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THE VISIBLE AND ULTRAVIOLET SPECTRA OF d6-, d7- AND d8-METAL 

IONS IN TRIGONAL BIPYRAMIDAL COMPLEXES 

M. J. NORGElT, J. H. M. THORNLEY AND L. M. VENANZf 

GQrendon and rn~rgam-c Chemistry L&oratories, ~~.vtrsit~ of Oxford {Great BriraW 

Transition metal complexes with co-ordination number five and trigonai 
bipyramidal structure are not very common. The most extensive series of com- 
plexes of this type have been obtained using multidentate Iigands. Thus, the poly- 
amiae N(CH&H,NMe,), gives trigonat bipyramidal complexes with chro- 
mium(H), manganese(H), iron(H), cobalt(II), nickel(H), copper(H) and zinc(I1)‘. 
The metal ions are present in the high-spin form for electronic configurations d* 
to d*. Phosphor-, and arsenic~ntaining hgands, on the other hand such as 
t~s(u-diphenyIphosphinophenyl~pbosphine, QP and its arsenic analoguc QAS, 
give trigonal bipyramidal complexes 

with a wide range of metal ions in their Sow-spin form of the types [MX(QL)], 
[ML(QL)]+, [MX(QL)J+ and [ML(QL)]“+ (X = anionic @and; L = uncharged 
ligand, QL = QP or QAS)2. A selection of the compounds of the above types 
prepared to date is shown in Tabfe 1. 

The visible and ultraviolet spectra of these complexes have one common 
characteristic: the molar extinction coefIicients of the lowen~rgy bands are very high 
ranging between 500 and 8000 (see Figs. 1,2,3,4 and 5). The mosi obvious assign- 
ment for bands with such high intensities is that they are due to charge transfer 
processes and this possibility has been considered by Jsrgensen3. It is, however, 
Iikely that they are predominantly “ligand-field” bands for the following reasons: 

I, High intensity, lowenergy bands are observed in complexes of phosphorus 
and arsenic ligands with octahedral structure of the type [Mn+X2(QL)]ta-2)4 
(Ref. 4). The range of complexes examined is given in Table 2. Of particular 
interest in this connection is the comparison between the ~bso~tion bands of 
complexes of c~o~um~I1) and cobah with nitrogen and with phosphorus 
Iigands. The relevant data arc given in Table 3, Here the close analogy of the band 
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Fig. 1. The visible and ultraviolet spectrum of fFeBr(QP)] r]BPh,] in dichforomethane solution. 
Fig. 2. The visible and dtraviolet spectrum of [CoBr(QP)f [BPh,], _---, at room temperature 
in dichloromethane solution; -, at liquid nitrogen temperature in a tetrahydrofurfu~l 
alcohol &ass_ . 
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Fig. 3. The visibte and uItravioIet spectra of compfexes ~jX(QAS)~(Ci~~ in dichloromethane 
solution. -, X = Cl; --.-* X vzz Br; _.....-_, X = f. 
Fig. 4. The visible and ultraviolet spectra of complexes [M(CO) (QAS)) in dichloromethane 
solution. - - -, M = Co; -, M = Rh; .-.-., M = fr. 
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TABLE 1 

COLUUR, DECOM~~ON POINT, MOLAR CONDU~ANCE AND MAGNE’SIC MOMENT Of ~~O~~~A~ 

COMPLEXES OF QP AND QAS 

Compofmti COIOW Dec0mp.p. (“CT) A,’ hff. Refer. 
.P 

dark violet 
blue-black 
green-black 

redsrange 
yellow 
yeliow 

red-puqie 
deep-purple 
dark purple 

red-black 
blue-black 
blue-black 

deep purple 
dark bIue 
dark blue 
blue-black 

red-purple 
deep purple 
dark purpIe 

orange 
deep orange 
red 

yellow-orange 

yellow-orange 

246-250 
248-253 
258-262 

232-234 
222-225 
2’72-279 

IS.0 
14.8 
14.6 

15.1 
22-t 
16.9 

>330 
>330 
> 330 

262-263 
258-259 
265-267 

a.3 
0.2 
0.1 

15.2 
14.9 
14.6 

353-356 22.7 
321-322 23.9 
321-322 23.5 
338-339 23Is 

276-279 23.1 
281-283 17.6 
xi-287 IS.3 

274-276 17.4 
294-295 18.5 
278-279 20.7 

344-345 42.8 

349-351 47.1 

3.04 
3.03 
3.08 

diamag. 
diamag. 
diamag. 

diamag. 
diamag. 
diamag. 

1.99 
1.98 
1.94 

8 
8 
8 

9 
IO 
If 

IO 
IO 
10 

12 
12 
12 

diamag. 13 
diamag. 13 
diamag. 13 
d%.z%Ug. 13 

diamag. 14 
diamag. 14 
diamag. 14 

diamag. 15 
diamag. 15 
diamag. I5 

diamag. 16 

diamag. 16 

a In mhos. for lOWa N nitrobenxene solutions at 2W. 

structure for the compfexes aIlows the assignment of bands in the phos~hi~e 
complexes. 

2. Changes of the anionic Iigand in complexes ~~X~QA~~~i cause very. 

Iarge changes in position of the lowest-energy band, e.g., the difference between 
X = I and X = CN is 65QO cm- ’ (see Fig. 6)_ 

3. The low-energy bands in [NiBr(TSE”)]C (TSP = (o-Me - S - C,H.&P) 
which is trigonal bipyramidal have lower intensities than those of analogous 
[NiBr(TSeP)Jf which are tower than those of @GBr(QP)]’ while the positions of 
absorption do not change great& (see TabIe 4). 

4. Tt is most u~IikeIy that complexes such as ~MX(QP~]~ (M = Fe and Co) 
have charge transfer bands as low as lO,ooO cm-“. 

5. The spectra of all the trigoRaI ~ip~amidaI compIexes can be SatisFactorily 
assigned using a “ligand-field” model. 

Coordin. C&W. Rev., 2 (1967) 9%IO8 
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TABLE 2 

COu)uR, DECOMPOST=XON P’OlWT, MDL AR CONDUCTANCE AND MACMRZC h&OMENT OiSX-RDKNA-IE 
COMPLPLES OF QP AND QAS 

Compound . Colour 

ICrcI,WPH blue 
KrBr,CTP)f blue 

[Mn(CO),(TPHCI pale yehow 
E~MW%(QP)ICI cream 
IBeCWQAW orange 
CReCWAW red 

[Fe(NCSMQP)I orange-ted 
‘IPefcN)&QP)I yehow 
RKMQP)f yellow 
CQsCMQP)l pale yellow 

ICoCMQP)I ISPh,l red [RhCMQP)ICI yellow 
E~wmwl orange 
mafls)I yellow 

IpdCMQANICJs yehow 
JptCl,(Q~)lC~, pale yeIIow 

Dec0mp.p. (“G) AMa Mr. Refer. 

>360 - 3.96 1’; 
>360 - 3.90 17 

233-238 24.2 d&nag. 18 
228-235 25.1 diamag. 18 
278-280 1.3 : 1.16 19 
235-237 0.4 1.60 IQ 

349-351 - diarnag. 8 
>370 - diamag. 8 
>380 - diamag. 20 
>380 diaxnag. 20 

198-199 14.7 diamag. 282-285 20.2 diamag. :; 
>330 0.4 diamag. 10 
328-332 0.5 diamag. 11 

306-310 44.2 diamag. 20 
324-328 45.1 diamag. 20 

L In mhos, for 10” M solutions at 20”. 

TABLE 3 

ABSORPTlON hUXhfA OF COhfPLExEs [CrCI,L,I AND cis-[cocf~(LL)L),l 

Complex EOW Reference 

[CrCl,PYJ 21 

cCrCMTP)l %a +- ‘&a 16.5 3.08 
%s +- ‘-%a 21.0 2.69 17 

cis-[CoCl,fen)Jf ‘Tzs +- I.4 ‘B 18.6 1.95 22 

cis-fCoClx(DAS)e]f =Ga - %a 20.4 2.80 22 

WoCMQP)l+ %a +- %a 20.3 3.7s 12 

DAS = 
Tp 

I1 Solid reflection spectrum. 
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TABLE 4 
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UGAND-FIELD EANDS OF TRIGGNAL BIPYRA~IIDAL COMPLEXEX [NiCl(ligand)]+ 

Ligand Transition vmar (cm-? %mx Reference 
:’ 

(o-MeS . CIH&P 

(a-MeSe - CIH>,P 

(o-Ph,As - C,H&As 

(o-Ph& - C,H&P 

(e”)‘(e?’ --t (e3’(e31a’I 
(e?‘(e?& -+ (e3a(e3’a’I 

(eWe3‘ + (e”)q(e33a’l 
(e3’(e?a + (ey’(e?4a’I 

(e3’(eq4 - (e”)4(e3sa’l 
(e?“(e3’ + (e3*(e?‘a’, 

(e”)‘(e?’ -I- (e”)‘(e’)‘a’, 
(e?‘(e?’ --+ (e”)s(e34a’l 

a Not resolved. 
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Fig. 5. The visible and ultraviolet spectra of complexes [M(NCS) (QAS)] (Cl03 in dichloro- 
methane solution. .-.-., M = Ni; -, M = Pd; -a--, M = Pt. 

Fig. 6. Band-shifts in compounds [NiX(QAS)J(ClOJ. The low-energy bazld has been assigned to 
(e’)‘(e’)’ - (e”)‘(e’)*(a’,) transitions and the other to (e9’(e’Y --L (eWe’Y(a’J transitions. 

Coordin. Chem. Rev., 2 (1967) 99-108 
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Crystal--field calculations. for triwnal bipyramidbl complexes 

Tensor operator theory was used to calculate the matrix elements required. 
The crystal field was expressed in terms of two independent parameters Q, and 
Q4 -defined as indicated in Table 5. The relationship between the one-electron 
orbital splitting and the parameters Q, and Q4 for &, and C,, symmetries are 
also shown in Table 5. The values of Q, and Q4 were not caiculated on the basis 

TABLE 5 

CRYSTAL FIELD P ARAMETERS AND TRIGGNAL RIP YRAMIDAL FXELDS 

ge’<r=> 
Q: =T Q4 

ge%<+> =- 
_R= 

B = effective ligand charge e = electronic charge 

R = metal-donor atom distance 

s 

m 
t,~,, = radial part of the 3d wave-function <P> = rp,d2r~kf”~ddr 

0 

For octahedral complexes: 1ODq = 5/3Q1 

Orbital 

splitting DSh C 31) 

d-functions 

Real orbitals 

- 

- 
- 

I 

ET’ 

e” 

al I’ IO> I J7 Q&25/28 Qa 

e, x”-y’, xy j2>J-2>- 117 Q,+25/168 P, 

eg -=h yz 11>1-I> I/14 Q,-25/42 Qr 

a The values of Qs and Q, are weighted mean of contributions from axial and equatorial ligands. 

of the physical model used but obtained empirically from spectral ‘data. Energy- 
levei diagrams were obtained in which the energy (in units of B) is plotted against 
QJB at constant ratios of Q JQ4_ Awide range of values of QzfQs were tested for 
each electronic confimration and good qualitative agreement was observed be- 
tween predicted and observed band-positions and intensities for Q2fQa over the 
range O-5-3.5. The values of Q,/& given in the diagrams are those that give the 
best quantitative fit between the calculated and observed spectra. Finally, in inter- 
preting our energy-level diagrams, it must be borne in mind that intensities are 
subject to the selection rule .&f, = +2 or 3. 

Ligand-field bands ’ .-For nickel(H) complexes one expects (see Fig. 7) and 
observes (see Fig. 3) two low-energy bands; the first is due to (e”)4(e’)4 + (e”)” 
(e’)3(a’r)1 and the second due to (e”)4(c’)4 3 (e”)“(e’>“(a’,)‘. Their relative in- 
tensities are in accord with the ML selection rule. 

For cobalt@) complexes one would expect one very low-energy baud due 
to the transition (e”j4(e’)” + (e”)3(e’)4, three bands due to the transition (e”)4- 
ce’)‘(a’l)l and four bands due to fe”)4(e’)3 + (e”)3(6’)3(a’r)1 transitions (see Fig. 8). 
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-60. 

Fig. 7. Energy-level diagram for trigonal-bipyramidal, low-spin complexes of nickel(H), ds, at 
Q,lQa = 2. -, one-electron transitions; .-.-.-., 
kind permission of the Chemical Society). 

two-electron transitions. (Reproduced by 

-6O- 

-6O- 
bl Ce’PCe’fI~) 

6 12 16 24 30 36 42 48 

Qd 

Fig. 8. Energy-level diagram for trigonal-bipyramidal, low-spin complexes of ccbalt(II), d7, at 
Qe/Q, = 2.3. -, one-electron transitions; .-.-., two electron transitions. (Reproduced by 
kid permission of the Chemical Society)_ 

Cuordin. Chem. Rev., 2 (1967) 99-108 
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The spectra of the complexes (e.g. see Fig. 2) show clearly the lowest energy band 

but, in the region 14,000-24,000 cm”‘, only one band and one pronounced shoulder 

are observed in the room temperature spectra of the complexes. Better resolution 
is obtained in the spectra of the complexes in glasses at - 185” (see Fig. 2). Even 
in the latter case only two bands are observed in this region. This resu!t is not 
unexpected as the energy-level diagram indicates that in this region there should 
be five closely spaced bands. 

For the iron complexes one would expect (see Fig. 9):two bands asso- 
ciated with (e”)4(e’)2 -B (e”)3(e’)3 transitions, one band associated with (e”)4(e’)2 --, 
(e”)4(e’)1(a’,)’ transitions and one band associated with (e”)4(e’)2 + (e”)3(e’)2(a’,)’ 
transitions in good agreement with the observed spectra (see Fig. 1). 

-70 

\ ML-0 

12 24 36 48 
c&l e 

Fig. 9. Energy-level diagram for trigonal bipyramidal, low-spin complexes of iron(II), de, at 
Q&* = 1.3. (Reproduced by kind permission of the Chemical Society). 

The spectra of the complexes of other d8-metal ions, e.g., in complexes of 
the types [RhX(QL)], [M(CO) (QL)]’ (M = Co, Rh and Ir), (see Fig. 4), 
w(NCS) (QL)]’ (M = Ni, Pd and Pt), ( see Fig. 5), and mL(QL)lZf (M = Pd 
and Pt; L = uncharged ligand) resemble those of complexes INiX(Q (Ref. 6). 
On descending each sub-group the bands of analogous complexes shift towards 
higher energy and the shifts of the lowest energy absorption region are those 
expected for the general order of increasing ligand field splitting between the first, 
second and third transition series. On this basis, the lowest energy feature, when 
resolved from the charge-transfer bands, can be assigned to the transition (e”)4(e’)4 
-+(e”)4(e’)3(a’l)‘. This feature consists of a band on the high-energy side and a 
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shoulder on the low-energy side, separated by about Zoo0 cm-‘:The splitting has 
been attributed to a lowering of symmetry from C,, to C,, in the complexes on 
the grounds that in mI(QAS)] jtBPh.J the equatorial angles are 122,119 an$_.103” 
(Ref. 6). In this context it is significant to note that this splitting occur&~fy in 
complexes of metal ions of the second and third transition series. Here the widening 
of bond angles may be due to the larger size of the metal ions. However, the 
possibility that such splitting may be due to spin-orbit coupling effects cannot be 
excluded. 

Intensities of the ~i~~nd-~eid bands .-As ali the QP and QAS complexes lack 
a centre of inversion, the intensities of the bands assigned to “ligand-field” transi- 
tions are likely to arise from the large rn~~g-iu of higher coloration befonging 
both to excited states of the metal ions and to charge-transfer states by odd iigand- 
&Zd components, 

Charge-rruq$er bands .--A11 the complexes show two other high intensity 
bands, in some cases appearing only as shoulders, in the regions 28,00&31,000 
cm- ’ (see Figs. 1 to 5) and 37,~~39,~ cm-’ (see Fig. 3). The first band is 
tentatively assigned to phosphorus-meal (or arsenic-metal) charge-transfer and 
the second band may well be due to metal-X (X = anionic or other ligand) 
charge-transfer. 

In conclusion, it is evident that the absorption spectra of trigonal bipyra- 
midal complexes of QP and QAS can be interpreted satisfactorily using a Iigand- 
field model as long as it is realized that this model is used in a pureIy formal sense. 
Thus, in the above treatment the effects of covalency, expected to be substantial 
in our complexes, are included in the parameters gz and &. 
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