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He-I =d He-II photoelectron spectra have been obtained for Ln(@,H,Me)3 
where Ln = Pr, Dy; An(q-C&H,), where An = Th, U; (An(~-C,H5)2CI,] where Ln = 
Y, Gd; U(@Z,Me,),CI, and IJ(Q-C,H,),(OC,H,) and He-II spectra for An- 
(~-C5H5)$l where An = Th, U; and U(q-CsH4Me)&‘I. The spectra are assigned 
with the aid of qualitative molecular orbital schemes. Ionizations of the f-elec- 
trons are identified for the actinide complexes but not for the lanthanide com- 
plexes. The 5f ionization bands show no structure. Relative intensity changes 
with photon energy in the photoelectron spectra of the actinide complexes are 
interpreted in terms of f-orbital covalency in these compounds. No such evi- 
dence is found for the lanthanide cyclopentadienyls. The order of ligand ioniza- 
tion energies in metal cyclopentadienyl halides is discussed in terms of the 
charge distribution in these molecules. 

There have been several previous reports on the photoelectron (PE) spectra 
of organoactinide complexes. Compounds studied include An(+ZsH& [1,2,3] 
and An(7-C,H,),X [4] where An = Th and U and X = Cl, Br, or BH,. Investiga- 
tions of the frequency dependence of the spectra [2,5] have shown that the 
relative intensity of f-shell ionization increases substantially when the ionizing 
radiation is changed from He-1 to He-II. For uranocene and thoracene Clark 
and Green [Z] proposed that molecular orbit& with metal f-orbital contribu- 
tions should also show an intensity increase on changing the ionizing radiation, 
and using this premise concluded an ionization energy ordering eZu < eZg_ 
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The majority of previous studies have shown only a single band for ioniza- 
tion of the 5f configuration [l-53. An exception to this is the spectrum for 
U(q-CSH5)J3H4 [4]. Related work on electron spectroscopy of Ianthanide com- 
pounds in the solid state has shown complex spectral patterns for the ioniza- 
tion of the various f” configurations [ 6) _ These patterns agree well with the 
predictions of Cox [ 71. However, no gas phase UV-PE spectra have been 
reported for lanthanide compounds- 

The present work describes the study of the He-I and He-II spectra of An- 
(r&H&, (An = Th, U), which is possibly a system of sufficient symmetry to 
use the intensity variation described above as an aid in assigning the spectra. 
The volatile compound U(q-CgH& - THF enables a study of ionization from a 
5f’ configuration_ The compounds Ln(q-C,H,Me), (Ln = Pr, Dy) are chosen as 
examples of analagous lanthanide compounds from the first and second half of 
the lanthanide series. Various metal cyclopentadienyl chlorides have also been 
studied to enable a comparison between f- and d-block compounds to be car- 
ried out. 

Results and discussion 

The photoelectron spectra obtained are shown in Figs. 1-3 and ionization 
energy data given in Tables 1, 3 and 4. All cyclopentadienyl complexes show a 
broad band in the region of 11-15 eV that may be assigned to ionization of 
the lowest lying ring r-orbital and to ionizations of orbitals connected with the 
o-structure of the rings. When a cyclopentadienyl group carries a methyl substi- 
tuent, this band shows a low energy shoulder. Higher energy bands are largely 
carbon 2s in character. These bands are common to all the spectra and will not 
be discussed further. 

The PE spectra of Th(v-f&H& and U(7)-C&H& (see Fig. 1 and Table 1) are 
very similar except for an additional band in the spectrum of the uranium com- 
pound at low ionization energy. This band shows a substantial increase in rela- 
tive intensity on increasing the photon energy and so can be assigned to ioniza- 
tion of the f electrons. Three bands are found for both compounds in the 
region 7-9.5 eV; by analogy with other cyclopentadienyl compounds of 
actinides and transition metals [4,9,10], these may be assigned to ionization of 
cyclopentadienyl e 1 orbit&s. 

The structure of U(q-C5H& has been established by X-ray dtiaction [ll] 
to consist of four pentahapto-cyclopentadienyl rings tetrahedrally bound to the 
metal atom. In a crystal the individual molecules have S, point symmetry. If 
the metal ring axis were assumed to be an infinite axis of rotation, as has 
proved a good approximation for transition metal sandwich compounds 1121, 
the molecules would have Td symmetry. The valence electronic structure in Td 
symmetry can be given as 

ia12, lt16, le4, 1r2$ 2t16, f” 

(with no level ordering implied) where only the lrelectrons of the cyclopenta- 
dienyl rings are considered, and n = 0 for Th and n = 2 for U. The le,, lfz and 
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Fig. 1. PE spectra of Th(pCSH& and U(pC5H5)4. 

2t 1 molecular orbitals (MO) are all likely to have substantial ring e 1 character 
and will be associated with the three bands in the region 7-9.5 eV. Possible 
contributions to these from metal orbitals are shown in Table 2. We may move 
towards a more detailed assignment by considering the He-I and He-II intensity 
patterns (see Table 1). Bands c and d overlap extensively so it is not possible to 
assess separate intensities for them, but from the different band profiles of the 
He-I and He-II spectra, it does appear that band d increases in intensity as the 
photon energy is increased. From the observations on U(q-CsH,), and Th- 
(r&H,),, this would suggest that it has higher f character. The intensity ratios 
of b : c + d are similar for U(q-C,H,), and Th(q-C5H5)4 and in both cases c + d 
is relatively more intense in the He-II spectra. Moreover the actual intensity 
ratios lie closer to the value expected for a t : t + e assignment (1 : 1.67) than 
for e : t + t assignment (1 : 3). These values assume that the intensities are 
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TABLE 1 

VERTICAL IONIZATION ENERGIES <eV) AND BAND INTENSITIES OF ACITINIDE TETRACYCLO- 

PENTADIENYLS 

B-d WWkHd4 

I.E. He-I int. He-II int. 

Th<s-C$+)4 

I.E. He-I int. He-II int. 

a 6.34 0.11 0.62 

b 7.39 1.0 1.0 7.49 1.0 1.0 
c 8.53 1.6 2.2 8.60 1.5 2.0 
d 8.97 9.17 

B 12.65 18.4 13.6 13.21 15.9 11.7 

C 16.27 8.1 11.9 16.09 5.9 9.4 

roughly proportional to orbital degeneracies, which, for the bis-cyclooctatetra- 
enyl complexes is a reasonable approximation. Several assignments are compat- 
ible with the assumption that b must arise from ionization of a t orbital. These 
are 

b c d 

8 t1 e t2 

ii) t2 e t1 
iii) tl t2 e 
iv) t2 t1 e 

Assignments iii and iv are only compatible with the intensity increase of d as 
interpreted above if the actual lowering of symmetry in the complex is suffi- 
cient to allow the metal f orbitals to mix with the ligand e set. As the t, ligand 
set is able to overlap with both d and f orbit& on the metal atom, it is reason- 
able to suppose that the t, MO are lower in energy than the tl MO and elec- 
trons ionized from the t, MO (assuming Koopmans’ theorem) have a higher 
ionization potential_ For this reason assignment i is preferable to assignment ii. 

Extended Hiickel MO calculations have been carried out on a (C,H,)4 set 
with distances obtained for the ligands in the U(q-C,H,), crystal structure. This 
gave a spread of 0.6 eV for the e,derived energy levels, A second calculation 
assuming C, symmetry for the rings, S, symmetry overall and average C-C and 
C-centroid distances from the structure mentioned above gave a spread in 

TABLE 2 

TRANSFORMATION PEOPERTIES OF d AND f ORBITALS IN 7-d AND S4 SYMMETRY 

f Td S4 

e -a+b 

fxyr 01 ___t a 

fx@-Y3 

fY(Zt--x2) tl--_ja+e 

frW-Y3 
fSfY3 fr' t2-b+4 
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orbital energies of 0.27 eV. Both these values are significantly less than the 
spread in ionization energies obtained spectroscopically, and suggest that it is 
ligand-metal interaction that is primarily responsible for the observed splitting 
pattern of the cyclopentadienyl e 1 levels. 

The He-I and He-II spectra of Pr(q-C,H,Me), and Dy(q-C,H,Me), are shown 
in Fig. 2 and vertical ionization energies given in Table 3. The first two bands 

TABLE 3 

VERTICAL IONIZATION ENERGIES (ev) AND BAND INTENSITIES OF Dy(??-C+I&?e)3. 

Pr(q-C&4Me)3 AND U<q-C5H5)3 - THF 

Band Dy<q-C$QM+ Pr<q-CgH4Me)3 

I.E. He-I id. He-II id. I.E. He-I int. He-II int. 

.a 7.06 1.0 1.0 7.28 1.0 1.0 
b 8.39 5.6 4.8 7.86 1.1 1-O 
b’ S-441. 4.4 3.8 
B 10.55 10.$3 

12.22 12.45 
C 15.99 15.88 
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of the spectra occur between 7 and 8.5 eV: these are assigned to ionization 
from the cyclopentadienyl e 1 orbitals. 

In assigning the spectra of the triscyclopentadienyl lanthanides, it is 
assumed that a free Ln(v-C,H,Me), molecule has D, symmetry with the 
cenfzes of the three cyclopentadienyl rings at the vertices of an equilateral ti- 
angle containing the rare earth atom at its cenke. CrystaIlographic studies 
[13,14] show that in the solid state the configuration is C,,; intermoIecular 
interaction maximizes the number of electrostatic interactions consistent with 
the metal ionic radius. 

In DSh symmetry the e, orbitals transform as a,’ + oZ” + e’ f e”. The (I~’ 
orbital is expected to be highest in energy on the basis of unfavourable ligand- 
ligand interactions_ In the He-I spectrum of Dy(q-C,H,Me), there are two bands 
that may be assigned to these levels, at 7.06 and 8.30 eV in the approximate 
intensity ratio of 1 ; 5.6 as shown in Table 3. The first band is therefore 
assigned to ionization from the (I~’ orbital, whilst the second band may be 
attributed to the a2”, e’ and e” orbitals. In the spectrum of Pr(@?,H,Me), the 
second band is split with a shoulder appearing on the low energy side at 7.86 
eV. The bands are approximately in the ratio 1 : 1 : 4. This shoulder is assigned 
to the a,” orbital. 

It is interesting to note that the first band of Dy(q-C,H,Me), occurs 0.22 eV 
lower than that of J?r(@Z,H,Me),. This is probably a consequence of increasing 
ligand-ligand repulsion as the metal ion becomes smaller. These observations 
are in agreement with appearance potentials found from mass speckal studies 
of the kis-cyclopentadienyl lantbanides [ 15,161. 

A comparison of the He-I spectra with the He-II spectra shows that the rela- 
tive intensities of bands remains almost constant as shown in Table 3_ This is in 
direct contrast to the spectra of the tekakis-cyclopentadienyl actinides dis- 
cussed above, and would suggest very little f orbital covalency in the lanthanide 
complexes. 

Furthermore there is no evidence at all of a band anywhere in either the He-I 
or He-II spectra that could be attributed to ionization of the f electrons_ Calcu- 
lations in the ionization cross section of Pr3+ have been performed Cl73 and 
these predict a 25 : 1 He-II : He-I intensity ratio for the 4f orbitals, compared 
toa15: lratiofor5forbitalsinU 3+ However the He-I ionization cross sec- _ 
tion for 4f orbitals is considerably less than that for 5f orbit&, so it is reason- 
able that 4f ionizations may remain undetected in the He-II spectra. In addi- 
tion, as one progresses along the lanthanide series, although the number of 
f eleckons increases, their individual cross-sections decrease as a result of the 
lanthanide contraction. Calculations [ 173 predict the intensities of f-ionization 
bands in the spectra of UT” and Prrir compounds to be approximately in the 
ratio 6 : 1. By the time the third transition series has been reached the U”’ 5f : 
Hf”’ 4f ratio has increased to about 130 : 1, and experimental evidence is in 
good agreement with this [5]. There is thus very little chance of detecting 4f 
ionizations in compounds of the later lanthanides. Im the case of Pr(q-CgH4Me)3 
studied here, it is possible that the f-ionization band is obscured by other bands 
in the spectrum. 
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U(q-C,H,), - THF 
Although this compound is reported to sublime unchanged [ 181, it was 

found that, at the temperatures required to obtain reasonable counts for a spec- 
trum some decomposition did take place. This affected the quality of the spec- 
tra that we could obtain for this compound (see Fig. 2 and Table 3). 

The bands between 7.5 and 9 eV are assigned to the cyclopentadienyl 
e L p orbitak The band at 10.03 eV arises from ionization of the oxygen lone 
pair of tetrabydrofuran. This is a slightly higher ionization energy than that 
found in free tetrahydrofuran, but this may be due to the effect of donation 
from the oxygen atom in complex formation. The band has approximately the 
same relative intensity in both He-I and He-II spectra as expected for an oxy- 
gen-localized p-ionization. 

8 10121L1618 1Ele.V 
6 8 10 12 IL 16 18 20 l~/ev 

Fig- 3- PE spectra of LY(~~5H5)2Cll2. CGd<q-C5H&C1]2. U(~pC5H5)3Cl and U(TIC~M~~)~CI~. 
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The low I.E. band at 6.43 eV increases in relative intensity on going from 
He-I to He-II radiation, so can be assigned to ionization fro-m the f3 configura- 
tion. It is a symmetrical band with no apparent splitting and a width at half 
height of 0.5 eV. The ground term of the f configuration is ‘Ig12_ Ionization 
from this gives rise to the final states 3H4, 3H5 and ‘F,. The relative probability 
of producing these states by photoionization has been calculated [ 191 for an 
intermediate coupling situation and is given as 2.137 : 0.187 : 0.612, respec- 
tively. The 3H5 state is presumably too low in intensity to be readily observed 
but the 3F, state, which should lie ea. 0.5 eV above the 3H, state 1201, should 
be detectable in a good quality spect-rum. Unfortunately the high signal to 
noise ratio that we obtained precludes any definite conclusion as to its presence 
or absence. 

Though these compounds are dimeric in the solid state [21,22], the gas 
phase structure is less certain. The ytterbium compound has been shown to 
retain its dimeric structure in the gas phase [23]. The spectra of the yttrium 
and gadolinium compounds are very similar (see Fig. 3 and Table 4). Both have 
a band between 8 and 9 eV that may be assigned to ionizations from the cyclo- 
pentadienyl tir orbitals- The second broad band between 11 and 14 eV is due to 
higher cyclopentadienyl ionizations as discussed above. The shoulder on the 
low I.E. edge of this band is probably due to ionizations from the chlorine 
orbit& as it is not apparent in the He-II spectrum, and the C 2p : Cl 3p ioniza- 
tion cross-section ratio is known to increase substantially with photon energy 
[24]. No evidence of f-orbital ionization was found in the spectra of the gadoli- 
nium compound. 

An(r$,N,R),Cl 
The He-1 spectra of An(q-C,H,),CI and An(q-C,H,Me),Cl, where An = Th 

and U, have been reported previously_ Our He-II spectra (see Fig. 3 and Ta- 
ble 4) confirm the previous assignment, nameXy the band ca. 7 eV in the ura- 
nium compounds to f ionization, the bands between 7.5 and 9.5 eV to cyclo- 
pentadienyl e, ionizations and that at ca. 10.5 eV, which shows a substantial 
intensity drop in the He-II spectra, to chlorine ionizations. Our I.E. agree well 
with those reported, expected that for the f ionization we find the methylated 
complex U(q-C5H4Me)Cl has a lower ionisation energy than the unsubstituted 
U(q-C,H,),Cl, a trend that would be predicted from the known inductive effect 
of the methyl group. 

The biscyclopentadienylactinide dihalides provide analogues of the bis- 
cyclopentadienyl transition metal dihalides which have been extensively 
studied by photoelectron spectroscopy 1253. The PE spectrum of the uranium 
compound is shown in Fig. 3 and ionization energy data given in Table 4. The 
lowest ionization is that of the f electrons at just below 7 eV followed by 
cyclopentadienyl e, ionizations centred round 7.8 eV. The halogen p ioniza- 
tions occur as a shoulder on the main band at 10.99 eV. 

The uranium compound resembles the Group IVa bis-cyclopentadienylmetal 
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TABLE 5 

VERTICAL IONIZATION ENERGIES <eV) FOB =I ORBITALS IN METAL CYCLOPENTADIENYL 

COMPLEXES 

Compound I.E. Range 

M(rl-C5H5)2 = 8.40-10.33 
U(7~-CjH5)3 - THF i-58- 8.73 
UWCsH5)4 7.48- 9.17 
Thbv’+H~)? i-40- 9.00 
Pr<q-CjH4Me13 7.28- 8.41 
Dyfri-CgH& 7.06- 8.39 

a M Is a first row transition metal. 

dichlorides more than the Group Via analogues in that the halogen electrons 
ionize at a higher energy than the cyclopentadienyl e, ionizations_ It is also the 
case that the chemistry of the uranium compound bears close analogy with 
those of zirconium and hafnium [26]. 

Trends in group ionization energies 
In Table 5 we summarize characteristic ionization energies for metal cyclo- 

pentadienyl and metal cyclopentadienyl chloride complexes. 
For the binary metal cyclopentadienyl complexes, the ionization energies of 

the ring e, orbit& decrease as the ionic character of the complexes increases. 
This trend can be readily interpreted in that the more ionic the character of 
the complex, the greater the negative charge on the cyclopentadienyl rings and 
the lower the ionization energies of the orbit&. Alternatively if the e, orbital is 
involved in forming a covalent bond, the electrons occupying it will be delocal- 
ized onto the metal and are consequently more difficult to ionize. 

A similar trend exists for the e, cyclopentadienyl ionizations in the metal 
cyclopentadienyl halides, the e, ionization energy being lowered as the electro- 
positive nature increases. Chloride lone pair ionizations, however, show an 
opposite trend. With very electropositive metals and compounds of presumed 
high ionic character such as those formed by the lanthanides and actinides, the 

TABLE 6 

VERTICAL IONIZATION ENERGIES (eV) OF SOME CYCLOPENTADIENYLCHLORIDE COM- 
PLEXES OF d-AND f-BLOCK METALS 

Compound CIP <n-C.sHS) Ed 
I 

VW-C+I5)2Cl 
hIo(q-C5H4Me)2C12 

Ti(wf&HsI2CI2 

ZW-CSHS)ZCIZ 
Hf<vGSHSIzCI2 
UWCjH5)3CI 
Th(n_CsH5)3CI 

UhCjMe5)2Clt 

[Y(q-C5H5)2C112 

CGdOKsHs)2W2 

8.29 9.47.9.81 
8.73.8.92 9.70.10.24.10.57 

10.24.10.65. 11.12 8.46.8.87.9.07 
10.45.11.12.11.33 8.6 
10.60.11.32.11.60 8.87, 9.30 
10.48 7.99.8.56, 9.20 
10.74 8.02, 8.61,9.31 
10.99 7.59.8.01 
11.31 8.22. 8.62 

11.58 8.59 
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chlorine lone pair ionizations are high (ca. 11.5 eV), whereas, with the more 
covalent transition-metal compounds such as Mo(q-C,H,Me)2C1,, they are 
below those of the cyclopentadienyl e, ionizations. 

These trends may be rationalized in terms of a simple charge flow model for 
these molecules. Let us suppose, for a first approximation, that the charge on a 
chloride ligand is insensitive to a change of metal. In this case the ionization 
energy of a chloride lone pair of electrons will be a function of the charge on 
neighbouring atoms and largely dominated by the charge on the metal. Changes 
in halogen ionization energy will reflect changes in this LMadelung energy term. 
The more electropositive the metal, the higher charge it will carry and the more 
difficult it will be to ionize a neighbouring halogen electron. In contrast the 
cyclopentadienyl ligand is more polarizable and the charge it carries will readily 
respond to changes of electropositivity of the metal. The changes in charge on 
the ring will be the dominant factor in determining the ligand ionization energy 
as discussed above. 

Experimental 

The compounds An(q-C,H,),, U(~J-C~H~)~ - THF and (M(q-C5H,),Cl), were 
prepared according to literature mehods [ 27-301. The compounds 
U(q-C&H&Cl, Th(q-C,H,),Cl and U(q-CSMe,),C12 were prepared by refluxing 
the appropriate cyclopentaclienyltris-n-butyltin reagent with UCl, or ThCl,. 

The spectra were obtained using a Perkin-Elmer PS 16/18 photoelectron 
spectrometer fitted with a Helectros lamp capable of providing both He-I and 
He-II radiation. Xenon, nitrogen and the helium self-ionization band were used 
for spectral calibration. 
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