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CHAPTER VII 

so~m PROPERTIES OF THE 1:4-DIAZINES 

& THEIR 

REPORTED CO}~LEXES 



(131) 

468-473 
The diazines have been known for some time 

474,475 
nature (see figure 7.0) has been confirmed 

• Their aromatic 

but they have been 

little studied until the 
216,476-479 

derivatives • 

recent discovery of their chemotherapeutic 

185,480 
Pyrazine and Quinoxaline are weak bases (see table 7.1), which 

480 
are usually monoacidic • They are potentially bidentate ligands, 

although the 1:4, arrangement of aza-atoms restricts such co-ordination 

to a bridging, rather than a chelating type. The molecules, being 
220 

~ -electron-deficient, are more susceptible to nucleophilic, 
480,481 

than to electrophilic, attack • On the basis of such reactivity, 
480,481 

the order of ~-acceptor character 
220 

is Q)pyz)pyand 
482 

These amines are easily reduced , and the order Q .., 4Clpy., 2Brpy 

of reduction potentials 
486. 

natures Table 7.2 
485 

reduction potentials 

(E ) probably reflects 
o 483,484 

that of their It-acceptor 

lists the known polarographic half-wave 

(El) of these molecules, in decreasing order. 

The position of other ligands relative to this order may be roughly 
228 

interpolated, since it is known than ha1o-substituents generally 

raise, but a1ky1- and aryl- substituents lower, reduction potentia1s. 

487,488 
It has been shown that mutually perpendicular \1' -systems 

do partially conjugate. This, and a slight twisting of the phenyl 

rings (towards the plane of the quinoxaline nucleus) permitted sterica11y, 

should make Dpq a poorer If-acceptor than Q. By analogy with 2- !ppy 
184 185 

(see table 7.1) the partial conjugation is expected to lead to a 
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Table 7.1 

Base strength {pKa) of the qumoxalines, and some related molecules 
at room temperature. . ~ 

Compound pICa Compound nICa 

PY 5.32 4-NOZPY 1.39 

Quin 4.89 3-NOZQuin 1.03 

2-4>py 4.48 2 ~.!q 0.95 

'IMp 3.55 3-N02PY 0.9Z 

Z,6-IlI1p 1.90 Pyz 0.65 

2,5-INp 1.85 Q 0.56 

Hip 1.45 



Table 7.2 

Reduction Potentia1s (volts) for some Heteroaromatic Ho1ecu1es. 
Tne values are given for neutral or basic conditions and at 
room temperature. 

Molecule E E, 
0 ..1. 

4N02PY -0.Z8 

P -0.13 -0.36 

Q -0.64 -0.66 

Unq -0.71 

A -1.1 -0.79 

Tmp -0.98 

4CNpy -1.32 

4C1py -1.25 

ZBrpy -1.36 

2CNpy -1.70 

py -1. 75 

Anthracene -1.90 

Napthhlene -2.46 
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slightly lower pKa value for Dpq relative to that of Q. 

415,489-494 
The 'It -'t '1t * electronic absorption bands of the diazines 

220 
are found at lower frequencies than those of their mono-azalogues. 

This is consistent with the reduction·potential~ in suggesting that the 

diazines are the better Tf-acceptors. Table 7.3 lists the frequencies 

of the 'tails' of the electronic bands of the amines studied here (by 

reflectance (Dmq,Dpq, P and T), or in C C14 (O.2M) solution). This 

absorption is exceptional for Mq in extending well into the visible 

region. 

The Complexes of Pyrazine 

495 
Lever, Lewis and Nyholm have reported 

496 168 
substituted pyrazines with Cu(I) Ni(I1) 

the complexes of 
497. 

and Co(II) These 

complexes are briefly surveyed below, and listed in table 7.4 with 

their proposed stereochemistries. 

Copper (I) complexes 

-1 1 The appearance of infrared bands at 1248cm ,or 1075cm- for 
497 

the complexes of Mp or 215-Dmp, t~as used as an empirical criterion 

for the presence of monodentate amines. The~e bands are probably due 
498 -1 -1 

to the "V
9a 

or V
1 

vibrations which occur at 1232 cm ,or 1015 cm 
496 

in the Raman spectrum of pyrazine. This criterion indentified the 

Cu(1) complexes as binuclear species involving bidentate amines. 



Table 7.3 

Absorption maxima (kK) for sOllle heterocyclic runmes. 

Amine 

Q 

Band maxima 

6.Qmv; 8.8w 

6.0,,; 15.4sh 

5. 7sh;6 .On; 7 .21'1;8 .6b ,,";24.4sh 

6 .On; 7 .Ovw ,b;8 • SI" 

-25.6 

-17.7 

-26.7 

-25.6 

2-Mq 

2:3.,.Thnq 

2:3-Dpq 

p 6.On;6.9w;7.2w;8.9w;19.0sh,b;24.2vs;25.6sh -22.2 

T 

2-Clpy 

2-Brpy 

3-Brpy 

4-Clpy 

6 .lm; 7. 3w ,b; 9 • h" 

. 6 .Ov 

6.01';21.0v 

6.0;;25.0v1l' 

6 .Ov; 7 .2w; 8 .8w; 27 .8sh,m 

* Vl denotes the approximate frequency at which the IT+!! * 
2 

>28.6 

>28.6 

>28.6 

>28.6 

>28.6 

band reaches half of its maximum intensity (measured as absorbance). 

The relative values of v, mdicate the extent to which. the band extends 
;; 

mto the visible region. 



Table 7.4 

Stereochemistry of the complexes of Pyrazine. 

Copper (1): Linear 

CUZI Z(pyz) CuZ(CN)Z(pyz) 

CuZClz"!p 

CUzCIZ(Z:S-Dmp) ~rZ(Z:S-Dmp) 

CuZCIZ(Z:6-Dmp) ~rZ(Z:6-Dmp) 

CuZBrZ ('nnp) 

Copper (II): Octa,~edra1 

CUCIZ(pyz) 

Nickel (II) 

NiClZ (pyz) Z 

NiClz',lp4 

NiClz"lpS 

NiClzlvlp 

Ni Cl
Z

(Z:5-Dmp) 

Octahedral 

NiC1 2 (Z:6-Dmp) 2 NiBrZ(2:6-Dmp)Z 

Sauare-Coplanar 

NiIz"lpS 

NiIt'!PZ 

NiI
Z 

(Z: 5-Dmp) 

NiIZ(2:6-Dmp) 

NiIZ (Tmp) z 

CuZ(CN)i'1r 

CuZ(CN)Z(2:SDmp) 

Ni (NCS) Z (pyz) 2 

Ni (NCS) IIp 5 

Ni (NCS) t'lp z 

Ni(NCS)Z(Z:6-ThTJ)4 

Ni (NCS) z (Z: 6-nn.p) Z 



Table 7.4 cont ••••• 

Cobalt (II) : Octahedral 

COCIZ (pyz) 2 

COCIZ (pyz) 

CoCI~!P4 

CoClllp 

CoCIZC2:S ;Ilnp) 

CoCIZ(Z:6-Ilnp)Z CoBrZ(Z:6-Ilnp)Z 

Tetrahedral 

CoBrz"lp* 

CoCIZ(Z:5-Ilnp) CoBrZ(Z:S-Ilnp)* 

CoCIZ(Z:S-Ilnp)3/Z 

* denotes dimeric structures. 

COlz"lp* 

CoIZ(Z:5-Ilnp) 

Co (NCS) tipS 
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496 
Linear, monomeric structures (see figure 7.1) were proposed 

for these complexes on the basis that the C-N stretching frequencies 
·432,499 

of the cyanides were too low to result from bridging anions. 

and 

Other complexes of d10 ions with pyrazines have been 
502 

the crystal structure of AgNO (pyz) determined 
3 

• 

upon both pyrazine- and nitrato-bridges. 

Copper (II) Complexes 

496 

500,501 
reported 

This is based 

Lever, et a1, have mentioned unstable complexes of the pyrazines 
503 

with Cu{II). CUC1
2

{PYZ) has been reported by Reimann and Gordon 

and, on the basis of a single d-d band at l4kK, a polymeric octahedral 
504 

structure suggested. This is similar to that proposed 

(figure 7.6). 

Nickel (II) complexes 

395 168 
Magnetic and spectral properties were used to assign octahedral 

or square-planar structures to these complexes. The bis-octahedral 
187 

species were thought to have similar structures to that 

(figure 3.2), the pyrazines being monodentate. Similar structures were 
495 

proposed for the octahedral mono-complexes in which NiX
2 

chains were 

bridged by bidentate amine molecules (see figure 7.2). The other 

octahedral complexes were monomeric, the pentakis-species involving four 

co-ordinated and one c1athrated ~~lecu1es. 
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NiIZ(Tmp)2 was a square-planar monomer (c.f. figure 3.3), but 

the remaining four-eo-ordinate complexes consisted of chains involving 

bidentate amine molecules. 
505 

Such a structure (see figure 7.3) has been 

confirmed The higher It-acceptor character 

of the pyrazines relative to the pyridines was thought to lead to a 

preference of the former ligands for a square-planar configuration (in 
189,190 

which optimum 11' -orbital overlap is achieved), and the latter for 

a tetrahedral configuration. 

152,198 
The spectra of the octahedral complexes have been discussed 

and found to indicate more metal-ligand tf-bonding than in the complexes 

of pyridines. Longer Ni-N bonds in the complexes of the sterically 

hindered ligands were suggested as the cause of the lower Dq values of 

these complexes relative to those 'of unhindered amines. Low Dq values were 

also found for those complexes which involved bridging amine molecules. 

This could be due to the effective cancellation of opposing dipole moments 

induced on the amines; or to the low~-acceptor nature of a molecule 

towards a second metal ion, when it is already accepting electrons from 

one metal ion. 

497,506,507 
Cobalt (11) Complexes 

167 
The spectral and magnetic data indicated 

497 
tetrahedral or 

octahedral structures for these complexes. All the octahedral complexes 
186 

were polymeric, the bis-species having cl-CoCl pYz-type structures 
2 
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(figure 3.2), and the mono-species having additional amine bridges 

(c.f. figure 7.2). 

The bis-tetrahedral complex CoI2(2:6Dmp)2 was monomeric 

(c.f. figure 3.3). The tetrahedral mono-complexes were probably 

halogen-bridge4dimers (see figure 7.4), with the exception of Col (2:5Dmp) 
2 

for which a polymeric structure (see figure 7.5) was proposed, with 
508 

amine bridges. Nelson, et aI, have reported a tetrahedral isomer 

of CoCl
2

(2:5DmP) which appears to have this polymeric structure:; A 

binuclear, amine-bridged structure was pr9posed for the tetrahedral 

Several octahedral-tetrahedral equilibria were studied in 

solution and found to involve solvent molecules. 

preliminary Studies of Quinoxaline Complexes 

An initial survey with solutions of quinoxaline and of metal salts 

showed that complexes could be obtained with Cr(III), }m(II), Co(II), 

Ni(II), Cu(II), Cu(I), Ag(I) and Hg(II); but not easily with Fe(III), 

Zn(II), Tl(I) or Mg(II). 

The complexes of copper (11) with unsubstituted quinoxaline were 
504 

by Underhill. Octahedral CuC12Q and CuBr
2Q were thought 

495 
reported 

to consist of polymeric sheets (see figure 7.6) like those of NiBr2Hp 

(see figure 7.2), while Cu(OAc)2Q had a binuclear structure like that509 



Figure 7.6 
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of Cu(OAC)2.H20. Sulphato- and nitrato- complexes were also prepared. 

The complexes of Nickel (11) with unsubstituted quinoxaline have also 
510,511 

been reported and their spectral and magnetic properties discussed. 
495 

Polymeric octahedral structures, like that of 

proposed for NiC12Q and NiBr2Q. NiI2Q2 was considered to be a square-
168 

planar moqber like NiI
2

(Tmp)2 (c.f. figure 3.3). These complexes, 

and tho~ of Cu(II), Cu(I), and Co(II) are more fully discussed in 

Chapters 11,9,8 and 10. Figures 7.7 and 7.8 show other possible 
183,197,275 

structures for the MX L complexes. The first has been proposed 
2 

for NiC1
2
Py, while the second is a variant of NiBr2Mp (figure 7.2) 

obtained by interleafing chains running in two perpendicular directions. 

Work on the complexes of Cr(III) and Mn(II) was abandoned because 

only impure complexes could be obtained. Complexes approximating to 

MnC12Q and MnC1
2

Mq2 were prepared from ethanolic solution ; while CrC13.6H2( 

and excess Quinoxaline gave, from an acetone solution, a black residue 

of uncertain composition. 

Infrared Spectra of the Quinoxalines 

512 
Katritzky's treatment 

513 
of the vibrations of quinoxaline, along 

with the work of Perkampus,have not alone been adequate to permit an 
514,515 

assignment of all the observed infrared bands. However, it is known 
516,517 518-522 

that the spectrum is related to those of quinoline naphthalene 
498,523,524 525,527 

pyrazine and pyridine , and this has allowed tentative 
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assignments to be made for the infrared bands of Q, Mq, Dmq and 

Dpq. These are given in tables 8.1 and 9.5. 
SW 

based upon that given for naphthalene. 

The notation used is 

Quinoxaline has C symmetry 
2v 

(see Appendix AS), but the point groups of its derivatives depend on the 

exact orientation of the substituents. 



Chapter 8 

THE COHPLEXES OF COPPER (I) IHTH QUTIfOXALINES 
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The complexes of copper (11) with the pyrazines often 

undeI'l1ent spontaneous reduction to the binuclear copper (1) 

compounds 495, 496• This behaviour was not observed (see chapter 

9)for the copper (11) complexes with quinoxalines, and it was 

therefore decided to attempt to prepare the copper (I) species 

by other means. Further interest in these complexes arose from 

the possibility that their infrared spectra would be characteristic 

of the bidentate amines. 

Most of the complexes listed in table 8.1 were prepared 

by direct synthesis from the amines and copper (1) halides. Attempts 

to prepare Cuf~Q by this method gave mixtures of yellow, orange 

and brown products. A titration of Cu Cl in aqueous Na CL with an 

aqueous solution of quinoxaline gave a series of differently coloured 

precipitates at stoicheiometries corresponding to Cu Cl Q (n=1,2,3,6). 
n n 

Similar colour changes were observed \iith CuBr in aqueous K Br, 

It was only possible to isolate CuCl Q by this method, and this 

complex may be compared with Cu CL py529 and the unstable 496Cu Cl(pyz) • 

Pure Cu2~Q and CU2 (CN)2 Q were obtained by reduction of the copper 

(11) complexes. No pure products could be obtained from Diphenyl-

quinoxaline. 

The complexes all have the same stoicheiometry as their 

pyrazine ahalogues496 • They are all diamagnetic and exhibit no 

d-d bands in their visible spectra, consistent with their dlO 

configuration. All are insoluble in water, in contrast to the 



Table 8.1 
-1 Infrared spectra (400-1700 cm ) of the complexes of copper(I) 

lvith the quinoxalines. 

CU2C12.2 9!zllrz,2 Cu21.2.2 Cu2i®z.2 .Q QHC1 Vibn• No. 

410vs 417s 417vs 414m 394s 40lm 36 

43Qn 427m 427m 427m 402vs 493mw 24 

518m 535w 524m 48 

633m 628w 603I11lv 603vs 35 

73lI11lv 726mw(sh) 73lm 11 

769vs 757vs 757vs 756vs 756vs 759vs 27 

778m 79()v 783w 772vs 39 

S66m 868vs 870vs 863ms 867s 867vs 23 

962s 962vs 953s 94Qn 22 

968m 968vs 967m 921sh 

10625 1051vs 1049vs 1050s 1025vs 1042s 46 

1099w 108Qn 37 

11465 1138s 1137s 113lI11l'l 1128m 113Qn 34 

1207vs 1205v5 1214m 120~)r.nv 1216vs 45 

1209 

1361vs 1363vs 13625 136Qns 1356Ill\'l{;h) 1342m 4 

1378m 1373s 1373s 137Qn 1380vs 32 

1390vs 1385m 1387n 139Qns 

1423m 1420s 142Qn(sh) 14161ll1'/ 1403w 18 

1463I11l'l 14005,b 17 

1500vs 1500vs 1499vs 15005 1495s 1480s 44 

1532s 



Table 8.1 cont •••• 

CuZC12Q CuZBr2Q Cu~zQ CuziQ::!lZQ Q (I-IC1 Vibn • No. 

1583r.nv 1581m 1570mv 15225 3 

161Qn 1603~ 16175 16 
W 

1622 

!i9. €u#ZMq Cu#:z!:!9. CUzl2!i9. Vibn • No. 

410s 424vs 423v5 423r.tS 36 

448m 24 

518m 

609ms 628ms 630mv 35 

699m 7331v(sh) 7341, 12 

759vs 760vs 761v5 763vs 27 

792 (5h) 788Jmv 39 

8845 894Jm, 23 

91lms 905Jmv 907nnq 903m 10 

967v5 962nnv 959m 96Qns 22 

10095 988nn'l 984rn 985m (Me rock) 

1034rns 1039Jmv 1035m 46 

1123J 1128m 113Qns 11305 34 
vs 

1130 

1204vs 1202m 1202ms 12085 45 

1213sh (Me rock) 

1293v5 1292rn 1295m 33 

1307nn, 1307r.tS 19 

1371J 5 
1366ms 1362ms 13695 4 

1378 1382m 138Qns 138Qns 32 



TABLE 8.1 cont •••• 

:!:!9. ~2':!.q CuZBr2~ CuzltJ,g. Vibn • No. 

14125 1406m 1406ms 18 

1437m 1432ms 17 

1475ms 14765 1476ms 

1493vs 14935 14935 1492v5 44 

14995 

15635 1540n 1543m5 15475 3 

CuZC1ZIAng CuZBrZDmg CuZIZIAng Dma Dmq IIC1 Vibn • No. -
4445 4425 4425 428w 417Jmv 24 

522rrM 49lm 48 

628m 630s 614m 607vs 35 

67Qn 672w 12 

732m 722ms 7221vt5h) 723s 11 

769v5 774vs 7625 762v5 775vs 27 

789vw(5h) 793vs 39 

8365 8385 8411:1 82Qmv 8325 23 

906m 900s 10 

959m 9625 959m 
97:} 

981w 22 
[10075 (Mc rock) 

1004ms 10095 9975 99 , 1022m 46 

10735 37 

1142m 11425 1139vs 1137rrw 115 Os 34 

1180s 1180s 11775 1165m 1172m 26 

1199m 12065 12015 1212m 
1230J5 
1232 45 

122Qn 12155 (Hc rock) 



Table 8.1 cont •••• 

Cuz,.Q.ZDmg CuZDrZThng CuzIzThnq Thna Thna lIe1 Vibn• No. 

1312m 1258nn'l" 5 

132°1 1332m 13345 1336m 1328 nn.; 1309m 33 
1337 13321'1" 

13525 1363Il!1'; 135&1 4 

137J 1375Jm 
I'; 

13795 1382v5 1376v5 137 1377 32 

13975 1400vs 1408vs 140CJrm,1 1421(5h) , 18 

14085 

1432m 

146lm 1465nn.; 1437nn.; 
14661vs 
1471 17 

1490s 1490vs 1489vs 149lnnv 1498m 44 

15525 1556m 1565IiU'1 158Qm.; 3 

1572nnl 1603w 161Qm.; 16 
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chloro- and bromo- pyrazine complexes which dissociated496 when 

washed with water. The greater stability of the quinoxaline 

complexes is unlikely to be associated with basicity, since the 

inlO amines have approximately the same pka values (see table 7.1), 

and may be due to stronger ~-bonding (see table 7.2: assuming 

that the relative orders of amine-reduction-potentials are the similar 

for the free, and the complexed, molecules). 

INFRARED SPECTRA 

Cyanide Bands 

The C-N stretching vibration of the cyano-complex is 

observed (see figure 8.1) as a single peak with maxima at 2107, 

2118, and 2127 cm-l • 

Bridging cyanide ligands exhibit -V CN bands in a range 

close to the value 530 of 2172 cm-l for Cu CN. The range of 

terminal cyanide frequencies is lower; 432,499 for example at 530 

1 -1 
2125 cm-for K Cu (CN) 2 and 2094, 2081 and 2075 cm for K3Cu (C1I\. 

531,532. The cyanide frequency of CU
2 

(CN)2Q is very similar to 

those (2103-2132 cm-l ) of Cu/CN)21 496 (1=pyz,Mp, 2:5-Dmp 2:6-Dmp), 

falling within the range for terminal cyano-groups. The splitting 

of the peak into three components has also been observed for 

531,532 

and has been attributed to site symmetry. 
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This evidence, and the stoicheiometry of the complexes, 

suggest that CuZ (CN)zQ and, by inference, the other complexes 

have the linear, binuclear structure (see figure 7.1) proposed496 

for their pyrazine analogues. 

Noi)Ou_C bands could be observed above 400 cm-l (See 

table 8.1) and this is in accord with the value531 of 364 cm-l 

for this frequency in K3Cu (CN)4' 

Amine Bands 

It is seen from table 8.1, and the typical spectra 

illustrated in figure 8.1, that the bands in the 400-1700 cm-l 

region are changed little on coordination. A tentative assign-

ment is given, as explained in chapter 7. The spectra are all 

very similar, justifying the suggestion that they all have the 

same structure. 

The monoprotonated salts Q H Cl and Dmq H Cl belong to 

the Cs point group rather than having the CZv symmetry of their 

parent amines. The "V 11 , ))37 and V39 vibrations518 transform 

as AZ in C2v sJ~metry, but as A" in the Cs group (see Appendix 

A.5), and should be infrared-inactive in the former case, but 

active in the latter case. Table 8.1 confirms that these modes 

are weak or absent for Q and Dmq but appear moderately strongly 

for the hydrochbrides. Further the A2 vibrations are generally 

weak in the complexes of Q and Dmq, suggesting that these ligands 

are bidentate and so retain their C2v symmetry. 
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Generally the amine vibrations increase in frequency 

when coordinated, following an anion dependence: Cl-)Br-)I-> CN-. 

Table 8.2 gives the mean band shifts due to coordination. These 

shifts also show the anine dependence: Q)D '> 11. The data is mq q 

consistent with the relative Cu-N bond strengths, as explained 

later. 

THERHAL DECOHPOSITION 

The complexes decompose before melting, and 

·thermogravimetric analyses show that the initial loss of amine 

'"' is followed by oxidation to Cu O. The intermediate steps 

corresponding to the Copper (I) halides are evident in the 

typical thermograms given in figures 8.2 and 8.3. Table 8.3 

compares the percentage weights remaining {\1 ), which are observed 
r 

r-
and calculated for the Cu X stages. Agreement is evident to 

within experimental error. These intermediates were confirmed 

as the Copper (I) halides (for the decomposition of the 

quinoxaline complexes) by recading their X-ray powder photographs. 

The positions of the lines observed in these photographs are 

given as lattice d-spacings in table 8.4,and agree well with 

those listed for the copper (I) halides in the A.S.T.H. index. 

Hany bis-quinoline-metal-halides have been shown79 to decompose 

in the same way, to leave the anhydrous metal halides. 



Table 8.2 

Mean mfrared shifts (cm-I) due to co-ordination, decomposition 
o . 

temperatures ( C) and frequencies (ll') of charge-transfer onn: 

for the complexes of qumoxalmes l·Iith copper(I) 

* Complex or Tm Vo 

Cu2C12Q +13.1 280 15.7 

Cu2Br2Q + 9.4 270 17.5 

Cu212Q + 8.8 260 16.9 

Cu2(GI)ZQ + 7.9 220 18.2 

Cu2C1llq - 2.0 255 16.0 

CuzBrllq - 2.4 220 16.4 

CuzIZMq - 0.8 155 16.5 

CuZC1ZDmq + 3.6 275 16.1 

CuZBrZllnq + 6.2 250 17.5 

CuZI 2llnq + 3.2 245 16.5 

* 0 denotes the mean shift (m-I) of the amine vibrations due to 
r 

co-ordmation. 
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Table 8.3 

TIlennal data for the complexes of copper Cl) with the quincixalines 

* 
Complex Ii COC) IcC°C) FOlmd 

.!Yr C%) 
Calculated 

CuZCIZQ ZZO 300 61.8 60.3 

CuZBrZQ 190 300 68.8 68.8 

CuZlZQ ZOO Z80 75.Z 74.5 

CuZ(CN)ZQ 160 Z35 57.5 57.9 

Cu Cl Hq Z Z 100 350 57.8 57.9 

CuzBrzHq 100 Z90 67.0 66.6 

CuzlzI'lq 90 180 73.5 72.5 

CuZCIZThnq 240 340 57.8 55.6 

Cu2BrZThnq 190 280 65.5 64.5 

Cuz I ZThnq 200 260 71.8 70.7 

* Percentage ,~eight remaining after the loss of organic lir,and 



Table 8.4 
o 

Diffraction lines (dA) observed for ti1e intermediates from tile decompositior 

of copper(I) complexes. Reported lines for copper(I) {lalides are given 

for comparison. 

P-esidue 
from 

CuZC12.Q 

** 

A.S.T.H. 
for * 

CuC1]E0344) 

(3.2) 3.127 

(2.77) (2. 710) 

(2.58) 

(2.37) 

1.94 

1.65 

1.365 

1.25 

1.115 

1.045 

0.96 

(0.918) 

(0.858) 

1.915 

1.633 

1.354 

1.243 

1.1054 

1.0422 

0.9574 

0.9154 

0.8564 

Residue 
from 

CuzBrzQ 

3.35 

2.03 

1. 73 

1.43 

1.315 

1.17 

1.10 

* A.S.T.M. reference code 
** brackets denote \leak lines 

A.S.T .11. 
for 

CuBill-0292) 

3.285 

2.012 

1.716 

1.423 

1.306 

1.1615 

1.0951 

Residue 
from 

~.!.2Q 

3.6 

3.1 

2.18 

1.84 

(1. 77) 

1.53 

1.395 

(1.37) 

1.24 

1.17 

1.075 

(1.02) 

0.960 

(0.926) 

(0.914) 

(0.876) 

0.849 

(0.841) 

0.810 

A.S.T.M. 
for 

CuI]E0246) 

3.493 

3.025 

2.139 

1.824 

1.747 

1.5127 

1.3881 

1.3529 

1.2351 

1.1644 

1.0696 

1.0228 

1.0084 

0.9568 

·0.9228 

0.9121 

0.8733 

0.8473 

0.8391 

0.8086 
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The complexes of Q and Dmq are generally stable up to 

""2000 C but those of Hq start to decompose at "'lOOoC. Tables 

8.2 and 8.3 list the temperatures at ",hich the loss of amine begins 

(T,), reaches a maximum (T ) and is complete (T ). 
J. m· c 

The thermal 

stabilities (T ) follo\< the orders: Cl- ) Br - > I- > CN- and 
m 

Q '> Dmq > Hq. These trends probably reflect the relative Cu-N 
. 80 

bond strengths • Thus, they are consistent I1ith the infrared 

shift data, since strong Cu-N O"-bonds I1ill cause89 'tightening' 

of the amine ring vibrations. The reason for this particular 

order of amine dependence, for the Cu-N (i-bond strengths, is not 

understood. The order of anion-dependence is presumably' due to 

the influence of polarisability via the electroneutrality principle 

(see chapter 1). 

CHARGE TRANSFER ABSORPTION 

Table 8.2 gives the frequency (V ) of the onset of the 
o 

strong electronic bands in the U.V. region. The position of -j) o 

is arbitrarily taken as that of the inflexion in the curve, and 

only has relative significance. These bands 'tail' into the 

visible region, providing the source of the bright colours of 

the complexes. 

The ligand 'If"" \1'. transitions, listed in table 7.3, are 
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416 
not expected to vary greatly in frequency, and cannot generally 

account for the present bands, which must be ascribed to ch!!rge-

transfer processes. Table 8.2 shO;JS that the frequencies are 

higher for the bromide complexes than for their clibride 

analogues. The reverse order is observed for the copper (II) 

complexes (see chapters 4 and 9), and attributed to Cu"" L 

and X-. Cu transfer. The present bands may be due to L-'Cu 

or Cu ~X transfer. The halogen dependence would then be 

consistent, for the former process, with the Cu,...N (f" -bond 

strength order (indicated by TGA and IH data); or, for the 

latter process, ;Jith easy transfer to electronegative 

halogens. The higher electronegativity of Cu(I) with respect 

to Cu(II) (first and second copper ionisation potentials are 

·15.45 ev and 12.55 ev)467, 86 suggests that the charge-

transfer may be associated ,,,Uh the L" Cu O""-bond, since the 

absorption is observed at lower energy for the Cu(I) complexes 

than for those of Cu(II). 

chloride 

transfer 

The iodides have values of i) between those of their 
o 

and bromide analogues. This may be due to the L-PCu 

ePs,"~.J 
being ""Bel, ed by the lower X-' Cu bands. The anomalous 

behaviour of the Hq complexes may be due to the proximity of the 

ligand absorption (see table 7.3) for this amine. 
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X-RAY DATA 

Powder photographs were taken of most of the complexes, 

and the lattice d-spacings are collected in table 8.5. The patterns 

are all similar, but do not indicate strict isomorphism. 

DISCUSSION 

The lowi)CN bands and the stoicheiometry strongly 

suggest that these complexes have the same linear, ,binuclear 

structure (see figure 7.1) as the pyrazine species496 • The 

infrared data is consistent with the presence of bidentate amine 

coordination. 

Molecular models show that hindrance between the 

8-H atom and Cu atom is such as to prohibit the coordination 

of any of these ligands unless the Van der i,'aal' s radius of 

copper is effectively less than""1.4 R. That complexes have 

been prepared indicates that this condition is fulfilied. With 

such an upper limit on the copper radius, models show further 

that the nature of the substituents in the 2- or 3- positions 

does not affect the feasibility of coordination. The linear 

structure leads to no dependance of steric hindrance on the 

a.nion present, 

Linear structure~33 are uncommon for copper (I) 

compounds, which mostly exhibit tetr~edral coordination534-545,547. 

Orgel has, however, explained546 how they can arise by the 



T<Jb1e 8.5 
0 

d-spacings CA) measured from the X-ray powder photographs of the 

copper Cl) complexes 1·lith quinoxa1incs. 

CuzlQ!lz.9. CuZ,!,z.9. CuzBrz.9. CuzC1z.9. CuzQ;#9, CuzC1ZDmq CuZBrZDmq Cuz.!.ZDm 

9.0 

* 8.Z 8.Zb 8.7b 

7.7b 7.4 

5.9 

4.8 4.9 

4.5 4.3 4.3 

3.6 3.57 3.85 3.6Z 

3.25b 3.52 3.35 3.40 3.35 3.45 

3.4 3.15b 3.2 3.1 3.Z 

2.95 2.97 

3.05 Z.95 2.6 2.8b 2.75 2.82 2.8 

2.92 2.75 2.53 2.55 2.55 2.66 2.6 

2.76 2.55 

2~58b 2.66 Z.5 2.48 2.35b 2.37 2.45 2.42 

2.48 2.34 

2.39 2.3 2.28 2.35 2.3b 

2.29b 2J2 2.23b 2.02b 1.92 2.0 2.19 2.22 

Z.2 

Z.13 2.12 2.12 2.09 

2.02 2.03 2.03 2.05 2.06 

1.96 1.97b 1.97 1.9 1.86 1.97 1.96 1.95 

1.92 1.88 1.87 1.88 



Table 8.5 cont •••• 

1.85 1.34 1.81 

1. 76 1.78 

1.71 1.74 1.72 1.71 1.74 

1.54b 1.52 1.65 1.57 1.48 

1.59 

1.54 

1.51 

1.39 

* Underlined values appear strone1y. 
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formation of a hybrid (1/"'2) (dz
2 

- S) orbital. This 

orbital is localised in the xy plane and electrons placed 

in it, instead of in d 2) are effectively withdrawn from the 
z 

z-axis regions. This permits ligands to approach, with 

reduced coulombic repulsion, along the z-axis. 

EXPERIl1ENTAL 

Thermal decompositions were studied on a Stanton 

Thermal Balance, working at a chart speed of 3 in I hr. and 

a.rate of temperature rise of 2/30 Imin. Q and Mq were obtained 

from Koch-light, I<hile Dmq and Dpq were prepared by condensation 

reactions52S• 

Other practical details have been described 

earlier. Carbon., hydrogen and nitrogen Enalyses were 

performed by Mr. P. Borda. 

All compounds were dried at 20°/25 mm. 

DICHLORO (QU1NOXALINE) D1COPPER (I) 

Quinoxaline (1.5 g., 1 mol.) and copper (11) chloride 

dihydrate (3.9g., 2 mol.) were dissolved in water (150 ml), 

5Cft6 hypo-phosphorous acid (S ml.) was added, and the mixture 

° kept at 90 for 1 hour. The initial yell0\1 precipitate 

rapidly turned to dark brown flakes of the produce (2.4g., 63%), 

which were filtered off and I<ashed with water. (Found: 

C,29.6; H, 2.0; Cl 22.1; Cu 38.8. CSH6C12Cu2N2 requires 

C,29.3; H, 1.S; Cl,21.6; Cu, 3S.7~). 
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DIBRONO (QUINOXALlNE) DICOPPER (I) 

Copper (I) bromide (4.4g., 2 mol.) was dissolved in 

an acidified (2 drops, 5N H2S04), cold saturated solution of 

potassium bromide (110 ml.), and the solution was added slowly 

to a stirred solution of quinoxaline (2.0 g., 1 mol.) in water 

(100 ml.). The initial yellow precipitate turned into the orange 

product (5.9 g., 92%) during the addition. The product was 

filtered off and washed with dilute potassium bromide solution 

and water. (Found: C, 23.4,; H, 1.6; Br, 39.0; Cu,30.5; 

CsH6Br2Cu2NZ requires C, Z3.0; H,1.5; Br,3S.3; Cu,30.5'fo) 

DI-IODO (QUINOXALINE) DICOPPER (I) 

This complex Vias similarly prepared (Found: 

C,19.Z; H,1.5; Cu,Z4.7; I, 49.5. CSH6CuZIZNZ requires: 

C, lS.S; H,l.Z; Cu, Z4.9; I, 49.7%). 

DICHLORO- (Z- NETHYLQUINOXALlNE) DICOPPER (I) 

This complex \'/as also obtained as above, but with 

the addition of the Z-methylquinoxaline to the solution of Copper 

(I) chloride. (Found: C, 31.7; H, Z.5; Cl, ZO.S; Cu, 36.4. 

C
9 

HSC1ZCuZNZ requires C, 31.6; H, 2.4; Cl, ZO.7; Cu, 37.1%) 

DIBRONO - (Z- HErHYLQUINOXALlNE) DICOPPER (I) 

This complex was similarly prepared, but without the 

presence of acid ( Found: C, 25.6; H, 1.9; Br, 37.0; Cu, Z9.0. 

C9HSBr2Cu2N2 requires C, 25.1; H, 1.9; Br, 37.1; Cu, 29.5%), as 

was di~do (2-methylquinoxaline) dicopper (I) (Found: C, 20.7; 
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H, 1.7; Cu, 24.0; 1, 4S.0. C
9
HSCu212N2 requires C, 20.6; 

H, 1.5; Cu, 24.2; 1, 4S.3%) 

DICHLORO- (2:3 -dimethylquinoxaline) DICOPPER (1) 

This was sLmilarly prepared in 50% aqueous ethanol. 

The impure red product was dissolved in boiling water (200 ml.) 

by adding concentrated hydrochloric acid. The resulting brown 

solution was neutralised with dilute ammonia and then slightly 

acidified with dilute hydrochloric acid while still hot. The 

pure, red product which precipitated as the solution cooled was 

filtered off and washed with water (Found: C, 33.9; H, 3.0; 

Cl, 20.0; Cu, 36.0; - CIoHlOClzCu2N2 requires C, 33.7; 

H, 2.S; Cl, 19.9; Cu, 35.7%) 

DIBROMO - (2:3 DIHErHYLQUINOXALINE) DICOPPER (1) 

This complex lVas also obtained as above, but with 

the addition of the copper solution to the solution of 2:3 -

dimethylquinoxaline. No acid was used in the initial reaction, 

and dilute sulphuric acid was used in the purification (Found: 

C, 27.0; H, 2.2; Br, 36.2; CU, 2S.9. CIOHIOBr2Cu2N2 requires 

C, 27.0; H, 2.3; Br, 35.9; Cu, 2S.5%). 

DI-IODO - (2:3 DIHErHYLQUINOXALlNE) DICaPPER (1) 

This complex was similarly prepared but without 

reprecipitation (Found: C, 23.0; H, 2.1; Cu, 23.6; I, 46.S. 

CIOHlOCu212N2 requires C, 22.3; H, 1.9; Cu, 23.6; I, 47.1%) 
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DICYANO (QUINOXALlNE) DICOPPER (I) 

Quinoxaline (0.9 g., 1 mol.), potassium cyanide 

(1.8 g., 4 mol.), and hydroxylamine hydrochloride (2.0 g.) 

were dissolved in water (20 ml.) and the mixture was slowly 

added to a solution of copper (11) chloride dihydrate (2.2 

g., 2 mol.) in water (20 ml.) A yellow-brown complex was formed 

initially and converted into the orange product (1.5 g., 7~/o) on 

boiling the solution for 30 mins. This was filtered off and 

washed with ethanol, dilute sodium chloride solution, 

dilute potassium cyanide solution and water. (Found: 

C, 38.9; H, 2.3; Cu, 40.8; N, 18.1. ClOH6Cu2N4 requires 

C, 38.8; H, 2.0; Cu, 41.1; N, 18.1%). 

QUINOXALINlUM HONOCHLORIDES 

The hydrochlorides of quinoxaline and 2:3-

dimethylquinoxaline (and also 2:3-diphenylquinoxaline) were 

prepared by adding a few drops of concentrated hydrochloric 

acid to a solution of the amine in acetone. The pale precipitates 

were washed several times with acetone. 

2:3 DIMETHYLQUINOXALINE 

o-Phenylenediamil1e (43.2 g., 1 mol.) t bia.cetyl 

(35.0 ml., 1 mol.), glacial acetic acid (lOG ml.), and water 

(700 ml.) were refluxed together for 3 hours. Yellow-brown 

needles of the product Here deposited when the mixture cooled 
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to room temperature. These were filtered off and the filtrate 

added, with stirring, to \;ater 0000 mL). The filtrate was 

neutralised with sodium hydroxide and more product was obtained 

on leaving the mixture for 24 hours. The product was refluxed 

with decolourising charcoal, in alcohol, for one hour. The 

resulting solution was filtered, and the pure product (21 g., 

33%) crystallised as yellow needles, m.p. 105.5 - 106°c, from 

the filtrate. (Found: C, 76.1; H, 6.5; N, 17.9. CIOHION2 requires 

C, 75.9; H, 6.4; N, 17.7,6). 

2:3 - DIPHENYLQUINOXALlNE 

o-Phenylenediamine (21.6 g., 1 mol.), benzil 

(42.0 g., 1 moL) and glacial acetic acid (500 mL) were 

refluxed together for 3 hours. The cold reaction mixture 

was added slowly, with stirring, to water (1500 mL), 

whereupon the white product precipitated. This was purified, 

as above, to give needles, m.p. 124-125°C (48 g., 85%). 

(Found: C, 85.2; H, 5.0; N, 10.0. C20H14N2 requires C, 85.1; 

H, 5.0; N, 9.o/t6). 



Chapter 9 

. COPPER (Ill COMPLElCES WITH SUBSTITUTED QUINOXALINES 
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496 The Copper (n) complexes vd th pyra.zines were found to be 

unstable, but Underhill reported504 stable complexes of this ion with 

quinoxaline. The factors affecting this type of complex were therefore 

investigated. As the instability of some of the pyrazine complexes 

Ivas ascribed504 to steric hindrance, this factor was studied by 

preparing a number of complexes of quinoxaline substituted in the 2-

and 3- positions. 

The complexes listed in the upper part of table 9.1 were prepared 

and their room-temperature magnetic moments were found to lie in the 

131 range (1.7 - 2.0 B.H.) generally observed for Copper (n) compounds. 
~ ~ 

The low moment (1.55 B.B.) of:Cu Br2 Dmq may be compared with the low 

19 420 values reported' for some other complexes of Cu Br
2

, and may be 

due to an exchange mechanism. 

All these complexes were stable, and the only evidence obtained 

for spontaneous reduction vias the isolation of brown diamagnetic 
........ 

crystals from acetone solutions of Cu Br
2 

and Dmq. HOIvever, this 

reduction appears548-558 to be more characteristic of Cu Br
2 

and 
,.... 

acetone than of Dmq; and in the absence of the amine, Cu Br and bromo-

acetone can be isolated. Analysis of the brown crystals indicated that 

the ligand involved was probably a product of an attack on Dmq by 

bromoacetone. 
.,.. ,..-... 

The Copper (11) complex Cu Br
2 

Dmq was obtained from 

ethanolic solution. 

No evidence vias found for the existence of complexes/of quinoxaline 

with CuI2 or Cu (NCS)2' nor of the substituted quinoxalines vdth CUS04 

or Cu (OAc)2. This may be contrasted with the preparation504of CuS04Q 

and Cu(OAc)2Q• It was not possible to isolate pure Cu(cr0 2Q or Cu(K03)2Dpq2 



Table 9.1 

Electronic spectral data~l and room temperature magnetic moments 

(B.M.) for the copper(II) complexes with quinoxa1ine~. 

Cbmp1ex ~eff 

CuC111qz 1.84 

CuBrzMqz 1.75 

Cu(N03)zMq 1.96 

Cu(N03) zMqz 1. 88 

Cu(N03) ZMq3 1.72 

CuC1znnq 1. 73 

CuBrznnq 1.55 

Cu(N03)ZDmq 1.86 

CUC1ZQ 

CuBrZQ 

Cu(N03)ZQ 

1.89 

1.84 

Cu(N03)ZPYZ 

Cu(N03) z (MepYlZ 

Cu(N03) ZQuinZ 

Band Maxima 

14.7(.5) 

16.1(.4), 10.5(b,w,sh) 

17 .Z(.4), 13,8 (sh) , 11.1(vw,sh) 

17 .Z(.4), 14,3(sh), 11.:(vw,sh) 

16.7(.7), 13.5(sh), 11.1(vw,sh) 

Zl.3(b,w,sh), 18.7(sh), 14.Z(.4) 

14.9(.5), 1O.0(w,b,sh) 

17.5(.5), 13.9(sh) 

0* 

4.9 

3.6 

4.6 

5.1 

6.1 

4.7 

3.2 

4.7 

ZO.O(vw,sh), 18.7, 14.3(.5), 10.0(b,sh) 5.7 

14.9(.3), 10.5(b,w,sh) 3.0 . 

14.3(1.1) 

14.0(1.3) 

18.0(1.2), 14.3(~v,sh) 

15.9(.4), 13.5(.4), 11.1(sh) 

16.1(b) 

~16.1(b) 

4.6 

4.0 

5.Z 

* Estimated since the higher frequency part of the line shape is ob~cured 

by charge transfer bands. 
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complexes. 

Electronic Absorption Spectra 

The d-d band maxima of these and some related complexes, are 

collected in table 9.1, while the spectra of the ch+oro-complexes 

are illustrated in figure 9.1. 

Halo-complexes 

The chloro-complexes may be divided into two groups on the 

basis of their reflectance spectra: 

a) CuC12Q and CuC1ZMq2 have very similar spectra to that 

(c.f. figure 4.1) of CuC12PY2' exhibiting a single band 

close to 14.5 kK. 

b) CuCl~q and CuC12Dpq2 exhibit two d-d peaks like those 

(see figure 4.1) of CuC12 (2BrpY)2' The bands (""14.3 kK 

and "'18.7 kK) have a mean frequency higher than that of 

CuC12PY2' 

As earlier found (see chapter 4) for the halopyridine complexes, 

the low frequency of the charge-transfer bands of the bromides part-

ially obscures the d-d bands. The spectra otherwise appear to be 

very similar to those of the corresponding chlorides. The higher 

frequencies of the d-d bands for the bromides, relative to the 

chlorides, was ascribed in chapter 4 to increased Cu-N 'If-bonding, 

or to shorter Cu-N bonds in the former complexes. 

The high frequency of the bands for all these complexes 

precludes(as discussed in chapter 4) the possibility of tetrahedral 



E 

(0.0) 

A 

1 

, 
• , , 

......... _-.. 
Ok-~2~O~~~~~~~10~ 

( v(kK) 
Figure 9.1 



- 152 -

or trigonal-bipyramidal structures. Only the quinoxaline complexes exhibit 

446 comparable high-intensity d-d spectra to those reported by Waters for 

cis-configurations. However, the bands of the quinoxaline complexes 

probably have too high frequencies to result from cis-chromophores. No 

explanation can yet be given for the high intensities of these spectra. 

All the complexes must be at least as tetragonal as CuC12PY2' to 

account for the high d-d frequencies. This criterion restricts the 

possible structures to (see chapter 4): 

i) a six-coordinate structure like that of CuC12PY2' 

ii) a five-coordinate, square-pyramidal structure like that of 

CuC12(2-MepY)2' 

iii) a four-coordinate, square-planar structure like that proposed 

The similarities in the spectra, noted above, suggest that the complexes 

of Q and Mq may have octahedral structures based on that of CuC12PY2' and 

that those of Dmq and Dpq may be square-coplanar. The spectra of the 

first group of complexes may be assigned in the same way as given ( in 

chapter 4) for CuC12PY2. The spectra of the square-coplanar complexes 

may be assigned like that of CuC12 (23rpY)2. The feasibility of these 

assignments confirms the suggested structures. 
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These tentative assignments are given in table 9.2 with the estimated 

values of 10Dq. As expected, 10Dq is very similar for all these complexes. 

The high value for CuBr2Mq2 is not understood. The high tetragonalities 

indicated by V, for· the complexes of Dmq and Dpq are in accord with the 

square-planar structures proposed for them. 

The charge-transfer bands have been attributed (in chapter 4) to 

Cu -7 L and X ~ Cu processes. Both should occur at comparatively low 

energies if the amine (L) can easily accept 'If-electrons. The observed 

order of v.. (as defined in the previous chapter) is Q <Dpq < Dmq < Mq, 

and this can be understood as roughly the reverse of the tr-acceptor 

order (see chapter 7). 

Nitrato-complexes 

All the reflectance spectra of the nitrato complexes are similar 

to that of Cu(N03)2PY2' for which an octahedral structure has been 

267 proposed. Since no structures are known for this type of complex, 

the spectra assignments, indicated in table 9.2, are made very tentatively. 

The values of 10Dq appear to be slightly higher than those of the halides, 

which is consistent with the higher position of the nitrate group in 

the spectrochemical series23• The origin of a weak 11.1 kK shoulder, 

which appears in the spectra of many of these complexes, is unknown. 



Table 9.2 

Tentative assignments of the reflectance spectra (kK) of the 

complexes of copper(II) l~ith quinoxa1ines. 

Complex ~1 ~2 ~3 ~ 

OlC1ZQ 14.3 14.3 14.3 7.1 

CuBr2Q 14.0 14.0 14.0 7.0 

OlC1zMq2 14.7 14.7 14.7 7.3 

CuBrt1q2 17.2 17.2 17.2 8.6 

OlC12Imq 18.7 18.7 14.2 6.3 

CuBrZDmq 18.5* 18.5* 14.9 6.8* 

OlC1ZDpqZ 18.7 18.7 14.3 6.4 

CuBr2Dpqz 18.5ush 18.5ush 14.9 6.8 

0l(N°3)ZQ 18.0 14.3 18.0 7.8 

0l(N03) t1q 17.2 13.8 17.2 7.5 

01 (N03) zMqZ 17.2 14.3 17.2 7.6 

OlCID3)ZHq3 16.7 13.5 16.7 7.3 

CuCN03)ZUnq 17.5 13.9 17.5 7.5 

CuCN03)ZPY2 15.9 13.5 15.9 7.1 

* llitimated from the silnilarity of the spect:run to that of OJBT2DpQZ 



£-
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It is not known whether Cu(N0
3

)2PY2 has a polymeric anion-bridged 

structure, or whether it is monomeric with che1ating nitrato-groups. 

The change267 in the spectrum on dissolving the complex in chloroform 

may be due to dissociation of the former structure. 

The spectrum of Cu(N03)ZMq3 is somewhat different, consisting of 

a very broad band like that of Cu(N03 )2(IQuin)2' for which a cis­

octahedral structure has been proposed359 (with che1ating nitrato-

groups). The infrared data (see later) confirms that at least one of 

the Mq molecules is not coordinated. This situation is similar to 

that of Cu(N03)2PY6 in which two py molecules are 

The spectra also exhibit an intense band near 
.,.. 

to the -{\. -"1 tr transition of the nitrato-group, 

not coordinated. 267 

31.5 kK which is due559 , 560 

Smith has studi~d559, 560 

this band in fused salts, finding an environmental dependence of the 

frequency. Addison has recently extended561 this work to the study 

of coordinated nitrato-groups. Because of the complication of this 

region of the spectrum by ligand bands (see table 7.3), no obvious 

trends are revealed by the present spectra. 

Far~Infrared Spectra 

Table 9.3 gives the Vibration frequencies of these complexes in 

6 8 -1 . d t the 0-3 Ocm. re~on, an entative assignments which are mostly due 

to Adams and Morris562• The spectra of the Dmq complexes are shown in 

figure 9.2. The assignments have been treated cautiously since they 



Table 9.3 

Far-infrared frequencies (an-I) in the solid state for the copper(II) 

complexes of quinoxalines. 

Other 
Compound veu_x veu_N °eu_x "eu-x v40 v28 v

25 iiandS 

Q 205sh 1845 

euC12Q 324vs 22Qn 180vs 98m 2465 147ni, 
19!itsh17atsh 129m 8: 

CuBr2Q 2555 211w 138m 244sh 19311 1725 141ush 
(1151'1~~~1, 

}.Iq 276vs , 188vs 137m \1, 
293sh 

euC12MQ2 320s 208sh 217m 90.5m 286m, 173m 138m 107sh 
300sh 

CuBrl1Q2 2525 200s 239m 2945, 18lm 132m 1025 
305sh 

Drnq 2785, 1665 
32Qn 

euC1
2

Drnq 368vs 2145 1565 88m 3155 17811 110:1,l3! 

CuBr2nrtq 278v5 220s 105m 3155 176~1 ]':Sh,l3 

DpQ 307m, 1925 9711,361 

332m 

euC12Dpq2 3375 2175 144sh 298ush, 202m 34~ush 
315m 115w, 

19~shl 
168m,13 

CuBr2Dpq2 2695 220s 98m 298w, 20lm 349m, 
317m 110:1, 

188m, 
165m, 
139m. 



a 

A 
b 

c 

F
o 100 IQure 9 ° 2 V---' -~> 500 
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562 depend on a number of assumptions: 

i) that the corresponding chloride and bromide complexes are 

isomorphous, so that halogen-sensitive bands may be identified 

with certainty; 

ii) that the Cu-N, Cu-X and ligand vibrations are independent; 

iii) that no lattice modes are present above 60 cm.-1; 

iv) that bands do not overlap; 

v) that coordination does not split the ligand vibrations 

or activate modes not observed in the spectra of the free amines. 

vi) Comparisons of the bands of several complexes are only valid 

if it is certain that the compared frequencies are due to the 

same vibration mode for all the complexes. 

The following considerations are conditional upon these assumptions. 

Copper-halogen frequencies 

Only one Cu-X stretching vibration is observed for all of these 

complexes. This is consistent with, either the six-coordinate, or the 

four-coordinate structures proposed above; but precludes a five-coordinate 

structure of the CuC12(2MepY)2 -type (figure 4.2), or any cis-, tetrahedral 

or trigonal-bipyramidal configurations. Since all of these latter stereo-

chemistries are accentric, the asymmetric and symmetric stretching fre-

quencies are both allowed (see Appendix A5) in the infrared spectrum. 

It has been demonstrated in chapter 4 that the long Cu-X bonds in 

the six-coordinate structures will probably stretch in a manner which is 
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equivalent to a deformation of the short Cu-X bonds. Adams has 

suggested353 that this vibration ( $,Cu-X) should increase and VCu_X 

should decrease in frequency as the long Cu-X bonds shorten and tetra-

gonality decreases. The correlation between ~Cu-X and tetragonality 

,/as confirmed in chapter 4. 

On the basis of both criteria the Dmq and Dpq complexes are shown 

to be more tetragonal than those of Q and Hq. The high frequency of 

-Vcu_X (368 cm-l ) for CuC1
2

Dmq may be compared with that (362 cm-l ~ see 

chapter 4) of CuC12P, and is the highest yet recorded353 • Square-planar 

structures may, therefore, be proposed for the complexes of"Dmq and Dpq 

and octahedral, polymeric structures suggested for the complexes of Q 

and Hq. 

Although relativeiy low (""320 cm-l ) the Vcu_x bands of the CuC12Q 

and CuC12Hq2 are higher than that (287 cm-l ) of CuC12PY2. This effect 

is also exhibited by CuC12(4-N02PY)2 ()JCu-Cl = 313 cm-
l

) and'las 

ascribed in chapter 4 to considerable Cu-N lr-bonding. Such an 

explanation agrees "lith the larget'rr -acceptor character (see chapter 7) 

of the quinoxalines. 

Copper-nitrogen bands. 

Only one 1VCu_N band is observed for these complexes, in agreement 

with the proposed structures. These frequencies are all close to 

-1 4 -1 210 cm ,if the band at ~2 5 cm in the quinoxaline complexes is 

~ 8 ~ accepted as the amine v40 ring vibration (observed at 2 5 cm and 

267 cm-l respectively, in the Raman spectra of naphthalene519 and 
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.quinoline517)rather than -VCu_N' These bands are at lower frequency than ("1.,7 c .. -'. 

that of CuC12Quin2, presumably due to the lower basicity of the amines270 

(table 7.1 and chapter 4). The bands are at slightly higher frequencies in 

the chloride complexes of Q and Mq than in the bromides; the reverse 

being true of the complexes of Dmq and Dpq. If this difference is significant 

it may be due to easier Cu-N If-bonding in the square-planar complexes, 

and to the influence of anion polarisability on IT-bonding (see chapter 1). 

Near-Infrared Spectra (375-1700 cm.-1). 

Nitrate bands (Table 9.4) 

All the nitrato-complexes, unlike the halo-complexes but like Cu(N0
3

)2Q 

and Cu(N0
3

)2PY2' exhibit absorption bands in the ranges of 798 - 806, 

-1 
1014 - 1020, 1277 - 1296 and 1496 - 1513 cm. • All except Cu(N0

3
)2Mq3' 

-1 have a further band in the 711 - 712 cm. range. As described in Appendix 

A5, these bands are characteristic of coordinated nitrato-groups and may 

be assigned respectively, to the V 6' ")72 ,;;, 1)4 and 175 vibrations. A further 

vibration (i7
3

) is obscured by an amine band ( )]27)' 

Field and Hardy have concluded563 that near-infrared vibration frequencies 

cannot be used. to distinguish between mono dentate- and bidentate- nitrato 

groups, because both belong to the C2 point group. Far-infrared M-O stretch-
~ , 

ing frequencies 
. 64 

have been found5 to be more informative on this matter, 

but this·data was not available. 



Table 9.4 

Infrared absorption bands (cm-I) due to the nitrate group in the copper(II) 
complexes of quinoxa1ines. 

Complex ~5 .% ~2 ~1 ~ 

Cu(N°3)zMq 711nM 803s 1020vs 1296vs 1500vs* 

Cu(N°3) zMqz 712w 8015 1019vs 1280vs 1496vs* 

Cu(N°3) zMq3 806m 10185 1277vs 1502vs* 

Cu(N03) 2Dmq 712w 798vs 1014vs 1279J 5 
1513vs* 

1289 

Cu(N°3)2Q 708TIl11 800vs 100~ 12:Jvs 
1502vs* 

1028 vs 13 

Cu(N03)2PY2 804m 1024m 1268

1 1468}vs vs 
1282 1477 

* Ligand bands which are broadened in the nitrate complexes relative 

to the halides. 
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Amine bands 

The spectra of the complexes are simply related to those of the free 

amines, allowing the tentative assignments, given in table 9.5, to be made 

as discussed in chapter 8. The complex Cu(N03)2Mq3 is exceptional, in that 

the lV36' lV35 ' ~27' i/22' -Y45 and 1733 vibrations give rise to one set 

of bands close to that of Cu(N03)2MQ2' and to a further set close to the 

frequencies of the free amine. This suggests that the tris-complex 

contains some coordinated, and some free, Mq molecules. 

The spectra of the Dpq complexes were very similar to that of DpqHC1, 

suggesting (see the previous chapter) that this amine is mono dentate in 

its complexes. The criteria, suggested in chapter 8, for mono dentate Q 

and D}hq;yield inconclusive results when applied to the Copper(II) complexes. 

A search was made for other empirical criteria of monodentate character, 

by comparing the spectra of the hydro chlorides and the complexes of 

Cu(r), cu(rr) and Ni(rr). 6 6 
-1 . 

A strong band in the 03 - 35 cm. reg10n 

(due to1l
35

) was often exhibited by the mono dentate Q complexes. The 

appearance of bands near 465cm.-1 , 1018cm.-1 (il46 ) and the strengthening of 

theiJ
35 

andi/39 bands may be characteristic of monodentate Dmq. Mono­

dentate Mq usually gave rise to new bands near 472cm. -1 (");)24)' 540cm.-1 

(-,)48) and 891cm. -1 (V
23

), and to a splitting of the V34 band near 1130cm. -1. 



Table 9.5 (a) 

Infrared absorptian.frequencies(cm-1) for the copper(II) complexes 

of quinoxa1ines. Nitrate bands are excluded. 

CuC1Z.Q CuBr2.Q Cu(N°sL2.Q Vibration 
Number 

422m 417m 4235 3945 36 

43Qn 429m 432ms 402s 24 

54Qm'l 539mt>' 53711ll>' 535w 48 

54711ll>' 54311 547m 

64511llv 64311ll'l 654m 603rn'l 35 

66711ll'l 663vw 

726I1llv,sh 11 

756vs 7525 744vs 756vs 27 

785m 78Qm'l * 783vw 39 

876vs 875ms 8635 8675 23 

95511ll'l 917vl'l 

9735 973m 98lms 9535 22 

1066vs 1062ms 1057vs 1025vs 46 

11ClOm 109511ll'l l09Q1u 10991'1 37 

114

Jvs 
113} 1146Js 

1128m 34 

1147 1145 1150 

1213Jvs 1213ms 121

Js 
120

JlTlI
'I 45 

1218 1218 1209 

1286m 129Q1n'l * 1267w 5 

135ZIIll'l 1352m 136

Jms 

135611llv,sh 4 

13751'1 1372 1370m 32 



Table 9.5 Ca) cont •••• 

CUC122 CuBr22 CuQ10~22 Vibration 
Nwnber 

140~ 1416m 18 
IV 

142 

14665 147Qns 1476 14635 17 

15035 1507ms * 14955 44 

* Obscured by nitrate bands. 

Table 9.5 (b) 
Vibn. 

CUC1Z!:!g.2 CuBrt~ CU(NO~;#9. Cu(N0~~2 Cu(N0~2l!q3 ~ No. 

4335 434vs 427m 434ms 41111'.5 4105 36 

4305 

473m 4725 472m 452m 44811'. 24 

473ms 

SIGn 

5371111'1 54Gn 54J 539nn'i 537m 534" 48 
1111'1" 

54 

623ms 623vs 620Vl'l.b 623m 61511'. 609ms 35 

6245 

6461111'l 64Gnw 644m 648m 6481111'1 

727m 7325 7261 ... ·j<b.5h 72 8V1 ... ,.;sh 699m 12 

75J 763vs 748v5 7525.5h 7575 759vs 27 

767 vs 762vs 

7765 

774m.5h 78lms * 79Qns 792nn'l 7925n 39 

89lms 8931111'1 89Sm 898ms 898m 8845 23 



Table 9.5(b) cont •••• 
Vibn. 

CuCllloZ CuBr zl:19.z Cu(NO~zl:19. Cu(NO~z'..19.z Cu(NO~tJ9.z l:19. No. 

908ms 91lm 9171~,5h 9171, ,b 91lms 10 

953mw,sh 95Zw,sh 9391v,b 

96411'05 96Qnw 967vs Z2 

9785 98011 9945,5h 9815 969ms 

985ms 

10llnn~ lO131, * * * 1C09s (Me rod 

103Cins 1033b,w * 1034m,sh 1038mw,sh 1034ms 46 

1130]s 1132Jm 
11395 11385 1132ms 112~~vs 34 

1140 1141 11475 1148w 1130 

12095 1207m 12035 1213v5 12055,5j 1204v5 45 

12125 

1220s 123Cins 1213sh (Me rOI 

12.7Bm 1278vw 12725h 

1294ms 1298V1~ * * 1298ms 1293v5 33 

1307ms 131o.~ 13215 1318ID1~ 1315ms 1334ID1~ 19 

13685 1368m5 1342m 1368ID1~ 13725 1317

J5 

4 

1377ms,sh 138ans 1380mw 1383ms 1378 32 

1410J 
1412m 14111~ 1422

J 
1417ID1~ 1414 ~ 14125 18 

b,m, 1418 
1439 sh 

1474ms 14675,b,sh 1470s,b,sh 1437m 17 

15005 1498ms * * * 1493vs 44 

lSS~~ms 1552w 156011 1558m 15635 3 

1560 1563w 1572m 1567m,5h 



Table 9.5(b) cont •••• 
Vibn. 

lliC12!:!9.2 CuBr~2 CU(NO~ Cu(NO;>ltIQZ lliCNO~2!:!9.3 m No. 

1584m 1592h' 1594nM 1579m 31 

1614m . 1613w 1617rm~ 1612rm~ 16 

Table 9.5 Cc) 

lliC1ZIAng CuBrZIAnq lli (NO~2.!:E!9. fug Vibration Number 

444m 444m 449vs 428r.J. 24 

547,,, 548rm" 542m 48 

635ms 635m 6385 614m 35 

682ms 687m 6795 67011 12 

729ms 723_ 725vl'l 7221'1(511) 11 

748vs 7455 76Ov5 762v5 27 

7931'1 788rm~ * 789w(5h) 39 

838m 84011 8435 820111'1 23 

913m 9131'1 916m 906m 10 

978rmj 22 

997m 998m * 99011 46 

37 

1143vs 11435 1143v5 1137rm~ 34 

117

J5 

117Qns 11795 1165m 26 

1178 

12145 1214m 12085 1212m 45 

12665 1266m * 1258rm~ 5 

1320 

1319m 1317m 1328 rm~ 33 

133 



Table 9.5 Cc) cont •••• 

CuC1zlhg CuBrzlhq Cu(N0~2lhg lhg Vibration Number 

13435 1347ms 1350s 134811 

13615 1363m5 1370d 1363nn1 4 

13735 1376ms 137~ 137J 32 
vw,5h N 

138 137 

140S5h 1406NJ 141lm . 1400rm1 18 

14665 146611 14595h 1437nn1 17 

149lm 149lms * 149lnn1 44 

lSlOJ nn1 
1513 1516_,5h 

1565nn1 3 

1603w 16 

Table 9.5(d2 

CuC1Z.!2E9.2 CuBr~:; .£i?9. DoqHC1 Vibration Number 

440w 43911 427nn1 24 

498vw 498_ 49lnn~ 488w 9 

516~1 513nn1 

539J nn1 
547m 547ms 541vs 544 48 

558nn~ 560.'1 

566W} 565m 5665 566m 21 

571w 57lm 

6065 607m5 600v5 6°~1 5,b 
633w 633m 61Qn 609 35 

670sh 672nn1,b 62lnn1 61811 



Table 9.5 (d) cont •••• 

CuCIZ.!2E9.2 CuBrzDoqz .!2J. DpqHCl Vibration Number 

693v5 69

J5 

698v5 703vs (Phenyl) 

69 

73QJw 73211' 729m 73lm 11 

761 ) 7565 7615 760s 8 
~s 

770 7685 768v5 77Ov5 27 

788m 39 

917m 919mw 928m 930!~ 10 

982ms 985m 979s 978m 22 

lO28ms 1028m 1024m lO26m 46 

1063ms 1066m 1060s 106Qn (Phenyl) 

lO71sh 1078m ·1079m 37 

113lms 1133m 1130!~ 1130!~ (Phenyl) 

1142mw 1144mN 1143m 1145s 34 

1219m 1218rm~ 122

Jm 

45 

1227ms 1228m 1228 1230s 

1259rm'l 1261w 125Qn 12491~ 5 

1333m 

1351s 1357s 1350vs 1347s 4 

14001nv 1404ms 1396m 1397m 32 

14435 1446ms 1441s 1445s 18 

1477b,m 1473sh 1453m b 17 

1482m 1486ms 1479m 1471s (Phenyl) 

1497rmv 150lm 1495m 150Qn 44 

1543w 15481ll\~ 1549sh 1542m 3 



Table 9.5(d) cont ..•• 

CuC1Z.!2il9.Z CuBr zl2E9.z l2E9. DpgHC1 Vibration Number 

15611~ 1567ll11~ 1557m 1559m (Phenyl) 

1599w 158lM,sh 15741~ 1598w 31 

16 76ll11~ 16Z7w 165lm (Phenyl) 
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Powder X-ray diffraction data 

X- ray powder photographs were recorded for the complexes and the 

measured d-~ngs are listed in table 9.6. No strict isomorphism is 

indicated,565 but the complexes of the same amine have very similar 

patterns, allowing for slightly different lattices in the order: 

Thermal Decomposition Studies 

As figure 9.3 shows, very few of these complexes decompose in a 

simple manner. No attempt has been made to isolate or analyse the inter-

mediates corresponding to the many points of inflexion on the curves. However, 

table 9.7 shows that some intermediates agree well with the proposed 

formulae, on the basis of the observed and calculated values of Wr • 

The table also gives details as to whether the initial reaction appears 

to involve fission of copper-amine or of copper-anion bonds, and the 

temperatures (T~m) at which the fission of copper-amine bands first reaches 

a maximum rate. If the order in which the bonds are first broken reflects 

the relative strengths of the copper-amine and copper-anion bands then the 

order of bond strengths is generally: Cu-Br < Cu-N < Cu-O < Cu-Cl. A 

reversal of the apparent bond strengths of the Cu-Br and Cu-Cl bonds in 

the Mq complexes is not understood, but may be correlated with the very 

high long-bond Cu-Br stretching frequency (lIc B = 239cm.-
1

) for u- r 



Table 9.6 

Main lines (d-spacings in ~) in the X-ray p01vder photographs of 

the copper(II) complexes of quinoxa1ines. 

CuClz,Q CuBr2.9. Cu(NO~2.9. CuC12!i9.2 CuBr2!i9.2 

10.5 

7.75 

6.7 

6.0 

5.3b,s 

4.6b 4.2vs,b 

3.55 3.4Sb 3.45s,b 

3.35 

3.13 3.1 3.075 

2.82 2.9 

2.635 2.75 2.95 2.685 2.735 

2.535 2.515 

2.35 2.43 2.59 2.4 2.35vs 

2.40 

2.38 

2.32 

2.215 2.2b,s;. 2.25s,b 2.13 2.235 

2.16 

1.895 2.03 2.025 2.08 2.13 

1.80 1.86 1.96 1.87 1.97 

1.84 1.89 

1.80 1.85 

1.745 1. 74s,b 1. 755 1.74b 1.72 



Table 9.6 cont .••. 

CuC1z2 CuBrz2 Cu(N°:>Lz2 CuC1z,!lQZ CuBr z,!lQZ 

1.65b 1.64 1.72 

1.70 

1.44. 1.54 1.68 

1.64 

1.59 

1.45 1.47 

1.4Z 

1.36 1.365 1.39 

1.3Cb 1.31 

CuC1ZlJmq Cu(N°:Y-2Dmq CuC1Z.!2J.?qZ CuBrZ])Pg2 

7.5 8.2 

6.7v5,b 6.9vs,b 6.0 

6.5 

6.2 

5.45 5.2 5.5 

4.3vs,b 4.3v5 4.3 

3.85 3.9 

3.65 3.55v5 3.7 3.6 

3.35 3.4 3.45 

3.2 3.13vs 3.15 

2.9vs 2.955 2.95b 

2.8 

2.645 2.7 2.72 

2.58 2.575 2.555,b 



Table 9.6 cont •••• 

CuC1ZImo Cu (N0:>LzImg CuC1ZDn°2 CuBr 2.!2E£.2 

2.415 2.49 

2.335 2.35 2.38 2.4b 

2.2 2.235 2.235 2.235,b 

2.125 2.13 2.12 2.08 

2.025 2.07 1.96 1.98 

1.88 1.9 1.925,b 

1.82 1.85 

1. 76 

1.72 1.73 1.70 

1.65 1.66 

1.61 

1.58 1.57 

1.52 1.52 

1.49 

1.44 1.43 
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Table 9.7 

Thermal data for tile copper(II) complexes of quinoxalines. 

ColllPlex a)T' 
--m 

b)T' (Og c) Product d)~rill-

Found Calculated 

CuC12Q 285* 300 CuC12Q! 76.5 75.2 

CuBr2Q 235t 190 CuBr3/2Q 89.7 88.7 

Cu(N°3) 2Q 255* 260 Cu(N°3) 2 58.0 59.0 

CuC12Mq2 485t 

CuBrflQ2 420* 440 CuBrf!Q 70.9 71.8 

Cu(N°3)llq 215* 

Cu(N03) t IQ2 125* 

Cu(N03)2HQ3 120* 130 Cu(N°3) tlq)/Z 65.1 65.2 

CuCl2ThnQ ? 260 CuC13/ ZDmC\! . 67.7 67.0 

CuBrZThnq ? 550 CuBr 38.0 37.6 

Cu(N03) ZThnq 215* 260 CuN°3 36.8 36.3 

CuC12Dpq2 315* 340 CUC12 20.1 19.2 

CuBr2Dpq2 280* 310 CuBr2 28.9 28.4 

Notes: 

a) T'm is tile temperature at l'lhicil tile rate of fission of Cu-N bonds 

first reaches a maximum~ 

* denotes tilat Cu-N bond fission is involved in the initial decomposition 

reaction. 

t denotes tilat Cu-X or CU-O bond fission is involved in tile initial 

decomposition reaction. 

b) T' is t.lte temperature at which tile intermediate listed is formed. 

c) Only tilose intermediates are listed for l~hicll there is good agreement 

of Wr data. 
d) Wr is listed for tilese intermediates. 
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The T values in table 9.7 reveal that the stabi1ities to m 

copper-nitror.;en bond fission are generally in the orders: 

Mq)Dpq >Q) Dmq and Cl) Br for the halo-complexes. These cannot 

necessarily be interpreted as the order of Cu-N bond strengths 

(therefore no correlation with infrared frequencies is possible) for 

the following reasons: 

a) The complicated nature of the 

(11) complexes has been attributed 

prevalence of redox processes. 

decomposition reactions 

80 by Bowman and Rogers 

of Copper 

to the 

b) The fission of Cu-N bonds is not always the initial reaction, 

and in such cases the structure of the intermediate in which the Cu-N 

bonds break may bear no relationship to the starting complex. 

c) Many thermodynanic factors may contribute to stability: 

i) If decomposition proceeds via C~ species, which involve 

chain structures, then the octahedral complexes already contain 

such chains, but the square planar complexes do not. 

ii) If decomposition proceeds via Cu2X2L species, which involve 

bidentate amines, then the Q and Dmq complexes already contain 

such amines but those of Mq and Dpq do not. 

iii) The bidentate ligands may involve an entropy factor 

analogous to the "chelate effect". 

iv) Hydrogen bonds may be involved in the Mq and Dpq complexes, . 

which have non-coordinated nitrogen atoms. 

v) Unknown values for Lattice energies and latent heats of 

evaporation will be involved. 
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d) Kinetic factors may be important; for example Dpq may be a bulky 

leaving-group. 

The factors a) and c(ii) are illustrated by the easy decomposition 

of most of the complexes with bidentate amines, via the species 

tenuous evidence). These intermediates may be formulated as the 
I II 

Copper (I) complexes CuBr1, Cu
2

C1
2
1 , Cu

2
Br

2
Q and Cu

2
Br

2
1 where 

I " 1, 1 and 1 are halogenated amines (c.f. the diamagnetic complex 

involving bromoacetone and Dmq, mentioned above). The existence of 

such halo-amines is supported by the observation that the decomposition 

of these intermediates involves simmultaneous loss of halogen and amine. 

Studies of Molecular Models. 

In order to study the importance of sterichindrance scale 

molecular models were built from polystyrene, using the dimensions 

of table 9.8. For the reasons put forward in chapter 8, a value of 

1.4 ~ was assumed for the Van der \vaals' radius of copper. This value 

is not critical for a valid comparison of the differences between the 

complexing abilities of the amines studied. These differences were 

investigated by attempting to "co-ordinate" the model amines to a 

model of the CuC1
2 

chain present 186 in CuC12PY2' and also to copper 

atoms involved in five-co-ordinate and square-planor stereochemistries. 

Six-coordination. 

If Pauling's value391 (1.8 A) for the Van der \';aa).s' radius of 

chlorine (ionic) was used, then none of the amines could coordinate 

to the CuC1
2 

chain because of hindrance (see figure 9.4) between the 



Table 9.8 

Ho1ecu1ar parameters (j\) used in making models. 

Distance 

Nonnal CU-C1 bond 

Long CU-C1 bond 

Cu-N bond 

C-C bond in aromatic rings 

C-N ------------­

C-H -------------

C-H bond in n:ethy1 groups 

C(ring}-C(methy1) bond 

C(ring)-C(pheny1)bond 

Cl covalent radius 

H Van der Waal's radius 

N ----------­

Cl ---------­

Cu ----------

Aromatic half-thickness 

* Value used in Stuart organic models. 

** See text. 

Value Taken 

2.28 

3.05 

2.lP2 

1.395 

1.352 

1.084 

1.101 

1.52 

1.50 

0.99 

1.0* 

1.5 

1.4** 

1.4** 

1.7 

Reference 

186 

186 

186 

566 

566 

566 

566 

566 

566 

391 

392 

390 

391 



b 

Figure 9 '.4 
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chlorine atoms and the 8-H atom or the 2:3- substituents. However, 

if Sanderson's value 390 (1.4 X; appropriate for covalent 567 chlorine) 

was used, then it was possible to coordinate, at normal Cu-N bond lengths 
o 

(V\ 2.0 A), the 'I. and Mq molecules but not Dmq or Dpq. Further, Mq 

could coordinate at the unhindered 4-N position but not at the 

hindered l-N atom. The optimum orientation for coordination was 

achieved when the amine rings were perpendicular to the chain axis. 

The experimental evidence suggests that 'I. and Mq do coordinate 

the CuC1
2 

chain. Thus the effective Van der \'/aals' chlorine radius 

in these compounds appears to be less than 1.8 ~, consistent \;ith 

some degree of covalent bonding. It was found in chapter 4 that 

CuC12Q.uin2 was probably a square-planar monomer. If this is due to 

steric hindrance, the six-coordinate nature of CuC12Q. may be related 

to a higher degree of covalent bonding in the quinoxaline complex. 

This would be consistent with the higher 'If - acceptor capacity of 'I., 

which is evident from the frequencies of charge-transfer-onset 

No models were built of the bromo-complexes, but it seemed 

likely that the lonc;er 390 bromine Van der \vaals' radius would be 

compensated by longer 237 Cu-X and Cu-Cu bonds, and so the effects 

of steric hindrance would be similar to those in the chloro-complexes. 

Even longer Cu-Cu distances were expected 568 in the nitrato-complexes, 

and consequently, little steric hindrance of polymeric six-coordination 

would occur. 
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Five-coordination. 

Stoicheiometry only permits the chloro-complexes of Q and Dmq 

to achieve five-coordination via chloride bridges. l10dels show 

that trigonal-bipyramidal or square-pyramidal structures are 

possible. 

Both types of structure are also possible for the complexes of 

I1q, either with or without chloride bridges. For Dpq, however, 

models show that five-coordinate structures are only possible with 

chloride bridges (c.f. figure 4.2). Structures with bidentate 

Dpq are sterically impossible because the molecules orient themselves 

in such a way that either a chlorine atom touches the 8-H atom, or 

a phenyl group touches the quinoxaline nucleus of another amine 

molecule (see figure 9.4). 

Five-coordinate structures appear to be t.~rf'D~l>lee for the 

bromo-complexes. 

Four-coordination. 

Models show that there is no hindrance of square-planar 

coordination because the amine rings can orient themselves in a 

plane perpendicular to that of the halogen atoms (c.f. NiBr2Dmp in 

figure 7.3). 

Discussion. 

The evidence from the study of reflectance spectra, . 

far-infrared spectra and molecular models is consistent, and suggests 

the following structures: 
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Halo-complexes. 

Infrared spectra and X-ray powder patterns suggest that the 

corresponding chloro- and bromo- complexes have similar structures. 

a) The evidence, taken with the stoicheiometry, suggests that 

the complexes of Dpq have square planar monomeric structures 

(c.f. figure 3.3). Their monomeric nature is confirmed by the 

observation of clear melting points (Cl-: 264-SoC; Br-: 254-6°c) 

for these compounds; but not for any of the other complexes, in 

agreement with their polymeric structures. 

b) The Dmq complexes exhibit reflectance spectra which are very 

similar to the Dpq complexes. The square-planar nature of the 

former compounds is confirmed by the far-infrared data and the 

studies of models. The stoicheiometry of these complexes 

suggests that they have polymeric structures, like that 505 

(figure 7.3) of NiBr2 (2:5 Dmp) , with amine bridges. The 

alternative square-planar, halogen-bridged dimeric structure 

(c.f., the similar 569 units in CuC1
2

MeCN) is excluded since 

only oneJVCu_Cl bond is observed, at high frequency, and since 

the optical d-d band is observed at high frequency. 

c) The evidence suggests that the complexes of Mq have 

structures very similar to that 186(figure 3.1) of CuC12PY2; 

and the models indicate that coordination occurs probably via 

the 4-N atom. 

d) The present. consideration confirms Underhill's suggestion504 

that the quinoxaline complexes have structures (figure 7.6) based 
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on that 186(figure 3.1) of CUC1ZpyZ' but in which the CUC1
Z 

chains are bridged by bidentate amine molecules. An alterna-

tive structure like that of NiC1Zpy (figure 7.7), is excluded 

because the d-d transition is observed at a high frequency; 

while the three-dimensional variant (figure 7.8) is excluded on 

steric grounds, since the Cu-Cv disrnnces within the CuC1
2 

chains 

are too short to accommodate the quinoxaline molecules between 

the chains. 

Nitrato-complexes. 

It has been suggested that all the complexes have polymeric 

octahedral structures with anion bridges (and also amine bridges in 

all except the bis- and tris- Hq complexes). The structures may be 

similar to that 570 of Cu (N0
3

)2 (MeNO
Z
)' with the addition of a 

further ligand to the chromophore. 

The complexes described here show that Z-substituents (on a 

ligand) may have a very specific steric effect on their structures. 

The facility with which copper (11) halides form these complexes is 

probably due to the tetragonal distortion present 103 in these 

complexes, which will reduce steric effects due to the 2-substituent. 

The increased stability, relative to the pyrazine complexes,495 ,496,503 

is probably due to the greatertr-acceptor character of the quinoxalines. 

Experimental. 

Reflectance spectra were obtained by ,Dr.B.J .Hatha;lay at Hull 

University. Mr. P. Borda performed the carbon, hydrogen and nitrogen 

analysis. Far-infrared spectra were recorded by Dr. D.M.Adams and 
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Mr.D.M.Morris, at Leicester University, using nujol mulls supported 

on Rigidex plates and a Research and Industrial Instruments Co., 

FS-520 Interferometer. Cosine Fourier transforms were computed to 

-1 a rGsolution of 5 cm on an E11iott 803 computer. Other details 

have been described previously. All compounds were dried at 200 j25mm. 

Dichloro bis-(2-methylquinoxaline) copper (II). 

2-Methylquinoxaline (2.1 g., 2 mol.) was added to a stirred 

solution of copper (II) chloride dihydrate (1.25 g., 1 mol.) in ethanol 

(20 m!.) • The green product (2.4 g., 78%) ,Ias filtered off and washed 

with ethanol and ether (Found: C, 51.1; H, 4.0; Cl, 16.9; Cu, 15.4. 

C18H16C12CuN4 requires C, 51.1; H, 3.8; Cl, 16.8; Cu, 15.(96). 

Dibromobis-(2-methylquinoxaline) copper (II). 

A solution of copper (II) bromide (1.4 g., 1 mol.) in ethanol 

(15 ml.) was added, ,dth stirring, to 2-methylquinoxaline (2.0 g., 

excess) • The dark brown product (2.8 g., 8796) was filtered off and 

washed with ethanol and ether (Found: C, 41.8; H, 3.5; Br, 31.4; Cu, 

12.6. 

Dinitrato-(2-methylquinoxaline) copper (II). 

2-Methylquinoxaline (1 g., excess) was added to a stirred solution 

of copper (I1) nitrate trihydrate (1.5 g.) in ethanol (7 ml.). Ether 

(15 ml.) "as added, and the pale blue product (1.8 g., 8716) slowly 

precipitated, then was filtered off and washed ,dth ether (Found: 

C, 32.7; H, 2.6; Cu, 19.6; N, 17~1. C
9
H8CuN406 requires C, 32.6; 

H, 2.4; Cu, 19.2; N, 16.~~). 
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Dinitrato tris-(2-methylquinoxaline) copper· (11). 

A solution of copper (11) nitrate trihydrate (1 g.) in acetone 

(10 ml.) was filtered and added, with stirring, to 2-methylquinoxaline 

(1.5 g., 3 mol.). The medium blue product (1.3., 6016) was filtered 

off, and washed ,nth a little acetone (Found: e, 52.3; H, 3.9; Cu, 10.4; 

N, 18.1. 

Dinitrato bis-(2-methylquinoxaline) copper (11). 

This compound was prepared by the same method but with only 2 mol. 

of 2-methylquinoxaline (Found: e, 45·.3; H, 3.5; eu, 13.5; N, 18.0. 

e18H16cuN606 requires C, 45.4; H, 3.4; eu, 13.4; N, 17.7%). 

Dichloro-(2:3-dimethylquinoxaline) copper (11). 

A solution of copper (11) chloride dihydrate (2.5 g., 1 mol.) in 

acetone (150 ml.) was filtered and added slowly to a vigorously stirred 

solution of 2:3-dimethylquinoxaline (2.5 g., excess) in acetone (50 ml.). 

The solution was cooled in ice, and the yellow-green product (4.0 g., 

93%) filtered off and washed with acetone and ether (Found: C, 41~2; 

H, 3.4; Cl, 24.4; Cu, 21.7; N, 9.9;. 

H, 3.4; Cl, 24.2; eu, 21.7; N, 9.6)6). 

Dichloro bis-(2:3-diphenylquinoxaline) copper (11). 

This compound was prepared as above (Found: C, 68.8; H, 4.1; 

Cl, 10.1; Cu, 9.1. 

Cu, 9.1%). 

Dibromo-(2:3-dimethylquinoxaline) copper (11). 

A solution of 2:3-dimethylquinoxaline (1 g., 1 mol.) in ethanol 

(30 ml.) was added to a stirred solution of copper (11) bromide 
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(1.4 g., 1 mol.) in ethanol (80 ml.). The brown product (1.4 g., 

58%) was filtered off and washed with ethanol and ether (Found: 

C, 31.7; H, 2.8; Br, 41.6; Cu, 16.2. 

H, 2.6; Br, 41.9; Cu, 16.6%). 

Dinitrato-(2:3-dimethylquinoxaline) copper (11). 

A solution of 2:3-dimethylquinoxaline (2.5 g., 1 mol.) in acetone 

(50 ml.) was slowly added to a filtered solution of copper (11) nitrate 

trihydrate (4.1 g., excess) in acetone (150 ml.) at OOC. The pale 

blue product (3.2 g., 59%) slowly precipitated and was filtered off 

and washed With acetone (Found: C, 35.1; H, 3.2; Cu, 18.5; N, 16.2. 

C10H10CuN406 requires C, 34.7; H, 2.9; Cu, 18.4; N, 16.c/o). 

Dibromo bis-(2:3-diphenylguinoxaline) copper (11). 

Copper (11) bromide (0.8 g., 1 mol.) and 2:3-diphenylquinoxaline 

(2.1 g., 2 mol.) were stirred together at 150-1700 C for 20 minutes. 

Benzene (10 ml.) was added, with stirring, and when the mixture had 

cooled to room temperature the yellow-brown product (1.3 g., 46~G) was 

filtered off and washed with ethanol, water, and then a mixture of 

ethanol and ether. (Found: C, 60.8; H, 3.7; Br, 20.6; Cu, 8.0. 



Chapter 10 

THE COMPLEXES OF COBALT (II) SALTS WITH QUINOXALINES 
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The importance of steric factors and of ligand basicity and 

polarisability has been demonstrated in Chapter 5 for the substituted 

pyridine complexes of Co(II). Lever, et aI, have found 497 evidence 

of the operation of these effects in the Co(II) complexes of the 

pyrazines. Steric effects in complexes involving bidentate ligands 

have already been studied in the Copper (11) complexes of quinoxalines, 

and it was of interest to investigate the Cobalt (11) complexes of 

these ligands. 

Complexes were prepared having either CoX2L or CoX2~ 

stoicheiometry, as shown in Table 10.1. In each ease the mono-

quinoxaline complexes were obtained by thermal treatment of the 

bis-complexes. Thermogravimetric analysis of CoI2Q2' however, 

revealed no evidence for the existence of CoI2Q. Attempts to prepare 

~oIzMq, CO(N03)2Mq and Co(N05)2Dmq p.elded only impure products. 

No evidence was obtained for the existence of any complexes with Dpq. 

None of the ligands yielded sulphate or acetate complexes, but there 

was some evidence for thiocyanate complexes containing Cobalt (11). 

Diffuse Reflectance Spectra. 

Table 10.1 collects the electronic band maxima of these complexes, 

while some of the spectra are illustrated in Figure 10.1. 

Tetrahedral Complexes. 

Intense, split bands near 7kK (1)2) and 100 (-))3) have been 
191, 452 571 . 

shown ' to be characteristic of the spectra of tetrahedral 



Table 10.1 

Electronic spectra (kK) and roomtteJlllerature magnetic moments 

CB.M.) of Cobalt(II) complexes with quinoxaline. 

CoJlll)lex \leff Band Maxima 

CoCIZQ 5.31 19.0~Z,5h), 17.1(.54), 14.8, 13.1, 6.6(.Z7), 6.0(5h) 

CoC1 2Q2 4.55 17.2(.75), 16.4(.88), 15.6(. 74,5h), 8.6(.47), 6.4(.65) 

CoBrZQ 4.58 16.3(1.03,5h), 15.3(1.Z8), 8.Z(.65,5h), 6.8(1.04),5.7(1.1 

CoBrZQ2 4.61 16.8(.88), 15.5(1.06), 8.4(.61), 6.3(.72) 

COIZQZ 4.60 15.7(1.06,5h), 14.7(1.20), 8.2(.71), 6.1(.74),9.4(.16) 

Co(l'D3)ZQ 4.95 Z2.8(.39), 21.0(.33), 20.2(.32), 18.9(.29) ,17.2,15.9 
(.25) 

Co (!{)3) 2Q. 2Hf 5.14 21.4(.45) ,19.9(.50) ,18.8(.51) ,16.1(.24,5h) ,8.4(.26) 

Co (ID3) 2Q2' 2120 - Z1.0(.55) ,20.0(.56) ,15.4(5h) ,8.2(.23) 

CoClflq 5.07 16.8(.83), 15.7(5h), 7.6(b,5h),6.6(.37,b),5.1(.40) 

CoCltlq3/Z 5.12 19.2 (.49,5h) ,16.8 (.51) ,15.7 (.49) ,7.9,6.7 (20,b)4 .5 (b) 

CoBrflq 4.97 16.8 (1.08 ,5h) ,16 .0(5h) ,15.5 (1. 22) ,8.9 (. 24) ,7 .O( .44) 6.1 (. 4 
4.8(.68, 

CoC1
2
Iknq 4.90 15.9(.77) ,14.9 (.86) ,14.4(.87),7 .9 (b,5h) ,6.0(.66 ,b) 

5.2(.68,b)5.1(.94,b),4.5(.91,b) 

CoBrZIknq 4.83 15.5(1.10,5h),14.9(1.34),14.1(1.47),8.0(.16,5h),5.7(.88,b 

Co IZDmq 4.56 14.1(5h,b),lZ.7(1.24),7.8(.18,b),4.8(.8Z,vb) 
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Co(II) complexes. The bis-quinoxaline complexes and those of Dmq, 

along with CoBr2Mq and CoBr2Q, have electronic spectra clearly 

showing these features and are thus concluded to have tetrahedral 

structures. 

The 1)2 band has three components (A2 + B1 + B2 : as expected 193 

for a CoX2L2 chromophore of C2v' Cs or C1 symmetry) in all these 

spectra, except for those of the bis-quinoxaline complexes. At 

room-temperature these have two components, but the broader lower 

energy peak splits at _1800 c. The higher energy side of the i) 3 

band of CoBr2Mq is partly obscured by the tail of a ligand electronic 

band which extends down to 15kK (see Chapter 7). 

As before, the centres of gravity of the V 3 and i) 2 systems 

have been estimated visually and used to calculate the Dq and B' 

values given in Table 10.2. Both,the bis-qiinoxaline and the Dmq 

complexes show the orders of Dq and B' (Cl- > Br ~ I-) expected 23, 149 

from the positions of the anions in the spectrochemical and 

nephelauxetic series. The Dmq complexes all have significantly 

lower Dq values than the quinoxaline series. This may be a result 

of steric hindrance. or of the presence of bridging Dmq ligands. 

167, 198 The effect could also reflect differences between Q and 

Dmq in these 



Table 10.2 

Calculated ligand field parameters (kK) for Cobalt (H) complexes 

with quinoxa1ines. 

Complex Stereochem. Observed Freguencies Calculated parameters 

\'1 \I! \13 .Q9. B' A' \lZ 

COC1ZQ Oh 6.6 17.1 .75 .76 14.1 

CoC12QZ Td 7.1 16.4 .41 .75 -.13 

CoBr2Q Td 6.0 15.3 .35 .73 -.lZ 

CoBr2QZ Td 7.0 16.1 .41 .73 -.15 

CoI2Q2 Td 6.5 15.2 .37 .70 -.13 

Co (N)3) 2Q.2HZO % 8.4 19.9 .95 .84 17.9 

Co (N)3) ZQZ. 2Hz0 Oh 8.Z ZO.6 .94 .90 17.6 

COC1flq Oh 6.6 16.8 .75 .74 14.1 

CoC1fIq3/z Oh 6.7 16.8 .76 .73 14.3 

CoBrt1q Td 7.0 15.5 .41 .68 -.24 

CoC12IAnq Td 5.Z 14.9 .30 .75 -.17 

CoBr2Dmq Td 5.1 14.4 .29 .72 -.15 

COIZIAnq Td 4.8 12.7 .27 .62 -.09 
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complexes, with regard to their mono-, or bi-, dentate character. 

CoBr2Mq has a Dq value equal to that of CoBr2Q2' as would be expected 

if the former complex contained bidentate, and the latter monodentate 

amine. 

All these values of Dq and Bt are close to those calculated in 

chapter 5 for the tetrahedral halopyridine series. Little comparison 

of these values is possible with data 497from the tetrahedral complexes 

of the pyrazines, since only ;13 was generally recorded for the latter. 

However, the solution-spectra of the pyrazine complexes are very 

similar to those of the quinoxalines in the i) 3 region. Both -y 2 

and .~3 ha~e been recorded 167 for CoI2 (2:6 - Dmp)2' this data 

yielding Dq = 0.39kK and Bt = 0.64kK. In this case, Dq is near the 

values for iodides found in this chapter and in chapter 5, while Bt 

is slightly lower than that found for either the quinoxaline, or the 

halopyridine series of complexes. 

Octahedral Complexes. 

'" The spectra of the complexes CO C12Q, CO(N03)2Qt Co(N0
3

)2Q.2H20 

and CO(N03)2Q2.2H20 exhibit the relatively weak bands at 7kK and 

15-20kK which are characteristic 205,206,371,571 of octahedral 

Co(II) species. The low energy band is assigned to V. and, unlike 

'" the halopyridine complexes, shows no splitting (Co C12Q has a shoulder 

at 6kK which is a ligand infrared overtone common to all these 
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compounds) • The infrared overtones, or the electronic ~3 system, 

may obscure a component of Y 1. 

The band system near 18kK is assigned to ~3' though it may be 

complicated by the presence of close doublet terms.571 The centre 

of gravity of this system was taken as ~3' allowing Dq and B' to 

be calculated. These values are given in table 10.2. 1V2 is 

predicted to lie near a shoulder observed at 14.8kK for Co C12Q, 

but within the ~3 systems of the nitrates. An alternative 

assignment, including the 15kK shoulder as a )/1 component, gave 

meaningless calculated parameters. No satisfactory assignment was 

possible for Co(N0
3

)2Q• This may be due to the proximity of the 

intense nitrate n'" Tt· band.561 

The spectra of these complexes are very similar to those of the 

pyrazine species, though a detailed comparison is possible only 

In this case the spectrum 497 is sufficiently 

simple to allow assignments of -y 2 " 15.6kK and V 3 = 18.2kK, giving 

values of Dq = 0.83kK and B' " 0.80kK which are in the range of the 

quinoxaline complexes. 

The tetrahedral and octahedral complexes of quinoxaline may be 

compared if allowance is made for the lower ligand fields in the 

former species. When this is done the octahedral complexes are 
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found to have slightly lower Dq, and higher Bt, values than the 

tetrahedral complexes. This may be due to steric hindrance and 

bridging in the former molecules, or to greater C6 - N 11' -bonding 

in the latter species. 

The nitrates are a special problem since there are few complexes 

266 with which to compare them. It has been suggested that 

Co(N0
3

)2PY3 may contain mono-. and bi-, dentate nitrato-groups, 

and its spectrum has maxima in the same range as the quinoxaline 

series. 

Remaining Complexes. 

The spectra of CoCli1q and CoCl2Mq3/? are not clearly character­

istic of either of the common stereochemistries, since they exhibit 

a relatively strong, broad band at 16.8kK. These complexes are 

probably octahedral, since the broadness and intensity may be 

attributed to a ligand electronic band (see chapter 7). The 

relatively weak 7kK bands confirm this stereochemistry. 

The spectra of these two complexes are very similar (apart 

from an overall higher intensity for CoCl~q). and this would be 

expected if both contained the same CoCl4N2 chromophore. The 

ligand field parameters, calculated on the basis of octahedral 

structures, are close to the values for CoCl2Q. (see table 10.2). 
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Magnetic Susceptibilities. 

The room-temperature magnetic moments, given in table 10.1, 

confirm (see chapters 1 and .5) that all the bis-quinoxaline 

complexes, CoBr2Q and CoI2Dmq have tetrahedral structures while 

CoC12Q, CoCl,fq, CoCl,fq3/2 and Co(N03'2Q.2H20 are octahedral. 

Repeated determinations of the magnetic moments of CoBr2Mq, CoC12 

Dmq, CoBr2Dmq and CO(N03)2Q.gave values between the usual ranges 

for tetrahedral, and octahedral, complexes. These complexes are 

assigned structures (tetrahedral, except for the nitrate) on the 

basis of their reflectance spectra. However, when this is done 

and a T.I.P. correction applied to the tetrahedral complexes, 

values of At (given in table 10.2) may be obtained from equation 

The high moments of the Dmq complexes may be attributed to 

their relatively low Dq values. A good correlation is evident 

19 

for the Dmq complexes and for CoBr2~ and CoI2Q2' between the trends 

in Bt and" t; in agreement with the work of Jprgenaen 149 and Owen. 46 

They found that both parameters were related to the extent of covalency 

in the metal-ligand bonding. The high moment of CoBr2Mq cannot be 

explained on this basis. 

The low moment of the octahedral oomplex Co(N0
3

)2Q, may be due 

to the presence of a large distortion. 19 No attempt has been made 
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here to seek significance in the actual values of the octahedral 

moments, since it has already been noted 572 that they reveal no 

obvious regularities. 

Infrared Spectra. 

Table 10.3 collects the absorption maxima (and their tentative 

assignments) of the complexes in the infrared region; with the 

exception of the bands due to the nitrate group, which are listed 

in table 10.4. 

Nitrate Bands. 

All the nitrate-complexes exhibit bands in the regions 

696-716, 799-825, 1035-1048, 1289-1312 and 1502-1521 em~1, which 

have previously (see Chapter 9 and Appendix A5) been assigned to 

theY5' 1)6' 1)2' -))1 and 1'4 vibrations of the co-ordinated 
100 nitrate group. The positions of the bands are very similar to 

those of the Cu (II) complexes, also to those reported for 

The presence of water in the two complexes formulated as 

hydrates is confirmed by the broad O-H bands near 1650 and 3300 

-1 cm ,also by the appearance of an overtone near 5.1 kK in their 

reflectance spectra. 

Amine Bands. 

In Chapter 5 it was noted that the amine infrared bands 

were often split in tetrahedral complexes. Split bands for 

quinoxalines are most prevalent in the bis-complexes, the Dmq 



Table 10.3 

Infrared spectra (375-l700cm-l ) of the cobalt (Il) complexes with quinoxa1ines. Bands due to the 
nitrate group are ex1uded. 

Comj21ex 
Vib. il CoC12il CoBrzil COC1zil2 CoBrzil2 COlzil2 CO(NO~ Co(N0~2Q·2Hz,Q Co (NO:;) ZQZ • ZH2.Q 
No. 

39

0 4, 407 nP 407 m,b 
36 394s 4Z0} 

416m 415 414m,b 413m 42Zms 

24 402s 426 427m 420sh 

50311M 50811M 51Qnw 505mw 

523sh 517l1l\~ 52~ 528Jm NOT 
48 535vw 532m 5 26l1l\~ 535 l1l\~ ,b 537mw 533mw 538 

RECORDED 
562l1l\~ 557mw 556mw 56Zmw 562l1l\,r 562l1l1~ 

35 60311M 62Zmw 625mw 625l1l\,r 625J111~ 62511M 626m 

6451111'1 643mw 642J111~ 

663vw 667mw 673J111~ 665J111~ 

707m 7~] nOsh 709m 708m * 
l1l\~ 

* 71811M 709 722sh 723sh 722sh 

11 726mw,sh 737ms 739ms 7315,b 73~ 730J 73~} 733s,b 740sh 
27 766vs 750s 758ms 75Qn 759 ms,b 737. ms 748 5 748sh 762sh 
39 783vw 763sh 762sh 766 759ms 76811M 7625h 775vs,b 

23 8675 8425 8515h 85~ 8465h 85J 839J111'l 843mw 850sh 
857m 862 mb 863~ 862 m,b 857ms 863J111~ 
8635h 869 m 

872 



Table 10.3 cont •••• 
Co!!!E1ex 

Vib. .Q COC1Z.Q CoBrz.Q COC1Z.QZ CoBrz.Q2 CoIz.QZ ~ cO (NO~z.Q:1!!z2 Co (N0~2.Q2 • ZH 
No. 

89()111l (W 890iM 89&nw 89G1M 886m,b 886s J 
917vw 936sh,b 9ZQnw 918sh 918sh 920sh 917sh 898ms 

93~ 935sh 939m 
948 ms,b 953Sh} 950sh 

. Z2 953s 960s 96ZJ 962 96Qns 96Qns 963s,b 
970 m 970sh 972sh 97lms 97~1ms 980 

997mw 100ZIlII" lO00llM 9941l11" 1006m 1008", 

1022mw lOZ6mw 10ZQm" 10ZQm" lOZ~,b 

46 1025vs 1042sh 1042m 1042m 1045ms 1042m * * * 

1062ms l06Qn 106~ 1062m 
37 109 9w 109 81l11i 10881l11'' 1079 1lII", b 10751l11'' 1083m,b l09lmw lO77m 1058ms 

1113Il11" 1132mw 113

tl 
1129!l11" 

1134 m,b 
34 1128m 1147ms 1149m 1159~ms 1161 1158~ 1146ms 1152J 1138ms 

11641l11" 1170 1168 m,b 117Qm,r 1168 ms,b 1152ms 
1181 

li20~ 1201J 1204m 1207m 1208ms 
45 209 1IM1212ms 1212m 121Qn 1214m 1213 1lII" 12171l11" 

1239!l11" 124~ 1250 sh,b 1248mw 1241sh 
1263mw 1263 

5 1267vw 1291} 1280mw 128Qm,r 1280 

13ID1 sh,b 1302sh,b,m 
1310 



Vib. .Q CoC12.Q COBrZ.Q COC1Z.Q2 CoBr2.Q2 Colz.Q2 Co (N0slz.Q Co (N0slz,Qd!!z,Q Co (N0slz.Qz .2HZ.f 
No. 

1310}Sh,b 1311m 130~ 130~ * * * 1317 m 1317 m,b 

1 1328mw 1341J 4 1356mw;h 135lm 13705h,b 136Qnw 1356 m 1352nnv 135~ NOT 
1366 m RECORDED 

32 137Qn 138~ 1384nnv 1382mw 1387m 137 
1397 m 1398} 140~ 14075h 

1419 ,b1415Jm b 1413 m 1426ms,b 142

J 18 1416mw 1428m,b 1432 ' ms,b 
14505h 145~ 146~ 14475h 1440 

17 14635 14885h 14895h 1470 mw 1474ms 1475 ms 1472nnv 

44 14955 15125 1500n 1501ms 1497ms 1498m 14915 1488ms * 

1512m 152~m * * 
3 157Qnw 1542m 154~mw 153~ 1538 

1555 1555 mw 

158amw 158Qmv 1593nnv 
16 1608 w 160lm 1595 161Qmv 

~ ·1622 
l 

vo-H 162U 1669 m,b 166Qn,b 

cont ••••• 



Table 10.3 cont •••• 

Vib. ~ CoC12~ COC1zMg3/2 CoBr2~ 
No. 

415sh 405mw 400ns 

36 410s 423m,b 422m 419s 

455mw 45lmw 45Qnw 

24 448m 465mw 46<!m<[ 47Qn 

503mw 502mw 

518mw 514111\<[ 

48 534w 54lmw 53Umw 532mw 
537 

59<!mv 588mw 

35 609ms 6Q(!mv 615mw,b 619111\" 

648ll11v 64Qnw 642mw 

7l~ 12 699m 720sh 7l~VS 71 
27 759vs 733s 724 732ms 

752sh 750s 

39 792sh 764sh 770sh 770sh 

841Jm 84511111 84~ 858 864 m,b 

23 884s 89Qn 888m,b 887m 

10 91lms 935J 936lj1 
945 m 944111\1 

22 967vs 97Oms,b 96~mw 97lms,b 
97 

• 

e~-) rock lO09s 1018mw 1036mw 

46 1034ms 108llmw 1085m,b 
1094 



Table 10.3 cont •••• 

Vib. 
No. 

~ CoClz!;19. COC1zMg3/2 CoBrzMg. 

34 &123~vs 115~ 115Qm~ 115~m 1130 1170 rns 1175D11~ 116 

45 1204vs 1199rm~ 1197D11~ 1200n 

G~ck) 1213sh 

1272sh 128~ 1277mw 

33 1293vs 131CAn,b 1305rns,b 1305m 

1334D11~ 1340sh 134~ 1353mw 

4 137iJs 1365mw,b 1373m 1367D11~ 
32 1378 139~ 18 1412s 1412 m,b 1409J 141~1 17 1437 .... 1440 1420 m 1425 rns,b 

1430 

44 1493vs 1499m 1494J 149~ 
1502 m 1502 rns 

1525D111 1537D11'l 1531sh 

3 15635 1557D11'l 1548D11'l 154~m 
1559 

31 1579m 158n 1591D11'1 
16 1612D11'l 1605 m,b 

Vib. ~ COCIZlAng COBrZlAng CO~ No." 

425D11'l 425mw 

24 428m 476m 472mw 
Nor 

51~ 
RECORDED 

9,13 517 517 m 
527 

48 567D11'l 569rm'l 

35 614m 607s 606rns 

624D11'l 62lD!1'l 



Table 10.3 cont •••• 

Vib. Ilng CoC12Dmg f2&~ COIZIlng 
No:" 

12 67Qn 662J 655~ 663sh 
661 nnq 663 nnq 677s,b 

nOsh 709m 

721sh 72Qn 72Qn 

11 722wCsh) 734rns 733rns 740sh 

27 762vs 753s 762ms,b 77Os,b 

23 82Qrnq 82Qn 822m 827m 

843nnq 84Qrnv 8405h 

89lm 888nnq 

10 906m 93Qn 915m,b 908nnv 

22 978nnv 96tl 971 m 96~ 972 m 
9655h 

(~ck) 99Qn 997m 998m 1002ms,b 

46 1019m 1029nnq 10205h 

37 108C!rnv 1075m,b 

1111J 1125 m 1120sh 

34 1137nnv 1145rns ilil!4lrns 114Sm 

l1S~ 11595h 
26 1165m 1165 rns 1167rns 1178nnq 

117 
121Qn 12135h 12155h 

45 1212m 122Qns 1222rns 12265 

33 132~ 130Qn 130~ 1300sh 
1328 nnq 1317 ms,b 13165h 
133 

4 1363nnq 138Qns 1375m 138Qn 



Table 10.3 cont •••• 

Vib. Lmg CoC12Lmg COBrZlAng COIZImg 
No. 

140Smw 1402mw 14021'1 

18 1400rm~ 1413J 1428 ms,b 

17 1437mw 1439mw 14SQns 14SSmw 

44 149lmw 1473vs 148

J 
149Qnw 

1494nnv 1492 
lS02 ms,b 

lS2Qns 1514 1514mw 

3 lS65nn~ lS79nn~ 1571nn~ 

16 1603w 161lnnv 1608mw 1608sh 

1640w 164(}nw 1637m 163Snnv,b 

Notes: 

* Denotes regions obscured by nitrate bands. 



Table 10.4 

Infrared absorption peaks (cm-I) due to the nitrate group in the 

Coba1t(II) complexes of quinoxalines. 

Complex "5 "6 ~2 "1 "4 

1Z89 1510 
Co(l'D3)ZQ 696m 799ms 1048m,b 1309}ms,b* 1521}S* 

Co(l'D3)ZQ·2HZO 71Zsh 810m1,- 1035ms,b 131Zms,b* 150Zms,b* 

Co(l'D3)ZQZ'ZHZO 716sh 815 
825}m 

1040vs 1Z90} b* 1310 vs, 
lS08vs* 

* Ligand bands which are broadened in the nitrates co~ared) l>'ith the 

halides. 



complexes and CoBr
2

Q, which are confirmed as tetrahedral species. 

These splittings are probably caused by coupling between two 

amine molecules co-ordinated to the same metal ion, giving a 

symmetric and an asymmetric combination for each frequency (see 

Appendix A • .5). Only one component will be observed unless the 

complex belongs to an acentric point group, such as the tetra-

hedral group. However, octahedral complexes may be acentric, 

due to a cis-configuration or the orientations of the quinoxaline 

nuclei; but only if two amine molecules are co-ordinated to the 

metal ion will they give rise to split infrared bands. This may 

account for the few bands which are observed to split in the 

spectra of CoCl2Qand the nitrato-complexes. Activation of A2 

fundamentals or overtones is an alternative mechanism for producing 

new bands, but this would lead to a more random distribution than 

is evident. 

Infrared band splittings are not necessarily indicative of 

any stereochemistry for the Mq complexes, since the one methyl 

substituent confers very low symmetry upon them. 

The complexes of Dmq exhibit the 1V46 vibration, a band at 

470 cm-1 d t th' f h·"" d -.. d ans reng em.ng 0 t e v 35 an V11 ban s. These 

features were suggested in Chapter 9 to be associated with mono-

dentate co-ordination. However, the similar criteria suggested 

for Q and Mq do not apply to the Co (II) complexes, possibly 

because of the low molecular symmetry.' 
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The observed infrared shifts due to co-ordination do not 

appear to be as systematic as found for the halopyridine complexes. 

This may be due to the occurrence, in the same series of complexes, 

of effects due both to differences of stereochemistry and to 

differences in mono-, or bi-, dentate ligand character. For the 

larger and more weakly basic quinoxaline ligands the Co-N bonds 

may not be greatly stronger for tetrahedral, than for octahedral, 

species. /my effect of Co-N O"-bond strength on the ring 

frequencies, might be overwhelmed by the greater backdonation to 

antibonding orbitals, in the tetrahedral complexes of quinoxalines, 

compared with those of halopyridines (see Chapter 7). This is 

observed, and (unlike the halopyridine complexes) the octahedral 

complexes CoC12Q and CoC12Mq show larger co-ordination-shifts than 

the tetrahedral CoC12Q2 and CoC12Dmq molecules. 

The bromides generally show lower frequencies than the chlorides, 

but the differences are somewhat greater for the CoX2Q and CoX2Mq 

complexes, than for CoX2Q2 and CoX2Dmq. This is due to a difference 

in stereochemistry between the chloride and bromide complexes of the 

former group. 

Discussion. 

The stereochemistries of the complexes have been assigned, as 

shown in table 10.2, on the basis of their reflectance spectra and 

usually confirmed by magnetic and infrared data. The structures 
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possible within these stereochemistries will now be discussed. 

The CoXz~ complexes. 

The structures of these tetrahedral complexes depend on whether 

the amine molecules are mono-, or bi-, dentate. The parameters of 

the electronic spectra are very similar to those of the bis-halopyridine 

complexes, suggesting monomeric structures (c.f. Figure 3.4) with 

monodentate quinoxaline molecules. This is confirmed by the occurrence 

of pairs of amine infrared bands rather than of triplets or quartets. 

The COXZL complexes. 

The tetrahedral complexes COBrZQ and CoBrzMq have similar spectral 

parameters to those of CoBr2Q2' suggesting that both are polymeric 

(Figure 7.5) with bidentate amine molecules, rather than dimeric 

(Figure 7.4). This is confirmed in the quinoxaline case by the 

observation of split amine infrared bands. 

The complexes of Dmq are all tetrahedral and their lower range 

of Dq values suggests that the co-ordination sphere contains only one 

amine molecule. This would be consistent with dimeric structures 

(Figure 7.4) containing monodentate Dmq. The infrared criteria for 

monodentate character supports this structure, but the split amine 

infrared bands do not. Far-infrared data, which might resolve this 

ambiguity, was not available. 

The octahedral complexes CoC1
2

Q and CoC1
2

Mq probably have 

polymeric structures (c.f. Figure 7.2), containing bidentate, rather 

78 79 . than monodentate ' (c.f. Figure 7.7), ~ne molecules. This 



179 

is suggested by the low electronic intensity which is consistent 

with a centrosymmetric chromophore. 

also thought to contain the same CoC14N2 chromophore as that of 

This would entail a structure based on that 186 of 

ol-CoC12PY2 (Figure 3.2), in which two-thirds of the amine molecules 

are monodentate, and one-third bridge the CoC12 chains in pairs. 

The nitrato-complexes. 

All these are octahedral, and contain co-ordinated nitrato-

groups only. The low electronic intensities suggest trans-

configurations. The similar spectra for all these complexes 

indicates that they all may contain the Co04N2 chromophore, which 

very approximate calculations (using the rules of average 

environment) have tentatively suggested for the hydrates. The 

hydrates probably contain monodentate nitrato-groups, CO(N0
3

)2Q2.2H20 

being monomeric and Co(N0
3

)2Q.2H20 having bridging amine molecules. 

Co(N0
3

)2Q would alao contain bidentate quinoxaline, six-co-ordination 

being achieved with bidentate nitrato-groups. It is uncertain 

whether the anions have bridging or chelate character in this complex. 

Factors influencing the structures of the halides. 

The CoX2L species have been arranged in table 10.5 to show how 

the change from octahedral to tetrahedral structures is influenced 

by the anion and the amine present. These effects can be explained 

just as were the simi1ar effects ahown by the Co(II) halopyridine 

complexes. The anion-dependence is probably due to polarisabi1ity, 



Table 10.5 

Stereochemistries of the COXZL complexes. 

Increasing Td 

tendency due to 

anion polaris ability 

Increasing Td tendency due to ligand basicity 

and steric hindrance. 

* ------------------------, I 

~~~~:~~---------~~:~~-: 
CoBrt1q 

* The box encloses tile octahedral complexes. The rest are 

tetrahedral. 
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though the same structures would be predicted if the iodide ion 

caused steric hindrance of the formation of octahedral polymers. 

The polarisability factor also accounts for the octahedral structures 

497 of CoC1
2

HP, CoC12(2:5-Dmp), CoC1
2

(2:6-Dmp)2 and for the tetrahedral 

structures 497 of CoBr
2
Mp, CoI

2
11p, CoBr

2
(2: 5-Dmp), CoI

2
(2:5-Dmp) 

and CoI2(2:6-Dmp)2. 

The amine-dependence of the structures probably reflects the 

influence both of ligand-basicity and of steric hindrance, though 

~-acceptor character may also be involved (see Chapter 7). In the 

pyrazine complexes the steric, basic and electrophilic effects enhance 

each other. \fuen compared with those of pyridine, steric effects are 

probably negligible in both series, but the lower basicity and higher 

yr-acceptor character of the diazine lead to octahedral structures for 

all three halidesj 186 whereas only cL-CoC12PY2 is octahedral a~ong 

the complexes of the monoazine. For the CoX2Q2 complexes the 

basicity and rr-bonding effects should also be conducive to octahedral 

structures, and thus the observed tetrahedral structures may indicate 

the presence of a steric or a thermodynamic effect. A steric effect, 

alone, would not explain why CoC12Q and CoC12Hq are octahedral, as 

are CoClllp and COC12 (2: 5-Dmp). 497 All four of these complexes 

contain bidentate amines, and this suggests that an unfavourable 

steric effect may be overcome thermodynamically, perhaps by the 

favourable entropy term or extensive delocalisation introduced by 

the presence of bridging ligands. 

The failure to prepare complexes of Dpq ,dth Co(II) cannot be 
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a purely steric effect, since Cu(ll) does form such derivatives. 

However, steric effects would limit any Co(ll) complexes to 

tetrahedral stereochemistries. In this case the lower basicity 

and poorer rr-acceptor properties (see Chapter 7) of Dpq, relative 

to those of Q, may be insufficient to overcome unfavourable factors 

such as the tetrahedral C.F.S.E. Further, as shown in Chapter 5, 

Co(ll) less readily forms complexes in which backdonation is 

inhibited. than does Cu(ll). 

Experimental. 

The diffuse reflectance spectra were recorded at the temperature 

of liquid nitrogen by Dr. B. J. Hathaway at the University of Hull. 

Mr. J. Plenderlieff measured the infrared spectra and Messrs. P. Borda 

and R. White performed the microanalyses. The preparation of 

CoClZ.ZHZO and COBrZ have been described in Chapter 5. and other 

details have also been given previously. 

All compounds were dried at 200 C/Z5mm. 

Cobalt (ll) nitrate dihydrate. 

Cobalt (ll) nitrate hexahydrate was heated at 6o°c in a v~cuum 

oven overnight. 

Dichlorobis (guinoxaline) cobalt (ll). 

Cobalt (ll) chloride dihydrate (1.5g; 1 mol.) was mixed with 

quinoxaline (4g; excess) and stirred for 45 minutes at 1200 C. Dry 
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benzene (20ml) was added, and the mixture allowed to cool. The 

blue product (3;4g; 97%) was washed with benzene, and dried at 

500 C in a vacuum oven for 24 hours. (Found: C,49.4; H,3.2; 

Co,15.3; Cl,18.7. 

Co,15.1; Cl,18.2%). 

Dichloro (guinoxaline) cobalt (II). 

o The above bis-complex was heated overnight at 150 C to give 

the grey product. (Found: Cl,27.4; Co,22.8. 

Cl,27.3; Co,22.7%). 

Dibromobis (guinoxaline) cobalt (II). 

A solution of cobalt (11) bromide hexahydrate (3.3g, 1 mol.) in 

acetone (35 ml) was added, with stirring, to a solution of quinoxaline 

(3.0g; excess) in acetone (2 ml). On scratching the walls of the 

vessel the bright blue-green product (2.0g. 41%) precipitated. This 

was filtered off and washed three times with acetone, and then with 

ether. (Found: C,40.6; H,2.8; Br,33.3; Co,12.3. 

requires C,40.1; H,2.5; Br,33.4; Co,12.3%). 

Dibromo (guinoxaline) cobalt (11). 

The above bis-complex was heated overnight at 1500 C to give the 

pale green product. (Found: C,27.1; H,2.6; Br,45.5; Co,16.7. 

Di iodo bis (guinoxaline) cobalt (II). 

A filtered solution of cobalt (11) iodide dihydrate (3.0g; 1 mol) 



in acetone (6ml) was added, with stirring, to a solution of 

quinoxaline (2.24g; 2 mol.) in acetone (3ml). The bright green 

precipitate of the product (3.8g; 77%) formed on adding ether 

(15ml) and then allowing to stand for 30 minutes. This was filtered 

off and washed once with a little acetone and then with ether. 

(Found: C,33.4; H,2.2; 

C,33.5; H,2.1; 1,44.3; 

1,44.6; Co,10.3. 

Co,10.3%). 

Dinitrato bis (guinoxaline) Cobalt (11) dihydrate. 

This pink complex was prepared by a similar method to that 

used for dibromobis (quinoxaline) cobalt (11). (Found: Co,12.1. 

C16H16CoN608 requires Co,12.3%). 

Dinitrato (guinoxaline) Cobalt (11) dihydrate. 

This was prepared in an identical fashion to dichlorobis 

(quinoxaline) cobalt (11). (Found: N,15.1; Co,16.9. 

C8H1060N408 requires N,16.0; Co,16.9%). 

Dinitrato (guinoxaline) Cobalt (11). 

The above pink dihydrate was heated for 24 hours at 100oC, 

after which the grey product was left. (Found: C,30.5; H,2.3; 

N,17.7; Co,18.8. C8H6CoN406 requires C,30.7; H,1.9f N,17.9; 

Co,18.8%). 

Dichloro (2-methyl guinoxaline) Cobalt (II). 

2-Methyl quinoxaline (0.5g, 1 mol.) was added to a solution 
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of cobalt (11) chloride dihydrate (0.6g, 1 mol.) in acetone (1Oml), 

and the solvent evaporated off. The dark blue-grey product (1.0g; 

1~6) was dried in a vacuum oven at 50°C. (Found: Co,21.5; 

Cl,25.8. _ C
9
H8C12CON2 requires Co,21.5; Cl,25.9'~). 

Tetra chloro tris (2-methyl guinoxaline) di cobalt (11). 

A mixture of cobalt (11) chloride dihydrate (1.0g; 1 mol) and 

2-methylquinoxaline (2.5g; excess) was stirred, at 110°C, for 10 

minutes. Benzene (20 ml) Was added, and the mixture allowed to 

cool. The grey product (1.5g; 72%) was filtered off and washed with 

benzene, acetone and ether. (Found: c,47.2; H,3.8; N,12.3; 

Co,17.1; Cl,20.1. C27H24C14C02N6 requires c,46.8; H,3.5; N,12.1; 

Co,17.0; Cl,20.5%). 

Dibromo (2-Methyl guinoxaline) Cobalt (11). 

Cobalt (11) bromide (1.5g; 1 mol.) was stirred with 2-methyl 

quinoxaline (1.0g; excess), at 60°C, for 10 minutes. Benzene (2Oml) 

was added, and the mixture allowed to cool. The crude dark blue-

green product (2.1g; 84%) was filtered off, washed with benzene-and 

a little acetone, and purified by heating overnight, at 900C, in an 

oven. (Found: Br,44.2; Co,16.5. 

Co,16.2%). 

Dichloro (2:3-Dimethyl guinoxaline) Cobalt (11). 

2:3-Dimethylquinoxaline (1.4g; 1 mol) and cobalt (11) chloride 

hexahydrate (1g; 1 mol) were mixed in acetone (20ml) solution, and 



the solvent evaporated off. The crude, pale blue product (1.1g; 

91%) was washed on a sinter crucible with benzene, acetone and 

ether, and purified by heating for 6 hours, at 900 C, in an oven. 

(Found: Cl,24.2; Co,20.6. C10H10C12CoN2 requires Cl,24.6; 

Co,20.5%). 

Dibromo (2:3-Dimethyl guinoxaline) Cobalt (11). 

A solution of cobalt (11) bromide hexahydrate (1.5g; 1 mol) 

in acetone (2 ml) was added, with stirring, to a solution of 

2:3-dimethylquinoxaline (1.4g; excess) in acetone (15 ml). Addition 

of ether (2Oml) gave a blue precipitate which was filtered off, 

washed with ether and heated at 1000 C for two hours, to give the 

grey-green product (1.2g; 69%). (Found: Br, 42.7; Co,15.5. 

C10H10Br2CoN2 requires Br,42.4; Co,15.6%). 

Di iodo (2:3-Dimethyl guinoxaline) Cobalt (11). 

Cobalt (11) iodide dihydrate (2g; 1 mol.) was stirred with 

2:3-dimethylquinoxaline (1g; 1 mol.), at 1100 C, for 15 minutes. 

Benzene (20ml) was added, and the mixture allowed to cool. The 

crude yellow-brown product (1.2g; 44%) was filtered off, washed lv.lth 

benzene and ether and purified by heating overnight in an oven at 

80°C. (Found: 1,54.1; Co,12.5. C10H1012CoN~ requires 1,53.9; 

Co,12.5%). 



Chapter 11 

THE COMPLEXES OF NICKEL (II) SALTS \iIITH QUINOXALINES 
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Structural effects due to steric hindrance have been observed 

in the alkyl-pyrazine complexes of Nickel (1I).168,198 ,495 This 

chapter describes a study of the nickel (II) complexes of substituted 

"1" d th" th 1" k 510,511 " 1 qULnoxa ~nes, an compares em WL ear ~er wor on qULnoxa ine 

itself. 

Table 11.1 lists the complexes which have been prepared with the 

2-methylquinoxaline and 2:3-dimethylquinoxaline ligands. No 

complexes containing Dpq could be prepared, nor could Dmq complexes 

with NiC12 , NiBr
2 

or Ni(N0
3

)2 be obtained. 

Diffuse Reflectance Spectra. 

The spectra are detailed in table 11.1 and some are illustrated 

in figure 11.1. All the complexes exhibit strong bands above 31kK 

which are probably due to charge-transfer or to ligand absorption. 

In addition, the tails of the strong ligand U.V. absorption bands 

of Mq and Dmq extend considerably into the visible region (see 

chapter 7) and confuse the identification of d-d bands above 17kK. 

A sharp, weru( absorption appears near 7.2kK in the spectra of the 

quinoxaline complexes and confuses the measurement of broad d-d 

maxima near 7kK. This may be due to an amine infrared overtone. 

The d-d bands are discussed below. 

Octahedral Complexes. 

The spectra of the chlorides, bromides and nitrates show two 

well-defined bands of moderate intensity near 7kK and 12kK, along 

with some less pronounced peaks in the 17-27kK region. These 

features are very similar to those of the halopyridine complexes 



Table 11.1 

Diffuse Reflectance maxima (kK) and room temperature magnetic moments 

CB.M.) for the complexes of nickel (Il) with quinoxalines. 

Complex 

NiC1!lq 

NiBr Mq 
2 

Ni(N°3)!lq 

NiIz"lq2 

Ni(N)3)2Q 

NiI2Q2 

\leff 

3.34 

3.17 

3.22 

0.96 

0.77 

3.23 

3.23 

3.13 

-0.0 

Band Maxima 

22.7 (.32) ,19.9 (.22) ,18.9(.21) , 13.0 (sh) ,12.0(.22) , 
7.5(.25), 6.8(sh) 

21.1 (.32) ,18.2 (b, vw ,sh) ,17.01.,15.4 (.16) ,12 .0(.14) 
10.7 (sh) ,7.3(.12) ,6.7 (.13) 

22.2(sh) ,20.0(vb,sh,l') ,11.8(.24) ,1O.5(sh) ,6.8(.24) 

32.3(1.59) ,27.3 (1.41) ,24.3(.1.44) ,16.4(.71) ,l1.1(sh,w) , 
8.9(.07b) 

33.0(1.73),28.2(sh),24.4(1.48),14.9(.50) 

25. 2(vb, vw ,sh) ,19 .2(vw) ,13.0(sh) ,11.8(.14) ,7.4 (.18) 

24. 7(b, vw ,sh) ,22.0(sh) ,18.9 (vw ,sh) ,12.2 (.16) ,11.2 (.14) , 
7.0(.18) 

24.7 (vb,w ,sh) ,22.5 (b,w ,sh) ,17.5 (.10) ,13.9(.03) ,8. 7(.21 

34.5(1.66),26.6(1.52),22.5(1.24),16.0(.62),11.2(1.0,b) 
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of Nickel (H), suggesting that they have octahedral structures. 

In agreement with Smart510 and Lever,511 the 7kK and 12kK bands 

are ascribed respectively to the1D1 and ~2 transitions in octahedral 

pseudo-symmetry. The amine and charge-transfer absorption 

complicate the assignment Of)73' The parameters, given in table 11.2, 

were calculated from 171 and ~2' The selection of values for 1J
l 

and ))2 was difficult, due to the splitting of the former band in the 

Hq complexes and the latter band in all the complexes. As discussed 

in chapter 6, this could be a genuine tetragonal splitting, or the 

shoulders might be caused by spin-forbidded transitions. The former 
r 

assignment gives the more reasonable values of Dq and B , implying that 

the tetragonal component of the crystal field is larger than in the 

halopyridine complexes. 

The values calculated for Dq and B' conform to the usual spectro­

chemical and nephelauxetic series 23,149 for the anions, and suggest 

that Hq may give rise to stronger ~-bQnds than does Q (in agreement 

with the order of basicities). The assignments are confirmed by the 

similarity of the ligand field parameters for analogous Ni(II) and 

Co(II) complexes, (in agreement with the adjacent position of the 

metal ions in the spectrochemical and nephelauxetic series). Both 

Dq and B' are lower for the Co(II) and Ni(H) complexes of the 

quinoxalines, than for those of the halopyridines. This'is presumably 

"f due to the 10\;er basicity of the quinoxalines and to a greater 

covalency149 (consistent \;1 th '1f -acceptor, rather than 0' -donor, 

properties) in their complexes. 



Table 11.2 

calculated ligand field parameters (kK) for the octahedral complexes 

of nickel(II) with quinoxalines. 

[;omplex Observed Freguencies Calculated Paramete,rs 

''1 \12 f!9. B' \13 A' 

NiC12Q 7.4 12.2 .74 .74 21.1 -.20 

NiBr2Q 7.0 11.5 .70 .68 19.7 -.19 

NiClflq 7.5 12.3 .75 .72 21.0 -,,28 

NiBr2~lq 7.1 11.6 .71 .66 19.6 -.16 

Ni(N°3)2Mq 6.8 11.4 .68 .• 80 21.0 -.18 
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Table 11.2 also gives values of -))3 predicted from "01 and V
2

• 

These are in the 19.6 - 2~'kK region where several peaks are' observed. 

No fully acceptable assignment I<as possible for Ni(N0
3

)2Q• 

Square-Planar Complexes. 

The spectra of all the iodides are very weak below 12kK, but 

exhibit a number of strong peaks in the 20 - 33 kK region and a 

moderately strong band near 15.5 kK. High intensity in the 14 - 23 kK 

region is characteristic of tetrahedral, square-coplanar or five-

coordinate complexes. The absence of a.moderately strong peak near 

lOkK eliminates the possibility that the complexes are tetrahedral 

190,192,193,199,200 f' d' t 412,419,453~456, d t or l.ve-coor l.na e an sueges s 

(in agreement with Smart and Lever, et al) that they have square-planar 

structures. Very similar spectra have been recorded for square-planar 

nickel (11) complexes.161,192,198,573,574,575 

Various authors have discussed the spectra of square-planar 

complexes.113 ,161,573-576 Tt is generally agreed that the ground-state 

is lA and that the stronger bands involve singlet excited states, 
g 

while the I<eaker bands correspond to triplet excited states. Other 

details are in dispute and as a result, little information is available 

from these spectra. 

Smart was able, approximately, to fit 510 the spectra of NiI 2Q2 

and of the pyrazine complexes to the energy-level diagram givenl13 by 

Maki for four-coordinate, trans-planar symmetry (with R=1.5 and~l=l). 

The best agreement for the quinoxaline complex was obtained with 

(R is the radial part of the wave function and)Yl and~ 



are the point-dipole moments of the two types of ligand present). 

In this case the 11.2, 16.0, 22.5 and 34.5kK bands may be assigned 

3 3 L 1 1 
to transitions involving the Bl (or A), ~3 ' ~l' A and . g g g g g 

~2g excited states, respectively, Such an assignment was given192 

by Goodgame and Goodgame for the very similar spectrum of NiI
2
Quin2 • 

If this assignment is correct it is possible to predict how the 

energy levels should diverge or converge as ~2 varies. In this 

way the relative order Of)/2 values may be seen to be Q < Mq < Dmq, 

a series increasing in Dq. It may be tentatively suggested that Dq 

follows the amine basicity order in the iodide complexes as well as 

in the chloride and bromide series. 

Hagnetic Measurements. 

As table 11.1 shows, the chlorides, bromides and nitrates all 

have high-spin moments within the same range (3.13 - 3.35 B.M.) as 

that of the octahedral halopyridine complexes. The range of the 

, values of A I (derived from equation 1.14, and given in table 11.2) 

is somewhat lower than that for the halopyridine complexes, in 

149 agreement with the higher covalency shown by the B' values. 

The low-spin moments of the iodides are consistent \fl. th the 

1 t d t t 11 f d 19,161,168,576,577 . sing e groun -s a e genera y oun ~n square-

planar complexes. The complexes of Hq and Dmq have moments 

somewhat greater than zero, but this is not unusual and has been 

attributed 176,576 to the thermal popUlation of a low-lying triplet 

state. 
176" 

Ni(3Mepy\ (CI04)2 has a moment as high as 1.05 B.11. 

Haki I s diagrams do includel13 10\,1 triplet states. 
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Infrared Spectra. 

Table 11.4 lists the amine infrared bands, and table 11.5 gives 

the bands due to the nitrate groups. A tentative assignment is also 

given to Smart's data 510 on the complexes of uhsubstituted quinoxaline. 

Nitrate Bands. 

The complexes exhibit bands near 795, 1015, 1280 and 1490 cm-l 

and such features have been shown (in chapters 9 and 10) to be 

characteristic of coordinated nitrato-groups. 

Amine Bands. 

The infrared spectra of the octahedral complexes of the same 

amine are practically identical, but the iodides have more complicated 

spectra. The ~5 band, for example, is observed in the spectra of 

all the iodides but of none of the other halides. The data on these 

complexes has been used, in chapter 9, as part of a survey on which 

the proposed criteria for monodentate characters were based. 

Thermal Decomposition Data. 

Smart has given510 T.G.A. curves for the complexes of unsubstituted 

quinoxaline. Figure 11.2 shows the results for the complexes of Mq, 

while table 11.6 compares the observed and calculated values of "lr 

for some proposed intermediates. Agreement is poor but probably 

within the experimental error. NiC12Q., NiBr2Q. and NiC12Mq appear 

initially to lose their amine molecules, but NiIZQ.2 and NiI2MqZ 

decompose to NiO in one stage. The temperatures for the maximum 

rates of these processes are given in table 11.6. The other 



Table 11.4 

-1 Infrared spectra (cm ) of the nicke1(II) complexes of quinoxa1ines. 

Vib. NiC12.Q NiBr2.Q Ni (NOslz.Q. NiIz.Q.2 
No. 

36 3945 412m 416m 

24 4025 428ms 428m 425vs 433ms 

53B 48 535vw 536mw 536mw 538J 537 m 
543 m 544 

35 603nnQ 648mw 
63435 642 

12 663vw 667nnq 667nnq 

11 726w,sh 72lm .. 724m 73Qn 

27 756vs 746vs 746vs 7435 756vs 

778m 

39 783vw 786m 

23 8675 
846m~ 
853ms 

844msJ 
8555 864ms 

861ms} 
8745 

22 9535 96~ 965j 962nnq 1 
97 ms 

973m 
974 977m 98QmQ 

1028mw 1026m 

46 1025vs 105Qn 105Qn 1052m 10495 

37 1099w l06Qn 1075m 109Qn 

34 1128m 113fi 1135m 1145sh 11325 j 
1148 m 1146m 115Qn 114Qn 

12~1 1203mw 1202nnq 1208m 1203ms 
45 1209 nnq 1215m 1217ms 1219mw 122lnnq 

5 1267vw 1252m,b 1268nnv 

1298mw 1298m,b * 129Q!Jw 



Table 11.4 cont •••• 

Vib. .Q NiC12Q NiBrZQ Ni(N0~2Q NiI2Q2 No. 

4 1356ID1'l,sh 136Qn 1357ms 136lms 

32 137Qn 138Qm'l 1380nw 1378ms 138Qnw 

18 1416ID1'1 1432m 1423mw 

17 14635 1479rn,b 1464ID1'l,b 146Qnw,b 1473vs,b 

44 14955 1508J 1508Jms 1523vs 14975 
1514 ms 1515 

3: 157Qm'l 158Qn 

16 160~ 
162 w 

1625m 162Qn,b 1606ID1'l 1609ID1'1 

Vib. M9. NiC1;#g. NiBr;#g. Ni(NO~zM9. NiI;!.\92 
NO. 

388m,b 

41Qn 

36 4105 425ms 425m,b 427ms,b 438m 

24 448m 467m 472lll1'l 1i68nn" 477m 

51Qn,b 

48 534w 543ms 

59~}n 604 ,b 

35 609rns 62ans 

648ID1'l 631ID1'1 632ID1'1 63fi 645 IDI'l,b 64lnn" 

12 699rn 710sh 708sh 707m 

721sh 718sh 721sh 720sh 

11 73~ 736sh 732sh 
27 759vs 749s,b 745 s,b 748s,b 75~ 7635h 757 vs 

760 



Table 11.4 cont •••• 

Vib. !:!9. NiC1z!::!g. NiBrz!::!g. Ni (N0~z!:!9. NiI~2 No. 

39 792sh 786n11~ * 780n 

38 84~ 847m,b 85Qnw 860nw 

23 884s 89~ 898 m 
89lm 889m 892s 

10 91lms 939sh 941sh 938~ 932nn~ 

22 967vs 973ms,b 97lms,b 97Qn,b 972ms 

(:ck) 1OO9s 1OO8m 

46 1034ms 1027m,b 1032m,b * 1028sh 

37 1067~ 1075m,b 107Qn 

34 1123Jvs 115fl 115} 113Qn 112lms 
1130 1168 m 116 ,b 1133s 

45 1204vs 120~ 120j 1206m 1205ms 

C:ck) 1213sh 122Qnw 122 m,b 

1272sh 128~ 1282nn~ * 127Qnw 
33 1293vs 1291 m,b 1300J 130~ 130Gns,b 
19 1312 1310 m 1314 m 

1334n11~ 1332nn~ 

4 1371~s 136~m 1353m 1364m 
32 1378 1376ms 137 

18 1412s 140~ 139~ 1387m 140fl 
17 1437m 1442~ 1427~ 143 m,b 

44 1493vs 151Qn,b 1494ms a) 1495ms 

3 1563s 155~n1I~ 1555m,b 1563sh 1553m 
31 1579m 156 15SQn 157lm 

160~ 160B 16 1612n11~ 161 m,b 161~ 1611 m,b 161Qnw 
162 

164~m 
165 



Table 11.4 cont •••• 

Vih. No. fug Ni~fug2 
24 428m 45 

465m 

48 546ms 

35 614m 6255 

12 670m 660m 

11 722w.5h 710m 

27 762v5 756vs 

39 789vw.5h 774m 

23 820mw 830ms 

vC-Me 854m 

10 906m 91lm1'l 

22 978mwJ 970m1~ 

C~!e rOCk) 990m 100lms 

46 1018m 

34 1137mw 11295 

26 1165m 11705 

45 1212m 120lml'l 

5 1258mw 126lm 

33 1320} 1312m 
1328 ~ 
1337 13305h 

1348w 1340s 

4 1363JU1'l 1360ms 

32 1373w 137lm 

18 14001U1'l 1397m 



Table 11.4 cont •••• 

Vib. No. Img NiIZImgz 

17 1437mw 14Zlm 

14835 

44 149lmw 14955 

3 1565mw 157Qns 

16 1603vw 161Gml 

43 17ZQm" 

Note: 
* Denotes regions obscured by nitrate bands. 



Table 11.5 

Infrared Bands due to the nitrate group in the Nicke1(II) complexes 

of Quinoxa1ines 

Complex 

Ni(N°3)tlq 

NiCN03)ZQ 

-% 
793ms 

799ms 

"2 

1015ms 

1012m 

~1 

1274ms 

1289s 

~ 
1483vs 

1495vs 

., 

., 

., Ligand bands which are broadened in the spectra of the nitrate complexes. 
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Table 11.6 

Comparison of observed)and calculated)percentage original weight 

remaining at various stages in the thermal decomposition of the 
) ) 

nickelCII) complexes of quinoxalines. 

Percentage original I~ei!l!!t 
remallll.ng 

Initial Complex Product ~ Observea Caldllated 

NiClf1q NiC12 160 55.1 47.4 

NiO 490 31.7 27.4 

NiBr2~!q! 130 87.2 80.2 

NiBr2 220 66.3 60.5 

NiO 510 25.3 20.5 

NiCN03) 11ql 160 80.3 77.9 

NiCN:J3)2 510 53.0 55.8 

NiO 535 29.6 22.9 

NiO 190 16.2 12.5 

NiI2Dmq 200 75.9 74.8 

NiI2 240 44.8 49.7 

NiO 280 16.6 11.9 
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complexes appear to decompose by more complicated routes. 

The initial reaction in these processes is always a loss of 

organic ligand, although anion loss is sometimes simultaneous. The 

reactions like those of Co(II), but unlike those of Cu(II), are not 

complicated by redox processes. Bowman and Rogers found80 this to 

be the case with the pyridine complexes. 

The T values for initial amine loss are compared in table 11.7 
m 

for the complexes of Ni (II), Co (II) and Cu (II). These figures 

reveal that: 

i) For the same anion and amine, the stabilities depend on 

the cation, in the order Cu2+) Ni 2+)C02+. This is the same 

order as that found80 for the pyridine complexes, and correlates 

wi th the Irving-~Iilliams stabiliti6 order. Cu + may be fitted 

into this series between Ni and Co (see chapter 8). 

ii) For the same metal and anion, the quinoxaline complexes are 

more stable than those of methylquinoxaline. If this reflects 

M-N bond strength it may be the result of steric hindrance in the 

Mq complexes or of greater "J1'-bonding (see chapter 7) in those 

of Q. 

iii) For the same metal and amine, the chlorides are more stable 

than the bromides. Presumably this is due to the anion 

polarisabilities181 and the electroneutrality principle, or to 

greater steric hindrance in the bromides. 

The nickel iodide complexes do not show these features. They are mor 

stable than the analogous chlorides, and the stabilities depend on 

the amine, in the order Dmq > Mq ') Q. The absence of steric hindrance 



Table 11.7 

Temperature (TIn) for the maKimum rate of initial organic ligand 

loss from the complexes of quinoxalines. 

Complex 

NiCl Q 
2 

NiBr2Q 

T (0C) 
-ID 

260 

210 

190 

160 

300 

235 

Complex ~ 

NiClt4q 160 

NiBr2~1q 130 

170 
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in the square-planar complexes could explain both of these features. 

X-ray Data. 

As table 11.8 shows, the powder photographs of the quinoxaline 

complexes do not indicate isomorphism. This is consistent ,dth the 

proposed structures if the way in which the structural units pack 

together differs in the various complexes. 

Discussion. 

The reflectance spectra and magnetism of the complexes suggest 

that the iodides hsve square-planar stennchemistries and that the 

rest of the complexes are octahedral. Many features of the infrared 

spectra and thermal data can be understood on this basis. 

The st.oicheimetry of the octahedral halo-complexes indicates 

that the most likely structures involve anion-bridging and either 

bidentate 495 (c.f. figure 7.2), or monodentate 202,275 (c.f. figure 

7.7) amines. Support for the former structure comes from the 

relatively low intensities of the d-d bands (which are nearer 197 to 

those of centrosymmetric NiC1
2PY2 than to those of acentric NiC1

2
Py) 

and from the relatively high values of Dq for the complexes. The 

values of Dq for NiC12Q and NiC1
2

Mq are closer to that of NiC1
2
Quin2 

(0.80kK) than to that of NiC12Quin (0.66YJO. 

The nitrato complexes are also probably polymeric with bridging 

amine molecules and bidentate anions. It is not clear whether the 

nitrato-groups have bridging or chelate character; though the 

structures suggested 359 for Ni (N03)2Quin2' Ni(N0
3

)2(IQuin)2' 

Ni(N0
3

)2(2MepY)2 and other200 bis-amine complexes support the latter 

bonding mode. 



Table 11.8 

o 
d spacings (A) frem X-ray pOl'lder photographs of the nicke1({I) 

complexes of quinoxalines. Strong lines are tmderlined. 

Complex 

NiC12Q 

NiBr2Q 

Ni (N03) 2Q 

NiI2Q2 

d 

8.0, .5,8, 5.2, 3.7, 3.45, 2.8, 1.82 

8.5, 4.7, 3.6, 2.95, 2.6 

6.2(b), 4.4, 4.1, 3.55, 3.4, 3.05, 2.32 

5.8, 5.3, 4.4, 4.1(b), 3.65, 3.25, 2.6, 2.38, 2.1, 1.91 
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The st.oicheimetry of the square-planar complexes sU5(,ests that 

they are monomeric, as do the similarity of their electronic spectra 

to those of NiI
2
Quin

2 
192 and NiBr

2 
(2:5_Dmp)198• As discussed 

earlier in connection with the pyridine complexes octahedral structures 

are preferred, except in the case of the iodides whose anion polar-

isability is too high. The only octahedral chloro- and bromo-

complexes isolated were those containing the bidentate ligands Q and Mq. 

No octahedral complexes of Dmq and Dpq could be obtained. This 

suggests a delicate balance of factors, such ass:eric hindrance and 

the entropy term for bridging ligands. Steric hindrance 

greater in the complexes of Dmq and Dpq, than in those of 

may be 

168 2:5-Dmp , 

Hq and Q. Bidentate bonding may, therefore, be prevented in the 

former complexes, but allowed in the latter complexes. The 

complexes of Dmq and Dpq would then lack the entropy term associated 

with bridging ligands. 

That NiBr
2
Q and NiBr

2
Mq are octahedral, whereas COBr

2
Q and COBr2Mq 

are tetrahedral, could be connected with the contribution from the 

Crystal Field Stabilisation Energy (see chapter 1), although this is 

usually a small term. 

495,505,168 The pyrazines and quinoxalines form square-planar 

Ni (11) complexes, rather than tetrahedral species, when four­

coordination is necessary. It has been suggested 330 that this 

results from the optimisation of If-bonding overlap integrals for 

planar complexes. This factor should become more important as 

M-N rr -bonding increases, that is in the complexes of poor c1'-donors 
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and good If -acceptors (diazines), rather than those of better 

d ~ (.) 189,190,200,274 fT - onors and poorer 11 -acceptors monoaZlnes • 

The results obtained \dth the quinoxalines support tlTI.s contention. 

Experimental. 

All compounds were dried at 50oC/25mm. Other details have 

been previously described. 

Dibromo (2-Hethylquinoxaline) Nickel (Il). 

A mixture of nickel (11) bromide hexahydrate (1.6 g., 1 mol.) 

and 2-Hethlflquinoxaline (1 g. excess) was stirred together, at 1100C, 

for 15 minutes. Benzene (20 ml.) was added, and the mixture 

allO\;ed to cool. The grey-pink product (1.8 g., 10070 was filtered 

off, and washed Id th benzene. (Found: N, 7.2; Br, 44.0; Ni, 16.0. 

C9H8Br2NIN2 requires N, 7.7; Br, 44.1; Ni, 16.2%). 

Dichloro (2-Hethylquinoxaline) Nickel (Il) was similarly prepared 

as a cream-grey powder (Found: Cl, 25.6; Ni, 20.9. 

requires Cl, 25.9; Ni, 2+.4%), as was broV/n Dinitrato (2-Hethyl-

quinoxaline) Nickel (Il) (Found: Ni, 17.9; 

Ni, 18.076), light-brolffl Di Iodo bis(2-Hethylquinoxaline) Nickel (Il) 

(Found: N, 10.4; I, 43.2; Ni, 9.7. 

I, 42.2; Ni, 9.8)6) and dirty-yellow Di Iodo bis(2:3-Dimethylguinoxaline) 

Nickel (Il) (Found: N, 11.3; I, Lfl.2; Ni, 9.4. 

N, 8.9; I, 40.4; Ni, 9.3~6). 



GENERAL CONCLUSIONS AND SCOPE FOR FUTURE ;JORK 
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The structural, spectral and magnetic properties of the Cobalt (11), 

Nickel (11) and Copper (11) complexes of the halopyridines and 

quinoxalines have been interpreted in terms of a combination of 

steric, electronic and thermodynamic effects. In the absence of 

substantial steric hindrance, high ligand basicity and high anion 

polarisability the complexes were found to exhibit polymeric, 

octahedral structures similar to that 186(figure 3.2) of c{- CoCI
2PY2. 

In the presence of one, or more, of these effects four-coordinate 

stereochemistry generally occurs. 

The influence of steric hindrance is evident in the structures 

of all the series of complexes. The clearest example was found in 

the Copper (11) complexes of quinoxalines. Quinoxaline, 

2-Methylquinoxaline, 2:3-Dimethy1quinoxaline and 2:3-Diphenylquinoxaline 

present a series of ligands which increasingly restrict the formation 

of polymeric, octahedral structures. This results in a progression 

from a polymeric, octahedral structure to a square-planar monomer for 

the series of complexes of these amines. Increasing tetragonality 

was also observed in the Copper (11) complexes of 1:2:4-Triazole, 

pyridine, 2-chloropyridine, 2-Methylpyridine, 2-Bromopyridine and 

Phenazine. The four-coordinate structures of the Cobalt (11) 

complexes of the 2-halopyridines are clearly oonsequences of steric 

hindrance. 

Other factors appear to mOdify the influence of steric hindrance 

on structures. A smaller degree of covalent bOnding was suggested 

in CuCl
2
Quin than in CuCl2Q, and was considered to lead to a larger 
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chlorine Van der Waal's radius; and a resulting square-planar 

structure for the former complex, compared with the octahedral 

structure of the latter complex. 

The effect of amine basicity on the stereochemistry of the 

complexes is shown most clearly by those of Cobalt (11) halides 

vdth substituted pyridines. For both the chloride and the bromide 

complexes octahedral structures were found for the ligands of low 

basicity, whilst those of high basicity gave tetrahedral complexes. 

This behaviour can be explained in terms of Pauling's electroneutrality 

principle. 

The weak Metal-nitrogen ~-bonds, resulting from low basicity, 

are usually compensated by strengthening of rr-bonding. No such 

compensation occurs for the poor (relative to quinoxaline) rr-electron­

acceptor 2:3-Diphenylquinoxaline and this,combined with steric hindrance, 

results in the existence of few complexes of this amine. 

The evidence for these conclusions depends mainly on the correct 

assignment of the electronic spectra of the complexes. More accurate 

data is desirable in order to confirm the proposed structures and 

also the interpretation of the calculated Dq and B' parameters. 

Such data could be provided by the polarised spectra of crystals, 

by low-temperature spectra, by gaussian analyses, an(Lsubseqit~ntly 

by a more detailed application of the crystal-field, and molecular­

orbital theories. 

The infrared spectra of Triazole, Phenazine and the quinoxalines 

have been tentatively assigned and this treatment could be confirmed 



197 

by studies of dichroism, and the effects of deuteration. 

The strength of the metal-nitrogen bonds was shown, by thermal data 

on the complexes of the quinoxalines and by infrared shift data on 

those of the halopyridines, to follow the Irving-':Iilliams stability 

86 
order. 

I-!any effects have been attributed to the influence of metal-

ni trogen l1" -bonding. Among these are the occurrence of square-planar 

structures for the NiI2 complexes, and the variations of thermal 

stability, infrared shifts, charge-transfer bands and ligand field 

parameters. However, there is no direct evidence for SUbstantial 

If-bonding. This is, perhaps, an area in which much further work 

is required. The NMR stUdies of azine ions578.579 could be 

extended to the complexes of these ligands. Some work has already 

been reported72.580, in which the proton contact shifts have been 

related to metal-ligand ~-bonding. However, it has been demonstrated581 

that delocalisation of the metal electrons onto the ligand can occur 

without metal-ligand ~-bonding. In view of this it may be better to 

use N~m methods to measure the barrier to free rotation about the 

metal-nitrogen, bonds.582 Other approaches to IT-bonding could 

involve polarography, a study of the effects of substitution583 on 

the energy levels of coordinated azines 416 and studies of the 

intensities of infrared bands due to SUbstituents584• 

Steric effects and the influence of bridging ligands could be 

further studied by the 

its derivatives. The 

preparation of complexes of 4-nitroquinoline and 

nitro- group should184 give this amine similar 
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electronic properties to those of quinoxaline. The influence of 

steric effects could also be studied by the preparation of complexes 

of 5- and 5:8- substituted quinoxalines. 



xxiii 

Appendix A.l. 

Calculation of Ligand Field and Racah parameters for octahedral 

d3 and dS ions, and tetrahedral d2 and d7 ions. 

i) Calculation from ~ and "'9
3 

only. 

Inspection of figure 1.4 shows that: 

i>l = E(T2) - E(A2) = lODq 

172 = E' (T1F) - E(A2) = E' (T1F) + 12Dq A.l.l 

'13 = E' (T1P) - E(A2) = E' (T1P) + 12Dq 

The secular equation is 23 (energies relative to the 3F state): 

I 
15B'-E 

-4Dq 

-4Dq 

6Dq-0 

=0 

or: E2-E(15B'+6Dq) + 90B'Dq-16Dq2 = 0 •••••••••• A.l.2 

which has the roots: E+ = E' (T1P) 

E_ = E'(T1F) 

The sum rule for these roots gives: 

i'>3+-V2 = 15B' + 30Dq ••••• A.l.3 

while the product rule and ~quation A.l.3 give: 

340Dq2 - lSDq (-))3+))2) + ))2 i) 3 = 0 ••••• A.l.4 

and hence: Dq 23+ = (1/340) [9(17
3

+ V2):!:(SliJ/-17SV2 ))3+81 i732)~J 
••••• A.l.5 

At the weak field limit, (Dq=O) A.l.4 becomes 1)2))3 = 0; 

i.e. ))2 = 0 or iJ
3 

= O. 

))2 is the meaningful solution of this equation, since figure 

2.1 shows that,)3 is never zero. Equation A.l.5 only gives 

Dq = 0 at 1V2 = 0 for the negative value of the square root, 

which must be the meaningful value. 
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ii) Calculation from -V 1 and V 2 only. 

Equating E'(T1F) from equation A.l.l to the lower root of 

equation A.l.2 gives: 

i12-12Dq = E'(T1F) = (~) [ (6Dq+15B')-(225(B.)2_180B'Dq+1OODq2)~ J 
with Dq = -V/1O. from equation 1.5. this gives: 

B' 12 = (2171- )12) (-91- ))2) 13(5 V
2
-9V

l
) •••••• A.l.6 

iii) Calculation from 1'1 and ~3 only. 

Figure 1.4 shows that: 

-Y2 = 15B'+3Vl -Y3' 
This expression and equation A.l.6 then lead to: 



xxv 

Appendix A.2. 

Computer programmes used for the 

calculation of ligand field parameters. 

The following two programmes were devised for use with a 
Ferranti Argus 100 computer. They are written in the autocode 
language. 

a) For the d2 and d7 octahedral and the d3 and dB tetrahedral 
complexes. 

Programme 

N 
270CTA 3B TErRA L.F., B .PARAMLTERS 

JV1 
STOP 
TEXT 

DQ(2) DQ(123) B(123) P(2) DQ(23+) 
DQ(23-) B(23+) B(23-) V(IP) B(12) 

1) VlO = TAPE 3 
VI = IB x Vll 
VI = Vl/34o 
PRINT VI, 3081 
~2, VlO = 0 

VI = Vll - VIa 
VI = Vl/lO 
PRINT VI, 40Bl 
~3, V12 = 0 

V]. = 3 x VlO 
VI = Vll - VI 
VI = VI + V12 
VI = Vl/15 
PRINT VI, 40Bl 
VI = VlO x VIa 
VI = 17 x VI 
V2 = VIa x Vll 
V2 = 16 x V2 
V3 = Vll x Vll 
V3=4xV3 
v4 = VIa x V12 
v4 = 9 x v4 
V5 = Vll x V12 
V5 = 4 x V5 
V5 =V5 + VI 
V5 = V5 - V2 

Remarks 

Prints heading 

V(3P)~prints column headings 

Reads in ""1' ))2' ))3 

Format for Dq=18 V/340 
Goes to 2) if VI = 0 

Format for Dq123 
Goes to 3) if ~= 0 

Format for B'123 



xxvi 

V5 = V5 + V3 
V5 = V5 - v4 
V5 = V5/1000000 
PRINT V5, 4063 
~4 

Format for P
2 

2) PRINT V10, 4081 ) Allows 3 spaces under 
PRINT V10, 4081 ) DQ(2), DQ(123) and P(2) columns 
PRINT VlO, 4063 ) (by printing 3 zeroes). 

4) Vl = V12 x V12 
Vl = 81 x Vl 
V2 = Vll x V12 
V2 = 16 x V2 
V2 = Vl + V2 
V3 = Vll x Vll 
V3 = 16 x V3 
V3 = V2 - V3 
-t5, 0 >V3 Goes to 5) if the argument is 

negative under square root of 
V3 = SQ,RTV3 Dq23! 
v4 = 2 x Vll 
v4 = v4 - V12 
V5 = 9 x v4 
v6 = V5 + V3 
v6 = V6/340 
PRINT v6, 4081 Format for Dq23+ 
V7 = V5 - V3 
V7 = V7/340 
PRINT V7, 4081 Format for Dq23_ 
v8 = V4/15 
Vl = 2 x v6 
V9 = Vl - v8 
PRINT V9, 4081 Format for B'23+ 
V7 = 2 x V7 
V9 = V7 - v8 
PRINT V9, 4081 Format for B1

23
_ 

v6 = 10 x v6 
v6 = Vll - v6 

for predicted V
l 

PRINT v6, 3101 Format 
~6 

5) Vl = 1 
PRINT Vl, 4081 ) If the argument of the square 
PRINT Vl, 4081 ) root in Dq2 is negative "1" 
PRINT Vl, 4081 ) is printed 3! under the DQ(23+), 
PRINT Vl, 4081 ) DQ(23-), B(23+), B(23-) and 
PRINT Vl, 3101 ) V(IP) columns. 

6) ~7, V10 = 0 Goes to 7) if -))1 = 0 
-.)8 Goes to 8), otherwis e. 



3) PRINT V12, 4081 
PRINT Vl2, 4063 
PRINT V12, 4081 
PRINT V12, 4081 
PRINT V12, 4081 
PRINT V12, 4081 
PRINT V12, 3101 

8) V2 = 2 x VIO 
V2 = Vll - V2 
V2 = V2 x VlO 
V3 = 9 x VIO 
v4 = 4 x Vll 
v4 = V3 - v4 
v4 = 3 x v4 
v4 = v2/v4 
PRINT v4, 4081 
v4 = 15 x v4 
V5 = 3 x VIa 
V5 = V5 + v4 
V5 = V5 - Vll 
PRINT V5, 4101 

7) TEXT 
,"",I 

( -70) 

xxvii 

) 
) Prints zeroes under B(123), 
) P(2), DQ(23+), DQ(23-), 
) B(23+), B(23-) and V(lP) 
) columns if ))3 = 0 
) 
) 

Format for B'12 

Format for predicted lV 
Finished row with space~. 
Reads in next set of VI' 
))2' "))3 values. 

b) For the d3 and d
8 

octahedral and the d
2 

and d7 tetrahedral 
, complexes. 

Programme Remarks 

N 
380CTA 27 TETRA L.F., B.PA.RAME.TERS Prints heading 

JVl 
STOP 
TEXT 

B(123) p(3) DQ(23+) DQ(23-) B(23+) B(23-)~ P . t 1 h d· 
B(12) V(3P) ~ rln s co ~~n ea lngs 

1) VIa = TAPE 3 Reads in -VI' V 2' i) 3 
-;> 2, VIa = a Goes to 2) if VI = 0 
-.:13, V12 = a Goes to 3) if ""3 = a 
VI = 3 x VlO 
VI = Vll - VI 
VI = VI + V12 
VI = Vl/15 
PRINT VI, 3081 Format for B'123 
VI = VIa x VlO 
VI = 17 x VI 



V2 = VlO x Vll 
V2 = 9 x V2 
V3 = VI0 x V12 
V3 = 9 x V3 
V4 = Vll x V12 
v4 = 5 x v4 
v4 = VI + v4 
v4 = v4 - V2 
v4 = v4 - V3 
v4 = V4/1000000 

PRINT v4, 4063 
44 

2) PRINT VI0, 3081 
PRINT VlO, 4063 

4) V2 = VII x VII 
V2 = 81 x V2 
V3 = Vll x V12 
V3 = 178 x V3 
v4 = V12 x V12 
v4 = 81 x v4 
v4 = v4 + V2 
V4 = v4 - V3 
~5, 0)V4 

v4 = S~T v4 
V5 = Vll + V12 
v6 = 9 x V5 
V7 = v6 + v4 
V7 = V7/340 
PRINT V7, 4081 
v8 = v6 - v4 
v8 = v8/340 
PRINT v8, 4081 
V9 = V5/15 
V7 = 2 x V7 
V7 = V9 - V7 
PRINT V7, 4081 
v8 = 2 x v8 
v8 = V9 - v8 
PRINT v8, 4081 
-76 

5) VI = 1 
PRINT VI, 4081 
PRINT VI, 4081 
PRINT VI, 4081 
PRINT VI, 4081 

6) -"7, VI0 =0 
4>8 

xxviii 

) 
) 

) 
) 
) 
) 

Format for P
3 

Prints zeroes under B(123) 
and p(3) if VI = 0 

Goes to 5) if the argument 
is negative under the square 
root in Dq23.± 

Format for Dq23+ 

Format for Dq23_ 

Format for B'23+ 

Format for B'23_ 

Prints "1" under DQ(23+) , 
DQ(23-),B(23+) and B(23-) if 
argument of square root in 
DQ2o+ is negative. 
Goe~to 7) if VI = 0 
Goes to 8), otherwise. 



3) PRINT V1Z, 3081 
PRINT V1Z, 4063 
PRINT VlZ, 4081 
PRINT V1Z, 4081 
PRINT V1Z, 4081 
PRINT V1Z, 4081 

8) VZ = V10 x V11 
VZ" 3 x VZ 
V3 = Vll x Vll 
V3 = VZ - V3 
v4 = VlO x V10 
v4 = Z x v4 
v4 = V3 - v4 
V5 = 9 x V10 
v6 = 5 x Vll 
v6 = V5 - v6 
v6 = 3 x v6 
v6 = v4jv6 
PRINT v6, 4081 
v6 = 15 x v6 
V7 = 3 x VlO 
V7 = V7 + v6 
V7 = V7 - Vll 
PRINT V7, 4101 

7) ..... 1 
( ~O) 

xxix 

) 
) Prints zeroes under B(lZ3), 
) P(3), DQ(Z3+), DQ(Z3-), B(Z3~) 
) and B(Z3-) if "0

3 
= 0 

) 
) 

Format for B'lZ 

Format for predicted JV
3 Reads in next set V 1 , ~, ))3 

Units of cm-l were used in these programmes, except that P was in 
kKZ. Unmeasured frequencies were given the value of zero in the 
input data. In these cases zeroes appeared in the results when the 
parameters could,not be calculated. 



Appendix A3 

Reported frequencies and calculated ligand field parameters. 

Table A3 a) Data for the d2 and d7 octahedIa1 and the d3 and d8 tetrahedral complexes. All units 
ate kK except those of P 2 (kK). 

Co!!!E1ex ~1 ~2 ~3 Pz .£:1123 .!19.23+ .£:113+ .!!:123 .!!:23+ .!!:13+ .!!:12 Ref. 

v3+ /tJ.-Al203 17.4 34.5 25.2 -165.!!l 1.710 1.792 1.868 .500 .665 .605 -.093 21 

VF6 
3- 14.8 23.0 1.605 .630 24 

Co (H20) 62+ 8.35 17.85 20.0 0.01 .950 .950 .950 .853 .853 .853 .854 18 

Co(HzO) 62+ 8.2 16.0 19.4 -12424 .780 .854 .720 .869 -.112 23 
2+ 8.2 16.0 21.55 -14331 • .780 .858 .863 1.019 -.112 23 Co (H20) 6 

~ 2+ 
CoPY6 8.479 19.8 .962 .831 210 

CoC12PY2 8.584 17.39 .961 .655 210 

Co(NH ) 2+ 
3 6 9.0 18.5 21.1 -65.70 . .950 .985 .840 .911 .214 23 

Co en3 
2+ 9.4 18.7 21.7 -124.2ti .930 .997 .813 .947 -.032 23 

Co enti- 9.1 16.3 19.9 -235.08 .720 .871 .593 .894 -.345 23 

Co enta2- 9.1 16.3 20.6 -246.77 .720 .872 .640 .943 -.345 23 

2-Co enta 9.1 16.3 21.5 -2ti1.80 .720 .873 .700 1.006 -.345 23 

KCoF3 7.15 15.2 19.2 -13.80 .805 .813 .863 .879 .604 206 

CoC12 6.6 13.3 17.25 -63.35 .670 .712 .717 .801 .035 206 



Table A3a) cont •••• 

Complex ~1 ~2 "~ P2 ~123 ~23+ ~13+ ~123 ~23+ ~13+ ~12 Ref. 

CoBr2 6.2 12.0 16.4 -88.84 .580 .644 .653 .781 -.106 206 

Co (NC3) 2dpa2 9.9 18.7 ZO.5 -190.30 .880 .994 .633 .862 -.254 213 

Co(26DPNO)ZBrZ 9.259 16J.Z9 18.958 -246.44 .687 .860 .481 .827 -.392 212 

Co(246TPNO)2Br2 9.434 12.195 19 .231 -427 fJ 2 .276 .657 .208 .970 -.581 212 

Co (26DPNO) Z(SCN) 2 9.709 12.9CB 19.231 -423.83 .319 .694 .200 .950 -.589 212 

Co(246TPNO)2(SCN)2 9.004 12.12119.2:i -444J.3 .232 .653 .129 .972 -.615 Z12 

Co (26DPNO) 2 (N°3) 2 9.756 12.121 20.0 -472.71 .236 .654 .190 1.025 -.611 21Z 

• Co (246TPNO) 2lN03)Z 9.302 11.765 18.r02 -411..'D .246 .634 .170 .946 -.578 212 

Copy{12 16.129 19.2 31 .861 .853 78 

Co(a~Cl4C1Z 15 .873 19 .048 .847 .848 78 

Co(ypic)4C12 15 .873 J9 D48 .847 .848 78 

Co(apic)4Br2 17.24. 19.048 .917 .805 78 

Co(ypic)4Br2 17.24119.231 .917 .818 78 

CoPY412 i7 ~24120.0 .919 .872 78 

Co (apic) 412 16 .949 20.0 .904 .881 78 

Co (ypic) 41Z 17 .24118.519 - .916 .767 78 



Table A3a) cont ..•• 

Complex ~1 ~2 "3 Ez Qi123 Qi23+ .!29.13+ ~123 ~23+ ~13+ ~12 Re: 

Co(ypic)Br2 15.152 18.868 .810 .857 7: 

Co(2.6-L)B!"z 16.129 18.182 .859 .779 7: 

CoBr2 14.925 17.857 .796 .793 7 

Co(Tc)2CHz0~ 8.7 17.5 .880 .035 58 

Cc( A 'It: lzf1z q 8 • 7 17.0 .830 -.113 58 

Co(DTc)20i20)2 8.7 18.2 .950 .422 58 

CoC12PY2 8.584 15.873 18.762 -177.85 .729 .847 .592 .828 -.269 21 

CoC1ZPY2 8.584 17.391 18.762 -70.43 .881 .924 .693 .780 .083 21 
111 

CoC12(3Brpy)Z 8.889 16.393 18.868 -185.56 .750 .873 .573 .819 -.284 \~o 

CoC1Z (3Brpy) 2 6.452 16.393 18.868 231.91 .994 .873 1.060 .819 -1.000 " 
CoC12(3lfrpy)2 8.889 17.699 18.868 -94.64 .881 .940 .660 .778 -.025 " 
COC12 (3Brpy) Z 6.452 17.699 18.868 373.75 1.125 .940 1.147 .778 -.810 " 

CoBr2(3Brpy)2 8.163 15.221 18.315 -158.94 .706 .81Z .603 .816 -.239 " 

CoBr2(3Brpy)2 8.163 16.807 18.315 -46.71 .864 .893 .709 .767 -.210 11 

CoC12(4C1py)2 8.696 16.129 18.868 -177.40 .743 .860 .594 .827 -.266 11 

CoC12(4C1py)Z 6.250 16.129 18.868 247.70 .988 .860 1.083 .827 -.915 11 

CoC1Z(4C1py)Z 8.696 16.667 18.868 -141.07 .797 .887 .630 .810 -.181 " 



T$j1e A3a) cont •••• 

Complex .Y1 \/2 ~ P2 .!£.123 .!£.23+ .!£.13+ !:123 ~23+ B' -13+ ~12 R< 

CoC12(4Clpy)Z 8.696 15.625 18.868 -209.32 .693 .834 .560 .843 
11 

-.325 1'/1 

CoC12Q 6.269 17.123 19.011 352.87 1.085 .911 ·1.155 .806 -.794 , 

CoC12Q 6j269 17.123 30.864 495~95 1.085 .926 1.945 1.627 -.794 , 

CoC12Q 6.269 13.986 17.123 39.52 .772 .747 .820 .771 6.343 , 

Co(N03)Q 9.434 15.873 .644 -.440 , 

Co(N03)2Q.2H20 8.439 16.129 19.881 -153.88 .769 .862 .713 .898 -.184 , 

Co(N03)2Q.2H20 8.439 19.342 21.368 125.78 1.090 1.029 1.026 .903 -4.891 I 

Co (N03) 2Q.2HzD 8.439 18.797 20.619 63.35 1.036 1.013 1.540 1.494 7.075 I 

Co(N03)2Q.2H20 8.439 18.797 19.881 70.78 1.036 .998 .891 .815 7.075 , 

Co(N03)2Q.2H20 8.439 19.881 28.369 208.65 1.144 1.068 1.529 1.376 -2.364 I 

Co(N03)2Q.2H20 8.439 19.881 31.847 221.08 1.144 1.072 1.761 1.616 -2.364 I 

Co(NOjl2QZ.2H20 8.230 20.0 21.053 242.70 1.177 1.061 1.091 .860 -1.638 I 

CotNOjl2~ .3-120 8.230 20.619 30.769 395.57 1.239 1.109 1.780 1.520 -1.357 , 

Co (l'D:3lz~. 2Hz 0 8.230 20.619 32.895 413.44 1.239 1.111 1.922 1.667 -1.357 I 

CoC1flq 6.580 16.807 18.018 240.79 1.023 .893 1.006 .746 -.999 I 

CoClflq 7.570 16.807 18.018 52.17 .924 .893 .808 .746 -4.663 I 

CoC1l'lq 6.580 15.748 16.807 133.48 .917 .836 .854 .693 -1.505 , 



Table A3 a) cont •••• 

Complex ~1 ~Z "3 Pz ~lZ3 ~23+ ~13+ ~123 ~23+ ~13+ ~12 Ref. 

CoC12Nq 7.570 15.748 16.807 -27.57 .818 .836 .656 .693 .299 This 
work 

CoC1t'q 6.580 15.748 18.018 138.05 .917 .839 .935 .779 -1.505 11 

CoClllq 6.570 15.748 18.018 -33.79 .818 .839 .737 .779 .299 11 

CoC1t1q3/2 6.667 15.748 16.807 117.99 .908 .836 .837 .693 -1.795 11 

CoClt'q3/2 6.667 16.260 19.Z31 175.56 .959 .867 1.033 .849 -1.291 11 

CoC1tlq3/Z 6.667 17.391 1.072 -.943 11 

CoC1ZC3Brpy)Z 8.889 17.7 .993 .657 11 

CoC12C4C1py)Z 8.696 16.67 .968 .597 11 

COBrZC3Brpy)Z 8.163 16.81 .915 .64Z 11 

CoBrzC4C1py)Z 7.605 14.81 .848 .539 11 

CoC1ZQ 6.Z70 17.98 .724 .845 11 

CoClllq 6.579 17.09 .754 .765 11 

COC1ZNq 7.576 17.09 .857 .701 11 

CoC1ZNq 7.042 17.09 .80Z .735 11 

CoC1ZHq3/2 6.667 17.39 .764 .780 11 

CoC1t'q3/2 7.905 17.39 .892 .700 11 



Table A3 a) cont •••• 

Complex "1 ~Z ~3 Pz QIIZ3 R9.23+ R9.13+ ~123 ~Z3+ ~13+ ~lZ Ref. 

CoCIZMQ3/2 7.233 17.39 .823 .744 Thi' 
wor! 

CoBrl'fq 7.017 15.75 .794 .643 " 
CoBrzMq 8.889 15.75 .980 .518 " 

CoBrl'lq 7.843 15.75 .877 .589 " 
CoCN03)ZQ2.2HZO 8.230 20.62 .940 .904 " 

CoCN03)ZQ·2HZO 8.439 20.1Z .960 .. .856 " 
Ni2+/CdS 4.20 8.Z 12.5 -44.70 .400 .441 .486 .540 .6Z3 .597 -.056 23 

Ni2+/CdS 4.Z0 8.0 lZ.3 -53.06 .380 .431 .513 .615 -.097 Z4 

Ni2+/CdS 4.20 8.0 lZ.6 -54.80 .380 .431 .533 .635 -.097 24 

NiZ+/CdS 4.20 8.0 13.5 -60.02 .380 .432 .593 .697 -.m7 24 

NiCl~-/Me( ~3P) ZNiC14- 7.407 14.61 a) .402 .789 199 

Ni(~3PO)ZBr2/Me2Co 7.Z50 15.58 .394 .860 199 

Ni(~3PO)ZIZ/~Cl 7.078 15.10 .384 .832 199 

Ni(~3PO)2IZMe2Co 7.Z55 14.01 .393 .753 199 

Ni(~3AsO)ZBr2/~Cl 7.654 15.Z6a) .415 .8Z7 199 

NiBrZQuinZ 10.0 16.4 .539 .839 192 

NiC1Z ~1p5 9.2 15.62 .497 .808 198 



Complex VI ~2 v3 Pz ~123 ~23+ ~13+ ~lZ3 ~23+ ~13+ ~12 Ref. 

NiBrz'·1p5 8.6 15.47 .465 .815 198 

NiIz"1p5 8.1 15.4 .439 .824 198 

NiC1
4
2- 7.4 14.2 .401 .762 23 

NiC14
2- 7.4 15.2 .402 .830 23 

NiC1/- 7.4 16.0 .402 .884 23 

NiC1
4
2- 7.4 15.3 .402 .837 24 

NiC14
2- 7.4 16.7 .40Z .931 24 

. 2-Nl.Br4 7.0 13.3 .379 .712 23 

NiBr/- 7.0 14.2 .380 .773 23 

Ni2+/ZnO' 8.4 16.2 .455 .870 24 

Ni (2,3-L)2C12 1O.Z35 17.035 .55Z .876 ZOO 

Ni(2,3-L)2C1Z 10.13 18.083 .548 .950 ZOO 

Ni(2,4-L)2C12 '" 10.31 17.15 .556 .882 200 

Ni(2,4-L)2C12 10.15 18.18 .549 .956 200 

Ni(2,5-L) 2C1Z 1O.Z05 18.18 .55Z .955 ZOO 

Ni(Z ,3-L) ZBr 2 10.05 16.53 .542 .846 200 

Ni(2,3-L)2Br2 10.0 17.48 .540 .913 200 



Table A3 a) cont •••• 

Cornll1ex ~1 ~Z "3 ~Z Ql1Z3 QlZ3+ Ql13+ ~lZ3 ~Z3+ ~13+ ~lZ Ref. 

Ni(Z,4-L)ZBrZ 
10.245 16.64 .553 .848 ZOO 

Ni(Z,4-L)ZBr2 
10.03 17.7 .542 .927 200 

Ni(Z,5-L)ZBrZ 10.1 17.605 .546 - .919 ZOO 

Ni (a-W\F) C1Z 13.3 2Z.6 .718 1.170 ZOl 

Ni(DJW\p)C1Z 10.8 19.5 -' .584 1.0Z8 Z01 

Ni(PAAP)C1Z 13.8 Z3.2 .745 1.197 201 

Ni (PAAP)Br2 13.2 2Z.1 .713 1.138 201 

NiPYZI Z 9.85 17.1 .532 .891 190 

Ni(epic)zIz 9.9 17.0 .535 .883 190 

Ni (ypic) 2I2 10.0 16.95 .540 .877 190 

Ni(3,4-L) ZI2 9.9 16.95 .535 .879 190, 

Ni (3 ,5-L) 2I2 9.9 16.95 .535 .879 190 

NiIZ (ZC1PY) 7.353 16.667 .400 .930 Thi~ 
wor} 

NiIZ(ZBrpy) 7.220 16.0 .392 .889 " 

Notes: 
a) Bari centre of a complicated band. 



Table A3 b) 

Data for the d3 and d8 octahedral and d2 and d7 tetrahedral complexes. 

All units are kK except those of P 3 (kK2). 

Complex "1 ~2 "3 P3 .!!i23 
a) B,a) 

~12 ~13 ~123 B! -23 
V(H 0) 2+ 

2 6 12.35 18.5 27.9 16.27 b) .681 .623 

VS04·7H2O 12.0 18.2 27.8 9.80 b) .705 .646 .667 21 

y3+/CsAlC1
4 9.4 15.0 .596 .434 2: 

Cr (HzO) 6 
3+ 17.4 24.6 37.8 24.48 b) .729 .680 

" 17.4 24.5 38.0 14.42 b) .715 .687 

Cr(H20) SF 
2+ 16.8 24.0 37.6 -3.84 1.699 .708 .738 .754 .747 

cis-Cr(H20V2 + 16.4 23.9 36.8 10.60 b) .792 .707 

trans- " 16.3 22.7 37.0 -41.76 1.745 .491 .636 .720 2: 

" " 16.3 25.5 37.0 65.48 b) 1.134 .907 2: 

Cr(H20)5C1 2+ 16.5 23.25 .680 2: 

Cr(H20) 4C12 
+ 

15.75 22.2 36.8 -61.39 1.752 .429 .650 .783 2: 

Cr3+/MgO 22.7 29.7 46.0 125:41 b) .656 .507 21 

" 22.7 29.7 48.3 -2.92 2.274 .652 .656 .665 .660 21 

" 16.2 22.7 29.7 192.51 b) .651 .253 2: 

Cr203 16.6 21.6 .467 2: 

" 16.8 23.0 29.5 252.58 b) .605 .140 2: 
3+ 18.,15 25.73 39.1 40.41 b) .770 .692 2: Cr /Al 203 -

" 18.1 24.40 39.1 -4.58 1.820 .593 .606 .613 2: 

KCr(SJ4) 2·12Hz ° 17.5 24.7 38.0 24.0 b) .727 .680 2: 

CrUrea6 
3+ 16.1 22.6 34.4 34.47 b) .652 .580 2: 

CrpY3C13 15.9 22.2 .628 2: 



Table A3 b) cont •••• 

Complex ~1 ~2 ~3 P3 Ql23 
a) B,a) 

~12 ~13 ~123 RJ -23 
COC1 2-

4 5.9 14.75 .340 .697 I! 

" 5.6 14.7 .321 .710 I! 

" 5.26 14.7 .301 .729 I! 

" 5.25 14.7 .300 .729 I! 

" 5.7 14.6 .328 .698 1! 

" 5.65 14.6 .325 .701 1! 

COC1 2-
4 5.22 14.7 .298 .731 ;l. I! 

" 5.58 14.8 .320 .718 1! 

CoBr4 
2- 5.75 14.0 .332 .653 1! 

" 5.78 14.0 .333 .652 1! 

" 5.0& 14.3 .286 .715 1! 

" 5.2i) 14.0 .299 .683 1! 

" 4.88 '14.2 .279 .715 1! 

" 5.08 13.8 .291 .677 1! 

Cor 2-
4 5.62 13.2 .325 .605 1! 

" 4.93 13.2 .283 .643 1! 

" 5.70 13.8 .329 .642 1! 

" 4.70 13.2 .269 .656 1! 

" 4.54 13.5 .259 .685 1! 

" 4.70 13.0 .269 .642 1! 

Co(NCSl/- 7.80 16.3 .456 .694 

HgCo(NCS) 4 8.30 16.7 .488 .691 2( 

COC12: :dpa2 
c) 7.87 16.1 28.15 .489 .676 -.531 .763 2] 4.25 

CoBr2dpa2 4.4!) 8.30 16.5 23.74 .461 .675 -.691 .748 2] 



Table A3 b) cont •••• 

Complex "1 ~2 "3 P3 .!£.23 
a) B' a) B' ~13 ~12~ -23 -12 

CoI2dpaZ 4.1& 7.63 15.4 23.47 .448 .639 -.554 .676 .715 2l 

CoBr2PY2 6.803 15 .873 - .394 .724 - 2] 

CoC12 (2C1py) 2 .. 7.168 16.393 .415 .740 - 3£ 

CoBr 2 (2C1py) 2 7.017 15 .674 .407 .698 - 39 

CoI2(2C1py)2 6.68914,97D .388 .667 - 39 

COC12(2Brpy)2 7.27315.748 .424 .687 Thi 
wor 

CoBr2(ZBrpy)Z 6.96915.504 .405 .688 " 

" 7.017 1i .504 .408 .685 - " 
COC12 (3Brpy)Z/ c) 12:1 MeNOz 3.88 16.4 267.03 b) .487 1.144 " 

" 3.8~) 12:1 16.6 272.44 b) .487 1.157 " 

CoB~(3Brpy)zI c) 
6.l) aIZ 2 4.02 IS.'. 7 -Z2.45 .369 .735 .311 .669 11 

c) c) 
" 4.02 6.4 16.0 -Z3.70 .368 .756 .311 .689 " 

" 
c) 

4.0Z 7j) 16.0 37.64 .457 .672 -.I07 .783 11 

4.8~ c) 
" 7.8 15.7 36.80 .458 .650 -.107 .763 " 

Co1l3Brpy)zI c) c) 
aIZ 12 4.02 6.4 14.6 -17.85 .371 .658 .311 .596 11. 

4.8i 
c) 

" 6.4 15.2 -ZO.36 .370 .700 .311 .636 " 

" 4.8~ c) 
7.6 15.2 27.4Z .447 .626 -.288 .716 11 

11 
c) 

4.0Z 
c) 

7.6 14.6 26.33 .450 .580 -.Z88 .676 11 

CoIZ(3Brpy)2 6.993 15.267 - .407 .670 " 

CoBr2(4C1py)Z 5 .168 14.493 .296 .720 11 

11 7.605 14.495 .451 .571 11 

CoBr2(4C1py)4 5.208 15.038 - .297 .755 11 



Table A3 b) cont •••• 

Complex ~1 Vz ~3 P3 ~ a) 
23 

B' a) 
-23 ~lZ ~13 ~lZ3 Rej 

CoIZ(4C1py)Z 4.630 14.493 .Z64 .748 Thi - WOl 

CoC1ZQZ 6.410 16.393 .368 .783 " 

" 7.067 16.393 .409 .746 " 

COBrZQZ 6.329 16.051 .364 .764 " 

" 6.993 16.051 .405 .726 " 

CoIZQZ 6.493 14.706 .377 .660 " 
" 6.45Z 15.198 .373 .697 " 
" 6.116 aZ30 14.706 Zl.44 .495 .540 .203 .306 " 

CoBr2Q - 6.042 15.337 .347 .730 " 
" - 6.780 15.337 .393 .688 " 

CoClzMq - 6.580 16.807 .378 .803 " 

CoBrzMq - 7.017 15.504 .408 .685 " 
CoC12Imq - 5.168 14.925 .Z95 .749 " 
CoBrZllnq - 5.063 14.388 .Z89 .718 " 
CoI2llnq 4.76Z 7.843 1Z.739 Z.96 .490 .391 .474 .420 " 

" - 4.76Z 12.739 .273 .621 " 
NiC1 

(3Etpy)2 - 13.42 23.58 .810 .846 15. 

NiBr 
(3Etpy)Z - 12.97 23.00 .781 .835 " 

NiC12 (IQuin) 2 - 13.91 24.1 .844 .846 " 

NiBr2(IQuin)2 - 13.64 23.42 .830 .811 " 
NiC12(~NH2)2 - 13.76 23.26 .84Z .!Z83 " 
NiBr2(~NHZ)2 - 13.Z3 22.47 .808 .763 " 
NiC12 (m-To1) Z - 13.79 23.26 .845 .780 " 



Table A3 b) cont •••• 

Complex ~1 P "Tln a) B' a) 
~2 "3 -3 - =23 -23 

NiBr2(m-To1)2 - 13.25 22.47 - .810 .761 

NiC12(p-To1)2 - 13.81 23.31 - .846 .783 

NiBr2(p-To1)2 - 13.26 22.57 - .809 .770 

NiC12Quin2 - 13.15 22.70 - .799 .793 

NiC12Q2 7.68 13.04 23.64 15.78.781 .883 

NiBr2Q2(Y) 7.22 12.3021.00 13.85350 .720 

NiC12Quin 6.4 11.1 241 12.65.658 .830 

NiBr2Quin 6.25 10.8 20.0 11.56.644 .766 

NiC13(Me~1 6.6 11.2 21.2 3.16 .665 .830 

NiCN3)2PY4 9.8 16.21 25.84 18.~.029 

NiCN3) 2 
(Epic) 49. 79 16.08 25.77 13.851.016 

NiCN ) 
3(~iC)49.8 16.23 25.71 19.941.038 

NiCNCO)2PY4D.05 16.6126.8116.271.043 

.745 

.758 

.720 

.808 

Ni (NCO) 
(2 . )D.01 16.66 26.67 17.091.042 .798 
I3"pl.C 4 

NiCNCO~~ic) 1Q.04 16.61 26.67 17.79].048 .790 
~ c) 

NiCNCS)2PY41O.4516.9 22.2 54.99 b) 

Ni(NCS) c) 
(tlptc)41O.40116.9 22.5 52.13 b) 

c) 
Ni(N§'~iC)4 10.45 17.06 22.5 55.07 b) 

Ni~~) 1050 17.15 22.~) 56.70 b) 
4 c) 

NiCNCSf2PY41O.58 17.24 22.7 56.57 b) 

Ni(NCSe) c) 
(Bpi~)410.S4 17.18 22.7 55.47 b) 

~12 ~13 ~123 Ref. 

.929 

.776 

152 

" 
" 
" 
" 

" 

1.278 

1.041 

1.268 .867 197 

1.146 .803 

.902 .835 .840 

1.013 

.952 

1.024 

1.031 

1.036 

1.040 

.900 

.929 

.967 

.975 

.965 

.963 

.843 

.83Sl 

.836 

.885 

.880 

.877 

.517 

.547 

.547 

.543 

.547 

.551 

197 

197 

153 

" 

" 

" 

" 

" 
" 

" 
" 

" 
" 

" 



• 
Table A3 b) contT ••• 

Complex ~1 ~2 ~3 P3 Ql a) 
23 

B' a) 
-23 ~12 ~13 ~1:l3 Ref. 

Ni(NCS~) r 10 58 17 24 c) 
b) .965 .547 (yplC 4' • 22.7 56.57 153 

NiC1flP 13.15 23.0 .795 .819 198 

NiBr2Mp 13.4 23.0 .815 .796 " 
NiC12 (2,6 Thlp~- 13.5 23.8 .814 .858 " 

NiBr2(2,6Dmp~- 13.5 23.2 .821 .804 " 

Ni(2,5Imp)C12 - 13.0 22.75. .786 .811 " 
Ni(NCS)2(Py,)~o.416.65 .835 " 

NiC12 (py~) 2 10.5 16.15 .664 " 
z 

NiBr2(pY~2 10.4 15.75 .606 " 

NiI2(Py~)Z 10.6 15.6 .536 " 
Ni(NCS);fpz 10.4 16.0 .659 " 
Ni(NCS)flP5 10.5 16.65 .793 " 

NiC1tlP5 10.0 15.75 .724 " 

NiBrz.lp5 10.0 15.8 .- .738 198 

NiIi'1p5 11.4 15.8 .435 " 

Ni(NCS) 
(2,6~p)4 10.4 16.65 .835 " 

Ni(NCS) 
(2,6Dmp)2 10.4 16.15 .694 " 

Ni (HZO) 62+ 8.5 14.0 26.0 -11.75 .834 .998 .846 .967 16 

" 8.5 13.5 25.3 -32.Z0 .803 .981 .648 .887 150 

" 8.5 13.8 18.4 34.55 b) .734 .447 24 

" 8.5 15.4 25.3 62.80 .956 .801 -7.360 - 1.013 55 

Ni(NH3) 6 2+ 10.6 16.7 27.4 -9.12 1.037 .865 .769 .835 .820 16 



Table A3 b) cont •••• 

Complex E3 
a) B,a) 

~12 ~13 ~123 Ref \11 ~2 \13 ~123 -23 
Ni(NH3) 6 2+ 10.7 17.5 28.2 12.92 1.100 .846 1.004 .907 24 

_" __ . It 10.75 17.5 28.2 10.59 1.100 .846 .973 .897 24 

NiEn 2+ 
3 11.2 18.3 29.0 18.14 1.170 .814 1.043 .913 16 

" 11.2 18.35 29.0 20.35 1.177 .802 1.067 .917 55 

NiEnta2- 10.1 17.0 26.2 34.29 b) - 1.247 .860 " 

Ni(NH31 10.2 17.2 26.9 33.70 1.124 .692 1.287 .900 " Enta -
Ni(En)Enta2-1O.05 17.3 27.1 45.211.126 .707 1.713 .950 " 
Ni(NH~ 
Tetr 11.1 18.7 2&6 43.40 b) . - 1.385 .933 P 

NiBn2+ 10.95 18.0 28.6 19.91 1.147 .812 1.072 .917 " 
NW 8.8 13.9 23.9 -16.23 .845 .829 .648 .760 23 

Ni2+ /HgO 8.6 13.8 24.5 -16.60 .831 .891 .702 .833 23 

" 8.6 13.5 24.6 -31.12 .808 .925 .610 .820 24 

NiC12 12.9 22.1 .786 .762 _ ":j 23 

NiBr2 12.1 20.7 .737 .712 23 

KNi F3 12.5 23.7 .742 .930 23 

pyHNiBr3 11.2 19.9 .674 .725 23 

pyHNiC13 11.2 21.3 .664 .838 23 

NiCl2Py4 10.9 16.0 25.8 -16.81 1.006 .775 .545 .607 27 

NiPY4(CD4)2 10.1 16.6 27.0 11.93.1.037 .833 .987 .887 171 

Ni (C10j)2 
(3HpY 4 10.1 16.5 26.9 8.36 1.029 .835 .940 .873 17, 

Ni (C10j )2 
(4Hpy 4 10.1 16.6 27.0 11.93 1.037 .833 .987 .887 17 

NiCN03) 2 
(2Mpy)4 8.868 15.53 24.88 43.63 .981 .731 2.266 .920 35 



Table A3 b) cont •••• 

Complex P3 
a) B,a) 

!:12 !:13 !:123 Re ~1 ~2 ~3 QJ.123 -23 

Ni(NH3)2BrZ 13.12 23.8 .786 .890 18 

NiBP?(C104)2 12.9 20.0 27.6 62.61 b) - .853 .593 58 

.. NiBr2(~NHz)410.63814.925 23.81 -7.90 .947 .688 .430 .455 58 

. NiCBipy)/+ 12.65 19.2 - .746 41 

Ni/MgTi03 12.0 22.Z .715 .849 24 

RbNiBr3 11.5 202 .695 .724 24 

Niphen3
Z+ 1Z.7 19.3 - .754 Z4 

Ni py 3 (N°3) 2 - 16.393 26.667 1.024 .823 26 

Ni(N3) 2 (IQuinJ4 9.8*6.31 - 1.011 15 

Ni(NZ~~)410.08 16.64 - 1.023 15 

NiC1ZQuin2 13.16 22.73 .799 .794 20 

NiCl2Quin 11.15 21.14 .662 ~829 20 

NiBr2Quin 11.36 20.0 .686 .719 20 

NiClZPYZ 14.1 24.1 .859 .828 20 

NiC12 13.0 22.17 .793 .759 20 

NiBr2 12.2 20.83 .744 .714 20 

NiT'2(H20)2 9•1 15.4 - 1.200 58 

NiATC
3 mz )2 9.1 15.6 - 1.444 58 

NiNe 
(H23) 2 9.1 15.3 - 1.110 58 

NiC12PY2 13.99 24.1 .850 .839 18 

Ni (Spie) 2C12 - 14.18 24.27 .864 .836 18 
I 

Ni (ypie) 2C1Z - 13.95 Z3.98 .848 .83Z 18 

NipY2Br2 13.85 Z3.53 .846' .800 18 



Table A3 b) cont .•. _ 

Complex P3 
a) B,a) B' ~13 ~lZ3 Re: \/1 ~2 \/3 .!19.123 -23 -lZ 

Ni(llpic)ZBrZ - 13.33 Z3.4Z .805 .840 18: 

Ni(ypic)ZBrZ - 13.76 Z3.4Z .840 .799 " 
Ni (NH3) 2 C1Z - 13.6 Z4.8 .813 .933 " 

Ni (llpic)Br2 - 11.63 ZO.53 .701 .741 " 

NipY4C12 15.8 Z5.64 .988 .786 " 
Ni(epic)4C12 - 15.75 25.3 .993 .750 - " 
Ni(ypic)4C1Z 15.9 25.64 .999 .771 " 
NipY4Br2 15.62 Z5.3 .978 .771 " 

Ni (Ilpic) 4Br2 - 15.8 25.3 .999 .742 " 

Ni (ypic) 4BrZ - 15.8 25.3 .999 .742 " 
Ni (3pic) ZBr 2 - 13.3 Z3.2 .805 .8Z3 27' 

Ni(Zpic)C1Z - 10.Z Z1.O .598 .885 Z7' 

Ni (3pic)Br2 - 11.7 20.6 .706 .741 Z7' 

Ni (D-to1) 2C1Z- 13.699 ZZ.989 .841 .763 20: 

Ni(m-to1)ZC12 - 13.793 23.256 .845 .779 20: 

Ni (m-tal) ZBr 2 - 13.158 2Z.727 .799 .794 20: 

Ni(P-to1)~ 
C12·6HZO 14.286 23.81 .880 .779 ZO: 

Ni (p-to1) ZC12 - 13.699 23.256 .837 .789 20: 

Ni(p·to1)2BrZ • 13.158 22.727 .799 .794 " 
Ni (2. 5x(1) ZC1Z· . 13.514 Z2.727 .829 .758 " 

Ni (3,4xy1) 2C1Z· 13.699 23.256 .837 .789 " 

Ni(3,4xy1)2Br2 - 13.158 22.727 .799 .794 " 
Ni (3, 4x(1) 61210. !ll9ps 625 - .472 " 



Table A3 b) cont .... 

Complex ~1 ~2 ~ P3 R9,a) 
23 

BIb) 
-23 .!!:lZ .!!:13 .!!:123 Rei 

NiC12PY4 15.898 Z5.641 .999 .771 587 

NiC12PY2 14.085 24.096 .858 .829 " 
Ni(~NHz)2C12 - 13.699 23.256 .837 .789 " 

NiC~NH2) 2Br2 - 13.158 23.256 .793 .841 " 

NiC~NH2) 4I2 10.98914.925 ""' - - ' .... - - .381 " , -.... - .-

Ni(~NHZ)2IZ 11.905 Z3.81 .700 .980 " 

Ni(~NHz)z 
14.493 Z3.81 .900 .754 " C12(EtOl)2 -

Ni(~NH2)Z 
13.889 Z3.Z56 .854 .769 " Br2(EtaI)2 

NiC12PYZ 8.23 13.793 24.213 6.20 .833 .867 .969 .888 21C 

NiBr2PY4 8.0 15.504 Z5.189 110.75 .969 .775 -.225 - 1.113 " 

NiC12C3Brpy) 28.511114.085 24.096 3.77 .858 .829 .884 .843 This 
war!, 

NiBr2C3BrpY)27.968~3.333 Z2.989 7.15 .810 .801 .922 .828 " 

NiI2 (3Brpy)27 .752 9.852 26.667 -Z12.65 .564 1.306 .193 .884 " 
" 7.752 13.072 26.667 -7.97 .770 1.115 .978 - 1.099 " 

NiC12 (4C1py)z'l' 511 14.085 24.096 3.77 .858 .829 .884 .843 " 

NiBrZ 8.163 13.699 23.810 7.98 .830 .840 .975 .868 " (4C1py)2 

NiC1ZQ 7.194 12.422 18.519 26.72 b) - 1.300 .624 51C 

" 7.194 12.422 31. 746 ~ .15 .714 1.51611.300 - 1.506 " 
NiBr2Q 6.969 12.195 21.978 22.38 .731 .815~.739 .884 " 

" 5.16 12.12 22.25 204.84 .724 .844 .295 - 1.259 511 

" 7.81 12.12 22.25 -30.58 .724 .844 .519 .729 " 

Ni (N03)2Q 8.696 13.889 22.989 -4.20 .859 .741 .688 .719 51C 



Table A3 b) cont •••• 
, 

Qla) BIb) Complex "I ~Z "3 P3 ~12 ~13 ~123 23 -23 

NiCN03J2Q 8.696 13.889 30.030 -66.30 .809 1.309 .688 1.189 

" 8.696 13.889 17.544 43.82 b) .688 .356 

NiCN03)2Q 
8.333 15.152 32.258 68.72 .884 1.392 -4.510 1.494 

(H2O) 

" 8.333 15.152 23.529 62.06 b) - -4.510 .912 

NiC1z"lq 7.246 12.658 22.779 23.27 .759 .843 1.720 .913 

" 7.246 12.658 25.641 17.76 .743 1.067 1.720 1.104 

" 7.246 12.658 31.348 6.78 .729 1.475 1.720 1.484 

NiBrzMq 6.897 12.048 21.097 22.14 .728 .753 1.635 .830 

Ni (N03) 2~1q .6.849 11.779 22.222 10.34 .700 .868 1.148 .897 

N" 2+ 
~PY6 9.479 15.570 26.150 4.08 .956 .870 .922 .886 

Notes:-

) D d BI • f C 3+ 1 a q23+ an 23+ are g~ven or r camp exes. 

Dq23- and B I 23- are given in all other cases. 

b) ~23± c~ot be evaluated because the argument of the square root 
~s negahve. 

c) Of doubtful accuracy. 

Y is the yellow isomer. 

Ref 

51C 

" 

" 

" 
This 
wad 

" 
" 

" 
" 

21C 
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Appendix A.4. 

The correction of spectral data for the effects of spin-orbit 

coupling in Octahedral Nickel (11) Complexes. 

Figure 1.5 shows that the lE(D) state does not cross 3Tlg(P). 

Therefore there is no interaction for which to correct the value of 

1)3. The correction of Vl and ))2 values is considered below, 

using two methods. 

Hethod A. 

Correction of ))1. 

J;frgensen suggests 121 that the interaction between the 3T2g 

and ~(D) states depresses the former by an energy Rl2/(Ea-~) 

and raises the latter by the same amount. 

energy interval between the ~(D) and 3T2g levels, and ZKl is 

. t .. 1 . 121 1 S m1n1mum Va ue, g1ven as '-" lkK. 

Hence, the energy increment due to the interaction is given by: 

2 -, -'''''' l)./(Ea-~) = 0"1- 111 = v 4- v 4 •••••••• A.4.1 

where (see figure 1.5): 

Ea -~ = 0'"4- 0;. •....••.•........•.•••• A.4.2 

Hore detailed calculations have shown tbit no accuracy is lost 

by replacing (0"'4- 0;.) by ( V4- Vl ). In this case equations 

A.4.1 and A.4.2 yield: 

OJ. = Vl + K1
2/P)4- Vl) 

CT4 = 1)4 - ~ 2/( 1\_ 1)1) 

) 
) •••.••••••• A.4.3 
) 



Correction of ))2' 

The energy difference (E -E ) between the 3Tl (F) and ~(D) 
c a g 

states may be replaced by ( ))2- ")74)' Very similar arguments 

to those above then lead to: 

) 0; = ;)2 - K2
2
/( Y2- ))4) 

"4 = V4 + K2
2
/( -y[ ))4) ) ••.••••••• A.4.4 

) 

K2 has been given 121 as approximately 0.8 kK. 

Method B. 

The interaction between two states, of energies El and E2 , is 

given by the secular equation: 

121 \1 has been given 

w 

E2 - E ,.. 
by J/okensen 

............... A.4.5 

as - (2{S/5) ~3d = - 0.976kK (using the free-ion value for g3d)' 

Actual values may be numerically less than this because of the reduction 

149 of the spin-orbit coupling constant in complexes. The solutions 

of equation A.4.5 are the (E') energies (relative to that of the 3F 

term) of the states after the interaction, in terms of the original 

energies (El amd E2). 

Correction of VI' 

The energies of the lE(D) and 3T2g states before interaction aret50 

E(lE) = ~ = 8B' + 2C - 12Dq ) 
) 

E(3T2g) = E2 = - 2Dq ) 



xxxiii 

Substitution of these expressions into equation A.4.5 gives, 

on expansion: 

E2-E(SB'+2C-14Dq) - 2Dq (SB'+2C) + 24Dq2 - ,,/ = 0 ••• A.4.6 

Further 

i-(3T2) = VI - 12Dq ) 
) 

El(~) = 1) 4 - 12Dq ) 
) •.••••••••••••••• A.4.7 Dq = 0""/10 ) 
) 

SB'+2C = <14 ) 

Putting the solutions of equation A.4.6 into equation A.4.7 gives: 

0"'4 = -VI + ;)4- 0;: 
i\- VI = r ( rr 4- 0"1)2 + 4w2J~ 

) 
) ......... A.4.S. 
) 

Elimination of 0""4 between these two equations leads to: 

(i\+ VI - 20""1)2 + 4w
2 

= ('\- '))1)2 

which has solutions: 

crI = (~){('\+'\).:t: [(V4-Vl)2 - 4Vf2ij- A.4.9. 

The meaningful solution has the negative square root, since 

otherwise u;. * VI in the limit of no interaction (W=0). 

Correction of iJ2 • 

In the case of the interaction between the lE(D) and 3Tlg(F) 

states: 

El = E(~) = 8B' + 2C 

E2 = E(3TlgF) = 6Dq 

04= SB' + 2C 

112. "" lSDq 

- 12Dq ) 
) 
) 
) 
) 
) 
) 

...•..•••• A.4.10. 
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Equations A.4.5 and A.4.10 then give, on expansion: .. 

E2 -E( Cl4- (T ~3) + (£72/3) (0"4-20'2/3) - li = 0 . . . . 
Further: 

El (3T F) = = ) 

A.4.ll • 

~-l2Dq -v2-20'"zl3 19 ) ..••••.•••••• A.4.12. 
El(lE) V

4
-12Dq ,)4-2 lrzl3 = = ) 

Putting the roots of equation A.4.11 into A.4.12 gives: 

and 

0;. = -t [("V4+ ;)2) .:!: [( V2- )74)2 - 4H2iS.· ......... A.4.13. 

The sign must be positive to ensure that <12 = 1)2 when If = O. 

Comparison of Methods of Correction. 

The equations developed above were compared by calculating P
3

D' 

1'50 from the data of Bostrop and Jprgensen. Table A.4.1 gives the 

results. These demonstrate that minimisation of P
3 

is best achieved 

by the use of method B, in the region where 171 < V4 < ))2. In the 

cases when 17
4 

'-"V
l 

and -0
4 

..... ~, it is better to use method A. 

l1ethod B may be improved by using numerically lO>ler values of the 

spin-orbit coupling constant. This is particularly evident in the 

case of Ni(H
2
0)6

2
+, for which it is impossible to calculate 0; 

unless 1:1 is reduced. 

I'lhen ))4 <"01 or "0
4 

'> V2 it is only necessary to correct the 

spin-allowed frequency most affected ( 1.71 or V
2 

respectively). 



Table A.4.1 

A comparison of the methods of correcting the d-d ftrequencies of octahedral 

Nicke1CII) complexes for the effects of intermediate coupling. All units 

are in kK except those 
. 2 
(kK ) ·of P30 ' 

* Complex Method .2.1 .2.2 .2.3 ~ P -30 

NiCtren)S04· 
H2O 1 10.6 17.9 27.5 12.9 40.2 

" 2 11.0 17.9 27.5 12.9 23.6 

" 3 10.7 17.9 27.5 12.9 35.6 

" 4 11.1 17.9 27.5 12.9 19.1 

" 5 11.1 17.7 27.5 12.9 12.4 

Ni(N°3)2PY4 1 10.1 16.5 27.0 13.5 5.2 

" 2 10.2 16.5 27.0 13.5 2.9 

" 3 10.2 16.5 27.0 13.5 1.5 

" 4 10.5 16.5 27.0 13.5 -7.6 

" 6 10.2 16.3 27.0 13.5 -7.0 

" 5 10.5 16.1 27.0 13.5 22.3 

Ni(H20)/+ 1 8.5 13.5 25.3 15.4 -32.2 

" 2 8.5 14.3 25.3 15.4 7.8 

" 3 8.5 13.5 25.3 15.4 -34.6 

" 4 8.6 13.5 25.3 15.4 -40.3 

" 7 8.5 13.8 25.3 15.4 -15.2 

" 6 8.5 13.8 25.3 15.4 -17.7 

Ni CSCN) 2PY 4 1 10.1 16.7 26.7 12.8 18.6 

" 2 10.2 16.7 26.7 12.8 14.0 

" 3 10.2 16.7 26.7 12.8 14.4 



Table A.4.1 cont •••• 

* Complex Hethod °1 2.2 °3 ~ P -30 

Ni (SCN) 2PY 4 I 10.5 16.7 26.7 12.8 2.1 

" 6 10.2 16.5 26.7 12.8 7.8 

" 5 10.5 16.4 26.7 12.8 -8.0 

" 7 10.1 16.5 26.7 12.8 11.7 

Ni (tren)S04 1 10.0 17.2 26.9 12.9 44.4 

" 2 10.3 17.2 26.9 12.9 28.9 

" 3 10.1 17.2 26.9 12.9 39.4 

" 4 10;4 17.2 26.9 12.9 25.2 

" 6 10.1 17.0 26.9 12.9 32.9 

" 5 10.4 17.0 26.9 12.9 15.4 

" 7 10.0 17.0 26.9 12.9 37.7 

" 8 10.0 17.0 26.9 12.9 33.7 

* Key to numbering of methods..:.. 

1) Uncorrected data 

2) Corrected by Bostrop and J~rgensen150. 

3) vI corrected by method A. 

4) vI corrected by method B. 

5) vI and v2 corrected by method B. 

6) vI and v2 corrected by method A. 

7) v2 corrected by method A. 

8) v
2 

corrected by method B. 



Appendix A.5. 

The Application of Group Theory to the 

Treatment of Molecular Vibrations. 

The use of group-theoretical principles will be illustrated by 

means of brief treatments of the vibrational modes of square-coplanar 

~cr2L2 chromophores, of heteroaromatic amines, and of the nitrate ion. 

a) The fundamental vibrations of square-planar l~cr2L2 monomers. 

i) The Trans-configuration. 

The complex will be assumed to have regular symmetry, and 

both types of ligand Idll be taken to be spherical. The molecule 

then belongs to the D2h point group. The molecular plane will be 

defined as U-(xy), with the x-axis taken along the H-X bonds. 

Atoms will be numbered from the positive axis in a clockldse 

direction as Xl' L2 , X
3

, 14 and H
5

• The transformation 

matrices for the operation of each symmetry element on the 

cartesian vectors for each atom then have the characters given 

in table A.5.!. 

The representation rQTR consists of the sums of the columns, 

and contains the representations for all the nuclear displacements 

by vibration (Q), translation (T) and rotation (R). ~R is 

the sum of those irreducible representations given by the D2h 

96 character table (table A.5.2), which transform like the 

x, y, z, R ,R and R vectors. x y z 

If the character table for a particular group has the form 

given in table A.5.3 (where ~j is the number of symmetry elements 



Table A.S.1 

Characters for the operation of symmetry elements on the cartesian 

vectors for trans-I-DCzLZ' 

Vector Characters for the Symmetry Elements 

E Czlll Cz-lli .£21& i cr(xy) cr(xz) a(yz) 

xl 1 0 0 1 0 1 1 0 

Y1 1 0 0 -1 0 1 -1 0 

zl 1 0 0 -1 0 -1 1 0 

Xz 1 0 -1 0 0 1· 0 -1 

YZ 1 0 1 0 0 1 0 1 

zz 1 0 -1 0 0 -1 0 1 

x3 1 0 0 1 0 1 1 0 

Y3 1 0 0 -1 0 1 -1 0 

z3 1 0 0 -1 0 -1 1 0 

x4 1 0 -1 0 0 1 0 -1 

Y4 1 0 1 0 0 1 0 1 

z4 1 0 -1 0 0 -1 0 1 

Xs 1 -1 -1 1 -1 1 1 -1 

YS 1 -1 1 -1 -1 1 -1 1 

z5 1 1 -1 -1 -1 -1 1 1 

.' 

rqrR 15 -1 ;i,3 -3 -3 S 3 3 

rTR 6 -2 -z -2 0 0 0 0 

r-
Q 

9 1 -1 -1 -3 5 3 3 



Table A.S.Z 

a) The character table for the DZh point group.96 

DZh E Czi.Q. CzM CzQL i a(~ a(xz) a~) 

A 1 g 1 1 1 1 1 1 1 
Z Z . 

x,y,i 

BIg 1 1 -1 -1 1 1 -1 -1 Rz xy 

BZg 1 -1 1 -1 1 -1 1 -1 Ry xz 

B3g 1 -1 -1 1 1 -1 -1 1 ~ yz 

Au 1 1 1 1 -1 -1 -1 -1 

B1u 1 1 -1 -1 -1 -1 1 1 z 

Bzu 1 -1 1 -1 -1 1 -1 1 Y 

B3u 1 -1 -1 1 -1 1 1 -1 x 

b) The character table for the CZv point group.96 

CZv E Czi.Q. _a~ av' (yz) 

~ 1 1 1 1 z xZ yZ zZ , , 

Az 1 1 -1 -1 Rz xy 

Bl 1 -1 1 -1 X,Ry xz 

BZ 1 -1 -1 1 y,~ yz 



Table A.S.3 

The generalised form of character tables. 

PISI PZSZ p.S. 
J J pmSm 

Cn CIZ ----- Clj --------- Clm 

C21 CZZ ----- C --------- C Zj Zm 
I 

1 • a) b) 
I I I 

Cn CiZ ------ C .. --------- C. 
~J m 
• • 

~ 
I 
I , , • 

I 

C' ------ C' . C' Cnl ---------nZ nJ nm 

Notes: a) In this region of the~table are found the symmetry properties 

of translation and rotation vectors. 

b) This region of the table details the symmetry properties 

of the pOlarisability tensors. 
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in class S., and R. is an irreducible representation) then the 
J J. 

representation: 

r= ~l 'ij ••••••••• }fm 

can be reduced 96 to a sum: 

••••••••• + n.R. + ••••••••• + n R 
J.J. nn 

of the irreducible representations (n. of R.), using the 
J. J. 

. 96 expreSS1.0n : 

............... A.5.1. 

In this case, r~ = ZAg .... Blg+2Blu +2B2u +2B3u ' 

the total of stretching and bending modes. 

This ~quation lists 

The next step is to 

identify the M-X and M-L stretching vibrations, which are assumed 

to be independent. The characters of the matrices, for the 

operation of the symmetry elements on vectors along the H-X and 

I1-L bonds, form the representations: 

20020 2 20= 

20200 2 0 2 

These have been decomposed 

and the results are 96 the 

(using equation A.5.l), as shown, 

symmetries of the s,tretching vibrations. 

All the possible independent stretching vibrations are then con-

structed and, ,nth the aid of the character table, those having 

A ,B2 and B3 symmetries may be identified. g u u 
These are the 

required stretching vibrations and are given in figure A.5.la. 

The remaining vibrations in r~ are: 

r~' = r~ - rM_X - rl1_L = BIg + 2Blu + B2u + B3u ' 



a 

a 

++ 
A1 A1 81 8 2 A2 

Figure A.5.2 
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These are the bending modes and have the forms shown in figure 

A.5.lb. 

The character table reveals 96 that only the B
lu

' B
2u 

and 

B3u modes are infrared active, since they transform like the x, 

y and z cartesian vectors. The infrared spectrum should there­

fore exhibit one 1)M_X mode (B
3u

) , one )/M-L mode (B2u) , and four 

bending modes (2Blu+B2u+B3U) • The ~M_X(B2) and ~11-L(B3U) 
deformations take place in the molecular plane (P), while the 

lfM_X(Blu) and ~1-L (Bl ) modes consist of bending vibrations 

perpendicular to the molecular plane (~). 

More sophisticated techniques treat 99 the internal 

coordinates of the system and applications of matrix theor~88,589 

allow the frequencies of the normal vibrations to be calculated.590 

ii) The Cis-configuration. 

This has C2v symmetry (see table A.5.2 for the character 

table) and the molecular plane is defined as Gr.(xz) >dth the 
v 

C/ z) axis taken as the bisector of the M-X bonds. 

methods to those given above it may be deduced that: 

rM_X = 2020 = ~ + Bl 

rM-L = 2 0 2 0 = Al + Bl 

rQ' = 5 1 1 1 = 2Al + A2 + Bl + B2 

Figure A.5.2 illustrates the stretching ahd bending 

By similar 

modes which 

have these symmetry propetties. Only the A2 vibration is 

infrared-inactive96 , and two l)M_X (Al+Bl ) and two i)M_L (Al+Bl ) 

stretching modes should appear in the infrared spectrum. 
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iii) Lower symmetry. 

If either of the ligands is not spherical then, rigorously, 

the ~cr2L2 molecules belong to point groups of lower symmetry 

than D2h or C2v • Thus, if the trans-configuration contains 

ligands (L) which are heteroaromatic amines, and their ring-planes 

are inclined to the O(xy) plane, C2 symmetry results. In this 

case, all the vibrations become all0l1ed in the infrared spectrum. 

However, because this is a small departure from what is still 

approYimately D2h symmetry,' the new bands should be weaker than 

those allowed in t~e.D2h group. 

representations transform in lower point groups. 

Clark and \;Iilliams have listed 59 the distributions of 

normal modes for other chromophores, in addition to ~2L2. 

b) The internal vibrations of heteroaromatic amines. 

The vibration modes of the substituted pyridines and pyrazines 

are all based ~pon those of pyridine. These have been extensively 

discussed,591 ,592 ,525,526. The vibrations of quinoline and quinoxaline 

are based on those of naphthalene, which have also been extensively 

t d" d 518,519,522,593 F" A 5 3" f f s u Le , • Lgure.. gLves, or the purposes 0 

illustration, the forms of the V vibrations of naphthalene. bcc 

Quinoxaline is treated in more detail below. 

Quinoxaline. 

This a~ine belongs to the C
2v 

point group (table A.5.2). 

axis must be taken as the bisector of both aromatic rings, 'dhile the 

molecular plane may be defined as fT. '(yz). 
v 

In this case, group 



Table A.S.4 

Synunetry of the DZh nonnal modes in lower groups. 

* 
DZh CZh(y) DZ Cz(y) CZh (z) CZhCx) CzvCr) CZv(z) cz/x) CzCx) Cz(z) Ci C. Cl J 

Ag Ag A A Ag Ag Ar Ar '\ A A Ag AI A 

BIg Bg BI B Ag B BI g Az BI B A Ag AI I A 

BZg Ag BZ A B B g g Az BI BZ B B Ag At A 

B3g B B3 B B A Bz BZ Az A B A A" A g g g g 

flu flu A A flu flu Az Az Az A A A u 
AI I A 

Blu Bu BI B flu Bu BZ Ar BZ B A flu At A 

Bzu flu BZ A Bu Bu Ar BZ BI B B flu A" A 

B3U Bu B3 B B flu BI u BI '\ A B flu At A 

* Axes included·. in the group symbol denote which axis of the original DZh group has been taken 

as the principle axis in the lower synunetry. 



+ + + - -+ -cx=r +((J -CD- -ct)-
+ - - + - - - - + -+ - + - + + - -

V12 ~3 V24 V25 
Au Au 8

1u B1u 

-~+ -co+ + - +(0+ - + + 

-VV+ + + - + -
+ - - - --

V28 V39 

8
29 

8
39 

Figure 

q 

A2 

Figure 

V40 B . 
3g 

A. 5.3 
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theory gives: 

rQ = 42 2 0 16 = 15,\ + 7A~ + 6Bl + 14B2 

rCSN2 nucleus = 24 2 0 10 = 9Al + 4A2 + 3Bl + SB
2 

r, 11-3-3 11 = 4Al + 7B2 • C-C, C-N bonds= 

r C-H bonds = 6 0 0 6 = 3Al + 3B2 

r ring be;~ding = 15 5 3 -1 = 5Al + 4A + 
2 3Bl + B2 

r C-H bending = 12 0 0 0 = 3,\ + 3A2 + 3Bl + 3B2 

The infrared spectrum should exhibit 11 ring-stretching, 6 in-plane 

ring bel1<4ng, 3 out-of-plane ring bending, 6 VC_H' 6 ~ C-H and 

3 ~ C-H vibrations; since only the A2 modes (4 't cc + 3 ~ CH) are 

infrared-forbidden. 

c) The vibrations of the nitrate group. 

The free nitrate ion has D3h symmetry. Of the six vibration 

modes, two are doubly degenerate E' species. Only these two E' modes 

( »3 and V 4) and the A2" (»2) species are infrared-active in the 

free ion.100 These vibrations have the forms 100 of figure A.5.4 

and the frequencies 563 of table A.5.5. 

A coordinated nitrato-group, whether monodentate or bidentate in 

character, belongs to the lower C2v point group (table A.5.2). In 

this group, the Vl mode transforms with Al ()/l) symmetry, and ,)2 

with Bl (V
5

) symmetry. The))3 and ,)4 vibrations lose their 

degeneracy, splitting into Al (i)2) + B2(1J4) and Al (l/3) + B2(1)6) 

species, respectively. All six modes are then active in the infrared 

region, with the typical frequencies 563 given in table A.5.5. 



Table A.5.S 

Frequencies (cm-I) of the nitrate ion Ca) and typical frequencies 

for the coordinated nitrato-group (b). 

a) 

b) 

Vibration 
Freguency 

Vibration 

Freguency 

v 
728 

V 2 
831 

VI v2 v4 
1253-1290 970-1034 1481-1531 



xl. 

Hester and Grossman have performed calculations 594 which show 

that polarisation of the nitrate ion in an ionic lattice can also 

split the E' modes. Ambiguity therefore exists, regarding the 

interpretation of an observed splitting. However, from Hester and 

Grossman's diagrams it seems that only coordination can raise ))6 to 

~800 cm-l , where it is observed in the complexes discussed in this 

work. Addison, et al, have suggested 595 that the patterns of Raman 

polarisation may be used to distinguish ionic, monodentate and bidentate 

nitrate groups. 
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