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LOCALIZED TRANSITIONS IN PAR'l'LY FILLED SHELLS 

CHRISTIAN KUXBiiLL J0RGENSEN 
1;atioml-0iri' de Ch·imic Physi.que, 

U11i·,,,,rsite de Gr.ncve 

1. HIN IZATION' I<:N ~mm.ES 

When 0111· spcakr:; about orbital e.nergy, it may m<1an Honie four or fivl' different 
quantities ri j. W1· arP lwr11 insistiHg on the ·ion:£zahon 1m«·1gy I which il" alway8 
defined in au atom, a polyatomie ion or a molcculP with access to open, empty 
::ipacc (since the electron 'with no kinetic energy at large distance from the system 
considered by definition has the energy zero) and also in a crystal if it is not 
confined in a closed volume but has access to empty r:;pace. The electron affinity 
of an orbital a is smalln than I, and to the first approximation, by an integral 

J(a,, a.) - 0.6 e2 ( r-1 ) a. (1) 

expressing interelectron·ic rep·ulsion. This expression may either be considered as a 
strong-sense integral whert' the exaPt value of the constant, wmally between 0.5 and 
0.7, depends on th<> 1>hape of the elPctronic density of Uw orbital a, and where the 
average value of r - 1 is evaluated in atomic units (r<>ciprocal bohr unit.s), or (1) may 
be considered as a phenornenolnrrfra.f of inte.rele.ctronic re.puts-inn [2] which has bC'en 
decreased (by corrl'lation effects of confiii;uration intermixing) by an additional factor 
between 0.6 and 0.!) (in monatmnic 1•ntitiPs with tho charge z having the order of 
magnitude (z + 2)/(z I- :l) for partly filled shells) which may be thought of as the 
reciprocal value of an internal diel111:tric conRt,ant. for intorelectronic repulsion. In 
neutral R.tomH, tlw lirHt ioniz1tLio11 1·m•rgy I 1 h1t1-1 the samo mdnr of magnitude lt.'i 

J(a, a) for cl- and /-electrons in t.IH· Jivl' transition groups, and the effects of 
interelectronic ropulsion cannot aL all lw negl<>cted l 3 J. As a matter of fact, if 
q electrons have to be removed from an atom to form a closed-shell configuration 
(containing for inl'ltancc 18, 2S, :m, 41\. li4, tiH or HH dectrons) tho last iouization 
energy Iq (if w1• 1h•firw In to h1~ tilt' PJtergy dilforPnco btitween Mf1• and M·ln .. 1 in 
which case the electron affinity of Uw neutl'al atom is I 0) it:1 very similar to qJ(a, a). 
Among the various other possible meanings of « orbital energy » is the average 
(lo+ I1)/2 used in Mulliken's definition of electronegativity; the core-ionization 
energy lq just defined, in which case th<> energy of the neutral atom contains a 
contribution of q(q - 1)/2 identical or differing J(a, n) parameters; a somewhat 
artificial quantity [1] satisfying the virial theorem (that the electrostatic potential 
energy is (- 2) times the kinetic energy) for the individual orbitals; and finally 
the one-electron operator energy (with oppm~ite sign) consisting exclusively of 
attraction between the nucleus and the electrons and of kinetic energy. Though 
the last alternative might seem the most clear-cut, it is almost impossible to extend 
to molecules and crystals. Besides the practical difficulty that the observed ionization 
energies can be far smaller than the pure one-electron quantity (frequently by a 
factor 10 to 40) a serious disadvantag1' is that the total interelectronic repulsion 
energy in a crystal having the extt>nsion d tends to vary as d5, as does also the 
internuclear repulsion, whereas the total bond energy varies as - d3 being an 
intensive property. As a mattP-r of fact. the order of magnitude of the total bonding 
energy is -- z2.4 ryrlhcrg nnit!l pnr atom (nncl rart•l.v mor1• t.han half a rydbt"rg unit 
per tttorn in chcmil'al bonding tllH'rgy) wh1•r1·r1.s tlw wHt m1tH1' of tht• Plcctromaccording 
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to Einstein is 2.1372 Z rydberg units (where we write the reoiprooal fine-struoture 
constant 137.035 .. . as 137). Hence, a crystal needs not to have d much above 30 A 
before the i8olated two-electron operator energy .is larger than the rest ma~s of the 
electrons, nor much above 2000 A. before it is larger than the rest mrui.s of the nuclei 
too. Hence, it is necessary to let positive and negative contributions to the electro-
static potential energy coalesce in a kind of Hartree potential U(:t, ?J, z) only having 
(strongly negative) singularities close to the nuclei and being periodic in unit cells 
of regular crystals. Howevrn·, one cannot neglect the effects of interelectronic repul-
sion (1) if the molecular orbitals are not widely uelocalized with ooncomit,ant negli-
gible values of (r-1 ) . 

Many solid-state physicists have a great. confidence in the energy band description 
introduced by Bloch. In semjconduoting crystals with reasonably large energy gap, 
thia is a very unreliable hypothesis seen from the point of view of visible and 
ultra-violet spectro.'!copy [I , 4] . On the other hand, metallic materials aro in the 
opposite situatio11. The highe11t, partly filled, conduction band con.'!ists of highly 
deloca.lized orbitals wl1ich are the eigen-functions of a Hartree potential which is 
almost constant in the major part of the unit cell volume a11d only becomes highly 
negative in the atoinic cores occupying only a small fraction of the volume. In such 
a. case, the reciprocal dielectric constant is effectively zero, quite in contrast to the 
strongly varying Madclung contribution to the Har.tree potential in fairly ionic 
crystals. The main reason why the energy band description breaks down in non-
m etallic crystals containing pa.t·tly filled d- or /-shells is e~uation {I); it becomes 
a favourable situation to localir.c a definite positive number of electrons in a partly 
filled shell lq centercd aroun<l imcla n. transit.ion-group atom i11 a definitl1 oxidation 
state (clcfinetl [2] from the numlwr q) because th~ two major uontrili utions to the 
interelectronic repulsion in the dcctron configuration lq are 

q(J_;: I_~ A,..+ [(8(8 + 1)) - 8(8 + l)] D (2) 

The parameter A* is closely n' ltited to J(a., n) of oq. (l); its coefficient.. would be 
(q2/2) in a classical treatment <:011siclering the electronic densiti11s a:; tixtended, 
continqous charge distribution!'.. 1'lw .~pin-pairing eneTIJIJ parameter 1) is R-bout ten 
times smaller than A,.. and is a 1lc!finite linear combination [1, 2) of the Sla.ter-Condon-
Shortley or Raca.h parameters of intereJectro11ic repulsion for the l-shell . 'l'he average 
value of S(S + 1) for the configuration zq is 

(S(S + 1)) = ~ q [1 _ q - ~] = 3q(4l + 2 - q) 
4 4l + 1 16l + 4 

(3) 

Equatiion (2) is a quantitative expression for one of Hund's l'Ules that when a. pe.rt.ly 
filled shell is able to show more than one value of the total spin quantum number S 
(i.e. wh~n the shell contains at least two and at most 4l electrons) the groundsta.te 
has the 'maximum value for 8. Such behaviour can also be observed in stable mole· 
cules formed by elements outside the transition groups. Thus, the oxygen molecule 
02 ha.a S = 1 for its groun:dstate beoause two orbit&Js are degenerate of group· 
theoretical necessity but have only two electrons available though they would ba.ve 
been a.ble to accommodate four electrons (and S = 0) as known from the peroxide 
anion Oz--. However, such behaviour is far more frequent in the transition group 
compounds, and the majority of 3d5 manga.nese {II) and iron (ID) complexes ha.ve 
S = 5/2 and all known compounds of the i so1~lectronic series 4fl europium (II), 
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gadolinium (III) and terbium (IV) have S = 7 /2. As a matter of fact, the metallic 
elements and most metallic alloys formed by the 4/-group have so strong a tendency 
toward localization of a definite number off electrons that the conditional oxidation 
states M(III) or M(II) can be recognized from the magnetic moments indicating S 
and hence q. Inter-atomic magnetic coupling effects also dependent on S(S + 1) 
(where S = 0 has the lowest energy in the case of anti-ferromagnetic interactions) 
have been further discussed (5] though the physical origin is another than (2). 

In gaseous molecules, the ionization energies of penultimate orbitals are shown 
by photo-electron spectroscopy [6]. Because of the co-excited vibrations, one makes 
a distinction between adiabatic transitions at the minimum energy, where the inter-
nuclear distances are allowed to re-arrange, and. vertical transitions obeying Franck 
and Condon's principle keeping the internuclear distances constant and simulta-
neously exciting normal vibrational modes of the excited state. In solids, it. is also 
pmisible to perform photo-electron spectroscopy [7]. Whereas the measurements on 
gaseous molecules usually are rrnide with the helium resonance line at 171.13 kK 
(1 kilokayser = 1000 cm-1) corresponding to 21.2 eV, the Rurface layers of solids are 
more conveniently studied with soft X-rays at much higher energy, say 1486 eV. 
The chemical shifts of the ionization energy of the inner shells can be shown [1] to 
be very similar to the variation of the ionization energy of the loosest bound 
electrons. Thus, Basch and Snyder [81 measured the chemical shift of the l.1· ionization 
energy of carbon, nitrogen. oxyg<'n and fluorine in compounds which can run as 
high as 7fi kK, and studies of t.he penultimate orbitals having ionization energies 
below 170 kK can be related to ideas of organic chemistry [9]. The comparison of 
such ionization energies with M.O. (molecular orbital) calculations iti of great 
theoretical interest. For a while, many quantum mechanicists frowned upon the 
one-electron description of such ionized states. The point is that an atom or a 
molecule lacking an electron in an inner shell is in a potentially auto-ionizing state 
high up in the continuum starting at the ionization energy of the loosest bound 
electron. As we shall see below, the further discussion of excited states shows that 
there are certain types of one-electron descriptions (essentially finding the eigen-
values in a Hartree potential) which are for better than others for describing the 
manifold consisting of the groundstate and the excited states. 

2. EXCITATION ENERGIES 

It is not generally possible to maintain the simplest conceivable picture of an 
optical transition from the orbital a to the orbital h, that it is the difference 
I(a) - I(b) of tho two ionization nnergies. The two main reasonR for the dii;mrepancy 
observed are, in part, compensating each other and are the fact that we need the 
electron affinity of the orbital b and that the hole created in the orbital a 
colloquially Rpeaking attracts the electron b to the extent J(a, b) which is the classical 
electrostatic interaction between the ciectronic densities tji~ and Yi· We write the 
electron affinity of the orbital h as I(h) - J(b, b) though I(b) would not by itself 
be defined if no electron occupied the orbital b in the groundstate. In this case, 
I(b) is considered to be the sum of the electron affinity of b and J(b, b) in order 
to get a consistent theory. Hence, in all cases, the transition energy is approxi-
matively 

hv - I(a) - I(b) + J(b, b) - J(a, b) (4) 

However, if we are studying strongly localized transitions in a partly filled shell 
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with emall average radius (r) the other contributions to the interelectronio repulsion 
such as the spin-pairing energy proportional to D of (2) and, in the case of. the 
4/- and 5/-groups, even relativistic effects as expressed by the Lande spin-orbit 
coupling parameter ~11 i have to be taken into account.. We may classify transitions 
according to decreasing degree of localization : 

The lanthanide compounds containing from one to thirteen 4/-electrons have 
spectra. a.ln1ost Jike ga~eous ions with very narrow absorption bands. Actually, the 
treatment of the excited levels by the t_echniqne of atomic spectroscopy was 
applied [l, 10] long time before the energy levels belonging to the configuration 4/2 
were identified by Sugar in gaseous Pr+s. l'ho chemical effects are of two kinds : 
the degenerate J-energy lovols charaoterizing sphcrical symmat.ry (ea.-0!'1 oonaistiug 
of (2J + l) states) a.re slightly aplit because of the lo,ver loca,l symmetry; and the 
phenomenological parameters of interelectronic repulsion a.re decreased to the 
extent of some I to 6 percent [11]. This is called the nephe/.au:eetic effect (cloud-
expanding effect) because the decrease of (r-1) and increased (r) correspond to 
adaptation of the radial function of the partly filled shdl to a. smaller fra11tional 
a.tomic charge (i.e. a. less negative central fiold U(?') iu the Hartreo J>otentia.1) than 
the oxidation number, and, at the same time, a moderate delocaliza.tion of the pa.rtly 
filled sJiell on the ligands (the neighbour atoms) hy formation of anti -bonding M.O. 
Amuaingly enough, Hofmaun and KirmreuLhc·r L12] proposed expanded electronic 
orbits when studying chemical shifts of visible absorption ba.nds of erbium (ill) 
compounds in lUlO, three years before N. Bohr's ruodt!l of the hydrogen atom. At 
higher wavenumbers, lanthanide compounds may show broad and more intense 
bands due either to fairly localized 4/-+ 5d transitions (which seem to occur some 
10 kK below the value in the corresponding gaseous ions M+2 and M+3) or to electron 
transfer (to be discussed below) from filled M.O. mainly localized on reducing ligands 
to the empty or partly filled 4/ shell. 

In the iron (3d), palladium (4d) and platinum (5d) groups, the localized transi-
tions fall in two main classen, the first of which consists of na.rrow absorption bands 
showing moderate chemical shifts (due to the nephela.uxetic effect; the phenomeno-
logical parameters of intcrelectronic repulsion arc 0.26 to 0.94 times aa latge in 
d-group complrxn.c; as in tho cnrre11po11ding p;nscouH ion. [2, 13]) a.nd originating in 
t~xcikcl lm·t·l8 Ju.wing n.lnioHt t.lll\ i;urnu M.O. co11tig11r11l io11 1is the gronndsta.te. Such 
tm111;itions }mppon to ht• Hpin-fol'biddcu becau1:1c t.twy go from S for the groundsta.te 
to (B - 1), an<l t he ma.ill contribut.ion to the t•twrgy difforence is 2SD from eq. (2). 
A consequence of the electronic den:sity being 1:1.l1uo:4 the s~nw in our threc-
dirnensional space of tlw t~xdk'l<l ltwcl and thti gl·ou11tl~t.ate (the mwrgy diffe.rence 
ii.; due to incrnu.scd ( riJ ) in t.ho c:x.uited stu.to, riz being the interelectronic distance 
in t.he pa.rt.ly filled shell) ia that no or very little uu-t:lxciLt:d vibrations are observed, 
and that n~rrow line luminescence frequently can be detected, e.g. thP. «ruby !i.nes !) 

from the first excited state with S = 1/2 of octahedral ohromophores Cr(ID)Xe 
having S = 3/2 in the groundstate [14]. The isoelectronic Mn(IV)Os can frequently 
be detected in solid oxides by the luminescent lines in t he red . Thi:; group of 
transitions is called intTa-s-u.b-shell tram.~itio-n.~ because the q electrons of the pa.rtly 
filled shell remain in the same 11u b-shell consisting of degenerate M.O. such as, for 
instance (xy, xz, yz) in octahedral 1\L"{6 where the equivalence of the three Cartesian 
axes makes it a group-thcoretioit.l necessity [15, 18] that the three orbitals have the 
same energy. 

The other class of dq-transitionR correspond to broad absorption bands. The 
excited states most frequently have the same S aH the groundRtate, and the. main 
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part of the excitation energy is due to a sub-shel,t energy difference such as the anti-
bonding orbital (x2 - y2 ) colliding with the ligands in octahedral MXa or quadratic 
MX4 relative to a more stable orbi tal (xy) avoiding the ligands to a large extent. 
The variat ion of the sub-shell energy difference in octahedral complexes is called 
the spectroche?nical series [17]. I t is sometimes possible to study the nephelauxetic 
effect by comparison of two different excited level:> belonging to the same ex cited 
sub-shell configuration [2, 13]. Because of the gretit importance of i.uterelectronic 
repulsion in cl-group complexes, one cannot o.lwa.ys conclude that t he order of 
energy levds is simply given by th~ moro or less u.nt.i-bonding character making 
th~ sub-shell energy differences. Actually, Myh-8pin complexes having the opportunity 
of becoming low-spin by changing to a sub-shell configuration with fewer or no 
anti-bonding electrons always belong to an u.pparently excited sub-shell collfigurntion 
where the stabilization - S(S + I)D of eq. (2) successfully compotes wit h the sub-
;hdl energy differences. Thus, the two first excited levels of manganese (II) and 
iron (ill) having S = 3/2 belong to a sub-shell configuration containing one anti-
bondi ng electron less t han that of t he groundsta.te with S = 6/2, and correspondingly, 
the intC?rnuclear distances of the minimum of t he potential surface of the excited 
level is contracted and sometimes produces a broad-band luminescence. 

With the exception of polyatomic ligands changing their number of a.va.ilable 
lone-pairs (NHa and NRs compared wit h N9 or NOS-; or S03 compared with 
RS-. R2NCS; and (RO)iPS2) the 6r~t.-ne.ighbour atoms X in a clrcomophore MXN 
determine almost exclusively Lhe snb-shdl energ,v difference. Thus, octahedral 
Cr(lli)06 [2, 18) aurl Ni(TT)Oo [2, 101 c~a11 be studied in the hexn-aqua ion, in complexes 
of unicl1·11t.ntc\ or multiduntnt.fl o.xyg1·n-uu11taining ligand~. in gl1tssus, in dilute solid 
solu Lion in cry11talline mixed oxid1~11 {such as the ruby AhOs and the emerald 
Be3AI2Si601s replacing a part of the aluminium atoms) and in stoichiometric com-
pounds such as J,a.CrOs, MgCr204, NiTi03 and Ni003 . Thnugh the colour varies from 
gr!'<'ll to re<l in t ho case of chromium (IIT) and from yfll low to green in the case of 
nickel (II) as a function of increasing >1110-shell mergy difference A, the absorption 
spectra show a remarkable homogen<> ity with two and three spin-allowed transitions, 
n'sJJectively. Thn mnin reason for t.lw va.riation of .'.'i seems to be varying Cr - 0 
nnd Ni ·· · 0 i11t<11rnud<'ar <listancru;. f{imillir effoctB can ho observed [20] by applying 
high prN1sure11 in t ht·t n•gion fiOOOO to 100000 atm. A difference, however, is tha.t 
high prl'ssure inva.riantly correspondl'I to a slightly m.on~ pronounced nephelauxetic 
effect, whernas in mixed oxides containing Cr(III)06 the phenom~nologioal parameters 
of interclectronic repulsion in some cases remain constant and in a few cases increase 
when the lattice constants of an isomorphous mixture are decreased by substitution 
of smaller ions for larger ions [2, 18]. 

The internal transitions in partly filled d- and /-shells are treated in ligand field 
theory [17, 21, 22]. Bethe's original electrostatic model ascribed the sub-shell energy 
differences to the non-spherical (small) part of the Madelung potential V(x, y, z) 
produced by fractional charges on all the other atoms in the compound considered. 
As discussed at length at the 10. Solvay Meeting on Chemistry [23] this model is 
unsatisfactory for many reasons, for instance that neutral polyatomic ligands 
frequent ly produce larger sub-shell em1rgy differences than anion ligands, and that 
smalJ dl'viations from cubic symmetry were predicted to havA far larger effects than 
actually obs<:rved . Even as a starting-point for pedagogic rcasoru; [24], t he electro-
static model is entirely unsuitn.ble, in the writer's opinion. However, the feature 
ha.'i remo.inr.d thu.t t;he electrons of th<' partly filled shell are repelled by the ligands. 
TL m 11 N( 111• r11mo11ilmn•cl tha~ thi1> sh1•1l is formtd by t.hu 100H11t:it bound orbitalt.-1 having 
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ipso /ado lower electron affinity than the ionization energy of any other occupied 
M.O. Consequently, the d- or /-like orbitals have to be orthogonal on a.U the previous 
orbitals according to Pauli's exclusion principle, and the ma.in reason for the sub-
shell energy differences seems to be this need for orthogonalization. creating 
additional radial nodes between M and X in anti-bonding orbitals. It may be noted 
that the quantitative C'xtent of tlolocaJizaLion is slightly pa.ra.doxfo.J in so far that 
the partly filled shell is mo1·0 dC'locali7.cd (us st1cn froru the nephelaux:ctio effect) in 
iodide complexes than in fluol'i<le complexes of a given central a.tom in a definite 
oxidation state, and also much more delocn.lized when this oxidation state increases. 
The point is that in a bonrlin{/ M.O., the elcoLronic <lonsity is attracted by the a.tom 
having the bighc!'it. elt'ctronegat ivity, such a.~ ft' ( - l} and M(JV}, whereas the a.nti-
bonding M.O. has to L1· orLhogonu,f on thC' bnnding M.O. of the same symmetry 
type, n.nrl hence, eloctl'onic density of the partly tilled shell te.nds to build up on 
'M(ll) morn than on M(IV) au<l on iodide more than on fluoride. 

In the limit of weak covalent bonding and large differences between the eleotro-
negativity of Mand X in the chromophore- MXN there is a tendency for the anti-
bonding encirgy to be proportional to the square of t he (group) overlap integral 
between the M and the symmetry-adapted X N orbitals. This hypothesis is the basis 
for the angular overl4p nwdel which was ol'iginally suggested for the very weak 
chemical effects on the iw.ven 4/-orbitals in lnnt ha.ni<lc compounds [25, 26 , 27] a.ntl later 
extended to the more general ca,<;e of both er· and r.-anti-bonding effects for any 
l-vaJue [28, 29, 30) . It is convenient for calculations that the model is equi-consequential 
with a singular contact potm1t ial acting at the X nuclei. Actually, all of the valid 
result!i of ligand Jielcl tlu•ory cu,n !Jo incorporated in the angular overlap model. 
1'hus, the treatme11t of oi-thoa:rial chromophores having aU ligating atoms on the 
three Carte~ian axes can be applied to substituted octahedral complexes, e.g. of 
chromium (IlJ), cobalt (ITT) and rhodium (lII) L3l] but optica.IJy active chromophores 
such a~ t.ris (uidentate) M(XX)s C'au also bt' treated [3:! 1. If the energy differences 
in just ouc l-llluill a.re considen1d without allowing l-valucs of oppo!5ite parity to 
get mixed in , only holnlwdr·i::.ed s!lm.rnel.ry represented by the generated l33] pokntial 
[U(x, y, z) + lJ ( -- x. - :I/· - z) lf2 ix of importiinet: [:!D. 31]. It is 1•aRil'r to hu.ndlu 
linear Jigatori:; wh(•J'e thu alonis of' i.L polyatomic iiga.n<I a.re situated on a straight lint· 
containing the nucleus of t he l'l·ntral atom at orign: but it is also possible to extend 
the angular overlap mode~ ! tu anixotropic non -linear lign.tors (!14). 

Rue<lenberg [35] analyzcd Hollrnn.n 's old idea that cove.lent bonding effects can 
be expressed, to a good a.pproxirna.tion. by the chanye of kinetic energy in the bond 
region a,lune. Ruedenberg a.lso pointed out that the average radii of the atomic 
constituents of bonding M.O. tend w contract (in pa.rt.ioular in hydrogen compounds) 
and in anti -bonding M.O. to expand, n.gaiu connected with Lhe kinetic energy 
operator. The physical origin of t he success of t he angular overlap model may again 
be connected with the change of local contl'ibutions to the kinetic energy in the 
bond region between M anti X , the formation of additional radial nodes explaining 
the increased energy of the anti-bonding orbi tals pio, 37]. 

There is nothing impossible ia applying ligand field theory, a.nd in particular, 
arguments based on the angular overlap model , to p-group compounds. Narrow 
abaorption ba.nds are only known in isol!!-ted a.toms such as thallium (0) formed by 
irradiation, and in the 6p2-system bismuth (l) known from molten salt.a [38]. In 
complexes having a centre of inversion at a contra;! atom being a. halogen or xenon 
in a positive oxidation state, it is possible (39J to make a. distinction between broad 
bnt wea.k barnh; dun t.o tra nsit,ionx from fil.lt•d. non- bnndin~ p-orbitals tn 1;1mpty 
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anti-bonding sub-shells, and the much stronger bands which can be classified as 
electron transfer. hti 

We already mentioned fairly localized 4/--+ 5d exciJ!ons in lanthanide compowtds. 
The transthorium M(III) and M(IV) have similar 5/--+ 6d transitions at somewhat 
lower wavenumbers. The compounds of tin (II) and antimony (III) have 58--+ 5p 
and of thallium (I), lead (II) and bismuth (III) as well as the mercury (0) atom 
68--+ 6p transitions [17, 40, 41]. The mixing of l-values may be rather serious, and 
Orgel [42] a1·gued from the stereochemistry that a distortion having cylindrical 
symmetry occw·s, mixing one of Lhc p-orbit-OJs with the 8-orbital. By the way, 
arguments can be given for a. similar mixing of d- and s-character in one orbital 
of linear (DL\:) complexes of copper (I), silver (I), gold (I) and mercury (II) [43, 44]. 
These cases, as well as the depletion of the electronic density of the filled 5d(3z2 - r2) 
orbital in the equatorial plane of PtCl42 by mixing with 68-character [45] are the best 
authenticated at present for l-mixing in chromophores. It may be mentioned that 
whereas the oxidation state of transition group complexes is determined by the 
number of electrons in the partly filled shell, it is evaluated by analogy in com-
pounds formed by elements outside the transition groups, and it is frequently useful 
to take stereochemical arguments into account [46]. 

When talking about the symmetry of a system, it is imperative to think about 
the time-scale of the experimont. The optical transition:-; in the visible and ultra-
violet are almost instantaneowi, and one obtains a picture of considerabl.v lower 
symmetr.v than the time-average oh"tained by X-ray or neutron diffraction crystallo-
graphy" n ha.a lwen recognizen for n lnng time that tht• weak intensities of apparently 
Laporte-forbidden d'I or /Q-tra.nsitions are dm· either to static deviations from a 
symmetry containing a centre of inversion, or to the accessibility of odd normal 
modes of vibration of the excited electronic state allowing a small admixture of 
electron transfer transitions, if these odd normal moclcs are not already thermally 
populated in the electronic groundstate. In solution or in vitreous materials, it is 
not easy to make a distinction between these two alternatives, and it is for instance 
striking that qµadratic palladium (II) complexes have unusually high intensities of 
their 4d8 inter-sub-shell transitions, and a comparison of the formation constants 
e.g. for Pd(NHa)2(H20)t2 [47] may suggest a tendency toward ci8-P<l(II)X2Y2 with 
inequival€lnt ligands and the symmetry C2v on an instantaneous picture. This is 
another way ot describing l-mixing to a small extent. Though it is true that refined 
crystallographic studies allow the determination of anisotropic vibrational average 
amplitudes and their variation as a function of the temperature, it i;i by no means 
easy to exclude that the high symmetry time-average masks a very low instantaneous 
symmetry [481. Further difficulties arise from formation of twin crystals or from 
neglect of weak reflections, both contributing to overestimating the local symmetry. 
Experiments involving electron or nnclear magnetic resonance involvo a time-scale 
intermediate between the almo~t in~tantaneou!l visible speet.roscopy and. 1-1ay. a 
millisecond, and it. i:-1 frequently found by varying the temperature of the sample 
that a distorted structure of low symmetry is detected by cooling, whereas a higher 
symmetry of time-average is found at higher temperature. 

The halicles f391 are in a certain sense in the oppoRite situation of the immediate 
post-tran>lition group elements in oxidation statrni corresponding to the ground 
configuration s2 .Thus, alkaline metal halide crystals have local cubic symmetry, 
and the solutions in water, alcohols, acetonitrile etc have almost spherical symmetry. 
In both cases, the three p-orbitals remain degenerate, and the only energy 8eparatiomi 
are due to relativistic effects. Tht-'re is little doulit today that the fin~t transitions 
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in bromide are due to 4p6-+ 4p55s and in iodide to 5p6 - 5p66s. At somewhat 
higher energy, the excited configurations 4p54d of bromide and 5p56d of iodide a.re 
observed [49]. Similar spectra can bo observed of t he isoelectronic krypton and xenon 
atoms in the gaseous state or in cool matrices such as solid argon or thin films of 
widiluted solid Kr or Xe. Whereas the excitation energies in fairly ionic bromides 
and iodides are remarkably indifferent to t he cat.ion pre8ent, the oxide."J vary quite 
a lot. Cs20 is orange, and BaO has the 2p6 -4- 2p53s excit a-tion already in the near 
ultra-violet at 32.8 kK, incidentally at nearly the same wavenumber a.a the corrt'.S-
ponding transition in the i>mtypic UaS an<l BaS11 f50] , whercaR oxides with large 
1\'Iadeluug energy ~uch a.1:1 lkO, Al:?Oa a11d 1'b02 aro tru.nsparent at much higher 
wavenumb~rs am.l are comparable to crystalline fluorides . Also in tetroxo complexes 
such as Mn04 and Re04 (51] the 2p --+ 3s t ransit ion haa so high a wavenumber 
that it has not beou detected. 'l'hiR i>i /1. fnrtior i. true for 0104, one of the most 
colourless aniomi. 

It cannot be argued that iodide looses a 5p electron to the solvent unless 
molecules are present with extraordinarily high electron affinity, such as Kosower's 
qua.ternary alkylpyridinium ions. Of course, the statement [39] about 5p-4- 6s transi-
tions in iodide or 2p-+ 3s in oxide does not mean that the radial function of the 
excited state is very similar to 6s of the neutral iodine atom or 3s of oxygen. 
It is only meant that the angular functi·on is almost spherically symmetric and at 
least 11as no angular nodes, and .hence, t he <t 6.s ~ orbita1 has further on to be 
orthogonal on the i011er shells ls, 2.s, 3.s, 4s and 5s of the iodine atom and on all 
filled orbitals of the surrounding i.;olvcnt moleoulcs or cations. Again, one must be 
cautious about the t irue scal1~. It may be that t.ho excited configuration 6p56s once 
formed decays slowly wjth t.he· transfC'r of an electron to the solvent either in the 
form of a solvated electron or in the later step consisting of evolution of molecular 
hydrogen. The photochemical aspects of the excited state should not be mixed up 
with the nature of the almost instantancomi exnitat,ion hy the ultra-violet radiation. 

Phillips [5l!J arp;1m:-1 t hat the energy band description iH suitable also in the case 
of opt il:u,l cxcit.ation of KBr or RbL rt i1:1 t ru1.' t.ho.t in sufficinntly covalent orystals, 
~uoh tLS AgRr. ZnO, t:dS and OdS, ,. or11i tiniill.v ob11m·v<11.i 1i rnobility of tlrn optical 
<~xcitation, and it is 1irguctl tlmt 1~i;r.ito11.~ can b(~ observ C1d oorresponding to Rydbcrg-
likc series just before the « fundamcntu.l i> absorption Pdgc. There is no doubt that 
excitons have been observed in On20 f53) and in vn.riou1:1 organic crystals: but on 
t.lw whole, their prtisetlll(\ ha.M bnC'n ovorc1:1timatc1l. Thu optics.I excitation of fairly 
ionic bromid<IS 1~nd iociidm-1 ja9, 411 j l'lonms to hn localized, aud the first 11tep of the 
excitation seems indeed to be appropriately described as 4p _. 5s and 5p~ 6.,, 
respectively. Then. the evolution wi t h time in t he following microseconds may be 
different according to the cations present. In alkali metal hu.lides. the exterual 
ionization energy, i.o. t he th reshoid energy for E instei n's photo-em.ission, is e.1most 
t he same as t he internal ionization energy, i.e. the t hreshold for photo-conductivity. 
In t he case of iodides, the two lower limits a re between the two first strong 
absorption bands and look suspiciously Jike 5p- 6p excitation. The situation is 
entirely different in typical semi-conductors such as elemental silicon a.nrl germanium, 
where the« energy gap» or lower limit for photo-conductivity is some 20 kK below 
the threshold energy for photo-emission. In metallic materials, the internal ionization 
energy is zero whereas the ext.ernal ionization energy is the <(work function 1> fre-
qncnt.}y lictwccn 20 n.nd 40 kK (l cV = 8.07 kK). It is by no moans clear whether 
the energy band model has a ny connection wit.h the ultra-violet t.pectra of alkali 
metal ho.lide crystals. Along t hi1:1 JirH· of thought, it must be realized that liquids 
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and vitreous materials do not possess energy bands (because they do not repeat 
a unit cell structure) but can be metallic, semi-conducting e.tc and show the same 
type of spectra as cryata.ls though the absorption bands usually are somewhat 
broader under equal external circumstances. It is quite conceivable that the (rather 
detailed) visible and ultra-violet spectra of thin samplcR of silicon or copper metal 
can be described by the energy band model; but there is also much evidence [M] 
that the absorption spectra of semi-conducting materials with a moderately large 
energy gap frequently can be ascribed to fairly localized kansitions. There is no 
contradiction in a localized excitation producing a photo-conductive situation; this 
may, for instance, be promoted by a slight re-adaptation of the internuclear diRtances 
around the defect introduced in the regular crystal structure by the opt.ical excitat.ion. 
One should not forget that the electronic dipole moment whose square contributes 
to the probability and oscillator strength of the transition a - b can only be 
obtained by the coexistence of the two orbitals a and b in our three-dimensional 
space. It is true that the « plasma » behaviour of the conduction electrons in a metal, 
or the near-infra-red absorption of « charge carriers » in non-stoichiometric semi-
conductors (such as brown CdO and T120a) can induce delocalized transitions; 
but it is probable that localized excitations are far more common than believed 
by many solid-state physicists. 

Electron transfer spectra are normally produced by a chromophore containing 
a reducing ligand X with low ionization energy of the highest filled orbital and an 
oxidizing central atom M having empty or partly filled orbitals with a high f'leotron 
affinity. The existence of such transitioni; was already recognized by Rabinowitch [66] 
and Linhard and Weigel [56], but obviously, their theoretical treatment could not 
be fruitfully developed before the understanding of internal transitions in partly 
filled shells. A numerous and coherent class of complexes having electron transfer 
bands is the octahedral hexahali<les MXtz-6 containing the central atom M in the 
oxidation state+ z [67]. The treatment has been further refined [68) taking relativistic 
effects in the ligands and ligand-ligand anti-bonding effects more explicitly into 
account. The identification of the individual symmetry types of X& orbitals has been 
slightly modified (59) using tho ]i'(t,raday e.ff ect, i.e. the optica-1 activity induced in the 
complex by an external, strong magnetic field. The colourless cations A in AzMX6 
induce a. moderate shift of the electron tmnsfcr bands of M.Xij (of t he 5d group) 
which can be interpreted as a small variation of the M - X distance [60] like in 
Drickamer's high-pressure experiments [20] where the shift toward lower wavenumbers 
indicates increasing inter-ligand anti-bonding. The numerous energy levels for M = Os 
and Ir have been further parametrized [61). 

It is rather surprising that the wavenumber of the first Laporte-allowed electron 
transfer band varies so regularly with the halide X- and with M in a definite 
oxidation state. One would have expected that the Madelung potential would have 
a strong influence on the excitation energy of the halide ligands, as it actually hall 
to a certain extent on oxides [62, 63). However, it is possible [1] to intt·oduce the optical 
electronegativity Xopt from the regularities in the hexahalide electron transfor spectra 

<Jcorr = (Xopt(X) - Xopt(M)] . 30 kK (5) 

where <Jcorr is the wavenumber of the first Laporte-allowed band corrected by sub-
traction of A in the case where the transition goes to the higher, anti-bonding 
sub-shell, and also corrected for the (numerically rather minor) effeotR of t.hl' Apin-
pairing energy (2). The optical electronegativities of the halides are 3.!l of F . 3.0 
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of Cl-, :2.8 of Hr- and 2.5 of I- coinciding with Pauling'1:1 values with the choice (5). 
The concept can be extended to other ligands; thus Xnpt = :l.5 for H20, a.round 3.2 
for most other oxygen-containing ligands inclUtling the immewhat indefinite value 
for oxide, :~.a for N Hs but 2.8 for N3 anJ around :!..7 for sulphur-containing ligands [64] 
The variation of Xapt as a function of t.he central atom i8 l~xtremely regular; under 
equal rircum8tances, it decreatieH ad > 4d > Gd, it increases M(JI) <{ M(III) < 
M(IV) < M(V) < M(VI), and it incrnases linearly with the number of d-electruns 
(or with the atomic number, if one prefers) in a Requcnce of M having a comitant 
oxidation state in a definite d-group [2]. The topic of electron transfer spectra has 
been reviewed recentl:v [65]. 

Tetrahedral tetroxo complexes MOt'·~s [51, 66] and tetrahalides MXt•-4 [67, 68] 
also show conspicuous electron transfer spectra from which optical electronegativities 
of the central ions can be derived. It has sometimes been a difficulty that the 
dq-transitions can be nearly as intense as electron transfer bands because of the 
lack of a centre of inversion. Surprisingly enough, the 3d5 t,ransitions of FeX4 and 
3d7 of CoX4- do not suggest that the complexes possess the full symmetry Ta [39] 
but rather show small deviations cdue to l-mixing?) on an instantaneous picture. 
Post-transition-group rf.lO complexes. both octahedral Sn (IV), Sb(V) and Pb(IV) [57, 69] 
and tetrahedral Hg(II) and Tl(Ifl) [70] halide complexes show electron transfer from 
tilled M.O. maiul.v Hituatecl un Lhe ligands t.o the empty 8-orbital mainly localized 
on the central atom. However, in such cases, no sharp <lii;tinction can be drawn 
from Rydberg trarnsitions to an extended orbital with no angular nodes such as 
known from CBr4 . A further complicat.ion occurs in alkyl iodides such as CHsI where 
an electron tran1>for band (broad and weak) from 5p to the 3s-Iike Rydberg orbital 
centered around the adjacent carbon atom occun; at a lower wavenumber than tho 
internal 5p--+ 68 excitation of the iodine atom [3D] . When studying tetrahedral 
ZnX4-, Bird and Day [71] detected vory strong absorption bands which may either 
be l{,ydborg transitions or, more probably, internal p--+ .~ excitation of the halide 
ligands. Similar effects are observed l?:!] in PtBr52 and PtI52 . 

Quadratic d8 tetrahalides formed by Pd(II), Pt(II) arid Au(III) have electron 
transfer transitions fo the empty (x2 - y2) orbital remarkably similar to those of 
low-spin d6 hexahalides [17, 66l TherP is little doubt that the quadratic 5p2 system 
ICl4 has an Plectron transfer band at lower energy than the comparable XeF4 [39] 
showing that the difference between the oxidizing character of iodine (III) and 
xenon (IV) is smaller than the difference between the excit.ation energy of fluoride 
and chloride ligands. 

Elect.ron transfer bands of 4/-group complexes were not studied systematically 
before bromidfls and dialkyl dithiocarbamates were measured in ethanolic solution [73] 
The variation of the wavenumbers for a given ligand 

4/6 Eu(JIT) < 4f13 Yb(III) < 4/5 Sro(III) < 4/l~ Tm(III) < ... (6) 

cm-responds to be uncorrected optical electronegativitie8 Xuncorr evaluated without 
corrections for phenomenological parameters of interelectronic repulsion and for 
relativistic effects. The similarity between 4/q and 4f7+q is mainly due to the spin-
pairing energy (2). The series (6) is the same obtained for the decrea.~ing standard 
oxidation potentials of the corresponding M(II) aqua ions. Mixed oxides rontaining 
4/-group M(III) [711] and M(IV) [62] also show distinct electron transfer bands. This 
is also true for the green ytterbium (III) cyclopentadienide Yb(C6H15)3 [76]. Hexa-
halide complexes can be studied in acetonitrile solution of the 4/ l76J and the 
5/-group [77 J. The best known dcrtron transfer band of a 5/-complex i!l the transition 
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from a combination of oxide 1T-orbitals having ocld pi~rity to the empty 5/-sbell of 
the uranyl ion, linear OU0 +2 [78]. '!'he luminescence of this transition, showing an 
extended vibrational progression, attracted eu.rly atte11tion and led to the somewhat 
accidental discovery of the radioactivity of uranium. The C'XCited state lives for 
about a millisecond and has very spectacula1· photochemical propert.ies; thus, it 
tends to knock off small fragments of organic molecules much in the same way a 
ionizing radiation. Quite recently [?9] , electron transfer bands have been observed 
of microgram quantities of californium (III) and einsteinium (ill) bromide complexe.s 
iu ethanol indioat.ing a position just after and just bt'fore ytterui um (IIf) in series (6). 
It is known from tracur oxpurimt•nts that mnnclolcvium (Z = 101) and 110!.){llium 
(Z = 102} are readily reduced in aqueous solutions to Md(II) and No(rf) . ft is 
possible to djsouss the behaviom· of t.hc five tramiition gronps in termR of the slope 
of x0.,~ (or th<' stn.11d1trd oxidat.ion potmitial) aoross a. given trn.m;il:.ion group (80 1 
a.nd ucoau11e of the highor ( r ) for Liu: partly filler! l:!holl ia the 5/ group tho.11 in the 
4/-group, the oxidation sta.tcs tend to got high in the ueginn..ing, awuud Pa and U, 
and low at the end. The general qum;tion of the choice of oxida.tion sta.ttis by a. given 
transition group element can be related to much spectroscopic evidence [2, Bl]. 

When the ligands have low-1.viog empty M.O., ·inverted electron tramsfe1· transitions 
can be observed when the central at·om is sufficiently reducing, having a.low ionizittion 
energy. In actual practice, such transitions occur on ly in ·the case of conjngated 
organic ligands. Williams [82] dcmonsf..ni.ted that red colour/i of iron (II) u.nd orange 
copper (I) complexes of dipyridyl, phenanthrolinc etc. are due to such in vei:ted 
transfer. The 3d-group acetylacetonates [83] can be described by a. theory where both 
normal (having Xop~ = 2.7 for the ligand) and inverted electron trnnsfer bands occur. 
Many other organic ligands a.re in the same situation [M]. However it may be noted 
that non-conjugated cr-bonded organic ligands such a.s a.JJ...-yl and phenyl groups, like 
hydride, do not produce normal electron transfer bands before an unusually high 
wavenumber, and that inverted electron transfor has not been observed witlt tho 
possible exception of M(CsHs)s (M = N, P, As, Sb, Bi) having, a lone-pa.fr and a broad 
band in tbe ultra-violet [84]. This question is connected wit,h the empty cl-orbitals 
ofM conceivably boing involved in chemical bonding. On the whole, the spectrm1copic 
evidence is against such valence-slrnll expansion r84]. 

Electron tri111sfor bands can be rc~oognized when the oxidation number of the 
centra.J atom is wcil-defined [2]. If the o:>..idation number decrf'a.ses by one nnit in the 
excited state, wo have normal electrnn transfer, and if it inr.renses one unit, we 
luwn iavnrtcd 1·l0ctron tram1fer. vVo lmvn cliscu.~ii<'d t.lw vnrious 11 xcitn.Lions rou~hly 
in tho ordnr of incrnusiug tendenc.v tnwt~rcl clul1wali:rntion. All jo ttnd Lhrn•1· of thu 
(l'2-tra.nsjtions which am intra-sub-i>lwlJ t.rani;itions prodnCtl nal"l'o\\I absorption bancfa. 
This is also possible outside thQ transition groups ; thus, the blue co.lour of liquid 
oxygen [85] its clue to na.now band1; produced by the simulta.ncous (Rpin.forbidden 
S = 1-.. 0) intra.-sul>-sheU tmnsiLio11s in two adj1icont 02 molocules. The inter-sub-
shell aQ an<l pq transitions, aud the various/.- t' transitions such as 4/- 5d , 5f- 6d, 
5s -+ 5p, 6.s -+ 6p and 5p-?- 6.s all leave the oxidation state of tho centml a.tom 
unchanged. On the other hand, the~ genuine electron transfer transitions do not have 
even a. remote analogy in atomic spectroscopy. 

In chapter 3, we return to the situation of ~lect.ron transfer between rela.t.ively 
distant atoms in solids and liquids. We may just mention that the excitation 
energies observed as electron tramifer bands do not neces.<Jarily correspond to 
ioni7.ation energy differences between M a11u X because of eq . (4). Aotua.lly, it ia 
quite conceivable that the ionization 1.mergy of the d-like orbitals in FeBr~ or Os10-
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is larger than of the loosest bound M.O. mainly situated on the reducing ligands, 
since J(b, b) may be considerably larger than J(a, b).The 4f-shell of Yb(C5Hs)s almost 
certainly has a larger ionization energy than the loosest bound linear combination 
of cyclopentadienide orbitals which seems particularly influenced by inter-ligand 
anti-bonding [75]. Unfortunately, very little solid-state photo-electron spectroscopy 
of transition group compounds has been reported at a so relatively low energy as 
to include ionization of the partly filled shell, and only a few gaseous compounds 
such as vapourB of WF6 [65] and Fc(C5H6)2 (6] have beeu studied by photo-electron 
spectroscopy. 

3. ELECTRON TltANSFElt BETWEEN DISTANT ATOMS 
AND COLLECTIVE EFFECTS 

It has been recognized that anomalous long distance between a reducing and an 
oxidizing atom increases the wavenumber of the electron transfer band, presumably 
via the mechanism (4) where J(b, b) remains as an essentially intra-atomic quantity (1) 
when J(a, b) vanishes. At the same time, the intensity decreases dramatically because 
t.he square of the electric dipole moment of the transition vanishes if the <1 squared 
overlap » f)i;lji2d-r is zero, i.e. that the two orbitals a and b co-exist nowhere in 
our three-dimensional apace. Thus, Linhard studied ion-pairs between cobalt (ill) 
complexes tmch as Co(NHa)t3 and iodide and found a weak, broad electron transfer 
band at about 10 kK higher wavenumber than of the complex Co(NHs)~+2. The 
concept of anisotropic complexes has also been introduced baaed on the existence 
of uranyl complexes U02X~(2-N having unusually long U - X distances in the 
equatorial plane and apparent optical clectronegativities of X- 0.5 unit lower than 
normal. Some of the literature has been reviewed [39]. 

One may iuquire into the consequences of a reducing and an oxidizing metallic 
element simultaneously being present in s. compound. The colours of silver (I) salts 
a.re frequently unexpected; thus, yellow Cr042 forms red Ag2Cr04 and purple MnO; 
blue AgMn04. The latter compound syncrystallized in colourless AgRe04 [60] has a. 
new, broad band in the red which can be ascribed to Ag(4d)- Mn(3d) electron 
transfer. Delepine had· also noted the peculiar fa.et t hat orange-brown IrC102 forms 
de.rk blue AgzlrCl6 and dark green T12IrUla [86]. Whereas the colours of purple 
K 2IrC16 and brick-red CszlrCI& are caused by a moderate shift toward lower wave-
numbers of the usual electron tre.nsfer bands of the anion, the unuaue.l colours of 
the silver (I) and thallium (I) salts are due to a new, broad band at lower wave. 
number (to the extent of some 5 kK) e.s is also true for ae.lts of OaX02 and 
ReX62 [60] . 

From a chemical point of view, it may seem surprising that Ag(4d)- M(5d) 
and T1(68)- :&-i(5d) should be among the be1::1t known cai;e8 of electron t.ransfer between 
atoms of two metallic elements because many cations are far more reducing tha.n Ag+ 
and Tl+. However, this may be an effect of Franck and Condon's principle combined 
'vith the fact that most cations a.re protected by a layer of st;rongly coordinated water 
molecules. Actually, it is not quite easy to see from where the oscillator strength 
comes, becausH the <1 squared overlap» would be expected to be ra.ther small. The 
phenomenon that X = Br pushes the wavenumber of the new band down by some 
6 kK compared with X = Cl and hence, that it accompanies the normal electron 
transfer bands of MX62, might suggest that the 4d-orbituls of the silver (I) or 
6s-orbital of thallium (I) get mixed up with tho loosP.St bound M.0. of the anion. 
The same phP.nomenon is observed in the even strang~r cases of antimony-doped 
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A2SnCie (becoming dark blue) and A2SnBra (becoming <lark retl, in both cases having 
two new absorption bands) [871. It is now known that in<lividual entities SbXij3 and 
SbX6 having different Sb - X distances occur in these crystals, and the two new 
bands are undoubtedly due to electron transfer SbIIISbV-+ SblVSbIV having two 
systems each with one 5s-like electron in the excited state. H is not quite easy to 
see why this state is not the groundstate, and one has Lo invoke the import.a.nee 
of adiabatically re-arra;oged internuclear distances and the ~ vertical ll nature of the 
almost instantaneous excitation by the visible light in order to explain why the 
wavenumber is not zero. Such materials are said to be electronically ordered; the M.O. 
are not delocalized in such a way as to introduce serious doubt about the oxidation 
state of each individual antimony atom. Again, it is not easy to see from where the 
oscillator strength comes; the cubic crystal A2M:.X6 has such a crystal structure that 
the shortest bridge between two M atomH gom; through two consecutive X atoms [86]. 
It may be noted that the compound SIJIIISIJV04 contain::i crystallographically 
highly inequivalent Sb(III) and Sb(V); but this mu.torial is colourless. 

The dark blue Ce1-xUx02 cryHtallizing in the fluorite lattice like very pale 
yellow Ce02 and red-brown U02 wa~ originally lSBJ thought to involve an unusual 
situation of «valence oscillation» but it. is more plausible [2] that this material is 
electronically ordnrml containing Ce(IV) and U(IV) in the gronndtitate and the 
U(5/)-+ Ce(4/) trnn:-iition producing t.hc excited state Ce(III) and U(V). A comparable 
example, a.nu one of the oldest known strongly coloured complexes, is Prussian blue 
KFell(CN)6FoTU having a cubic crystal structure containing equal amounts of low-
spin (S -= 0) lt'c(IT)Co nn<l hi~h-spin (8 ri/2) Fo(IIT)No wlwre tho eh~ctron t.rantifer 
FellJ!'ellL-+ J!'cilltfoH procl11cllS t.lw s t n>UI-( Lmnd. wlwn~a8 purple KH.uII(CN)6FeIII 
1:1hows the tran8ition RuIIFelIL_,. H.uIIIFell LSOJ. 8imilu.r ckctron transfor band1:1 have 
been reported [90] of cobalt (II) and copper (II) hexacyanoferrates (ll). '£he dark 
red colour of the uranyl compound K2U02Fe(CN)6 must have a similar origin 
FeIIUVI-+ FeIIIUV. It is quite diagnostic that comparable hexacyanocobaltates (III) 
do not show such electron transfer bands. On the other hand, tho thallium (I) 
hexacyanoferrate (III) TlsFe(CN)s is dark coloured because of TlIFeIIL,... TlIIFeII 
in analogy to the salts of oxidizing hexahalidc complex anions [91]. 

Robin and Day [92] have written an excellent review about the strong colours 
connected with mixed oxidation states. Most of these materials seem to be electronically 
ordered, though a few disordered caRPR such as Fe30 4 are essentially black with very 
broad absorption both in the infra-red and tlw visible. rt is a well-known fact from 
geology that most minerals anrl rock:-; urn gre.v or black due to the simultaneous 
presence of iron (II) and iron (III). In a, fow cases, for instance in slightly oxidized 
vivianite (of which the stoichiometric form is Fes(P04 )2, SH20) bright blue colours 
are obtained. The finite wavcnumbcr in the range 10 to 16 kK of the corresponding 
FeIIFeIII-+ FeIIIFeII electron transfer band origina.tCls in the crystallographic non-
equivalence, iCby no other reason, by shorter FeIIIO than FeIIO distances. Many 
PtIIPtIV and AuIAuIII compounds are strongly coloUTed for 8i.milar reasons, and 
it is quite characteristic that such absorpt ion bands frequently are highly dichroic 
in polarized light. Apparently, black Prllrprrv and EuHEum compounds involving 
mixed oxidation sta,tes are formed by the lanthallides, again raising the somewhat 
embarrassing question of the origin of the oseillator strength . 

It should not be neglected that stoichiometric compounds in a fow cases are 
known to have strong absorption bands which can only be ascribed to collective 
effects. Thus, Clark [93] made a carPful study of the reflection spectra of many 
d-group halides, both binary MClz ancl double Ralts AxMClx 1.2• In most cases, Clark 
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confirmed previous findings [94] that terminal and bridging halide ligands have 
almost the same spectrochemical effects. Thus, the perovskites RbNiCI3, CsNiC13, 
N(CHs)4NiCls and the anhydrous NiCl2 have all the absorption spectrum characteri-
zing the octahedral chromophore Ni(II)Cl6 and showing only a minor variation of 
the sub-shell energy difference .6.. However, anhydrous TiC13 , TiBr3 and ZrC13 have 
very strong absorption in the visible, which can best be described as an excitation 
of the 3d electron to a highly delocalized « conduction band ». It is interesting to 
compare with the dark violet titanium (III) tris (acetylacetonate) having an inverted 
electron transfer band [83]. 

The question of electron transfer between idenf.ical and equivalent atoms reminds 
one about Pauling's description of lithium metal as a resonance involving Li+Li-
and Li-Li+. Actually, if a hypothetical crystal (like Li+H- ) is assumed to consist 
of Li+Li- it has a calculated heat of formation not much less negative than that 
observed for lithium metal. A comparable situation occmrs with iodine molecules 
having a low-lying empty M.O. and their adduct.'> wi th molecules having low or 
moderate ionization energy. Such «charge t ransfor » complexes arc known both in 
solids, in liquid solution and in t he gaseoufl state, and they have a qui te characteristic 
electron transfer band. However, even the solution of iodine alone in carbon tetra-
chloride also shows 1mch a band at 34.1 kK which does not follow Beer's law but 
has a molar extinction coefficient proportional to the iodine concentration [95). 
A consistent explanation is that this band is due to the electron transfer from one 
constituent of a loosely bound dimer (I2)2 to the other. Under these circumstances, 
it is not difficult to understand why crystalline iodine is suspected for disproportion-
ating to a small extent into I 1 I:;- and other species supporting the observed electric 
conductivity. 

This type of collective effect, may be described as metallicity in the excited 
state. However, one should not apply the energy band model without a certain 
critical sense. There is more between Heaven and Earth than the solid-state physicists 
dream about, and it would be useful if some chemical argumentation might penetrate 
this type of discussion. It may also be worth attracting the attention to the 
imaginary part of the complex index of refraction. This imaginary pa.rt is inversely 
proportional to t he average length of penetration of monochromatic light with a 
given wavenumber, and it is hence proportional to t he sum of the molar extinction 
coefficients of the species present mul tiplied by t heir concentration in moles/litre. 
Since many solids have high molar concentrations, thi !1 imaginary part can become 
quite large and produce spectacular effects of highly anisot.ropic, and even metal-
like specular, reflection in the strong absorpt ion bands. It is e.mphasized t hat crystal-
linity ~s no condition for this dfect; liquid bromine has a green metallic re.flectance. 

Indirect collective effects are, for instance, the p:re.en colour of Magnus' green 
salt [Pt(NHs)4] [PtCi4] whern the constituents are a colourless cation and a straw-
berry-pink anion. However, Day, Orchard, Thomson and Williams [96] gave con-
vincing arguments that the 5dB transitions of the anion simply were shifted toward 
lower wavenumbers, and that the intense colour is due to high molar concentration 
in the solid and somewhat increased molar extinction coefficient. Anex et al. [97] 
found an intense band in the ultra-violet which ii:; com parable to the very intense 
band of soli<l salt s of Pd(CN).;2 and Pt{CN)42 which has been extensively studied 
by many aut hors, especially in LicgA and in Paris. T he luminescence in t he vi1:1 ible 
from this excited state depends mnch on a minor variat ion of the conditions, such 
as the nature of the cat.ion or thn number of water mokcules of hydration per unit 
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cell. A major constituent· of the excited orbital seems to be 5p(z) or 6p(z) orbital 
perpendicular on the plane of the tetracyanide anion. 

With the exception of compounds showing such large-scale deviations from the 
principle of additivity of ionic colours, tbe collective effects a.re usually very weak 
in d- and /-group compounds. However, spin-forbidden transitions tend to intensify 
if the concentration of a cl-group ion in a mixed crysta.l is increased. Thus, Lohr 
and McClure [98] pointed out that the 3d5 transitions S = 5/2-+ 3/2 in manganese (II) 
compounds a.re far weaker in the case of isolated chromophores Mn(ll)Xa than in 
the case of bridged structures MnXMn. The :3d8 transitions S = 1-'>- 0 in nickel (II) 
intensify as a function of increasing x in the mixed crystal Mgi-xNixO [99]. However, 
when the Neel temperature, the higher limit of anti-ferromagnetic behaviour, is 
passed for a given value of x, no spectacular spectral effects are observed. It is 
not even true for undiluted NiO that it llali a particularly pronounced nephelauxctic 
effect, such as is the case for green Cr20s compared with the red ruby (18, 100]. Only 
extremely subtle spectroscopic changes accompany the anti-ferromagnetic coup-
ling [5, lOl] though they have been detected in pairs of Mn(II) in ZnS [102). 

A distinct, but rarely detected, collective effect is simuUaneous excitation by 
one photon of two adjacent systems. This should not be confused with the recently 
discovered non-linear optical effect (in very high light intensities) of two photons 
inducing one excitation. Linz an<l N(lwnluun (103] pointed out that CrOCr pairs in 
ruby have a set of narrow ab1:1orption bands ii1 the ultra-violet which can be 
ascribed to simultaneouis intra-sub-shell 1:1pin-fol'bidclcn h'ansitions S = 3/2 ~ 1/2 
as also known [104) from the highly anti-ferromagnetic b]ue « l>nsic rhodo » complex 
(NHa)5GrOCr(NHs)t,4 and in a variety of other bridged X6CrOCrX5• From a quantum. 
mechanical point of view [S], this phenomenon can be understood by the simultaneou" 
excitation not being spin-forbidden in the total system having S = 0, l, 2, 3 of th 
groundstate at slightly different energy. However, this argument cannot remove 
spin-forbiddenness by sheer magic ; it is ncce,'3-<iary that a non-negligible interaction 
occurs between the two sub-systems. We have alr<:iady mentioned the interaction 
between two 0 2 molecules in liquid oxygen [85]. 

Another interesting a.spect of t he weakness of long-range interactions when 
studied by visible spectroscopy of the solid state. is the rare observation of c<>-excif.ed 
t•ibrations of distant molecules . .Piper and Koertge [105] demonstrated the weak co-
excitation of the 0 - H stretching frequency in Ni(H20)~2 by deut;erium substi-
tution; and C - H and 0 - H frequencies are co-excited with a narrow intra-
sub-shell transition in OsClij2 in various solvents [l06]. However, these co-excited 
vibrations are extremely weak in both cases. Regarding the geu_era.1 question under 
which circumstances vibrational structure belonging to M - X frequencies (usually 
the totally symmetric stretching normal mode) can be detected, it is quite frequent 
in intra-sub-shell transitions, e.g. in ReCla2 [107] and OsC102 [106] as well as in solid 
chromium (III) compounds [14] and in the isoelectronic l\foF02 (108]. It is much rarer, 
even by cooling, in inter-sub-shell tmnsitions. The electron transfer band of uranyl 
complexes shows clear-cut vibrational structure, like many of the electron transfer 
bands of tetroxo complexes [51). It is favoured in the case of oxide and fluoride 
ligands because of the higher force constant and low ligand miiss increasing the 
stretching frequono.v. Apparently, some i:ldl transitions in vanaci.yl complexes show 
beginning vibrational structure, and it is pre.<iont bo.vo11d doubt in the first spin-
allowed 3cl0 transition of the red low-spin NiF62 recently shown [109, llOJ to have 
the spectrum predicted ten years befora [ 108]. In the rather spE!cial case of octa.hedral 
4/-hexahalides, the purely electronic transitions are almost, abgent (76] a.nd one 
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observes only the co-excitation of one quantum of one of the three odd normal 
modes of vibration. This is also true for UOliJ2 and UBr62 [ill]. 

Very few transition group compounds are sufficiently volatile for having had 
their spectra measured in t.he gaseous state, with exception of neutral hexafluorides 
such as IrFo. De Kock and Gruen [112] studied gaseous, linear 3d-group dihalidee 
XMX h11.ving both characteristic dq and electron transfer transitions with vibrational 
structure. Interestingly enough, the visible and ultra-violet absorption spectra are 
almost the same [113] when the triatomic molecules are trapped in cool matrices 
suoh as solid argon. Diatomi0 monoxides and monohn.lides MX have somowhat Iese 
chemical interest; the gro1111dHt,n1.t1 nnrl mu.uy of t,ho Jowm· oxuited iitntos belong to 
M.O. con£gurationa of the 3dq-4s or 3da-248l! typo .like the n1mtral M a.torus [IMJ. 
The M.O. description of diatomic molecules has been further reviewed [2, 39J. 

Going in the direction of simpler species, isolated atoms have been much 
studied in oool matrices. The easiest a.toms to hanrllc are xenon showing 5p6- 5p56s 
and 5p55d transitions and mercury a.toms showing 6s2- 6.96p transitions [2] but 
also alkali metal, manganese and several other a.toms can be studied. 

Rewrnmg to more normal states of condensed matter, the question of 
approximate additivity of electric polarizabilities in solid compounds and aqueout1 
solution has attract.ad much attention recently [115,116, ll7]. This problem has the 
entirely practical connection with solid-state spectroscopy that the (real) index of 
refraction is directly connected with the molar concentrations and polarizabilities. 
Further on, it is a quite interesting theoretical subj.ect because it is connected with 
the huge amount of oscillator strength co11centratcd in the far ultra-violet and soft 
X-ray region. 

CONOLUSIONS 

This paper is to a certain extent tertiary literature in the sense that it is a 
review of reviews. The various types of excitation of solid samples a.re a very 
heterogeneous colleotion , going from phenomena almost belonging f.o atomic spec-
troscopy snob aR the narrow nhsorption banrls of 4./-group compouncis over the 
speotra of d-group complexes tri•ntnd by ligand field theory and the angular overlap 
model and then to z- l' inter-:,iholl transitions and normal and inverted oloctron 
transfer bands, finally arriving at collective effects characterizing almost metallic . 
bonding. It has only been possible to allow a small space to each relevant subject, 
and for inRta.nce, the organic ~charge transfer complexes» consisting of organic 
molecules with a low ionization energy and of molecules such a-El I 2, TiCl4, tetra-
cyanoethylene, etc. having a low-lying empty M.O. with relatively high electron 
e.ffi.nit.y h11.vA not. heAn trP.si.terl Btrong .,hemi.,al bonrH11g is not !'..!we.,ys 11b!!!~!lt· ;., 
apparent <1 charge transfer complexes ~; thus Fe(CsHs)z, C2(CN)4 definitely is a mole-
cular adduct with an electron transfer band at 10 kK [US] and the groundstate is 
not a ferricinium Fe(CsHs)t salt of the anion C2(CN)4 though the latter anion can be 
formed in solution with mild reducing a.gents [llll]. Actually, the crystallography of 
the platinum complex Pt [(',z(CN)1] [P(CiaHs)sh iR Ro complica.t.ed [120) that one may 
discuss [2] whether it is a three-membered ring involving a platinum (II) complex 
of bidentate C2(CNl42 or whether the central 0 - C bond has been stretched so 
much that t he complex has two unidentate C(CN)2 ligande. Anyhow, it is not a typical 
olefin-complex like Zeise's anion Pt(G.!H4)Cl3 because the four ON groups are no 
longer coplanar with the central CO. 
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It has been argued by many authors that the electron transfer spectra are far. 
less understood today than internal rlq or fq transitions. However, this is much less 
so for well-characterized classes of complexes such as the hexahalides [65] where the 
group-theoretical arguments appropriato for octahedral symmetry can be applied. 
Actually, the electron transfer bands are perhaps of greater interest to the cltemi8t 
than other transitiomi because t hey give a quantitativ0 measure of how oxidizing 
is the central atom and how reducing the ligands on an instantaneous time-scale, 
following Franck and Condon's principle. The mononuclear comple.xes with only 
one central atom have been studied quite completely, at least as far aa inor-
ganic ligands go, but a fertile area for future work seems to be electron transfer 
between relatively distant atoms of metallic elements, such as the silver (I) and 
thallium (I) salts of oxidizing complex anions, as discusse.d hero, or the cyanide 
complexes of two different elements. A special ca.se is the colours of mixed oxidation 
states of the same element where the finite wavenumber of the trn.nsition is due 
exclusively to different internuclear distances. It is rarely the case that« something 
is v.rrong » with the groundstate of such systems; most frequently, both. the excited 
and the ground levels have a well-defined [2] but differing distribution of oxidation 
states as exemplified by FeIIFelli--+ FeIIIFell and SbIDSbV--+ SbrvSbIV transitions. 

As a personal remark, the wl"iter may add that when he wa{I first invited to 
drink tea in Professor Jannik Bjerrum's laboratory in Copenhagen, in 1950, literally 
nothing was known about the origin of the fa.et that most tr&nSition-group oompounds 
are coloured. Only a few excited levels of lanthanides were identified, and there 
wat-1 not even a bad theory available for the d-groups. The evolution of t his subject 
tho last twcnt.v years has a.lmost exclusiv(lly bi~en imluction from expC1rimcntal data 
and group-theoretiC'al engineering, whereas attompt1:1 to quantum-meohanioa.l cal-
culations ha.ve been r&markably i1wtfootive. This flit.nation is anal0gous t-0 t he develop-
ment of atomic spectroscopy between 1920-30. The electron configurations das8ify 
correctly tQ.e symmetry types and approximate order of energy of the m,a;nifold 
consisting of the groundstate and the discrete excited levels [2]. This is why one 
cannot « ameliorate » the wave-function of the groundstate of the helium atom by 
allowing two different radial functions (say, corresponding to the Slater exponents 
1.1875 and 2.1832 rather than the conventional value 1.6875) without loosing the 
advantage that aU the excited le,rels known can be de~mribed by one-electron sub-
stitution in the preponderant configurations (L~)l(nl)l . This, and t.he unsn.tisfactory 
behaviour ofM:.O. configurations for large internuclear distances, are the main reasons 
why the energy band description is of very little use in non-metallic crystals. Th 
excitations studied by visible and ultra-violet spectroscopy, as well a.s by X-ray 
and photo-electron teohniques, a.re locaUlzed far more frequently than a"9sumed by 
somebody believing in the energ_v band model. It is true that a closed-shell anti-
symmetrized total wave-function u.llows the individual orbitals to be re-written 
according to an a.rbitrary unit.a.ry trn.nsformation. The only trouble for this argument 
is that the t rue wave-fw:iction i.~ not a well-defined confignration in the sense of one 

later determinant. The choice of the most suitable basis of orbitals (colloquially 
speaking being the eigen-fnn~tious of a Hartree potenti.al) in the preponderant 
ele<'kon co11fignration is the art of quantum--chemical taxology. Knowledge of botany, 
Byzantine t heology, and realizing the short average half-life of Rcientific thP.oties, 
can be an excellent preparation for the spectrmicopist walking unprotected into t.his 
no-man's land between phyllics aml chemistry. 
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