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The u-orbital energies calculated by the simple free-electron model with a 
parametrization procedure proposed recently by Von Szentpaly correlate very closely 
with the u-band positions of the corresponding photoelectron spectra. For the 
a-orbitals of three series of molecules: H{CH,),H (n = 2-4); H(SiH,),H (n = 2-5); 
M~SiM~)~Me (n = 2-4) the FEMO model yields a standard error (SE) of 0.060 
eV. Compared with HMO results (LCGO, LCBO and Sandorfy C) the correlation is 
significantly improved. The free-electron results’ are more accurate than those 
obtained using the PPP, CNDO/2, MINDO/3, SAM0 and ab initio methods. 

The free-electron frontier orbital densities were successfully used to account for 
features of the skeletal cleavage reactions of polysilanes. 

The conjugative properties of carbon e-electron systems have been successfully 
interpretated by the free-electron molecular orbital models (FEMO) [l]. Recently 
Von Szentpaly worked out a method for interpretation of photoelectron spectra of 
aromatic hydrocarbons based on FEMO, which gives the best input-to-output ratio 
for calculation of the v-band positions [2]. In his latest work Von Szentpaly 
successfully calculated the partial rate factors for electrophilic aromatic substitution 
reactions based on the same model [3]. 

It is known that ionization potentials and electronic spectra of the C, Si, Ge and 
Sn catenates are qualitatively similar and reflect some general conjugative properties 
of u-systems [4]. Thus,Von Szentpaly’s procedure [2] might also be applicable to 
calculation of the u-band positions of the linear Catenated u-systems of carbon and 
silicon. We expected that this simple PES scaled free-electron approach would lead 
to an interpretation of consecutive skeletal cleavage reactions, e.g. halogenation of 
permethylpolysilanes [5,6]. 

Results and discussion 

Ionization potentials 
The calculations were carried out with the following assumptions: 
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(1) in a molecule R(R,M),R, only the M-M u-bond molecular orbitals are 
considered; 

(2) the electrons are treated as electrons in one-dimensional potential well of a 
length L = nD and a depth U. D is the average M-M bond distance; 

(3) the introduced effective electron mass m* is responsible for the M-R tails and 
electron-nucleus interactions; 

(4) m*/m and U are treated as scaling factors in order to reproduce the absolute 
separation of the energy levels. 

VIP,‘= -ej= U- (h*kf/2m*) (1) 

Thus, the number of adjustable parameters is the same as in the HMO model. 
The regressional problem [2] is the same as in HMO method, and can be solved by 
standard least-squares techniques. In eq. 1, kj = 27r/Xj and Xj = 2 L/nj; X, is the De 
Broglie wavelength of thej-th free-electron orbital. 

Table 1 presents the calculated and observed [4] values of Vertical Ionization 
Energies for alkanes (M = C, R = H and D 1.54 A), polysilanes (M = Si, R = H and 
D 2.34 A) and permethylpolysilanes (M = Si, R = Me and D 2.34 A). 

The parameters of the regression lines which were obtained for three series of 
molecules listed in Table 1 are summarized in Table 2. For comparison the corre- 
sponding parameters for a-orbitals of aromatic hydrocarbons [2] are also included. 

The differences between U values for series with M = C and M = Si may be 
rationalized by comparison with the valence state ionization energy of carbon and 
silicon atoms [7]. The same interpretation probably applies to the difference between 
U values for u-systems of aliphatic hydrocarbons and a-systems of aromatic hydro- 
carbons. 

For the series with the same M (M = Si), the U value depends on ionization 
energy of R. The striking difference between the m* values for u and n systems of 
hydrocarbons should be emphasized. The m* values depend strongly on M, but only 
slightly on R. 

Figure 1 shows the correlation of the ionization energies calculated by FEMO 
with the observed VIPi values. The FEMO-correlations for u-systems are signifi- 
cantly better than that for the q-system [2]. The standard error for linear u-systems is 
0.060 eV, that is, it less than the experimental uncertainty, which is up to 0.10 eV [8]. 
The FEMO results are comparable with those obtained by other models. The 
standard errors are summarized in Table 3. Only variance minimization by adjusting 
two additional parameters without physical significance, according to eq. 2 gives 

VIP,” = A + Bej (2) 

results which are comparable to those obtained from FEMO. Compared with HMO 
results (LCGO, LCBO and Sandorfy C), the correlation is significantly improved. 
The free-electron results are more accurate than those obtained by the PPP, 
CND0/2, MIND0/3, SAMO, and ab initio methods. 

The frontier-orbital density and skeletal cleavage 
According to our calculations the FEMO model leads to charge distributions 

similar to those from HMO models. There is little experimental information which 
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TABLE 2 

THE PARAMETERS OF THE REGRESSION LINES FOR THE SERIES OF MOLECULES LISTED 

IN TABLE 1 

Molecule u (ev) h2/2m* 
(eV K) 

m*(m) 

H(CH,),H 
H(SiH,),H 
Me(SiMe,),Me 
Aromatic hydrocarbons [2] 

13.021 f 0.025 0.882kO.014 4.320 

10.997 f 0.037 1.390~0.058 2.741 

9.426 f 0.042 1.484kO.071 2.566 
12.209 f 0.072 5.135*0.111 0.740 

can be used to test the predictions. Some information about electron densities in 
silicon chains may be obtained from skeletal cleavage studies of polysilanes, but the 
available experimental data for the cleavage of permethylpolysilanes [4-61 are only 
qualitative. 

In order to test our results, we obtained kinetic data for the reactions of 
l,CCl,Si,Me, and S&Me,, with chlorine (Fig. 3a and 4a). The kinetic data for the 
investigated consecutive reactions (Fig. 3 and 4), and some computer simulated 
curves (Fig. 3b and 4b) are shown. The simulated curves were calculated on the 
assumption that all the partial rate factors have the same value. Comparison of the 
figures shows that the experimental and calculated results are quite different, which 
means that there are large differences between the partial rate factors, particularly 
for l&Cl,Si,Mes (Fig. 3). Figure 2 shows the frontier-orbital densities (FOD) in 
the silicon chain of linear polysilanes with non-equivalent Si-Si bonds as calculated 
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Fig. 1. Correlation of FEMO ionization energies with the observed vertical ionization energies in eV; 

A-H(CH,),H; 0-H(SiH,),H; r-Me(SiMq),Me. 

Fig. 2. Frontier-orbital densities (FOD) of linear polysilanes with non-equivalent Si-Si bonds calculated 
using FEMO model. 
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TABLE ? 

STANDARD ERRORS (SE) (VIP) FOR THE VARIOUS MODELS 

Model Reference SE (VIP) (eV) 

WCW,H H(SiH,),H M~SiMe~)~Me average 

FEMO 
LCGO 

HMO LCBO 

i Sandorfy C 
scaled MINDO/3 
scaled CNDO/Z 
MINDO,‘3 
scaled CND0/2 
SCF MO 
PPP 
SAM0 
ab initio 
CNDOf2 
CND0,‘2 

Ma 
WY* 
[Ill" 
1121 a*6 
113,141 
wa 
113,141 
[I61 
1171 
VI 
[I91 
II91 
U61 
[151” 

0.013 
0.009 
0.090 
0.077 
0.107 
0.102 
0.382 

0.708 
1.157 
1.686 
1.984 

5.138 

0.066 
0.058 
0.129 
0.135 
0.106 
0.115 
0.193 
0.212 

2.825 
3.723 

0.055 0.060 
0.125 0.083 
0.050 0.108 
0.044 0.111 

0.156 
0.196 
0.212 

- 0.212 
0.708 
1.157 
1.686 
1.984 
2.825 

- 3.871 

D VIq@ calculated in this paper. b &,/fi = 0.35 for C and 0.38 for Si. 

by the FEMO model. The resuits of FOD calculated by other MO models are 
reported in Table 4. 

1,4-Cl,Si,Me, is the smallest catenate with non-~~v~ent Si-Si bonds. From 
Fig. 3 it can be seen that the cleavage of 1,4-CI,Si,Mes occurs preferentially at the 

1 .3 

1 .2 

1 .1 

1 D 

0.9 

0.8 

Time fminl 
0 40 &I 120 

Timeknin) 

Fig. 3. The coulse of the reaction of l,4-Cl&Mes with chlorine: (a) experimental and (b) theoretical; 
0-1,4-C1,Si,Mes; ~-1,3~~,Sj,bfe& x-1,2-Cl&,Me,; *l,l-C12SiMe,. 
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TABLE 4 

FRONTIER-ORBITAL DENSITIES (FOD) OF POLYSILANES CALCULATED USING DIFFER- 
ENT MO MODELS 

Polysilane Position FOD 

FEMO [2] LCBO [7] Sandorfy C [8] 

0.427 0.500 0.26 1 
0.639 1.000 0.457 

0.372 0.277 0.153 
0.475 0.725 0.336 

0.259 0.167 0.097 
0.344 0.500 0.240 
0.394 0.666 0.319 

central u-bond. It can also be seen from Fig. 4 that cleavage of 1,6-Cl,Si,Me,, 
occurs preferentially at the central Si-Si u-bonds. If skeletal cleavage by chlorine is 
predominantly frontier-orbital controlled the cleavage of the central Si-Si bonds 
would be predicted by the simple FEMO model (Fig. 2). This suggests that the first 
step of the chlorine cleavage of polysilanes is a one electron-transfer process from 
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0.7 
z 
z 0.6 
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Fig. 4. The course of the reaction of S&Me,, with chlorine: (a) experimental and (b) theoretical; 
O-S&Me,,; O-l$-Cl,Si,Me,,; O-1,5-Cl,Si,Me,,; A-1,~Cl,Si,Me,; r-1,3-Cl,Si,MG; X-1,2-Cl&,- 
Me.,. 
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Fig. 5. Electron transfer process between polysilane and chlorine initiated the cleavage reaction. 

HOMO of polysilanes to LUMO of chlorine molecule. The comparison of HOMO 
energy values of polysilanes (Table 1) with the LUMO energy of the chlorine 
molecule (Fig. 5) strongly supports this suggestion. 

Experimental 

The kinetic data for the chlorination of permethylpolysilanes were obtained by 
GC (4 mm OD 3-meter steel column, QF-I, 20% on Chromosorb W-NAW, 60-80 
mesh, helium flow 50 ml mm-‘). A thermal conductivity detector was used. 
Chlorine was passed into the reaction vessel after l/4 dilution with argon. The flow 
rate was 50 ml min- ‘. 

Dodecamethylcyclohexasilane was prepared as described by West and Wojnowski 
191, and I&Cl&,Mes was obtained by chlorination of S&Me,, [6]. 

The details of the computer programs for the simulations of the pattern of the 
consecutive reactions will be supplied on request to the authors. 

The chklorination of Si,Me,,, 
A 25 ml three-necked flask equipped with capillary inlet tube, reflux condenser 

and syringe septum was charged with 20 ml Ccl, and 4 g S&Me,,. The flask was 
cooled with an ice bath and the flow of chlorine initiated, rapid magnetic stirring 
being maintained throughout the reaction. Every 10 mm a one ~1 sample of the 
reaction mixture was withdrawn via septum with a syringe and analyzed by GC. The 
reaction was stopped at the point at which only 1,2X1 ,Si 2 Me, remained. The results 
of this reaction are shown graphically in Fig. 4a. 

The chlorination of I,4-CI,Si,ikie8 
1,6Cl,Si,Mes was chlorinated in the same way. 10 ml of 1,4-Cl,Si,Me, without 

solvent was placed in a 25 ml flask and chlorine was bubbled through. Every 10 min, 
a one pl sample of the reaction mixture was withdrawn and analyzed by GC. The 
reaction was continued untill all the 1,4Cl,Si,Me, had undergone chlorination. The 
results are shown in Fig. 3a. 
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