 

• •	 

B. 
I 

• 

 

• 

• •  

• ./ ‘ ‘ 	I 	i  

*.350 	-400 	450 

o.p.s. from 'QL 
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would also be broadened by the quadrupole of nitrogen. 

For benzimidazole the line at 463.5 cps may be 

assigned to the proton in the 2 position. Owing to 

the rapid exchange of the proton between the two 

nitrogens of the imidazole ring, the benzimidazole 

molecule in solution has effectively C2v  symmetry. The 

pair of multicomponent systems centered at 	and 

^-430 cps are then due to the A2B2  system of the 5,6 

and 4,7 positions. These line positions agree well 

with those found by Black and Heffernan132. 

For 2-methylbenzimidazole the resonances from 

the 5,6 and 4,7 protons are shifted slightly upfield. 

5,6-Dimethylbenzimidazole gives a sharp line (418 cps) 

for the'--".,7 protons, there being no coupling with the 

5,6 positions. 

Contact shift spectra were measured on acetone 

and nitromethane solutions for concentrations of 

^-0.05 - 0.15M. The effect of addition of free ligand, 

and dilution, on line positions were checked for each 

solution. The benzimidazole complexes were sufficiently 

soluble only in solvents of the above type, which can 

not readily be obtained in non-proton containing forms. 

Hence the solvent lines are strong, and with the high 

R.F. power required for observing contact shifted lines, 
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the region +. 200 cps from the solvent line can not be 

examined. Ni(benzimidazole)
2  Br2  and [Ni(benzimidazole) 

Br3J —  gave very similar spectra, three lines being 

observed, with a fourth seen to low field under cer—

tain conditions, Fig. V.3. 

Such a spectrum would be consistent with the 

ligand being considered as C2v, any shifts arising 

from an essentially a contact mechanism, when the 

spin density would fall off as the number of bond 

lengths from the metal ion increased. The order of 

positions showing increasing shift would then be 

5,6 < 4,7 < 2. From this generalisation the shift 

of the 47, proton would be less than that for the proton 

in the 2 position. This however is not usually the 

case, owing to the more electronegative nitrogen atom 

placing more spin on the bonded proton than would be 

the case for a carbon atom in the same position. The 

fact that the appearance of the fourth line depends 

on the conditions, further indicates that it may arise 

from the NH proton. 

As a check on the ordering of the shifts, the 

spectrum of benzimidazole in acetone was examined as 

small portions of nickel bromide solution were added. 

It was found that the shifts followed the above order, 



Fig. V.3 

Proton n.m.r. Spectra (Schomatio) 

A. 	Ni(bonzimidazolo)2Br2 
B(1). Ni(2-mothyibonzimidazole)2Br2 
(2), as above*  plus slight excess ligand 
(3), " 	" 	* " further ligand 
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with the 5,6 protons being virtually unaffected, though 

the addition of nickel bromide could not be carried 

very far, owing to the precipitation of the 4:1 complex. 

(The species in solution under these conditions may 

be significantly of a 4:1 type, however the ordering 

of the shifts will probably be as for the C2v  complex). 

The methyl substituted benzimidazole complexes 

were investigated to establish whether the changes in 

the spectrum would be consistent with the above assign-. 

ments. Ni(5,6-dimethylbenzimidazole)2Br2  then gave 

a spectrum in which the lines assigned to the 4,7 and 

2 position protons, occur at the same frequency as 

for the bmzimidazole complex, while the line at 430 cps. 

could no longer be seen. 

For Ni(2-methylbenzimidazole)2Br2  the spectrum, 

Fig. 3(B), does not immediately fall into the above 

assignment scheme, there being a greater number of 

lines downfield of acetone than anticipated. The line 

at 3300 cps. may however be assigned to the NH proton, 

and it will be seen that the average frequency of the 

two lines at 1880 and 1070 cps is 1475 cps, which is 

very similar to the position of the line assigned to 

the 4,7 protons in the spectrum of the benzimidazole 

complex, Fig. V.3(A). Thus it may be that the two 
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lines seen for the 2-methylbenzimidczole complex 

arioo.from tho protons ip the 4,7 positions being 

rendered non-equivalent. 

This situation Elight arise from two causes. 

Firstly the rate of exchange of the ligand molecules 

could be loss than 500 cps (800xv/5, Fig. V.1(a)), the 

difference in the shifts for the 4,7 positions then 

not being time-averaged. Secondly the rate of exchange 

of the NH protons for the non-complexed ligand could 

be less than 500 cps, then while the exchange rate for 

the ligand might be greater than this latter value, 

the effective rate of alternation of the two nitrogen 

bonding sites would be below 500 cps. It has not boon 

possible as yet, to distinguish between those two pos- 

sibilities. 

The addition of a small quantity of free ligand 

to a solution of the 2:1 2-mothylbenzimidazole complex 

causes collapse of the line at 3300 cps, and the broad- 

ening and merging of the lines at 1880 and 1070 cps., 

to give a single line which shifts upfield as further 

free ligand is added (Figs. V.3 B(1)-(3)). 

Those changes would be seen as due to the pres- 

ence of free ligand increasing the rate of proton 

exchange, causing the disappearance of the line at 3300 cps, 
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and also increasing the rate of exchange between 

nitrogen bonding sites, the 4,7 positions then be- 

coming averaged. 	Comparison o the spectra in 

Figs. V.3(B), for the lines from the y,7 position 

protons, with the calculated line shapes of Fig. V.1(a) 

shows good agreement. 

The shift of the resultant single line for the 

4,7 protons indicates that the rate of ligand exchange 

is 	--1100x7/5. This rate however may well have 

altered from the value in the 2:1 complex solution, and 

hence does not necessarily differentiate between the 

above mechanisms for the non-equivalence of the 4,7 

protons. 

.L line is seen upfield of TMS for the 2-Iliethyl-

benziLidazole complex, which nay be assigned to the CH7  

protons. The position of this line will be discussed 

below. 

Thus while the evidence is not conclusive the 

assignments given above for the spectrum of Ni(benzimi-

dazole)2Br2' appear to be generally consistent with 

the spectra of the complexes with the methyl Substituted 

benzimidazoles, and further discussion will be made on 

this basis. 

Isotropic shifts (shifts in c.p.s, at 56.45 a.c.s, 
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of the proton resonance for the complex relative to 

the frog ligand) aru givdn in Table 5.1. A note is 

also made of whothor thorc is any change in the spec-

trum on addition of free ligand. Before discussing 

the contact shifts tho data on the iodide complexes 

will be introduced. Ni(bonzimidazolo)22 
 gives a 

spectrum Fig. V.4(A) in which tho 4,7 protons again 

appear to bo non:equivalent, the lines at 1770 and 

1220 cps being assigned to the protons in these latter 

positions. The line at 3170 cps is probably due to the 

overlapping of the proton resonancos from the NH and 

2 positions. On addition of the free ligand the lines 

originally at 1770 and 1220 cps. broaden and coalesce, 

as described above for tho complex with 2-mothylbonzimi-

dazole, the linos shapes being very similar to those 

calculated, as in Fig. V.1(a). For an ostimate of the 

amount of free ligand used, botween the various spectra 

of Fig. V.4, about 3-5 small crystals of ligand wore 

added to ,-0.6n1. of a ,-0.15M solution of the 2:1 com-

plex-. 

The complex Ni(2-mothylbonzinidazolo)2I2  gave a 

sp ctrum which was very similar in appearance to that 

of the bromide complex (Fig. V.3(B)). The action of 

added ligand was also as for that complex. 



Table 5.1  

Isotropic shifts for 2:1 complexes in  icotona 

Complex 	Proton(or Motyl)Posi'Giela 
	AffectFig 

NH 	2 
	

4 
	

7 5 	6 Ligrnd 

Ni(bz)2Br2  

[Et4N][Ni(bz)Er3] 
Ni(5,6-diaobz)2Br2  

Ni(2-Dcbz)2Br2  

Ni(bz)2I2  
Ni(2-mebz)2I2  

(2880) 
	

2550 

(3330) 
	

2680 

2540 

2900(b) 
	

+580(c)  

'2750 
2760(b) 
	

+550(c)  

1020 25 NS V.3 
1060 30 NS (d) 
1020 	 NS 	(e) 

1445 	665 45 	S 0 	V.3 
1340 	790 5 S V.4 
1340 	665 5 S (f) 

K 	Shifts in c.p.s, et 56.4 	from lino posi:3ions 1.1 dianagnotic lig- 
and, probably accurate to + 10 c.p.s., shifts regativo unless specified. 

(a) NS = no shift (in line position) ; 3 = shift 

(b) Line from NH proton not seen in spectrum of di=gnettc ligand, the 
value taken from bonzimidazole spectrum. 

Line from CH3 
proton not seen in spectrum of diamagnetic ligand, tho 

vtrut taken from spectrum of 2-mothylimidazolo in CHC1 (80 c.p.s. from 
T.E.S) 	 3 

Spectrum similar to V.3(A) 
line at 430 c.p.s. abspnt 

" v.3(B) 

(c)  

(d)  
(a) 
(f) 



Pig. V.4 

Proton n.m.r. Spootra. (Schematic) 

Ni(benzimidazole)21.2  
B eG, and D show the effects of suooessive 
additions of small quant1tios of ligand. 
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Turning next to a general consideration of the 

isotropic shifts. As noted in the introduction to 

this chapter, the isotropic shifts can arise from 

contact interaction through a 0' or 7c system;or through 

a pseudocontact interaction due to dipolar interaction 

between the nuclear moment and electron spin on the 

metal ion. The observed downfield shifts, decreasing 

as the proton is separated from the metal ion by a 

greater number of bonds, are indicative of predomin-

antly c contact interaction. 

The presence of a (alligned with applied field) 

spin density in the 7c system would tend to give up-

field shifts in an alternant system. Shifts might 

be small or downfield,if spin correlation was important. 

If the system was effectively odd-alternant, e.g. a 

molecular orbital extending over the benzene ring and 

a nitrogen, then a clear alternation in spin density 

sign would be expected, with positive spin at the 4 

and 6 positions for the above case. If by an indirect 

mechanism, possibly via depolarisation on the nitrogen 

atom, p spin was introduced into the 7c system, downfield 

shifts would result, but for either a or p spins there 

would be no necessary correlation of,the magnitude 

of spin density with the separation from the metal ion 
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The mechanism by which delocalisation occurs 

will be related to the relative energies of the 

molecular orbitals on the ligands, and the metal 

ion d orbitals122. For nitrogen heterocyclic azines 

the highest energy bonding orbital is the a orbital 

localised on the nitrogen,133 and this is probably also 

the case for the azole ring considered here. A transfer 

.of p spin from the a orbital on the ligand,to the 

metal ion would then not be unreasonable. 

Holm et al.120 examined the contact shifts in 

the tetrahedral complexes NiL2I2  (L = pyridine, 

picoline), and observed large downfield shifts. The 

ordering of the molecular orbitals in pyridine were 

calculated, and the results were consistent with a a 

contact term. 

It would appear that for nitrogen heterocyclics, 

such as pyridine118'120, and o-phenanthroline34, and 

also for amines and amino acids135'136, that the con-

tact is primarily via a a molecular orbital. This 

is not however general for nitrogen donor ligands as 

is demonstrated by the complexes with the aminotropone-

iminates135 porphyrins127  and pyrromethenes127 where 

delocalisation is via the 'it system. It has been 

suggested1222127 that the relative energies of the 
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M.O.'s are such that ligand to metal electron 

transfer occurs for the first of these ligands, and 

from metal to ligand for the latter two. 

In the above discussion pseudocontact shifts 

have not been considered. This latter effect would 

also give shifts which decrease as the proton becomes 

further separated from the metal ion, however as will 

be discussed below the observed shifts do not in the 

main arise from this interaction. 

From equation 5 it will be seen that the magni-

tude of the pseudocontact term will depend on the 

difference in the three principle g values, and also 

on the geometric terms for a given proton. For nickel 

(II) in C2v  symmetry some anisotropy in the g tensor 

will be expected. However contact shift studies on 

complexes of the type Ni(1113P)2X2  have indicated that 

there the 1,seudocontact term is small124. It was aug- 

11 gested that this may be due to the terms (g1 	
2
g2 3g3) 

(3cos2Xi-1)/Ri3  and i(g2  - g3)(sin2Xi  cos2 	)/Ri3, 

being of the sane magnitude and sign, and hence giving 

a small pseudocontact interaction. LaMar136 has demon-

strated a definite pseudocontact contribution in 

certain C 	phosphine complexes. 3v 
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An evaluation of the relative pseudocontact terms 

for the present complexes has been made, to give some 

estimate of likely shift contributions from this ef-

fect, and also to enable comparison of shifts for the 

cobalt(II) and nickel(II) complexes, the pseudocontact 

term being anticipated as larger for complexes with 

the former ion118'124,136 

The relative pseudocontact shifts for the protons 

at the various ring positions will depend on the geo-

metric terms in equation 5. These latter terms were 

thus calculated for the ligands relating to the present 

studies. The method used is outlined in the appendix 

to this chapter. The values of the geometric terms, 

FN1 and 7Y2, being the first and second geometric terms 

in aqn. 5, were found for various values of the struc-

tural parameters. It was found that small changes 

(+ 2°, ± 0.051)9  in the ligand structure did not pro-

duce significant alterations in the geometric terms. 

More marked is the effect of changing the values of 

the metal-ligand bond length and the tetrahedron angles, 

particularly the latter, as given in Table 5.2. 

Horrocks and LaMar125 found that the ratios of 

the geometric terms were very similar for both FN1 

and FU2 for given structural parameters. For the 
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present calculations it was found that these ratios 

were identical in absolute magnitude, though differing 

in sigr (Table 5.2). It was further found that the 

ratio FN1/FN2 depends only on the value of the netal-

ligand bond length. Thus while the values of the geo-

metric terns are markedly dependent on the value of 

the tetrahedron angles, the ratios are not affected 

by changes in this parameter (Table 5.2). This result 

may be demonstrated on geometric grounds from consid-

eration of Fig. V.5(b). 

For any set of g values, within normal limits, 

the pseudocontact shifts will be small in relation 

to the observed shifts. LaMar found g1 > g~ for the 

C3v phosphine complexes, and for the present complexes 

it might be further assumed that g2 > g3 (Fig. V.(a)). 

Then for g values in the region gi 

g3 X2.1 the pseudocontact shift for the proton in 
the 2 position will be of the order of 100 c.p.s. at 

55.4 mcs, 	and correspondingly less for the protons 

in the other positions. 

It will be noted in Fig. V.3(B) that the resonance 

of the methyl protons is observed upfield of TMS. 

Being separated from the metal ion by the same number 

of bond lengths as the proton in the 4 position, a 



Table 5.2 

Geometric  Terms for Pseudocontact  Interaction 

(Cos2X1.-1)\ 
AVFN1 - 	

9 	

AVFN2 = / 
R.3  / 

3 

' 	. ' .  
FA, 9:, as in Fig. V.5(a) 

3i./127cos2.i-L\ 

i
3 

 H VF5, 	FA p:, 	2 
1,1,e  

4 6 
x10-21 	cm 

,Avrr1 2.0 35 -0.144 0.041 0.058 -0.005 -0.024 
-1 0.28 0.210 -0.03 -0.17 2.771T2 2.0 35 7.40 -2.10 -2.c8 0.25 1.25 
1 -0.28 -0.40 0.03 0.17 

1..VF1 2.1 35 -0.146 0.028 0.042 -0.006 -0.024 
-1 0.19 0.29 -0.02] -0.1_6 

,LVF1`12 2.1 35 7.50 -1.43 -2.15 0.3r 1.2 
1 -0.19 -0.29 0.04 0.16 

AV2;1 2.0 32 -1.74 0.49 0.70 -D.059 -0.2c_ 
-1 0.28 0.40 -0.03 -0.17 ZE.,1:2 2.0 32 7.93 -2.25 -3.2 0.27 1.34 
1 -0.23 -0.40 0.03 0.1r, 

R(A) 2.0 35 3.13 3.e-  3.18 5.59 5.80 

Value averaged over methyl rotation 

2 

-0.048 
-0.335 
2.2-17 
0.335 

-0.046 
-0.315 
2.36 
0.315 

-0.580 
-0.335 
2.65 
0.355 

6.35 
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downfield shift might have boon expected for the 

methyl protons. A pseudocontact shift of some hun-

dreds of c.p.s could occur, but this seems inadequate 

to explain the observed position. 'It is possible 

that there is negative spin density in the 	system. 

This would result in a downfield shift for a proton 

attached to the ring, hence contributing to the a 

shift, but would give an upfield shift for the methyl 

protons. Similar upfield shifts have been seen in 

methyl substituted pyridine complexes.118,120 

In Table 5.3 line widths Are given for the spectra 

of certain of the present complexes. Values are not 

given for the remaining complexes as there is exten-

sive broadening from exchange, and other lines over-

lap. An expression for the line width in terms of 

dipolar and exchange correlation times is given in 

equation 3. It has been suggested by Luz and Meiboom
129 

and others,137,128 that the dipolar term is the most 

significant. This latter term is a function of r 6 

and hence critically dependent on the separation of 

the proton from the metal ion. Values of R for the 

various proton positions are given in Table 5.2, 

and ratios of R 6, together with the observed line 

widths in Table 5.3'. TAaile there is some agreement 
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Table 5.3 

n.m.r. Spectral Line Widths (c.p. 	. at 56.4 m.c.$) 

Compound 2 4,7 5,6 

bz 5 

Ni(bz)2Br2  140 125 12 

1 0.9 0.05 

[Et4N][Ni(bz)Br3] 155 120 14 

Ni(5,6-dimebz)2Br2  145 190 

Ratio of 1/R6 1 0.43 0.02 
ay. 

between the ratio of R-6 and the line width for the 

5,6 protons, this is not the case for the 4,7 pro-

tons, as might be expected if the two proton posi-

tions are not completely time-averaged. There will 

be some broadening of all resonances from ligand ex-

change138 

From equation 3 a value of the electron dipolar 

correlation time may be found of
-16 sec. for 

the complexes listed in Table V.3. This is of a 

similar order of magnitude to the value of 1013  sec. 

found by LaUar for the C2v  phosphine complexes137, 
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and may be identified directly with the electron 

relaxation time.129437. If this is the case then 

the conditions for equation 5 to be valid do not 

hold,123437  and an alternative expression should 
be used122,1239  which will lead to slightly larger, 

or smaller calculated shifts, depending on the g 

values. 
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Appendix Chapter V 

Calculation of Psaudocontact Terms 

To calculate the geometric terms reasonable 

values for bond lengths and angles are required. 

X-ray structural data is available for imidazole140,  

and for benzimidazole extrapolations were made from 

the fairly extensive data available for purines141. 

Any further structural parameters were taken from 

ref. 141. For the metal-ligand bond length an ini- 
0 

tial value of 2.0A seemed reasonable, this being the 

value found for the 4:1 pyridine complexes72. In 

this outline detailed geometric considerations are 

not given, but may be followed through from the dia-

grams of Fig. V.5 and the program of Fig. V.6, the 

lettering being the same in both. 

Considering the case of a proton in the 2 position 

Fig. V.5(a). The comT.lex NiL2X2 is initially considered 

to have regular tetrahedral bond angles, with the 

metal-ligand bond lying in the xz plane. The location 

of a proton in the coordinate framework, and relative 

to the metal-nitrogen axis was fixed by the parameters 

R,D, and. S, which may be calculated from standard 
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trigonometric relationships for given structural para-

meters. If the imidazole ring is rotated 8°  out of 

the xz plane, Fig. V.5(b), the geometric terms may 

be calPillated following method of subroutine PSUCON 

(Fig. V.6). In the latter,values of the geometric 

terms are found at 100  intervals, though for some pro-

ton positions larger intervals could be used without 

loss of accuracy to four figures. 

For the methyl substituted complex rotation of 

the methyl group must be included. This Lay be treated 

as equivalent to altering the values of R,D, and S. 

If the methyl proton is considered as remaining in 

the xz plane as the methyl rotates, then the imidazole 

ring becomes inclined to the xz plane. whon Y is the 

projection of i in the plane of the imidazole ring, 

values of RY and DY may be found which are equivalent 

to R and D for i in the xz plane, Fig. V.5(c) and (d). 

Then from the known inclination of the ring to the 

latter plane, R,D and S may be found, as shown in the 

main program of Fig. V.6. 

iverage values of the geometric terms for all 

rotations of the methyl group and the imidazole ring 

wore found. 

Calculations of the geometric terms for protons 
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in other positions of the imidazole and bonzimidazole 

rings were carried out by suitable modifications of 

the above procedure. It was found that small vari-

ations in the structural parameters did not signi-

ficantly affect the relative values of the derived 

geometric terms. For the set of results given in 

Table 5.2 the bond angles and bond lengths for the 

benzene ring were taken to be as in benzene, while 

those for the imidazole ring were as in Fig. V.5(e). 

The C-C bond length for the 2-methyl substituted 
0 

ligand was 1.55 A. 

The geometric terms may be calculated by a 

number of other approaches, such as taking orthogonal 

axes, one of which is coincident with the metal-ligand 

bond, and using the usual matrix transform to the 

complex symmetry axes. This would not give a signi-

ficant difference in machine time over the above 

method.149 
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C 	CALCULATE PARAMETERS 2 METHYL 
C 	ARCSINE 

ASNF(T) = ATAN (T/SORT( 1.— T*T)) 
C 	TRIANGLE SINE FORM 

TSNF (A•B•C) = A* SIN(B)/C 
TRIANGLE SIDE COS FORM 
TSLF (U.V.W) 	= SORT(U*U+V*V-2•*U*V*COS(W)) 

C 	RADIANS 
RD = 57.296 
INTEGER SYST 
READ (5950) 113 

50 	FORMAT (13) 
42 	READ ( 5.43) 	SYST 

' 43 	FORMAT (14) 
WRITE (6,44) SYST 

44 	FORMAT(20H 	RNME2 SYSTEM NO. 14 // ) 
17 	READ (5436) GAM,ACCO(CH,PHI,FAIACloCC•C2H 
36 	FORMAT ( 6F10.4 / 2F1O.4 ) 

WRITE (6,24) GAMtACC,XCH*PHI,FAIACI,CC,C2H 
240 	FORMAT ( 7H 	GAM= F 1 0•4 71-4 	ACC= F10.4. 7H 	XCH= F 1064 • 

1 	7H 	PHI= F1O.4. 6H 	FA= F10.4, 7H 	AC1= F10.40 / 
2 	6H 	CC= F10,4 	7H 	C2H= F10.4 ///) 

GAM =GAM/RD 
ACC =ACC/RD 
XCH =XCH/RD 
PHI =PHI/RD 

C 	SAVFN = SUM AVFN 
COMMON SAVFNI•SAVFN2 
OR = 0. 
SAVFNI = 0• 
SAVFN2 = O. 

C 	SMR6 = SUM OF R**6 
SMR6 = 0. 
M = 20 
DO 40 MU= 1.360.M 
EMU= FLOAT(MU) 
EMU =EMU/RD 
XH = C2H*S1N(XCH) 
XY = XH*COS(EMU) 
YH = XH* SIN(EMU) 
C2Y = SORT(C2H*C2H — YH*YH) 

C 	SINE XCY 
SNXCY = XY / C2Y 

C 	COS XCY 
CSXCY = SORT(1•— SNXCY**2) 
C1Y2 = CC*CC + C2Y*C2Y + 2.*CC*C2Y*CSXCY 
Cly = SORT(C1Y2) 
SNNU = C2Y*SNXCY/ ClY 
ENU = ASNF(SNNU) 
ALF = ACC— ENU 
AY = TSLF( ACle C1Y• ALF) 
SNTET = TSNF( C1Y.ALF.AY) 
TET = ASNF(SNTET) 
BET = GAM + TET 

DY = AY * SIN(BET) 
AO = AY* 'COS(BET) 
FO = FA + AO 
YH2 = YH*YH 
0Y2 = DY*DY 
D = SORT(DY2 + YH2) 
RV = SORT( DY2 + FO*FO ) 
R = SORT(RY*RY + YH2) 
S = FO * SIN(PHI) 
R6 = R**6 
SMR6 = SMR6 + R6 
CALL PSUCON ( Re D• St PH1 ) . 
OR = OR416 

40 CONTINUE 



XAVFNI = SAVFN1/OR 
XAVFN2 u SAVFN2/OR 
AVSMR6 = SMR6 / OR 
WRITE (6.82) XAVFNIeXAVFN2 

82 FORMAT ( 10H XAVFNI E15.4. 10H XAVFN2u G15.4 // ) 
WRITE (6.233) AVSMR6 

233 FORMAT (10H AVSMR6= E15.4 ////) 
18 = IB + I 
IF (10—IB) 47.47.42 

47 CONTINUE 
STOP 
END 
SUBROUTINE PSUCON ( Re De S. PHI ) 
COMMON SAVFNloSAVFN2 

C 	ARCSINE 
ASNF(T) = ATAN (T/SORT( 1.— T*T)) 

C 	RADIANS 
RD = 57.296 
CSPHI = COS(PHI) 

10 SUMFNI=O• 
SUMFN2=0, 
CD = 0. 
G=Oe 
N = 45 
L = 360 
DO 8 J= 14.1_04 
THETA = FLOAT (J) 
THETA = THETA/RD 
O = D* COS(THETA) 
Z = 0 * CSPHI 
A=S—Z 
C = D* SIN(THETA) 
SNCH1 = A/R 
CHI = ASNF (SNCHI) 
X=R**3 
Y=SNCHI**2 
FNI=(3e*Y-16)/X 
SUMFN1=SUMFN1+FN1 
P = R* COS(CHI) 
SNOMG = C/ABS(P) 

OMEGA = ASNF(SNOMG) 
CSCH1=1•—Y 
FN2=CSCH1*(18-2e*SNOMG**2)/X 
SUMFN2=SUMFN2+FN2 
G = 6+1. 

8 CONTINUE 
AVFNI = SUMFN1/G 
AVFN2 = SUMFN2/G 
SAVFNI = SAVFNI + AVFNI 
SAVFN2 = SAVFN2 + AVFN2 
RETURN 
END 
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CHAPTER VI 

Experimental 

Physical  Measurements 

The solid state diffuse reflectance spectra were 

measured on either a Beckman D.K.2 recording spectro-

photometer in theregion 4,000 - 28,000 cm71, or on a 

Unicam S.F. 500 spectrophotometer in the region 

10,000 - 28,000 cm71. 

Reflectance spectra at low temperatures were obtained 

on the former machine, the sample being immersed in 

liquid nitrogen, or a suitable cooling mixture, using 

a dowar type apparatus, similar to that described by 

J.P. Fackler
143. A cross sectional diagram of this 

apparatus, and the sample mounting, is shown in Fig. 

V1.1. The front silica plate is attached with standard 

silicone grease. It was found that this type of grease 

was not suitable for sealing the junction of the back, 

inner, plate with the apparatus as when immersed in 

liquid nitrogen, the solidification and fracturing of 

the grease at points where it was appreciably thick, 

led to loss of vacuum. Other commerical greases tried 
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were also unsatisfactory, however a grease compounded 

of a 15 o solution of soap in glycerin °/ 	
el44 was found 

to be effective. The sample is held in an aluminium 

dish, which is attached to the back silica plate by 

a layer of silicone grease round the flattened rim of 

the dish. 

A section of standard white tile replaces the 

sample for base line measurements at room and low 

temperatures. It was found that to obtain spectra 

giving the same relative intensities as those given 

by spectra taken under normal operating conditions, 

a compensating tube lined with aluminium foil had to 

be placed on the reference port, to balance the tube 

in the apparatus. Aluminium has a weak band at 

^-12,500 cm:1, which increases in intensity on lower- 

ing the temperature, this was balanced by increasing 

the length of the tube on the reference port. 

Solution spectra were taken on a Perkin-Elmer 350 

recording spectrophotometer in the range 3,000 - 28,000 

1 cm. 7  or on a Unicam S.P. 500 in the range 10,000 - 

289000 cm.
1  . 

For magnetic susceptibility measurements at 

room temperature, a standard Gouy balance, with a 

permanent magnet, was used. To determine suscep- 
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tibilities in the temperature range 77 - 300°K, use 

was made of a Gouy balance with a cryostat unit, set 

up by Dr. D. Forster, of essentially the same design 

as that described by Figgis and Nyholm145. The mag- 

netic fields given by the electro-magnet for various 

currants were calibrated using an aqueous solution of 

'Analar' nickel chloride, the susceptibility of which 

is accurately known146. The found field values then 

gave gram susceptibilities of 16.52(+0.25)x10-6 c.g.s.0 

at 293°K for CoHg(SCN)4  and 10.75(+0.18)x10-6  c.g.s.0 

at 298°K for Ni(ethylenediamine)3S203, in agreement 

with the literature values of 16.44 x 10-6 147 and 

10.82 x 10-6 1489  respectively at these temperatures. 

The thermocouple, for temperature measurements, 

was calibrated with CoHg(SCN)4, taking a G value of 

-10°(+19)147. The Gouy tubes used were made from Perspex. 

It is estimated that the error on the field value, 

at 8 amps, was 	1.5%. Weighings were made to 

+ 0.00005g. 

11 note may be made here in connection with the 

timing of measurements,as this is of some significance 

in connection with the compounds discussed in Chapter 

III. The measuritig of the susceptibilities at various 

fields, for a given temperature, occupied about 



253. 

15-20 minutes. Lowering the temperature 30°  in the 

region of 300°K took a few minutes, and at 150°K 

about 15 minutes. The sample was allowed to equili-

brate, at a given temperature, for about 30 minutes 

before measurements were taken. 

Nuclear magnetic resonance spectra were obtained 

on a Varian Associates spectrometer operating at 

56.4 m.c.s. (Some of the spectra were also measured 

at 40 m.c.s.). The spectra were calibrated by the 

standard modulated side band technique,usiug tetra- 

methylsilane (TMS) 	as an internal reference. 

Solution susceptibilities were measured by the 

n.m.r. method of Evans65, using spinning concentric 

tubes, and TL1S as internal reference. 

Infrared spectra, in the region 4,000 - 400 cm71, 

were taken on a Grubb-Parsons Spectromaster grating 

spectrometer, using potassium bromide discs and Nujol, 

or hexachlorobutadiene,as mulling agent. In the region 

450-200 cm.- 1, spectra were measured with a Grubb-Parsons 

D.M.2 double-beam grating instrument, using polythene 

discs and Nujol as mulling agent. 

X-ray powder photographs were taken on an Enraf-

Nonius Guinier-De Wolff camera, or a Phillips Debye-

Scherrer camera, using fine beam iron or copper K 
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radiation. 

Powder photographs, to detect phase-changes, were 

taken at room temperature and at ,--1400K, using a front 

plate camera. The sample was mounted in a Lindemann 

tube, and cooled by a stream of dry nitrogen gas, which 

had been passed through a bath of liquid nitrogen. 

Temperatures were measured with a calibrated thermo-

couple. 

Conductances were measured with a Philips PR 9500 

bridge, and a standard cell. 



Pig. VI.1 

N 

A. Silica Plates 

Be Tube lined with 
Aluminium Foil 

C. Aluminium Dish 

D. Sample 

Fig. ITI.1 Dewar Unit for Low Temperature Reflectance Spectra 
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Analyses 

(For details on the analytical methods see Ref.85) 

Metals were determined as follows 

Nickel (II): gravimetrically, following precipitation 

with dimethylglyoxime 

Cobalt (II): volumetrically, EDTA using murexide 

indicator 

Iron (II): 	volumetrically, ceric sulphate and 

back titration with ferrous ammonium 

sulphate; o--phenanthroline indicator. 

Halides and thiocyanates were determined volumetrically 

by Volhard's method. 

Carbon, hydrogen, nitrogen and oxygen analyses were 

carried out by the Microanalytical Laboratory, Imperial 

College. 

Preparation of the ComRounds  

Chanter I 

Ni(pyridine)2 C12 

A solution of pyridine (1.2 g.) in ethanol (5 ml.), 

was added to a solution of nickel chloride hexahydrate 

(3.55 g.) in ethanol (20 ml.). The heavy pale yellow-

green precipitate, which formed with evolution of heat, 

was filtered off, washed with ethanol containing a small 

amount of pyridine, and dried in vacuo. 
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(Found: C, 41.6; H, 3.6; Cl, 24.2; Ni, 20.2. 

Calc. for C10 H10 012  N2 ' Ni C'   41 9' H,3.5; Cl, 24.4; ' 

Ni, 20.4%). 

Ni(pyridine)2  Br2  

The pale yellow compound was obtained by a method 

analogous to that for Ni(pyridine)2012. 

(Found: C, 31.5; H, 2.8; Br, 42.1; Ni, 15.3. 

Calc. for C10H10Br2N2Ni: C, 31.9; H, 2.7; Br, 42.4; 

Ni, 15.6%) 

Ni(benzothiazole)2  C12  

The pale yellow solid was obtained by a method ana- 

logous to that for Ni(pyridine)2C12  

(Found: C, 42.6; H, 2.85; Cl, 17.5; Ni, 14.6. 

Calc. for 014iv  .H.-N2S2C12Ni: 0, 42.0; H, 2.5; Cl, 17.7; 

Ni, 14.7%). 

Ni benzotlisILI2Br2 

Benzothiazole (2.73 ml.) was added to a solution 

of nickel bromide hexahydrate (3.27 g.) in ethanol 
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(25 ml). 	The resultant green solution was kept at 

5°C, when yellow needles slowly crystallised out. 

(Found; C, 34.1; H, 2.0, Calc. for 014H/0N2S2Br2Ni: 

C, 34.4; H, 2.1%). 

NiCpvridinelp12  

Ni(pyridine)2C12  was heated at 120°C to constant 

weight (Weight loss, 27.5; calc. 27.5%). 

(Found; C, 28.6; H, 2.4; Ni 28.2. Calc. for 

C5H5C12NNi; 0, 28.8; H, 2.4; Ni, 28.2%). 

RAIARO-dqz92p1212 

A solution of nickel chloride hexahydrate (4.75 g.) 

and imidazole (1.4g.) in ethanol (15 ml) was evaporated 

to dryness. The pale yellow solid obtained was washed 

with acetone and ethanol, and dried at 120°C. 

(Found; Cl, 35.8; Ni, 29.7. Calc. for C3
H4N2C12Ni: 

01, 35.9; Ni, 29.7%). 

The methods for the preparation of Ni(imidazole) Br2  

(pinkish-orange), Ni(benzimidazole) C12  (yellow), and 

Ni(benzimidazole) Br2(pinkish-orange) were exactly 



259. 

analogous to that for Ni(imidazole)C12. 

Ni(imidazole)Br2  

(Found: Br, 55.6; Ni, 20.45. Calc. for C3H4N2Br2Ni: 

Br, 55.8; Ni, 20.5%). 

NiCbenz101-22.Z...912/21 

(Found: C, 34.45; H, 2.4; Cl, 28.5; Ni, 23.6. Calc. 

for C7H6N2C12Ni: C, 	34.0; H, 2.5; Cl, 	28.7; Ni, 	23.7%). 

Ni(benzimidazole)Br 2 

(Found: 0, 

for C7H6N2Br2Ni: 

24.7; 	H, 

C, 	25.0; 

1.9; 

H, 

Br, 

1.8; 

47.7; 	Ni, 

Br, 	47.45; 

17.4. 	Calc. 

Ni, 	17.4%) 

Ni(quinoline)C12  

Ni(quinoline)2C122  was heated at 120°C to constant 

weight (weight loss, 33.1; calc. 33.4%), to give a pink 

product. 

(Found): C, 42.0; H, 2.6; Nj,22.7. Calc. for 

C9H7NC12Ni: C, 41.75; H, 2.7; Ni 22.7%). 
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Ni(cDinoline_1212  

Ni(quinoline)2Br22  was heated at 100°C to constant 

weight (weight loss, 27.1; calc., 27.1%), to give a pink 

product. 

(Found: C, 31.0; H, 2.1; Br, 46.05; Ni, 16.9. Calc. 

for C9H7Br2NNi: C, 31.1; H, 2.0; Br, 46.0; Ni, 16.9%). 

Ni(2-methylbenzothiazole)C12  

The method of preparation was analogous to that 

used for Ni(imidazole)C12. The pink product was formed 

just before the solution reached dryness, and was 

filtered off. 

(Found: C, 34.8; H, 2.8; Cl, 25.5; Ni, 21.2. Calc. 

for C8H7NSC12Ni: C, 34.5; H, 2.5; Cl, 25.4; Ni, 21.05%). 

Ni(2-methylbenzothiazole)Br2  

Ni(2-methylbenzothiazole)2Br286  

was heated at 120°C to constant weight, with the 

formation of a pink product. (Weight loss, 29.1; calc., 

28.9%). 

(Found: Br, 43.6; Ni, 16.0. 	Calc. for C8H7NSBrNi: 

Br, 43.5; Ni, 15.9%). 
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A sample of Ni(2-methylbenzothiazole)Br2 was also 

prepared following the method given for Ni(imidazole)C12. 

(Found: Br, 43.5; Ni, 15.8%. Calc. as above). 

NiL3-metlllAaaguinoline1212 

Pink solid prepared by method analogous to that for 

Ni(imidazole)C12. (Found: Cl, 26.0; Ni, 21.5. Calc. for 

C10 H9 NC12 Ni• 
	

Cl, 26.0; Ni, 21.5%). 

Ni(3-metIlilLaaaaLE212:122)a2 

Pink solid prepared by method analogous to that for 

Ni(imidazole)012. 

(Found: Br, 44.25; Ni, 16.25. Calc. for C10H9NBr2Ni: 

Br, 44.2; Ni, 16.2%). 

Cha_~ter II 

Ni(N-methylimidazole)2Br2 

A solution of N-methylimidazole (1 ml.) in acetone 

(3 ml.) was added to a solution of nickel bromide hexa-

hydrate (3.27 g.) in acetone (10 ml.), to give a deep 
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blue solution. On standing a green oil was formed, which 

on stirring gave a green amorphous solid. This solid 

was filtered off, and washed with a little acetone. 

The infrared spectrum of this compound indicated the 

presence of water and acetone, and it wao heated at 

100°C till rapid weight loss ceased, (weight loss 10.3%), 

an intense blue product being formed. 

(Found: C, 25.2; H, 3.3; Br, 42.0. Calc. for 

C8H12N2Br2Ni: C, 25.1; H, 3.2; Br, 41.8%). 

Ni(2-methylimidazole)2Br2  

It was not found possible to prepare this complex 

directly, but it was obtained by heating the 4:1 complex, 

which was prepared as follows. 

A solution of 2-methylimidazole (3.2 g.) in acetone 

(8 ml.) was added to a solution of nickel bromide hexa-

hydrate (3.27 g.) in acetone (10 ml.). A deep blue 

solution was formed, from which a green solid crystallised 

out on standing. This was filtered off, washed with a 

small quantity of cold acetone, and dried in vacuo. 

(Found: Br, 29.2; Ni, 10.7: Calc. for C16 H24 N8  Br2  Ni• ' 

Br, 29.2; Ni, 10.7%). 
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This green compound was heated at 15000 for 3 days, to 

give a dark blue solid (Weight loss, 30; calc. 30%). 

(Found: C, 25.4; H, 3.5. Calc. for C8H12N2Br2Ni: 

C, 25.1; H, 3.2%). 

Some of the complexes examined in this chapter were 

prepared by Dr. M. Goodgame. The methods of preparation 

have been published for the following nickel complexes 

NiL2X2 (L = 2-methylbenzimidazole, X = Cl, Br)
86 (L = 

3-methylisoquinoline.X = Cl, Br)86. Three of the 

complexes have not been reported, NiL2X2  (L = benzimidazole, 

X = Br, I) and [Et4N][Ni(benzimidazole)Br3]. The 

experimental details are given below. 

Ni(benzimidazole)2Br2 

A solution of benzimidazole (2.4 g) and nickel 

bromide hexahydrate (3.5 g.) in ethanol (5 ml.) was 

evaporated to dryness. The resulting solid was 

dissolved in acetone (8 ml.), filtered, and the 

solution heated to boiling. Hot carbon tetrachloride 

(15 ml.) was added, and the solvent decanted, leaving 

a blue oil. This was triturated with successive portions 

of hot carbon tetrachloride until it solidified, when 
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it was filtered off, and dried in vacuo at 100°C. 

(Found: C, 36.9; H, 2.6; Ni, 12.4. Calc. for 

C14H12N4Br2Ni: C, 37.0; H, 2.7; Ni, 12.3%). 

Ni(benzimidazole)2I2  

A solution of nickel nitrate hexahydrate (3.2 g,) 

in acetone (5 ml.) was added to a solution of sodium 

iodide (3.3 g.) in acetone (20 ml.), chilled and dried 

over molecular sieves for several hours, then filtered 

into a solution of benzimidazole (2.36 g.) in acetone 

(25 ml.). The deep green solution was evaporated to 

dryness, and the resultant solid dried at 120°C. It 

was then extracted with 20 ml. of acetone, the 

filtered extract heated to boiling, and the solid 

precipitated by addition of hot carbon tetrachloride 

(50 ml.). The hygroscopic solid was washed by 

decantation with hot carbon tetrachloride, and dried 

in vacuo. 

(Found: C, 30.6; H, 2.25; Ni, 10.8. Calc. for 

C14H12I2N4Ni: C, 30.6; H, 2.20; Ni, 10.7%). 
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[Et4N]rNi(benzimidazole)Br31 

A solution of benzimidazole (1.18 g.) and tetra-

methylammonium bromide (2.10 g.) in n-butano.l (10 ml.). 

was added to one of Nickel bromide trihydrate (2.73 g.) 

in n-butanol (30 ml.). Benzene (10 ml.) was added, and 

the solution slowly evaporated to about 20 ml., when a 

blue oil began to form. It was left to cool, when the 

oil crystallised. The solvent was decanted, the crystals 

were washed with benzene, and dried in vacuo. 

(Found: 0, 33.0; H, 5.1; N, 7.45. Calc, for 

C15H26Br3N3Ni: C, 32.95; H, 4.80; N, 7.7%). 

1.0512611510.212  [Ni0141 

Prepared following the method of D.M.L. Goodgame et 

al.53  (Found: C, 54.1; H, 4.2; Ni, 7.0. Calc. for 

C38H36As2C14Ni: C, 54.1; H, 4.3; Ni, 7.0%). 

PI-IRAEPPUL91a/22 

A solution of nickel iodide (0.01 M),in acetone 

(22 ml.) was prepared as described above for the 

preparation of Ni(benzimidazole)2I2. Benzothiazole 

(2.2 ml.) was added to the filtered nickel iodide solution, 
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and the resultant brown solution evaporated to about 8 ml., 

when a dark brown solid was precipitated. This was 

filtered off, washed with dichloromethane containing 

a small quantity of benzothiazole, and dried in vacuo. 

(Found: C, 28.8; H, 1.65; Ni 10.0. Calc. for 

C14H10R23 2I2Ni: C, 28.85; H, 1.7; Ni, 10,1%). 

Ni(2-methylbenzimidazole)2I2  

This dark green complex was prepared by a method 

analogous to that for Ni(benzimidazole)2I2, except that 

benzene was used as the triturant. 

(Found: C, 33.4; H, 2.8; Ni, 10.0. Calc. for 

C161116N41 2Ni: C, 33.4; H, 2.8; Ni, 10.2%). 

The preparations of some of the cobalt complexes 

examined in Chapter II have been given previously. 

C0L2X2 (L = benzimidazole, X = Cl, Br)
62 and [Et4N][Co 

(benzimidazole)Br3]62. 

Co (N-methylimidazole)2C12  

N-methylimidazole (1 ml.) in ethanol (2 ml.) was 

added to a solution of cobalt chloride hexahydrate (2.37 g.) 

in ethanol (5 ml.). A blue crystalline solid was 
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precipitated which was filtered off, washed with a small 

quantity of ice cold ethanol, and dried in vacuo. 

(Found; Cl, 24.1; Co, 20.3. Calc. for C8 H12  N4  Cl2  Co* • 

Cl, 24.1; Co, 20.3%) 

Co(N-methylimidazole)2Br2  

Method analogous to that for the chloride complex, 

but using acetone as the solvent. The blue precipitate 

was formed after allowing the mixed solutions to stand 

for some minutes. 

(Found; Br, 41.9; Co. 15.4. Cale. for C8H12N4Br2Co: 

Br, 41.8; Co, 15.6%). 

Co(2-methylimidazole)2X2, (X = Cl, Br) were prepared 

by Miss K.A. Price of this Department, wing similar 

methods to those given above for the N-methylimidazole 

complexes. Cobalt and halide analyses were good. 

Co(2-methylbenzimidazole) Cl 
2-2  

A solution of 2-methylbenzimidazole (2.64 g.) in 

ethanol (8 ml.) was added to a solution of cobalt 

chloride hexahydrate (2.37 g.) in ethanol (5 ml.). 
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The blue solution obtained was evaporated to about 5 ml., 

benzene added (4 ml.), and the solution evaporated to a 

small bulk. The oil foimed was triturated with benzene, 

and the intense blue solid obtained dried at 120°C. 

(Found: Cl, 18.1; Co, 14.75. Calc. for C16H16N4C12Co: 

Cl, 18.0; Co, 14.95%). 

Co(2-methylbenzimidazole)2Br2  

A solution of 2-methylbenzimidazole (2.64 g.) in 

ethanol (8 ml.), was added to a solution of cobalt bromide 

hexahydrate (3.27 g.) in ethanol (5 ml.). The deep blue 

solution was placed in an ice box for 24 hours., when an 

intense blue crystalline solid was formed. This was 

filtered off, washed with a little ice cold ethanol, 

and dried in vacuo. 

(Found: Br, 32.7; Co, 12.2. Calc. for C16H16N4Br2Co: 

Br, 33.1; Co 12.2%). 

Chapter III 	(See Fig.3.1 for symbols associated with 

the compounds) 

NiLbenzimidazolel4Cl2.  2 Acetone [BC1, 

Benzimidazole (8.3 g.) was dissolved in acetone 
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75 ml.), This solution was added to powdered nickel 

chloride hexahydrate (3.6 g.), and the mixture refluxed 

for 36 hours. 

The immediate product of initial refluxing was a 

pale white precipitate, which altered to a bright green 

solid after 15 minutes. As the refluxing was continued 

the product became darker, and finally attained an 

olive-green colour after about 15 hours, which remained 

unchanged during the remainder of the reflux. 

The flask containing the solid products and 

solution, was corked and allowed to stand for 12 days, 

when there was a slow change to a blue crystalline 

solid. This was filtered off, washed with acetone, and 

dried for a short time in vacuo. 

(Found: C, 54.7; H, 5.05; N, 15.4; 0, 4.24; Cl, 9.6; 

Ni, 8.0. Cale. for C34H36N802C12: C, 56.85; H, 5.05; 

N, 15.6; 0, 4.45; Cl, 9.9; Ni, 8.2%). 

Ni(benzimida7,o1)2  C12 2 Acetone [GC]  

The blue isomer BC was dissolved in boiling acetone 

(70 ml.) till the solution was saturated. Benzimidazole 

(1.5 g.) in boiling acetone (40 ml.) was added, and the 

solution allowed to cool slowly. (The flask was placed 
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in a heating mantle, the temperature of which was 

reduced from ,50°C to room temperature over a period 

of 12 hours). Green monoclinic crystals were formed, 

which were filtered off, washed with a small quantity 

of ice-cold acetone, and dried for a short time in vacuo. 

(Found; C, 56.75; H, 4.85; 0, 4.5; Ni, 8.15%. Calc. 

as above). 

The amorphous sample produced on cooling GC to 77°K 

(see Chapter III) was analysed to check for loss of 

acetone. 

(Found; 0, 4.8, Cl, 9.5%. Calc. as above). 

Ni(benzimidazole)4C12. 2 Acetone [001  

This was prepared following the first part of the 

preparation for the blue isomer given above. The olive-

green compound was filtered off, washed with a small 

quantity of acetone,, and dried for a short time in 

vacuo. 

(Found; C, 55.5; H, 5.0; 0, 4.3; Ni, 8.2%. Calc. 

as above). 
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Ni(benzimidazole)4  C12. --1 Acetone. [YC]  

This was obtained from the olive-green solvate, 

given above, by allowing the latter to stand at room 

temperature and pressure for many days, or under vacuum 

for 2 days. 

(Found: 0, 2.6; 01, 10.6. Calc. for C311130N80C12Ni: 

0, 2.4; Cl, 10.7%). 

Ni(benzimidazole)4  Br2. . 2 Acetone [BB1  

Benzimidazole (6 g.) was dissolved in acetone (50 ml).  

This solution was added to powdered nickel bromide 

hexahydrate (3.27 g.), and the mixture refluxed for 

4 hours. A green precipitate was formed initially, which 

on further refluxing altered to a pale blue solid. The 

resulting mixture was allowed to stand for three days, 

the product then being filtered off, washed with a 

small quantity of acetone, and dried for a short time 

in vacuo. 

(Found: C, 47.0; H, 4.5; 0, 3.9; Br; 19.8; Ni, 7.2. 

Caic. for C
34H36N802Br2Ni: C, 50.5; H, 4.5; 0, 4.0; 

Br, 19.8; Ni, 7.3%). 
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Desolvated Compounds 

Chloride Complexes 

These were obtained by heating a solvated com-

plex in a container formed by drawing out an ignition 

tube, so that the aperture at the top of the tube was 

small. The tube was filled to about 	of its length, 

and placed in a weighing bottle, which was partially 

filled with porcelain chips. The sample was heated 

till there was no further loss of weight. 

The product, starting material, temperature 

of desolvation, weight loss on heating, and analysis 

uf the product, are summarised in the Table below. 

Type Ni(benzimidazole)4  Calclapsight 	Calc. Analysis °6 
Cl2 	.16.2% 	C 	H. . 	Ni 

Product 

Compound 

(C28 "24  

Starting 	Temi.). 

Material(oc ) 

Found 

Wt. Loss 

55.85 
Found 

C 	. 

3.8 
Analysis 

H 	. 

9.75 

Ni 

AC1,B BC 130 16.0 55.7 3,8 9.7 
LCl,G GC 130 16.1 55.7 3.8 9.7 
LIC1,0 OC 110 16.0 55.4 4..1 9.8 

6,C2 BC 110 15.8 55.65 4,4 9.7 
LC3 BC 75 16.1 55.9 4.3 9.8 
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Bromide Complexes 

These were obtained by heating the solvate in 

a similar manner to that described above for the 

chloride complexes. There were specific conditions 

in connection with the preparation of certain of the 

complexes, these being given in the notes below the 

table. 

Type Ni(benzimidazole 	Calc. Weight Calc. Analysis % 

Br2 	
loss 	C. 	H. 	Ni 

. 	. 	 . 

(C28H24N8Br2Ni) 	14.4% 48.7 3.5 8.5 

Product Starting Temp. Found Found Analysis 

Compound Material (°C) 	Wt. Loss 	C. 	H . 	Ni 

/.01,X(a)  BB 140/160 14.2 48.1 3,8 8,5 
(a) 	1, .nll Y 	140/160 14.3 48.7 3.45 8.4 

ti162 	i, 	140 14.4 48.7 3.6 8.4 

n3(b) 	I t 	 140 	14.3 	48.6 	3.5 	8.5 

(a) The solvate BB was heated at 140°C for about 15 

minutes, in a vessel as described above, the colour 

changing from pale blue to blue-brown. The sample was 

then transfered, without cooling, to 160°C for 1 hour, 

when the compound turned to a green colour. On cooling 

the complex assumed a pale yellow-green colour. 

(b) The solvate BB was heated in an uncapped weighing 

bottle. 
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Ni(benzimidazole)4Br2. 3 CHC13  

A sample of Ni(benzimidazole)4Br2. 2 Acetone EBB]  

was placed in chloroform, and sealed up. Over a period 

of about three months, the blue crystalline acetone solvate 

changed to well formed orange crystals. 

(Found: C, 35.8; H, 2.55; Br, 15.4; Ni 5.35. Calc. 

for C311137N8C19Br2Ni: C, 35.5; H, 2.6; Br, 15.2; Ni, 5.6%). 

On heating at 110°C the orange crystals gave a blue-green 

product (Weight loss, 33.7; Calc., 34.1%). 

(Found: C, 49.5; H, 3.35. Calc. for C2024N8Br2Ni. 

C, 48.7; H, 3.5%). 

Ni benzimidazo1214 12° 3 Acetone  

Ni(benzimidazole)2  12  (1 g.), (see Chapter II above), 

was dissolved in acetone (25 ml.) and the solution filtered. 

Benzimidazole (1 g.) was dissolved in the filtrate and 

the resultant solution chilled for seven days. Pale 

green crystals were formed which were filtered off, washed 

with a small quantity of acetone, and dried for a short 

time in vacuo. 

(Found: 0, 4.9; I, 26.5. Calc. for C H NOINi. 37 42 8 3 2 ° 

0, 5.0; I, 26.5%). 



275. 

Ni(benzimidazole)412  

On heating the above acetone solvate at 110°C an 

orange compound was obtained (Weight loss, 18.0, Calc. 18.2%) 

(Found; C, 43.5; H, 3.0. Calc. for C2024N8I2Ni: 

C, 42.8; H, 3.1%) 

Chapter IV 

Iron (II) Complexes  

Certain general features in the preparation of the 

iron (II) complexes may be noted. The solvents used were 

deoxygenated by boiling, and passing of nitrogen gas. 

Ferrous chloride solutions were reduced by standing over 

iron powder, under nitrogen gas, for 12 hours before uee. 

Ferrous bromide was prepared directly in solution by 

the addition of tAnalar' bromine, in small portions, to 

excess iron powder in ethanol, under nitrogen gas, then 

shaking till a green solution was obtained. This was 

then filtered directly into the solution of ligand. 
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FeCpenzothiazole)2C12  

Ferrous chloride (1.95 g.) in ethanol (10 ml.) was 

filtered under nitrogen, into a solution of benzothiazole 

(2.16 ml.) in ethanol (5 ml.). A yellow precipitate 

was rapidly formed, this was filtered off, washed with 

a small quantity of ethanol, and dried in vacuo. 

(Found: C1, 17.75; Fe, 14.0. Calc. for C14H10N2S2C12  Fe. • 

Cl, 17.85; Fe, 14.1%). 

?e77011P_AM.fEZ2:q1.21f12Br2 

Pale yellow crystalline solid prepared by a method 

analogous to that for the chloride. 

(Found; Br, 32.7; Fe, 11.5. Calc. for C14H10N2S2Br2  Fe. 

Br, 32.9; Fe, 11.5%) 

The complexes Fe 12X2 	= 4-cyanopyridine, 3,5-dichloro- 

pyridine; X = Cl, Br) were prepared by methods analogous 

to that given above for Ni(benzothiazole)2C12. 

Fe(4-cyanopyridine)2  C12  

(Found: Cl, 20.85; Fe, 16.85. Calc. for C/2H8N4C12Fe: 

Cl, 21.15; Fe, 16.7%) 
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Fe(4-cyanopyridine)2  Br2  

(Found: Br, 37.25; Fe, 12.75. Calc. for C12H8N4Br2Fe: 

Br, 37.70; Fe, 13.2%) 

FeC3,5-dichloropyridine)2  C12  

(Found: Cl, (anionic) 16.5; Fe, 12.7 Calc. for 

C10H6C16N2Fe: Cl, (anionic) 16.7; Fe, 13.1%) 

Fe(35-dichloropyridine)2  Br2  

(Found: C, 23.2; H, 1.40; Br, 31.05 Calc. for 

C10H6N2C14Br2Fe: C, 23.5; H, 1.2; Br, 31.2%) 

Fe(benzothiazole)4  Br2  

Ferrous bromide (3.3 g.) in ethanol (8 ml.) was 

filtered into a solution of benzothiazole (10 ml.) in 

ethanol (4 ml.). A yellow solid was precipitated, this 

was filtered off, washed with a small amount of ethanol, 

and dried in vacuo. 

(Found; Br, 20.8; Fe, 7.5. Calc. for C28H20N4S4Br2Fe: 

Br, 21.1; Fe, 7.4%) 
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27?lomidazole)4  Br 2. 3 Acetone  

Ferrous bromide (2.3 g.) in acetone was filtered 

into a solution of benzimidazole (4.72 g.) in acetone 

(35 ml.). The resultant solution was chilled for 24 

hours when yellow-brown crystals were formed. These 

were filtered off, washed with a small quantity of 

acetone, and dried in vacuo. 

(Found: 0, 5.45; Br, 18.6; Fe, 6.5. Calc. for 

C37H42N803Br2Fe: 0, 5.6; Br, 18.5; Fe, 6.5%) 

F imidazole4 C12° 2 H2O 

Ferrous chloride tetrahydrate (1 g.) in acetone 

(20 ml,), was filtered into a solution of imidazole 

(2.3 g.) in acetone (15 ml.) 

An orange-brown solid was formed, this was filtered 

off after 15 minutes,washed with acetone and dried in vacuo 

(Found: C, 32.3; H, 4.7; 0, 7.35; Cl, 16.3, Calc. 

for C12H20N802C12Fe: C, 33.1; H, 4.6; 0, 7.35; Cl, 16.3%). 
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Nickel III) Complexes  

Ni(3,5-dichloropyridine)2  C12  

A solution of 3,5-dichloropyridine (2.96 g.) in 

ethanol (7 ml.) was added to a solution of nickel chloride 

hexahydrate (2.37 g.) in ethanol (8 ml.). A pale yellow 

precipitate was immediately formed, which was centrifuged 

off, washed with ethanol, and dried in vacuo. 

(round: N, 6.2; Cl, (anionic), 16.5; Ni, 13.7. Calc. 

for C10H6N2C16Ni: N, 6.6; Cl, (anionic) 16.65; Ni, 13.75%) 

Ni(3,5-dichloropyridine)2  Br2  

Method of preparation analogous to that for the 

chloride complex. 

(Found: N, 5.0; Br, 31.0; Ni, 11.3 Calc. for 

C10H6N2 Cl4Br2Ni: N, 5.45; Br, 31.1; Ni, 11.4%) 

Pa477SJAP-oPyridirel4 Br2  

A solution of nickel bromide hexahydrate (1.6 g.) 

in ethanol (4 ml.) was added, with stirring, to a warm 

solution of 4-cyanopyridine (3.2 g.) in ethanol (14 ml.). 

A green crystalline solid was obtained, which was allowed 
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to stand in th6' solution for 2 hours. The complex was 

then filtered off, washed with a small quantity of ice 

cold ethanol, and dried in vacuo. 

(Found: C, 45.1; H, 2.4; Br, 25.2. dalc. for 

C24H108Br2Ni: C, 45.4; H, 2.7; Br, 25.20 

A solution of nickel iodide in ethanol was 

prepared metathetically, as described above for 

Ni(benzimidazole)2  12. The 4:1 complex was then prepared 

following a method analogous to that given above for the 

bromide. 

(Found: C, 40.05; H, 2.4; I, 34.5. Cale. for 

C24H16N8I2Ni: C, 39.55; H, 2.2; I, 34.8%). 

Ni(benzothiazole)4  Br2  

Benzothiazole (12 ml.) was added to a solution of 

nickel bromide hexahydrate (3.27 g.) in acetone (10 ml.), 

and the solution chilled overnight. A pale green solid 

was obtained, this was filtered off, washed with a small 

quantity of ice cold acetone, and dried for a short time 

in vacuo. 
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(Found: C, 44.5; H, 2.9; Ni, 7.7. Calc. for 

C28H2ON4S4Br2Ni: C, 44.3; H, 2.65; Ni, 7.7%) 

Ni(imidazole)4  012. 2 H2O 

A hot solution of imidazole (2.8 g.) in ethanol 

(10 ml.) was added to a hot solution of nickel chloride 

hexahydrate (2.37 g.) in ethanol (10 ml.). The: 

resulting solution was boiled for 2 minutes, then 

allowed to cool slowly. A pale blue solid crystallised 

out. This was filtered off, washed with ice-cold 

ethanol, and dried in vacuo. 

(Found: 0, 33.0; H, 4.6; 0, 8.6; Cl, 16.2; Ni, 13.5. 

Calc. for C12H20N8C1202Ni: C, 32.9; H, 4.6; 0, 7.3; 

Cl, 16.2; Ni, 13.4%) 

Ni(imidazole).6   (010412  

A solution of nickel perchlorate hexahydrate (1.83 g.) 

in acetone (5 ml.), was added to a solution of imidazole 

(2.75 g.) in acetone (7 ml.). The blue solution formed 

was evaporated to about 5 ml. and chilled for 12 hours, 

when a blue solid crystallised out. This was filtered off, 

washed with acetone, and dried in vacuo. 

(Found: C, 32.2; H, 3.9; Ni, 8.8. Calc. for 

C18H24N12C1208Ni: C, 32.45; H, 3.6; Ni, 8.8%) 
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