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ABSTRACT 

He (I) photoelectron spectra are reported for the series of compounds (CH,),GeI, (CHs)sGeHI, 
CH,GeH21 and (CH3)2GeIs, as well as for (CFs),GeI, (CFs)sGeIs and CFsGe&. He(I1) photo- 
electron spectra are also reported for all of the perfluoromethyl compounds. Assignments are pro- 
posed on the basis of semi-empirical CNDO/2 calculations, band shapes and changes of relative 
intensities between the He (I) and He (II) spectra. Comparisons are drawn with the related bro- 
mides and chlorides. 

INTRODUCTION 

We have previously reported the He (I) and He (II) excited photoelectron 
spectra of various methylgermanium and perfluoromethylgermanium halides 
includingthe series (CH3),GeX [l], (CH3)2GeX2 [2], CH3GeX3 [3] (X=F, 
Cl, H), (CH,)4__GeBrn [4], and (CF,),_,GeX, (X=Cl, Br) [5]. This study 
extends the work to a selection of methylgermanium and perfluoromethylger- 
manium iodides. Relatively few studies on iodides have been reported recently. 
Three of interest have involved variable energy and angle resolved photoelec- 
tron spectroscopy of CFJ [6,7], HI and CHJ [a]. 

EXPERIMENTAL 

The spectra were recorded either on a McPherson ESCA-36 photoelectron 
spectrometer using, when possible, both He (I) and He (II) excitation or on a 
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Perkin-Elmer PS18 which is equipped only for He (I) spectra. The peaks were 
calibrated against the argon lines at 15.76 and 15.94 eV. Data of good quality 
were obtained in both the He (I) and He (II) modes for CF3Ge13, (CFB)2GeI, 
and (CF3)3GeI and in the He(I) mode for (CH&GeI, (CH3)2GeHI and 
CH,GeH,I. The He (II) mode for the latter three compounds was not of much 
help because of a high signal-to-noise ratio. The He (I) spectrum of (CH, )2Ge12 
was also of marginal quality while the spectra of CH3GeHI, and CH3GeI, were 
of such poor quality, possibly because of the decreasing volatility of the iodides, 
that it was decided not to include them in this work. In general, but particularly 
with the McPherson spectrometer, longer runs designed to accumulate better 
data resulted in a deterioration in the response of the detector and considerable 
loss of resolution. In the interests of economy and of other users we had to 
restrict the length of the runs. 

CNDO/B calculations were performed on those species that contained only 
one iodine atom by utilizing the program GEOMO-FORTRAN IV developed 
by Rinaldi [ 91. In accord with previous work [l-5], a non-standard basis that 
did not include d-orbital9 was used for germanium and iodine. For germanium, 
a Slater exponent of 1.69510 was used for both s and p orbital9 with a beta 
integral of 12.33930 eV. The core integrals (eV) of s (12.20990) andp (4.04510) 
produced satisfactory results in a trial run on GeH4. For iodine, a Slater ex- 
ponent of 2.39330 was used for both s and p orbital9 with a beta integral of 
17.96000 eV. The core integrals (eV) of s (17.70400) andp (6.42380) orbital9 
produced satisfactory results in a trial run on HI. Our experience with the 
related compounds [l-5] suggested that if the CND0/2 computed eigenvalues 
were adjusted by recognition of the parentages of the orbital9 (arbitrarily re- 
duced by 29% for C, H and Ge and by 16% for I and H’ ) then a closer corre- 
spondence with the value and order of the experimental ionization energies 
could be anticipated. The coordinates of the atoms were calculated using bond 
lengths previously reported in the literature for related compounds [lo-12 3. 
All tetrahedral angles were assumed because we have already noted [ 1 ] that 
the use of exact values of angles, where known, results in insignificant changes 
in eigenvalues and eigenvectors. This is also true for the use of the optimization 
routine, so that this was not utilized, leading to a considerable saving of com- 
puter time. 

The perfluoromethylated germanium iodides were prepared as described 
previously [ 131. The methylgermanium iodides ( CH3)2Ge12, ( CH3),GeI, 
CH3GeHI, and CH,GeH,I were prepared by the exchange reaction of hydrogen 
iodide and the corresponding bromo derivatives based on details described in 
an earlier publication [ 141. The hydrido(bromo)methyl germanes are not 
commercially available and were prepared by the controlled bromination of 
methylgermane using boron tribromide [ 151. Methylgermane and dimethyl- 
germane were obtained from CH3GeBr3 and (CH3)zGeBr, by lithium alumi- 
num hydride reduction in dry n-butyl ether. The reaction of dimethylgermane 
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with hydrogen iodide was used to prepare ( CH3)zGeHI [ 161. Vibrational and 
‘H or lgF NMR spectroscopy confirmed that the purity of the compounds was 
better than 98% in terms of hydrogen- or fluorine-containing materials 
[ 13,15,16]. 

RESULTS AND DISCUSSION 

The experimental vertical ionization energies and the predicted eigenvalues 
of the orbitals as calculated by the adjusted CNDO/2 method are presented in 
Table 1 for (CH3)3GeI, (CH3),GeHI and CH,GeH,I, along with the desig- 
nated symmetries and principal contributions to the molecular orbitals. In Ta- 
ble 2, the experimental values are summarized, along with those of ( CH3),GeI, 
and GeHJ [ 171 for comparison, and the approximate descriptions of the prin- 
cipal functions of the corresponding orbitals are included. The core-level val- 
ues [ 18,191 are also included in this table for comparative purposes. 

The He(I) spectrum of (CH3),GeI shows the iodine lone pair clearly split 
into two distinct peaks as a result of spin-orbit coupling. The separation of 0.4 
eV is close to that noted for (CH,),GeBr and somewhat less than the values 
of 0.62 and 0.52 eV in CHJ [20] and exo- or e&o-2-norboryl iodides, respec- 
tively [ 211. The second set of peaks corresponds to ionizations from the ger- 
manium p orbitals involved in bonding; the Ge-I bonding orbital, 5a,, being 
slightly less stable than the Ge-C bonding orbital, 4e, as indicated by the 
CNDO/B calculations and by the assignments in (CH:,),GeBr [4]. The next 
cluster corresponds to the CH,-bonding orbitals and is in the typical region of 
the spectrum. The envelope contains features that are as expected for an c+ 
e-al-e sequence and so is assigned accordingly. Finally, the feature at 16.1 eV 
corresponds to the orbital with germanium s-orbital contributions. The CNDO/ 
2 calculations suggest considerable mixing between the 3al and 4a, orbitals 
which may contribute to this feature showing up more clearly in the iodides 
than in other halides [l-4]. 

The He (I) spectrum of ( CH3) 2GeHI is displayed in Fig. 1. The iodine lone- 
pair region is again clear with a separation of 0.45 eV for the two peaks corre- 
sponding to Ekz’ and 5~“. The germaniump-orbital bonding region shows three 
distinct peaks assignable as 7u’, mainly Ge-I bonding, 4u ‘, Ge-C bonding, and 
6u’, mainly Ge-H bonding. As with (CH3),GeI, four peaks appear and are 
assigned within the CH,-bonding envelope. Finally, the weaker but distinct 
feature associated with the germanium s orbital appears at approximately 16.8 
eV. 

The He (I) spectrum of CH,GeHJ is also displayed in Fig. 1 and the expan- 
sion clearly shows the separation of the iodine lone pairs (3~” and 7~’ ) as well 
as the three distinct peaks corresponding essentially to Ge-I (6~’ ) , Ge-C (2~” ) 
and Ge-H (5~’ ) bonding orbitals. Figure 1, in addition to the data in Tables 1 
and 2, clearly demonstrate that as hydrogen atoms replace the methyl groups, 
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TABLE 2 

Experimental values (eV) of vertical ionization energies and core level binding energies of several 
iodiogermanes 

(CH&Ge12” (C&d&e1 (CH,),GeHI CH3GeH,I GeHJ Description 

9.2 9.10 
9.4 
9.7 9.50 

10.2 

11.0 10.50 
11.4 10.90 

13.5 13.40 
s 13.90 

14.40 
15.0 14.60 

n.0. 16.10 

Core levels ( eV)b 
36.9 

290.2 
625.6 

9.30 

9.75 

10.90 11.30 
11.35 11.80 
11.80 12.30 

13.60 
14.00 
14.60 
14.80 

16.80 

14.30 

15.20 

17.10 

37.2 37.5 
290.3 290.5 
625.7 626.1 

9.45 

9.95 

9.59 

10.14 
I lone pairs 

11.71 

12.6 

Ge-I 
Ge-C 
Ge-H 

CHa 

_ Gets) 

37.8 

626.4 

Ge(3d) 
C(ls) 
I(3d,,,) 

‘See text. 9.2 (4b,); 9.4 (6a,); 9.7 (4bz); 10.2 (2%); 11.0 (3b2, 5a,); 11.4 (3b,). 
bSee refs. 12 and 19. 

all of the orbitals become stabilized regardless of their parentage and regardless 
of whether they are in valence or core levels. The iodine lone-pair orbitals 
range from an average of 9.3 to 9.9 eV along the series ( CH3),GeI- ( CH3),GeHI- 
CH,GeH,I-GeH,I. A similar range is displayed by the iodine 3d,,, core level 
(625.6 to 626.4 eV) suggesting that changes in effective nuclear charge are 
reflected to a similar degree by both the non-bonding valence orbitals and the 
core levels of iodine. However, there is a larger change in the increasing sta- 
bility of the Ge-I bonding orbitals, 10.5 to 11.7 eV, suggesting a gradual in- 
crease in the stability of the Ge-I bond. Alternatively, the trend may be de- 
scribed by the difference between the energies of the lone-pair iodine orbitals 
and those involved in Ge-I bonding. For the sequence ( CH3) ,GeI, ( CH3 ) 2GeHI, 
CH3GeH.J and H,GeI the differences are 1.20,1.38,1.60 and 1.85 eV, respec- 
tively. The same conclusion can be reached by noting the increase in the-values 
of the Ge-I force constants which are 1.13, 1.17, 1.34 and 1.83 mdyn A-’ for 
(CH3)3GeI [22], (CH,)2GeHI [16], CH3GeHJ [23] andH,GeI [24], respec- 
tively. The carbon 1s core level only increases slightly in stability from 
( CH3)3GeI to CH,GeH,I indicating only a slight increase in the partial posi- 
tive charge on carbon, but the predominantly Ge-C bonding orbitals increase 
more markedly in stability from 10.9 to 11.8 eV. The force constants for the 
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(CH&GeHI 

CH3GeHJ 

I 

16 
I I 

14 12 10 
eV 

Fig. 1. The He(I) photoelectron spectra of ( CH3),GeHI and CH3GeH21. 

Ge-C stretching vibration increase from 2.87 to 2.95 mdyn A-’ from ( CH3)BGeI 
[22] to CH3GeHJ [23]. 

The He(I) and He(I1) spectra of CF3Ge13, (CF3),GeI, and (CF3)3GeI are 
assigned in Table 3 and representative examples are displayed in Figs. 2-4. 
The assignments are made with considerable certainty by comparison with the 
series ( CF3 ) ,GeX, _ n, X = Cl, Br, and with the changes in peak intensities be- 
tween the He(I) and He(I1) spectra. This is well illustrated in the spectrum 
of (CF, ),GeI where the iodine lone-pair orbitals, which show up clearly in the 
He (I) spectrum, virtually disappear in the He (II) spectrum. The loss in in- 
tensity is further demonstrated by the fact that peaks in this region, and even 
at lower apparent ionization energy, can be readily assigned as satellite spectra 
arising from the excitation of the fluorine lone-pair orbitals by the He (II) 
48.37 and even 51.0 eV radiations. These allow for fairly specific assignments 
in the cases of ( CF3),GeI and CF3Ge13 but the spectra are not of sufficient 
quality in the He (II) spectrum of (CF3)2GeI, to allow for the same precision 
in assignment. 

The spin-orbit splitting of the iodine 5p lone pairs in (CF, ),GeI (14e) is 
greater than that observed in (CH3)3GeI, just as is found for CF,I, 0.78 eV 
[ 251, compared with CH,I, 0.62 eV [ 201. The iodine lone-pair regions are sim- 
ilarly distinctive in the He(I) spectra of ( CF3),GeI, and CF,GeI, where the 
predicted four peaks can be clearly seen and assigned. 

The germanium p-orbital bonding regions lie between the iodine and fluo- 
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TABLE 3 

Orbital symmetries, He (I) and He (II) vertical ionization energies and approximate description 
of parentages for CF3Ge13, (CF&GeIs and ( CF3)3GeI 

CF,GeI, (CFs )&e12 (CFshGeI Approximate description 
of orbital 

Orbital Exp. Orbital Exp. Orbital Exp. 
(ev) (eV) (ev) 

7o1 10.10 
8e 10.30 
2% 10.65 
7e 11.00 

6o, 12.40 

6e 12.70 

5e 15.30” 
la, 15.90” 

5a, 16.50” 

4e 17.05” 

3e 19.w 

401 20.20” 

9b, 
lla, 

8bs 
6% 

8h 
lOa, 

7bz 

761 
5a, 
662 
9oi 
4a, 
5h 

8ol 

6h 
3%. 
44 
7ol 

5h 
2% 
6ol 
3h 
4b, 
5ol 

10.20 
10.45 
10.75 
11.15 

12.30 
12.60 
12.90 

15.25 
15.45 
15.60 
15.80 
16.15 
16.40 

16.80 

17.00 
17.25 
17.30 
17.45 

19.9 

I 
21.6 

14e 10.55 
11.05 

13e 

lOa, 

12e 

5% 
lle 
4a, 

10e 
9ol 

801 

9e 
3% 
Se 
701 

7e 
2a, 
6e 
601 
5e 
5ol 

12.45 

12.80 

15.45 
15.60” 
16.05” 
16.15 
16.35” 
16.55 

16.80” 

17.00” 
17.25’ 
17.30 
17.45 

19.85 

I 
22.0 

I @ ) lone pairs 

Ge-C bonding 

Ge-I bonding 

F @) lone pairs 

Ge(s) bonding 

F (p ) lone pairs 

CFs bonding 

‘Assignment aided by Satellite Spectra. 

rine lone pairs. In ( CF3),GeI, the change in peak contour between the He (I ) 
and He (II) spectra allows the orbital with predominant Ge-I character, lOal, 
to be assigned to the more stable component, that with decreased relative in- 
tensity in the He (II) spectrum. In CF3Ge13, the decreased relative intensity is 
again seen for the more stable component requiring its assignment to &, the 
orbital with predominantly Ge-I character. The predicted three peaks in the 
germanium p-orbital bonding region can be seen clearly in the He (I) spectrum 
of ( CF3)2GeI,. The most stable orbital shows a large decrease in intensity in 
the He (II) spectrum and so is assigned as that which is essentially Ge-I bond- 
ing in character. The least stable orbital becomes the most intense in the He (II ) 



* Ionizations from 

He(I) 23.1 eV. source 

I * * . m . * . . . * . . . . 

20 18 16 14 12 10 8 
eV 

Fig. 2. The He (I) photoelectron spectrum of CF,GeI,. 

I 

A * Ionizations from HeUI) 48.37 eV 

and 51.0 ev radiation. 

I . . : . . . . 
24 22 20 18 16 14 12 10 8 6 

eV 

Fig. 3. The He (II) photoelectron spectrum of CF,Ge&. 

spectrum and so is assigned as being primarily Ge-C bonding. It is notable that 
the ionization energies of the iodine lone pairs, Ge-C bonding and Ge-I bond- 
ing orbitals are very similar for all three iodides and there is, at best, a very 
slight indication of an increase in stability as CF, groups replace iodine atoms. 
It should, however, be noted that the difference between the average energy of 
the iodine lone pairs and the Ge-I bonding orbital is larger in ( CF3)3GeI (2.00 
eV) than in (CH,),GeI (1.20 eV) by an amount proportionally comparable to 
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k Ionization form He(lI) 48.37eV 

and 51.0 ev. radiation 

L.“‘.,l..l.,..!..h... 
26 24 22 20 18 16 14 12 10 8 

eV 

Fig. 4. The He (I) and He (II) photoelectron spectra of (CF3),GeI. 

the values of the Ge-I stretching force constants, 1.83 mdyn A-’ for ( CFB)3GeI 
[ 261 and 1.21 mdyn A-’ for (CH3),GeI [ 221. Both, presumably, are indicative 
of a stronger Ge-I bond in the perfluoromethylderivatives. In general, the sub- 
stitution of a CFB group for CH3 has a much larger effect on the stability of the 
bonding orbitals than does substitution of a halogen atom. 

The fluorine lone-pair regions are typical of CF,-containing compounds. In 
the spectrum of CF3Ge13, the two main envelopes, 5e/le and 4e, can readily 
be assigned specific vertical ionization energies on the basis of a match with 
the 46.37 eV satellite spectra. As is typical, the e/a2 cluster is considerably 
more intense and shows extensive vibrational fine structure. The same basic 
features can be seen at similar energies in the spectra of (CFB)2Ge12 and 
( CF3),GeI. The bands appear as expected for the superimposition of the spec- 
tra arising from the two and three CF, groups respectively, as was noted for 
the series (CF, ) ,GeX, _ n, X = Cl, Br [ 5 1. The quality of the spectrum does not 
allow for specific assignments for (CF,) 2Ge12 but in ( CF3)3GeI the assign- 
ments can be made on the basis of agreement with the satellite spectrum. 

In the spectra of all three compounds, there is a peak between the two fluo- 
rine lone-pair envelopes whose relative intensity changes in a different fashion 
from those of the lone pairs. This peak is associated with the orbital in which 
bonding involves a contribution from the germanium 4s-orbital. 

As with other CF,-containing compounds, the CF,-bonding orbitals are seen 
at around 20 eV in the spectra of CF9Ge13, ( CF3)2Ge12 and (CF3)3GeI. There 
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is also a distinct feature in the 23.6 eV region which presumably corresponds 
to orbitals that involve contributions from the carbon 2s and iodine 5s orbitals. 
This is in a region where Koopmans’ theorem may be no longer an acceptable 
approximation, but that the peaks arise predominantly because of the presence 
of CF, groups seems clear because similar features are seen at approximately 
23 eV in the spectra of CF3Br, CFJ [ 251 and CF$l [ 201. 

The parentages and energy levels of halogen lone pairs and germanium p- 
bonding orbitals, are presented in Table 4 for (CH3),GeBr, (CH3)3GeI, 
(CF, ),GeI and (CF, ),GeBr. It is apparent that replacing the less electrone- 
gative iodine atom by a bromine atom results in a similar relative increase in 
ionization energies for both the methyl and perfluoromethyl derivatives. The 
similarities in the parentages of these orbitals for (CH,)GeBr and ( CH3),GeI 
indicate that substitution of the halogen causes no substantial changes in the 
overall nature of the bonding. In contrast, the correlations between the levels 
in ( CH3),GeI and (CF,),GeI show clearly the effect on stability of the consid- 
erably more electron-withdrawing CF3 groups compared with CHa groups. The 
“cross-over” of the relative energy levels of the bonding orbitals is consistent 
with what was observed for the related bromides and chlorides [ 51. There is 
also a marked difference in the parentages of the 4e and 13e orbitals in 
(CHS)BGeI and (CF3),GeI, respectively. The contributions from the carbonp 
orbitals to these bonding orbitals are much less in the trifluoromethyl. This 

TABLE 4 

Vertical ionization energies and CNDO/Z calculated parentages for the lone-pair orbit& of iodine 
and bromine and the bondingp-orbit& of germanium in (CH,),GeBr, (CH,)aGeI, (CF,),GeI 
and ( CF3 ),GeBr 

Orbital IE (CH,)sGeBP IE (CH,)aGeI Orbital IE (CF,),GeI IE ( CF,)sGeBrb 
(eV) (eV) (eV) (ev) 

5e 9.91 Brp 0.78 9.3” Ip 0.90 14e 10.8’ 4, 0.79 11.70 Brp 0.51 
CP 0.13 CP 0.06 CP 0.11 CP 0.15 

FP 0.07 FP 0.25 

5% 11.02 Gep 0.17 10.5 Gep 0.19 lOa, 12.80 Gep 0.25 13.35 Gep 0.22 
Brp 0.53 IP 0.53 IP 0.38 Brn 0.33 
CP 0.15 CP 0.13 CP 0.09 CP 0.07 
Hs 0.11 Hs 0.10 FP 0.20 FP 0.36 

4e 11.46 Gep 0.17 10.9 Gep 0.19 13e 12.45 Gep 0.20 13.00 GeP 0.13 
CP 0.44 CP 0.51 CP 0.18 CP 0.09 
Hs 0.15 Hs 0.15 FP 0.40 FP 0.31 
Brp 0.19 IP 0.09 IP 0.20 Bw 0.47 

“Taken from ref. 4. 
“Taken from ref. 5. 
‘Average values. 
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reduced participation of the carbon orbital8 in bonding to germanium is also 
consistent with earlier observations that the Ge-C bond is apparently weaker 
in trifluoromethylgermane derivatives compared with methylgermane deriva- 
tives [ 10,261. 

The spectrum of ( CH3)2GeI, (see Table 2) can be discussed by comparison 
with those of (CH3)2GeBr2 and (CF,),GeI,. In (CH3)zGeBrz, the predomi- 
nantly Ge-CH3 bonding orbitals were assigned at 12.40 to 3b1, mainly Ge (p)- 
C, and at 16.75 eV to 3a1, mainly Ge(s)-C. The spectrum of (CHB)2Ge12 is of 
much poorer quality and no clear features corresponding to the weak peak 
associated with 3a, are visible so this has to be left unassigned. However, a 
peak at 11.4 eV can reasonably be assigned to 3b1, the most stable orbital in 
the region involving the germanium p orbitals. This is consistent with an as- 
signment of the main Ge(p)-halogen(p) bonding orbital, 3b2, to 11.0 eV in 
(CHB)2GeI, comparable with 11.90 eV in (CHB)2GeBrz. In the spectrum of the 
latter, the 5ai orbital could be assigned separately at 12.11 eV but in ( CH3)2Ge12 
the features are less well defined so 5a, is assumed to be overlapping with 3bz. 
The CH,-bonding in (CH3)2GeI, is essentially one broad envelope ranging 
from approximately 13.5 to 15.0 eV. However, the lone-pair region is relatively 
well resolved, so that the four iodine lone pairs are well separated at 9.2,9.4, 
9.7 and 10.2 eV and can be assigned to 4bl, 6ul, 4b2 and 2% by direct comparison 
with those at 10.14,10.36,10.58 and 10.80 eV in (CH3)2GeBrPZ where they are 
approximately 1 eV more stable. Similarly, the greater electron-withdrawing 
power of CF3 groups relative to CH3 groups results in the lone pairs in 
(CF,)2GeI, being similarly more stable, with the corresponding four peaks 
appearing in the range 10.2-11.X eV (Table 3). 

Extending the observations on the differences in energy levels between io- 
dine lone-pair and Ge-I bonding orbit&, it can be noted in conclusion that for 
(CF3),GeI, the difference is 2.26 eV, whereas for (CH3)2GeI, it is 1.40 eV, 
comparable with the values of 2.0 and 1.20 eV observed for the perfluoromethyl 
and methyl monoiodides. 
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