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ADVANCES IN THE KNOWLEDGE OF THE ELECTRONIC 
STRUCTURE OF COORDINATION COMPOUNDS FROM 
PHOTOELECTRON SPECTROSCOPIC TECHNIQUES 

CLAUDIO FURLANI 

In this conference, which has been devoted to the progress and future 
perspectives of coordination chemistry. the impact of new investigation 
techniques on our knowledge of the structure of coordination compounds 
has played one of the most important, even if not. in the author’s opinion. 
essential roles. In fact, the most significant advancements in this field are 
due mainly to the introduction of new concepts and models such as the 
Iigand field model, or the correlation of optical and magnetic spectroscopic 
data with electronic structure, and of reaction mechanisms with the nature of 
coordination bonds, rather than to new experimental investigation tech- 
niques, The latter have proved, however. extremeIy valuable in supplying 
proofs and validity tests for theoretical models. in monitoring new develop- 
ments both in the theory and synthesis of coordination compounds, and in 
suggesting and clarifying links to other branches of the physical, chemical, 
and biological sciences. 

In this respect, the impact of photoelectron spectroscopy has been, in the 
author’s opinion, the most important and most spectacular one in the last 
ten years, and is probably the most promising for the next ten years. This 
technique (Fig. 1) owes its success to the inherent simplicity of the investi- 
gated physical phenomenon (the collision of a photon of energy hu larger 
than the ionization threshold with a systemM containing bound electrons) 
and to its deep and intimate relationship to the electronic structure of the 
target M 

M+hv-M,?t-e- 

/IV = 1-E.; + Ekin.r- 

In the gas-phase 
are normally used 

version of the technique (UPS), where hard UV photons 
(e.g., He 2p ---, Is at 21.22 eV), ionizations consist of 

elimination of one electron from filled molecular orbitals of the valence shell 

(- - 10 to -20 eV), and the measured ionization energy is related to the 
orbital energy of the latter, thus giving perhaps the most direct evidence for 
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M+hv- M’+d 

hO = I_Li+Ekin 

a) XPS rlr ESCA (hv=AIG = 1486.6 CV : M=solid) 

hvw ‘-@ @ 
l 

II) UPS 01 PES ( hv = tit;,,_rs = 4&81 f+ : M = gas 1 

Fig. I. Basic features of photoelectron spectroscopic techniques. (a) XPS measures (b.e.); of 
inner core pseudoatomic orbitals &, and chemical shifts due to inter- and intramolecular 
potentials, and hence determines atomic charge distributions (note limited escape depth of 
photoelectrons. hence surface technique). (b) UPS or PES measures b.e. of filled molecular 
orbitals (valence shell), and determines relative energies of moiecular ions M: (exactly), or 
orbital energies of M in the valence shelf (approximateIy)_ 

the experimental characterization of molecular orbitals. In the XPS version, 
where soft X-ray photons (e.g., Al Ka! at 1487 eV) are used on solid samples, 
ionization consists of ejection of one electron from inner-shell orbitals 
( - - 50 to - 1200 ev). These are pseudoatomic in character and their 
energy depends on a small but measurable chemical shift due to the atomic 
charges localized both on the ionized and on the neighbouring atoms (in 
other words on the electric potential felt by the photoelectron before 
ejection, and generated by both intra- and interatomic charges), and is 
therefore related to the net atomic charges. This again represents an almost 
unique chance for the direct experimental evaluation of the latter quantities. 
More generally, the electric potential of the chemical surrounding affecting 
the measured XPS ionization energies (or binding energies, as they are 
currently called) depends on the nature of the chemical surrounding itself, 
including solid-state effects. 

Thus the possibility of getting close to a direct experimentai characteriza- 
tion of such important quantities as the energy of molecular orbital levels 
and atomic charge distributions within the coordination sphere, with obvious 
implications of significant validity tests and systematic concrete applications 
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Koopmans’ theorem I.E., = - cscFwi for closed shells (-relaxation and correlation effects) 

UPS data 

Investigation of molecular ions: ALE.,.) equal exactly total energy differences 
of M,:, (at frozen nuclei); M,+ differ from g.st.M m normal vibration 
frequencies (?,(H,O)=3610 cm . -‘- (H,O’ )=2850 cm-‘), or in equilibrium 
geometry (NH: planar: CH: J.T. distorted.) 

electronic structure of coordination compounds from valence-shell r,(UPS) 
and atomic charges (XPS) 

(UPS,XPS) of 
coordination 

compounds 

fundamental and chemical aspects of particle/matter collisions 
production of molecular ions; direct observation of properties of m.i.s. 
coordination chemistry and solid state chemistry: coordination compounds 
as molecular solids 
surface properties of coordination compounds: surface coordination chem- 
istry, heterogeneous catalysis. 

Fig. 2. ChemicaJ information from photoelectron spectroscopy data. 

of bond theories (Fig. 2), is available. It is, however, to be pointed out that 
the quantities experimentally measured in XPS or UPS spectra (particularly 
ionization energies) are not simply or at least only approximately related to 
properties of the molecule, M, to be ionized. In fact, the underlying physical 
phenomenon, M + hv -+ Mi+ + e- , is a process involving four particles, so 
any physical observable measured for such a process depends in principle on 
aI four particles and not only on the ground-state properties of M alone. 
The ionization energy involved in the process can be shown to be exactly 
equal in absolute value to the energy of the ionized orbital of M only in the 
limiting situation where all remaining filled orbitals remain completely 
unchanged in MT (“frozen orbitals” or Koopmans’ approximation) [I]. This 
opens two perspectives: on the one hand, if our interest is in the ground-state 
properties of the non-ionized system M, it can be done in an approximate 
way by use of Koopmans’ theorem, I.E., = --escr [I]. Actually, most of the 
current structural studies based on XPS or.UPS use this approximation, even 
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if deviations from Koopmans’ behaviour are larger and more frequent for 
open-shell systems and for d-orbital ionization, as is the case particularly for 
coordination compounds [ZJ. A more accurate evaluation of ground-state 
quantities is possible. both in principle and in practice, by use of more 
extended and powerfuI theoretical models, e.g. the &SCF procedure [3]. 
Viewed from a wider angle. the rigorous approach shows that besides 
approximate information on ground-state properties, we can extract from 
XPS or UPS measurements exact information on the + 1 molecular ions 
produced, and further data can be extracted from XPS or UPS on electronic 
and geometric structure of the molecular ions M,+, particuIarly on the 
difference from the neutral species M. Furthermore, much significant chemi- 
cal information is associated with the observation of mass spectra of frag- 
mentation products of M,? (PIMS = photo-ion mass spectrometry). There- 
fore, what at first sight appears as a limitation to the availability of direct 
information on the ground-state properties of coordination compounds M, 
turns to be a unique chance for investigation of such interesting species as 
moIecular radical cations, The use of photoelectron spectroscopic techniques 
is not only an additional means to confirm and extend the knowledge of the 
electronic structure of ground-state species of coordination compounds, as 
already secured by other techniques such as optical absorption or radio- 
frequency spectroscopy, but opens also an effective link between the chemi- 
cal chapter of coordination compounds and three other main fields. These 
are the physics of photon coGsions, the chemistry of the solid state, and the 
physics and chemistry of excited molecular ions. In this connection, mention 
has also to be made of the peculiar character of surface investigation 
technique revealed by solid-state XPS. While in fact the soft X-rays used in 
exciting core photoemission from solids do penetrate a depth of one or more 
thousand Angstrom below the solid surface, photoelectrons have a much 
shorter mean free path in solids (due to electron-electron scattering, and 
depending mainly on the kinetic energy of photoelectrons), so that an XPS 
experiment usually sees electrons coming from an “escape depth” of the 
order of only lo-5OA below the sample surface. XPS is therefore a tech- 
nique particularly, or even uniquely, suitable for the investigation of phe- 
nomena occurring at the surface or near the surface of solids, hence also of 
the role of coordination compounds in surface phenomena, with an obvious 
correlation to the understanding of the mechanisms of heterogeneous cataly- 
sis. 

In the present review, the more rigorous approach and the consequent 
treatment of molecular ions is neglected and instead attention is con- 
centrated in the approximate investigation of ground-state properties and 
structure by UP and XP spectroscopy, emphasizing on the one side com- 
plementarity with previous, more conventional techniques, and confirmation 
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of already proposed structural interpretations, and on the other side opening 
of perspectives of new links to neighbourin~ or related fields. Also. no 
attempt has been made to present a complete, or even a completely sys- 
tematic, coverage of all applications of photoelectron spectroscopic tech- 
niques (UPS and XPS) to coordination chemistry; although relatively new 
(definitely not more than ten years until now) these lines of research have 
produced such a vast amount of literature and of research results that a 
complete review would lie beyond the scope and the extension of the present 
intervention [4,5]. Rather, I confine myself to the illustration of some 
selected examples, chosen to represent categories or problems of general 
significance. 

To start with (Fig. 3), the dependence of chemical shifts of binding 
energies of inner core orbitals in XPS of solids on atomic charges represents 
perhaps the most immediate, although approximate, structural correlation in 
photoelectron spectroscopy. In a widely used approximation [S-S] 

(b-e.), = (b.e.),, + k,cr, + 2 * 
j=j Kj 

where i denotes the atom being ionized, and j runs over the atoms of the 
coordination environment around i; the measured chemical shift (b.e.)i - 
(b.e.)oi depends therefore both on the actual charge on i (roughly related to 
the oxidation number of i and to the electronegativity of its neighbours), and 
on the charges of the neighbour~ng atoms. Table 1 coliects selected literature 
data [9-I I J pertaining to the 4f signals of rhenium in various coordination 
compounds: the effect of Re oxidation state is evident. e.g. in the series 

A(b.e.)i = f(V,, Z,V,) 

(b.e.),=(b.e.),.,+k,q, f 2 ‘ii 
j&i Ri, 

Intra-atomic potential V, - operative definition of q, 

/x-,1- J,(Z)-- i,tz+ 1) 
1nte;atomic potential V;. (“Madelung potential”) -check of stereochemical arrangements 

Consistent atomic charge distributions from: 

( 

(b-e.11 =(b.e-IO., + k,q, + zjtlq,/RI, 

(b.e.12 =(b-e.1o.z + k2q2 f xji2q,/R2, 

-____._-- 
** . . . . . . . 

provided kj, Rij, (b.e.&, known, and ail i,j atoms give at least one observable XPS signal 
(neglecting differential relaxation effects) 

-Fig. 3. Atomic charge distributions from XPS data. 
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TABLE 1 

Re 4f b.e. in some complexes of rhenium (from refs. 9, 10 and 11). 

Complex Formal Re 4f7/2 
oxidation No. b.e. 

Av. 

(W 

ReCI,N(PR3)2 
ReC13(NC6Hs)(PR3)2 

ReCUPRh 
ReCLWOXPR3)2 
K,ReCl, 

ReClG’Rh 
ReCI,(NO)(PR3), 

IReCI(CO)(PR,),IIFeCI,l 
ReCMPR,), 
[ReCI(CO)(P-P),][FeCI.j 

ReCI(CO)(P-P)2 

ReCI(N,)py(PR& 
ReCl(N, )(PR 3 I4 

V 42.9 43.2 
V 43.5 

IV 43.8 43.7 
IV 43.8 
IV 43.5 

III 42.0 42.6 
III 43.3 

11 42.1 41.2 
II 40.7 
II 40.9 

I 40.4 40.6 
I 41.1 
I 40.5 

ReCLww,-,, Pf7,2 at 43.8 eV for n = 4,42-O eV for )I = 3, and 40.7 eV for 
n = 2). Other structural effects include the strong g-acceptor ability of the 
dinitrogen ligand (= * N-N orbitals) 1 ea d ing to higher b.e.s in the N,- 
containing complexes if compared to other complexes of Re in the same 
oxidation state and similar ligand environment (e.g. 42.4 eV in 
[Re”CI(N,)(PR,),] + [FeCl,]- [ 1 I] against 40.7 eV in Ret’ C12(PRX), [ 1 I]). 

Since several structural effects contribute to the chemical shift on the ith 
atomic orbital, the single effects cannot be sorted out from the (b-e_), data of 
i alone; however, if several atoms in the same chromophore are measured, 
the number of experimental chemical shift data may overcome the number 
of unknown atomic charges qivj and thus make the system (over)determined. 
This is important because it opens the way to an operative definition of 
atomic charges qi_i (otherwise a somewhat undefined theoretical quantity) 
directly related to an experimental observable. In practice, the apphcabihty 
of such a procedure is as yet still seriously impaired by the fact that ki 
coefficients are not strictly constant and depend to some extent on the 
occurrence of intra- and intermolecular relaxation effects; the uncertainty in 
the knowledge of the reference values (b_e_foi which do not correspond to a 
direct observable, can be overcome both in principle and in practice by 
increasing the number of measured j chemical shifts. Therefore, the current 
application is rather to test values of atomic charges computed by some 
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490 

510 -.O!i .oo C-05 

N 

PYZ=: 0 (1 N 

Compound Sn 3ds/2 
e*p 
( w 

Sn 3d5/2 Q,$n 6 
- vR (mm s-‘) 

SnCf 4 - pyz 488.0 489.6 

SnBr,-pyz 487.6 488.4 

SnI,*pyL 487.8 487.9 

SnCl4 - (Pyz)z 488.3 490. I 
MeSnCl,.pyz 487.7 488.6 

Bu”SnCI,-py~ 487.8 488.9 
Oct”SnCl,-pyz 487.8 488.9 

PhSnC13*pyz 488. I 489.1 
Ph,SnCl,.pyz 487.8 488.1 

+0.016 0.52 
- 0.039 0.83 
-0.103 1.29 
to.016 0.50 
- 0.066 0.99 
- 0.065 I.13 
- 0.065 1.13 
- 0.045 0.91 
-0.101 1.36 

Fig. 4. Charge/b.e. correlation in organometallic Sn complexes (from ref. f 2). 

theoretical method, from the simplest to the most sophisticated, and see 
whether the observed trend is consistent with computed data. Nevertheless, 
the importance of the method in principle remains unaffected and some 
cases where, with the aid of particularly favourable circumstances, chemical 
shift data can be actually worked out to give fully experimental evaluation of 
atomic charges can be seen. 

An example of correlation between b-e. data and computed atomic 
charges is given in Fig.4 for some series of tin-organic coordination com- 
pounds [ 121. The theoretical model employed is relatively crude, i.e. that of 
equilibrated electronegativities or CHELEQ [13], but gives, anyway, a rea- 
sonable picture of charge distribution, which corresponds closely to the 
experimental observations. The agreement consists of good linearity between 
experimental b-e. values (corrected in a self-consistent way for interatomic 
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I *.** 
N* t_-i44e 
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S’ 
N, 

--.23e 

k 
--._ 

‘--.02e 

(R=CH,) 

Fig. 5. XPS b.e. in unequivalent atoms: Nls and S2p,, in Ni(I1) diazadithiachelates (from ref. 
14). 

potential contributions) and calculated charges, with a plausible slope k 
around 14 eVfunit of charge (the value of k being reiated to atomic 
interelectronic repulsion integrals), and a reasonable (b-e.), intercept around 
490 eV, close to the free atom value [6,8]. 

Another typical application of X-ray photoelectron spectroscopy as ap- 
plied to the determination of binding energies of inner core levels is a 
quantitative characterization of the differences in atomic charges between 
inequivalent atoms of the same element. One of the most conceptually 
simple examples is found among the complexes of diazadithiane H,N,& 1141 
(Fig. 5). Although there is controversy in the literature as to the actual 
assignment [ 141, it is clear that the two nitrogen and two sulfur atoms in the 
chelate ring are inequivalent, both because of ligand asymmetry and donor 
effects on the terminal ligand atoms. A CND0/2 calculation on the free 
ligand [ 141 suggests the charge distribution reported in Fig. 5; in the com- 
plexes, charge on S,,, and N(,, should be somewhat more positive because of 
u donation, and the whole situation is consistent with the ligand anion 
behaving essentially as 

(+I 

c--)/3 =N,S_ rather than as R_(-N),S-N Ns 
R- N 

An additional source of structural information from core XPS spectra lies 
in the satellite structure (Fig. 6) that sometimes accompanies main ionization 
peaks (e.g. 2pi or 2s or 3s in first-row transition metal complexes). Such 
structures arise from several possible mechanisms, such as multiplet coupling 
between photohole and previously existing partly filled shells, or electronic 
coexcitations, or time-of-flight coupling of the photoelectron with partly 
filled valence shells. Energy and intensity of satellite transitions reflect, 
therefore, either interelectronic coupling parameters or valence-shell energy 
levels involved in coexcitations. They are, therefore, potential sources of 
additional information on the electronic structure, particularly in the case of 
coexcitations, since the energy levels involved cover a larger energy region 
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than usually explored by conventional electronic absorption spectroscopy, 
and the operating seIection rules are different, monopole- rather than 
dipole-allowed transitions being expected_ 

The actual assignment is still very difficult and controversial, but it is, 
anyway, certain that (i) satellite structures occur typically if not exclusively 

-A;~> 
K (3p.3d) 

L 
-2 

I== 

1 

sp-4 2 

L I ----r-q 

0 -5 .!gK 1.0 

515 520 52s 530 

b.e. (eV) 

Satellite peaks 
higher energy required for elastic emission: 

coexcitations /r 
specific (shake up, shake off) 

%oIlective (e.g. plasmons) 

Mechanisms of shakeup processes in metal complexes 
(1) MultipIer splitting: photohole (e.g. M2p,7 ‘) couples with “+‘L terms to give ‘I’ ’ : ‘( L. L 

T I)(e.g.t z( Td)=4S couples to 3p- ’ to give ‘*‘P 
(2) Shakeup monopole transitions: charge transfers L-M of y, - y, type (typically e,( a,_)- 

ei( d) in octahedral compiexes.) 
(3) Time-of-flight coup!@ of photoelectron to p.f_ valence shell. Direct relation to para- 

magnetism; limiting intensity ratio: (4S2 - 1)/2(4S2 + I). 

Fig. 6. Possible origin of XPS satellite peaks in coordination compounds. s 
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710 720 b...(eV) 

Spin isomers of Fei(Ncsi2(ophenf2 
(S=O52 at 174 K) 

S Fe2p3,, (AE) FezpI,, A2pFe N Is(NCS) N Is(ophen) 

0 708.3 721.3 13.0 399.5 398.0 
2 709.2(2.S-5.0-7.5) 722.6 13.4 399.0 397.9 

Fig. 7. Spin isomers of Fe”(ophen), (NCS), (S =O-2 at 174 K) (from ref. 15); note that 
eight equations of type (b.e.)i =(b.e.),., + kiqi +Zi,.i4j/Ri, can be set up for i =Fe;?p. S2p. 
Nls(NCS) and Nls (ophen) for each spin isomer, plus two electroneutrality conditions, 
making the system fully determined in the eight unknown atomic charges (depicted in the 
lower part of the diagram), and in two (b.e.),, values. 

with spin-unpaired complexes, and their intensity is roughly proportional ‘to 
the magnitude of the uncompensated moment; (ii) even if the identification 
of the actual transition involved in the satellite excitation is uncertain, the 
shape of satellite structures depends critically on coordination environment 
and can serve as fingerprint characterization of the latter. Coming to an 
actual example (F&.7), a typical application of satellite investigation is in . 
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cases of spin isomerism. The author and co-workers investigated recently [ 151 
Fe”(NCS),(ophen),, a trans-octahedral complex exhibiting reversible !%O 
= 2 transition at 174 K. The transition is nearly isostructural, apart from a 
small increase in bond distances in the paramagnetic form, and the XPS 
signals of Fe2pj ionization are well differentiated in the two spin forms 
(Fig. 7) As is common in such cases the paramagnetic form has a well 
developed and intense satellite structure, whereas the diamagnetic form has 
onIy the main 2pi peaks, devoid of satellites. This spin system is also 

935 940 945 

b.e.(eV) 

Solid CU Cu2p sat. Cr Species present 

= P3/2 (AE, %int) 2Ps,?. (surface) 

cue 934.6 
CuCr,O, 934.8 
Catalyst as 
received 935.0 

After pretreatment * 932.5 
Used catalyst (active) 932.8 
Reoxidized 
catalyst 933.2 

8.6-3 I Cu(II) 
7.3-50 577.3 cu(rr)-tcr(III) 

7.5-45 
576.9 
579.8 

10.2-20 
(8.5) 

577.3 
577.5 

577.4 

Cu(0) f Cr(Il1) 
Cu(0) -k Cr( III) 

CW 
Cu(I) 

1 
+ cr(rrr) 

Cu(II) 

* I-I, 1 atm at 270°C (20’) 
Cu LMM Auger: Cu(0) 918.3 eV 

Cu(I) 916.0 eV 
Cu(II)917.3 eV 

Fig. 8. Catalysts: surface characteristics of “copper chromite”, (from ref. 18a). 
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interesting because it allows a complete analysis of atomic charges in both 
isomers. since the eight chemical shifts of FeZp, S2p, and N Is in NCS- and 
in ophen in both spin forms, together with two electroneutrality conditions, 
forms a fully determined (actually overdetermined) system for the atomic 
charges on all relevant atoms in the chromophore, or a slightly undetermined 
system if we include (b-e.), values into the set of the unknowns. The most 
serious limitation to the validity of such a treatment is the large difference in 
relaxation effects on the Nls b-e. for the NCS- and the ophen nitrogens, but 
nevertheless a reasonable, even if numerically not very accurate, scheme of 
atomic charge distribution for the couple of spin isomers (Fig. 7). which 
represents an attempt at a fairly direct experimental determination of 
quantitative covalency changes accompanying the spin transition, can be 
arrived at. 

Satellite structures (Fig. 8) play an important role also in surface studies of 
coordination compounds. The author and co-workers are reinvestigating 
[ 16-181 in their laboratory the surface structure of the so-called “copper 
chromite” cataIysts which are actually non-stoichiometric mixtures of ap- 
proximate composition CuO: CuCr,O,, ca. I : 1. The investigation aims at 
clarifying the mechanism by which the catalytic activity depends on the 
oxidation state, coordination environment. and domain segregation of the 
copper species on the surface, depending also on history, activating pretreat- 
ments, and use or aging of the catalysts. Since XPS investigates only the 
uppermost layers of a solid, including a probing depth of ca, IO-2OA for 
Cu2p ionization and Al Kcu excitation, and since in heterogeneous catalysts 
significant variations are expected between surface and bulk of the investi- 
gated material (differently from most molecular solids), the surface coordina- 
tion chemistry of copper is being investigated here. Here, satellite structures 
on copper 2pi ionization are expected for Cu(II) but not for Cu( I) or Cu(0) 
species; the catalytically active component, e.g. in selective hydrogenation of 
conjugated double bonds, is a Cu(0) species, possibly in a highly dispersed 
form, behaving differently from massive copper; isomerization of double 
bonds is instead assisted by higher oxidation states of Cu, which are also 
present among the surface species (Cu(I) or Cu(II)), the latter being also 
important both as a precursor and as the reoxidation product of the active 
species. Now, the possible chemical environments around Cu(II) in this 
system are at least of three types, and all three can be distinguished by XPS, 
even if present in the surface layers in subanalytical quantities: Cu(II) oxide, 
either massive or dispersed en the substrate, characterized by b-e. 934.6 eV 
and satellites at 8.6 eV AE and intensity ratio 0.31 to the main 2p peaks; the 
pseudospinel compound CuCr,O,, with higher b.e. at 934.8 eV and satellites 
at 7.3 AeV with intensity ratio -0.50; in other cases, b.e. of Cu(I1) in 
metallates or mixed oxides is shifted to even higher values from simple 
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Cu(II) oxide (e.g. by 1.0 eV in CuAl,O, with respect to CuO according to 
Ertl et al. [ f8bJ). Cu(OH), and hydrated oxide forms have b-e_ around 935.4 
eV and satellite intensity ratio intermediate between the former cases. Data 
indicate that the actual surface species is CuCr,O, rather than CuO (possibly 
segregated and contaminated with hydrated species)_ A similar species is also 
easily formed by partial air reoxidation of the active catalyst; however, 
partial presence of surface reoxidation products does not substantialIy 
reduce the activity of the catalyst in hydrogenation reactions, that is, they are 
particularly reactive and easily reduced; reduction to G(O) is accompanied 
by apparent decrease in Cu signal intensity, which indicates possible con- 
glomeration of particles. and the size of metal particles is determining for the 
catalytic activity. Obviously, the author’s results refer to a system containing 
copper in excess of possible mixed oxide formation, whereas other common 
catalysts contain more dilute dispersions of copper species and may behave 
quite differently. The relevant point of general significance here is the 
possibility offered by XP spectrometry to extend identification and char- 
acterization of coordination structures to thin surface layers, which arc 
important, e.g. for catalytic applications, and at the same time not accessible, 
or not easily accessible. to other conventional techniques. Thus S.I link 

TABLE 2 

A comparison between electronic absorption spectroscopy nnd ultraviolet photoelectron 
spectroscopy. 

Electronic absorption spectroscopy Ultraviolet photoeiectron spectroscopy 

Orbital energy differences 

Transition energies bettveen filled #r and 
empty +C energy levels 

Dipole selection rules (I’, v r,- r,)- I’, 
highly selective 

Only d-levels (1.f. transitions) and highest 
filled ligand orbitals (LMCT) nre 
observable 

Measured transition energies require 
correction for interelectronic repulsion 
terms to give m-0. energy vatues 

A. B, C values refer to M(g.st.) 

Absolute values of orbit;11 energies 
(Koopmans’ approximation) 

Energies of filled IeveIs only 

Dipole selection rules between ionized 
orbital tend outgoing free photoelectron 
wave allows ionization from every filled 
Ievel 

Ail valence levels (&.a- and z-&and) are 
observed down to - 20 - - 30 eV 

Measured ionization energies require 
correction for relaxation and correlrttion 
effects in MT 

A. B. C. values refer to M+ in frozen 
(vertical) nuclear configuration 
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between coordination chemistry and surface sciences is achieved. 
In contrast with solid-state XPS where one gets mainly indications on 

atomic charges, and only indirectly differences of energy levels of valence 
orbitals (from satellite structures, whenever resolved), the gas-phase UPS 
version of photoelectron spectroscopy allows almost direct determination of 
the energy levels of all valence orbitals (energy region - -5 to -30 eV), 
apart from the li~tations deriving from Koopmans’ approximation and 
provided the observed levels are sufficiently resolved in energy. The data 
supplied by UP spectra in the gas phase of volatile coordination compounds 
is therefore of the same nature as that supplied by electronic absorption 
spectroscopy with the following differences: (i) energy measurements in UPS 
are “absolute”, or at least referred to the vacuum level, whereas they are 
relative to one another in EAS; (ii) there are no selection rules forbidding 
any orbital ionization in UPS: in contrast to the stringent dipole selection 
rules operating in EAS; (iii) all filled orbital levels (d levels, u or 1~ bonding 
levels, ligands own and lone pair levels, irrespective of whether high or low 
in energy) give rise to UPS signals, whereas only d-type orbitals of the partly 
filled shells, and possibly just the highest filled YT orbitals of the ligands (in 

14.95 I 
: 

8 to 12 1.a 16 t8 eV 

Ni (CO)4 

I I I I I I -16 
8 10 12 14 16 t8 &(I0 

‘I Ni (PF&t 
-8 

-12 

Fig. 9. UV photoelectron spectra (gas-phase) and approximate orbital energy levels of 
tetrahedral Ni(0) complexes. 
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UPS of M,‘s\P yF 
“--s/r \F 

10 12 14 16 18 20 eV(b.c) 8 10 12 14 16 18 eV(be) 

Fig. 10. UV photoeiectron spectra and approximate orbital energy levels for volatile transi- 
tion-metal di~uorodit~ophosphates M(S,PF&,. 

CT bands) are observed in EAS; (iv) UPS sees only filled orbitals, whereas 
EAS can see energy differences between filled and partly filled or empty 
(virtual) orbitals; (v) energy data from UP spectroscopy have to be corrected 
for relaxation and correlation effects, and EA spectroscopic data have to be 
corrected for interelectronic repulsion terms in order to give molecular 
energy levels. As a result of all the above limitations, complementarity 
between the two techniques is seldom realized in practice, at least at the 
present stage of imperfect theoretical inte~retation. The interesting new 
possibility opened by UP spectroscopy is the observation of the whole 
spectrum of energy levels of the valence shell; typical is the observation of 
the energy levels of cIosed shells of d orbitals (e.g. in Ni(CO), and Ni(PF,), 
[ 19,201; see Fig. 9), where d-d EA transitions cannot occur. 

Before we consider the interpretation of UP spectra of actual systems, I 
note two points of general relevance: (i) relaxation effects are often different. 
and usually larger, for d orbitals than for ligand-based (of 2p or 3p atomic 
character) orbital ionizations; (ii) even after allowing for the previous effects, 
it turns out clearly that d shell orbitals are generally not the highest 



370 



371 

occupied, but are often lower in energy than ligand-based u or 7~ orbitals, or 
intermixed with them. 

Of the many possible examples of UPS characterization of valence shells 
of coordination compounds, besides the carbonyl-type compounds men- 
tioned before, some relatively simple chelates of sulfur-containing anions are 
considered first. Thus, dithiophosphates such as F,PS; [21] (see Fig. 10) are 
among the simplest chelating agents and form tetrahedral or quadratic 1:2 

as we11 as octahedral l:3 complexes with transition metals. The UP spectra 
of such inner complexes in gas phase exhibit bands due to d ionizations, 
reflecting the ligand field splitting patterns (see the single 4AZg(12g)’ level of 
Cr(III), the threefold splitting of the d8 levels of quadratic Ni(II), and so on). 
Besides, the ionization of ligand-based orbitals corresponds to energy levels 
derived mainly from sulfur 3p orbitals, six in number for each chelate ring 
and having, as predominant bond character. in order of increasing energy. 
u,,_.~ character (twice, with large energy splitting between the symmetric and 
antisymmetric combination; typical energy values are 13.47 and 14.76 eV in 

Ni(Sz PF,), [211), cMs character (two sulfur lone pairs in the free ligands, 
shifted to lower energy and split because of CI bonding to the metals, 
typically at 11.70 and 13.40 eV in Zn(S,PFZ), [21]), and r character for the 
two highest sulfur-based orbitals (10.12 and 10.34 eV in Zn(S,PF,)l [21]). A 
full description of the whole system of energy levels within the valence shell 
of the system investigated is thus obtained, including the varying position of 
the d levels with respect to the ligand-based CT and 7i- levels. This exemplifies a 
general tendency, that of decreasing d orbital energy with increasing atomic 
number along a transition period, which supports the suggestion of d orbital 
levels lying higher than any other filled m-0. in complexes of early transition 
metals (say, up to Cr), but lower or mixed with them for late transition 
metals, typically Cu or Zn. 

The electronic structure of sulfur-containing complexes is exemplified in a 
simple and representative fashion by Tl(I) chelates such as Tl(dtc) (dtc- = 
(C,H,),N-CSS-) or Tl(dtp) (dtp- = (C,H,O),PSS-) [22,23] (see Fig. 1 I). 
There is in fact, in these monomeric gas-phase species, only one chelate ring. 
so only one set of two 7r and two a(Tl-S) orbitals, besides two o(S-P)/(S-C) 
orbitals (now quite close in energy and often not distinguishabIe: e.g. two 
band groups at 8.30 and 11.21 eV in Tl(S,PEt &z [23])_ Besides, ionization of 
a totally symmetric orbital, practically the atomic Tl 6s orbital, is observed 
at relatively low, i.e. 8.66 eV in TI(S,C-NEt,) [23] which becomes split into 
ionization of two levels in the corresponding dialkylthallium species where 
the s (lone pair) p2 bond system becomes sp3 (at 8.44 and 8.74 eV in Et *Tl 
(S&Z--NMe,) [23]); last, pseudovalence 5d orbitals are ionized at ca. 19.5 and 
21.5 eV (j = 5/2, 3/2), and reflect no direct covalent bond effect, but just 
the trend of atomic charges on thallium. 
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Fig. 12. UV photoelectron spectra of gaseous d lo halides, with approximate orbital energy 
levels (from refs. 24, 25 and 26). 

Covalency effects on pseudovalence metal orbitals are more evident, e.g. 
in silver halides (241, where d orbitals (d”) are fairly low in energy, and 
exhibit a 2 : 2 : 1 splitting (total splitting for the effect of the linear ligand-field 
ca. 3 ev), i.e. an orbital energy sequence 8 > TT > u, which is the antiligand 
field sequence, expected for bonding rather than antibonding d orbitals. By 
contrast, ligand field effects are much smaller in linear MX, j25] (M = Zn, 
Cd, Hg) where d levels are much lower in energy, and interact to a smaller 
extent with halogen np; thus, the overall splitting is only ea. 0.5 eV, with a 
strong contribution from spin-orbit splitting, and a sequence da > (d?r,,, + 

d&z) ’ (dr,,z + dli,,,), or u >7r -6 as far as ligand field effects alone are 
concerned. The sequence is now as if the dominant 1.f. effect were of 
electrostatic nature, and not of covalent bonding type_ 

UP spectroscopy is also widely used in the characterization of the elec- 
tronic structure of metallocenes and related compounds. Typical investigated 
molecular structures include, e.g. sandwich-like bis-cyclopentadienyl metal 
derivatives with two parallel pentatomic rings such as in Fe(C,H,), [27] or 
Mn(C,Me,), [28], or C,, dih~obis-cyclopentadienides such as Ti(C,H,),X, 
f29]; the magnetic behaviour varies from spin-paired such as in ferrocene, to 
high-spin such as in Mn(C,H,)2 at high temperature. Ionizations are ob- 
served from metal-centred d-type high-lying orbitals, and pseudo+ orbitals 
of the cyclopentadienyl rings (and possibly X orbitals of IJ and v type); use 
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F;S. 13. d-Ionization patterns and energy sequence of moJecuJar ions from substituted 
manganocenes with different spin ground states (from ref. 28). 

of alternative sources HeI/HeII is often instrumental in band assignment, 
thanks to the considerable increase in intensity of d ionizations under HeII; 
this, e.g. confirms the energy level sequence “&J d) >2Alg( d) >3E,,( 7~) > 
'E,,( II) for ferrocen e, as first proposed by Orchard et al. 1271. Whilst 
ferrocene is a typical and relatively simple case of elecironic structure 
determination from UPS for a closed shell system, open shell systems are 
considerabIy more complicated. As an example [28] (see Fig. I;), Mn( q- 
C,H,), and Mn(q-C,HqMe), which exhibit spin isomerism in gas phase, 
whereas Mnfn-C,Me,), is definitely Iow-spin both in solution and in gas 
phase. Accordingly, the experimental p-e. spectra look quite different: Fig. 
13 shows how the system of energy levels of excited ions depend on the high- 
or low-spin configuration of Mn d'. A l&and field treatment (Fig. 14) can be 
performed to extract A,, B and C from the UPS data for the Mn”’ species; 
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Fig. 14. Crystal field energy levels for metallocenes from UPS data (from ref.. 28). 

the data collected in Figs. 13 and 14 and taken from ref. 28 show how UPS 
data can in some case give even quantitatively the same kind of information 
as usually given by electronic absorption spectroscopic data. The detail and 
quality of data on the electronic structure is not always so clear-cut and 
exhaustive as in the case of metallocenes; often only a limited number of 
data is available, their assignment is not always unequivocal, and, further- 
more, uncertainties due to failure of Koopmans’ behaviour have to be taken 
into account. There are however no limitations in principle to availability of 
data for .a full characterization of the electronic structure of either solid or 
gas phase species from p.e_ data, either XPS or UPS. For the present, 
improvement of instrumental resolution and better understanding of theoret- 
ical interpretation can be expected as normal developments of progress in 
research. Photoelectron spectroscopic techniques are going to play, even 
more than now, a fundamental role, to open new frontiers in the future 
investigation of the electronic structures of coordination compounds. 

REFERENCES 

1 T. Koopmans, Physica, 1 (1934) 104. 
2 M. Rohmer and A. Veillard, Chem. Commun., (1973) 250. 
3 1-H. Hillier, M.F. Guest, B.R. Higginson and D.R. Lloyd, Mol. Phys., 27 (1974) 215; M.F. 

Guest,. B.R. Higginson, D.R. Lloyd and I. HiBier, J. Chem. Sot., Faraday Trans. 2, 71 
(1975) 902; see also ref. 2. 

4 See however two general reviews on UPS of coordination compounds in: C. Furlani and 
C. Cauletti, Struct. Bonding 35 (1978) II9 and J.C. Green, Struct. Bonding, 43 (1981) 37; 
see also ref. 5. 



375 

5 A.H. Ckwley. Frog. Inorg. Chem.. 26 (1979) 45. 

6 S.C. Avanzino and W.L. Joily, J. Electron. Spectrosc.. 8 (1976) 15. 
7 F.M. Capece. C. FurIani. G. Maitogno and G. Polzonetci, J. Inorg. Nucl. Chem.. 40 (1978) 

467. 
8 H. Willemen. D.F. van de Vondel and G.P. van der Kelen, Inorg. Chim. Acta. 34 (1979) 

175. 

9 D.G. Tisley and R.A. Walton. Inorg. Chem., 12 (1973) 373. 
IO D.G. Tisiey and R.A. Walton. J. Chem. Sot., Dalton Trans.. (1973) 1039. 

I I J. Chatt, CM. Elson. N.E. Hooper and G.J. Leigh. Agric. Res. Council. UNF 218. Rep. 
Nov. 1974. 

12 C. Furlani. G. Mattogno, G. Polzonetti, R. Barbieri. E. Rivarola and A. Silvestri, Inorg. 
Chim. Acta, 52 (1981) 23. 

13 W.L. Jolly and W.B. Perry, J. Am. Chem. Sot.. 95 (1973) 5442; W.L. Jolly and W.B. Perry. 
Inorg. Chem., 13 ( 1974) 2686. 

14 M. Bossa, C. Furlani. G. Mattogno and E. Paparazzo. Inorg. Chim. Acta. 27 ( 197s) LI 17. 
15 K. Burger. C. Furlani and G. Mattogno. J. Electron. Spcctrosc., 21 ( 1980) 249. 
16 A. D’Huysser. A. Luchetti. G. Wrobel and J.P. Bonnelle, J. Microsc. Spectrosc. Electron.. 

2 ( 1977) 609. 
17 J.A. Schreifels, A. Rodero and W.E. Swartz, Appl. Speclrosc.. 33 (1979) 380. 
18 (a) V. Di Castro, C. Furlani, G. Mattogno. C. Fragnlc. M. Gargano and IM. Rossi, Proc. 

13th National Congress of inorganic Chemistry. Camerino (Italy). Sept. 22-26. 1980. 

paper C22. p_ 237; (b) G. Ertl. R. Hierl, H. Knbzinger. N. Thiele and H.P. Urbach. Appl. 
Surf. Sci.. 5 (1980) 49. 

19 1-H. Hillier, M.F. Guest. B.R. Higginson and D.R. Lloyd, Mol. Phys.. 27 (1974) 215. 
20 J.C. Green. D.I. King and J.H.D. Eland, Chem. Commun.. ( 1970) 1121: R.A. Head. J.F. 

Nixon. G.J. Sharp and R.J. Clark, J. Chem. Sot.. Dalton Trans.. (1975) 2054. 
21 M.V. Andreocci, P. Dragoni, A. Flamini and C. Furlani. Inorg. Chem.. 17 (1978) 291. 

22 C. Cauletti, V. Di Castro. C. Furlani. G. Mattogno and M.N. Piancastelli. J. Microsc. 
Spectrosc. Electron.. 4 (1979) 241. 

23 C. Cauletti. C. Furlani. G. Nicotra and M.N. Piancastrlli, J. Microsc. Spectrosc. Electron.. 
6 (1981) 489. 

24 P.S. Vonbache, H. Saltsburg and G.P. Ceasar. J. Electron. Specrrosc.. 8 (1976) 359. 
25 B.G. Cocksey, J.H.D. Eland and C.J. Danby, J. Chem. Sot.. Faraday Trans. 2. 69 ( 1973) 

1558; A.F. Orchard and N.V. Richardson, J. Electron. Spectrosc.. 6 ( 1975) 6 I. 
26 G.W. Boggess, J.D. Allen, Jr_ and G.K. Schweitzer, 1. Electron. Spectrosc.. 2 (1973) 467: 

J.H.D. Eland, Int. J. Mass Spectrom. Ion. Phys.. 4 (1980) 37; P. Burroughs. S. Evans. A. 
Hamnett, A.F. Orchard and N.V. Richardson. Chem. Commun.. (1974) 921. 

27 S. Evans. M.L.H. Green. B. Jewitt. A.F. Orchard and CF. Pygall. J. Chem. Sot.. Faraday 
Trans. 2, 68 (1972) 1847; J.W. Rabalais. L.D. Werme. T. Bergmark. L. Korlsson. M. 
Hussain and K. Siegbahn, J. Chem. Phys.. 57 (1972) 1185 and 4508: F.G. Herring and 
R.A.N. McLean, Inorg, Chem.. 11 (1972) 1667. 

28 C. Caulelti. J.C. Green. M.R. Kelly, P. Powell, J. v. Tilborg. J. Robbins and J. Smart. J. 
Electron. Spectrosc.. 19 (1980) 327. 

29 C. Cauletti. J.P. Clark, J.C. Green, S.E. Jackson. I.L. FragaiB. E. Ciliberto and A.W. 
Coleman, J. Electron. Spectrosc.. 18 (1980) 61. 


