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ABBREVIATIONS 

TPA 
‘l-MA 
TSA 
TV 
EA3CS 

PY 

thiopropionic acid 
thiomalic acid 
thiosalicylic acid 
thiovanol 
carboxymethyl-mercapto- 

succinic acid 
?yridine 

(et)4 dien 
EW 
en 
ATU 
DPDTP 
INAP 
1.f.s.e. 

HNtCHz.CHz-N(C2Hs)212 
edge width 
ethylenediamine 
1-amino-2-thiour-a 
diphenyldithiophospb.inate 
isonitrosoacetato-phenonate 
ligand field stabiIizatioa energy 

A. lNTRODUCTION 

X-ray absorption edge spectrometry (XAES), i.e. the analysis of the spectrum of 
X-rays transmitted through matter, has recently shown promise of being adopted as a 
conventional tool for investigating problems in coordination chemistry. By virtue of the 
applicability of the technique, irrespective of the physical state of the matter investigated, 
and its direct dependence on the symmetry and energy of electronic states, the spectra 
have been of immense diagnostic value in providing information about the optical levels, 

which, for a coordination chemist, form the region of greatest interest. The reviews which 
have appeared earlier on the subject ‘, 41’ 66y lo6 have mostly served as a supplement to 

emission spectroscopy. However, an independent review dealing exclusively with “the 

application of X-ray absorption spectroscopy to coordination chemistry” does not seem 
to have appeared in the literature. This defines precisely the aim of the present review. 
The review is also expected to contribute to the evohrtion of a systematic theory, which 
has also not yet been developed. To minimize the size of the text, experimental derails 
have almost completely been ignored, and for such details relevant texts20~27~‘037’27 may 
be consulted. No claim is made to the effect that the review is exhaustive with regard to 
references but every effort has been made to include up-to-date work on the most funda- 
mental aspects of coordination chemistry, viz. the valency of the metal ion, the coordi- 
nation symmetry, the bonding involved and finally the nature of the bond. 

X-ray absorption spectra correspond to electronic transitions from inner electronic 
levels to outer unoccupied levels which are essentially the regions of interatomic orbital 
overlap. Within the limits of the resolution of the spectrographic set-up, therefore, the 
technique can be exploited to throw light on many stereochemical features of a complex, 
such as the bonding configuration, the ligand field symmetry, the valency of the central 
metal ion, etc. both in solution and inithe solid state. 

B. THE ENERGY REGIONS AND X-RAY ABSORPTION TRANSITIONS 

The behaviour of the absorption coefficient around the absorption edge (the sharp 
discontinuity observed at a critical wavelength in the curve of absorption coefficient vs. 
wavelength in a particular region) of an element in a compound is determined, according 
to Coster and Kiestra2g~31, by: (a) the atomic character of the element at energies up to 
40 eVhigher than that of the main absorption edge (Kossel structure”); (b) the imme- 
diate surroundings in the region 40-l 50 eV, and (c) the whole crystal lattice in the 
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Fig. 1. K-absorption spectra of manganese in the metal and some compounds. 

region beyond 150 eV (Kronig structure59). The electronic transitions (to optical levels) 
associated with X-ray absorption are allowed by the selection rule loo AI = i 1. In the 
case of coordination complexes, the transitions are decided by a number of considera- 
tions, including the symmetry and overlap of wave functions3*, and the covalent mixing 
parameters in occupied and unoccupied orbitals vis-Svis the relative energies and 
intensities of absorption edge featuresa”‘. 

(i) The low energy region 

According to Mitchell and Beaman’* the small maxima appearing to the long-wave 
side ot the main edge (the inflection point of the steep curve) are of considerable im- 
portance in the assignment of bonding orbitals. The appearance of these maxima are 
associated’*‘“’ with the presence or absence of an unfilled 4p shell (as, for example, in 
Van Nordstrand’s Type IV spectra 128*129 (Fig. 1)). Thus this absorption in Ni(CN),*- has 
been attributed to the transition of a 1s electron into the low-lying 4p, orbital (cf. the 
valence bond model) by Boke ** , Collet 26, Kauer ‘* and Mitcheli 73. However, this view 
appears to be less convincing for the tetrahedral case involving sp3 bonding, since, 
although the 4p level would be completely filled in this case, the low-energy absorption 
can still be observed, for instance29*897’04 in KMn04 (Fig. 1). Hanson and Knight43 
have shown that as the 3d level becomes progressively filled, this low-energy absorption 
disappears, suggesting 2 Is +3d quadrupole transition (ti = + 2). The 3d band in Ni is 
about 4 eV wide ” and can be resolved. As such the assignment of 1s -t3d or 1s ? 
mixed 3d-4pz to the low-energy maximum in Ni(CN),*- may not be ruled out. 
Vainshtein126 has observed two small maxima in the 1s +3d region in the case of Ti02, 
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Fig. 2(a). K-absorption edge of Ti in TiO, (1); TiC (2); TiN (3). 
Fig. 2(b). Simple hf0 energy level diagram for octahedral coordination. 

and has attributed this to the splitting of the 3d orbitals into 3d(eg) and 3d(@ (Fig. 2) 
under the influence of the crystal field due to the @- ion. Such a splitting of the low- 
energy absorption has also been observeda (Fig. 3) in the case of the K-absorption edge of 
cobalt in Co-TPA (thiopropionic acid) and Co-TV (thiovanol). The energy separation 
observed has been shown to be the same as the 10 Dq values reported for these com- 
plexes 6g7gg. Similarly, Cotton and Hanson 35 have designated such an absorption as 
1s + (partially vacant) 3d f2= in Na&rG 0413. 

h coinflex-systems involving low-lying n-orbitals, this low-energy absorption may 
result from the overlap of metal 3d-orbitals of Tzg symmetry with ligand ?r-orbit& Thus 
in the case of K, Fe(CN), and Cr(CO), , while Kauer” designated the low-lying maxima 
as 1s +4p (which are, however, filled), Cotton and Hanson3’ have preferred to attribute 
this to the transition of the 1s electron to those n-molecular orbitals which are $ (@and) 
(?TPz + x,b 3d t2&. Similarly in (NI&)~CO(NO~), the transition is more probably due to 
molecular orbitals formed from metal 3d r2g and empty antibonding 71 B; orbitals of the 
NC&- ion. Some CuII complexes involving sulphur ligancis in which the metal 3d orbitals 
are partially vacant also show this feature” (Fig. 4). A splitting of the 1s +3d absorption 
in the case of some cobalt complexess5 (Fig. 3) has also been observed. 

In the region between the main edge and the absorption maximum a shoulder may be 
observed, for instancelo _ m K2 CrO4. This shoulder is assigned33 to a normally disallowed 

transition, 1s +4s, in some copper ‘complexes where it appears - 10 eV below the main 
peak (Fig. 5). This is in general agreement with theoryI (the energy difference between 
38 4s and 3dg 4p in Zn” being - 10 ev6). The transition may become allowed as a result- 
of mixing with ligand p-orbitals3*. However, the low-energy shoulders observed (Fig. 4) in 

the case of Cu%hiosalicylic acid (TSA) and Cull-carboxymethylmercaptosuccinic acid 
(EA3CS) complexes (where 4s is filled) are assigned’r to the ls4s* (antibonding) tran- 
sition. 
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Fig. 3. K-absorption edge of cobalt in complexes h ing & and lower symmetries. 

Fig. 4. K-absorption spectra of copper in complexes. 

Quite recently, Bhide and Bhat 1 8 have shown that the absorption maximum of the 
yttrium K edge in Ys” (as_) is due to the excitation of a Is electron into the Sp level, the 
theoretical Is -+ 5p energy difference of 4.139 X 10” cps agreeing well with the observed 
value of 4.13 X 1Or8 cps. Earlier, the 1s +Sp transition was also assigned to the main 
peak in Ks Fe(CN& and Cr(CO), (complexes of the frost transition series) by Kauers2 _ 
However, Cotton and Hanson 35 have rightly contended that in these cases the absorption 
maximum corresponds more probably to the excitation of a 1s electron into those anti- 
bonding orbitals which are (@l&and -I,!JQ,), abbreviated as 1s +4p* (antibondiig). Mande 
and co-worker@s *r lo have also concluded, both from theoretical and experimental inves- 
tigations, that the K-absorption maximum, in the case of an octahedral complex of the 
first transition series, corresponds to the transition 1s +4p (tr,)*. In the second transition 

series, Barinskii’ has assigned a transition 2p + 4& to the LIIE edge of moIybdenum in 
&Mo(Ws and (NN4)z Moo4 - 

(iii) The Kossel region 

Glen and Dod3* have suggested that the second absorption maximum observed in the 
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Fig. 5. K-absorption edges of some cupric complexes of D& or lower symmetry. (a) Cu(proline)22HzO; 
(b) Cu(enhWW2; (c) CU(NW~SO~-HZO; (d) Cu(NHd4(NO& ; (e) Cu(NH& ‘+(as.)- 

Fig. 6. K-absorption spectra of iron in some complexes. 

K-spectra of ferri- and ferrocyanides (Fig. 6) may be attributed to the interaction of the 1s 
electron with the antibonding n levels of the cyanide ligand, in agreement with the cal- 
culations of Alexander and Gray4 _ Beaman and Bearden14 have assigned the maxima sub- 
sequent to the main peak as 1s +np (n = 5,6 . . . etc.) and have thereby shown that the 
6p level is roughly 4 eV above Sp and the 7p level about 2 eV above 6p for Ni’+, Cu2+ and 
Zn**. Bhide and Bhat” have suggested that the second absorption maximum (Fig. 7) in 

the K-spectra of Y3’ may be due to 1s + 6p with contributions from 7p and higher 
energy levels, the calculated 5p-6p separation agreeing reasonably well with the observed 
separation. 

C. EDGE SHIFT AND VALENCY OF THE METAL ION 

The shift of the X-ray absorption edge due to chemical combination first observed by 
Bergengren’ 6 and later by others2325y27T61 .I18 h as b een shown to depend primarily on the 
valency of the element in question. The edge shift in general shows a marked increase with 
increasing oxidation state. Stelling ’ lg observed that in the case of sulphur, the edge - 
shifted by about 0.46% in going from S2- to S6+ compounds. Since the wave number is 
20,000 kK, the shift of 90 kK is comparable to chemical bond energies. 

(i) Shift in the position of the main edge 

Boehm et aL2’ used the valency effect to show that cobalt in vitamin Bi2 is trivalent. 
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Fig. 7. K-absorption spectra of yttrium in compounds. 

Fig. 8. K-absorption spectra of manganese in CoMnzOe (1); MnO (2); Mn304 (3); hi11203 (4); 
MI-IO2 (5). 

Mande and Cheta16’ have sirnilarIy shown, by comparison with K-edge shifts in well 
known CotI and Colrl compounds, that freshly prepared Corr-thiomalic acid (TMA) 
complexa is oxidized to ColI1 in air (Table 1). The energy difference between the 

K edges for ColI and ColI1 , -4 eV, is in agreement with the values obtained by Agarwal 
and N&am2 and by the present authorsS5, the latter involving some sulphur ligand com- 

plexes. Miller 67 has similarly established the divalency of copper in the spine1 CuMna 0, _ 

The edge shift of copper in Cua Fe(CN& is also consistent’33 with its valercy in the com- 
plex_ However, the K edge shifts of the metal ion in some cobalt complexes and in the 
ferro- and ferricyanides reported by Obashisg are less conv~c~g in this respect (Table 1). 
Stehing’ ‘* also observed strong red shifts in the chloro complexes of CrlIi and Co” such 
that the oxidation number of chIorine would have-been more negative than -1. (This is 
rea&ly explained in the molecular orbital (MO) theory, where the energy of the acceptor 
orbital may be expected to vary, the partly flled shells of chromium and cobalt probably 
playing the role of a low, accessible orbital” .) 

ColletZ6 has studied the 15111 edges (2p -+ Sd transition) in complexes involving ReIy, 
Ptrr and Ptrv. The relative shifts of the first acceptor orbital in the various Pt complexes 

agree (Table 2) fairly well with the spectroscopic result for transitions to the dxz _y2 

orbital in Ptrr, y3 in PtIy , assuming constant energies or a parallel development of 2p and 
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TABLE 1 

&edge shifts in some complexes involving 3d block metals 

Metal and its 
oxidation state 

Complex Edge- 
shift (eV) 

Ref. 

FeHp 

Cd1 
CCF 

chat 

CCP 

co11 

CO111 
cul 
GGff = 3.7) 

cd1 
(Z,, = 4.55) 

Cliff1 

(Zeff = 5.4) 

COH 

COLH 

KMn04 
K4Mn(CNj~-3H*O 
K4PetCN)e 
FeSQ- ?H3 0 
K3FeKN)e 

CoCl3 -6H3 O 
Co(en)3(ClO~)3 
XsCo(CN)e 
Co(NO3)a-6HaO 
Co-TMA 
(freshly prepared) 
Co-TMA 
(kept overnight in air) 
Co(NH3)&3 
Na3Co(NOa)e 
CoS04-7Hz0 

Co-TPA 
Co-TV 
Cu.-TV 

CUSO4-SH3O 6.5 85 

Cu-TPA 7.0 8.5 

Cu-TSA 5.1 85 
Cu-EA3CS 5.4 85 
Cu-tethrrate 15.6 85 

Co-bis-S-ethyf- 
I-amidino-2-thiourea 

Co-isonitroso-acetyl- 
acetonate 

20 
13 
13 

5 
14 (soIn*) 
13 (solid) 

8 
9 

10 
9.6 

12.0 65 

16.4 65 
17.3 65 
15.9 65 
8-7 85 
7.7 85 

12.1 85 
0.7 8.5 

IlkI 

1.5 * 1 

89 
89 
89 

89 
89 

89 
89 
89 
6.5 

2 

2 

TABLE 2 

X-ray absorption bandsz6 in the group Ll~f (2p3f2 -+ 56) 

hietal ion Complex ion X-ray band 
shift (in kK) 

Optic31 
transltror& 

RI1 Pt{CN)42- 71+ 2 

Pt(S03)4@- 68 * 8 
Pt(NH20H)4’+ 49 * 2 
Pt(SCN),‘- 70 ir 7 

PtfV 
ptcL$3- 34*5 
Pt(OH)e2- 53*5 
PtCIeZ- 46 + 7 

a Wave number in kK of the f5rst spin-allowed internal d shell transition., 
’ Values in parentheses estimated from spectrochemical series. 

t35.7p 

(40) 
(42) 
(24) (37.4) 
25.7 

(321 
28.3 
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the filled 5d sub-shell. LIEI edge shifts of Pt and Au in some cyan0 and chloro complexes 
have also been measured by Nigarn” _ The present authorss5?’ r4 have shown that the 
K edge shifts in the case of a number of complexes involving CuL, Cu” and Cu”’ and aiso 
Co” and Co”’ conform well with the valency dependence (Table 1). 

(ii) Shift in the position of the principal absorption maximum 

Valency change has also been inferred from the shift in the position of the main peak. 
Vainshtein et al.‘23 observed that an increase in the vafency of manganese in the order 
MnO -+Mn2 0s -+MnO2 resulted in a systematic shift of ‘the principal absorption maxi- 
mum towards higher energy (Fig. 8) in agreement with Coster and Kiesira3” _ The effect is 
also exhibited3’ (TabIe 3) by the oxides and the acetyl acetonates of Mn, Fe and Co and 
has been refated to the shift in the position of antibonding orbitals. However, their 
resuIts38 for ferro- and ferricyanides (like those whose main edge shift is discussed in 
Sect. C(i)) show an insignificant difference in energy. This appears to be consistent with- 
Van Nordstrand’s view’ 3o that “the nominal valency of the absorbing atom has an in- 
fluence on the K edge fine structure of transition metals in some cases (e.g. Mn04, 
Mn04*-, Mn-acetyl acetonates) wbdle it has no influence in others (e.g. hexacyanides of 
Fe)“. In the authors’ investigations” , the main peak for Cu’--Thiovanol (TV) complex 
appears at an appreciably ionger wavelength than those due to CL@ complexes (Fig. 4). 

(iii) Relation to effective ~l~c~ear and peripheral charges 

Indirect evidence for valency change has been adduced from the determination125 of the 
effective charge on the periphery of atoms in molecules by Barinskii7~g _ Thus the effective 
charge of chromium, as calculated from the K edge fine structure, is found to be 0.2 for 
CT’+, 1.2 for Cr3+ and 1.9 for Cr*+ (and similarly for Mn and Co). The experimental data 
of Ovsyannikova et a1.g4 and of Bat-in&ii and Nadzhakov” clearly show that there exists 
a direct relationship between K and L,rx edge shifts and effective coordination charge of 
the atoms in compounds. However, where there is no change either in the coordination 
or in the degree of ionicity of the bonds, the determining factor may be valency. 

Becker” has shown that the nuclear charge number is related to the energy of the 
~-absorp~o~ edge. Very recently, the present aut.hor~r’~ have also shown that the varia- 
tion in the K edge shifts of copper in some complexes involving Cu’, Curli and Cu”’ 
follows a paqllel variation in the calculated Zeff (for the 4p shell), in agreement with 
KarahGk’s explanation 51 of edge shifts based on external screening effects. 

(iv) Investigations on mljced valency 

Quite recently, Vishnoi*34 has shown that the L,,, edge shift of lead in Pba04 is 
intermediate between those of PbO and Pb02 _ Vainshtein et al.rz3 have observed that the 
K-absorption spectrum of manganese in Mn304 (containing MnIi and MnifI in the ratio 
1 : 2) practically coincides with that expected from an additive superposition of the 
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TABLE 3 

Shift of the main peak as a function of oxidation state 

Compound Oxidation 
state 

Main peak 
@V above 
metal edge) 

Ref. 

M.n(CsH702k*2H20 +2 1.5.5 38 
~~CS~7~2~3 +3 28.7 38 
Co(CsW702)2*2Hz0 +2 16.2 38 
co(6&02)3 +3 26.4 38 
FesO4-7H20 +2 15.7 38 
Fe2 604 13 +3 23.3 38 
CU-TV +1 11.4 81 
Cu-TPA +2 16.f 81 
CllS0*-5H~o +2 14.1. 81 
Cu-TSA +2 lg.6 81 
Cu-teilurate +3 22.9 81 

absorption edges of MnO and Mnz O3 in the ratio 12 (Fig. 8). These results indicate the 

possibility of gaining evidence for mixed valency from X-ray absorption spectra. This has 

recently been demonstrateds4 in the case of Cul and Cu”, known to be involved together 
in copper-thiomalic acids6 and ~opper-~ov~olQ8 complexes. Two distinct edges were 

observed (Fig. 9) separated by -10 eV, in agreement with the observations of Beaman 
et aLi3. 

Efectron voits---ah 

Fig. 9. K-absorption edge of copper in CuX**f-thiomalie acid complex. 
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TABLE 4 

Edge-widths of mrne cobalt spirrels (&~&ng~~) 

Absorber Coordination 
symmetry 

COO Octahedral 5.3 
Fe3’fCo2*Fe3*f 0, Octahedral 6.8 
=lCoz 104 Octahedral 7.1 
Co lAI2 J 04 Tetrahedral 8.9 
Co la.2 I 04 Tetrahedral 9.0 
Co tMn2 104 Tetrahedral 9.7 

D. EDGE WIDTH AND COORDINATION STOICHIOMFXRY 

The energy difference between the inflection point of the absorption edge K and the 
principal absorption maximum A (Fig. 10) has been termed’ 3 the “edge width” (some- 
times half edge width’4*24 )_ KeeIing5j has shown, from a measurement of K edge widths 
of cobalt in a number of cobalt spinels having well known nearest-neighbour arrangements 
that the edge width is signifkantIy greater for compounds containing the metal ion in 
tetrahedral sites than for those in octahedral ones. The coordination symmetry of Coii in 
Co [AIs 3 04, whose observed magnetic moment (4.94 B-M.) is inconclusive in this respect, 
has been decided on this basis (Table 4) Very recently edge width measurementss3 on a 
number of cobalt, copper and Iead complexes have led to an empirical correlation between 
edge width and coordination stoichiometry expressed in terms of the overall metal- 
nearest-neighbour electronegativity difference. The curve obtained between these two 

DC E A 

Fig. 10. Microphotometer record of K-absorption edge of copper in Cu-TPA complex. 
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TABLE 5 

Coordi- ~(xM-“xL~ XK %I Edge [EW.x&X)] 1’2 Ref. 
nation (X.U.) (X.U.) width 
stoichio- icJ.05 *o.os (ev) 
metry 

~so4*5820 
Cu-TPA 
CL-TV 
Cu-TSA 
Cu-EA3CS 
Pb-TPA 
Pb-TSA 

as-ox& 

Cu-aeet 

Cu-tekr 

Coso4.7rr20 
Co-TPA 
CO-TV 

K2 NbOFS 
(NHdz~OFs 
K3NbOF6 

M:S:O 
I :-. -6 9.6 
1:2:4 7.6 
x:3:30 6.6 
1:4:2 5.6 
x:1:3 5.4 
1:1:3 5.8 
1:1:3 5.8 

M:Ob 
I:6 9.6 

I:5 8.0 

1:6& 9.6 

Co:&0 
I:-:6 10.2 
1:2:4 8.2 
1:3:3 7.2 

co:0 
1:6 10.2 
1:4 6.8 
1:4 6.8 

zr:O 
1:7 14.7 
lr8 16.8 

. I:8 16.8 

Nb:O:F 
1:l:S 13.9 
1:l:S 13.9 
1:1:6 16.3 

1376.33 1375.19 7.6 8.5 83 
1376.40 1374.87 9.1 8.3 83 
1377.21 1375.57 10.7 8.4 83 
1376.54 1374.50 13.5 8.7 83 
1376.47 1374.38 13.7 8.7 83 
947.75 947.83 12.6 8.5 83 
948.56 947.46 13.9 9.0 83 

1376.2 i 375.08 7.5 8.4 

1375.29 1374.01 8.4 8.2 

1375.26 1374.17 7.2 8.3 

1601.96 1600.91 S-0 7.1 85 
1602.48 1600.85 6.8 7.4 85 
1601.19 1599.55 7.2 7.2 85 

112, 
115 
112, 
115 
Ill, 
115 

5.3 7.3 53 
8.9 7.8 53 
9.0 7.8 53 

17.8 16.2 36 
16.0 16.4 36 
16.5 16.6 36 

28.0 
28.0 
23.0 

19.7 
19.7 
19.3 

79 
79 
79 

u Estimated from edge width measurements. 
bf=,,Pb. 

quantities resembles a rectangular hyperbola (Fig. 11) and may be represented (for a given 
metal in a given region) by the equation 

[X(XM -XL) - edge width] “’ = constant 

where X, and XL are the Pauling eIectronegativities of the central metal atom and the 
nearest nei&bours respectively. ‘ihe relationship has been verified’ ‘* using data that have 
appeared in the literature (Table 5)36~s2~79. Th e average values of the constants for cobalt 
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and copper, both of the fust transition series, are respectively 7.7 and 8.5, while rhose for 
zirconium and niobium, both of the second transition series, are respectively 16.4 and 
19.1. It may be noted that edge width and Z(X,,wXL) may be taken roughly to define 
band width and the ionic/covalent character of the M-L bond respectively. The band 
width may be expected to increase with an increase in the degree of covalency of the 
bond, which, in turn, is known to follow a decrease in the value of (X, -XL)_ The. rela- 
tionship mentioned above thus seems to be valid. 

E. STRUCTURE OF THE ABSORPTION EDGE AND COORDINATION SYhfhflXRY 

The variations in intensity in the different regions of the absorption edge, which gives 
rise to a characteristic shape of the absorption coefficient curve, have been correlated (refs. 
38,128,129) with many stereochemical features of a coordination complex. The X-ray inten- 
sity is given by the product of transition probability and the density of states, and the 
latter depends upon the number, nature and symmetry of the nearest neighbours”*30*43. 
Thus according to J+rgensen’* , in an octahedral complex the only possible Laporte- 
allowed and symmetry-allowed transitions are from rl (1s) to the odd v4 (4~) orbitals 
and the various empty molecular orbitals will show up in absorption, in accordance with 
the amount of p-behaviour close to the nucleus of the central metal atom. Glen and Dod38 
and, more recently, Seka and Hanson108 have systematically developed the application of 

Fig. 11 variation of x($,I-XL) with edge width of copper (and lead) in some cemp!exes. 
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MO theory to interpret the main features of the structure of the K-absorption edge for a 
good number of coordination compbxes involving first transition series metal icms. It is 

now known’2a42 that the structure of the X-ray absorption edge is decided to a large 
extent by the nature of the ~~edi~te ~~rround~~ of the atom or ion in question* 
Kauer 52, Bokez2, CoUet26 and Mande and Chetaf62~63~65 have shown that the inferences 
drawn from ed~-st~~ture studies are compatible with magnetic measurements. 

The features most relevant to the study of the stereochem~s~~ of a complex are: 
(n) The shape of the edge; 
(b) Structures appearing to the Iong-wave side of the principal absorption maximum, 

and 

cc) Spitted or broaden~g of the main peak. 

Van ~ords~~di2’¶~‘~ has recently classified the ~~b~o~ti~~ curves of a variety of 
solids involving transition metals imo four categories, as shown in Table 6 and Pig. 1. 

TABLE 6 

Examples 

Hydrates, and Mn, Co, Ni 
etc. salts and solutions 

Complexes of trivalent 
Cr, Mn, Co, etc. 

KaCOOX& (crystalis and 
SOW, K&WW6, Q;(CO)e 
Metals and metallic phases; 
&bides, sn~phides, bromides etc. 
Mn04-, CrO,*-, Cr%2- 

Mllo~- 

Structural features 

Oci~~r~ coord~at~on 
by oxygen 

Octahedral coord~at~on by 
NH3, en, NO;, CH$X30- 
etc. 
Octzhedrai ~ord~ation by 
linear l&rids, e.g. err, CO 
(electronic induction, 
~i~~ab~~ etc.) 
Tetrahedral coord~a~on~ 
central atom with formal 
vaiency corresponding to 
argon core 

Tetrahedral ~oord~at~on 

‘i&e principal features of these spectra have been explained by Sinha and Mande’ la on 
the basis of ligand field theory. Mande and Cheta162363*6s and Padalia and Krishnang6 
have determined the symmetry occurring in a series of cobalt complexes by reference to 
this ~l~s~~tion. However, the character~a~o~ is limited to perfectly octahedral and 
tetr~ed~ ~ord~ation symmetries, 

Gusatin~ and Ischenko3’ have shown that the initial region of the abso~tion 
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Fig. 12. K-absorption edge of nickel in Ni-(ATU)2. 

Fig. 13. K-absorption edges of cobalt in pink and blue cobalt chloride solutions (la, lb); hydrated and 
anhydrous cobalt oxinates (2a, 2b); LY- and &bis-(pyridine) cobalt chlorides (3a, 3b); diquinolinium 
cobalt &brides (pink solution and blue s&d) (4a, 4b); cobalt-ThSA COmpk?X (5). 

spectrum (i.e. the long-wave feature) depends upon the character of the first coordination 

poI_yhedron of the absorbing atom. In the K-spectra of ‘the tirst transition series 
Albrecht3 and Glen and Dod38 have shown that the relaxation of selection rules for the 
1s -+ 3c? quadrupole transition in the K-absorption region occurs in asymmetrically coor- 
dinated metal atoms, especially those withone or zero 3d electrons. According to Mitchell 
and Beaman the expectation of this absorption for planar and tetrahedral symmetry 

involving sd3 bonding in some covalent complexes of Cr, h%~, Fe and Ni has been con- 
fmed by experiments 42~72,iWrss. me planar Ni(CN)42- complex e&bits37,72>73,92324 

a pronounced low-energy absorption in the 3d region. Very recently, Padalia and Cuptags 
have ~vesti~ted the K-absorption spectrum of Nit I-- l~d~o-2-~iourea (NiII-ATV) 
and have thereby proposed a planar configuration in agreement with earlier firXlingsp7 

(Fig. 12). Van Nordstrand’s classification, dis~~~h~g type IV spectra characteristic of 
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tetr&&d coordination, is based upon the criterion of low-energy absorption. Made and 
Ch,td62s63 have determined the coordination number and symmetry in the hydrated and 
anhydrous oxinate complexes of cobalt (Fig. 13) and also in the pink and blue cobalt 
chloride solutions (Fig. 13) on this basis. Padalia and Krishnans6 have also observed that 
the K-absorption edge of coba& in the tetrahedral complex diphenyl~~ophosp~ate- 

CO= (CO [DPDTP] 2 ) shows a splitting whereas t~~i~~tro~~tato-pheno~to)Co~- 
(Co [INAP] 3) gives rise to a monotonic cume supporting its octahedral coordination sym- 
metry. Similar observations have been made by the present authors” ’ 1 in the case of some 
mercury and uranium complexes70771y87 which have been shown to be respectively 4- and 
&coo&n&ed(Figs. 22,23). HoweverJnasmuch as low-lying absorption has been attributed 
to tetrahedral coordination, there are many deviations from it. Thus, NiI1-bis-s~icyl~i- 

dehyde dihydrate, studied earlier by Mitchell and Beaman’*, shows such a low-lying 
maximnm (usuaIly described43 as being due to a 1s +3d transition) but has been sup 

gested by Cotton and Hanson3’ to be octahedral_ 

In general, ionic salts give sharply peaked K-absorption edges, while in covalent com- 
pounds some broadening is observed. A broadening or splitting of the K-absorption 

maximum is also an indication of a splitting of the degenerate energy levels of the atom, 
which in turn iS an indication of ~~~et~~ metal-to-ligand bonding3’ and/or of the 
spectroscopic splitting effect of the particular &and. A qu~tum-mech~ic~ analysis of 
the symmetry dependence of the crystal field splitting ofg-orbital degeneracy by Cotton 
and BallhausenJZ has shown that the degenerate p-level, and hence the K-absorption 
maximnm (of the fast transition series element), remains unsplit in a regular octahedral 

0 10 20 30 40 

Electron volts. 
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Cobalt orbttals Nrtragcn 
orbitals A1 fly’ erbitals 

Fig. 14. Spectra of five-coordinate cobalt complexes. 

Fig. 15. Par&l MO energy level diagram for C&. 
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F%. 16. K-absorption edges of Zn’+ ions in liiand fields of lower than average octahedral symmefry. 

Fig. 17. K-absorption edge of Cu2*(q_). 

(41) field while it sphts up into two or more components as the coordination symmetry is 
lowered (for example in D,, I7 =A, +EJ. This has been verified by Cotton and p 

Ha.n~on~~~~~, for instance, with some copper and zinc complexes, by the appearance of a 
double K-absorption peak for Cu(NHs)42+ (as.) (Da) (Fig. 5). Glen and Dod38 have 
observed that the principal absorption maximum of cobalt in Co(et*~en)~3 )a and 
Co(et~dien)s(?ICS)a remains broadened onIy whiIe it is split up into two components in 
the case of Co(et4dien)Bra (Fig. 14). This is in agreement with the respective MO energy 
level considerations as illustrated in Fig. IS_ 

Where the splitting due to asymmetry tends to be smaher than can be resolved in the 
X-ray region, the spectra are characterized by generally broadened peaks, as observed, for 
example, in the case of Cu” artd.Zn11 Dtprolirtate dihydrate33*34 (Figs. 9,16). In the 
case of Cull-thiopropionic acid (I&) and Cu ll-thiosalicylic acid (De) complexes, the 

81 main peak due to the former is apparently split up into two rather broad maxima 
(three would be expected3=) whereas the tatter shows only a single broad peak (two 
expected3’) (Fig. 4). Similarly the K-absorption maximum in the case of the cobalt-thio- 
van01 complex (Fig. 3) is also seen to .spJ.it up into two components (symmetry’* C,,). 
(Vainshtein et al. 126 observed d-orbital splitting in the case of TiOs and Tic in the low 
energy (33d) region of the K-absorption edge of the metal (Fig. 2)_) 
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Fig. 18. Ni K-absorption edges (octahedral symmetry). 

Fig. 19. Zn K-absorption edges (octahedral symmetry). 

F. INFLUENCE OF THE NATURE OF LIGANDS 

(i) Spectra of aquated complexes 

The aquatedions, particularly 14y33S34s41 of Cr to Zn, give simple edge structures 

(Figs. 17,18,19) with the main peaks unsplit and a second broad maximum (1s + Sp) 

appearing on the short-wave side. In many cases, the structure and energy of the K-edge 
of a complex is practically identical in the solid and in solution42y43 _ Thus NiZC in solution 
and in the hydrated salt have essentially identical structures4r (Fig. 18). Beaman and 
Beardenr4 have shown that the Cu’+ ion in aqueous solution absorbs as if in vacuum and 
that the structure is due to the excitation of the K electron into the optical levels of the 
ion24. They have devised a cycle for calculating K edge shifts from optical data. Accord- 
ing to Hanson4 i, a calculation of the radial distribution of the 4p state associated with 
K-excitation shows the maximum radial probability to be as large as the distance of the 
hydration layer from the central ion. The overall splitting of the ground state of the ions 
having unfilled 3d and 4p orbitals due to the cubic perturbing field of the hexa-aquated 
ions”’ may be the cause of some broadening of the main peak of the K edge, observed by 
Beaman and Beardenr4 in the case of aqueous solutions of Ni2+, Cu*+ and Zn*‘. The fact 
that Zn2+ has a filled 3d shell probably explains a narrower 1s --f 4p absorption line for 

Zn*’ (edge-peak separation A = 8.7 eV) than for Cu*’ (A = 16.7 eV) and Ni** (A = 17.9 eV). 
This may be compared with the energies of the absorption bands in the optical region as 
shown in Table 7. 

Mande and Cheta16* have solved the problem of the pink and blue cobalt chloride 
solutions -both involving Co*’ (as.) - on the basis of Van Nordstrand’s classification (refs. 
128,129) of edge shapes, and have shown that the cobalt ion in the two is aquated in octahe- 
dral and tetrahedral symmetries respectively (Fig. 13), in agreement with opticai4* and -- 
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TABLE 7 

9,000 cm-’ (1.1 eV) 

14,000 cm-’ 

25,oao cm’ 

12,600 cm-’ (- 1.5 eV) 

cryst~og*p~c49,74,~s,~~2 studies. The fine structure of k’-absorption spectra of Ni”, 
Cu2” and Zn** etc. have been investigated by Canchois24 and others’24 _ The distant 

absorption bands have been attributedz4 to the interaction of the X-ray photoelectron 
with the edifice of water molecules in agreement with the results of Raman and opticai 

spectra of ionic solutions. 

(ii) Spectra of nitrogfzn &and compIexes 

According to Kauer’ * , the ammonia Iigand is unique in causing splitting of the 
K-absorption maximum of fust transition series metals irrespective of symmetry consid- 
erations. Thus ~(~3)42~(aq.) (L$h) show~‘~=~~ a double maximum (Al?=-5 eV) 
(Fig. 51, in agreement with Cotton and Ballhausen32. CO(NH~)~~+, Ni(NHa)e2’, and 

Ni(enjs2* (all O,,) also show 35y52 this effect (AE=-25 kK, i.e. -3 eV), suggesting that in 

these cases two MO energy levels occur with this energy separation (-3 eV)'O . Zn(NI-3~ )42* 

(as.) shows a splitting of about 10 eV while Zn(en)a SO4 does no@j (Fig. ZO), and nor do 
cy- and ~-his-pyrid~e Co” chforidesb5 (Fig. 13). The splitting, however, appears faintIy8p 
in the case of Co(en)a(C104j3 and Co(NH&Cla. It is of interest to note that in the 
ammonia complexes, while the energy for internal d-shell transition (c.f.s.e.) ranges from 
1-3 eV (1 O-30 kK), that observed for p-orbital splitting ranges from -3-I 0 eV, as 
illustrated in Table 8. 

TABLE 8 

CompIex c.f.s.e. SpLittin, of 
the main peak 

(lS-r4P) 

Ref. 

ti(NH3M~20)22+ 17 kR (2.1 eV) 

CO(NH&j2+ 23 k.K (2.8 eV) 

SeV 33 

1leV 89 

As discussed earlier (Sect. E (iii)), the symmetry dependence of the p-orbital splitting 
does not satisfactorily explain the observation that in the case of the complexes 

[~~H~)~(H~O~~12+ ami DO=), OW), I 2-, which have the same symmetry (&h), 
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Fig. 20. K-absorption edges of zinc ions in ligand fields of known or presumed tetrahedral symmetries. 

Fig. 21. Mi~ophotometer records of the Co II: edge in the metal and two chelates. 

the former shows a splitting of the K-absorption maximum whereas the latter shows only 

a broadening. This may be due to a smaller spectroscopic splitting effect, as suggested by 
the position of sulphur ligands in the spectrochemical series. Sulphur ligands have usually 
been found to cause a broadening of the K-absorption maximum, as observed by Padalia 

and Gupta” for Niii-ATIJ (Fig. 12), by Agarwal and Nigam* (Fig. 211, and the present 
authors and Pandey si &I1 (Figs. 4,221. CuIi-TPA has been shown to involve J&n-Teller 

distortion, a broad band appearmg at 15,6ioO cm’ (2Eg + 2Tzg). It is of interest to com- 
pare the energy (c.f.s.e.) of this band (- 1.9 eV) and the observed p-orbital (K-absorption 
maximum) splitting” of w 5 eV with the corresponding data for [Cu@JHs)~(I12 Ok] *+ 
described earlier (Table 8). 

The features of edge structure generally observed for the K-absorption edges of com- 

plexes of metals of the frost transition series may-be broadly compared with the qualitative 
MO energy-level diagram of an octahedral complex as shown in Fig. 2(b). 

?W.le the spectrochemical and nephelauxetic series have hitherto been determined on 
the basis of the spectroscopic splitting parameter and 10 Dq values in the optical region, 
Seka and Hanson’o8 and the present authors *l*‘l’ have recently attempted to show that 
such a correlation could possibly be made on &e basis of X-ray absorption spectra as well. 
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Fig. 22. LIII absorption edge of uranium in s3me complexes. 

Fig. 23. LII and LIII absorption edges of mercury in HgII-TPA. 

Seka and Hanson have found that the a* ,g - tTu level separation observed on the K edge of 
iron in some octahedral complexes is related to the spectrochemical series in the same way 
as the optical fig - g e*separation. The present authors have observed that whereas 

CU(NH~)~(NOB)~ and Cu(py)4SO4 give rise to sharp splittings33 of the main peak, 
Cuir(.TSA)4(Ha 0)~) which has a similar coordination symmetry76 but has sulphur donors 
in place of nitrogen, does not show this splitting but shows only a general broadening. It 

has been argued that sulphur donor groups, which are much lower than NH3 or pyridine 
in the spectrochemical seriesg3, are probably unable to cause a large enough splitting to 
be discernible by the relatively poor resolution of X-ray work33. ‘ihe splitting of the main 
peak3* on replacing Ns or NCS by Br in Co (et4dien)X2 (X = N3, NCS, Br) may be due 
either to the lower electronegativity of Br relative to N or to lowering of symmetry, or 
both; the other two complexes show only extensive broadening (Fig, 14). 

G. NATURE OF THE METAL-LIGAND BOND 

(i) Edge structure and homopolar bonding 

The K-absorption edges of fust transition series elements have been studied from this 
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standpoint by a number of investigators42~43y7z~*8~~*~104~1*1y122. In general, ionic solids 
give rise to sharply peaked edges, whereas in covalent compounds these are somewhat 
broadened41 _ Thus the present authors ” have observed that the 1s -+ 4p absorption for 
cobalt in CoSO, . 7H2 0 is sharp, while it is broadened (or split) in the complexes Co-TPA 
and Co-TV, which have been shown to be appreciably covalent6g7gg (Fig. 3). As sug- 
gested earlier, rhe low-energy absorption too has some bearing on the nature of bondmg, 
Thus according to Hanson and Beaman the amount of absorption in the 3d range in- 
creases with the amount of electron sharing. From the study of a series of ionic com- 
pounds of the first row transition metals, Hanson and Knigbt43 have observed that this 
absorption is most prominent in the case where the binding is feast ionic and the sym- 
metry lowest, Vainshtein 124 has shown that the K edge of Ni** in the aqueous and 
alcoholic solutions of its chloride and sulphate is characterized by the absence of distor- 
tion on the long-wave side whereas this is clearly observed in the covalent Ni(CN)4Z- (as.) 
ion. In the K-absorption spectra of some copper complexes81 , faint long-wave maxima in 
~*l-~iopropionic acid and Cu “--thiosahcylic acid complexes have been observed 
(Fig. 4); the complexes have been shown to be appreciably covalent68*76 on the basis of 
their spectral and magnetic properties. Similarly in the cobalt complexes the low energ)r 
absorption is seen to be quite pronounced (Fig. 3). 

(ii) Rehztion to edge &if& and edge widths 

Quite recently Agarwal and Verma’ have suggested that for metal ion species in the 
same oxidation states, the edge shift is suppressed with an increase in the degree of cova- 
lency of the compound. The observations have been supported by the results of Srivastava 
eta1 . 113y114 ontheKedgeshift of copperandLfrr edge shift of lead in some complexes. 
The ligand thiosalicylic acid has on this basis, as also on the basis of some fR spectraI . 

measurements1’3, been shown to impart a greater degree of covalency to the metal-sui- 
phur bond than thiopropionic acid. A similar conclusion has been drawn on the basis of 
edge width measurements on these complexesg3; edge widths have been observed to in- 
crease with increase of covalent character. This is also suggested by the empirical 
relationship mentioned earber @. 286). 

Glen and Dod38 have observed a high-energy shift of the K-absorption maximum of 
cobalt in Co (et,dien)X, (et4dien = HN(CH2 CH,N(C, HS)* ] 2 ; X= Br, NCS and N3) in 
the order Ns +NCS -+ Br, and have related this to the increase in covalent bond strength 
of the Co-X bond in the same order. In the series YC13 +Y(N03fa --f Y2 (S04)3, in 

which the magnetic susceptibility decreases in the same order, Bhidez8 has observed that 
the K-absorption maximum of yttrium shows a parallel shift to the lower frequency side 
(Fig. 7), indicating the lowering of Sp levels due to homopolar bonding. Beaman and 
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Bearden14 have shown that the energy: of the K-absorption maximum of copper in 

WH20), 2+, CU(NH~)~~+ and CU,(CN)~~- increases in this order. These effects are indeed 
manifestations of the influence of the nature of the central ion or of the ligands on the 

metal-ligand boid. The position of a particular l&and in the nephelauxetic series is usually 
determined from the electronic absorption spectroscopic data. However, an attempt has 
recently been madesl to show that the relative energies of the K-absorption maximum of 
the metal ion in different complexes may also be interpreted in a similar manner. The 
siquence thus assigned to the various ligands (Table 3) in some copper complexes has 
been shown to be 

RS- +CsHsNmNHa +H20 

It is seen that this agrees satisfactorily with the nephelauxetic series. 

H. THE FINE STRUCTURE 

The fine structure, i.e. the fluctuations in intensity observed on the high-energy side 
of the X-ray absorption edge, have been extensively studied both experimentally and 

theoretically 19,23,40,44-47,S4-60,64,~09,~20,13O An excellent review &ding witi the 

theoretical aspects has been published by AzaroffS . The early studies have shown that 

this fine structure depends on the chemical states of the atom under investigation27 and 
empirical relationships were found between the two, particularly for the compounds of 
the first transition series elements’28. Obashi and Nakamura” have observed that for 
some simpIe and complex compounds of copper having similar coordination symme- 
tries, the K-absorption fme structures almost coincide. They have concluded that the fine 
structure is mainly determined by the immediate surroundings of the atom in question in 
a region up to about 100 CV from the main edge. Sawada et aLro6 have found no difference 

in the K edge fine structure spectra of Fe 2+ Ni’+, Cu2+ and Zn’+ between LY- and /3- phthalo- , 

cyanine complexes, tbis difference being expected from the influence of the crystal 
lattice according to the Kronig theory. Their observations support those of Coster2’. 

Bhide and Bhat’ ’ have invoked the-plasma oscillation theory to explain the K-absorption 
fme structure close to the main edge in the case of yttrium. Van Nordstrand’ 3o has 
drawn the following generalizations with regard to the K edge fine structure spectra of 

coordination complexes of the first transition series elements. 
(1) Fine structure extends up to 100 eV above the edge. 

(2) Fine structure is determined solely by the complex itself, not by its state in a 

crystal or a solution, nor by its neutralizing ions. 
(3) Fine structure is determined solely by the ligands; the central absorbing atom 

merely determines the location of the edge. 
(4) The nominal valence of the absorbing atom has an influence in some cases (e.g. 

MnO; vs. MnOa2-; acetyl acetonates of manganese), but has no influence in other cases 

(e.g. CrO,*- vs. MnOc; hexacyanides of iron). 
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Energy above edge (eV) - 

Fii. 24(a). K-absorption edge of chromium in Cr(en)z(NCS)2. 

(5) In a mixed-l&and complex the fine structure spectrum is additively composed of 
the fme structure spectra of the corresponding unmixed-ligand complexes’07~‘31. 

(i) Additivity of fine structure in mixes-&and complexes 

The first compounds to be studied in this connection were the bridged carbonyls of 
cobaltr3’ . The spectrum of the simple carbonyl ligand (from the spectrum of chromium 
hexacarbonyl) may be subtracted from that of Coz(CO)s to give the spectrum of bridging 

bonds, which may be imagined as 

Earlier, Bokez2, from a study of some mixed-ligand complexes, stated that if a complex 
has two types of ligands the absorption spectrum will be intermediate between those 
characteristic of the two ligands. Recently, Van Nordstrandrse has shkvn that the fme- 
structure spectrum of the mixed&and complex [Cr(en),(NCS)a ] (the dotted curve in 
Fig. 24(a)) could be matched with the hypothetical blend (solid curve m Fig. 24(a)) of 
4 moles [Cr(en),] 3+ and 2 moles [Cr(NCS)6] 3- (Fig. 24(b))_ Similarly, Obashi’* has ob- 
served that the fine structure due to Ni(CN)* .4H2 0 closely resembles that due to an 
equimolecular mixture of NiS04 AH2 0 and Ka Ni(0& ._3%(CN2).4H2 0 is known to 
contain the square covalent complex [Ni(CN)4] *- and the octahedral ionic complex 

IWH2 OkI 2+ in equal proportion. 
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Fig. 24(b). Hypothetical blending of K-absorption curve for Cr(NCSl6” and Cr(en)3”‘. 

(ii) Determination of metal-@and bond length 

Hartree et alp4 were the first to relate the intermediate fine structure (5-100 eV) in 
coordination complexes with their stereochemical aspects. According to them: (1) the 
amplitude of the fluctuations constituting the intermediate fine structure is proportional 
to the coordination number if the ligands are identical; (2) the energy values for the 
maxima and minima are determined by the radius of the coordination sphere; as the 
radius decreases alI the features of the fine structure shift to the higher energy side. The 
metal-nearest neigbbour bond distance (Ar) was thus shown to be quantitatively 
related’3744 to the energy (AE) of the first absorption maximum through the Bragg 
relation 

According to Van Nordstrand’ “, the fme structure is solely determined by the complex 
itself and not by its state in a crystal or by its neutralizing ions. Investigations on fme- 
structure spectra of coordination complexes have been carried out by other workers8g*‘os. 
According to Levy 6o 7 the absorption maximum at B (on the absorption coefficient curve) 
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corresponds to 2 transition from 1s to a vacant p-level and the maximum at C to a kind of 
ionization or escape energy of the 1s electron. Further, the difference in energy AE from 
the minimum at C to the maximum at D gives a measure of the radius of the coordination 
sphere around the central metal atom through the Bragg relation 

151 H 
J-1 = m ( > 

Mande64 has utilized the method to determine the bond length in some cobalt compounds 
(Table 9) and the results are in good agreement with those from X-ray diffraction; the 
bond Iength in the cobalt-thiomalic acid complex80182 has been determined on this 
basis. These investigations were carried out in the solution state. However, the metal- 
&and bond length in the complex Ka Co(CN), (on the basis of the fme structure data 
obtained in the solid state by Obashigg) could also be computed’ l6 using the energy sep- 
aration A(C-D) (Fig. 10). (The markings A, B, C . . . here are somewhat different from 
those used in ref. 60.) The value of I.85 A obtained thus agrees well with that obtained 
from X-ray diffraction (I -89 A)_ The results of similar fine structure measurements 
attempted on some copper compounds by the present authors1r6 are given in Table 10. 
Bhide and Bhat” have used Lytle’s a.nalysis6ra to determine the radius of the first coor- 
dination sphere of yttrium in the metal and its compounds and have compared the results 
with those obtained by using Levy’s method and by X-ray diffraction. As Table 11 shows, 
it appears that Levy’s method gives somewhat better agreement with the results of X-ray 
diffraction. 

I. CONCLUSIONS - SOME UNSOLVED PROBLEMS AND FUTURE TRENDS 

X-ray absorption spectroscopy thus offers an effective tool for investigating many 
vital problems of coordination chemistry such as valency of the metal ion, symmetry of 
the coordination sphere, nature of the metal-tigand bond, etc., when many other 
methods such as X-ray diffraction (particularly when the samples are solutions or are 
amorphous) and magnetic measurements (where the results are often ambiguous) fail to 
provide a full and satisfactory solution. However, the impact of this technique still 

TABLE 9 

Sample Mande@ LevY60 x-lay 
diffrac- 
tion 

Co (metal) 2.5 -r 0.1 2.57 + 0.15 2.50 

em3 1.97 f 0.1 1.98 f 0.1 1.99 
cOSO4.7H20 1.98 f 0.1 2.01 * 0.1 1.99 
Co*H-TMA 2.27 rf 0.1 2.01 + 0.1 1.99 
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TABLE 10 

Substance A(C-D) r 
(ev) (AI 

r (X-ray diffrac- 
tion) (A) 

Cu (metal) 25 2.45 
CllSO4.5HsO 38 1.99 

Cu-TPA 29 2.38 
Cu-TSA 31 2.20 

2.55 
2.0 (for Cu-0 
in sq. plane) 

remains in its preliminary stage and requires thorough investigation, particularly on a 

quantitative basis. The p-orbital splitting requires a detailed study in relation to the 
energies of d-orbital splittings observed in optical spectra. The latter, amounting to about 
2-3 eV in the case of fmt transition series metals, can be studied as such by X-ray ab- 
sorption spectra 3~126 Similarly, the mixed-valency effect should be tested further. The _ 

predictability of coordination stoichiometry from edge width data83 requires some 

refinement in order to be more rigorous. 
In the same way the method of bond length determination gives only the average 

radius of the coordination sphere, whereas individual metal-donor bond lengths could be 

computed from the data on the basis of charges on individual atoms in the coordination 
sphere. Investigations on “outer complexes” and complexes involving metal-metal inter- 

actions provide almost a virgin field. Spectroscopic characterizations, such as the edge 

shapes and the energies of edge features, particularly the frequencies of absorption max- 
ima, need to be standardized. On the experimental side, as suggested by Hanson4’ and 

So Jgrgensen , the need for vacuum spectrographs of higher resolution and the use of very 
thin and perfectly uniform absorbing screens etc. should be greatly emphasized. Finally, 
it may be hoped that with the combined attack of determinations of the valency of the 

metal ion, the coordination symmetry and stoichiometry and the metal-ligand bond 

length, etc., the technique may be able to provide a complete perspective of the molecular 

structure of a coordination complex. 

TABLE 11 

Compound Absorption - 
Levy’s method 
(bond length) 
(A) 

Absorption - 
Lytle’s method 
(unit sphere 
radius) 
(A) 

Diffraction 
interatomic 
distance 
(A) 

Yttrium oxide 2.11 2.35 
Yttrium chloride 2.27 2.39 
Yttrium hydroxide 2.54 2.61 
Yttrium sulphate 3.43 3.33 
Yttrium nitrate 3.30 3.58 
Yttrium metal 5.14 5.48 

2.27 
2.58 
2.54 
3.28 

5.13 
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APPENDIX 

TABLE A 

X-ray K-absorption studies on compiexes of fust transition series metals 

Compound Observations 
relating to 

Conclusions 
relating to 

References 

K2Cr207 

CrKm, 

crccok6 

NasWGO& 
fCr(NH3)61 @JO313 

ICrho, f mCs3 

mm-NH4 [Cr(NH&(NCS)e 1 
KsCr(NCS&j 
trons-[Cr(en)z(NCS)2]NCS 

C!r(en)a(NCS)a 

K&-r(a)6 
Na2 CrO4 
KCr03Cl 

&@<Ncs)6 

K$rnvm6 

Edge structure, 
low energy abs,, 
Fme structure 

Fine structure 

Edge structure, 
low energy abs., 
fine structure 

Additivity of 
fine structure 
due to different 
ligands 

Low energy abs. 
edge structure 

Edge structure 

Edge shape 

Edge shape, low 
energy abs., 
fine structure 
Spectral shift, 
additivity of 
edge structure 

Edge shape 
(character of Oct. 
complexes invoicing 

linear Ggands), 
fine structure 

Fme structure 

Hybrid (sd3), 
setrabedrat, 
eff. charge 
on metal 

Eff. charge 
on metai 
Bonding assign- 
ments, eff. charge 
on metal 

Coordination 
symmetry, 
technique applicable 
to the study of 
mixed-ligand 
complexes 

Type of 
(cis-rrfrns) 
isomer 
Coordination 
symmetry, 
agreement with 
MO theory 
predictions 

Character of aquated 
trans. metai ions 
Coord. symm., 
tet., eff. charge 
on metal 

Valenay of metal 
ion mixed 
stereochemistry 

Coord. symm., 
eff. charge on 
metal 

Coon% symm., 
hybridization 

10,29,42, 
89, 104, 
128,129 

29,42,89, 
104 
7 

10,35,52 

35 
i28-i30 

108 

108 

42 

7,29,42, 
89,104,110, 
128-130 
123 

7,110,128, 
129 

89 
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Compound 

Mn~CsH702~2.2H20 Edge structure, 
Ma&G H702 13 shift of K-abs, max. 

Iron 
Fe(phen)dCKk& 
Fe(phenk (c104)3 

Fe~dipyMXX& 
f7e(dipy)&!Q)3 
%dipy)#N)2.3If$3 
Fe‘efphenkCCN)2 
Fe(S-N-phen)s@XI& 
Fe(SXl-phen)s(ClO& 
Fe@-Er-phen>(ClO& 
Na?WCNIe 
Fef2CLphen)sKlO.& 
Fe(phenf$& 
Fe(pher&Bra 
Fe(phen)z (Ns )a 
Fe(phen)aCSCN)a 
~e~ph~n~ztSeCN~2 
FeSO4.7H20 
Rec&.4H20 

KaWW6 

Observations 
relating to 

Fine structure 

Edge structure, 

a;g-*t 
energy separation 
measured 

Fine structure, 
low energy abs., 
edge structure 

E&e shape, 
Fme structure 

Edge structure, 
fine structure 

Edge structure, Bonding, relation 
fine structure to MO levels 

Fine structure Eff. charge on metal 

K edge shift Valency of metal ion 

Edge structure act. eoord. 

Edge f&n&me Tet. word, 

K edge shifts, Vahmcy of metaL ion, 
edge structure, word. symm. hybrid,, 
fine structure MO bonding couf&, 

Conclusions 
reJating to 

References 

Eff. charge 
on metal 
Coord. symm., 
dependence on 
oxid. state 

7 

38 

Type of isomer, 
relation of the 
energy separation 
to spectrochemical 
series 

108 

Bonding, eff. charge 
an metal, bondmg 
assignments, 
coord. symm. 
Bonding, 
hybridization, 
coord. symm. 
Deteimmation 
of lattice sites 

l&35,38, 
89,128, 
129 

38,42, 
128,129 

3% 

35,38 

10 

21 
36 

36 
63-65,6S 
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TABLE A fcont’d) 

Compound Observations 
relating to 

Conclusions 
refating ta 
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References 

Co --oxinate (anhyd.) 
CoH-&&-pyr. chloride 

C&+bis-pyr. chtoride 
~iq~o~~o~r cbbride 
Co-tbiomalic acid flMA> 

fCo&l)3 I ct3 
@W4)3W3Mbkil 

CaCNH& 

Co [(et)4dienlBra 
Co [(et)4dienl (NCS)2 

ti [(ethdienf m&2 

Fe3”jCo2+Fe3+]04 
Gte2104 

Co tAI2 104 

Co Pz 104 
Co[hiq] 04 
~Ii-b~~~y~-l-~d~o~ 

kthiourea 
CoDI-isunitroso-ricetyl 

acetcnate 
Co~~(INA P)3 

co$Dm-rP), 

ColII(INAF')s 
CofD-acetyl acetonate 

Nicket 
Ni**(aq.) 

Ni(CNh* 

Edge structure, 
Kow energy abs. 
Reiative energy 
of K-abs. max., 
fme structure 

Splitting of 
K-abs. max. 

Fine structure 

Fine structure 

Relative shift of 
K-abs. max.; 
splitting and 
broadening of main 
peak 

Edge width (EW) 

&Y-edge shifts, Valency of metai ion, 
energy of K-abs. max., coord. symm., 
edge structure transition assignments 

Edge structure 

Edge splitting 

Monotonic edge 
Energy of rCabs_ 
max., edge structure 
Edge fiie structure 

Coord. symm. Oct. 

1s -, 4p and 
ls45p 

Coord. symm. act, 
Transition 
assignments 
Spectra - character 
of bridging bonds 

Edge structure cooKI. symm. 

Edge structure, Hybrid. <dsp2). 
low energy abs. coo& symnl. 

relation to magnetic 
data, bono len8th 
determrnation 

Trwrsition 
assignments 
Vafency of the 
metal ion, eff. 
charge on metal 
p-orbital sphtring 

Coord. symm., 
hybridization 

Determination 
of lattice sites 
MO energy fevel 
correlations, influence 
of nature of ligand 
and metal-ligand bond 

Coordination 
symmetry around 
cobalt in lattice sites; 
EW @et.) > EW Coct.) 

35 

7,8,38 

34 

89 

38 

38 

2 

9s 

96 

96 

22 

22,132 

14,24,3-K 
41,43 

37,72,73, 
89,124 
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Compound Observations Conclusions 
relating to relating to 

References 

Ni(NH&** 

Nin-his-salicylaldehyde 
tNXNH& I Br2 
NibnMN03)2 
INi(NWdHzO)2 1 (No312 

Ni(en)l (NO2 )Cl 
N@-bis-ethyl-l-amidino- 

Zthiourea (ATU) 
Ni(NO& .6H2O 

INi(NH3)61 cl2 

K2 INi 1 

Cu(NHde** (aq.1 

CR <cN>42- @l-J 

Cu(proline)t .2H20 
Cu(en)z(NO& 
Cu(NH3)&04.H20 
[WNH3)4 I (NO3)z 

Cu-formate tetrahydrate 
Cu(C7H+N02)2.xH20 

(bis-glycino copper hydrate) 
Cu-phthalocyanine &form 
Cu-phthalocyanine p-form 
CuMn2 04 

%Fe(CN)e 
CuzKH&OO)4.2H20 
KItiF 
C&W)2 Cl04 
Cu(acac)-(OH2)Z.P 

Zinc 
Zn(aq.)‘+ 

ZntNH,),2’ tq.) 

[Zn(en)o I SO4 

Splitting of K-abs. 
max. 

Edge structure 
low energy abs. 

Fine structure 
Edge structure, 
energy of K-abs. max. 
Edge structure 
Fine structure 

Edge shape 
(monotonic edge) 

Edge structure, 
edge width, edge 
shifts, splitting of 
K-abs. max. 
Edge structure 
Splitting and 
broadening of 
K-abs. max., small 
maxima at - 10 eV 
below main peak 

Fine structure 

K edge shift 
K edge shift 
K edge shift 

Fine structure 

Edge shape 

splitting of 
K-abs. max. 
No splitting of 

L&and field theory 
inapplicable to 
pdrbital splitting:9 
Coord. symm., 
transition assignments 
to antibonding MO 
levels 
Eff- charge on metal 
Transition assignments, 
coord. symm. 
MO explanation 

Coord. symm. 

Coord. symm. (Oct.) 

Coord. symm., 
calculation of edge 
shift from optical 
data (a cycle) 
Coord. symm. 
Support to ligand 
field correlation 

49 of p-orbital splitting , 
transition assignments 

Nature of coordination 
sphere 

Valency of metal ion 67 
Valency of metal ion 133 
Correlation with 133,91a, 
metal-metal bond 58 
Fine structure 91a 

Character of hexa- 
aquated trans. metal 
ions 
Correlation with 
theory t6 
Narrow abs. line 

35,52 

35 

7 
100 

108 
92 

14,33 

14,33,91a 

14 
33 

106 

14,24,34, 
41,43 

34 

34 
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TABLE A (cont’d) 

Compound Observations Conclusions 
relating to relating to 

References 

[zn(~Zo)6~(B~3~2 

tz~(~20hjj~c104)2 

Zn@roline), 
Zn(glycine)~.2H20 
Zn-oxinate (anhyd.) 
Zn-oxinate (dihydrate) 
Zn(CzH303)2.2HaO 
Zn<ac.ac.)a 

ZnWH3M% 
Zn(CSH7Q2) 

Zn(C,Hs)a 

K-abs. max., 
broadening in some 
cases, relative shifts 
in K-abs. max. 

Fine structure 

related to compfetely 
tilled 3d, coord. symm. 

Eff. charge on 7 
metal 

TABLE B 

X-ray K and I..D~ absorption studies on complexes of second transition series metals 

Compound ~bse~at~ons 
related to 

Conclusions 
related to 

References 

Yrrrium (K-} 
Y3+ {aq.) 
Y-(mono, di and tri) 

chloroacetates 
Y-mate&e 
Y-succinate 

Y-chromate 
Y-vanadate 

K edge shifts 
(w.r.t. Y,O3) 
edge structure, 
fine structure 

Shape of the 
ribs. edge 

Spectral character 
of Y” ions, edge 
shifts decrease with 
increase of covalency, 
K-abs. max. due to 
Is * Sp, shift in 
K-abs. max. 

Tetrahedral coor- 
dinatian symmetry 
of yttrium 

18 

17a 

Niobium (K-) 
K2Nb02Fs 
K&bOFs.HaO 
Na3 NbOFe 
WD&~OFs 
WW35JbOF6 
(NH4f3NbOFe 
CsNbF6 

Edge structure, 
edge shifts, 
edge widths 

Cooni, symm. 
nature of 
metal-nearest 
neighbour inter- 
actions 

79 

E rle structure, 
edge structure 

Transition 
assignments 

7 
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TAEtE C 

L~II absorption studies of some third transition series metal complexes 

Compound Observations Conclusions 
relating to relating to 

- References 

Plarinum 

[Pt(m2 OH)4 I 
2+ 

IPKCNhd * - 
[Pt(S0314 I + 
f fwxw4 3 *- 

WC4 I ‘;_ 
;z;=;$! 

KzBtC4 
(NH&PtC% 
Naa PtCle 
KaBtCLs 
(N%)2RC16 

~,WCW, 

K2Pt(CN)6 

Na2 Pt(CN)6 

X-ray band shifts 
(2P, ,a +w 

Edge shifts 

Comparison with 
optical d-shell 
transitions 

Transition 
assignments, 
electronic 
configurations 

26 

36,78 

Gold 
MAuCL4 
(M = Na, K, H, NH4) 
KAuBr4 
KAu& 

Edge shifts Transition 
assignments, 
electronic 
confiurations 

36,78 

TABLE D 

Miscellaneous 

Compound Observations 
relatmg to 

TiOa 

W&l3 1st~ 

Some Ni and Co complexes 
ReLv complexes 

splitting of low 
energy abs. and 
of the main peak 

Edge structure, 
low energy abs. 

K-abs. spectra 
LHI-abs. spectra 

Conclusions 
relating to 

splitting of 
3d orbit& 
(l&and field effect), 
relation to MO 
energy Ievel diagram 

Nature of 
coordination sphere 

References 

~ ~~~ 

3,126 

40 

26 
26 


