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The He(l) photoclccuon spectrum of germamum difluoride (GeF7) is reported. Results are analyzed on the bans of 
Harucc-Fock-Shrcr quantum-chcm~cal ulcuhrions. A comparison IS made with prebious data for GQ, GeBra ,CF? 
and SIFT. 

1. Introduction 

In UV photoslectron spectroscopy (PES) the obvl- 
ous experimental dtfficulties encountered in the study 
of reactire short-lived gas-phase intermediates have : 
been solved to a sufficient estent to make the method 
generally useful for the detdsd study of the valence 
electronic structure of a variety of small molecules. 
In view of the importance of carbene reactions m 
synthetic chermstry unstable divalsnt halogenides of 
the group IVA elements have g2nerated some interest. 
Apphcation of the PE technique to SiF, [I ,2] and 
CF, [3] has been reported. The carbene-hke proper- 
ties of the transient germamum dlhalogenides have 

stimulated a recent study on GrCl2 and CeBr? [4] 
where extensrve use was made of a new method to 
produce these unstable speaes in the gas phase virtu- 
ally free from unwanted side products. In a simdar 
fashion, from the elevated temperature solid-state 
readlon between germanium monosulphide and lead 
difluoride almost pure germanium difluoride can be 
obtained in sufficient concentration to allow a PE 
study. 

In spite of its transient character germanium ch- 
fluoride has been known for a long time and various 
physical methods have been apphed to this compound. 

Of the gas-phase studies we mention the molecular 
structure determmation by means of microwave spec- 
troscopy [5,6), the elucidation of the molecular vi- 
bratlons using infrared spectroscopy [7,8] and the 

determmatron of the appearance potential with mass 
spectrometry [9]. In the present paper we describe 
the generation of CeF2, its detection by means of PE 
spectroscopy and an analysis n terms of Hartree- 
Fock-Slater quantum-chemical calculations at the ab 
initlo level. 

2. Experhnental 

He(I) spectra of CeF, were recorded on a home- 
budt microprocessor-controlled photoelectron spec- 
trometer designed especially for the study of reactive 
short-lived specres in the gas phase. In spite of these 
design measures which minimize the effects of de- 
teriorating spectral resolution due to the gradual 
build-up of contamination on critical spectrometer 
surfaces, spectral drift durmg the course of the experi- 
ments still remains a problem. The lhnitatlon becomes 
all the more serious when multiscan operation is re- 
quired, which is normally the case wtth the weak sig- 
nals which the expenmentahst encounters in dealing 
with transient species. However, the spectral drift 
problem can be effectively counteracted to a large 
extent by a “lock” procedure. An oven developed for 
solid-state reactions was employed and a gated detec- 
tion method necessary to avord interference with the 
heating current of the oven wasused. Details ofspectro- 
meter construction, lock procedure, oven system and 
gated detection are given in previous papers [lo- 121. 
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In order to obtain CeF2 in the gas phase virtually 
free from unwanted side products, the followmg solid- 
state reactron was employed: 

GeS + PbF, -, PbS + GaF2 (=3OO”C). 

Since the procedure is identical to the one used to ob- 
tam GeCl, and GeBr,, we refer for more detarls to a 
previous iaper [4]. 

The CeF, He(l) PE spectrum presented m fig. 1 
was obtained with 57 scans of 25 s each. Spectra 
were run under conditions of ==35 meV resolution on 
the zP3,2 argon band. Since a noble gas wrth bands 
which drd not interfere wrth the CeFZ spectra was 
not available, the first band of GeF, rtself, or a suit- 
able nitrogen PE band lying in a free spectral regron 
were used as lock signals. The spectra were cabbrated 
against the known ionization energies (IEs) of nitrogen, 
krypton and oxygen. No attempts were made to mea- 
sure precise oven temperatures. The power input into 
the oven amounted to ~7 W. 

3. Results and discussion 

As an important ud in the assignment of the GeFz 
PE spectrum Hartree-Fock-Slater (HFS) LCAO cal- 
culations were parformed. In the HFS scheme the non- 
local exchange potential of the Hartree-Fock @IF) 
equations is replaced by a local exchange operator as 
proposed by Slater [13]. The resulting HFS equatrons 
are solved by the m&rod of Baerends et al. [ 141. IEs 
were determined using an extension of Slater’s transi- 
tion-state method which takes account of relaxation. 
In computing valence IEs all atormc cores were kept 
frozen. 

The HFS calculations on CeF, were carrred out 
using the microwave structure [6] wrth r(Ge-F) = 
1.73209 A and L(F-Ge-F) = 97.148’. Basis sets of 
triple-zeta Slater-type functron (STF) quality were 
employed and no d-polarization functions were m- 
eluded. The molecules were oriented in the xz plane 
with the C, axis along a. Mull&en population analyses 
of the HFS LCAO ground state expressed in terms of 
AOs were utilized. 

The general pattern of the valence PE spectrum of 
CeF2 can be understood from simple MO constdera- 
tions. As in GeC12 and CeBr, [4] interactions are ex- 
pected between the fluorine 2p and the germanmm 

4s and 4p AOs. These fourteen valence electrons wtll 
gtve rise to seven bands in the He(I) PE spectrum, 
wrth two bands corresponding to out-of-plane and 
five to in-plane MOs. 

In fig. 1 the He(l) spectrum of GeF, IS presented. 
The rather sharp feature at 16.05 eV 1s due to an HF 
impurity apparently generated m the solid-state reac- 
tion. A number of low-intensity features at I I.05 eV 
(vertical IE, not shown) and at 12.8 and 13.5 eV (see 
fig. 1) always appear together but their dependence 
on experimental conditions differs from the bchavrour 
of the bands assrgned to CeFz. Checks were made that 
these spurious bands could not arose from CeS, CCF~ 
or PbFZ. However, ascribing these weak bands to the 
germanium difluoride dimer, especrally m view of the 
appearance potentral obtained for this compound [9], 
might not be unreasonable. The remaming features m 
the spectrum are ascribed to GeF,. The first band has 
an adiabatic IE of z= 11.65 eV, m good agreement 
with a previously measured appearance potential for 
GeF; of 11.8 + 0.1 eV [9] _ No vrbrationsl structure 
IS resolved on this band. Smce the progression on the 
first PE band of CF, is due to the symmetrrc bcndmg 
vrbration [3] and because the bendmg mode m neu- 
tral CeF, occurs at 263 cm-’ [7], the observed ab- 
sence of structure rn our PE spectrum is not surprising. 
The feature at 14.5 eV shows an Intensity and a slight 
asymmetry suggestive of more than one PE band. 
Srmrlarly the structure In the region between 15.5 and 
16.1 eV mdrcates the precence of more than one pho- 
toionizatron phenomenon_ Fmaily a rather weak band 
at 18.7 eV is found. On the basrs of our HFS calcula- 

Fr.g. 1. He(l) photoelectron spccuum of CA-,. 
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Table 1 
E\pcnmrntal IEs. results of HI-S LCAO chuiations for CF2, SIFT (double zeta) and GeF, (triple zeta) and preferred speclral 
assicnmcnts (all ralues in eV). In ad&uon experimental and calculated elecwic dipole moments are given 

MO 3 CF? 

HSl-(DZ) cup. t31 

SG 

HFS(DZ) exp. [2] 

GFZ 

HFS(T2) exp. 

Ja1 
3bl 
Ia2 

3a1 
lb? 
2bl 
2a1 
dipolc (D) 

1360 12.27 10.84 11.18 11.30 11.98 f 0.03 
17.20 16.4 14.60 15.5 13.54 14.4 f 0.2 
17.81 17.4 15.30 15.8 13.87 14.4 f 0.2 

19.03 19.2 15.60 16.8 14.46 1555 f 0.05 
19.68 20.8 15.99 17.06 14.44 15.9 * 0.2 

20.54 22.2 16.44 17.8 15.05 16.2 * 0.2 

23.20 24.0 18.30 17.62 18.70 fr 0.03 

0.39 0.46 [ 151 1.71 -1.28 [ 161 2.75 2.61 [61 

3) Valence orbid numbering. 

tions and in view of the results obtamed for the re- 
lated compounds CeClz and CeBr2 [4] we assign two 
photoionization bands to the feature at 14.5 eV and 
three bands to the structure around 16 eV. Experi- 

mental band positions some of which are rather inac- 
curate due to spectral overlap are presented in table 1. 

The results of the HFS calculations are also sum- 
marized in table 1. Our experience with these calcula- 
tions applied to a variery of small molecules shows 
that although absolute IE values cannot be reproduced 
to better than “1 eV, relative band positions tend to 
be reliable to ==0.3 eV. For PE bands which he closer 
than =0.3 eV an assignment based on HFS calcula- 
tions alone should be considered as tentative. In table 
1 an HFS-based preferred spectral assignment (using 
the HFS valence orbital numbering) 1s presented. 
When an overall shift of 0.8 eV is applied to the calcu- 
latsd values good ageement with expenment is obtam- 
ed. Also the calculated and expenmental electnc di- 
pole moments for CeF, agree quite well. 

In fig. 2 an almost self-explanatory pictorial repre- 
sentation of the orbItal Interaction scheme in GeF, is 
awn. The pattern is based on interactions between 
the germanium 4s and Jp and fluorine 7-p orbitais. 
The sohd lmes correspond to HFS results while the 
dotted hnes are estimates of the atomic valence levels 
in the fiial moiecuku field. Interactron lines are only 
included when the A0 contnbution to the resulting 
MO exceeds 10%. 

When rhe experimental PE band positlons for GeF?, 
CeCI, and CeBr, [4] are plotted against the fist IJZs 
of fluorine, chlorine and bromine atoms (17.42, 12.97 
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and 11.81 eV respectively) approximately linear cor- 
relations are obtained, thus providmg confirmation 
for our assignments. The relabvely gentle slopes of 
the 2al and 4al correlation lines are due to the signifi- 
cant germanium 4s participation in these orbltals, the 
steeper slopes of the remaining lines indicate predonu- 
nant halogen character (see also fig. 2). 

A correlation between the GeF2 results and CF, 
[3] and SiF, [1,2] data can also be attempted by 
plotting the PE spectra against the bond distances 
between the fluorine and the central atom. In order 
to get more insight we have performed HFS calcula- 
tions of double-zeta quaky on CF, and SiFz on the 
basis of their microwave gcometriei [15,16],The re- 

sults of these calculations are summarized together 

with the expenrnental data in table 1. The calcula- 
tions for SiF, are in reasonable agreement with the 
experimental values, while the agreement for CF, is 
worse. 

The calculations show that in many ways the chem- 
ical bonding in these three different molecules is Mimi- 
lar. In each PE spectrum we can distinguish a fluorme 
lone pair region defmed by the 3bl (looTo), Ia2 (100%) 
and 3a, (90%) ionization phenomena (see also fig. 2). 
While for CeF2 and SiFZ the lb2 and 2bl IEs are 
fairly close to this lone pair region, in CFZ these two 
IEs are much more stabilized due to strong bondmg 
mteraction of the carbon 2p MOs with the fluonne 
2p A0 symmetry combmatiq?? The location of the 
4al and 2al IEs is, roughly speaking, detekned by 
the interaction_ between the-central atom valence s A0 
and the radial fluorine 2p combination of d, -syrnme- 
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i& 2. Euperuncnt~ IEs and orbital mtet~etion scheme based on results OF HFS LCAO e~c~aons tshnied by 0.8 cv) for Get‘z. 

try. Thha might explam the unusual trend obsemed in 
the position of the first bands (4al) in CFz, SIF? and 

GeF, which IS parallelled by the valence s orbital IEs 
of the free central atoms(l9.5,15.0,and 15.6eV 
respectively [17]). 

Moreover, the cakulations show the trend towards 
iomc bonding character ~rou~out this sertcs of mol- 
ecules, which is dlustrated by the charges on the cen- 
tral atom, i.e. tO.Se (C), +I .Oe (Si) and +I. 1 e (Ge). 
Also the contribution of the valence p A0 of the ten- 
tral atom to the 4nt MO IS increased in gomg from 
germanium/silicon to carbon, in line with the well- 
known tendency of the carbon atom to form s-p 
hybrids. 
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