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Abstract: The electron impact ionization potentials of the catenates of the group IV elements, R(R2M)nR where 
R = alkyl and M = Si, Ge, Sn, have been determined and compared with those of the analogous alkanes H-
(CH2)„H. It is shown that there is a systematic decrease in the ionization potential as the chain length (n) increases 
and as group IV is descended. The variation of the ionization potential with chain length is discussed in terms of 
the various semiempirical treatments of saturated molecules. The trends in the electronic absorption spectra of the 
group IV catenates are shown to be directly related to the ionization potential and, as a consequence of 
Koopmans' theorem, to the ground state of the molecules. 

Compounds which contain metal-metal bonds have 
attracted increasing attention during the past dec­

ade. 2 Understandably, physicochemical studies of this 
interesting class of compounds have lagged behind syn­
thetic studies, and little systematic information is avail­
able on the trends in the properties which are to be ex­
pected as the metal is varied. The authors have been 
particularly interested in the electronic properties of the 
homonuclear metal-metal bond formed by main group 
elements and have turned to the derivatives of the group 
IV elements in order to determine how the properties 
may vary within a specific group. The catenates of car­
bon (i.e., alkanes) have, of course, already been very ex­
tensively studied and represent an established model for 
comparison with the catenates of the more electroposi­
tive group IV elements. This paper will first report 
and discuss the trends in the electron impact ionization 
potentials of the catenates of this group, and will then 
show how the results are relevant to the controversial3 

question of the origin of the electronic spectra of these 
compounds. 

Experimental Section 

The ionization potentials were measured using a Hitachi RMU 
6E mass spectrometer, modified by the incorporation of a digital 
voltmeter readable to ±0.01 volt (United Systems Corporation, 
Dayton, Ohio), with reduced trap current (ca. 2 MA) and repeller 
voltage (<0.5 V). As a result of extensive experimentation with 
the semilogarithmic method,4 we found it to be no more desirable 
than the single-point method of Kiser (that is, his energy compensa­
tion technique)5 with respect to the production of reproducible data. 
A modification of the energy compensation technique was therefore 
employed. 

As a precaution, it was first observed that for both standards and 
unknowns, the semilogarithmic ionization efficiency curve was linear 
at the 1 % intensity value; in general it was near the higher end of 
the linear portion of the curve. The 1 % value then served for the 
single point of the energy compensation technique. Xenon was 
used as a calibration standard; but since there was no certainty 
of the linearity of the voltage scale below the IP of xenon, two auxil­
iary standards, benzene and anthracene, whose ionization potentials 
bracket most of those determined in this study, were also used. 

(1) National Science Foundation Trainee. 
(2) F. A. Cotton, Accounts Chem. Res., 2, 240 (1969), and references 

therein. 
(3) Y. Harada, J. N. Murrell, and H. H. Sheena, Chem. Phys. Lett., 1, 

595 (1968). 
(4) F. P. Lossing, A. W. Tickner, and W. A. Bryce, J. Chem. Phys., 19, 

1254(1951). 
(5) R. W. Kiser and E. J. Gallegos, / . Phys. Chem., 66, 947 (1962). 

Since electron-impact data are being reported, it seemed more 
appropriate to calibrate the data for unknowns using the electron 
impact-IP of the standards, rather than the adiabatic values. Hence 
the average electron impact values which were used, obtained from 
compilations of recent values,6 were as follows; Xe, 12.12; C6H6, 
9.23; and G4H10, 7.4IeV. 

Data were collected on different days, always in groups of three 
runs, each with four data points, i.e., Xe, Ci4Hi0, C6H6, and the un­
known. The three sets of data for knowns were used to find the 
best slope of a correlation line, and this correlation line of fixed 
slope was then applied to each set of data individually. The value 
of the unknown IP was then determined for each set of data. This 
method of correlation, while unusual, did not give significantly 
different results from a least-squares treatment for interpolated 
unknowns. Furthermore, it did avoid wide fluctuations in results 
for extrapolated unknowns which occurred when a deviation was 
found for one terminal standard IP. Our results, to repeat, are 
mostly interpolative, with only a few short extrapolations. 

In general, six runs were made for each compound, with some data 
obtained on different days. The error figures quoted are the stan­
dard deviations of all determinations, that is, figures of precision. 
They do not represent the authors opinion of accuracy, which is 
0.1-0.2 eV for the electron-impact method. This error applies to 
the absolute scale. For intercomparison of these data, the relative 
accuracy seems to be greater (ca. 0.03 eV, or the sum of the precision 
values for two compounds); this method seems particularly good 
for comparison of members of a closely related series of com­
pounds. 

Compounds used in this investigation were prepared by standard 
literature procedures.7 

Results and Discussion 

Because of their synthetic availability, the peralkyl-
ated catenates of silicon, germanium, and tin, i.e., 
Me(MMe2)^Me, have been compared with the alkanes 
H(CH2)^H. In terms of a-a interactions, which play a 
critical role in determining IP's, this is a reasonable com­
parison. That is because interaction of the a electrons 
of the substituent with the a electrons of the chain will 
be comparable in all of these series and, to a first approx­
imation, negligible when compared with a-a interaction 
of electrons associated only with the chain. If the com­
parison were made to Me(CMe2)„Me, the a interactions 
involving the substituent electrons in this series would 
be of comparable magnitude to those involving the 
chain, and so not negligible. 

(6) R. W. Kiser, "Tables of Ionization Potentials," TID-6142, U. S. 
Department of Commerce, June 20, 1960. 

(7) M. Kumada and K. Tamao, Advan. Organometal. Chem., 6, 19 
(1966); W. H. Atwell and H. Gilman, Proceedings of the International 
Symposium on the Decomposition of Organametallic Compounds to 
Refractory Ceramics, Metals, and Alloys, Dayton, Ohio, 1967. 
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Table I 

Compound 

Me(Me2Si)2Me 
Me(Me2Si)3Me 
Me(Me2Si)4Me 
Me(Me2Si)5Me 
Me(Me2Si)6Me 
Me(Me2Si)8Me 
(Me2Si)6 
(Me2Si)8 
(Me2Si)7 
MeSi(SiMe3)3 
Si(Si Me3)4 
W-Me7Si3CH2SiMe3 
Me(Me2Ge)2Me 
Et(Et2Ge)2Et 
Me(Me2Sn)2Me 
Et(Et2Sn)2Et 

Obsd IP, eV 

8.00 ± 
7.53 ± 
7.29 ± 
7.11 ± 
7.02 ± 
6.82 ± 
7.18 ± 
7.29 ± 
7.39 ± 
7.41 ± 
7.41 ± 
7.38 ± 
7.76 ± 
7.48 ± 
7.42 ± 
6.60 ± 

0.01 
0.01 
0.01 
0.01 
0.02 
0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01d 

0.02 
0.02* 

Calcd IP, 
GO method" 

(8.00) 
7.53 

(7.29) 
7.16 
7.08 
6.99 
7.28 
6.85 
6.99 
7.16 
6.85 

Calcd IP, 
"C" method" 

8.22 
7.55 
7.26 
7.10 
7.00 
6.90 
7.17 
6.77 

Xmax, nm° 

193.5« 
216.3C 

235.0 
250.0 
260.0 
272.5 
272, 261 
255, 232 
242, 217 

<200 
<200 

217.7« 
190.0 
202« 
210.0 
232/ 

/!»-, eV 

6.41 
5.73 
5.28 
4.96 
4.77 
4.55 
4.56,4.75 
4.86, 5.34 
5.12,5.71 

<6.2 
<6.2 

5.70 
6.53 
6.14 
5.90 
5.34 

° Group orbital method. b Sandorfy C approximation. « Values from ref 26. d Average of only three determinations. « Reference 
20. i Reported as shoulder. 

The IP's of the group IV catenates examined in this 
study are compiled in Table I. Of the silanes, only 
hexamethyldisilane has been studied previously. Lap-
pert, et a/.,8 report a value of 8.35 ± 0.12 eV, in reason­
able agreement with the figure given here. A value of 
8.79 ± 0.08 eV, determined by the retarding potential 
difference technique, has also been reported9 for this 
compound but might be questioned.10 DeRidder and 
Dijkstra11 have determined the IP's of hexamethyl- and 
hexaethyldigermane, but their use of the linear extrap­
olation method negates any comparison with the val­
ues in this paper. Regardless of the absolute values, 
the internal consistency of the present results is implicit 
in the fact that the plot of the IP'S of polysilanes vs. 
Honig's12 values of the corresponding alkanes is linear. 

The linearity of this plot of the IP's of the silanes and 
alkanes, which may be expressed as IPSi = 0.6735IPC 

+ 0.00, simplifies the analysis of the trend in IP's listed 
in Table I, for it means that the various semiempirical 
treatments which have been used to discuss the proper­
ties of the alkanes may be applied with equal success to 
the silanes. One of the most simple of these treatments 
is the group orbital method,13 which involves the solu­
tion of the secular equation (1), using parameters of the 
groups -CH 2 - or -SiMe2- rather than the individual 
atoms. Only nearest neighbor interactions are con­
sidered (ers = 0 when r ^ s, s + 1) and the method is 
analogous to the Huckel LCAO treatment of x systems. 

|e„ — E8TS\ = 0 (1) 

Deriving the values e„ = 9.15 and ers = 1.15 from the 
experimental IP's of the disilane and tetrasilane, the 
trend in the IP's of the other silanes can be approximated, 
as shown in Table I. The above values of eTT and ers are 
to be compared with Franklin's numbers,13 13.31 and 

(8) M. F. Lappert, M. R. Litzow, J. B. Pedley, P. N. K. Riley, and 
A. Tweedale, / . Chem. Soc, A, 3105 (1968). 

(9) G. G. Hess, F. W. Lampe, and L. H. Sommer, / . Amer. Chem. 
Soc, 87, 5327 (1965). 

(10) J. A. Connor, G. Finney, G. J. Leigh, R. N. Haszeldine, P. J. 
Robinson, R. D. Sedgwick, and R. F. Simmons, Chem. Commun., 178 
(1966); I. M. T. Davidson and I. L. Stephenson, ibid., 746 (1966); 
J. Chem. Soc, A, 282(1968). 

(11) J. J. DeRidder and G. Dijkstra, Org. Mass Spectrom., 1, 647 
(1968). 

(12) R. E. Honig, / . Chem. Phys., 16, 105 (1948). 
(13) J. L. Franklin, ibid., 11, 1304 (1954); see also A. Streitwieser, Jr., 

/ . Amer. Chem. Soc, 82, 4123 (1960). 

1.55, respectively, for the alkanes, the difference in the 
value of eTr being a reflection of the electropositivity of 
the two series. 

Treatments14 which are based on the Sandorfy " C " 
type of approximation represent a slightly more sophis­
ticated theoretical model. In this approximation,15 

which also involves solution of the secular equation (1), 
interactions of the substituents and second and higher 
order interactions of the orbitals of the chain are ig­
nored. However, in addition to the resonance integral 
(/3Vic) of overlapping atomic orbitals, a second, smaller 
resonance integral (/3gem) involving the orbitals on the 
same catenate atom is introduced (Figure 1). It is this 
second parameter which reproduces the limited de-
localization of a electrons, and the slope (0.67) of the 
correlation IPSi = 0.6735IPC represents the ratio of the 
values of /3gem in the alkane and silane series. The 
slightly lower value of /3gem for the silanes is consistent 
with the idea that this term will decrease as the atomic 
orbitals become more diffuse, although the dissimilar 
substituents complicate the comparison. The values 
of a, (3vic, and /3gem for the silanes were derived, as de­
scribed by Fukui, et a/.,14 for the alkanes, by finding the 
best fit of the experimental IP's to the solutions of the 
secular equation which incorporates a, /3vic, and /3gem. 
The values of a, /3vic, and /3gem for the silanes are —3.94, 
— 4.28, and —1.48 eV, compared with the correspond­
ing values, -5.850, -6.364, and -2.205 eV, derived 
by Fukui, et al.,li for the alkanes. The theoretical 
IP's of the silanes calculated using these parameters are 
included in Table I. 

In the more sophisticated quantum mechanical treat­
ments of the alkanes, such as the equivalent orbital 
method of Hall and Lennard-Jones,16 and the Sandorfy 
" H " method,15 interactions involving the substituents 
and nonnearest neighbor interactions are also included 
in the secular equation. However, this introduces an 
ambiguity, for it is found that the C-H and C-C orbitals 
in alkanes are of similar energy, and there is still some 
disagreement as to which of these orbitals is involved in 
the ionization process. For example, in the case of 

(14) K. Fukui, H. Kato, and T. Yonezawa, Bull. Chem. Soc. Jap., 
33, 1197 (1960); G. Klopman, HeIv. Chim. Acta, 45, 711 (1962). 

(15) C. Sandorfy, Can. J. Chem., 33, 1337 (1955). 
(16) G. G, Hall, Proc. Roy. Soc, A, 205, 541 (1951); J. E. Lennard-

Jones and G. G. Hall, ibid., 213, 102 (1952). 
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R - M - ^ ^ - M - R 

Figure 1. 

ethane, both the a]g orbital (largely C-C)16'17 and the eg 

orbital (C-H)18 have been implicated. A comparable 
theoretical treatment of the silanes has not been at­
tempted, but fortunately the experimental values of the 
IP's allow some empirical conclusions to be drawn. 
For example, the IP of hexamethyldisilane (8.00 eV) is 
much lower than that of tetramethylsilane (9.53 eV),19 

and this large decrease can hardly be explained by the 
effect of the second electropositive silicon atom on 
the Si-C or C-H a electrons, for the IP's of com­
pounds which contain the SiCH2Si grouping are >9.2 
eV.20 This conclusion is substantiated by the unex­
ceptional IP's of the branched polysilanes and n-Me7-
Si3CH2SiMe3 (see Table I), and the electronic charge re­
sulting from ionization must logically be associated pri­
marily with the more electropositive Si-Si bond. 

The IP's of the first members (n = 2) of the group 
IV catenates provide further information about the 
electronic structure. The IP's in the series Me6M2, M 
= Si, Ge, and Sn, are essentially the same as those of the 
parent metal (C, 11.26 eV; Si, 8.15 eV; Ge, 7.88 eV; 
Sn, 7.34 eV).21 One would expect that electrons in a 
(T bond formed from the atomic orbitals of the metal 
would be more stable than the electrons originally asso­
ciated with the free metal. The correspondence be­
tween the IP's of the compound and the parent metal 
means that the electron cannot be lost from a molecular 
orbital which is totally aM_M, for it would then corre­
spond to a nonbonding orbital. There must therefore 
be some contribution of the <rM_c and <TC-H orbitals to 
the highest occupied molecular orbital. The fact that 
the IP of ethane (11.65 eV) is appreciably greater than 
that of elemental carbon (11.25 eV) is presumably a re­
flection of the fact that mixing of the <TC-K and <rC-c 
electrons is less significant. The decrease (0.3 eV) in 
the IP of hexaethyldigermane relative to that of hexa-
methyldigermane is in accord with the above picture, 
although the decrease (0.8 eV) in the IP of hexaethyl-
distannane relative to hexamethyldistannane appears 
excessively large. Nmr studies22 have suggested ab­
normally high p character in the tin-methyl bond of 
hexamethyldistannane, so there may be much greater 
mixing of the Sn-Sn and Sn-C orbitals relative to that 
in the lighter elements. Alternatively, Koopmans' the­
orem,23 which has been suggested to fail in the case of 

(17) R. S. Mulliken, / . Chem. Phys., 3, 517 (1935); J. C. Lorquet, 
MoI. Phys., 9, 101 (1965). 

(18) R. Hoffman, J. Chem. Phys., 39, 1397 (1963); R. M. Pitzer and 
W. N. Lipscomb, ibid., 39, 1995 (1963); M. I. Al-Joboury and D. W. 
Turner, J. Chem. Soc, 4434 (1964); ibid., B, 373 (1967); S. Katagiri 
and C. Sandorfy, Theor. Chim. Acta, 39, 1995 (1963). 

(19) Determined by our procedure; other workers5 report 9,80 eV. 
(20) C. G. Pitt, M. S. Habercom, M. M. Bursey, and P. F. Rogerson, 

J. Organometal. Chem., 15, 359 (1968). 
(21) C. E. Moore, National Bureau of Standards Circular 467, Vol. 3, 

U. S. Government Printing Office, Washington, D. C, 1958. 
(22) T. L. Brown and G. L. Morgan, Inorg. Chem., 2, 736 (1963). 
(23) The energy of the highest occupied molecular orbital is approxi­

mated by the negative of the molecular ionization potential: T. Koop­
mans, Physica, 1, 104 (1933). 
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Figure 2. Plot of IP vs. fm»i for homologous series of permethyl-
ated polysilanes, Me(Me2Si)nMe. 

large polarizable systems,24 may begin to deviate for the 
tin compounds. 

From the general trend in the IP's of these catenates, 
it is not difficult to see why the oxidative stability should 
decrease from carbon to tin, to the extent that some 
polystannanes are pyrophoric.26 

Relevance to the Electronic Absorption Spectra of 
Group IV Catenates. It has been observed26 that 
catenates of the heavier group IV elements, R(R2M)nR 
where R = alkyl and M = Si, Ge, Sn, Pb, absorb in the 
ultraviolet and visible. Because cr electrons must be in­
volved, and because catenates of carbon (i.e., alkanes) 
do not absorb above 160 nm,27 it has frequently been 
suggested that the low energy of these transitions is a 
consequence of the energetically accessible d orbitals in 
these heavier elements. The interaction of adjacent d 
orbitals along the chain, and the fact that d orbital 
utilization is more important for the heavier elements, 
may then be used to explain why the absorption is red-
shifted as the chain length (ri) is increased and as group 
IV is descended. 

Alternatively, because the energy of an electronic 
transition reflects the properties of the ground state as 
well as the excited state, it is necessary to consider 
whether the spectral trends may derive from the con­
tribution of the ground state a framework. It is now 
generally accepted that a electrons are delocalized (vide 
supra) rather than restricted to specific bonds.28 The 
increasing delocalization of the a electrons, as the chain 
length of the above catenates is increased, will result in 
destabilization of the highest occupied molecular orbital 
and account for a red shift of the electronic transitions. 
The increase in electropositivity in the series C, Si, Ge, 

(24) S. M. Schildcrout, R. G. Pearson, and F. E. Stafford, / . Amer. 
Chem. Soc, 90, 4006 (1968); J. R. Hoyland and L. Goodman, J. Chem. 
Phys., 33,946(1960); 36,12(1963). 

(25) W. P. Neumann and J. Pedain, Ann. Chem., 672, 34 (1964). 
(26) (a) H. Gilman, W. H. Atwell, and G. L. Schwebke, Chem. Ind. 

(London), 1063 (1964); (b) P. P. Shorygin, V. A. Petakhov, O. M. 
Nefedov, S. P. Kolesnikov, and V. I. Shiryaev, Theor. iEksperim. Khim. 
Akad.Nauk Ukr. SSR, 2, 190 (1966); (c) V. I. Tel'noi and I. B. Rabino-
vitch, Zh. Fiz. Khim., 40, 1556 (1966); (d) H. M. J. C. Creemers and 
J. G. Noltes, / . Organometal. Chem., 7, 237 (1967); (e) W. Drenth, 
J. G. Noltes, E. J. Bulten, and H. M. J. C. Creemers, ibid., 17, 173 
(1969). 

(27) (a) B. A. Lambos, P. Sauvageau, and C. Sandorfy, J. MoI. 
Spectrosc, 24, 253 (1967); Chem. Phys. Lett., 1, 221 (1967); (b) J. W. 
Raymonda and W. T. Simpson, / . Chem. Phys., 47, 430 (1967). 

(28) For example, see N. D. Sokolov, Russ. Chem. Rev., 36, 960 
(1967); Symposium on Recent Developments in Organic Chemistry, 
Tetrahedron, Suppl, 2, 1 (1963). 
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Sn, and Pb, will also result in a higher energy a frame­
work and explain the observed red shift associated with 
the heavier metals. 

Since the ionization potential may be equated with the 
energy of the highest occupied molecular orbital in the 
molecule,23 the results summarized in Table I may be 
used to evaluate the relative merits of these two inde­
pendent explanations of the electronic spectral shifts of 
the catenates. First, note that the IP's of the polysil-
anes fall in the range 8.0-6.8 eV, and these lower values, 
when compared with the IP's of the corresponding al-
kanes (11.7-10.2 eV), are more than sufficient to explain 
the large red shift (~3 eV) in the absorption maxima of 
the silanes. Also the dependence of the absorption 
maxima on the chain length of the catenate is identical 
with the dependence shown by the IP's. This is clearly 
illustrated graphically by the plot of vSin vs. IPSin 
(Figure 2), and this excellent linear correlation strongly 
suggests that the energy of the electronic transition is 
partly determined by the IP, that is the energy of the 
silicon-silicon framework. The same conclusion is sup­
ported by the fact that the IP's of the cyclic polysilanes, 
(Me2Si)n, n = 5, 6, 7, which must depend on a combina­
tion of electronic and steric (ring strain) factors, are able 
to account for the anomalous trend29 in the absorption 
maxima of these compounds. The IP's of the branched 
polysilanes appear to be normal, so the failure of these 
compounds to absorb above 200 nm remains an enigma. 

(29) C. G. Pitt, L. L. Jones, and B. G. Ramsey, / . Amer. Chem. Soc, 
89, 5471 (1967). 

The slope of the correlation line in Figure 2 indicates 
that the ground state is responsible for only 60% of the 
total change in energy of the electronic transition as the 
chain length of the series Me(SiMe2)nMe increases. 
So while it is perhaps hazardous30 to compare param­
eters derived from absorption spectra with parameters 
derived from IP measurements, this means that in terms 
of the Sandorfy "C" approximation, the ground state 
geminal resonance integral and the corresponding ex­
cited state parameter are of similar magnitude. Ram­
sey31 has pointed out that, for alkanes, the spectral 
shifts can be accounted for entirely by the changes in 
the ground state energy, so there appears to be a differ­
ence in the nature of the excited states of the two series. 

It is premature to comment on the spectral properties 
of the polygermanes and polystannanes, with only the 
IP's of the first member of each series known. It will 
simply be noted that the absorption maxima of the series 
of permethylated germanes and permethylated silanes 
are virtually identical,266 yet the IP of the digermane is 
0.5 eV lower than that of the disilane. 
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