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Abstract: The He(I) and Ne(I) photoelectron spectra of 1,6-C2B4H6, 1,5-C2B3H5, 2,4-C2B5H7, B5H9, and 2-CB5H9 and the 
He(I) spectra of BeHio, 2,3-C2B4Hs, B5Hn, and BsHi2 are reported. Spectra are assigned using observed band characteristics 
and existing calculations. By dividing each molecule into ring and polar fragments an empirical model is developed to rational­
ize the observed spectra of both those for which calculations exist and those for which calculations have yet to be reported. The 
model suggests that the partitioning of the cage orbitals into TT and a symmetry classes with respect to cage substituent bonds 
is a worthwhile generalization. In addition the model provides a simple interpretative tool such that the technique of photoelec­
tron spectroscopy may be used by the experimental chemist to investigate the properties of other more complex cages. 

One of the areas of contemporary inorganic chemistry 
that has caught the attention of synthetic,1 structural,2 and 
theoretical3 chemists is that of atom clusters. One reason for 
this interest is the potential significance of clusters in the area 
of catalysis.4 If history is a guide, the continued development 
of cluster chemistry will parallel the development in under­
standing the electronic states of these systems. The purpose 
of this work is to construct an experimental approach to a 
conceptually simple description of small clusters. In this paper 
an approximate, but useful, empirical model for small main 
group clusters as exemplified by the polyhedral boranes is 
developed. 

The traditional approach to electronic structure is via 
quantum chemical calculations whose degree of sophistication 
varies inversely with the complexity of the problem. Progress 
toward a satisfactory description of the electronic structure 
of metal clusters has been slow, not for lack of effort, but simply 
because of the sheer difficulty of the problem.5 We feel that 
in this area the experimental technique of molecular photo­
electron spectroscopy can make a significant contribution. 
With this method exact information on the electronic states 
of positive ions is produced.6 This information is easily trans­
lated into a one-electron molecular orbital description of the 
molecule6 which can then be directly compared with approx­
imate, but more detailed, calculations. However, this is not the 
only way photoelectron spectra can be used. With even simple 
quantum chemical models as a language, it is possible for the 
experimental chemist to use the technique of photoelectron 
spectroscopy to reveal characteristic features of systems of 
interest.7 One objective of this work is to demonstrate this 
possibility for cluster systems. 

The approach to complex clusters via borane systems has 
several advantages. First, the synthetic chemistry is sufficiently 
well worked out so that well-characterized series of compounds 
can be generated and studied.8 Second, the structures of many 
compounds are known and serve to clearly establish at least 
three distinct structural classes.9'10 The arrangement of heavy 
atoms in these clusters depends in a fundamental fashion on 
the number of electrons that can be associated with cluster 
bonding." The simple working rules that have resulted from 
this discovery provide the experimental chemist with an ex­
cellent guide for the generation of structures from molecular 
formulas.12 Finally, the compounds have been the subject of 
a continuing series of state of the art calculations so that the 
basic features of the electronic structures of the boranes are 
well understood.13'14 Thus, in approaching clusters in general 
from this direction, one begins with a firm base of established 
experimental and theoretical data from which one can explore 
the similarities and differences of more complex cluster sys­
tems. 

In previous work we have presented some initial consider­
ations of the photoelectron spectra of small closo carboranes15 

and the effects of exo substituents on the photoelectron spec­
trum of a nido borane, B5H9.16 Others have reported the 
spectra of B4H10, B5H9, and B10H14 along with calculations.17 

The discussion accompanying the latter work presented a 
correlation between the orbitals of the three boranes based on 
population analyses. In this paper a correlation is developed 
by a partitioning of the filled orbitals into three types. This 
model is used to present a simple rationale of both the photo­
electron spectra and the results of existing quantum chemical 
calculations. Despite the approximate nature of the model, we 
show that it can be used to explain the basic features of the 
spectra of compounds for which calculations have not been 
carried out. In the following paper, the technique of photo­
electron spectroscopy is used to characterize some clusters 
containing single iron atoms. 

The Ring-Polar Model. The LCAO approximation in which 
one-electron molecular orbitals are constructed from combi­
nations of individual orbitals of the constituent atoms is well 
known to all chemists. A related approximate treatment which 
is becoming more popular both in qualitative18 and sophisti­
cated19 considerations of the electronic structure of compli­
cated molecules involves representing the molecule with or­
bitals derived from fragments containing more than one atom. 
In such a treatment fragment orbitals are classified into two 
types: those that interact strongly with other fragments and 
those that do not. The main advantage of such an approach is 
that the latter type of orbitals are largely transferable from 
molecule to molecule producing a net simplification of the 
problem. There is no unique way of dividing a molecule into 
fragments and the particular partitioning chosen results from 
an attempt to balance factors such as the number of frag­
ment-fragment orbital interactions and the number of com­
pounds a fragment can be used in. The fragments-in-molecules 
approach has already been used extensively in the analysis and 
interpretation of photoelectron spectra of a variety of chemical 
compounds20 and is also adopted here for an approach to 
cluster structure via photoelectron spectroscopy. 

For the detailed treatment of small clusters (five to seven 
heavy atoms) we propose that ring-polar partitioning originally 
presented as a physical factorization of the secular equation 
by Hoffmann and Lipscomb21 is appropriate. Here we restrict 
ourselves to clusters of heavy atoms each of which is bound to 
one hydrogen atom by normal covalent bonds.22 In the ring-
polar model rings of three to five heavy atoms constitute one 
fragment. The polar fragments consist of two heavy atom-
hydrogen atom fragments for bipyramids and one heavy 
atom-hydrogen atom fragment for pyramids. As schematically 
indicated in Figure 1, there are In (« = number of heavy atoms 
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Figure 1. Schematic, qualitative representation of the ring polar model 
for the (Y-H)n(X-H)2 and (Y-H)n(X-H) molecules. 

in the ring) transferable orbitals (those assumed not to interact 
with the polar fragments) in the ring fragment and one 
transferable orbital per polar fragment. The fragment-frag­
ment interactions take place between three of the possible 
out-of-plane ring orbital combinations (one of a symmetry with 
respect to the X - H axis of the polar fragment and two of x 
symmetry with respect to the same axis) and three orbitals or 
orbital combinations of the polar fragment(s) of matching 
symmetry. The net result is In + 4 or In + 5 filled orbitals for 
one and two polar fragments, respectively. 

The major weakness of this model lies in the fact that more 
use is made of the orbitals in the ring fragment than of those 
in the polar fragment(s).21 Consequently, even approximate 
calculations indicate that more mixing than is permitted in the 
ring-polar separation occurs between ring and polar fragment 
orbitals. Thus, this particular factorization can fail even in 
predicting closed-shell species.21 However, here we take the 
number of filled orbitals in clusters of varying structure as a 
fact that has now been well established by the work of others.12 

Thus, in the following we do not use the formalism of the 
ring-polar model as a means of predicting closed shell species 
but rather as a representation of the basic features of the orbital 
structure of existing (therefore closed shell) compounds as 
revealed by the technique of photoelectron spectroscopy. Even 
though it is an approximate approach it not only provides a 
language for conveniently discussing the spectra for "known" 
systems, i.e., those for which good calculations exist, but also 
allows a reasonable assignment of "unknown" systems. 

Experimental Section 

The photoelectron spectra of 1,5-C2B3H5, 1,6-C2B4H6, 2,4-
C2B5H7, B5H9^-CB5H9, B6H10, 2,3-C2B4H8, B5Hn, and B6H12 have 
been recorded in the gaseous state using He(I) (21.2 eV) and, in some 
cases, Ne(I) (16.8 eV) radiation.23 The spectrometer used15 has a 
resolution of 20 meV (fwhm) at 5 eV electron energy. A mixture of 
xenon and argon was used as an internal calibrant. Samples were gifts 
(B5H11,

24 B6H12,
2" and CB5H9);

25 were purchased (1,5-C2B3H5,
26 

1,6-C2B4H6,
26 2,4-C2B5H7,

26 and B5H9);
27 or were prepared ac­

cording to published procedures (B6H10
28 and 2,3-C2B4Hs).29 Purity 

of samples was checked by mass spectrometric analysis and in some 
cases by ' 1B NMR. B5Hn was run with the sample reservoir at -78 
°C to reduce decomposition. 
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Figure 2. The photoelectron spectra of 1,6-C2B4H6 and the band assign­
ments in terms of ring, polar, and ring-polar interaction orbitals. The SCF 
orbital energies are taken from ref 32. 

Photoelectron Spectra. The data are presented in Figures 2-9 and 
Table I. Ideally each band in the photoelectron spectrum corresponds 
to an electronic state of the molecular ion; however, many bands are 
obviously complex and represent more than one state. Band shape and 
vibrational fine structure, when observed, reflect differences between 
the structure of the molecule in the ground electronic state and the 
particular state of the ion reached by photoionization. In terms of 
Koopmans' theorem,6 each individual band arises from the ionization 
of a filled molecular orbital and, thus, band structure also reflects 
molecular orbital characteristics. For ionization of orbitals of similar 
composition and energy, band area reflects orbital occupancy.30 Fi­
nally, the dependence of the cross section on photon energy for ion­
ization of orbitals situated on atoms of differing nuclear charge will 
be different.31 Variable frequency photoionization thus allows one 
to distinguish individual ionizations in complex bands and allows 
qualitative conclusions concerning the atomic makeup of a molecular 
orbital to be drawn.20 

Applications 

Bipyramidal (Closo) Structures. 1,6-C2B4H6. This molecule 
has been the subject of a previous study15 and the old and new 
data are summarized in Figure 2 and Table I. Briefly, on the 
basis of vibrational fine structure bands 1 and 2 are assigned 
to ionization of molecular orbitals associated with the frame­
work. Similarly, bands 5 and 6 are assigned to orbitals pri­
marily involved in heavy atom hydrogen bonding, i.e., exo-
polyhedral bonds. Band areas or shapes indicate that bands 1, 
4, 5, and 6 are due to the ionization of single occupied molec­
ular orbitals while 2 and 3 are due to ionization of doubly de­
generate orbitals. The calculated dependence of atomic orbital 
cross sections on energy indicates that ionization from boron 
orbitals increases in intensity relative to carbon orbitals as the 
photon energy is changed from 21.2 to 16.8 eV.20 On this basis 
the spectra suggest greater carbon character for band 2 than 
band 3. It is also observed that the bands known to be associ­
ated with exo-polyhedral hydrogen bonds (5 and 6) decrease 
sharply in intensity with lower energy photons. 

The orbitals of the ring-polar model as described above are 
easily generated. There will be two sets of four transferable 
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Table I. Vertical Ionization Potentials, Relative Band Areas, and Band Assignments 

Molecule 

1,6-C2B4H$ 

1,5-C2B3H5 

2,4-C2B5H7 

B5H9 

2,CB5H9 

B6H10 

2,3-C2B4H8 

B5H11 

BeH12 

Band" 

1 
2 
3 
4 
5 
6 
7 

1 
2 

3 
4 
5 
6 

1 

2 

3 
4 
5 
6 
7 
8 
1 
2 

3 

4 
5 
1 
2 

3 

4 

1 
2 

3 
1 
2 

3 
1 
2 

3 
4 
1 
2 

3 
4 

IP,* 
eV 

9.9 
11.8 
12.5 
13.4 
14.0 
15.0 
17.5 

10.9 
11.7 
12.1 sh 
13.5 
14.5 
16.0 
16.9 
17.5 sh 
10.6 

11.6 

12.8 
13.8 
14.2 
15.0 
15.4 
17.4 
10.5 
12.7 
12.2 sh 
14.6 

16.4 
18.6 
10.4 
12.4 
11.8 sh 
12.2 sh 
14.9 
14.7 sh 
16.1 
16.6 sh 
9.4 

12.2 
11.6sh 

14.6 
9.6 

12.3 
11.3 sh 
11.7 sh 

14.9 
10.7 
12.2 
11.7 sh 
12.5 sh 
14.0 
14.8 
10.2 
12.1 
11.5 sh 
13.7 
14.9 

A / E c 

(rel) 

0.1 
0.2 
0.2 
0.2 

0.4 
0.4 

0.4 
0.2 

0.3 

0.4 

0.2 
0.3 

0.4 
0.7 

0.8 

0.2 
0.4 

1.0 
6.5 

0.9 
1.0 
6.2 

0.4 
1.0 
5.8 

0.8 
0.5 
1.0 
6.2 

1.7 
1.1 

A / E ( 7 3 6 A ) 

A / E (584 A) 

1.0 
1.1 
1.3 
1.3 

1.0 
1.4 

1.4 
1.7 

1.0 

1.0 

1.8 
1.0 

0.9 
1.0 

0.3 

1.0 
1.2 

IP per 
band 
(min) 

1 
1 
1 
1 
1 
1 
1 

1 
2 

1 
1 
1 
2 

2 

2 

1 
1 
1 
1 
1 
1 
1 
2 

2 

1 
1 
2 
3 

2 

2 

1 
4 

1 
1 
4 

1 
1 
3 

1 
1 
1 
2 

1 
1 

IP per 
band 

(assigned) 

1 
2 
2 
1 
1 
1 
3 

2 
2 

1 
1 
1 
2 

2 

2 

1 
2 
1 
1 
1 
1 
2 
3 

3 

1 
2 
2 
5 

2 

2 

1 
6 

1 
1 
6 

1 
1 

5 or 6 

1 
1 
1 
6 

2 
1 

Assignment'' 

S1R; B2p 
S,R-P; B2p,C2p 
Ex,R;B2p,Hls 
Ex1R-P; B2p,C2p,HIs 
Ex,R;B2s,Hls 
Ex,R;B2p;Hls 
lEx,P;C2p,Hls 
2Ed,R; B2s 
S,RP; B2p,C2p 
Ex,R;B2p,Hls 

Ex,RP;B2p,C2p,Hls 
Ex,R; B2p,Hls 
Ex,P;C2p,Hls 
Ed1R; B2s 
Ed,R; B2s 
S,R; B2p,C2p 
S,R-P; B2p 
S,R-P; B2p,C2p 
S,R; B2p,C2p 
Ex1R-P; B2p,C2p,HIs 
Ex1R;B2p,C2p,Hls 
Ex,R;B2s,C2s,Hls 
Ex,R;B2s,C2s,Hls 
Ex,P;B2p,Hls 
Ex1R; B2p,C2p,Hls 
S1RP; B2p 
IEx1RP; B2p,Hls 
2Ex1R; B2p,Hls 
2Ex1R;B2p,B2s,Hls 
Sp,R;B2p,Hls 
Ed,P; B2s 
Ed,R; B2s 
S,RP; B2p,C2p 
IEx1RP; B2p,C2p,Hls 
2Ex,R;B2p,C2p,Hls 
2Sp,R;B2p,C2p,Hls 
2Ex,R;B2s,C2s,Hls 
IEx1R; B2p,HIs 
Ed1P; B2s 

S1RP; B2p 
IS1RP; B2p 
IEx1RP; B2p,Hls 
Ex,R;B2p,Hls 
2Sp,R;B2p,Hls 
Ex,R;B2p,Hls 
S1RP; B2p,C2p 
IS1RP; B2p,C2p 
IEx1RP; B2p,C2p,HIs 
2Ex1R;B2p,C2p,Hls 
2Sp,R;B2p,C2p,Hls 
Ex,R;B2p,C2p,Hls 
S1RP; B2p 

S1RP; B2p 

" See figures for numbering. * Energies refer to band centers. Shoulders on bands are indicated by sh following the energy. Two errors in 
the data in Table I of ref 15 should be noted. The band listed at 19.77 eV for C2B4H6 is not confirmed in this work. The band in C2B5Hv assigned 
to ionization of the \2&\ and la2orbitals has a band center at 10.6 eV as stated here. The values 10.9 and 11.2 eV in ref 15 are incorrect. c Band 
area, He(I), over mean electron energy. d S = surface orbital, Ex = exo-polyhedral orbital, Ed = endo-polyhedral orbital, R = ring orbital, 
RP = ring-polar interaction orbital, P = polar orbital, Sp = protonated surface orbital. 
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Figure 3. The photoelectron spectra of 1,5-C2B3H5 and the band assign­
ments using the ring-polar model. Correlations between observed and 
estimated levels are made on the basis of observed band characteristics. 

orbitals associated with the ring and constructed out of B2p 
and 2s and His, and three orbitals associated with the inter­
action of the fragments. Although it is known that for the va­
lence region the higher energy orbitals will be predominantly 
2p, the next lower energy orbitals 2p, 2s, and His, and the 
lowest mainly 2s and that the relative ordering of the orbital 
sets will depend on the number of nodes in the orbital (the most 
symmetric being at lowest energy), an unambiguous assign­
ment is not possible without the aid of calculations. As SCF 
calculations have been published32 these are used to make the 
assignment schematically illustrated in Figure 2, one that also 
agrees with the experimental observations summarized 
above. 

This "calibration" results in several simple "rules". The 
higher energy set of four ring fragment orbitals is constructed 
from in-plane 2p orbitals while the lower set of four ring 
fragment orbitals and the transferable polar fragment orbitals 
are formed from 2s orbitals. The ring-polar interactions result 
from out-of-plane 2pz ring orbitals and polar 2p^ and 2p̂ , or­
bitals. His are then assigned to the six (oneper cluster atom) 
highest energy orbitals for which such interactions are allowed 
by symmetry. It is noted that the highest occupied molecular 
orbitals in this system are constructed strictly from 2p functions 
that lie in the surface of the polyhedron. As these orbitals are 
the analogue of ir systems in other classes of compounds,33 they 
are appropriately denoted as ir-endo-polyhedral orbitals or 
surface orbitals. The six orbitals lying below the surface or­
bitals are involved mainly in a-exo-polyhedral interactions 
while the last four orbitals of the valence shell are a-endo-po-
lyhedral in nature. These ten orbitals represent the a system 
of the cluster. Thus, 7r-endo-, <r-exo-, and (x-endo-polyhedral 
designations constitute a more general, but less detailed, par­
titioning of the cage molecular orbital structure. 

1,5-CzB3Hs. This molecule constitutes the first test of the 
usefulness of the ring-polar model. The polar fragment orbitals 
as well as the ring-polar interaction orbitals factored from the 
results on C2B4H6 may be directly carried over to C2B3H5. The 
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Figure 4. The photoelectron spectra of 2,4-C2BsH7, the estimated band 
positions for 2,4-C2BsH7 using SCF orbital energies35 and Koopmans' 
theorem, and the estimated band positions for 1,7-C2B5H7 using the 
ring-polar model. 

ring orbitals must be modified. This is easily done by consid­
ering each of the two sets of ring orbitals as if they were isolated 
systems. In the case of a four-member ring the relative energies 
of each set are a - /3, a, a, and a + 2/3, while for a three-
member ring they are a — /3, a — /3, and a + 2/3, where a and 
/3 are parameters.34 Using a's and /3's from C2B4H6 for each 
set of orbitals (ai =-12.4,/81 = -1 .3 , a2 =-17.5,/S2 =-1 .7 
eV) yields the predicted spectrum indicated in Figure 3. The 
experimental results allow some testing of the predictions. 

On the basis of fine structure band 4 is clearly exo-poly-
hedral while on the basis of area bands 1 and 2 involve the 
ionization of doubly degenerate orbitals. The change in relative 
intensity upon changing photon energy20 suggests that band 
1 has greater carbon 2p character than band 2 and, thus, is 
associated with ring-polar interactions. These data allow the 
correlation between estimated and observed energy levels for 
bands 1-4. Bands 5 and 6 are assigned by difference. The 
model generates qualitative orbital types and approximate 
positions so that the spectrum is quickly assigned. SCF cal­
culations of the orbital energies of this molecule have not been 
published. 

2,4-C2BsH7. This molecule consists of a five-atom ring and 
two polar groups; however, the carbon atoms are now in the 
ring and the polar fragments are now BH rather than CH. The 
observed fine structure identifies bands 5 and 6 as exo-poly-
hedral ionizations. Relative band areas suggest that bands 1, 
2, 4, and 7 involve the ionization of more than one molecular 
orbital. In bands 1 and 2 this is clearly evident from the definite 
change in band contour as photon energy is reduced. In each 
case the higher component seems to be associated with an or­
bital having higher boron content. 

The ring-polar model can be used to predict the spectrum 
of the 1,7-C2B5H7 but not 2,4-C2B5H7 because in the latter 
case all the degeneracies will be removed and there is no way 
to estimate the splitting involved. Taking a different tack, the 
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observed spectrum and the SCF computational results35 on the 
2,4 isomer when compared to the predicted spectrum of the 1,7 
isomer will show the sensitivity of the model to changes in the 
ring and polar fragment compositions. Thus, both the Koop-
mans' theorem SCF results on the 2,4 isomer and the model 
estimates for the 1,7 isomer (ring orbital energies are a - 1.6 
/3, a - 1.6 /3, a + 0.60, a + 0.6/3, a + 2/334) are shown in Figure 
4. By intercomparing observed band features, calculated or­
bital coefficients, and orbital diagrams, a correlation between 
the three sets of levels can be carried out. This is also indicated 
in Figure 4. As expected, the introduction of carbon into the 
ring splits the degeneracy of the ring fragment orbitals. Al­
though this splitting cannot be ignored, it appears to be over­
estimated in the calculations. In a crude sense, in going from 
the 1,7 isomer to the 2,4 isomer those orbitals that lose carbon 
character are shifted to higher energy (dotted lines) while those 
with greater carbon character go to lower energy (solid lines). 
Despite the different locations of the carbon atoms in the two 
isomers both have an orbital structure consisting of four 
,r-endo-polyhedral orbitals above seven <r-exo-polyhedral or­
bitals which in turn are above four tr-endo-polyhedral orbitals. 
At this level of partitioning, the model is independent of isomer 
type. 

Pyramidal (Nido) Structures. B5H9. The He(I) and Ne(I) 
spectra of this molecule are presented in Figure 5 and the data 
are gathered in Table I. This species has been the subject of 
several previous experimental studies as well as numerous 
calculations.15'17,36'37 All agree that the first four bands result 
from the ionization of 2, 3, 3, and 1 molecular orbitals, re­
spectively. The fine structure on band 3 that largely disappears 
in switching to Ne(I) indicates that at least some of the three 
ionizations are from exo-polyhedral orbitals. 

Beginning with the B4H4 ring fragment and a single BH 
polar fragment the relative orbital energies of the closed shell 
B5H54- species may be generated in the manner indicated in 
the previous section with but one change. As suggested by the 
analysis of the C2B5H7 spectrum, the effect of decreasing the 
nuclear charge in going from a CH polar fragment to a BH 
polar fragment can be compensated for by increasing the 
energies of the orbitals associated with the polar fragment and 
polar ring interactions by about 1 eV. The relative orbital 
energies and compositions for B5H54- estimated in this fashion 
are indicated at the bottom of Figure 5. 

To generate B5H9 four protons must be added to the ring. 
Protonation yields a net stabilization of all orbitals but some 
will be much more strongly affected than others. This is 
demonstrated very clearly by comparing the photoelectron 
spectra of CS and HBS for which band assignments are un­
ambiguous.3839 We can consider the change from CS to HBS 
as involving the removal of a proton from the carbon nucleus 
to a position on the BS axis near boron. The net result is a large 
stabilization of the former crc orbital (the highest lying orbital 
on CS) owing to a more effective Coulombic interaction. On 
the other hand both the as and ir orbitals are destabilized owing 
to the lower nuclear charge of boron compared to carbon. A 
stabilization of ~4 eV on protonation and a destabilization of 
~1 eV upon reduction of nuclear charge by 1 unit carries over 
into larger systems as well. Comparison of the photoelectron 
spectra of Q H 4 with B2H6 demonstrates that removing a 
proton from each carbon in ethylene and protonating the 
double bond results in about 4 eV stabilization of the equivalent 
orbital in B2H6.40 The other orbitals rise 1-2 eV on changing 
the nuclei from carbon to boron. 

In B5H5
4- there is one ring orbital that will be very strongly 

affected by the addition of four protons, i.e., the highest filled 
surface orbital. It is not surprising then that protonation results 
in about a 4-5 eV stabilization of the orbital with respect to 
the others. Finally, the other ring orbitals are directly trans­
ferred from C2B4H6 yielding the estimated orbital scheme in 
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Figure 5. The photoelectron spectra of B5H9 and the modification of the 
ring-polar model for a protonated, pyramidal structure. 

Figure 4. Orbital types agree well with the SCF results and 
energies correspond well with both experimental and SCF 
results. Thus, with the empirically sound adjustments for the 
change in nuclear charge of the polar atom and one adjustment 
for protonation, a good representation of the electronic 
structure of B5H9 is generated. As in the case of the bipyramid, 
the highest occupied molecular orbital is a .r-endo-polyhedral 
orbital. In the case of B5H9 this is the doubly degenerate 
ring-polar interaction orbital. 

B6Hi0, 2-CBjH9, and 2,3-C2B4H8. The photoelectron 
spectra of these species have not been previously reported; 
however, both BgH 10 and 2,3-C2B4Hg have been examined via 
quantum chemical methods.41'42 The three molecules are 
isoelectronic and have pentagonal pyramidal cage structures. 
The molecules differ in number of carbon atoms and bridging 
hydrogens in the ring fragment. 

The spectra are shown in Figures 6 and 7 and the data are 
gathered in Table I. The lower symmetry of these molecules 
results in more overlapping bands in the 11—14 eV region. Still, 
some empirical observations are possible. Comparison of rel­
ative band areas suggest that band 1 in CB5H9 results from the 
ionization of twice as many orbitals as band 1 in either BgH 10 
or C2B4Hg. In the case of CB5H9 this is confirmed by a com­
parison of He(I) and Ne(I) band shapes (see the inset of Figure 
6) which indicates that the ionization of at least two orbitals 
produce this band. Taking two as the most reasonable number, 
band areas and contours suggest that five to seven ionizations 
are involved in band 2 of all three species. The sharp nature of 
band 3 (and the reduced intensity with Ne(I)) suggests ion­
ization of exo-polyhedral orbitals. 

A description of the electronic structure of the six-atom 
pyramidal cage can be generated via BeHg4- by using the B5H5 
ring and a BH polar fragment. Orbital types and relative 
energies are shown at the bottom of Figure 6 using the pa­
rameters developed in the previous sections. By reference to 
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Figure 6. The photoelectron spectra of 2-CBsH9 and the band assignments 
using the ring-polar model. 

B5H9 it is expected that protonation will stabilize the highest 
lying surface orbitals most strongly. As in the case of 1,7-
C2B5H7 and 2,4-C2B5H7 substitution of carbon and unsym-
metrical protonation of the ring will remove the degeneracies 
in the various classes of orbitals. The splitting cannot be esti­
mated here either. However, comparison of the spectra and 
model predictions should reveal the magnitude of the splitting 
for various combinations of ring carbons and borons and de­
grees of ring protonation. 

We consider CB5H9 first in Figure 6. The energy levels es­
timated on the basis of the ring-polar model assuming zero 
splitting due to asymmetrical carbon distribution and ring 
protonation are compared with the observed levels in Figure 
6. This representation is consistent with the observed band 
positions and areas. A rationalization of the apparently small 
splitting in this molecule can be suggested for the highest oc­
cupied molecular orbitals. These ring-polar interaction orbitals 
involve ring pz combinations with polar px and p^ orbitals (see 
Figure 8). The relative stabilization of the Bpx interaction by 
two bridging protons is apparently about equal to the relative 
stabilization of the Bp,, interaction with Cpz and one bridging 
proton. 

In the cases of B6HiO and C2B4H8 both the experimental 
observations and the calculations indicate that the highest 
occupied molecular orbital is a single orbital well separated 
from the orbital of next lower energy. In the case of B6H10 the 
splitting is 2.2 eV while for C2B4H8 it is 1.7 eV. A qualitative 
rationale for this observation is given in Figure 8 where it is 
suggested that for B6H10 the Bpx is stabilized over Bpy by ring 
protonation. In the case of C2B4H8 the opposite is true. The 
position of the carbons and ring protonation stabilize Bp^ over 
Bpx. These explanations are rather speculative even though 
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Figure 7. The photoelectron spectra of B6H10 and 2,3-C2B4H8 and the 
assignment of the ring-polar interaction orbitals. The SCF orbital energies 
are taken from ref 41 and 42. 

the relative ordering agrees with the results of the calculations. 
Nevertheless, in an empirical sense, the splitting between the 
highest ring-polar interaction orbitals is a rather sensitive 
function of the ring composition. Thus, in related compounds 
the magnitude of this splitting can serve as a probe of the na­
ture of the ring structure. 

For the lower lying orbitals the ring-polar model does not 
yield the detailed picture of previous examples. However, in 
terms of orbital density as a function of energy it gives a good 
representation of the observations. In considerations of reac­
tivity and substituent effects, the filled orbital of primary in­
terest is the orbital of highest energy. Here the model does 
predict the basic nature of the HOMO. Again it is a ir-endo-
polyhedral orbital of the ring-polar interaction type. 

Conclusions 

We have demonstrated that conceptually simple ideas may 
be used to provide a reasonable explanation of the electronic 
structures of clusters of boron and carbon as revealed by their 
photoelectron spectra. The electronic structure of the cluster 
may be considered to be made up of ir-endo-, c-exo-, and 
cr-endo-polyhedral orbitals. In all cases the ordering of cluster 
orbitals is E ir-endo > E tr-exo > E cr-endo. For molecules of 
high symmetry the ring-polar model yields a more detailed 
picture of the orbital compositions and energies. In going from 
closed clusters to more open systems there is a reduction in the 
number of high-lying x-endo-polyhedral orbitals due to pro­
tonation. The ir-endo-polyhedral or surface orbitals are of 
particular interest as they lie at high energy and have 7r sym­
metry with respect to exo substituents. Therefore they should 
be strongly perturbed by substituent orbitals of IT symmetry 
in the same manner as the ir system in benzene. This has al­
ready been demonstrated for the B5H9 system16 and recent 
work substantiates the conclusion for the C2B4H6 system.42 
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Figure 8. Schematic representation of the ring-polar interaction orbitals 
for 2-CB5H9, B6H10, and 2,3-C2B4H8. 
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Figure 9. Photoelectron spectra of B5Hn and B6Hj2. The SCF orbital 
energies for B5H11 are taken from ref 37. 

The ring-polar model can now be applied to a more interesting 
class of cluster systems, those containing transition metals.44 
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teraction orbitals. 

Appendix 
Open (Arachno) Structures. B5H11 and B6Hi2. For com­

pleteness the photoelectron spectra of five- and six-atom ex­
amples of the third well-established structural class of boranes 
are presented in Figure 9. The spectra, as expected, are even 
more diffuse; however, both molecules exhibit a band at low 
ionization potential that is quite distinct and which, on the basis 
of area, is probably due to the ionization of a single orbital. 
SCF calculations have been carried out on B5Hn and for 
comparative purposes the energy levels are represented in the 
figure. 

There is no direct way that the ring-polar model can be 
applied to these compounds; however, in the case of B5Hn 
something can be said concerning the nature of the HOMO. 
Assuming that the HOMO correlates with the ring-polar in­
teraction orbitals of B5H9, one may begin by opening the 
B4H4

4- ring to give B4H6
4- (i.e., the analogy would be cy-

clobutadiene to butadiene). As indicated in Figure 10 the 
originally degenerate out-of-plane p combinations would then 
be split. Interaction with a polar BH would yield the HOMOs 
for B5H7

4- as indicated. Addition of four protons would yield 
B5Hi 1; however, only three can be placed on the former ring. 
The fourth is placed on the polar BH thereby stabilizing the 
HOMO of B5H7

4- as indicated. The result is a good repre­
sentation of the three highest filled orbitals resulting from the 
SCF calculations.37 More importantly, these rationalizations 
provide an explanation for the increase in ionization potential 
in going from B5H9 to B5H11. Finally, B5H11 has only a single 
orbital that can be classified as a surface orbital. 

There is no straightforward way of getting to the proposed 
structure of B6H12 by opening the five- atom ring in B6H6

4-

with H2. On the other hand, it seems reasonable to assume that 
the band at lowest ionization potential is due to a surface type 
orbital and that the higher ionization potential of BsHi2 
compared to that of B6HiO results from the protonation of the 
orbital that correlates with the HOMO in B6HiO- Even so, one 
is forced to conclude that in open clusters of low symmetry this 
qualitative model is of marginal utility. 

References and Notes 
(1) See, for example, G. L. Geoffroy and W. L. Gladfelder, J. Am. Chem. Soc., 

99, 304 (1977). 
(2) See, for example, G. L. Simon and L. F. Dahl, J. Am. Chem. Soc, 95,2164 



456 Journal of the American Chemical Society / 100:2 / January 18, 1978 

(1973); J. D. Corbett, lnorg. Chem., 7, 198 (1968). 
(3) See, for example, C. F. Dykstra, H. F. Schaefer, and W. Meyer, J. Chem. 

Phys., 65, 5141 (1976). 
(4) E. L. Muetterties, Bull. Soc. Chim. BeIg., 84, 959 (1975). 
(5) K. H. Johnson and R. P. Messmer, J. Vac. Sci. Technol., 11, 236 

(1974). 
(6) D. W. Turner, C. Baker, A. D. Baker, and C. R. Brundle, "Molecular Pho­

toelectron Spectroscopy", Wiley-lnterscience, New York, N.Y., 1970; T. 
J. Koopmans, Physica, 1, 104 (1934). 

(7) H. Bock and B. G. Ramsey, Angew. Chem., Int. Ed. Engl., 12, 734 
(1973). 

(8) E. L. Muetterties, "Boron Hydride Chemistry", Academic Press, New York, 
N.Y., 1975. 

(9) W. N. Lipscomb, "Boron Hydrides", W. A. Benjamin, New York, N.Y., 1963; 
R. E. Williams, lnorg. Chem., 10, 210 (1971). 

(10) Evidence has been presented for a fourth structural class. See M. Mangion, 
R. K. Hertz, M. L. Denniston, J. R. Long, W. R. Clayton, and S. G. Shore, 
J. Am. Chem. Soc, 98, 449 (1976). 

(11) K. Wade, J. Chem. Soc, Chem. Commun., 792 (1972); lnorg. Nucl. Chem. 
Lett., 8, 559 (1972). 

(12) K. Wade, Adv. lnorg. Chem. Radlochem., 18, 1 (1976); R. E. Williams, Ibid., 
18, 67 (1976); R. W. Rudolph, Ace Chem. Res., 9, 446 (1976). 

(13) W. N. Lipscomb in "Boron Hydride Chemistry", E. L. Muetterties, Ed., Ac­
ademic Press, New York, N.Y., 1975, p 39. 

(14) Note that the valence bond approach is not directly useful in the consid­
eration of photoelectron spectra. 

(15) T. P. Fehlner, lnorg. Chem., 14, 934 (1975). 
(16) J. A. Ulman and T. P. Fehlner, J. Am. Chem. Soc, 98, 1119(1976). 
(17) D. R. Lloyd, N. Lynaugh, P. J. Roberts, and M. F. Guest, J. Chem. Soc, 

Faraday Trans. 2, 1382 (1975). 
(18) See, for example, W. Ensslin, H. Bock, and G. Beker, J. Am. Chem. Soc, 

96,2757(1974). 
(19) See, for example, F. O. Ellison, J. Am. Chem. Soc, 85, 3540 (1963); J. 

C. TuIIy, J. Chem. Phys., 64, 3182 (1976). 
(20) J. W. Rablalais, "Principles of Ultraviolet Photoelectron Spectroscopy", 

Wiley, New York, N.Y., 1977, p 283. 
(21) R. Hoffmann and W. N. Lipscomb, J. Chem. Phys., 36, 2179 (1962). 

Recently a number of compounds containing a borane 
framework and one iron tricarbonyl group have been discov­
ered and characterized.1-3 These ferraboranes and related 
ferracarboranes have small enough structures and sufficient 
volatility such that they can be conveniently investigated with 
the technique of valence level photoelectron spectroscopy. As 
the photoelectron spectrum is directly related to the electronic 
structure of the molecule cast in a one-electron molecular or­
bital description,4 this technique provides a means of probing 
the nature of the metal-cage interaction. The usual means of 
analyzing photoelectron spectra involves the utilization of 
quantum chemical calculations. With metals this presents some 
difficulties. First, quantitative calculations involving metals 
require more than a casual, semiempirical approach, and, 
second, comparison of good calculated energy levels with 
photoelectron spectra has provided evidence for exceedingly 
large Koopmans' defects for orbitals having large metal d 
character.5 In the preceding paper6 in which the electronic 

(22) This restriction will be relaxed in the following paper. 
(23) See ref 8 for structures. 
(24) Professor S. G. Shore, Ohio State University. 
(25) J. A. Ulman, Ph.D. Thesis, University of Wisconsin, 1974. 
(26) Chemical Systems Inc., Irvine, Calif. 
(27) Callery Chemical Co., Callery, Pa. 
(28) H. D. Johnson, II, V. T. Brice, and S. G. Shore, lnorg. Chem., 12, 689 

(1973). 
(29) T. Onak, R. P. Drake, and G. B. Dunks, lnorg. Chem., 3, 1686 (1964). 
(30) R. E. Ballard, Appl. Spectrosc. Rev., 7, 183 (1973). 
(31) See, for example, P. Dechant, A. Schweig, and W. Thiel, Angew. Chem., 

Int. Ed. Engl., 12, 308 (1973). 
(32) I. R. Epstein, T. F. Koetzle, R. M. Stevens, and W. N. Lipscomb, J. Am. 

Chem. Soc, 92, 7019 (1970). 
(33) This designation has been used by others: T. C. Waddington, Trans. Faraday 

Soc, 63, 1313 (1967); D. M. P. Mingos, J. Chem. Soc, Dalton Trans., 20 
(1977). 

(34) F. A. Cotton, "Chemical Applications of Group Theory", Wiley, New York, 
N.Y., 1971. 

(35) D. S. Marynick and W. N. Lipscomb, J. Am. Chem. Soc, 94, 8692 
(1972). 

(36) R. W. Jones and W. S. Koski, J. Chem. Phys., 59, 1228 (1973). 
(37) E. Switkes, I. R. Epstein, J. A. Tossell, R. M. Stevens, and W. N. Lipscomb, 

J. Am. Chem. Soc, 92, 3837 (1970). 
(38) T. P. Fehlner and D. W. Turner, J. Am. Chem. Soc, 95, 7175 (1973). 
(39) M. Okuda and N. Jonathan, J. Electron Spectrosc. Relat. Phenom., 3, 19 

(1974). 
(40) C. R. Brundle, M. B. Robin, H. Basch, M. Pinsky, and A. Bond, J. Am. Chem. 

Soc, 92, 3863 (1970). 
(41) I. R. Epstein, J. A. Tossell, E. Switkes, R. M. Stevens, and W. N. Lipscomb, 

lnorg. Chem., 10, 171 (1971). 
(42) D. S. Marynick and W. N. Lipscomb, J. Am. Chem. Soc, 94, 8699 

(1972). 
(43) G. Bertram and T. P. Fehlner, in preparation. 
(44) Note Added in Proof: Calculations on 1,5-C2B3H5 have appeared in: N. J. 

Fitzpatrick and M. O. Fanning, J. MoI. Struct, 40, 271 (1977), and M. F. 
Guest and I. H. Hillier, MoI. Phys., 26, 435 (1973). 

structure of small pyramidal and bipyramidal boranes and 
carboranes was considered, we presented an alternative to 
calculations. In this approach the photoelectron spectra of 
model compounds are used as sources of parameters for a 
qualitative description of related compounds. This method is 
adopted here to describe the spectra of ferracarboranes and 
ferraboranes and also to reveal the behavior of an iron atom 
in the environment generated by the borane cage. 

The interaction of transition metals with borane and car-
borane cages has been and still is of great interest.7 In terms 
of a valence bond description, there are at least three distinct 
ways known by which a metal is coupled to a cage. In one a 
single atom of the cage is bonded to the metal by a two-elec­
tron, two-center bond and the metal functions as any other 
exo-polyhedral ligand. In the second the metal is in a bridging 
position of the cage and the interaction is considered to take 
place through a three-center, two-electron bond. In the third, 
the metal may be considered as interacting with the cage by 
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