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CHAPTER VII

SOME PROPERTIES OF THE 1:4~DIAZINES
& THEIR

REPORTED COMPLEXES
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468-473
The diazines have been known for some time + Their aromatic
_ 474,475
nature (see figure 7.0) has been confirmed but they have been

little studied until the recent discovery of their chemotherapeutic
216,476-479

derivatives .
185,480
Pyrazine and Quinoxaline are weak bases (see table 7.l1), which
480

are usually monoacidic , They are potentially bidentate tigands,
although the 1l:4 arrangement of aza-atoms restricts such co-ordination

to a bridging, rather than a chelating type. The molecules, being
ﬂ'-electron-deficient,220 are more susceptible to nucleophilic,

than to electrophilic, attack480'481. On the basis of such reactivity,

the order of T ~acceptor character480’481 is QYpyzd»py and Q>AYQuin ) py.
These amines are easily reducedzzo, and the_order482 Q7 4Clpy ¥ 2Brpy

of reduction potentials (Eo) probably reflects that of their ?-acceptor
486, 483,484
natures Table 7.2 lists the known polarographic half-wave
485

reduction potentials (Ei) 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 halo-substituents generally

raise, but alkyl- and aryl- substituents lower, reduction potentials,

487,488
It has been shown that mutually perpendicular Y -systems

do partially conjugate. This, and a slight twisting of the phenyl
rings (towards the plane of the quinoxaline nucleus) permitted sterically,
should make Dpg a poorer Y —acceptor than Q. By analogy with 2- lppy

. 185 184
(see table 7.1) the partial conjugation is expected to lead to a



Figure 7.0



Table 7.1

Base strength [pKa) of the quinoxalines and some related molecules
at room temperature, 7

Compound Ka Commound nKa

19 5.32 4-NO,py 1.39
Quin 4.89 3-NO,Quin 1.03
2-dpy 4.48 2 Mg 0.95
TMp 3.55 3-N02py 0.92
| 2,6-I1Mp 1.90 Pyz 0.65
2,5-IMp 1.85 Q 0.56

2-Mp 1.45



Table 7.2

Reduction Potentials (volts) for some Heteroaromatic Molecules,
The values are given for reutral or basic conditions and at
room temperature.

Molecule EE Ei
4N02py : -0.28
P -0.13 -0.36
Q ' -0.64 -0.66
Dnq ' - =0.71

A - =1.1 -0.79
Tmp -0.98
4CNpy -1,32
4Clpy -1.25

2Brpy -1.36

2Npy -1,70
Py ' -1.75
Mnthracene -1.80

Napthalene -2.46
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slightly lower pKa value for Dpq relative to that of Q.
415,489-494

The T =¥ Y * electronic absorption bands of the diazines
are found220 at lower frequencies than those of their mono-azalogues.
This is consistent with the reduction potentials in suggesting that the
diazines are the better T-acceptors. Table 7.3 lists the frequencies
of the "tails' of the electronic bands of the amines studied here (by
reflectance (Pmq,Dpq, P and T), or in C CIA(O.ZH) 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 the complexes of
496 168 497.
substituted pyrazines with Cu(I) Ni(II) and Co(II) These
complexes are briefly surveyed below, and listed in table 7.4 with

their proposed stereochemistries,

Copper (I) complexes

X -1 -
The appearance of infrared bands at 1248cm , or 1075cm 1 for
497
the complexes of Mp oxr 2:5-Dmp, was used as an empirical criterion

for the presence of monodentate amines. Thes"e bands are probably due
498 .

to the Y. or V. vibrations which occur at 1232 cmﬁl,or 1015 em
9e 1 - 496
in the Reman spectrum of pyrazine. This criterion indentified the

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



Table 7.3

Absorption maxima (kK) for some heterocyclic amines.

Amine - Band maxima . v*%
Q  6.0my; 8.8vw ~25.6
2=-Mg 6.0v; 15.4sh ~17.7
2:3<Dmq 5.7sh;6.0m;7.2w;8.6b,w;24,4sh ~26.7
2:3-Dpq 6.0m;7.0vw,b;5.8w ~25.6
P | 6.0m;6.9vw;7.2vw;8.5w;19.0sh,b;24.2vs;25.6sh  ~22.2
T _ ?.1m;7.3vw,b;9.1w | >28.6
2-Clpy ~ 6.0¢ >28.6
2-Brpy 6.0w321.0v >28.6
3-Brpy . 6.0w325.0ww | >28.6
4-Clpy 6.0w;7.2viv; 8.8wr;27.8sh,m >28.6

* Vi denotes the approximate frequency at which the mwsn *
band reaches half of its maximum intensity (measured as absorbance).
The relative values of vy indicate the extent to which.the band extends

into the visible region.



Table 7.4
Stereochemistry of the complexes of Pyrazine,

Copner (I}: Linear

Cu,I,(pyz)  Cuy(QN),(pyz)

Cu, CLMp Cu,, (N}
Cu2(312 (2:5=Dmp) 0.531'2 (2:5-1rmp) Cu2 (CN) 9 (2:5Dmp)
_Cu2 Cl 2 (2:6-Dmp) C‘JPI'Z (2:6-Dmn)
Cu,Br., (Trp) Cu, (V) (Tp)

Copper (II) : Octahedral
CuCl, (pyz)
Nickel (II) : Octahedral
NiCl,(pyz), NiBr, (pyz), Nil,(pyz), Ni(NCS),(pyz),
NiC1l D,
NiC1 Z”*DS NiBrszS NiIsz 5 Ni (NCS) ZMp 5

NI, NS b,
NiCl,Mp NiBr,Mp
Ni:Cl,(2:5=Dp)

Ni (NCS) , (2:6-Drp) 4

NiCl,(2:6-Dnp), ~ NiBr,(2:6-Drp), Ni (NCS),, (2:6-Drp),

Square-Coplanar

NiBr, (2:5-Dmp) NJ'.I2 (2:5~Dmp)
Nil, (2:6~Dmp)
NI, (Tip)



Table 7.4 CONteeess
Cobalt (II) : Octghedral

CoClr2 (pyz) 2 CoBr2 (pyz) 2 CoI2 (pyz) 2

CoCl, (pyz)

CoClMp, Co (NCS) Hp,
CoCLMp

CoCl, (2:5 ; Dinp) | |

CoClz(Z:BfDmp)z CoBr2(2:6—Dmp)2

Tetrahedral
CoBr,Mp* Col Mp*
CoCl, (2:5~Dmp) CoBr, (2:5-Dmp)* Col, (2:5-Drp)
CoCl, (2:5=Dmp) 3/2
CoI, (2:6-Dmp),

* denotes dimeric structures,
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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 frequénciés
" 432,499
of the cyanides were too low to result from bridging anions.

10 500,501
Other complexes of d° ions with pyrazines have been reported
502
and the crystal structure of AgNO (pyz) determined . This is based
3

upon both pyrazine- and nitrato-bridges.

Copper (II) Complexes

496
Lever, et al, have mentioned unstable complexes of the pyrazines
503
with Cu(ILI). CuClz(pyz) has been reported by Reimann and Gordon

and, on the basis of a single d-d band at 14kK, a polymeric octahedral

504
structure suggested., This is similar to that proposed for CuCIZQ
(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
species were thought to have similar structures to thatls7 of NiClzpyi
(figure 3,2), the pyrazines being monodentate. Similar structures were
pr0posed495 for the octahedral mono=-complexes im which NiX2 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 clathrated Mpmolecules.
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NiIE(Tmp)2 was a équaré-planar monomer (c.f. figure 3.3), but
the remaining four-co-ordinate complexes consisted of chains involving
5i&éntate amine molecules, Such a structure (see figure 7.3) has been
confirmedso5 for NiBrz(Z:SfDmp). The higher Tf-aéceptor character
of the pyrazines relative to the pyridines was thought to lead to a
préference of the former ligands for a square-planar configuration (in
whieh optimum YWeorbital overlap is achieved), and the 1atter189’190 for

a tetrahedral configuration.

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

and found to indicate more metal-ligand Y -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 f-acceptor nature of a molecule
towards a second metal ion, when it is already accepting electrons from
one metal ion.

‘ 497,506,507
Cobalt (II) Complexes

‘ 167 497
The spectral and magnetic data indicated tetrahedral or

octahedral structures for these complexes. All the octahedral complexes
186

were polymeric, the bis-species having oL-CoClzpyz—type structures
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(figure 3,2), and the mono-species having additional amine bridges

(c.f. figure 7.,2).

The bis-tetrahedral complex CoIZ(Z:GDm.p)2 was monomeric
(c.f. figure 3.3). The tetrahedral mono-complexes were probably
halogen-bridge¢ﬁimers (see figure 7.4), with the exception of CoIZ(Z:SDmp)
for which a polymeric structure (see figure 7.5) was proposed, with
amine bridges. Nelson, et al, have reported508 a tetrahedral isomer
of CoClz(Z:SDmp) which appears to have this polymeric structure: A

binuclear, amine-bridged structure was proposed for the tetrahedral

complex CoClZ(Z:SDmp)slz.

Several octahedral-tetrahedral equilibria were studied in

solution and found to involve solvent molecules.

Préliminary Studies of Quinoxaline Complexes

An initial survey with solutions of quinoxaline and of metal salts
showed that complexes could be obtained with Cr(III), Ma(XI), Co(II},
Ni(II), Cu(IIl), Cu(I), Ag(I) and Hg(II}; but not easily with Fe(III),

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

The complexes of copper (II) with unsubstituted quinoxaline were
. . 504
reported by Underhill., Octahedral CuCIZQ and CuBrZQ were thought
495
to consist of polymeric sheets (see figure 7.6) like those of NiBrsz

(sée figure 7.2), while Cu(OAc)zQ had a binuclear structure like that509



Figure 7.6
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of Cu(OAc)Z.HZO. Sulphato~ and nitrato~ complexes were also prepared.

The complexes of Nickel (II) with unsubstituted quinoxaline havé also
510,511

been reported and their spectral and magnetic properties discussed.

495

Polymeric octahedral structures, like that of NiBrZMp (figure 7.2) yeie

proposed for Ni012$62nd NiBrZQ. Ni12Q2 was considered to be a square-

planar moﬁher like NiIz(Tmp)2 (c.f. figure 3.3). These complexes,

and thog 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 tha MXZL'complexes. The first has been proposed

for NiClzpy, while the second is a variant of NiBrsz (figure 7.2)

obtained by interleafing chains running in two perpendiculaf directions.,

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

only impure complexes could be obtained. Complexes approximating to

MnCle and MEnCleq2 were prepared from ethanolic solution j while CrClS.GHZC

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

of uncertain composition.

Infrared Spéctra of the Quinoxalines

512
Ratritzky's treatment of the vibrations of quinoxaline, along
513
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 5252527
pyrazine and pyridine , and this has allowed tentative
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assignments to be made for the infrared bands of Q, Mg, Dmq and
Dpq. These are given in tables 8,1 and 9.5. The notation used is
. 518
based upon that given for naphthaléne. Quinoxaline has 02 symmetry
: v

(seé Appendix A5), but the point groups of its derivatives depend on the

exact orientation of the substituents.



Chapter 8

THE COMPLEXES OF COPPER (I) WITH QUINOXALINES
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The complexes of copper (II) with the pyrazines often
underwent spontaneous reduction to the binuclear copper (I)

k95, 496

compounds This behaviour was not observed (see chapter
9)for the copper (II) complexeg 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
vy direct synthesis from the amines and copper (I) halides. Attempts
to prepare CuéﬂaQ by this method gave mixtures of yellow, orange
and brown products. A titration of CuCl in aqueous Na@ with aﬁ
aguaous solution of gquinoxaline gave a series of differently coloured
précipitates at stoicheiometries corresponding to CuéHhQ (n=1,2,3,6).
Similar colour changes were observed with CuBr in agueous K Br,
It was only possible to isolate CuCl @ by this method, and this

529 496

complex may be compared with Cu Q py and the unstable Cu Clpyz) .

Pure CuflQ and Cu, (CN)2 Q were obtained by reduction of the copper
(II) complexes. No pure products could be obtained from Diphenyl-
guinoxaline.

The complexes all have the same stoicheiometry as their

496

pyrazine analogues « They are all diamagnetic and exhibit no

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

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



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

with the quinoxalines.

| N
Cu,CLQ CuBrQ Cu,lQ Cu(@),Q Qo Qi vib * No,

410vs 417s 417vs 414m © 394s 401m 36
430m 427m 427 427 402vs 493w 24
518m 535w 524m 48
633m - 628w 603mw 603vs 35
731w 726mw(sh) 731m 11
769vs 757vs 757vs 756vs 756vs 759vs 27
778n  790x 783w TT2vs 39
866m 868vs 870vs 363ms 867s 867vs - 23
962s 962vs 953s 940m 22
968m 968vs 967m 921sh

1062s 1051vs l1049VS 1050s 1025vs 1042s 46
109%w 1080m 37

1146s 1138s 1137s 1131mw 1128m 113Cm 34
1207vs 1205vs  1214nm 1204 1216vs 45

| 1209}:IW

1361vs  1363vs 1362s 1360nms 1356mmwEh) 1342m 4
1378m 13735 1373s 1370m 138Cvs 32

1390vs  1385m 1387n 1390ms

1423m 1420s 1420m(sh)  1416mw 1403w 18
1463mw 1460s,b 17
1500vs  1500vs 1499vs  1500s 1495s 1480s 44

1532s



Table 8.1 cont....

Cu,€1,0

1610m

609ms
699m
759vs
792(sh)
884s
91ims
967vs
1009s
1034ms
1123]
Vs
1130
1204vs
1213sh
1293vs

1371
S
1378

QuBrQ  Lu,1o0Q

1583y

€u,CL Mg

424vs

760vs
788my

90S5mw
962mw
988mv
103%mw
1128m

1202m

1292mw
1307mw
1366ms
1382m

Q@0 Q
158Im 1570nav
1608§
W
1622
Cufrta  GulM
423vs 423ms
518m
628ms 630mv
733w (sh) 734w
761vs 763vs
394mv
907nmy 208m
959m 960ns
984mmw 985m
1035m
1130ms 1130s
1202ms 1208s
1295nm
1307ms
1362ms 1369s
1380ms 1380ms

HcL vib™* No.

1522s 3
1617s 16

vib®. No.

36
24

35
12
27
39
23
10
22
(Me rock)
46
34

45
(iMe rock)
33
19

32



TABLE 8.1 cont....

Hg
1412s
1437m

1493vs

1563s

C_u.z.g:.l.z.nﬂ
444s

769vs

830s

95%m

1004ms

114Zm
1180s

119

Sufltg

1406rw

1475ms
1483s

1540m

Cu,Br,Dmg
442s

628m

73Z2nm
774vs

838s

962s
1009s

1142s
1180s

1206s
1220m

Qupria  Cuplg
1406ms
1432ms

1476s 1476ms

1493s 1492vs
1499s
1543ms 1547s
gl_zlzmq Dmg Dma IIC1.
442s 428w 417w
522w 491n
630s 614m 607vs
670m 672vw
722ms 722w{sh) 723s
762s 762vs 775vs
789vw(sh} 793vs
841n 820my 832s
006m 900s
95%m 97?;} 981w
1007s
997s 990Cr: 1022m
1073s
1139vs 1137mw  1150s
1177s 1165n 1172m
1230] S
1201s 1212m 1232
1215s

Vib™* No.
18
17

44

vib™ No.

24
48
35
12
11
27
39
23
10
22
(Me rock)
37
34
26

45
(Me rock) .



Table 8.1 cont....

Lu,C1,Dmg

1332m

1379s
1397s

1461m
1490s
1552s

Cu,br,Dmq

1312m
1334s

1382vs

1400vs

1408s
14372m
1465mv
1490vs
1556m
1572mme

Egzlszq Dna Dma HC1
1258m7
1320
1336m 1328 fmv  1309m
1337 1332w
1352s 1363mv 1358w
1373 1375
W m
1376vs 137 1377
1408vs 1400m: 1421 (sh) .
1466
1437my 147;}“5
1489vs 1491rsr  1498m
1565w 1580mvy
1603w 1610my

Vib* No.

5
33

32
18

17
44

16
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496 when

chloro~ and bromo- pyrazine complexes which dissociated
washed with water. The greater stability of the gquinoxaline
complexes is unlikely to be associated with basicity, since the

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

and may be due to stronger s -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 CuN stretching vibration of the cyanow-complex is

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

2118, and 2127 cm .

Bridging cyanide ligands exhibit'i)CN bands in a range

close to the value 220 of 2172 cm_l for Cu CN. The range of

k32,499

terminal c¢yanide frequencies is lower; for example at 230

2125 cn™t for K Cu (cN)‘2 and 2094, 2081 and 2075 el for K.Cu (CI) I

3

551,552. The cyanide fregquency of Cu2 (CN)aQ is very similar to

those (2103-2132 cm'l) of Cua(CN)zL 496 (

L=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

' 1,532 L b
Ky Cu (W), 931455 K, Co (ON),5,0, 92 and Co (en) 5 Co(CN) 01 99

and has been attributed to site symmetry.
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This evidence, and the stoicheiometry of the complexes,
suggest that Cu2 (CN)aQ an@, by inference, the other complexes
have the linear, binuclear structure (see figure 7.1) proposed496
for their pyrazine analogues.

No'i)au_C bands could be observed above 400 cm T (See
table 8.1) and this is'in accord with the value’-© of 364 cm ™t

for this frequency in ¥K_Cu (CN)q.

5
Amine Bands

It is seen from table S.l, 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 monoprotonéted salts Q H Cl and Dmg H Cl belong to
the CS point group rather than having the CZQ symmetry of their
518

parent amines. The‘pll,ﬁ-)B,? and 939 vibrations transform

as A, in G,  symmetry, but as A'' in the C_ group (see Appendix
A.5), and should be infrared-iractive in the former case, but
active in the latter case. Table 8.1 confirms that these modes
are weak or absent for Q and Dmg but appear moderately strongly
for the hydroclibrides. Further the Aa vibrations are generally

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

are bidentate and so retain their CZV 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 shifis due to coordination. Tﬁese
shifts alsc show the anine dependence: Qﬂ)mc? Mq. The data is
consisteﬁt with the felative Cu-N bond strengths, as explained
later, |

THERMAL DECOMPOSTTION

The complexes decompose before melting, and
. thermogravimetric analyses show that the initial loss of amine
is followed by oxidation to CY 0. 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 (wr), which are observed
and calculated for the CGNX stages. Agreement is evident to_
within experimental error. These intermediates were confirmed
as the Copper (I) halides (for the decomposition of the
guinoxaline 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.M. index.

79

Many bis-quincline-metal-~halides have been shown'” to decompose

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



Table 8.2

Mean infrared shifts (cm'l) due to co-ordination, decomposition
temperatures (OC) and frequencies (kK) of charge-trénsfer onst

for the complexes of quinoxalines with copper(I)

Complex | 8. T, v'o
Cu,C1,Q +13.1 280 15.7
Cu,Br,Q + 9.4 270 17.5
CuzIzQ + 8.8 260 16.9
Cuz(CN)zQ + 7.9 220 18.2
Cu,C1,Mq - 2.0 © 255 16.0
CuzBrZI"‘Iq - 2.4 220 16.4
Cu, I Mq | - 0.8 155 16.5
Cu,Cl,Dng + 3.6 275 16.1
Cu,Br,Dinq + 0.2 250 17.5
Cu,L,Dng ‘3.2 245 6.5

* 8. denotes the mean shift (@) of the amine vibrations due to

co-ordination,
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Table 8.3

Thermal data for the complexes of copper(I} with the quinoxalines

o 0 O
Complex I, 0 I.00) Found Calculated
Cu,C1,Q 220 300 61.8 60.3
Cu,B1,Q 190 300 68.8 68.8
Cu,1,Q 200 280 75,2 74.5
Cu, (@V),Q 160 . 235 57.5 57.9
Cu,Cl,Mq 100 350 57.8 57.9
Cu, B} 100 290 67.0 66.6
Cu,I,Mq 90 180 73.5 72.5
Cu,CL,Dnq 240 340 57.8 55.6
Cu,Br,lng 190 280 65.5 64.5
Cu,1,Dnq 200 260 71.8 70.7

* Percentage weight remaining after the loss of organic ligand



Table 8.4
Diffraction lines (d?&) observed for the intermediates from the decompositior
of copper(l) complexes. Reported lines for copper(I) halides are given
for comparison.

Pesidue  A.S.T.M. Residue  A.S.T.M. Residue  A.S.T.M.
trom for from for trom for

Cu,CL, -CL,Q CuCl(6- 0344) Cu, Brs LBT5Q CuBT (6=0292) Cu21 0 Cul(6-0246)

(3.2)"  3.127 3.35 3.285 3.6 3.493
(2.77)  (2.710) 2.03 2.012 3.1 3.025
(2.58) 1.73 1,716 2.18 2.139
(2.37) 1.43 1.423 1.84 1.824
1.94 1.915 1.315 1,306 (1.77) 1.747
1.65 1.633 1.17 1.1615 1.53 1.5127 :
1.365 1.354 1.10 1.0051 1.395 1.3881
1.25 1.243 (1.37) 1.3529
1.115 1.1054 - 1.24 1.2351
1.045 1.0422 1.17 1.1644
0.96 0.9574 - 1.075 1.0696
(0.918)  0.9154 (1.02) 1.0228
1.0084
(0.858)  0.8564 ' 0.960 0.9568

(0.926) 10,9228
(0.91a) 0.9121
(0.876) 0.8733
0.849 0.8473

(0.841) 0.8391

0.810 0.8086
* A.S.T.M. reference code

** hrackets denote weak lines
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.The complexes of Q and Dmg are generally stable up to
«~200°C but those of Mg start to decompose at v100°C.  Tables
8.2 and 8.3 list the temperatures at which the loss of amine begins
‘Ti), reaches a maximum (Tm) and is complete (Tc). The thermal
stabilities (Tm) follow the orders: Cl™ ) Br S I™ » CN and
Q Y Dmg > Mg. These trends probably reflect the relative Cu~N
bondl. strengthsso. Thus, they are consistent with the infrared

89

shift data, since strong Cu-N O -bonds will cause ~ 'fightening'

of the amine ring vibrations. The reason for this particular
order of aminé dependence, for the Cu-N 0@ -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 ABSORPITON

Table 8.2 gives the fregquency C% ) of the onset of the
strong electronic bands in the U.V., region. The positicn of {%
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 Yo * transitions, listed in table Y.3, are



- 143 -

not expectedq%g vary greatly in frequency, and cannot generally
account for the present bands, which must be ascribed to chmrge-
transfer processes. Table 8.2 shows that the fregquencies are
higher for the bromide complexes than for their clibride
analogues. The reverse order is observed for the cépper (II)
complexes (see chapters 4 and 9), and attributed to Cu=L

and X+ Cu transfer. The present bands may be due to LCu

or Cu2>X transfer. The halogen dependencé would then be
consistént, for the former process, with the Cu-N ¢ -bond
strength order (indicated by TGA and IR data); or, for the
latter process, with 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)#67’ 86

suggests that the charge-
transfer may be associated with the L-*Cu ¢“-bond, since the
absorption is observed at lower energy for the Cu{I) complexes
than for those of Cu(II).

The iodides have values of'Do between those of their
chloride and bromide énalogues. This may be due to the L-?Cu

. ebscurel _

transfer being eheewwed by the lower X-¥Cu bands. The anomalous

behaviour of the Mg 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 isomorrhism.
DISCUSSION

The low'i%N bands and the stoicheiometry strongly
suggest that these complexes have the same linear, binuclear
structure (see figure 7.1) as the pyrazine specie5496. 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 Waal's radius of
copper 1is effeétively less thanv 1.4 £. That complexes have
been prepared indicates that this condition‘is fulfilled. 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 leadé to no dependance of steric hindrance on the
anion present.,

233

Linear structures”~ are uncommon for copper (I)

compounds, which mostly exhibit tetrahedral coordination534_545’547.

Orgel has, however, explained5q6 how they can arise by the



0
d-spacings (A) measured from the X-ray powder photographs of the

Table 8.5

copper(I) complexes with quinoxalines. .

3.6
3.,25b

2.58b

2.48
2.39
2.29b
2.2
2,13
2.02
1,96
1.92

7.7b

4.5

3.52  3.35

3.4

3.05  2.95

292 2.75

2.76  2.55

2.66 2.5

2.34

2.3

22 2.2%
2,12

2,03 2.03

1.97b  1.97

1.88  1.87

9.0

~o

2.6

2.53

2.48

2.02b

1.9

8,2b

4.8
4.3

3.85
3.35

3.15b

2.8b

2.55

2.35b

1.92

'8.7b

4.9

2,75
2.55

2.37

2.28
2.0

1.97

3.1
2.95

2.82

2.66

2.45

2.12
2.05
1.96
1.88

Qz@zg _C_llzlzg Qu_g..lir.'zg 9.1.2_(:.}.29. _022.9.1.29_19. gu_z_(._“.lz_qu CuzBrZDm Cu, I,

SL AL

3.2
2.97
2.8

2.6

2.42

2.09
2,06

1,95



Table 8.5 CONt....

Lu, (@) ,0 Cu,1,Q CwBr,Q Cu,Cl,Q Qu,ClMq Cu,Cl,Dng CuBr bma Cu,l,ly

1.85 1.84  1.81 1.82
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 strongly.
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formation of a hybrid (14/3) (dz° - 8) orbital. This
orbital is localised in the xy plane and electrons placed
in it, instead of in dza, are effectively withdrawn from the
z=axis regions. This permits ligends to approach, with
reduced coulombic repulsion, along the z-axis.

EXPERIMENTAL

Thermal decompositions were studied on a Stanton
Thermal Balance, working at a chart speed of 3 in / hr. and
a.rate of temperature rise of 2/3O /min. Q and Mg were obtained
from Koch-light, while ﬁmq and Dpq were prepared by condensation
reaction5528.

Other practical details have been described
earlier. Carbon ., hydrcgen and nitfogen gnalyses were
performed by Mr. P. Borda.

All compounds were dried at 20°/25 mm,

DICHLORO (QUINOXALINE) DICOPPER (I)

Quinoxaline (1.5 g., 1 mol.) and c0pper'(II) chloride
dihydrate (3.9g., 2 mol.) were dissolved in water (i50 ml),
50% hypo-phosphorous acid (8 ml.) was édded, and the mixture
kept at 900 for 1 hour. The initial yellow precipitate
rapidly turned to dark brown flakes of the producé (2.4g., 63%),
which were filtered off and washed with water. (Found:
€,29.6; H, 2.0; C1 22.1; Cu 38.8. CalCL,Cu N, requires

C,29.3; H, 1.8; C1,21.6; Cu, 38.7%).
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DIBROMO (QUINOXALINE) DICOPPER (I)

Copper (I) bromide (4.4g., 2 mol.) was dissolved in
an acidified (2 drops, SN H2504), 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;

Cgll BroCu N, requires C, 23.0; H,1.5; Br,38.3; Cu,30.5%)

2722
DI-IODO (GQUINOXALINE) DICOPPER (I)

This comﬁlex was similarly prepared (Found:
€,19.2; H,1.5; Cu,24.7; I, 49.5. CgHeCu, LN, requires:
¢, 18.8y H,1.2; Cu, 24.9; I, 45.7%).

DICHLORO- (2- METHYLQUINOXALINE) DICOPPER (I)

This complex was also obtained as above, but with
the addition of the 2-methylquinoxaline to the solution of Copper
(I) chloride. (Foundt €, 31.7; H, 2.5; Cl, 20.8; Cu, 36.k.
C‘9 HgCl,Cu W, requires C, 31.6; H, 2.4; C1, 20.7; Cu, 37.1%)
DIBROMO - (2- METHYLQUINOXALINE) DICCPPER (I)

This complex was similarly prepared, but without the
presence of acid ( Found: C, 25.6; H, 1.9; Br, 37.0; Cu, 29.0.
CgHS}SrZCuaN2 rqquire; C, 25.1; H, 1.9; Br, %7.1; Cu, 29.5%), as
was di-fodo (2-methvlquinoxaline) dicopper (I) (Found: C, 20.7;
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H, 1.7; Cu, 2k.0; I, 48.0. ¢ HSCu I_N, requires C, 20.6;

g 222
H, 1.5; Cu, 24.2; I, 48.3%)

DICHLORO- (2:3 -dimethylouinoxaline) DICOPPER (I)

This was similarly prepared in 50% aqueous ethanol.
The impure red product was dissolved in boiling water (200 ml.)
by adding concentratgd 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
filte:ed off énd washed with water (Found: C, 33.9; H, 3.0;

€L, 20.03 Cu, 36.0; - C Cl.Cu, N, requires C, 33.7;

1013054204,
H, 2.8; Cl, 19.9; Cu, 35.7%)

DIBROMO - (2:3% DIMETHYLQUINOXALINE) DICOPPER (I)

This complex was also obtained as above, but with
the addition of the copper solution to the solution of 2:3 -
dimethylguinoxaline. No acid was used in the initial reaction,
and dilute sulphuric acid was used in the purification (Found:
c, 27.03 H, 2.2; Br, 36.2; Cu, 28.9. ClOHlOBrECHZNE requires
C, 27.0; H, 2.3; Br, 35.9; Cu, 28.5%).

DI-IODO - (2:3 DIMETHYLQUINOXALINE)' DICOPPER (I)
This complex was similarly prepared but without
reprecipitation (Found: C, 23.03 H, 2.1; Cu, 23.6; I, 46.8.

Cy oty oCus TN, requires C, 22.3; H, 1.9; Cu, 23,63 I, 47.1%)
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DICYANO (QUINOXALINE) 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 (II) chloride dihydrate (2.2
gey 2 mol.) in water (20 ml.) A yellow-brown complex was formed
initially and converted into the orange product (1.5 g., 75%) 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:
¢, 38.9; H, 2.3; Cu, 40.8; N, 18.1. 010H6C“2N4 requires
c, 38.8; H, 2.0; Cu, 41.1; N, 18.1%).

QUINOXALTINIUM MONOCHLORIDES

The hydrochlorides of quinoxaline.and 23 5=
dimethylquinoxaline (and also 2:3-diphenylquinoxaline) were
prepared by addiné a few drops of concentrated hydrochloric
acid to a solution of the amine in acetone. The pale precipitates
were washed several times with aceteone.

2:3 DIMETHYLQUINOXALINE

o-Phenylenediamine (43.2 g., 1 mol.), biacetyl
(35.0 mt., 1 mol.), glacial acetic acid (100 ml.), and water
(700 ml.) were refluxed together for 3 hours. Yellow-brown

needles of the product were devosited when the mixture cooled
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to room temperature. These were filtered off and the filtrate
added, with stirring, to water (3000 ml.). The filtrate was
neutralised with sodium hydroxidé and more product was obtained
on leaving the mixture for 24 hours. The product was refluxed
with decolourising charcoal, in zlcohol, for one hour. The
resulting solution was filtered, and the pure product (21 g.,
33%) crystallised as yellow needles, m.p. 105.5 - 10600, from

the filtrate. (Found: C, ?6.1; H, 6.5; N, 17.9. C N, requires

lOHlO 2
Cy, 75.9; H, 6.4; N, 17.7%).

213 ~ DIPHENYLGUINQXALTNE

o-Phenylenediamine (21.6 g., 1 mol.), benzil
(42.0 g.y 1 mol.) and glacial acetic acid (500 ml.) were
refluxed together for % hours. The cold reacticn mix£ure
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—125001(48 ey OF%)e

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

2ot1l2
H, 5.0; N, 9.9%).



Chapter 9

' COPPER (II)COMPLEXES WITH SUBSTITUTED GUINOXALINES
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k96

The Copper (II) complexes with pyrazines were found to be

unstable, but Underhill reported504 stable complexes of this ion with
guinoxaline., The factors affecting this type of complex were therefore

‘investigated. As the instability of some of the pyrazine complexes
450k

was ascribe to steric hindrance, this factor was studied by

preparing a number of complexes of quinoxaline substituted in thela-
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
range (1.7 - 2.0 B.M.) generally observed131 for Copper (II) compounds.

The low moment (1l.55 B.M.) of Cu Bfg\qu may be compared with the low

19,420

values reported for some other complexes of Cu Br,, and may be

2

due to an exchange mechanism.
All these complexes were stable, and the only evidence obtained

for spontaneous reduction was the isolation of brown diamagnetic

2

reduction appear5548_558 to be more characteristic of Cu Br2 and

Paml
crystals from acetone solutions of Cu Br, and Dmg. However, this
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 Dmg by

Faam

bromoacetone. The Copper (II) complex Cﬁﬂﬁrz Dmg was obtained from
ethanolic solution.

No evidence was found for the existence of complexes,of gquinoxaline
with CuI2 or Cu (NCS)E, nor of the substituted gquincxalines with Gu.SOLP
or Cu (OAC)Z. This may be contrasted with the preparation50hof CuSOMQ

and Cu(OAc)aQ. It was not possible to isolate pure Cu(CN)aQ or Cu(NOB)Zqu2



Table 9.1

Electronic spectral data &K} and rcom temperature magnetic moments

(B.M.) for the copper(II) complexes with quinoxalines.

Complex Meff Band Maxima Ly
CuCl Mg,  1.84 14.7(.5) 4.9
CuBr Ma, 178 16.1(.4), 10.5(,w,sh) 3.6
Cu(NOg) Mg 1.96 17.2(.4), 13,8(sh), 11.1(vw,sh) 4.6
Cu(NO;) Mq, 1.88 17.2(.4), 14,3(sh), 11.Xw,sh) 5.1
Cu(NO;) Mgy 1.72 16.7(.7), 13.5(sh), 11.1(ww,sh) 6.1
CuCl,bnq 1,73 21.3(b,w,sh), 18.7(sh}, 14.2(.4) 4.7
CuBr,Dnq  1.55  14.9(.5), 10.0(w,b,sh) 3.2
Cu(NO;) ,Dmq  1.86 17.5(.5), 13.9(sh) 4.7
CuCl,Dpq,  1.89 20.0(ww,sh), 18.7, 14.3(.5), 10.0(b,sh) 5.7
CuBr,Dpa,  1.84 14.9(.3), 10.5(b,w,sh) 3.0 .
CuC1,Q 14.3(1.1) 4.6
CuBr,Q 14.0(1.3) 4.0
Cu(N03) ,Q 18.0(1.2), 14.3(vww,sh) 5.2
Cu(NO;) by, - 15.9(.4), 13.5(.4), 11.1(sh)

Cu(NOz) , (Mepy) , 16.1(b)

Cu(N0y) ,Quin, -16,1(b)

* Estimated since the higher frequency part of the line shape is obsmred

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 chloro-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) CuCl,Q and CuCl Mg, have very similar spectra to that
(c.f. figure 4.1) of CuCl,py,, exhibiting a single band
close to 14,5 kK.
b) CuClszq.and CuCl,Dpq, exhibit two d-d peaks like those
(see figure 4.1) of CuCla'(2Brpy)2. The bands (4.3 kK
and vi8.7 kK) have a mean frequency higher than that of
CuClapya. |
As earlier found (see chapter &) for the halopyridine complexes,
the low frequency of the charge-transfer bandé of the bromides part-
ially obscures the d=-d bands. The spectra otherwise appéar to be
very similar to those of the corresponding chlorides. The higher

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

¥

chlorides, was ascribed in chapter 4 to increased Cu-N {f-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
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or trigonal-bipyramidal structures. Only the gquinoxaline complexes exhibit
comparable high-intensity d-d spectra to those reported446 by Waters for
cis-configurations. However, the bands of the quinoxaline complexes
probably have too high frequencies to result from cis—chroﬁothres. No
explanation can yet be given for the high intensities of these spectra.

All the complexes must be at least as tetragonal as CuClapya, to
account for the high d-d4d frequencies. This criterion restricts the
iossible structures to (see chapter 4): |

i) a six-coordinate structure like that of CuClapyZ,

ii) a five-coordinate, square-pyramidal structure like that of
CuCl,(2-Mepy) 5,

iii) a four-coordinate, square-planar structure like that proposed
for CuCl,Quin,.

The similarities in the spectra, noted above, suggest that the complexes
of § and Mg may have octahedral structures based on that of CuClapya, and
that those of Dmg and Dpq may be square-coplanar. The sPeétra of the
first group of complexes may be assigned in the same way as given ( in
chapter 4) for CuCl,py>. The spectra of the square-coplanar complexes

may be assigned like that of CuCl,{(2Brpy),. The feasib

o
e
'_1
'_l
ct

DY)

)
FHy
ot
£
[
6]
L]

aggignments confirms the suggested structures.
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These tentative assipgnments 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 CuBranz is not understood. The high tetragonalities
indicated by'il for the complexes of Dmg and Dpg are in accord with the
square~planar structures proposed for them.

Thelcharge-transfer bands have been attributed (in chapter &) to
Cu—2L and X-»Cu procésses. Both shduld occur at comparatively low
energieé if the amine (L) can easily accept W-electrons. The observed
order of V), (as defined in the previous chapter) is Q <Dpg < Dmq < Mg,
and this can be understood as roughly the reverse of the It -acceptor
order (see chapter 7).

Nitrato-éomplexes

All the reflectance spectra of the nitrato complexes are similar
to that of Cu(NOB)Zpya, for which an octahedral structure has heen
_ proposed.267 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

a3

the spectrochemical series ~+ 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 assigmments of the reflectance spectra (kK) of the

complexes of copper(II) with quinoxalines.

Complex ¥ v, vz 10Dqg
CuC15Q 14,3 14.3 14.3 7.1
CuBr,Q 14.0 14,0 14.0 7.0
CuCl,Mq, 14.7 - 14.7 14.7 7.3
CuBr,Ma, 17.2 . 17.2 17.2 8.6
CuCl1,Ding 18.7 18.7 14.2 6.3
CuBr,Dnq 18.5* 18.5* 14.9 6.8*
CuCl,Dpq, 18.7 18.7 14,3 6.4
CuBr,Dpq, 18.5ush 18.5ush 14.9 6.8
Cu(¥05) ,Q 18.0 14.3 18.0 7.8
Cu(NO5) ,Mq 17.2 13.8 17.2 7.5
Cu(NO;) M, 17.2 14.3 17.2 7.6
Cu(NO3) Mo 16.7 . 13.5 16,7 7.3
Cu(NO,) ,Ding 17.5 13.9 17.5 7.5
Cu(NOz),py, 15.9 13,5 15,9 7.1

* [stimated from the similarity of the spectrum to that of CuBr, g,
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It is not known whether Cu(NOB)apya has a polymeric anion-bridged
structure, or whether it is monomeric with chelating nitrato-groups.
The change26? in the spectrum on dissolving the complex in chloroform
may be due to dissociation of the former structure.

The spectrum of Cu(NOB)an3 is somewhat different, consisting of
a very broad band like that of Cu(NOB)a(IQuin)a, for which a cis-
octahedral. structure has been proposed359 (with chelating 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(NOB)EPVG in which two Py molecuies are not coordinated.267

The spectra also exhibit an intense band near 31,5 kK which is due559’ 560
to the TL‘yfgktransition of the nitrato-group, Smith has studiédssg’ 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 frequencles of these complexes in

the 60~380cm.-1 region, and tentative assignments which are mostly due

562

to Adams and Morris” ~. The sﬁectra of the Dmg complexes are shown in

figure 9.2. The assignments have been treated cautiously since they



Table 9.3
Far-infrared frequencies (c:m-l) in the solid state for the copper(II)

complexes of quinoxalines.,

: Other
Compound = Voux  Vou-N  Scu-x "ouX V40 Vag Vs bends
Q | 205sh 184s
CuCl,Q . 324vs  220m  180vs 98n 2465 19%shl7aish 130y
QuBr,Q 255s 211w -138m 244sh 193w 172s  l14Iush
2 (115w2§?m
Mg 276vs,  188vs 137m W
~ 293sh
CuCl Mg, 320s  208sh  217m 90.5m 286m, 173m 138m  107sh
300sh
CuBrMq, 2525  200s  239m 294s, 18Im 132m  102s
| 305sh
Dnq 278s, 1665
| 320m
QuCl Dng  368vs  2l4s 156 88m  315s 178w 110w)3!
CuBr,Dnq  278vs 220 105m 3155 176w Lxhl3
Dpq 307m, 192s 9%, 36!
332m
CuCl,Dpq,  337s 2175  144sh 298ush,  202m 34fush
315m 115y,
194sh
168m, 15
GBr,Dpq, 2695 2205 98m 298w, 201m 349m,
: 31/m 110w,
188m,
165n,

13%n.
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depend562

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 fellowing considerations are conditional upon these assumptions.

Copper-halogen freguencies

Only one Cu«X stretching vibration is observed for all of these
complexes. This is consistent with, either the six-coprdinaté, or the
four-coordinate structures proposed above; but precludes a five-coordinate
structure of the CuCla(EMepy)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 AS) in the infrared spectrum.

It has been demonstrated in chapter & that'thé long Cu-X bonds in

the sixw-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

553

suggested that this vibration ( sCuFX) should increase and '£%

u~X
should decrease in freguency as the long Cu-X bonds shorten and tetra-

gonality decreases. The correlation between i>Cu and tetragonality

-X
was confirmed in chapter L.

On the basis of both criteria the.qu and Dpg complexes are shown
to be more tetragonal than those of Q and Mg. The high frequency of

’iéu-x (368 cmdl) for CuCl.bmg may be compared with that (362 cn~ L - see

2
chapter 4) of CuCl.P, and is the highest yet recorded>’-. Sguare-planar
structures may, therefore, be proposed for the complexes of Dmg and Dpq
and octahedral, polymeric structures suggested for the complexes of @
and HMg. .

Although relatively Low (320 cm™>) the 170 bands of the CuCl,Q

u-x

and CuCl Mg, are higher than that (287 cn™t) of CuCl,py,. This effect
. A -1

. is also exhibited by CuClz(Lk—Noapy)2 (‘ﬂhu_Cl = 313 cm ) and was

ascribed in chapter L4 to considerable Cu-N ¥ -bonding. Such an

explanation agrees with the larger'W -acceptor character (sce chapter 7)

of the gquinoxalines.

Copper-nitrogen bands.

OCnly one iJCu-N band 1s cobserved for these complexes, in agreement

with the proposed structures. These frequencies are all close to

1

210 cm —, if the band at “245 ent in the quinoxaline complexes is

accepted as the amine ﬂ)40 ring vibration {observed at 285 cmul and

267 cm—l respectively, in the Raman svectra of naphthalene519 and
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-«qu:'.nolirie5 17)rather than ‘DCu-N' These bands are at lower frequency than (15 7 em
that of CuClaQuina, presumably due to the lower basicity of the aminesz?o
(table 7.1 and chapter 4). The bands are at slightly higher frequencies in
the chloride complexes of Q and Mg than in the bromides; the reverse
being-true of the complexes of Dmg and Dpa. If this difference is significant

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

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

Near-Infrared Sgectra (375-1700 cm.—q).
Nitrate bands (Table 9.4)

Al1l the nitrato-complexes, unlike the halo-complexés but like Cu(NO3)2Q
and Cu(NOB)EpyZ, exhibit absorption bands in the ranges of 798 - 806,
1014 - 1020, 1277 - 1296 and 1496‘- 1513 cm.-1. All except Cu(NOB)anB,
have a fufther band in the 711 - 712 cm.-1 range. As described in Appendix

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

be assigned respectively, to the136,i7 vV 194 and‘i; vibrations. A further

2 1
vibration (ﬁ?5) is obscured by an amine band ( ié?).
Field and Hardy have concluded563 that near-infrared vibration frequencies

cannot be used to distinguish between monodentate- and bidentate- nitrato
groups, because both belong to the 02\7 point group. Far~infrared M-0 stretch-
ing freguencies have been found564 to be more informative on this matter,

but this -data was not available.



Table 9.4

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

Complex Vg Vg >y Ny 3y
Cu(NOg) Mg 71imw 803s  1020vs 1296vs 1500vs*
Cu(NOg) Mg, 712w 80Is  1019vs  1280vs 1496vs*
Cu(NOS) Moz 806m 1018s 1277vs 1502vs*
Cu(NOg) ,Dmq 712w 798vs  1014vs 1279 1513vs*
. S
1289
Cu(NO5) ,Q 708y 800vs 100 1222) 1502vs*
vs Vs
1028 13
Cu(NOy) ,py, 804m  1024m 1268]. 1468}
i 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. Thelcomplex Cu(NOB)an3 is exceptional, in that
th97736, )735, "]727, '922, "5745 and .’)733 vibrations give rise to or_1e set
of bands close to that of Cu(NOB)ana, and to a further set close to the
freqnencies of the free amine. This suggests that the tris-complex
dontains some coordinated, and some free, Mq moleculés.

The spectra of the Dpq complexes wére very similar to that of DpqHCl,
suggesting (see thé.previous chapter) that this amine is monodentate in
its complexes. The criteria, suggested in chapter 8, for monodentate @
and Dmq yield inconclusive results when applied to the Copper(II) complexes.
A search was made for other empirical criteria of moncdentate character, |
by coﬁparing thé éééctra of'thé hydrochlorides ané the complexes of
Cu(I), CU(II5 and Ni(II)}. A strong band in the 603 - 635 —_— region
(due to'iéﬁ) was often exhibited by the monodentate @ complexes., The
appearance of bands ﬁear 465cm.-1, 1018cm.”™" (1)46) and the strengthening of
the'ig5 andﬁ)39 bands may be characteristic of monodentate Dmg. Mono-

dentate Mg usually gave rise to new bands near 4?ch.-1 ('$E4), 5f+Ocm."1

(“948) and 891cm.-1 (1)23), and to a splitting of theﬂsl+ band near 1130cm.” |



Table 9.5(a)

Infrared absorption frequencies(cmfl) for the copper(II) complexes

of quinoxalines,
CuClzg

422m
430m
540mv
547y
645w

756vs
785m
876vs

873s
1066vs
1100m

1140
Vs
1147
1213
Vs
1218
1286m

1352mw
1375w

Nitrate bands are excluded,

CuBr,Q

417m
429m

539

54%y
643my

7525_
780y
875ms

973m

1062ms

1095w
1138
114%}ms
1213ms

1290my
1352m

Cu(0,),Q

423s
432ms
537my
547m
654m
66 7rmv

744vs
L
863s
955mmw
981ms
1057vs
1C90my

1146
s
1150

1214
_ s
1218

*

1362
ms
1372

Q

294s
402s
535vw

603rmv
663vw
7264, sh
756vs
783w |
867s
917w
953s
1025vs
1099w
1128n

1204
Iy
1209

1267w
1356mmv, sh
1370m

Vibration
Number

36
24
48

35

11
27
39
23

22
46
37

34

45

32



Table 9.5 (a) cont....

QuCl,Q CuBrzg Cu(No;) ,Q
1405
W
142
1466s 1470ms 1476
1503s 1507ms *
* Obscured by nitrate bands.
Table 9.5(b)
CuCl Mg,  QuBrMa,  Cu(NOL)-Mg
433s 434vs 427m 434ms
473m 472s 472m
537mw 540m 540 : 539w
my
54
623ms 623vs 620vw,b 623m
646mw 640mw 644m
727m 732s 726wyb,sh  728wvwysh
75 763vs 748vs 752s,sh
Vs
767 762vs
774m,sh 781ms * 790ms
891ns 893my 898m 898ms

1416w

1463s
1495s

CuflO:) g, CulNOs) Mas

411ms
430s
452m
473ms
510m
537m

615m
624s
648m

757s

776s

792y
898m

Vibration
Number

18

17
- 44

Vibn.

Mg o
410s 36
448m 24
534w 48
609ms 35
64 8my
699 12
759vs. 27
792sh 39

884s

23



Table 9.5(b) cont....

..C‘.;I.C.}.zflq.z .CI.LBE.zMﬂz 9_1_@312@. M;lzr_iﬂz g.lﬂQ?,).zl:.‘I_‘lz Mg R::;tj&
903ms 911m 917w,sh 917%w,b 91Ims 10
953mw,sh 952w ,sh 93%w,b
964ms 960mv 967vs 22
978s 980m 994s,sh 981s 969ms
985ms
101 1vmy 1013w * * * 1009s (Me rocl
1030ms 1033b,vw * 1034m,sh 1038w, sh 1034ms 46
1130} 1132} | 1139s 1138s 1132ms 1123% 34
S m Vs
1140 1141 1147s 1148vw 1130
1209s ‘1207111 1203s 1213vs 1205s,sh/ 1204vs 45
1212s j |
1220s 1230ms © 1213sh Qe ro
1278n 1278vw 1272sh
1294ms 1298vw * * 1298ms 1293vs 33
1307ms 13104 _ 1321s 1318 1315ms 1334me 19
1368s 1368ms 1342m 1368mv 1372s 1317} 4
1377ms,sh 1380ms 1380wy 1383ms 137BSS 32
1410
1412n 1411w 1422} 1417 1414 pwv 1412s 18
b,m, 1418
1438| sh
1474ms 1467s,b,sh  1470s,b,sh 143’m 17
1500s 1498ms * * * 1493vs 44

1sso§ 1552w 1560m 1558m 1563s 3
mns

1560 1563w 1572m 1567m,sh



Table 9.5(b) cont....
LuCl,Mg, CuBr,Mg,
1584m

1614m -

Table 9.5(c)

CuCl,Dng  CuBr,Dng
444m 444m
547w 548my
635ms 635m
682ms 687m
729ms 723mw
748vs 745s
793w 788nw
838m 840m
913m 913w
997m 998m
1143vs 1143s
1172 1170ms
11785s

1214s 1214m
1266s 1266m
1319m 1317m

Cu(®05) ,Dmg

449vs
542m
638s
679s
725w
760vs
*
843s
916m

1143vs
1179s

1208s

1613w

Vibn,

“‘JE&4§L}51 CuO) M, Cu(NOg)oMg; Mg — No.

1592w

1594my 1579m 31

428m

614m
670m
722w (sh)
762vs
789vw{sh)
820mw
906m

978mw}
990m

1137mw
1165n

1212m
1258mw
1320
1328 { mw
133

161 7mw

1612mv 16

Vibration Number

24
48
35
12
11
27
39
23
10
22
46
37
34
26

45

33



Table 9.5(c) cont....

CuCl,Dng CuBx, Dmg
1343s 1347ms
1361s 1363ms
1373s 1376ms
1405sh 1406w
1466s 1466w}
149Im 1491ms
15 10}
my
1513 1516mw,sh
Table 9.5(d)
QuClyDpg,  Qubr,Dra,
440w 439w
498vw 498mw
516w 513my
S547m 547ms
558mv
S66w 565m
5 7111} 571m
606s 607ms
633w 633m
670sh 672my,b

Cu(NO;),Dng
1350s
13709
1378

Viw,Sh
138
1411Im

1459sh

*

Dpa
427

491y
541vs
566s

600vs

610m
62 1mv

Lmg
1348w
1363mw

1373
W
137
- 1400rm

1437mw
1491mv

1565mw
1603wy
DpgHC1
488w
539
s
544
560w
566m

601
s,b
609

618w

Vibration Number

32

18

17
44

16

Vibration Number

24
9

48

21

35



Table 9.5(d) cont....
CuClszq2 CuBrzggg2
693vs 692§
S

69
7300 732w
761} 7565

vs

770 768s
917m 919w
982ms . 985m
1028ms 1028m
1063ms 1066m
1071sh
1131ms 1133m
1142mw 1144mw
1219m 121 8rmw
1227ms 1228m
1259my 1261w
1351s 1357s
140008 1404ms
1443s 1446ms

1477b,m
1482m 1486ms
1497w 1501Im
1543w 1548m¢

698vs

729m
761s
768vs

928m

979s

1024m
1060s
1078m
1130w
1143nm
1221&

m

1228

1250m

1350vs
1396m
1441s
1473sh
1479m
1495m
1549sh

DpaliCL
703vs

731m
760s
770vs
788m
930w
978m
1026m
1060m

-1079m

1130w
1145s

1230s
1249w
1333m
1347s
1397m
1445s
1453m
1471s

1500m

1542m

Vibration Number

(Phenyl}

11
8
27
39
10
22
46
(Phenyl)
37
{Phenyl)
34
45

32

18

17
(Phenyl)

44



Table 9.5(d) cont....

CuCl,Dpq, CuBr,Dpg, Dpg PpgHC1 Vibrition Number
1561w 156 7mw 1557n 1559m (Phenyl)
1599w . 1580w,sh 1574w 1598w 31

16761 1627w 1651m (Phenyl)
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Powder X-ray diffraction data

X~ ray powder photographs were recorded for the complexes and the
measured d-spacings 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:

Br > N03" »Cl .

Thermal Decomgosition Studies

As figure 9.3 shows, very féw 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 wifh the proposed
formulae, on the basis of the observed and calculated valués 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-0 <Cu-Cl. A
reversal of the apparent bond strengths of the Cu-Br and Cu~Cl bonds in
the Mg complexes is not understood, but may be correlated with the very
high long-bond Cu-Br stretching frequency (-i%u-Br = 239cm.-1) for

CuBrqua.



Table 9.6
Main lines (d-spacings in 8 ) in the X-ray powder photographs of
the copper(II) complexes of quinoxalines.

Ludl,Q CuBr,Q .EEiﬂgslgg Elﬂﬂqﬁﬂz CuBr,Mg,
) 10.5
7.7s
6.7
6.0
5.3b,s
4.6b. 4.2vs,b
3.55 | 3.45 3.45s,b
3.35
3.13 | 3.1 3.07s
2.82 \ 2.9
2.63s 2.75 2.95 2.68s 2.73s
| 2.53s 2.51s
2.3s 2.43 2.59 2.4 2.35vs
2.40
2.38
2.32
2.21s 2.2b,8% . 2.25s,b 2.13 2.23s
| 2.16
1.89s 2.03 2.02s 2.08 2.13
1.80 1.86 1.96 1.87 1.97
1.84 1.89

1.80 1.85

1.74s 1.74s,b 1.75s 1.74b 1.72



Table 9.6 cont....

CuCl1,Q
1.65b

1.44

1.36

CuCl,Dmg

7.5
6.7vs,b

S5.4s

4.3vs,b

3.0s

3.2

2.9vs

2.64s

2.58

CuBr,Q
1.64

1.54

1.45

1.36s
1.30h

Cu(N0g) 0
1.72
1.70
1.68
1.64
1.59
1.47
1.42
1.39
1.31

G0, bnn

6.9vs,b
6.5

6.2

5.2
4,3vs
3.85
3,55vs
3.35
3.13vs

CuCl,Ma,,

CUC139292
8.2
6.0

5.5
4.3
3.9
3.7
3.4

2.95s
2.8
2.7

2.57s

G i,

CuBr,Dng,

3.6
3.45
3.15
2.95b

2.72

2.55s8,b



Tahle 9.6 cont....

Cucl,Dng Lu0,) ,omg Lucl,Dog, QuBz,Dog,
2.41s 2,49
2.33s 2.3s 2.38 2.4b
2.2 2,235 2.23s 2.23s,b
2.125 2,13 2.12 2.08
2,025 2.07 1.96 1.98
1.88 1.9 1.92s,b
1.82 1.85
| 1.76
1.72 1.73 1.70
1.65 1.6
1.61
1.58 1.57
1.52 1.52
1.49

1.44 1.43



o e
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T(°C)

Ficnire Q R
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10



Table 9.7

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

Complex At P11 gy <) product Dy (4
Found Calculated
CuCl,Q 285* 300 CuCl,Q 3 76,5 75.2
CuBr,Q 235+ 190 CuBr3/,Q 89.7 88.7
Cu(NO5) ,Q 255* 260 Cu(No,), 58.0 59.0
CuCL,Mq, 485+
CuBr Mg, 420* 440 CuBr Mg 70.9 71.8
Cu(NOy) Mg 215*
Cu(NO5) Ma, 125*
Cu(NO5) Maz 120% 130 Cu(NOS)ZI\'Id;; /2 65.1 . 65.2
CuCl,Dng ? 260 QuCly/pDngy . 67.7 67.0
CuBr,Dimq ? 550 | CuBr 38.0 37.6
Cu(NO) ,Diiq 215+ 260 Culo, 36.8 36.3
CuC1,Dpq, 315* 340 Cucl, 20.1 19.2
CuBr,Dpq, 280* 310 CuBr, 28.9 28.4
Notes:

a) T', is the temperature at which the rate of fission of Cu-N bonds
first reaches a maximumj

*  denotes that Cu-N bond fission is involved in the initial decomposition
reaction,

+ denotes that Cu-X or Cu~O bond fission is involved in the initial
decomposition reaction.

b) T' is the temperature at which the intermediate listed is formed.

c} Only those intermediates are listed for which there is good agreement

of Wr data,
d) Wy is listed for these intermediates.
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The T values in table 9.7 reveal that the stabilities to
copper-nitrogen bond fission are generally in the orders:
Mg?Dpgq » Q » Dmg and CL 7 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) fér
the following reasons:
a) The complicated nature of the decomposition reactions of Copper
(II) complexes has been attributed 8o by Bowman and Rogers to the
prevalence of redox processes.
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 CuX, species, which involve
chain structures, then the octahedral complexes already contain
such chains, but the square plansr complexes do not.
ii) If decomposition proceeds via CuaxaL species, which involve
bidentate amines, then the Q and Dmg complexes already contain
such gliines but those of Mg and Dpg 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 Dpg 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
CuBri/zQ, cu013/2qul/2 (table 9.7), Cu,Br.Q and CuBr}/Bqul/Z (more
tenuous evidence). These intermediates may be formulated as the
Copper (i) complexes CuBrL, CuECléL', CuaBer and Cu.Br L"; where

22

1 -
are halogenated amines (c.f. the diamagnetic complex

L, L' and L
involving bromoacetone and Dmg, 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 R was assumed for the Van der Waals' 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 CuCl2 chain present 186 in CuClzpya, and also to-c0pper
atoms involved in five-co-ordinate and sguare-plancr stereochemistries.

Six-coordination,

o .
If Pauling's valu9391 (1.8 A) for the Van der Waals' radius of
chlorine (ionic) was used, then none of the amines could coordinate

to the CuCl, chain because of hindrance (see figure 9.4) between the



Table 9.8

Molecular parameters (R) used in making models.

Distance : Valoe Taken
Normal Cu-Cl bond _ 2.28
Long Cu-Cl bond 3,05
Cu=-N bond 2.02
C-C bond in aromatic rings 1,395
C-N e mm————— 1,352
C-H wmmmmscnnncna 1.084
C-H bond in methyl groups 1.101
- C(ring)-C(methyl) bond | 1.52
C(ring)-C(phenyl)bond 1.50
Cl covalent radius 0.99
H Van der Waal's radius 1.0*
N =—memmeemee 1.5
Cl =mememeeca- 1.4’;‘*
Qi =mmmmm———— 1,4%*
Aromatic half-thickness 1.7

* Value used in Stuart organic models.,

** See text.

Reference

186
186
186
566
566
566
566
566
566
391

392
390

391



Figure 9.4
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chlorine atoms and the 8-H atom or the 2:3~ substituents. However,

0 R
390 (1.4 A; appropriate for covalent 567 chlorine)

if Sanderson's value
was used, then it was possible to coordinate, at normal Cu-N bond lengths
(» 2,0 X), the Q and Mg molecules but not Dmq or Dpg. Further, Mg
could coordinate at the unhindered %N position but not at the
hindered 1-N atom. The optimur orientation for coordination was
achieved when the amine rings were perpendicular to the chain axis.

The experimental evidence suggests that @ and Mg do coordinate
the CuGl2 chain. Thus the effective Van der Waals' c¢hlorine radius
in these compounds appears to be less than 1,8 ﬁ, consigtent with
some degree of covalent bonding. It was found in chapter 4 that

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

2
steric hindrance, the six-coordinate nature of CuClaQ may be related
to a higher degree of covalent bonding in the quinoxaline complex.
This would be consistent with the higher ¥ - acceptor capacity of @,
which is evident from the frequencles of charge-transfer-onset
(P, = 25KK for the CuCl,Quiny; ), = 21K for CuCL.Q).

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

390

likely that the longer bromine Van der Waals' radius would be
compensated by longer 257 Cu-X and Cu-Cu bonds, and so the effects
of steric hindrance would be similar to those in the chloro-complexes.

568

Even longer Cu-Cu distances were expected in the nitratowcomplexes,
and consequently, little steric hindrance of polymeric¢ six-coordination

would occur.
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Five-coordination.

Stoicheiometry only permits the chloro-complexes of @ and Dmq
to achieve five-coordination via chloride bridges. IModels show
that trigonal-bipyramidal or square-pyramidal structures are
possible, |

Both types of structure are also possible for the complexes of
Ma, elther 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
Dpg are sterically impossible because the molecules orient themselves
in sth 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-coordinai.:e structures appear to be lm'?fobquée for the
bromo-comnplexes.

Four-coordination.

Models show that there is no hindrance of square-planar
coordination because the amine rings can orient themselves in a

ﬁlane perpendicular to that of the halogen atoms (c.f. NiBr, Dmp in

2
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 chlorc- and bromo- complexes have similar structures.
a) The evidence, taken with the stoichelometry, suggests that
the complexes of'qu have sguare plénar monomeric structures
(cef. figure 3.3). Their monomeric nature is confirmed by the
observation of clear melting points (C1”: 264-8°C; Br~: 254-6°C)
for these compounds; but not for an& of the other complexes, in
agreenent with their polymeric structures.
b) The Dmg 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
(figuré 7.3) of NiBr, (2:5 Dmp) , with amine bridges. The
alternative square-planar, halogen-bridged dimeric structure
569

units in CuCleeCN) is excluded since

only onefi%u_Cl bond is observed, at high frequency, and since

(cef., the similar

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

¢) The evidence suggests that the complexes of Mg have
structures very similér to that 186(£igure 3.1) of CuCl,py.,;

and the models indicate that coordination occurs probably via

the 4-N atom.

50k

d} The present consideration confirms Underhill's suggestion

that the quinoxaline complexes have structures (figure 7.6) based
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on that l86(figure 3.1) of CuCl,py,, but in which the CuCl2
chains are bridged by bidentate amine moiecules. An alterna-
tive structure like that of NiCl,py (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-C{i distmces within the Cu012 chains
are too short to accommodate the guinoxaline 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- Mg complexes). The structures may be
similar to that 2'0 of Cu (N0), (MeX0,), with the addition of a |
further ligand to the chromophore.

The complexes described here show that 2-substituents (Qn a
ligand) may have a very specific steric effect on their structures.
The facility with which copper (II) halides form these complexes is

103

probably due to the tetragonal distortion present 0 in these

complexes, which will reduce steric effects due to the Z2-substituent.
The increased stability, relative to the pyrazine complexes,495’br96'503

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

Experimental.

Reflectance spectra were obtained by Dr.B.J.Hathaway at Hull
University. Mr. P. Borda performed the carbon, hydrogen and nitrogen

analysis. Far-infrared spectra were recorded by Dr. D.M.Adams and



166

Mr.D.M.Morris, at Leicester University, using nujol mulls supported

on Rigidex plates and a Research and Industrial Instruments Co.,
fS—BZO Interferometer. Cosine Fourier transforms were computed to

a resclution of 5 cm_1 on an Elliott 803 computer. Other details
have been described previously., All compounds were dried at 209/25mm.

Dichloro bis-{2-methylguinoxaline) 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 ml.). The green product (2.4 g., 78%) was filtered off and washed
with ethanol and ether (Found: C, 51.1; H, 4.0; Cl, 16.9; Cu, 15.k4.
018}5160120111\14 requires C, 51l.1; H, 3.8; Cl, 16.8; Cu, 15.0%).

Dibromobis-(2—methquuinoxaline)chpger (11).

A solution of copper (II) bromide (l.4 g., 1 mol.) in ethanol
(15 ml.) was added, with stirring, to 2-methylquinoxaline (2.0 g.,
excess). The dark brown product (2.8 g., 87%) was filtered off and
washed with ethanol and ether (Found: C, 41.8; H, 3.5; Br, 31l.4; Cu,
12.6. G gH Br.Cull, requires C, 42.2; H, 3.2; Br, 312; Cu, 12.4%).

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

2-Methylquinoxaline (1 g., excess) was added to a stirred solution
of copper (II) nitrate trihydrate (;.5 ge) in ethanol (7 ml.). Ether
(15 ml.) was added, and the pale blue product (1.8 g., 87%3) slowly
precipitated, then was filtered off and washed with ether (Found:
C, 32.7; Hy 2.63 Cﬁ, 19,63 N, 17.1. C9H8cuNho6 requires C, 32.6;

H, 2.4; Cu, 19.2; N, 16.9%).
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Dinitrato tris-(2-methylguinoxaline) copper (II).

A solution of copper (II) nitrate trihydrate (1 g.) in acetone
(10 ml.) was filtered and added, with stirring, to 2-methylquinoxaline
(1.5 goy 3 mole)e The medium blue product (1;3., 6006) was filtered
off, and washed with a little acetone (Found: C, 52.3; H, 3.9; Cu, 10.h;
N, 18,1, 027H24CuN806 requires C, 52.3; H, 3.9; Cu, 10.3; N, 18.1%).

Dinitrato bis-(2-methylguinoxaline) copper (IT}.

This compound was prepared by the same method but with only 2 mol.
of 2-methylquinoxaline (Found: C, 45.3; H, 3.5; Cu, 13.5; N, 18.0.
018H16CUN606 requires C, 45-"'}; H’ 3.4; Cu, 13.11'; N’ 17.796)0

Dichloro-(2:3-dimethylouinoxaline) copper (II).

A solution of copper (IIL) chloride dihydrate (2.5 ge, 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, 3.45 CL, 24.b4; Cu, 21.7; Ny 9.93. CuN requires C, 41.0;

1ot
H, 3.4; C1, 24.23 Cu, 21.7; N, 9.6%).

Di.chloro bis—(2:B-diphenleuinoxaline) copper (II).

This compound was prepared as above (Found: C, 68.8; H, 4.1;
Cl, 10.1; Cu, 9.1. C,H,oCl Cul) requires C, 68.7; H, 4,05 C1, 10.13
Cu, 9.1%).

Dibromo~{2: 3-dimethylquinoxaline) copper (II).

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

(30 ml.) was added to a stirred solution of copper (I1) bromide
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(L4 go, 1 mol.) in ethanol (80 ml.). The brown product (L.4 g.,
5805) was filtered off and washed with ethanol and ether (Found:
C, 31.73 H, 2.8; Br, 41.6; Cu, 15.2. C. ot oBroCuld, requires G, 31.53
H, 2.6; Br, 41.9; Cu, 16.6%).

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

A solution of 2:3-dimethylquinoxaline (2.5 g., 1 mol.) in acetone
(50 ml.) was slowly added to a filtered solution of copper (II) nitrate
trihydrate (4.1 g., excess) in acetone (150 ml.) at 0°C. The pale
blue product (3.2 g., 59%) slowly precipitated and was filtered off
and washed ¥ith acetone (Found: C, 35.1; H, 3.23 Cu, 18.5; N, 16.2.
C; oy oCul,0p requires C, 34,73 H, 2.9; Cu, 18.4; N, 16.20).
Dibromo bis-(2:3-diphenylquinoxaline) copper (II).

Copper (II) bromide (0.8 g., 1 mol.) and 2:3-diphenylquinoxaline
(2.1 g., 2 mol.) were stirred together at 150-170°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%) was
filtered off and washed with ethanol, water, and then a mixture of
éthanol and ether. (Found: C, 60.8; H, 3.7; Bf, 20.63 Cu, 8.0.

C#OHZSBrzcuNh requires C, 61.0; H, 3.6; Br, 20.3; Cu, 8.1%).



Chapter 10

THE COMPLEXES OF COBALT (IT) 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). ILever, et al, 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 (II) complexes of quinoxalines,
and it was of interest to investigate the Cobalt (II) complexes of

" these ligands.

Complexes were prepared having either CoXéL-or CoxaL‘2
stoicheiometry, as shown in Table 10.1. In each ease the mono-
gquinoxaline complexes were cbtained by thermal treatment of the
bis-ﬁomplexes. Thermogravimetric analysis of CoIan, however,
revealed no evidence for the-existence of CoIEQ. Attempts to prepare
?oIqu, Co(N03)2Mq and Co(Noj)szq gielded 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 (II).

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 7K ('))2) and 16kK (7')3) have been
191, k52, 571 '

shown to be characteristic of the spectra of tetrahedral



Table 10,1

Electronic spectra (kK) and roomitemperature magnetic moments

(B.M.) of Cobalt(II) complexes with quinoxaline,

Comnlex Mors ‘ Bahd.Maxima

CoC12Q 5.31 19.0@42,sh), 17.1(.54), 14.8, 13.1, 6.6(.27), 6.0(sh)
CoClZQ2 4,55 17.2(.75), 16.4(.88), 15.6(.74,sh), 8.6(.47), 6.4(.65)
CoBr ,Q 4,58  16.3(1.03,sh), 15.3(1.28), 8.2(.65,sh), 6.8(1.04),5.7(1.1
CoBrZQ2 4,61 16.8(.88), 15,5(1.06), 8.4(.61), 6.3(.72)

CoIZQ2 4,60 15.7(1.06,sh), 14.7(1.20), 8.2(.71), 6.1(.74),9.4(.16)
Oo(NDSJZQ 4,95 22,8(.39), 21.0(.33), 20.2(.32), 18.9(.29),17.2,15.9

| | (.25)
Co(NDg) ,Q2HD 5.14  21.4(.45),19.9(.50),18.8(.51),16.1(.24,5h) ,8.4(.26)

Co(M03) Q240 - 21.0(.55),20.0(.56),15.4(sh},8.2(.23)
CoC1,Mq 5.07 16.8(.83), 15.7(sh), 7.6(b,sh),6.6(.37,b),5.1(.40)
CoClMag/,  5.12  19.2(.49,5h),16.8(.51),15.7(.49),7.9,6.7(20,b)4.5(b)
CoBr Mg 4,97 16.8(1.08,sh),16.0(sh),15.5(1.22),8.9(.24),7.0(.44)6.1(.4
- 4.8(.68,
GoC1,,Ding 4,90 15.9(.77),14.9(.86),14,4(.87),7.9(b,sh),6.0(.66,b)
5.2(.68,b)5.1(.94,b),4.5(.91,b)
CoBr ,Dnq 4.83 15.5(1.10,sh),14.9(1.34),14.1(1.47),8.0(.16,5h),5.7(.88,b

Col,Dnq 4,56 14.1(sh,b),12.7(1.24),7.8(.18,b),4.8(.82,vb)
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Co(II) complexes, The bis-quinoxaline complexes and those of Dmg,
along with CoBran and CoBraQ, héve electronic spectra clearly
showing these features and are thus concluded to have tetrahedral

structures,

The 1?2 band has three components (Aa + B, + B,: as expected 195
 for a CoXaL2 chromophore of Gav, Gs or C1 synmmetry) 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 -180°C.  The higher energy side of the 1)3

band of CoBrEMq 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 533 and ﬁ)a systens
have been estimated visually and used to calculate the Dg and B!
values given in Table 10.2. Both:the bis-qidnoxaline and the Dmq
complexes show the orders of Dq and B' (CL” > Br >17) expected 23, 1h9
from the positions of the anions in the spectrochemical and
nephelauxetic series. The Dmg complexes all have significantly
‘lower Dg values than the quinoxaline series. This may be a result
of steric¢ hindrance, or of the presencé 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 (kK3 for Cobalt(II) complexes

with quinoxalines.

Complex Stereochem. Observed Freguencies Calculated parameters
A T U T U
CoCle Oh 6.6 17.1 .75 .76 14.1
CoCle2 | Td 7.1 16.4 .41 .75 -.13
CoBrZQ Td 6.0 15,3 .35 .73 -.12
CoBrZQ2 Td | 7.0 16.1 .41 .73 -.15
CoIZQ2 Td 6'5. 15,2 .37 .70 -.13
Co(NOs)ZQ.ZHZO Oh 8.4 19.9 .95 .84 17.9
CO(N33)2Q2'2H20 Oh | 8.2 20,6 .94 .90 : 17.6
CoCleq Oh 6.6 16,8 .75 .74 14.1
CoBrﬂMq ' Td 7.0 15.5 .41 .68 -.24
CQClZqu Td 5.2 14,9 30 .75 -.17
CoBrszq Td 5.1 14.4 .29 .72 -.15
COIZqu Td 4.8 12.7 .27 .62 -.09
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complexes, wifh regard to their mono-, or bi-, dentate character,

CoBran has a Dgq value equal to that of CoBr_Q,, as would be expected

2%
if the former complex contained bidentate, and the latter monodentate

amine,

A1l these values of Dg and B! are close to those calculated in
chapter 5 for the tetrahedral halopyridine series. Little comparison
of these values is possible with data kg?from the tetrahedral complexes
of the pyrazines, since only i)3 was generally recorded for the latter.
However, the soluticn-spectra of the pyrazine complexes are very |
similar to those of the quinoxalines in the 593 region. Both “92
and ‘Q3 have been recorded 167 for Col, (2:6 - Dmp)a, this data
yielding Dé = 0.,39kK and BY = 0.64kK. In this case, Dg is near the
values for iodides found in this chapter and in chapter 5, wﬁile B!
is slightly lower than that found for either the quinokaline, or the

halopyridine series of complexes.

Octahedral Complexes.,

. ~~
The spectra of the complexes Co Cl,Q, Co(NO3)2Q, Co(NOB)aQ.EHéO

and C°(N°3)2Q2'23é° exhibit the relatively weak bands at 7kK and
15-20kK which are cheracteristic 2001200137157 ¢ (otonearal

Co(II) species. The low energy band is assigned to i). and, unlike
the halopyridine complexes, shows no splitting (CdﬁblaQ'has a shoulder

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

3

may obscure a component of'91.

The band system near 18kK is assigned to 3‘) though it may be

571

33
complicated by the presence of close doublet terms. The centre
of gravity of this system was taken as ‘93, allowing Dg and B' to
be calculated. These values are given in table 10.2, 'ﬁ)a is
predicted to lie near a shoulder observed at 14.8kK for Co C1,Q,
but within the -93
| assignment, including the 15kK shoulder as a §71 component, gave

systems of the nitrates. An alternative

meaningless calculated parameters. No satisfactory assignment was
possible for Co(NOB)aQ. This may be due to the proximity of the

intense nitrate N> 7* band.”%!

The spectra of these complexes are very similar to theose of the
pyrazine species, though a detailed comparison is possible only
with CoBr, (2:6-Dnp),. In this case the spectrun 497 is sufficiently
simple to allow assignments of"‘?2 = 15.6kK and ‘93 = 18.2kK, giving
values of Dq = 0.,83kK gnd 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 BY, values than the
tetrahedral complexes. This may be due to steric hindrance and
bridging in the former meolecules, or to greater C6 - N 71 -bonding

in the latter species.

 The nitrates are a special problem since there are few‘complexes
with which to compare them, It has been suggested 266 that
Co(N03)2p33 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 CoClan and COC12Hq3/2 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 octshedral, since the broadness and intensity may be
attributed to a ligand electronic band (see chapter 7)e The

relatively weak 7kK bands confirm this stereochemistry.

The spectra of these two complexes are very similar (apart
from an overall higher intensity for CoClagg), and this would be
expected if both contained the same CoCluN2 chromophore.  The
ligend field parameters, calculated on the basis of octahedral

structures, are close to the values for CoClaq,(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
2qu have tetrshedral structures while
CoC1,Q, CoCl Mg, CoCleq3/2 and co(N03)2Q.2H20 are octahedral.

complexes, CoBraQ and Col

Repeated determinations of the magnetic moments of CoBran, CoCl2
Dmq, CoBraqu and Co(NOB)aQ_gave values between the usual ranges 19
for tetrahedral, and octahedral, complexes, These complexes are
assigned étructures (tetrahedral, except for the nitrate) on the
basis of their reflectance spéctra. However, when this is done

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

values ofl At (given in table 10,2) may be obtained from equation

1.1k,

The high moments of the Dmq complexes may be attributed to
their relatively low Dgq values, A good correlation is evident

for the Dmq complexes and for CoBr2Q2 and C°IEQ2’ between the trends

149 LT

in Bt and.kﬁ; in agreement with the work of Jgrgensen and Owen,

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

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

explained on this basis.

The low moment of the octahedral complex CO(NOE)ZQ’ may be due
19

to the presence of a large distortion, 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 272 that they reveal no

obviouas 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 &m" |, which
have previocusly (see Chapter § and Appendix A5) been assigned to
the 95, '96, '92, '91 and ’94 vibrations of the co-ordinated
nitrate group.100 The positions of the Bands are very similer to
those of the Cu (II) complexes, also to those reported for

C°(N°3)2(py)3'

The presence of water in the two complexes formulated as
hydrates is confirmed by the broad O-H bands near 1650 and 3300
cm-1, 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

guinoxalines are most prevalent in the bis-complexes, the Dmg



Table 10.3

Infrared spectra (375-1700cm'1) of the cobalt (II) complexes with quinoxalines. Bands due to the

Vib.

To.

36
24

48

35

nitrate group are exluded.

Q LoCl,Q CoBr,Q GoCl,Q, CoBr,Q,

394s 420

S

402s 426
503mw

523sh
535vw  532m

603mv 622w

663vw 667w
707m
718w
726w, sh 737ms
766vs  750s
783wy

867s 842s

416m
427n
508w

517w
526rm

562w
625w

673my

700
Y
708

73%ms
758ms
763sh

851sh
857m
863sh

394
207} rp
415

420sh
510mw

525
SSS}mw’b

557w
625my

731s,b
750m
762sh

85
862{‘“1’

414m,b

SO5mw

537w
556m
625mw
645mv

710sh
722sh
739

759 ms,b
766
846sh

863
869(m
872

Complex

ol Q,

413m

533my
562mw
62 5mw
64 3mw

709m
723sh

730
737}"’5
759ms

851
sez}m’b

Co!ﬁoslag

422ms

528)
538}"1

562mw
626m
64 2mw

665mv

708m

739
748}5
76 8mv

830w
857ms

Co(NOSle.ZHZQ

139 m,b

562my

722sh

733s,b
748sh
762sh
84 3mw
863y

Co(NOZ) ,Q, .2H,0

Ay

NOT
RECORDED

740sh
762sh
775vs,b

850sh



Table 10.3 cont....

Vib. Q CoC1,Q

Yo.

22

46

37

34

45

890 gy
917vw 936sh,b

953s 960s
097y
102 2rw

1025vs 1042sh

1062ms
1099w 1098mw

1128m 1147ms

1204
209] 1 212ms

1267vw 1290

CoBr,Q  CoCl1,Q, CoBrzg2

920mw

962
970J™

1042m

1060m
1088mv

1113my

1149m
1164rw

1212m
1239mw

1263mw
1280mw

890mw
918sh

934
948}ms,b
962

1002me
102 6mw
1042m

iggéﬁmw,b

1132mw

1159
117(3 s

1210m

1280mw

1301 [sh,b 1302sh,b,m
1310

896mw
918sh

935sh
953sh

960ms
970sh

1000mw

1045ms
1075y

1130
1134fm,b
1161

1214m
1242

Complex
Lol,0Q,

390w
920sh

939m
960ms
972sh
994rm
1020mv
1042m

1062m
1083m,b

112%mv
1158
1168 pm,b
1181

1201
1213}“”

1250]sh,b 1248mw

1263
1280

Co(NOz) ,Q

950sh
871ms

1006m

102 Orv

1091mw

1146ms
1170mw

1204m
121 7mv

Oéowosle.ZHzg

886m,b
917sh

963s ,b

102@ms ,b

1077m

1168

1152}%’b

1207m

1241sh

Co405),Q,. 21

886s
~ 898ms

973
98(3“15

1008w

1058nms

1138ms
1152ms

1208ms



Vib. Q CoC1,Q CoBr,Q CoCl,Q, CoBr,Q, Col,Q,  Co(M0;),Q  Co(N05),Q.2H,0  Co(NO5),0Q,.2M,C

No.

131Q}sh,b 1311m 1307 1305) o . . .
1317 1317|™ N
1328mw 1341}m
4  1356mwgh 135lm  1370sh,b 1360m¢ 1356 135 2mw 1358 NOT
1366\ m RECORDED
32 1370m 138 m 1384y 1382w 1387m 137
- 1397 1398] 1404 1407sh = |
1419{™°14150 1413 1426ms ,b 1420
18 1416mw 1428m,b 1432]™s ms,b
1450sh 1459 1466)  1447sh 1440
17 1463s 1488sh 1489sh 1470 1474ms 1475 147 2w
44 1495s 1512s 1500m  150lms  1497ms 1498m 1491s 1488ms *
1512m 1522{ * *
3 1570mw 1542m 1544) 1538 1538
1555 1555
1587 I 1580my 1593mw
16' 1608 _160Lm 1595 1610mw
~ 1622
i | 1628
..
O-# 166g]m'b 1660m,b

cont.....



Table 10.3 cont....

%P_.- Mg Coll Mg CoCl,Mq3/2
415sh 405
36 410s 423m,b 422m
455my 451w
24 sen 465mW A460mv
503mw 502w
518mw 514mw
48 534w 541w gg; -
590mw 588mw
35 B09ms 600mv 6151, b
6487 640mv
12 699m 720sh 714}\13
27 759vs 733s 724
752sh
39 792sh 764sh 770sh
841§m 845my
858
23 884s 890m 888m,b |
10 911Ims 9353m
945 944mv
22 967vs 970ms ,b gsﬂmw
| . 97
G“;gk) 1009s . 1018mw
46 1034ms 1081 1085m,b

1094{™

CoBrZMg

400ms
419s
450mw
470m

532w

619mw
642mw
71
732ms
750s
770sh
et

887m

| 936m

971ms,b

1036mw



Table 10.3 cont,....

Vib. Mg CoCl CoCl,}q3/2 CoBr Mq
No. ‘
34 1123 1155 1150my 1154
[1130&"5 1170)™° 1175mw 1166J™
45 1204vs 1199y 1197me 1200m
Me
Rock 1213sh
1272sh 1280mw 1277w
33 1293vs 1310m,b 1305ms,b 1305m
1334y 1340sh 1349w 1353mw
4 1371} 1365mw,b 1373m 1367mm
32 1378 139
18 14175 1412{m,b 1409] 1410
17 1437m 1440 1420 1425}ms ,b
1430
44 1493vs 1499m 1494 1494
- 1502 |™ 1502
1525my 1537my 1531sh
3 1563s 1557my 154 8my 1549 m
1559
31 1579m 1582) 1 1591my
16 1612mv 1605|™
Vib. CoCl.,Dm CoBr.,Dm Col
Yo mg ~OL1,1Mg 0BT, 1mg _._,%.D_“Q.
4 25mv 425w
24 8m 6
42 476m 47 20w NCT
512 RECORDED
9,13 517 517\m
527
48 567y 56%my
35 614m 607s 606ms
WV

624mw 621w



Table 10.3 contee..

Vib.
No.

12

11
27
23

10
22

Me
Rock

46
37

34

26

45
33

Dmg

670m

722w (sh)
762vs
820my

906m
078my

990m

1137mw
1165m
1212m

1320
1328 [1mw
133

1363mw

CoCl,Dng  CoBr,Dmng
662 655
667j e 663}“"
710sh 709m
721sh 720m
734ms 733ms
753s 762ms,b
820m 822m
843 mw 840mv
891m 888my
930m 915m,b
965 961
971 ™ 972}™
997m 998m
1019n 1029w
1080mv 1075m,b

1111

1125}’“
1145ms At 41ms
1158 1159sh
1165 ms 1167ms
117
1210m 1213sh
1220ms 1222ms
1300m 1301

1317}’“5'b
1380ms 1375m

Col,Dng

663sh
677s,b

720m
740sh
770s,b
827m
840sh

908y
865sh

100Z2ms,b
1020sh

1120sh
1145m

1178mw

1215sh
1226s

1300sh
1316sh

1380m



Table 10.3 cont.ee.e.

Vib.
To.

18

17
44

16

Notes:

* Denotes regions

Dmg

1400mw

1437mw
1491mw

1565my
1603vw
1640vw

obscured by nitrate bands.

CoClZqu CoBrszq

1405mw 1402mw
14287550

1435w 1450ms
147 3vs 1484

| 1494rmy %gg% ms, b
1520ms 1514
1575rmw 1572mw
1611mw 1608mw
1640mmw 1637m

1455mw
1490mw

1514mw

1608sh
1635mw,b



Table 10.4

Infrared absorption peaks (cm™1) due to the nitrate group in the

Cobalt(II} complexes of quinoxalines.

Cg@lex Ve V6 Yy vy vy
1289 1510
* *
Co (NOZ)) 2Q 696m 799ms 1048m,b 1309 jms,b 1521}5 |

Co(NO,) ,Qu2H,0 712sh  810m¢ 1035ms,b 1312ms,b* 1502ms ,b*

Co(NO ZHZO 716sh 815 1040vs 1290 1508vs*

3) 2% 8yoim 12%0vs,b*
* Ligand bands which are broadened in the nitrates compared,with the

halides.
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complexes and CoBraQ, 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 moleculés are co-ordinated to the
metal ion will they give rise to splif infrared bands. This may
account for the few bands which are observed to split in the
spectra of CoClaQ,and the nitrato-complexes. Activation of Aa
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 Mg complexes, since the one methyl

substituent confers very low symmetry upon them.

The complexes of Dmg exhibit the '946 vibration, a band at

470 cm-1 and strengthening of the €>35 and bands. These

11
features were suggested in Chapter 9 to be associated with mono-
dentate co-ordination. However, the similar criteria suggested

for @ and Mg 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 tetrashedral, than for octahedral,
species. Any effect of Co-N ¢=bond strength on the ring
irequencies, might be overwhelmed by the greater backdonation to
antibonding orbitals, in the tetrahedral complexes of quinoxalinés,
compared with those of halopyridines (see Chapter 7). This is
observed, and (unlike the halopyridine complexes) the octahedral
complexes CoClaQ and CoClan show larger co-ordination-shifts than

the tetrahedral CoClaQa and CoClaqu molecules,

The bromides generally show lower frequencies than the chlorides,
but the differences are somewhat greater for the COXEQ and CoX2Mq
coemplexes, than for CoxaQa and Coanmq. This is due to a difference

in stereochemistry between the chloride and bromide complexes of the

former group.

Discussion.

The sterecchemistries 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 CoX.)Q2 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 CoX_ L complexes.

The tetrahedral complexes CoBraQ and CoBran have similar spectral
parameters to those of CoBrEQE, 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

cbservation of split amine infrared bands,

The complexes of Dmq are all tetrahedral and their lower range
of Dg values suggests that the co-ordination sphere contains only one
amine molecule., This would be consistent with dimeric strﬁctures '
(Figure 7.4) containing monodeﬁtate Dmq. The infrared criteria for
monodentate character supports this structure, but the split amine
infrared bands do not. Far-infrared data, which might resclve this

ambiguity, was not available.

The octahedral complexes CoClaQ and CoCl_Mg probably have

2
polymeric structures (c.f. Figure 7.2), containing bidentate, rather
8
than monodentate 70 79 (c.f. Figure 7.7), amine molecules. This
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is suggested by the low electronic intensity which is consistent
with a centrosymmetric chromophore. The complex CoClanB/2 was

also thought to contain the same CoCll*N2 chromophore as that of

CoClan. This would entail a structure based on that 186 of

cL-CoClapy2 (Figure 3.2), in which two-thirds of the amine molecules

are mcnodentate, and one-third bridge the CoCl2 chains in pairs.

The nitrato-complexea.

A1l thesé 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 CoOuN2 chromephore, which \
very approximate calculations (using the rules of average
environment) have tentatively suggested for the hydrates. The
hydrates probably contain monocdentate nitrato-groups, Co(N03)2Q2.2HéO
being monomeric andlCo(NOB)aQ.ZHaO having bridging amine molecules.
Co(N03)2Q would also 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 CoxaL specles 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 preéent. These effects can be explained
just as were the similar effects shown by the Co(II) halopyridine

complexes. The anion-dependence is probably due to polarisability,



Table. 10.5

Stereochemistries of the CoX,L complexes.

Increasing T; tendency due to ligand basicity
d cy

and steric hindrance.

W

. | P ]
Increasing Ty ' CoCl,Q CoC1MMq ' CoC1,Dmg
tendency due to o
CoBr,Q CoBrMq CoBr.,Dng
anion polarisability
CoI,Dmq

*

The box encloses the 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 cctahedral polymers.
The polarisability factor also accounts for the octahedral structures
497 of CoCl,lp, CoClE(E:B-Dmp), 00012(2:6-Dmp)2 and for the tetrahedral

structures 497 of CoBr.Mp, Col

5 ¥p, CoBr2(2:5-Dmp), COIE(E:E-Dmp)

2
and 0012(2:6-Dmp)2.

The amine-dependence of the structures probably reflects the
influence hoth of ligand-basicity and of steric hindrance, though
Yi ~acceptor character may also be involved (see Chapter 7). In the
pyrazine complexes the steric, basic and electrophilic effects enhance
each other. When compared with those of pyridine, steric effects are
probably negligible in both series, but the lower basicity and higher
I -acceptor character of the diazine lead to octahedral structures for
all three halides; whereas only cL-CoClzpy2 is octahedral 186 among
the complexes of the monocazine. For the CDX2Q2 complexes the
basicity and W-bonding effects should alsc be conduclve. to octahedral
structures, and @hus the observed tefrahedral structures may indicate
the presence of a steric or a thermodynamic effect. A steric effect,

alcne, would not explain why CoClaQ and CoCl Mq are octahedral, as

2
are CoClaMp and 00012 (2:5«Dmp).497 A1l four of these complexes
contain bidentate amines, and this suggests that an unfavouréble
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 Dpg with Co(II) cannot be
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a purely steric effect, since Cu{II) does form such derivatives.
However, steric effects would limit any Co(II) complexes to
tetrahedral stereochemistries. In this case the lower basicity
and poorer Tf%acceptor properties (see Chapter 7) of Dpq, relative
to those of @, may be insufficient to overcome unfavourable factors
such as the tetrahedral C.F.S.E. Further, as shown in Chapter 5,
Co{II) less readily forms complexes in which backdonation is

inhibited, than does Cu(II).

EERerimental.

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
' CoCla.EHZO and CoBr2 have been described in Chapter 5, and other
details have also been given previously. .

A1l compounds were dried at 20°C/25mm.

Cobalt (II) nitrate dihydrate.

Cobalt (II) nitrate hexashydrate was heated at 60°C in a vacuum
oven overnight.

Dichlorobis (quinoxaline) cobalt (II).

Cobalt (II) chloride dihydrate (1.5g; 1 mol.) was mixed with

quinoxaline (Lg; excess) and stirred for 45 minutes at 120°C.  Dry



182

benzene (20ml) was added, and the mixture allowed to cool. The
blue product (3.:4g; 97%) was washed with benzene, and dried at
50°C in a vacuum oven for 24 hours. (Found: C,49.4; H,3.2;

Co,15.3; C1,18.7. (1 CoNk requires C,49.3; H,3.1;

G162
Co,15.1; €1,18.2%).

Dichlorc (quinoxaline) cobalt (II).

The above bis-complex was heated overnight at 150°C to give
the grey product. (Found: C1,27.%; Co,22.8. CgHCL,CoN,, requires

C1,27.33 C0,22.7%)«

Dibromobis (quinoxaline) cobalt {(II).

A solution of cobalt (II) 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,%0.6; H,2.8; Br,33.3; C0,12.3 CoN4

16 12
requires C,%0.1; H,2.5; Br,33.4; Co,12.3%).

Dibromo {quinoxaline) cobalt (II).

The above big-complex was heated overnight at 150°C to give the
pale green product. (Found: C,27.1; H,2.6; Br,45.5; Co,16.7.

CQH5BT2C°N5 requires C,27.5; H,1.7; Br,45.8; C0,16.9%).

Di icdo bis (quinoxaline) cobalt (II).

A filtered solution of cobalt (II) iodide dihydrate (3.0g; 1 mol)
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in acetone (6ml) was added, with stirring, to a solution of
quinoxaline (2.2l4g; 2 mol.) in acetone (3ml). The bright green
precipitate of the product t3.85; 77%) formed on édding ether

(15m1) 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; I,44.6; Co0,10.3, C gl IoC00N, requires

C,33.5; Hy2.1; I,44.3; Co,10.3%)s

Dinitrato bis (quinoxaline) Cobalt (II) dihydrate.

This pink complex was prepared by a similar method to that
used for dibromobis (quinoxaline) cobalt (II)., (Found: Co,12.7.

C,gH,gCONOg requires Coy12.3%) e

Dinitrato (quinoxaline) Cobalt {II) dihydrate.

This was prepared in an identical fashion to dichlerobis
(quinoxaline) cobalt (II)e (Found: N,15.1; Co,16.%

Cgl,o00N, 0 requires Ny16.0; Coy16.9%).

Dinitrato (gquinoxaline) Cobalt (II).

The sbove pink dihydrate was heated for 24 hours at 100°C,
after which the grey.product was left, (Found: C,30.5; H,2.3;
N,17.7; Co0,18.8, 08H6CON406 requires C,30,7; H,1.9; N,17.9;
C0,18.8%)

Dichloro (2-methyl guinoxaline) Cobalt (II).

2-Methyl quinoxaline (0.5g, 1 mol.) was added to a solution
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of cobalt (II) chloride dihydrate (0O.6g, 1 mol.) in acetone (10ml),
and the solvent evaporated off. The dark blue-grey product (1.0g;
100%) was dried in a vacuum oven at 50°C.  (Found: Co,21.5;

C1,25.8a . 09H801200N2 requires Co,21.5; C1,25.9%).

Tetra chloro tris (2-methyl quinoxaline) di cobalt (II),

A mixture of cobalt (II) 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%6) was filtered off and washed with
benzene, acetone and ether. (Found: C,47.2; H,3.8; N,12.3;

Co,17.1; C1,20.1, yCL 00 N, Tequires C,46.8; H,3.5; Ny12.1;

CE?Hé
C0,17,0; C€1,20.5%).

Dibromo (2-Methyl quinoxaline) Cobalt (II).

Cobalt (II) bromide (1.5g; 1 mol.) was stirred with 2-methyl
quinoxaline (1.0g; excess), at 60°C, for 10 minutes. Benzene (20ul)
was added, and the mixture allowed to cool. The c¢rude dark blue-
greeﬁ product (2.1g; 84%) was filtered off, washed with benzene and
a little acetone, and purified by heating overmight, at 90°C, in an
oven. (Found: Er,44.2; Co0,16.5.
C0,1642%) «

HoBrCoN,, requires Br, 44,03

09 5

Dichloro (2:;3-Dimethyl gquinoxaline) Cobalt (II).

2:3-Dimethylquinoxaline (1.4g; 1 mol) and cobalt (II) chloride

hexahydrate (1g; 1 mol) were mixed in acetone (20ml) solution, and
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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 90°C, in an oven.
(Found: Cl,24.2; Co0,20.64 C1oH1o0L,C0N, requires C1,24.6;
C0420.5%) o

Dibromo (2:3-Dimethyl quinoxaline) Cobalt (II),

A solution of cobalt (II) bromide hexahydrate (1.5z; 1 mol)
in acetone (2 ml) was added, with stirring, to a solution of
2:3~-dimethylquinoxaline (1.4g; excess) in acetone (15 ﬁl). Addition
of ether (20ml) gave é blue precipitate which was filtered off,
washed with ether end heated at 100°C for two hours, to give the
grey-green product (1.2g; 69%). (Found: Br, 42.7; Co0,15.5.

CooHyoBr 00N, requires Bryk2.4; Co,15.6%).

Di iodo (2:3-Dimethyl guinoxaline) Cobalt (II).

Cobalt (II) iodide dihydrate (2g; 1 mol.) was stirred with
2:3-dimethylquinoxaline (1g; 1 mol.), at 110°C, for 15 minutes.
Benzene (20ml) was added, and the mixture allowed to cools The
crude yellow-brown product (1.2g; 44%) was filtered off, washed with
benzene and ether and purified by heating overnight in an oven at
8060. (Found: I,54.1;5 C0,12.5. 010H1012C°Né requires I,53.9;

Co,12.5%) .



Chapter 1L

THE COMPLEXES OF NICKEL (II) SALTS WITH QUINOXALINES
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Structural. effects due to steric hindrance have been observed

in the alkyl-pyrazine complexes of Nickel (II).168’198’495 This
chapter describes a study of the nickel (II) complexes of substituted

quinoxalines, and compares them with earlier work 710,511

on quinoxaline
itself,

Table 11.1 lists the complexes which have been prepared with the
2-methylquinoxaline and 2:3-dimethylquinoxaline ligands. No
complexes containing Dpg could be prepared, nor could Dmg complexes

with NiCl., NiBr. or Ni(N03)2 be obtained.

2! 2

Diffuse Reflectance Spectra.

The spectra are detailed in table 1l.)l 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 Mg and Dmq extend considerably into the visible region (see
chapter 7) and confuse the identification of d-d bands above 17kK.

A sharp, weak absorption appears near 7.2kK in the spectra of the
quinoxaline complexes and confuses the measurement of broad d-4
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

(B.M,) for the complexes of nickel (II} with quinoxalines.

Complex
NiCleq
NiBr Mq

2
Ni(NOs)qu
NiIiﬁqz
Nil

oDma,

NiCL,Q
NiBer
N (N05),,Q
NI, Q,

3.22
0.96

0.77

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) ,17.0w,15.4(.16) ,12.0(.14)
10.7(sh),7.3(.12},6.7(.13)

22.2(sh) ,20.0(vb,sh,w),11.8(.24),10.5({sh) ,6.8(.24)
32.3(1.59),27.3(1.41),24.3(.1.44),16.4(.71),11.1(5?E¥),

33.0(1.73),28.2(sh),24.4(1.48),14.9(.50)

25.2(vb,vw,sh),19.2(w),13.0(sh),11.8(.14),7.4(.18)
24.7(b,vw,sh),22.0(sh3,18.9(vw,sh3,12.2(.16),1%.2(.14),
7

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 (II), suggesting that they have octahedral structures.

511

In agreement with Smartslo and Lever, the 7KK and 12kK bands
are ascribed respectively to the‘i& and {32 transitions in octahedral
pseudo-symretry., The amine and charge-transfer absorption

complicate the assignment of‘i%. The parameters, given in table 1l.2,
were calculated from'j)l and "iz. The selectiop of walues for )Jl
and 7)2 was difficult, due to the splitting of the former band in the
Mg 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 transitiqns. The former
assignment gives the more reasonable values of Dg and B', implying that
the tetragonal component of the crystal field is larger than in the
halopyridine complexes.

The values calculated for Dg and B' conform to the usual spectro-
chemical and nephelauxetic series 23,149 for the anions, and suggest
that Mg may give rise to stronger O -bonds than does @ (in agreement
with the ordef 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
Dg and B' are lower for the Co(II) and Ni(II) complexes of the
quinoxalines, than for those of the halopyridines. This is presumably
due to the lower basicit;‘gé the quinoxalines and to a greater

00va1ency1h9 (consistent with Y -acceptor, rather than ¢ -donor,

properties) in their complexes.,



Table 11,2

Calculated ligand field parameters (kK) for the octahedral complexes

of nickel(II} with quinoxalines,

lex

NiC1,Q
NiBer
NiCl,Mg
NiBr,Mq

Ni (NO) )Mo

Observed Frequencies

1

7.4
7.0
7.5
7.1

6.8

22
12.2
11.5
12.3
11.6

11.4

Dg

74
.70

B'

.74
.68

Calculated Parameters

vz AL
21.1 -.20
19.7 -.19
21.0 -.28
19.6 -.16
21.0 -,18
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Table 11,2 also gives values of ﬁJB predicted‘from 1)1 and 'ié.
These are in the 19.6 - 214kK region where several peaks are observed.
.NO fully acceptable assipgnment was possible for Ni(NOB)ZQ'

Sgquare-Planar Complexes.,

The spectra of all the iodides are very weak below 12kK, butl
exhibit a number of strong feaks in the 20 - 33 kK region and a
moderately strong band near 15.5 kK. High intensit? in the 14 - 23 kKK
region is characteristic of tetrahedral, sgquare-coplanar or five-
coordinate complexes. The absence of a moderately strong peak near
10K eliminates the possibility that the complexes are tetrahedral

190,192,193,19%,200 k12,419,4537456,

or five-coordinate and suggests

(in agreement with Smart and Lever, et al) that they héve square-planar
structures. Very similar spectra have been recorded for square-planar
rickel (II) complexes.l6l’l92’198’573’574’5?5

Various authors have discussed the-spectra of square-planar

113,161 ,573-576

complexes. It is generally agreed that the ground-state
is lAg and that the stronger bands involve singlet excited states,
while the weaker 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 NiIaQ2
and of the pyrazine complexes to the energy-level diagram given113 by
Maki for four-coordinate, trans-planar symmetry (with R=l.5 andzfi=l).

The best agreement for the quinoxaline complex was obtained with

/E=1.6. (R is the radial part of the wave function and/Li and/ﬂé
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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

?Blg (or Bﬁg), lB 1B A and

lB28 excited states, respectively, Such an ass1gnment was given

by Goodgame and Goodgame for the very similar spectrum of NiIEQuin

to transitions involwving the
192

5

If this assiénment is correct it is possible to predict how the
energy levels should diverge or converge 354/0% varies. In this
way the relative order of //2 values may be seen to be @ < Mg < Dmg,
a series increasing in Dg. It may be tentatively supggested that Dg
follows the amine basicity order in the iodide complexgs‘as well as
in the chloride and bromide series.

Magnetic Meésureménts.

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 octzhedral halopyridine complexes, The range of £he
values of,x' (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 with the
singlet ground-state generally found 19,161,168,576,577 in square-
planar complexes., The complexes of Mg and Dmg have mqments
somewhat greater than zero, but thislis not unusual and has been

attributed 176,576

to the thermal population of a low-lying triplet
state. Ni(}Mepy)h (ClOl{_)2 has a 176 moment as high as 1.05 B.M.

Maki's diagrams do include113 low 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

510

given to Smart's data on the complexes of ubsubstituted quinoxaline.

Nitrate Bands.

The complexes exhibit bands near 795, 1015, 1280 and 1490 cmﬂl,
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 ’2)

35
all the iodides but of none of the other halides. ‘The data on these

band, for example, is observed in the spectra of

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.

51

Smart has given 0 T.G.A. curves for the complexes of unsubstituted
quinoxaline. Figure 11.2 shows the results for the complexes of Mg,
while table 11.6 compares the cobserved and caiculated values of wr

for some proposed intermediates. Agreement is poor but probably

2Mq appear
initially to lose their amine molecules,‘ﬁut Ni12Q2 and NiIqu2

within the experimental error. NiClaQ, NiBraQ and NiCl

decompose to Ni0 in one stage. The temperatures for the maximum

rates of these processes are given in table 11.6. The other



Table 11.4

Infrared spectra (c:m-l) of the nickel(I1I) complexes of quinoxalines,

Vib. Q Niélzg NiBr.Q Ni(NO5),Q Nil,Q,

o

36 394s 412m 416m
24 4025 428ms 428m 425vs 433ms
532
48 535vir 536mw 536mw 538) 537\m
543 544
630)
35 603 648me 642
12 663w 567me 66 7my
11 726w,sh 72Im . 724n 730m
27 756vs 746vs 746vs 743s  756vs
_ 778m
39 783vw 786m
846m 844ms ‘ : 8611115}
23 867s 853ms 8555 864ms 874s
22 953s 966 965s 962w
s 973m
97 974 977m 980y
1028mw 1026m |
26 1025vs 1050m 1050m 1052m 1049s
37 1099w 1060m 1075m 1090m
34 1128m 1131 1135m 1145sh 1132s
1148)™ 1146m 1150m 1140m
1204 1203w 1202mw 1208m . 1203ms
45 12094 ™ 1215m 1217ms 1219mw 1221w
5 1267vw | 1252m,b 126 8w

1298mw 1298m,b * 1290my



Table 11.4 cont....

Vib,
No.

4
32
18
17
44

3
16

36
24

48

35

12

11

2

1356mw,sh
1370m
1416w
1463s
1495s

- 1570mw

1606
1622}W

410s
448m

534w
609ms
64 8mw

659

759vs

. 1514

NiC1,Q
1360m

1380my

1479m,b

1508 ms

1625m

NiClzw_

410m
425ms
467m

631w

710sh
721sh

749s,b
763sh

NiBrZQ
1357ms

1380mw

1464mv,b

1508
1515]ms

1620m,b
NiBr,Mq

425m,b
472mw

632mw

718sh

732
745{s,b

757

Ni(NO),Q

1378ms
1432m
1460mw,b
1523vs

1606mw

Ni (NO;) Mg

427ms,b
B68my

o

708sh
721sh

736sh
748s,b

NiL,Q,

1361ms
1380mw
1423mw
1473vs,b
1497s

1580m
1609w

NiIg@z

388m,b

438m
477m
510m,b
543ms

596
604

620ms

N

641y
707m

7205h
732sh

750
760 v



Table 11.4 cont....

Vib. Mg NiCl. Mg
0.
39 792sh 786w
38 848mw
23 884s 890
sgdm
10 911ms 939sh
22 967vs 973ms,b
mﬁcé) 1009s
46 - 1034ms 1027m,b
37 106 7mw
34 1123 1158

1130] V° 1168)™

45  1204vs 1202mw
(ggcé) 1213sh 1220my

1272sh 1282
33 1293vs 1291im,b
19 1312

1334nmv 1332mmw
4 1371 s
32 1378 1376ms
18 1412s 1401mw
17 1437m
44 1493vs 1510m,b
3 1563s 1556 1
31 157%m 156

1607

16 1612m 1613 ™P

NiBr Mg

847m,b
891m

941sh
971ms,b

1032m,b
1075m,b

115
115§%B'b
1206
122Q)MsP
1282me

1300
13104™

136
1376)™

139 mw
1442mw

1484ms
1555m,b

161 1mw

1649
165&}“

Nigyo31zyg

850mvy
889m

938w
970m,b

1130nm

1206m

1304
131& n
1353m

1387m
1427mw

a)

1563sh
1580m

1601
1611{m,b
162

Nil,Mg,

780m
860mv
892s

932w
972ms

1008m
1028sh
1070m

1121Ims
1133s

1205ms

1270mw
1300ms ,b

1364m
1405
1431)™sD
1495ns
1553m
1571m

1610my



Table 11.4 cont....

Vib. No.
24

48

35

12

11

27

39

23
C-Me
10

22
(}b roCk)
46

34

26

45

33

32
18

Dng
428m

614m
670m

722,sh .

762vs
78%vw,sh
820mv

906m
978mw
990m

1137mw
1165m
1212m
1258mw

1320
1328 pmw
1337

1348w
1363mw
1373w
1400mv

NiI.Dm
T2

465m
546ms
625s
660m
710m
756vs
774m
830ms
854m
911mw
970mw
1001ms
1018m
1129s
1170s
1201w
1261m
1312m
1330sh
1340s
1360ms
1371m
1397m



Table 11.4 cont....

Vib. No.

17

44

16
43

Note:

* Denotes regions obscured by nitrate bands.

1437w

1491mw
1565mw
1603vw

Eilggﬁﬂg

1421m
1483s
1495s
1570ms
1610mw
1720mv



Table 11,5
Infrared Bands due to the nitrate group in the Nickel{II) complexes
of Quinoxalines

Lox % Y w ooy
Ni(NOs) Mg 793ms 1015ms 1274ms 1483vs
Ni(NO) ,Q 799ms 1012m 12895 1495vs "

* Ligand bands which are broadened in the spectra of the nitrate complexes.
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Table 11.6

Comparison of obéervedjand calculated,percentage original weight

remaining)at various stages,in the thermal decomposition of the

nickel (I} complexes of quinoxalines.

Product

Initial Complex

NiCleq NiCl1,
Ni0

NiBrqu NiBrqu%
NiBr2
Ni0

Ni(N05) Mg Ni (NO;) May
Ni(N03)2
Ni0

NiIMq, Ni0

Nil,Dnq, Nil,Dnq
NiI,

NiO

1,0
160
490
130
220
510
160
510
535
190
200
240
280

Percentage original weight

Temalning

Observed
55.1
31.7
87.2
66.3
25.3
80.3
53.0
29.6
16,2
75.9
44,8
16.6

Calcalated

47.4
27.4
80.2
60.5
20.5
77.9
55,8
22.9
12.5
74.8
49,7
11.9
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complexes appear to decompese by more complicated routes.

The initial reaction in these processes is always a loss of
organice ligand, although anion loss is sometimes simultaneous. The
reactions like those of Co(II), but unlike those of Cu(II), are not
complicatéd by redox processes. DBowman and Rogers foundgo this to
be the case with the pyridine complexes.

The Tm values for initial amine loss are compared in table 11.7
for the complexes of Ni (II), Co (II) and Cu (II). These figures
reveal that:

i) Tor the same anion and amine, the stabilities depend on

the cation, in the order Cu2+) Nia+)VC02+. This is the sane

order as that foundgo for the pyridine complexes, and correlates

with the Irving-Williams stability86 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

Mg complexes or of greater 9f-bpnding (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

polarisabilitieslgl 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 qu'> Mg > Q. The absence of steric hindrance



Table 11,7

Temperature (Tm) for the maximum rate of initial organic ligand

loss from the complexes of quinoxalines.

Complex T (% Complex T o)

NiCl Q ' 260 NiC1,Mq 160
2

NiBr,Q 210 NiBr,Mq 130

CoC1,Q, 190 CoClMag 170

CoBrZQ2 160

CuC1,Q 300

CuBr.,Q 235
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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 guinoxaline
- complexes do not indicate isomorphism. This is consistent with the
proposed structures if the way in which the structural units pack
together differs in the various complexes.

Discussione.

The reflectance spectré and magnetism of the complexes suggest
that the iodides have square-planar stemchemistries and'that the
rest of the complexes are octahedral. Many features of the infrared
specf;a.and thermal data can be understood on this basis.

The stoicheimetry of the octahedral halo-complexes indicates

that the most likely structures involve aﬁion—bridging and either

202,275 (e

bidentate 495 (c.f. figure 7.2}, or monodentate 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 4o

those of centrosymmetric NilCl than to those of acentric NiClapy)

2PV
and from the relatively high values of Dg for the complexes. The

values of Dgq for NiClZQ and NiCl_Mg are closer to that of NiClaQuin

2 2
(0.80KkK) than to that of NiClZQuip (0.66kK) .

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
359

structures suggested for Ni (NO5)2Quin2, Ni(NOB)Z(IQuin)a,

Ni(NOB)z(ZMepy)2 end other® C bis-amine complexes support the latter

bonding mode.



Table 11.8

o
d spacings (A) from X-ray powder photographs of the nickel(II)

camplexes of quinoxalines. Strong lines are underlined.

Complex
NiCle
NiBrZQ
Ni(N05),Q

NiL,Q,

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 stoicheimetry of the square-~planar complexes suggests that
‘they are monomeric, as do the similarity of their electronic spectra

192 and NiBr2 (2:5-Dmp)198. As discussed

to those of NiIaQuin2
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 bromeo-
complexes isolated were those containing the bidentate ligands Q and Mg.
No octahedral complexes of Dmg and Dpgq could be obtained. This
suggests a delicate balance of factors, such assteric hindrance and

the entropy term for bridging ligands. Steric hindrance may be

greater in the complexes of Dmg and Dpgq, than in those of 2:5—Dmp168,

Mg and Q. Bidentate bonding may, therefore,.be prevented in the

former complexes, but allowed in the latter complexes. The

complexes of Dmg and Dpg would then lack the entropy term associated
with bridging ligands.,.

That NiBraQ and NiBr Mq are octahedral, whereas COBraQ and CoBran

2
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 squafe—planar
Ni (II) complexes, rather than tetrahedral species, when fouru
coordination is necessary. It has been sugpgested 350 that this
results from the optimisation of yf ~bonding overlap integrals for

planar complexes. This factor should become more important as

M-N I -bonding increases, that is in the complexes of poor ¢ -donors
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and good I -acceptors (diazines), rather than those of better
g -donors and poorer W -acceptors (monoazines).189’190’200’274

The results obtained with the quinoxalines support this contention.

Experimental.

A1l compounds were dried at BOOQ/ZBmm. Other details have
been previously described.

Dibromo (2-Methylquinoxaline) Nickel (II).

A mixture of nickel (II) bromide hexahydrate (1.6 g., 1 mol.)
and 2-Methylguinoxaline (1 g. excess) was stirred together, at llOOC,
for 15 minutes. Benzene (20 ml.) was added, and the mixture
allowed to cool. The grey-pink product (1.8 g., 100%) was filtered
off, and washed with benzene. (Found: N, 7.2; Br, 4%4.0; Ni, 16.0.

c H8Br2NIN2 requires N, 7.7; Br, 44,1; Ni, 16.2%).

9
Dichloro {2-Methylguinoxaline) Nickel (II) was similarly prepared

as a cream-grey powder (Found: Cl, 25.6; Ni, 20.9. C9H8012N1N

requires Cl, 25.9; Ni, 21.4%), as was brown Dinitrato (2-Methyl-

2

gquinoxaline) Nickel (II) (Found: Ni, 17.9; C9H8NiNho6 requires

Ni, 18.0%), light-brown Di Todo bis(2-Methylquinoxaline) Nickel (II)

(Found: N, 10.4; I, 43.2; Ni, 9.7. 018H1612NiN4 requires N, 9.3;

I, 4%2.25 Ni, 9.8%) and dirty-yellow Di Iodo bis(2:3~-Dimethylguinoxaline)

Nickel (II) {(Found: N, 11.3; I, 41.2; Ni, 9.4, NiN, requires

2020t 2
N,8.9; I’l{'O.LI'; Ni, 9.3?5).



GENERAL CONCLUSIONS AND SCOPE FOR FUTURE WCRK
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The structural, spectral and magnetic properties of the Cobalt (II},
Nickel (II) and Copper (II) complexes of the halopyridines and
quincxalines 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 K- CoCl,py, e
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 (II) complexes of quinoxalines. Quinoxaline,
2=-Methylquinoxaline, 2:3-Dimethylquinoxaline 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 (II) complexes of 1l:2:4-Triazole,
pyridine, 2-chloropyridine, 2-Methylpyridine, 2-Bromopyridine and
Phenazine. The four-coordinate structures of the Cobalt (II)
complexes of the 2-halopyridines are clearly oconsequences of steric
hindrance.

Other factors appear to modify the influence of steric hindrance

on structures. A smaller degree of covalent bonding was suggested

in CuClaQuin than in CuClaQ, 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 (II) halides
with substituted pyridines. Tor 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 Paunling's electroneutrality
principle.

The weak Metal-nitrogen ¢ -bonds, resulting from low basicity,
are usually compensated by strengthening of Tfubonding. No such
compensation occurs for the poor (relative to quinoxaline) ¥ -electron-
acceptor 2:3-DiphenquuinoxalineVand 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, and subsegbently
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
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by studies of diahroism, 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 halopyridiﬁes, to follow the Irving-Williams stability
order.86

Many effects have been attributed to the influence of metal-
nitrogen jf-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
yr-bonding. This is, perhaps, an area in which much further work

578,579

is required. The NMR studies of azine ions could be

extended to the complexes of these ligands. Some work has already

72,580

been reported s in which the proton contact shifts have been

581

felated to metal-ligand W ~bonding. However, it has been demonstrated
that delocalisation of the metal electrons onto the ligand can occur
without metal-ligand ¥-bonding. In view of this it may be better ﬁo
use NKR methods to measure the barrier to free rotation about the

582

metal-nitrogen bonds. Other apprcaches to Y ~bonding could

inveolve 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 substituent5584.

Steric effects and the influence of bridging ligands could be

further studied by the preparation of complexes of Y-nitroquinoline and

its derivatives. The nitro- group should184 give this amine similar
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electronic properties to those of quinoxaline. The influence of
steric effects could also he studied by the preparation of complexes

of 5~ and 5:8- substituted quinoxalines.
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Appendix A.l.

Calculation of Ligand Field and Racah parameters for cctahedral
3

d

and d8 ions, and tetrahedral d2 and d7 lons.

i) Calculation from ]% and 'i% only.

Inspection of figure l.4% shows that:

'Dl = E(T,) - E(A,) = 10Dq
9, =E(T,F) - E(4,) = EN(T4F) + 12Dg A.l.l
-93 = E'(TlP) - E(A2) = E'(TlP) + 12Dg

The secular equation is 23 (energies relative to the 3F state):
15B'-E -4Dq =0
~UDg 6Dq-0

0 sasspEBBEES A.l.a

or:  EP-E(15B'+6Dq) + 9OB!Dq-16Dq°

1l
i

which has the roots: E+

E

E'(T,P) = '93—12Dq
E'(T,F) = V,-12Dg }
The sum rule for these roots gives:
'93‘“{)2 = 15BY + 30DQ seees A.1.3
while the product ruie and gquation A.l,3 give:
340Dg> - 18Dq (173+’92) + WV =0 cenns ALk
and hence: Dy o = (1/340) [9('\73+192)i(811722-1787721)3+817732)%_]
i essse A5
At the weak field limit, (Dq=9) A.1.4 becomes ’92'93 = 03
1ece \72 =0 or 773 = 0.
}92 is the meaningful solution of this equation, since figure
2+l shows that'1)3 is never zero. IEquation A.l.5 only gives
Dg =0 at \72 = 0 for the negative value of the square root,

which must be the meaningful value.
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ii) Calculation from '91 and 7)2 only.

Bguating E' (TlF) from equation A.l.l1 to the lower root of

equation A.l.2 gives:

)

2
with Dq = 'Qi/lo, from equation 1.5, this gives:

Blyp = (27’1'72) (‘71-772) / 3(5772—~9171) resses AlLLE

-12Dg = (1 F) = (%)[ (6Dq+l§B')—(225(3')2-1808'Dq+lOODq2)%J

iii) Calculation from ?)l and "93 only.

Figure 1.4 shows that:

- 1 -
’92 = 15B'+3 7, 95. |
This expression and equation A.1l.5 then lead to:

Blys = (93' 771) (\73*2171) /35 V-991) eueens ALL7
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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 autccode
language.

a) TFor the d2 and a’ octahedral and the d3 and d8 tetrahedral
complexes.

Programme . Remarks

N .
270CTA 38 TETRA L.F., B.PARAMETERS Prints heading

JV1

STCP

TEXT

DQ(2) Da(123) B(123) P(2) DR(23+) ). .
D3(23-) B(23+) B(23-) V(IP) B(12) V(BP))PrlntS column headings

1) V10 = TAPE 3 Reads in \71, )72, %
Vi =18 x V11 5
Vi = Vi/34k0
PRINT V1, 3081 Format for Dg=18 02/340

-2, V10 = O - ' Goes to 2) if Wy
V1l = V11 - V10
V1l = V1/10 .
PRINT V1, 5081 Format for Dq123
-93, V12 = O Goes to 3) if 1%: 0
= 3 x V10

Vl =Vl -Vl
Vl = V1 + V12

V1l = V1/15
PRINT V1, L4081 Format for B'123
Vi = V10 x V10
Vi =17 x V1
V2 = V10 x V11
Ve = 16 x V2
V3 = V11 x V11
V3 = 4 x V3
V4 = V10 x V12
V4 = 9 X Vq
Vs = V11 x V12
V5 = 4 p o V5 .
V5 =.V5 + V1

V5 = V5 = V2



2)

b)

5)

6)

V5 = VS + V3
V5 = V5 - V&
V5 = V5/1000000

PRINT VS, L4053
el

PRINT V10, 4081
PRINT V10, 4081
PRINT V10, 4063
V1l = V12 x V12
V1l = 81 x V1
V2 = V11 x V12
V2 =16 x V2
V2 = V1 + V2
V3 = V11 x Vil
V3 =16 x V3
V3 = V2 - V3
~?5, 0DV3

V3 = SQRIV3

Vh =2 x V11
Vh = Vi - V12
Vs =9 x Vi
V6 = V5 + V3
V6 = V&/340
PRINT V6, LOSL
V7 = V5 - V3
V9 = V7/340
PRINT V7, 4081
V8 = Vi/15
Vi=2xV6

V9 =Vl - V8
PRINT V9, L081
V72 =2 x V7

V9 = V7 - V8
PRINT V9, LO81
V6 = 10 x V6
V6 = V11l - V6
PRINT V6, 3101
26

Vi=1

PRINT V1, 4081
PRINT V1, 4081
PRINT V1, LOSL
PRINT V1, 4081
PRINT V1, 3101

-7, V10 = 0
-8

vl

Nt N

N N N N N

Format for P2

Allows 3 spaces under
D(2), DQ(123) and P(2) columns
(by printing 3 zeroes).

Goes to 5) if the argument is
negative under square root of

Dq23i

Format for Dq23+

Format for Dq23_

Format for B!

23+

'
Format for B 23

Format for predicted i%_

If the argument of the square
root in Dq23+ is negative "1M
is printed™ - under the DR(23+),
DR(23-), B(23+), B(23-) and
V(IP) columns.

Goes to 7) if WV, =0

Goes to 8), otherwise.
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3) PRINT V12, 4081
PRINT V12, 4063
PRINT V12, 4081
PRINT V12, 4081
PRINT V12, 4081

Prints zeroes under B(123),
P(2), DQ(23+), DR(23-),
B(23+), B(23-) and V(1P)
columns if Y., = 0

PRINT V12, 4081 3
PRIKT V12, 3101

8) v2 = 2 x V10
V2 = V11l - V2
V2 = V2 x V10
V3 = 9 x V10
VLI- = LI- x V11
Vh = V3 - V4
Vb =3 x V4
Vi = v2/Vh
PRINT V4, 4081 : Format for B',,
Vh = 15 x V4
V5 = 3 x V10
V5 = V5 + V4
V5 = V5 - V11
PRINT VS5, 4101 Format for predicted W

7} TEXT Finished row with spaceé
>1 Reads in next set of 7?1,

172, 93 values.

(=20)

b) For the cl3 and d8 octahedral and the d2 and d'7 tetrahedral
‘complexes.

Programme Remarks

N
%80CTA 27 TETRA L.F., B.PARAMETERS Prints heading
JVl
STCOP
TEXT
géig?\i;g; Da(23+) DQ(EB ) B(23+) B(23- )g Prints c¢olumn headings
1) V10 = TAPE 3 Reads in V), 0 9
-2, V10 = 0 Goes to 2) “if 61 = 0
—~3, V12 =0 Goes to 3) if -D = 0
V1l = % x V10
Vi = Vil - V1
Vi = V1 + V12
= V1/15
PRINT V1, 3081 Format for B'123

V1 = V10 x V10
= 17 x Vi



Ve

= V10 x V11
V2 =9 xV2
V3=VleVl2
V3=9XV3
V4 = V11 x V12
V1+=5XVLI-
Vh = V1 + V4
Vh = vh - v2
Vh = V4 - V3

Vi = V4/1000000

PRINT Vi, LO63
S

2)

L)

5)

6)

PRINT V10, 3081
PRINT V10, L063
V2 = V11 x V11
Ve = 81 x V2
V3 = V11 x V12
V3 = 178 x V3
Vh = V12 x V12
V"+=81XVL|>
Vh = V4 + V2
vh = V4 - V3
->»5, 0> Vh
Vh = SQRT VL
V5 = V11 + V12
V6 =9 x V5
V7 =V6 + V4
V7 = V7/340
PRINT V7, 4081
V8 = V6 - V&
V8 = v8/340
PRINT V8, 4081
V9 = V5/15

V7 =2 x V7?7
V7 = V9 - V7
PRINT V7, 4081
V8=2XV8
V8 = V9 - V8

PRINT V8, 4081
—26

Vli=1

PRINT V1, 4081
PRINT V1, 4081

PRINT V1, 4081

PRINT V1, 4081
-7, V10 = 0
-8

xxvili

S N M A

Format for P3
Prints zeroes under B(123)

and P(3) if 171 =0

Goes to 5) if the argument
is negative under the sguare
root in DqZBi

Format for Dq23+

Format for ané

1]
Format for B 23+

]
Format for B 3.

Prints "1" under DQ(23+),
DQ(23-), B(23+) and B(23-) if
argunent of square root in
Dg is negative.

GoZtto 7) if V. =0

Goes to 8), otherwise.
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3) PRINT V12, 3081

)

PRINT V12, 4063 ) Prints zeroes under B(123),
PRINT V12, 4081 ) P(3), Dg(23+), DR(23-), B(23+)
PRINT V12, L4081 ) and B(23-) if P, =0
PRINT V12, 4081 ) 3
PRINT V12, 4081 )

8) V2 = V10 % V11
Va=3x V2
V3 = V11 x V1l
V3 = V2 - V3
V4 = V10 x V10
V"l’ =2 X V1+
Vh = V3 - V4
V5 = ¢ x V10
V6 =5 x Vi1
V6 = V5 - Vb
V6 = 3 X V6
V6 = Vh/VE
PRINT V6, 4081 Format for B ,
V6 = 15 x V6
V7 = 3 x V10
V7?7 = V7 + V6
¥7 = V7 - V11
PRINT V7, 4101 Format for predicted W

7) =21 Rezds in next set 91, 32%, )Y
(=>0) 2

Units . of cm"1 were used in these programmes, except that P was in
kK=, 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.



gggeﬁdix A3

Reported frequencies and calculated ligand field parameters.

Table A3 a) Data for the a2 and d’ octahedgal and the d°> and d° tetrahedral complexes. All units

Complex
V" fa-AL,0,
Vg
‘3"0’120)62+
ColH,0) 7"
Co(i1,0) 2

2+
Copyg

CoClZpy2
2+

Co(NH3)6

Co en 2+

3
Co enta’"

Co enta’™

Co enta?-
KCoF3

CoCl2

21

17.4
14.8
8.35

8.2
8.2

8.479
8.584

9.0
9.4
9.1
9.1
9.1
7.15

6.6

17.85
16.0
16.0

18.5
18.7
16.3
16.3
16.3
15.2

13.3

2z

25.2
23.0
20.0
19.4
21.55
19.8
17.39
21.1
21.7
19.9
20.6
21.5
19.2

17.25

P

=2

0.01
=122, 24

-14331 .

-65.70

-124.2%

-235.08
-246.77
-%1.80

-13080 .

-63 .35

are kK except those of P (kK<) .

Dayps
-165.9 1.710

.950
.780
«780

950
.930
.720
.720
.720
.805

.6 70

Da,=,
1.792

950
.854
+858

.985
.997
871
872

- ,873

813

712

Day 34

1.868

1.605
950

.962
.961

-1-?’l123

.500
.853
.720
[ ] 863

- .840

.813
.593
.640

~ .863

717

§123+

0665

853
.869
1,019

911
947
.894
.943
1,006
.879

.801

1
§-13+
.605

630
.853

831
655

L
B2
-.003

.854
-1112
-1112

.214
-.032
-.345
-.345
-.345
604

.035

Ref.

21
24
18
23
23

210

210
23
23
23
23
23

206

206



Table A3a) cont....

Complex

CoBr2

Co(NCS) deaz

Co(26DENO) ,Br,
Co(246TPNO) BT,
Co(26DPNO) 5 (SQN) , 9,709
Co(246TPNO) , (SQN), 9.804
Co(26DPNO) , (NO
.Co(246TPNO) , (NO

COPY4C12
Co(prid ,CL,
(Eo(ypic) 4012
 Colepic) Br,
Co(ypic) 4Br2
Copy,1;
Co(Bpic) 412
Co(ypic) 41,

-1
6.2

9.9
9.259
9.434

9.756
9.302

2y M
12.0 16.4
18,7 20.5
16.129 18.858
12,195 19,231
12,906 19,23
12.121 19.23
12,121 20.0
11.765 18,622
16,120 19231
15.873 19,048
15.87 19048
17.24 19.048
17.26119.23
17 ,241 20.0
16 ,949 20.0
17 .24118,519

5

-88.84
-190,30

-5 A4
-R762
~-4383

~44413
-472.711
-411.39

Day 53
.580

.880
687"
276
319
.232
236
| .246

B3
.653

033

- ,481
- ,208

.200
129
190

.170

.B_'zs-l-
.781
.862
.827
.970

950

.972
1.025
.946
.853
.848
.848
.805
.818

. 872

.881
J767

L
Bz

12

-.106
-.25¢
-.392
-.581
-.589
-.615
-.611

-0578

Ref.
206
213
212
212
212
212
212
212
78
78
78
78
78
78
78
78



Table A3a) cont....

Complex
Co(ypic)Br,
Co(2,6~Lmhi

CoBr2

Co(Te),(H,0),

CATE)£40)
Co(DTc) 2 H,0),
CoClzpy2
CoCl,py,
CoCl, (3B1pY),
CoCl, (3Brpy),
CoClz(SBpr')2
CoClz(SBrpy)2
CdBr2(3Brpy)2
Co'Brz(SBrpy)2
CoC1, (4Clpy),
CoCl, (4Clpy),
CoCl, (4Clpy) 5

R4

8.7

8.7

8.7

8.584
8.584
8.889
6.452
8.889
6.452
8.163
8.163
8.696
6.250

8.696

=2
15.152
16,129
14,925
17.5
17.0
18.2
15.873
17.391
16.393
16.393
17.699
17.699
15.221
16.807
16.129
16,129

16.667

X3
18.868
18,182

17.857

18.762
18.762
18.868
18,868
18,868
18.868
18.315
18,315
18.868
18.868

18.868

J;u

-177.85
-70.43
-185.56
2319
-94.64
373,75
-158.94
-46.71
~177.40
247,70

~141.07

Ddyoz Dz
- - .810

- .859

- .79

- .880 -

- .830 -
.950 -
729 .847
.881 924
.750 .873
.994 873
.881 .940
1.125  ,940
706 .812
- .864 .893
743 .860
.988 .860
797 .887

2913+

Bl93

.592
.693
.S573
1.060
660
1.147
.603
+709
594
1.083
630

AL
.857
779

.793

.828
.780
.819
.819
778
.778
.816
.767
.827
.827
.810

B3+

B2

.035
-.113
422
-.269
.083
| -.284
-1,000
-,025
-.810
-.239
-.210
-.266
-.915
-.181

Th
WO
"

tH

t
"
1



Table A3a} cont....
Complex v
C0C12(4C1py)2 8.696
CoC1,Q 6.269
CoCl,Q 64269
GoCL,Q 6.269
Co(NO;)Q 9.434
Co(N0;) ,Q.2H,0 8.439
Co(NO3) ,Q.2H,0 8,439
OOO«DS)ZQ.ZHZO 8.439
Co(NO5) ,Q.2H,0 8,438
Co (NO5) ,Q.2H,0 8.439
CO(NOS)ZQ.ZHZO 8.439
Co(NO9,Qy.2H,0 8.230
CO(NOBJZQZ .Z{ZO 8.230
CO(I\D:,’)Z%. ZHZO 8,230
CoCl,Mq 6.580
CoCL Mg 7,570

o |
Cl, Mg 6.580

22
15.625
17,123
17.123
13.986
15.873
16,129
19.342
18,797
18.797
19.881
19.881
20.0
20,619
20.619
16.807
16.807

15,748

33

18.868
19,011
30.864
17,123
19,881
21.368
20.619
19.881
28.369
31.847
21,053
30.769
32.805
18,018
18,018

16,807

-200,32

352.87
495395
39.52
-153.88
125.78
63.35
70.78
208.65
221.08
242,70
395.57
413.44
240,79
52.17

133.48

Da) 34
.834

) |
- .926
747

.862
1,029
1,013
.998
1,068
1.072
1.061
1.109

1,111

.893
.893

 .836

91123
.560

1,155

1.945
.820

713

1.026

1.540
.891

1.529
1.761
1.091
1.780
1.922
1.006
.808

.854

]
EALS
843
806
1.627

J71

.898
903
1.494
.815
1.376
1.616
.860
1,520
1,667
740
746

0693

]
AN



Table A3 a) cont....

lex
CoCl Mg
CoClZMq
CoCL,Mq
CoC1 1ay
CoCl Mas /)
ot iz,
GoClZ(SBrpyjz
CoCl, (4Clpy),
CoBr,, (3Brpy),
CoBrz(4C1py)2
OoClZQ
CoCl,Mq

CoCl.Mg

2
CoCleq

CoCl,May 1,

~1

7.570

6.580
6.570
6.667
6.667
6.667
8.889
8.696
8,163
7.605
6.270
6.579
7.576
7.042
6.667
7.905

=2

15,748
15.748
15.748
15.748
16.260

17.391

=3
16.807
18,018
18,018
16,807
19,231
17.7
16.67
16.81
14,81
17.98
17.09
17.09
17.09
17,39
17.39

)

-27057

138.05.

-33.79
117.99
175.56

Daj95  Dayz,  Daggy
| 836

.818
917
- .818
- .908
- .959
1.072

- ,839

839
836
- .867

.993
968
915
.848

- .724

.754
.857
.802
.764

- .892

1
B3

656

.935
«737
.837
1.033

Blo3s
.693
.779
.779
.693
.849

|
AN

657
597
.642
.539
.845
765

- ,701

«735
.780

B2
299
~1.505
,299
-1.795
-1.291

-.943

Ref,
This
work

1"t

1

1t

"

11

1t

1"

L1

1"

1]

1"

"

"

1"

"



Table A3 a) cont....

Complex lh

CoCleqS/2 7.233
CoBrqu 7.017
CoBrqu 8.889
CoBrqu 7.843

Co(NO) ,Q,+ 21,0 8,230
Co(NO3) ,Q. 2,0 8.439

Ni%*/cas 4.20
Ni%* /cds 4.20
Ni%*/cas 4.20
Ni%*/cas 4,20
NiC13 e (8,P) NiCl,-
Ni(@SPCDZBrZ/MeZCo
Ni(85P0) ,1,/4CL
Ni(¢3PO]ZIzMBZCo
Ni(24AS0) ,Br,/¢Cl
NiBerui.n2

NiCL Mp,

8.2
8.0
8.0
8.0
7.407
7.250
7.078
7.255
7.654
10.0

9.2

17,39
15,75
15,75
15,75
20,62
20,12
12.5
12.3
12.6
13.5
14,61%
15,58
15,10
14,01
15.26%)
16.4

15.62

-44,70
-53.06

"'54-80 I

-60.02

Day23

D95z,

441

431

.431
432
402
.394
.384
.393
415
<539

497

Day 24

.823
+794
.980
877
.940

- .960

.486

B3

.540

513

533
593

Bloze

623
.615
+635
.697
.789
.860
832
.753
327
.839

Blyze Bl
744 -
643 -
518 -
589 -
004 -
856 -
597 -.056
- -.007
- -.007
- —097

Ref.,

Thig
wor
"

]

"

"

"

23

24
24

24
199
199
199
199
199
192

198



Complex
NiBrsz5
NiIZMp5

. 2=
N1C14

. 2=
N1C14

oy 2
N1C14
2=
4
.y 2
N1C14
NiBr 2~
4

NiCl

D
4

Ni%*/7n0

NiBr

Ni(2,3-1),C1,
Ni(2,3-1),Cl,
Ni(2,4-1),Cl,
Ni(2,4-1),CL,
Ni(2,5-1),CL,
Ni(2,3-L),Br,
Ni(2,3-L),Br,

7.4
7.4
7.4
7.4
7.0
7.0
8.4
10,235
10,13
10,31
10,15
10,205
10,05
10.0

=3
15.47
15.4
14.2
15.2
16.0
15.3
16.7
13.3
14.2
16.2
17,035
18,083
17.15
18.18
18.18
16.53
17.48

Day 53

Dayz,

+465

- .439
- ,401
402

402

402
402

379
380
.455
.552

- .548

556

- .549

«552
542
+540

Da, 54

'
123

.815
824

- .762

+830
.884
837
931

712
773

.870

- .876
950
882
956
- .955
846

.913

Bloze Bl

| 4
By, Ref.

- 198
- 198



Table A3 a) cont....

Conplex R A7 S P,  Dajps  Days,  Dayz Blypz Blyz, Blyz, Bl Ref
Ni(2,4-L),Br, - 10.245 16.64 - - ~ ,553 - - .848 - - 200
Ni(2,4-L),Br, - 10,03 17.7 - - - .542 - - 927 - - 200
Ni(2,5-L),Br, - 10,1 17.605 = - .546 - - ,919 - - 200
Ni(DMAKp)ClZ - 13,3 22,6 - - .718 - - 1.170 - - 201
Ni(DAARP)CL, - 10.8 19.5 - - .584 - - 1.028 - - 201
Ni(pAKP)az - 13.8  23.2 - - .745 - - 1.197 - - 201
Ni(pAKp)Brz - 13.2 221 - - J713 - - 1,138 - - - 201
Nipy,I, - 9.85 17,1 - - .532 - - .891 - - 190
Ni(gpic),I, - 9.9 17.0 - - .535 - - .883 - - 190
Ni(ypic),I, - 10.0  16.95 - - .540 - - .877 - - 190
Ni(3,4-1),1I, - 9.9 16.95 - - .535 - - .879 - - 190,
Nil,(2Clpy) - 7.353  16.667 - - 400 - - 90 - - This
Notes:

a) Bari centre of a complicated band.



Table A3 b)

Data for the a3 and a® octahedral and d% and d’ tetrahedral complexes.

All units are KK except those of P (sz).

"= Complex
24
V0,
VS0, . 7H,0
vt csaLcl

' Cr (Hzo) 63+

t

4

Cr(H,0) 51=2+

cis-Cr(H,0),F,"

© transe '

n " .
Cr(,0) 1%
Cr(H,0) ,C1,"
Cr3+/Mg0

"

"

Cr203

3+
Cr /A1203

"

KCr(8Q) ,.12H, 0

CrUrea63+

C&py3C13

12,35
12.0
17.4
17.4
16.8
16.4
16.3
16.3
16.5
15.75
22.7

22.7

16.2
16.6
16.8
18,15
18.1
17.5
16.1
15.9

3
27.9
27.8

22
18.5
18.2
9.4
24,6 37.8
24.5 38.0
24.0 37,6
36.8
37.0

23.9
22,7
25.5 37.0
23.25 -

22.2

29.7

36.8
46.0
29,7 48.3
22.7 29.7
21.6 =

23.0 29.5

25.73 39.1

24.40 39.1
24.7 38.0
22.6 34.4
22.2 -

15.0

~41,76

By Day?
16.27  b)
9.80  b)

- .5%
24,48 b)
14,42 b)
~3.84 1.699
10.60  b)
1.745

65.48 b)

61,39 1,752

125.41 b)
~2.92 2,274
192.51 b)
25258 b)
40,41 b)
4,58 1.820
24,0 b)
34.47 B

.708

491

429

.652

84,
.681

705

729
.715
738
792
636
1.134
.680
.650

656

+656
651
467
.605
770

727
.652
.028

|
BY3

.646

Bl
.623
667
.680
687
747
767
.720

.907

.783
.507
.660
«253

.140
692
.613
.680
.580

R

2



Table A3 b) cont....

lex wm ¥ oy P Doy B B, B BYooR
CoC1, %" - 5.9 14,75 - .30 697 - = -1
" - 5.6 14,7 - 321 710 - - - 1
" - 5.6 147 - .01 729 - - - 1
" - 5.25 147 - .30 .29 - = -
" -~ 5.7 14.6 - .38 .98 - - - 1
" - 5.65 14.6 325 .01 - - -
CoC1,*" - 5.22 147 - .29 731 - & -
" - 5.5 14.8 - .320 .18 - - T
coBr42' : - 5,75 14.0 -  ,332 653 - - - X
" - 5.78 14.0 -  .333 652 - = -~ 1
" - s5.08 143 - .8 s - - -1
" - s2@ w0 - 209 683 - - -
"o - 4.8 4.2 - 279 15 - = -~ I
" - 5.08 13.8 - .291  .677 = = -
Cox, 2" - 5.62 13.2 - .35 605 - - - X
" - 493 13,2 - .83 643 - - BT:
" - 570 13.8 -~ .39  .642 - - T
" - 470 13.2 -  .269  .656 - - - X
" - 454 13,5 -  .259 685 - = - X
" - 470 13.0 - .69  .642 - = - X
Co(nes) - 7.0 163 - 456 .64 - - -
HgCo(NCS) , - 8.30 16.7 - .48 691 - = -«
CoC1,"dpa 129 7.87 16,1 28.15 .489 676 -.531 - 763 2
CoBr, dpa,, 4.48) 8.30 16.5 23.74 461  .675 -.691 -~  .748 2]



Table A3 b) cont....

plex
CoIdea2
CoBrzpy2
CoCl, (2CIpy), -
 CoBr,(2Clpy),
Col, (2Clpy),
CoCL, (2Brpy)
CoBrz(ZBrpy]2

"

CoCL, (ZBrpy) 5/
eN02

"

CoBr., (3Brpy) ,/
CHZEfg rpYl,

111
Col (3Brpy)2/
aLf,

"
"

CoBr2(4C1py')2

CoBr,, (4C1py) ,

A4

AL,

=3

=3

'4.18)'7.63 15.4 23.47

)

c)
.88
3.85)

4,02

c)
4,02 .

0.5
4.8

c)
4,02
4.5

4.5

c)
4.02

7.168 16.393
7.017 15 674
6.689 14 970
7.273 15,748
6.969 15,504

C
12%

129
6.9

c)
6.4

. C
7.8)

c)
7.8

c)
6.4

c)
6.4

c)

7.6

c)
7.6

6.993 15.267
5.168 14 493
7.605 14 4B

5.208 15038

6.803 15,873

7.017 5504

16.4
16.6

1557
16.0
16.0
15.7

14.6
15,2
15,2
14.6

267.03

272.44

=22.45
-23.70
37.64
36.80

~17.85
-20.36
27.42
26.33

Dy
.448
394
.415
.407
.388
.424
405
.408

b)
b)

. 369
.368
457
458

.371
.370
447
.450
.407
.296
.451

«297

5,3 Bl Bl
639 ~.554 ,676
g4 - -
740 - -
698 -~ -
667 - -
687 - -
688 - -
685 - -

- 487 -

- 487 -
735 311 -
756 J311 -
672 =007 -
650 =,107 -
.658 311 -
700,311 -
626 -.288 -
580 -.288 -
670 - -
720 - -
ST - -
755 - -

B'

Re

=125

+715

21
21
3¢
39
39

Thi
wor

1.144
1,157

.669
.689
.783
+763

.596
.636
716

- 676

"

"

"

1",

"

"

"



Table A3 b) cont....

lex

Col, (4Clpy), -

CoC1,Q,

CoBrZQ2

"

CoIZQ2

"

11
CoBer

t
CoCleq
CoBrZMq
CoClszq
CoBrZqu
GoIZqu

NiCl
(3E%py32
NiBr
(3Efpy),

NiCl, (IQuin),

4.630 14.493
6.410 16,393
7.067 16,393
6.329 16.051

6.993 16,051

6,493 14,706
6.452 15.198

6.116 8230 14,706

6.042 15,337
6.780 15,337
6.580 16,807
7.017 15,504
5.168 14,925
5.063 14,388

4,762 7843 12,739

NiBr, (IQuin), -

NiBr2(4>NH2)2

NiCl 2 (m-Tol) 2

4,762 12.739

13.42 23,58

12.97 23.00

- 13.91 24.1

13.64 23.42
13.76 23.26
13.23 22.47

13.79 23,26

2.96

.292§) Elng

.264
.368

- 409
- W364

405

- $377

373
.495
.347
.393
378
408
.295

- 289

.490
273

.810

.781
.844
.830
.842

- 808

.845

.748
.783
.746
764
.726
.660
.697
.540
.730
.688
.803
.685
.749
718
.301
.621

.846

.835
.846
.811
.383
«763

.780

By,

Blys3

Re1

wal

1"
"
L1
t
11
"
"
"
1"
"
"
"
1"
n

"

"
"
tt
"

"

n



Table A3 b) cont....

lex 3y % ¥

NiBrz(Jm--Tol)2 13.25 22.47

NiClz(p--Tol)2 13,81 23.31
NiBrz(p—Tol)2 - 13,26 22,57
NiClZQuin2 - 13,15 22.70

NiCL,Q,  7.58 13.04 23.64

Es
- 810
- 846
-~ .809
- 799
15.78.781

NiBerz(y) 7,22 12,30 21.00 13,85 750

NiC,Quin 6.4 11.1 21
NiBr,Quin  6.25 10.8 20.0
NiCl (e} 6.6 11.2 21.2
Ni(N5),py, 9.8 16.21 25.84

Ni(N;)
3(Bpic) ,9.79 16.08 25.77

NI(N;)
3(§p1c)49 .8 16,23 25.71

Ni (NCO) ,py, .05 16.61 26.81
Ni (NCO)
gpleD .01 16.566 26.67
Ni(NCO),
(Ypldq_ C)
Ni(NCS),py, 10.4516.9 22.2

1004 16.61 26.67

Ni (NCS) )
(epfo),, 1040[16 9 22.5

A c)
Nl(NES?JiC)4 1045 17,06 22.5

Ni(NCS <)
1050 17.15 22,5
Qu'in)q_ C)
Ni(NCS3,py, 10.58 17.24 22.7

Ni (NCSe) )
(Bpig)4 10.5% 17.18 22.7

12.65.658
11.56.644
3.16 .665

18,201,029

13.85 1L.016

19.94 1038
16.27 1,043

17,09 1,042
17,79 1,048
54,99 b)
52.13 b)
55,07 b)

56,70 b)
56,57 b)

55.47 b)

. a a
2 0,8 B3

761
.783
770

. +793

.883
720
.830
766
830
«745

.758

.720
.808

.798

+790

B, Blyz Blyos

-

1.278
1.041
1.268
1.146

902
1.013

952

1.024
1,031

1.036

1.040

.929

967

975
965

903

B!

- .929

.776
867
.803
.840

. +843

.832

.836
.885

.880

877

517

247

«547

.543
547

.551

Ref,

152

"
"
"

197
197
197
153

"

1"

"

"

"

LA

"
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Table A3 b) conts...
a) g

lx  u ¥ v By DY BLY By, Blg Bl Ref,
NI(N%?:} 10.58 17.24 22.556.57 b) .- 065 - .547 153
NiCLMp - 13.15 23.0 - 795 .819 - - - 1%
NiBr,Mp - 13.4 23.0 - .815 .79 - - - "
NiCL,(%,6Mp),~ 13.5 23.8 =~ .814 .858 - - - "
NiBr,(%6Dm),~ 13.5 23.2 - .821 .804 - - - "
Ni(2,5Dmp)ClL, - 13.0 22.75. - .786 .81 = - - "
NL(NGS),(pyy)104 16,65 - - - - 83 - - o
NICL(prg), 1051615 - - - - 664 - - "
NiBrz(pyz:J2 10.4 15.75 - - - - H06 - - "
NiL,(py;), 10.615.6 - - = - 536 - - "
Ni(NCS)Mp, 10.4 6.0 - - = - 658 - - "
Ni(NCS) Mpg 10.5 16.65 =~ - - - 793 - - "
NiCLMp:  10.015.75 - - - - 724 - - "
NiBrZMPS 10.0 15.8 - - ‘- - .738 - .- 198
MiIMp, 114158 - - - - 4% - - "
ng%m 104 16.65 - - - - .85 - -
Ni (NCS)

(2,6Dfp), 10.4 16,15 -~ - - - 694 - - "
Ni(L,0) S 8.5 14.0 26.0-11.75 .834. .998  .846 -~ .967 16
" 8.5 13.5 25.3 -32.20 .803 .981  .648 -~ .887 150
" 8.513.8 18.4 38.55 b) - 734 - 447 24
" 8.5 15.4 25.3 62,80 .956 .801 =-7.360 - 1.013 55

Ni(NH3)62+ 10.6 16,7 27.4 -9.12 1,037 .865 .769 .835 .820 16



Table A3 b) cont....

lex 21 lh
NiQEL)ZF 10,7 17.5
6
—— 10.75 17.5
NiEn,2" 112 18.3
" 11.2 18.35

NiEntaZ- 10.1 17.0

Ni (NH
108;) 102 17.2

Ni(En)Enta’ 10.05 17.3
Ni(NH)
NiBn?* 10,95 18.0
NiO 8.8 13.9
NZ* M0 8.6 13.8
" 8.6 13.5
NiCl, - 12.9
KNi Fs - 12.5
pyRNiCly - 11,2

NiCL,Py, 10.9 16.0
Nipy,(CD),), 10.1 16.6

Ni(c1oﬁ)2
(3Mpy 4 10.1 16.5
Ni(C10,),

(4Mpyi4 10.1 16.6
Ni(NO,), -

(ZMpyJ4 8.868 15,53

3
28.2
28,2
29.0
29,0

26.2

26.9
27.1

284 6
28.6
23.9
24.5
24.6
22.1
20.7
23.7
19.9
21.3
25.8
27.0

26.9

27.0

24.88

12,92 1.100
10,59 1,100
18.14 1,170
20.35 1,177
34.29 D)

33.70 1.124
45.21 1.126

43.40 b) -
19.91 1,147
-16.23 .845
-16.60 ,831
-31,12 .808
- .786
- 737
- 742
- .674
- .664
-16.81 1.006
11,93 1.037

8.36 1.029
11,93 1.037

43,63 ,981

Bva) B

B'>z B, Blig By,
346 1.004 '

.846 973
.814 1,043
.802 1.067

- 1.247

.692 1.287

.707 1,713

- 1.385
812 1,072

.829 ,648
891 ,702
925 .610
762 =~
J12 -
930 -
725 -
.838 ~
.775 .545
.833 ,987

.835 ,940

.833 .987

«731 2,266

907
897
913

- .917
~ .860

.900
.950

933
917

. 4760

.833
.820

.607
.887

.873

.887

920

Ref
24
24
16

55

"

"

"

23
23
24

e 23

23
23
23
23
27
17

17

17

35



Table A3 b) cont....

Complex Y1 %)
Ni(MH),Br, 13.12
Nj.Bp‘;(c1o4)2 12.9 20.0
.. NiBr, (#NH,) 410,638 14,925
| Ni(Bipy)s®' 12.65 19.2
NifMgTio, - 12.0
RONiBry - 11.5
Niphen,”" 12.7 19.3
Ni pyz(NO), -  16.393
Ni(N3},(IQuin}, s 8716.31
Ni CN((:%Ejn) 10:08 16.64
NiClL,Quin, - 13.16
NiClLQuin - 1115
NiBr,Quin - 11.36
NiClzpy2 - 14.1
NiCL, - 13.0
NiBr, - 12.2
NiTc, (1,0), 9.1 15.4
NiATc
w0, 9.1 15.6
NiDTc |
0, 9.1 153
. NiCl,py, - 13,89
| Ni(epic),Cl, - 14,18
" Ni(ypic) L, - 13.95
Nipy,Br, - 13.85

=3
23.8
27.6
23.81
22.2
202

26,667

22.73
21.14
20.0
24.1
22.17
20.83

24,1
24.27
23.98

23,53

B

62.61
-7.90

2213%

.786
b)
.947

«715
695

1.024

«799
.662
.686
.859
.793
744

.850
.864

. .848

.846

.890

.688

.849
724

.823

- L794
. 829

.719
.828
.759
.714

.839
.836
.832

a)
Bz Bly)

«853
.430
.746

.754

1,011

1,023

1,200

1.444

1.110

'
13

B

.593
.455

1
123

Re

18
58
58
41
24
24

24

26
15

15
20
20
2C
20
20
20
58

58

58
18
18
18

18



Table A3 b) cont....

Complex A1
5 Ni(spic)zBr2

Ni(-rpicJZBr2
: Ni(NH3)2C12
Ni(Bpic)Br2

Nipy,C1,
Ni(ﬂpic)4C12
Ni(w(pic)4C12

Nipy,Br,
 Ni(epic) jBr,

Ni(ypic.)4Br2

Ni(3pic)zBr2

Ni(Zpic)Cl2

Ni(Spic)Br2
Ni(0-tol),C1,=

Ni(m-tOIJZCI2

Ni('m.--tol)ZBr2

Ni (p-tol)y

Clz.GHZO

Ni(p-tol) ,C1,

Ni(p-tol),Br,

Ni(Z.Sxyl)ZCIZ-'

Ni(3,4xy1),Cl,-

13.33
13.76
13.6
11.63
15.8
15.75
15.9
15.62
15.8
15.8
13.3
10.2
11.7
13,699
13.793
13.158

14.286
13.699
13,158
13.5i4
13.699

Ni(3,4xyl),Br, - 13.158

Ni (3, 4xy1) 61,10, B9}i5 625

23.42

23.42
24.8
20.53
25.64
25.3
25.64
25.3
25.3
25.3
23.2
21.0
20.6
22.989
23.256
22.727

23.81

23.256
22.727
22.727
23,256
22.727

B3

a)
Day 53
.805
.840

- .813

701
.988
.993
.999
.978
999
999
.805
598
706
.841
845
.799 |

.880
837
.799

- +829

.837

- 799

51d)

Bloz By, Blys

.840
.799

933

741
.786
.750
771
771
.742
.742
.823
.885
741
.763
.779
794

779
.789
794
«758
.789
+794

472

B'23

Re:

18!

"
1"
1"
"
"
"
"
1"

L1

27!
27
27¢
20:
20.
20:

20:
20:

"
1"
1"t

11

"



Table A3 b) cont....

Complex ih
N'1C12py4 -
NiClpy, =
Ni (8N, ,CL, -

Ni(¢NH2)2Br2 -

22
15,898

14,085
13.699
13.158

Ni(eNH,) ,I, 10,989 14,925

Ni (@NHZ) 2I2 -
Ni (¢NH2) 5
Cl2 (Et0I) 5 -
Ni (@NHZ) 5
Br2 (EtCH) 2

NiClzpyz 8.23

NiBrzpy 4 8.0

11.905

14.493

15.88%

13,793
15.504

NiCl, (3Brpy),8 .511|14 .085
NiBr, (3Brpy)27.968’13.333

NiIz(ﬁBrpy)z7JSZ
" 7.752
NiCl, (4Clpy) 8,51
NiBr2
(4Clpy),
NiC1,Q

8.163

7.194
"o 7.194
NiBr,Q  6.969
" 5,16
" 7.81

Ni(NOg),Q 8.696

9.852
13.072
14,085

13.699

12,422
12.422
12,195
12.12
12.12
13.889

Y3
25.641 -
24,006 -
23.25 -
23,25 -

23.81 -
23.81 -

23,256 =~

24.213 6.20.
25,189 1Q75
24,096 3.77
22,989 7,15
26,667 =225
26,667 -7.97
24.096 3,77

23,810 7,98

18.519 26.72
31.746-8.15

21.978 22.38
22,25 204.84
22,25 ~30.58
22,989 -4.20

500

.854

833
.969
.858
.810

1,564

.770
.858

.830

b)
714
731
.724
724
.859

o -

b}
Bls B
.771 -
829 -
789 -

. 841 -

.980 -
.754 -

.769 -

.867 .969

JT75 =,225
.329 .884
801 .922
1,306 .193
1,115 .978

.829 .884

.840 975

- 1.300
1.516[1.300

.8151.739
.844 295
.844  ,519

.741 . .688

'
—12

B

-

'
13

B

.888
1.113
.843
.828
.884

1.099

.843

.863

624
1,506
.884
1,259
.729
.719

'
=123

Ret
587
"
"
"

"

1"

21C

"
This
work

"

"

11

51C

"
tt

511

51C



Table A3 b) cont....

v a) b)
lex M ¥ ¥z Py Dayz Blyz By, Bl Blyog
Ni(NOgJ,Q 8.696 13.889 30.030 6630 .809 1.309 .688 - 1.189
W 8,696 13.880 17.544 43.82 b) -  .688 - 356
Ni(NO5) ,Q
. (Lo 8333 15.152 32.256 68.72 .884 1.392 -4.510 -  1.494
~ 2
" 8.333 15,152 23.520 62.06 b) - =4.510 =~ .912
NICLMg  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
NiBrMq  6.807 12,048 21.097 22.14 728  .753 1.635 -  .830
Ni(NOp) Mq 6.849 11.779 22,222 10.34 .700  .868 1.148 =~ .897
Nipy,Z*  9.479 15.570 26.150 4.08 .956  .870 .922 - .86

Notes:i-

a) D are given for Cr3+ complexes,

q23+
Dqys_ and B',, are given in all other cases.

and B'23+

b) qu + cannot be evaluated because the argument of the square rodt
is“flegative.

c) Of doubtful accuracy.

Y is the yellow isomer.

Ref
51C

"

11]
This
work

i1}

1"

1"t

"

21C



blo'val

Appendix A.k4,

The correction of spectral data for the effects of spin-orbit

coupling in Octahedral Nickel (II) Complexes.

Figure 1.5 shows that the 1E(D) state does not cross 3Tlg(P).

Therefore there is no interaction for which to correct the value of

The correction of izl and ';2 values is considered below,

using two methods.

Method A.

Correction of ﬁ)l'

3
Tag

and lE(D) states depresses the former by an energy Kl%/(Ea-Eb)

qg%gensen suggests iel that the interaction between the

and raises the latter by the same amount. (Ea—Eb) is the

energy interval between the 15(D) and 3T2g levels, and-ZKl is

1ts minimum value, given el as “" 1kK.
Hence, the energy increment due to the interaction is given by:
: 2 /(5 - Y =V .0
IL.L/(Ea. E-b) — a-l 1. —_ l.{.— Ll' I FE NN NN A.Ll'-l
where (see figure 1.5):
1y -~ = a——a- $E s B BGIPNIAEIEIOEBELENDEDDSE e Ta
5B, = 0 A2
More detailed calculations have shown that no accuracy is lost

by replacing (Crh- 01) by 1%;-i{). In this case equations

Akl and AJb.2 yield:

2
g, = 'l)l-l-Kl /(94—91) )

2 ) LR NN NN NN N A.q..B
0, = D, - KNV, Dl) )



poouibl

Correction of 5)2’

The energy difference (Ec-Ea) between the 3Tlg(F) and lE(D)
states may be replaced by (192-'£h). Very similar arguments

to those ahove then lead to:

2
T, = 1‘)2_1{2/(92_94) ; ,
2 LI NI N NN ] A. L ]

KE has been given el as approximately 0.8 kK.
Method B.
The interaction between two states, of energies El and EZ’ is

given by the secular equation:

El - E W
=O CessenBosobbbbee A-l"'-5
W E2 - Ei
W has been given et by Jééensen for the 3F - lD interaction,

2 2
as - (243/5) §3d = - 0,976kK (using the free-ion value for g}d)'
Actual values may be numerically less than this because of the reduction
149 of the spin-orbit coupiing constant in complexes. The solutions
of equation A.4.5 are the (E') energies (relative to that of the Sp
term) of the states after the interaction, in terms of the original
energies (El amdlEe).

Correction of i)l'

The energles of the 1E(D) and 3T2g states before interaction are%so
E(lE) =E = 8! + 2C -~ 12Dg )
)
22 - E =
E( Tag) =B, = - 2Dq )



xxxiid
Substitution of these expressions into equation A.4.5 gives,

on expansion:
2

EE-E(SB'eI-EC-l’-EDq) ~ 2Dq (8B'+2C) + 24Dq2 -W =0 ... ALL6
Further
B'r) = Y - 1e0q )
)
il - '94 - 12Dq )
)
Dq = 6—1/10 ) LU IR O B BB N B B IR I A NI ] A-}'{".'?
' )
8B'+2C = 01 )

Putting the solutions of equation A.4.6 into equation A.4.7 gives:

T = VeV G

)
) S esasvapae A.’+C8c
2 2
/R :[(0'4- o)+ L;wj% ).

Elimination of GL_between these two equations leads to:
v - 2 ‘22 v _9Y 2
('qu Rl Ui) + bW ( I l)
which has solutions: ‘
,
(2 Sy IR _ 2 _ 21z
a‘l_(ﬁ){( i 1)3[0% ﬂl) t;w_]}. Adig,
The meaningful solution has the negative square root, since
otherwise 01 iﬁ'ih in the limit of no interaction (W=0).

Correction of 7)2.

In the case of the interaction between the lE(D) and 3T (F)

1lg
states:

E, = 5('E) = 88' + 2C - 120q )

)

3

E, = BE("T. F) = 6Dq )
2 18 ) LB B B B B BN AN N ) A.Ll'lloi
01: 88' + 2C )

)

)

a.-e: e 18Dq



Xaxiv
Equations A.4.5 and A.4.10 then give, on expansién:.

BB - 0,/3) + (03/3) (0,-20,/3) - 4% =0 ... AL,

Further:
E1(3TlgF) = "92-12Dq = '92—2 /3 )

) aeesesssesess All.12,
E1<1E) = 94—1?_]3{:1 = '04-2 0'2/3 )] .

Putting the roots of equation A.4.11 into A.4.12 gives:
Go= V-6
and
_ 2 _ 27k |
aha — %g(vl}"l' .02) i [(.92- 774) - LH‘J J g----olooooo A-!‘+-130
The sign must be positive to ensure that 05 = i)a when W = O,

Comparison of Methods of Correction.

The equations develcped above were compared by calculating PBa‘
from the data 150 of Bostrop and Jfrgensen. Table A.4,l gives the

results. These demonstrate that minimisation of P, is best achieved

. >
by the use of method B, in the region where '91 <7)1+< 7?2. In the
cases when 774 V*i)l and '04 ""Da, it is better to use method A,
Method B may be improved by using numerically lower values of the
spin-orbit coupling constant. This is particularly evident in the
case of Ni(H20)62+, for which it is impossible to calculate @
unless W is reduced.

When \)4<771 or D’+ )'172 it is only necessary to correct the

spin-allowed frequency most affected ( 'l)l or '92 respectively).



Table A.4.1
A comparison of the methods of correcting the d-d frequencies of octahedral
Nickel(II) complexes for the effects of intermediate coupling, All units

are in kK except those ‘(sz) .of Prg.

Complex Method* 9 9 93 A ' 230
Ni(tren)SO 4
H,0 1 10,6 179  27.5 12.9  40.2
" 2 11,0 17.9 275 12.9  23.6
" 3 107 17.9  27.5  12.9  35.6
" 4 1.1 17.9  27.5  12.9  19.1
" 5 111 177 27.5  12.9  12.4
NiQNOg),py, 1 0.1 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
NE0 S 1 8.5 13.5  25.3  15.4 =322
" 2 8.5 14.3  25.3 15.4 7.8
" 3 8.5 13.5  25.3 15.4  -34.6
"o 4 8.6 13.5 25,3  15.4  -40.3
" 7 8.5 13.8  25.3 18.4  -15.2
" 6 8.5 13.8  25.3  15.4  -17.7
Ni(SQ),py, 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 Me *thodﬂr 9
Ni(SCN)Zpy4 .| 10.5

1"

10.2

10.5

10.1

P N % -

Ni(tren)SO4 10.0

"

10.3
" 10.1
1004

16.1

"
"

10.4

"

10.0

10.0

L ~ U1 B W

Key to mumbering of methods:

1) Uncorrected data

2) Corrected by Bostrop and Jgrgensen

3) v corrected by method A.
” 4) v, corrected by method B,

16.7
16.5
16.4
16.5
17.2
17.2
17.2
17.2
17.0
17.0
17.0
17.0

5} vq and v, corrected by method B.

6) v; and Vo corrected by method A.

7} v, corrected by method A.

8) vy corrected by method B.

26.7
26.7
26.7
26.7
26.9
26.9
26.9
26.9
26.9
26.9
26.9
26.9

150

Vg
12.8
12,8
12.8
12.8
12.9
12.9
12.9
12.9
12.9
12.9
12.9
12.9

E%c
2.1
7.8

-8.0
11,7
44.4
28.9
39.4
25.2
32.9

. 15.4

37.7
33.7
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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 sqﬁare—coplanar

MXEL

a)

> chromophores, of heteroaromatic amines, and of the nitrate iom.

The fundaméntal vibrations of sguare-planar MX2L2 MONOMEers «

i)  The Trans-configuration.

The complex will be assumed to have regular symmetry, and
both types of ligand will be taken to be spherical. The molecule

then belongs to the D.. point group. The molecular plane will be

2h
defined as o{(xy), with the x-axis taken along the M-X bords,

Atoms will be numbered from the positive axis in a clockwise

direction as Xl, L2, X3' L4 and M The transformation

5'
matrices for the operation of each symmetry element on the
cartesian vectors for each atom then have the characters given
in table A.5 Le

The representation raTR

and contains the representations for all the nuclear displacements

consists of the sums of the columns,

by vibration (Q), translation (T) and rotation (R). r%R is
the sum of those irreducible representations given by the Dah
character table 96 (table A.5.2), which transform like the
Xy Yy 2y Rx’ Ry and Rz vectors. [Hence, r& = r%TR"[}R'

If the character table for a particular group has the form

given in table A.5.3 (where FB is the number of symmetry elements



Table A.5.1
" Characters for the operation of symmetry elements on the cartesian

vectors for trans-MXzLZ.

Vector Characters for the Symmetry Elements
E GE &M 6K i o) o(xz) a(yz)

X 1 0 0 1 0 1 1 0]
4] 1 0 0 =1 0 1 -1 0
zq 1 0 0 -1 0 -1 1 0
xz 1 0 -1 0O 0 1 0 -1
¥ 1 0 1 0 O 1 0 1
zz 1 0 -1 0 0 -1 0 i
Xz 1 0 0 1 0 1 1 0
Ys 1 0 0 -1 0 1 -1 0
Z3 1 0 0 -1 0 -1 1 0
'x4 1 o -1 0 0 1 0 -1
Y4 1 0 1 0 0 1 0 1
z4 1 0] -1 0 =1 0 1
X 1 -1 -1 1 -1 1 1 -1
Ys 1 -1 1 -1 -1 1 -1 1
Zg 1 1 -] ~1 =1 -1 1 1
PQTR 15 -1 +3 =3 -3 5 3 3
rTR 6 =2 -2 =2 0 0] 0 0
- 9 1 =1 -1 =3 5 3 3




Table A.5.2

. 96
a) The character table for the D,y point group.

p | B G@ CW L& i sy oz o)
A, 1 1 1 1 1 1 1 1 52, y2 7
Byg 1 1 -1 -1 1 1 -1 -1 R |y

BZg 1 -1 1 -1 1 -1 1 -1 Pj/ Xz
By, | 1 -1 -1 1 1 -1 -1 1 R vz

!\J 1 1 1 1 -1 -1 -1 -1

Blu 1 1 -1 -1 -1 -1 1 1 z

Bou 1 -1 1 -1 -1 1 -1 1 y

By | 1 -1 -1 1 -1 1 1 -1 {x

b) The character table for the C2v point group.g‘5

Cy E S _sba) 5.0

A 1 1 1 1 z x2,y%, 2%
A, 1 1 -1 -1 R, Xy

B1 1 -1 1 -1 X’RY xz‘-

BZ 1 -1 -1 1 YsRe | Y2




Table A.5.3

The generalised form of character tables.

P15 P,5, P55 P
B{ | Cu Cyp = ) Cim
2 Cz'z ““““ Y — Czm
o | : | 2
& Clil Cip === C%j """"" C::m
A
I SO S —

Notes: a) In this region of thertable are found the symmetry properties
of translation and rotation vectors.
b) This region of the table details the symmetry properties

of the polarisability tensors.



oyl
in class Sj’ and R, is an irreducible representation) then the

representationt

R A A AN A

96

can be reduced to a sum:

P: anl+n2R2+ .........+niRi+ LU I N N N +nan
of the irreducible representations (ni of Ri)’ using the

96

expression” :

niz(l/n) ‘?—QJ%XJ. cessensessesses AS5.1.

In this case, n% = 2Aé+Blg+EBlu+2B2u+2B This equation lists

3u’
the total of stretching and bending modes. 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 M-X and

M-L bonds, form the representations:

["I'I_X.20020220=Ag+133u
PM_L=20200202=Ag+132u
These have been decomposed (using equation A.5.1), as shown,
96

and the results are the symmetries of the stretching vibrations.
411 the possible independent stretching vibrations arse then con-
structed and, with the aid of the character table, those having
Ag, B2u and BBU symmetries may be identified. These are the
required stretching vibrations and are given in figure A.5.la.

The remaining vibrations in fé are:

o' = %~ Nix = Now = Big * 3By * Boy * Baye



N ‘ /N
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xxxvii
These are the bending modes and have the forms shown in figure

A.5.1b.
'96

The character table reveals

that only the B, , B, and

iu 2u

BBu modes are infrared active, since they transform like the x,
¥ and z cartesilan vectors. The infrared spectrum should there-

fore exhibit one ?%LX mode (BBu)’ one 1%LL mode (B ), and four

bending modes "(?_Blu+132u+B3u). The SM- ) and SM L 3

deformations take place in the molecular plane (B), while the
n;IX(Bl ) and 'ﬂh L(Blu) modes consist of bending vibrations

perpendicular to the molecular plane (¥ ).

99

More sophisticated techniques treat the internal

y588,589
590

coordinates of the system and applications of matrix theor
allow the frequencies of the normal vibrations to be calculated.

The Cis-configuration.

This has,C2v symmetry (see table A.5.2 for the character
table) and the moclecular plane is defined as a, (xz) with the
Gz(z) axis taken as the bisector of the M-X bonds. By similar

methods to those given above it may be deduced that:

PQ= 9151

hAl + 52 + BBl + B2

M= 2020 A, + By
FM—L= 2020=A1+B1
1 —_
FQ 5111 = 2A +A, + B, +B,
Figure A.5.2 illustrates the stretching ahd beﬁding modes which

I

have these symmetry propetties. OCnly the A2 vibration is

infrared-inactive96, and two ﬁ) (A +B ) and two V.

ML, (A +Bl)

stretching modes should appear in the infrared spectrum.
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1ii) Lower symmetry.

b)

If either of the ligands is not spherical then, rigorously,

the MX2L2 molecules belong to point groups of lower symmetry

than p2h

or sz. Thus, if the trans-configuration contains

ligands (L) which are heteroaromatic amines, and their ring-planes

are inclined to the quy) plane, 02 symmetry results, In this
case, all the vibrations become allowed in the infrared spectrum.
However, because this is a small departure from what is still
appfoximately D2h symmetry, the new bands should be weaker thén
ﬁhcse allowed in t?Q'DZh group. Table A.5.4 shows how the D2h
representations transform in lower point groups. |

4 59

Clark and Williams have liste the distributions of

normal modes for other chromophores, in addition to MXéLg'

The internal vibrations of heteroaromatic amines.

" The vibration modes of the substituted pyridines and pyrazines

are all based upon those of pyridine. These have been extensively

discussed,

591,592,525,526

The vibrations of quinoline and quinoxaline

are bhased on those of naphthalene, which have also been extensively

studied,

518’519’522’593. Figure A.5.3 gives, for the purposes of

illustration, the forms of the ch vibrations of naphthalene.

Quinoxaline is treated in more detail helow.

Quinoxaline.

This amine belongs to the C, point group (table A.5.2)., The CZ(Z)

axis must be taken as the bisector of both aromatic rings, while the

molecular plane may be defined as 0;'(yz). In this case, group



Table A.5.4

Symmetry of the D, normal modes in lower gTOupS .

*

GO ) Cup) G ) G () € () G, C,(z)

C.

C.

2 i j 1
: L]
Ag Ag A A Ag Ag A A M A A Ag A A
1

Bj, | B, B B A, B, B, B, B A A, ATLA
B2 g Ag BZ A Bg Bg AZ Bl B2 B B Ag A" A
BSg Bg B, B Bg Ag B, B, A A B Ag A'Y A
AlA A A A A R A A A A A AR
Bin B, B, B A, B, B, A B, ‘B A A, A A
BZu }\] Bz A Bu Bu Al le Bl B B Au A"_ A
Bzn B, B, B B, A, By By A A B A, AN A

*  Axes includéd-?"in the group symbol denote which axis of the original Dzh group has been taken

as the principle axis in the lower symmetry.
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theory gives:

[“Q =h2 2 0 16 =154 + 7A, + 6B + 1iB,
FCSNZ nucleus =24 2 0 10 = 9A + b, + 3B, + 8B,
r‘d-c, C-N bonds= 1+ <3 =3 11 = Ay + 7B, ’
I 6ot bonds =600 6 = 34 +3B,

l--'r:'l.ng bending - 15 53 -l= 5Al * lhet2 * 3Bl * B2

BAl + 3A2 + 3Bl + 332

I

1z 0 0 0O

1t

rlC—H bending
The infrared spectrum should exhibit 11 ring-stretching, 6 in-plane
ring bendjng, 3 out-of-plane ring bending, 6 )JC - 6 PC-H and

3 ¥ gy Vibrations; since only the A, modes (4 Y

2

cc t 3 XCH) are

infrared-forbidden.

¢) The vibrations of the nitrate group.

The free nitrate ion has D}h symmetry. Of the six vibration
modes, two are doubly degenerate E! species. Cnly these‘two E' modes
(]23 and 1)4) and the Aa" (1?2) species are infrared-active in the
free ion.loo These vibrations have the forms 100 ,p figure A.5.4

. _ 563
and the frequencies of table A.5.5.

A coordinated nitrato-group, whether monodentate or bidentate in
character, belongs to the lower C, point group (table A.5.2). In
this group, the'721 mode transforms with Al (121) symmetry, and lié
with By (95) symmetry. The 93 and '\71+ vibrations lose their
degeneracy, splitting into A, ( '92) + By(V,) and gl( 93) + B,{Vy)
species, respectively. All six modes are then active in the infrared

563

region, with the typical fregquencies given in tsble A.5.5.



Table A.5.5
Frequencies (cm_l) of the nitrate ion (a) and typical frequencies

for the coordinated nitrato-group (b).

- a) Vibration

v v v ‘ v
Frequency 726 : 2 1 3

831 1050 1390

1 |

b) Vibration vg 3 Ve V1 v, 2

Frequenc ~739 781-800 ~713  1253-1290 970-1034 1481-1531
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594 which show

Hester and Grossman have performed calculations
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 raisze i% to
800 cm-l, where it is observed in the complexes discussed in this
worke Addison, et al, have suggested 295 that the patterns of Raman

polarisation may be used to distinguish ionic,rmonodentate and bidentate

nitrate groups.
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