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The dependence was analyzed of the firsl ionization potential l(Si--Si) corresponding to 
detachment of an electron from the ~(Si--Si) highest occupied molecular orbital on the 
parameters of organic (X = *%, Et. Bu t . Ph, CH=CH~), inorganic (X = F, CI, Br), and 
organosilicon (X = SIR.:; R is organic radical) substit~ents in eli-, tri-, and tetrasilanes 
X:~SiSiX 3. It was fotmd by correlation analysis that out of the tl~ree possible effects of 
substiments X (the inductive, polarizability, and resonance effects), only the first two of them 
affect the /(Si--Si) values. This means that no conjugation between the substituent X and the 
radical cation center occurs in X3Si "e-SiX 3. 
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The electronic structure of linear polysilanes R-- 
(SIR2) - -R (n > 2) that currently find a wide field of 
application has been studied in detail, t-6 Theoretical 
studies of these compounds are of great importance for 
re~ealing the peculiarities of the Si--Si chemical bond and 
tbr sol~ing actual problems of the chemistry, of organo- 
element compounds (in particular, for development of the 
modem concept of conjugation in the compounds of the 
silicon subgroup eiemcntsL According to the current con- 
cept, 7 organoelement substituents M R 3 (M = Si, Ge, Sn, 
Pb: R is organic radical) in R.,MR 3 molecules exhibit 
simultaneously resonance donor and resonance acceptor 
properties toward the =-electron centers R= (C6H s, 
I-I.,C=CH, HC~:C. etc.). The resonance acceptor effect 
(d-,~-conjugation) is due to the interaction of the vacant 
nd-orbitals of the M atom and antibonding cs*-orbitals of 
the M--R bonds with the orbitals of the R, fragment. This 
effect decreases as the atomic number of the M atom 
increases, i.e., in the series Si > Ge > Sn > Pb_ The 
resonance donor effect (o.r~-conjugation), which is due to 
the interaction of the cs-orbitals of the M--R bonds with 
the orbitals of the R,. fragment, increases as the number of 
the M atom increases (Si < Ge < Sn < Pb). In the 
RxCH2MR 3 molecules, d,~-conjugation is absent, while 
~,=-conjugation with R involves the r of the C--  
M bond of the CHuM fragment. Both resonance effects 
are present in R SiR2SiR 3 compounds, namely, d,a-con- 
jugation with the ~-electron system <3t" R~, involves the 
orbitals of the SiR, fragment, while ~,rt-conjugation oc- 
curs involving the r of the Si--Si bond. 

These regularities are characteristic of the above- 
mentioned neutral systems in the ground electron state. 

At small perturbations, e.g., in the case of the fommtion 
of a H-complex of the ~-donor  center R with an 
acceptor molecule ('phenol, pyrrole, etc_), the effective 
negative charge of the R fragment is somewhat de- 
creased (by n = 0.01e), which increases o,=-conjuga- 
tion. Appreciable decrease (n = O. le) in the negative 
charge on the R~ substituent (e.g., in tile excited state of 
rt,r,-type charge-transfer complexes of R~MR 3 and 
R,CH2M R 3 molecules with tetracyanoethylene) leads to 
a sharp increase in ~.a-conjugation. v - t ~  

We have developed a new procedure for assessing 
the resonance effects of the substituents by using the 
first ionization potentials (D of unsaturated, aromatic, 
and heteroaromatic R~MR 3 and RaCH/MR 3 molecules 
in which the highest occupied molecular orbital (HOMO) 
is mainly localized on the R fragment, t l - t 4  The gen- 
eration of the radical cation center  on the R~, fragment 
after detachment of an electron from the HOMO 
strengthens the donor properties of MR 3 and CH?MR 3 
substituents by the mechanism of c~,=-conjugation. The 
opposite effect is likely observed in R~SiR2SiR 3 (R z = 
Cf, Hs, H2C=CH ) molecules in which the HOMO is 
mainly localized on the Si--Si ~-bond.  It cannot be 
ruled out that the generation of a radical cation center 
on the SiR2SiR 3 fragment after detachment of an elec- 
tron from the HOMO can make this fragment a weaker 
donor toward R~. i.e., can weaken its ~,r~-conjugation. 
No analysis of the 1 values from this point of view has 
been reported to date. 

The aim of this work was to study the effects of 
organic, inorganic, and organosilicon substituents on 
the ionization potentials of the Si--Si bond in oligosilanes 
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TaMe 1. The first vertical ionization potentials / ( S t - S t )  and the sums of  cs-parameters o f  substi tu-  
ents  X in X3SiSiX 3 molecules 

C o m p o u n d  /(St--St)  Refer- 2{71 Ear  + r~p  + 2 %  
/eV ence 

H3Si ---SiFI~ 11) 1053 3 0 0 0 0 
H3S i -S iH2S i H  3 (2) 9.87 3 - 0 . 0 4  003  -0 .01  - 0 . 5 9  
H3Sit taSi- -SiH2Sit t  3 (3) 9.62 3 -0 .08  0.06 - 0 . 0 2  - I . 1 8  
Me3Si- -SiMe 3 (4) 8.69 3 -0 .30  -1 .56  - I . 8 6  - 2 . 1 0  
Me3Si - -S iMeeSiMe 3 (5) 8.19 3 -0 .40  -1 .28  - t . 6 8  --2.47 
M % S i M e e S i - S i M e 2 S i M e  3 (6) 7.98 3 -0 .50  - l . 0 0  - 1 . 5 0  - 2 . 8 4  
Et3Si--SiEt 3 (7) 8.39 15 - 0 3 0  - 1 5 ( I  - 1 . 8 0  - 2 . 9 4  
Bu~MezSi--SiMe._,Bu t 18) 8.52 3 - 0 3 4  -1 .42  - 1 . 7 6  - 2 . 9 0  
Me3S i - -S i t l M eS i M e  3 (9) 8.35 2 -0 .35  -1 .02  - 1 . 3 7  - 2 . 1 2  
HMe2S i - -S i M c2S i HM e ! (10) 8.50 2 -0 .22  -1 .17  - 1 . 3 9  --2.08* 
F3Si--SiF;  (11} 13.20 3 2.70 -3 .12  - 0 . 4 2  0.78 
CI.=Si--SiCI 3 {12) 10.91 3 2.52 - I . 8 6  0.66 - 2 . 5 8  
Br3Si--Sigr  3 {13) 10.10 4 2.70 - ! . 8 0  0.90 - 3 5 4  
Me~SI- -S iMeCISiMe 3 (14} 8.42 "~ 01}7 -1 .33  - I . 2 6  - 2 . 5 5  
Me:CISi - -SiMe2SiMe2CI  (15) 8.73 2 033 - I . 41  - 1 . 0 8  - 2 . 6 0 "  
Me~Si - -S iMe ,Ph  (16) 8.35 3 -(}.13 -1 .60  - 1 . 7 3  - 2 . 5 6  
PhSAe?Si--Si~le2Ph (17) 8.23 15 0.04 - I . 6 4  --1.6(/ - 3 . 0 2  
M e 3 S i - S i ( C H = C H 2 ) M e  2118) 8.56 3 -0 .12  - 1 5 9  - l . 7 1  - 2 . 2 5  
Mc2(142C=CH!Si - -S i (CH=CH2)Me 2 (19) 8.63 3 0.06 -1 .62  --1.56 --2.40 
PhMe2Si . -S iMc2SiMe  3 (20) 8.15 16 -0 .23  - I . 3 2  - 1 . 5 5  - 2 . 9 3  

/Vote The rJ I, erR +, a n d  U p "  = cJ 1 ~- ~ R  r values were taken flora Refs. 8 and t 1; the ~ ,  cons tanks  were 
taken from Reg.  1 I and  17. *The  % values for S iHMe 2 ( -0 .68)  and SiMe2CI { -0 .77)  were assessed 
by the additivity s c h e m e  based on the '~a values for the substi tuents o f  similar s t ruc ture  

a n d  to  reveal  d o m i n a t i n g  e l e c t r o n i c  e f fec t s  in t h e i r  

r ad i ca l  c a t i o n s .  

Calculation procedure 

The  first vertical ionizat ion potentials l(Si--Si) of  linear 
ol igosilanes,  corresponding to d e t a c h m e n t  of  an electron from 
the H O M O  localized mainly  on  the St--St ~-bond.  I-~' are 
listed in Table I. The / values were determined by photoelec-  
t ron spectroscopy (PIES) with an accuracy of 001 eV. 

Based on Koopmans  t heo rem (see, e.g., Ref. 18), one could 
expect  that the following s imple  dependence  is valid: 

l (Si--Si)  = --EHOMO, (I) 

where  EHOMO is the H O M O  energy.  However, for all series o f  
R M R  3 and R=CH2MR 3 (R.,. = awl ,  heteryl, H / C = C H ,  HC=-C) 
c o m p o u n d s  we studied previously,  as well as for hydrogen 
sulfide derivatives, this app rox ima t ion  is invalid. 1 t - t4  This  
m e a n s  that the MO of  the neutra l  molecule A substantial ly 
differs f rom that o[: the mdicat  ca t ion  A ' *  formed from A on  - 
photoioniza t ion  

A + hv -~ A ' "  4- e " (2) 

(see, e.g., Refs. 12--14). 
Let us consider  the d i f ferences  in intramolectdar electronic 

in teract ions  in the A and A" + sys tems  from the viewpoint o f  
physical  organic chemistry.  T w o  intrantolecular electronic ef- 
fects,  namely ,  the inductive a n d  resonance (conjugation) ef- 
fects,  are characteristic o f  neut ra l  R X (R = C6H~ H ~ C = C H ,  

19 HC~C; X is organic subs t i tnent )  molecules.  The resonance  
c o n s t a n t  ~R ~ o f  subst i tuent  X is the  quantitative characterist ic  
o f  conjugat ion  between R= and  X. When  studied by PES, the 

R "+X, H - S ' z - X ,  and X~S'*-- (X = R, MR! ,  C H 2 M R  3) 
radical cat ions of  unsa tura ted ,  a romat i c ,  and he te roaromat ic  
compounds ,  as well as those o f  hyd rogen  st, lfide derivatives, are 
in the gas phase. Analysis o f  the  I values showed that  three 
e lec t ronic  effects ,  name ly ,  the  i nduc t i ve ,  r e s o n a n c e  (con ju-  
ga t ion} ,  and polar izabi l i ty  e f f ec t s ,  occu r  in t h e s e  radical 
ca t ions ,  l t - l a  Quan t i t a t ive ly ,  c o n j u g a t i o n  b e t w e e n  R + (or 
- -S" +) and X is characterized by the  resonance pa rame te r  erR* 
o f  substi tuent  X. Unlike ~R 0. the  qR + values take into account  
the increase in donor  properties o f  resonance  electron donors  X 
(NR 2, OR, CH2MR 3, etc.) clue to the positive charge  on the 
radical cation center. 

The polarizability c o m p o n e n t  appreciably cont r ibutes  to 
electronic interactions in the  radical cations. The  H a m m e t t - -  
Taft  correlation equat ions  can  be used for ana lyz ing  the / 
values only after taking into a c c o u n t  this cont r ibut ion ,  l l - l a  
The  positive charge q of  the radical cat ion center  polarizes the 
subst i tuent  X by inducing a dipole  m o m e n t ,  thus stabil izing the 
sys tem due to the electrostatic a t t rac t ion  between the charge 
and the induced dipole. The  s tabi l izat ion energy is def ined by 
the following formula"~ 

E~.t = -aq2 / 2sr~, 113) 

where c{ is the polarizability o f  the  subst i tuents ,  c is the 
dielectric constant ,  and r is the d is tance  between the charge 
and  the induced dipole. Cons ide rab le  difficnlties in calculat ing 
Est arise when the charge and  induced  dipole are par ts  o f  the 
same ion {as in this case), so fo rmula  (3) can be used for 
qualitative assessment  only. ze 

It is convenient  to use the c ;  cons t an t  o f s u b s t i t u e n t  X as a 
quanti tat ive characteristic o f  s tabi l izat ion of  the positive charge 
o f  the radical cat ion center  due  to polarizability o f  X. The  

t l  

values for most  organic subs t i tuents  (X = R) were obta ined  with 
a high accuracy from ab initio q u a n t u m - c h e m i c a l  calculat ions 
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of electrostatic polarizability potentials, z| They are tabulated 
and are used in studies of ionic processes in the gas phase. 17,21 
The % constants of several substituents of the MR 3 and 
CH,M R 3 types are also known, t l - t 4  

:l-hree contributions to the overall electronic effect in the 
R "*X radical cations appear in the equation tbr the / values of 
R2X derivatives I l-I.I 

/ =  1 o +  ac h + /mR* + c%, (4) 

where I o is the /value for an unsubstituted R H molecule; o- I is 
the universal inductive constant of substituent X. which is 
independent of the type of R :  and a, b, and e are coefficients 
dependent on the type of R 

rt 

Let us consider the applicability of the correlation equation 
(4) to the compounds listed in Table 1. Calculations were 
carried out using the Statgraphics 3.0 program package on an 
AT/286 personal computer. The data were processed by the 
least squares method at a 95% confidence level. 

Results and Discussion 

Equat ion (4), as applied to compounds  1--8  (Table 
1), has the tbrm: 

l(Si--Si) = 10.35 -e 2.69Ers I - 0.03r_C~R ~ * 0.40v%, (5) 
S,:=0.13, Sb=0.91,  Sc=0.19 ,  s g = o . 1 8 ,  Sv=O. l r ,  
r = 0.982, n = 8. 

The coeff ic ient  at the third tem~ in Eq, (5) is close to 
zero (0.195 and is much  smal ler  than the standard 
deviat ion.  Therefore,  the resonance  effect of  the sub- 
sti tuents at the Si- -Si  bond does not affect the / (Si--Si)  
of  c o m p o u n d s  I - - 8  despite the fact that t\~r most of  
~'hem the  absolute values of  E~R + are larger than the 
corresponding values of  V%. 

At first glance, the absence of  conjugat ion between 
substi tuents X (Me.  El, Bu t , SiMe3) and the radical 
cation center  in the X?Si "~ SiX 3 systems is unexpected 
for at least two reasons. First, as was ment ioned abo~e, 
analysis of  the t values for all the  series of R X ( R  - -  
const)  compounds  studied revealed conjugat ion between 
organic,  o ~ a n o m e t a l l i c ,  or  inorganic  substituents X and 
R~,'-" in the R: '~-X radical cations. 11-14 Second. quan-  
t um-chemica l  calculat ions o f  neutral  polysilane mol-  
ecules unambiguously conf i rm that  the H O M O  is mainly 
localized on the Si - -Si  ~ - b o n d  I-6 ,zz  and that the AOs 
of substi tuents contr ibute  to the H O M O .  For instance. 

Energy 

1 
c~(Si "~Si) 

n(Br) 

I! ~(Si--C) 

n(CI) 

1t 
G(Si-.-Si) II 

!I 

=(06H6) 

I f '  
,-[(H2C=CH2) 

, I  

II i ,  - 

n(F) G(Si--H) 

Fig. 1. Qualitative scheme of the orbital energy levels. 

MOs (hence,  they are to an even lesser extent mixed with 
the o (S i - -C)  MOs with stronger energies)  and are delo-  
calized over  the potysilane cha in  rather  than over  the 
substituents. 6 

We believe that, from the v i ewpo in t  of  conjugat ion 
with substituents X. the propert ies  o f  the  G(Si -.z_ Si) M O  
occupied by the unpaired e lec t ron  in X3Si'"--" SiX 3 radical 
cations resemble the properties o f  the cr*(Si--Si) M O  
rather than those of  tim o ( S i - - S i )  MO.  In fact, the  
decrease in the number of  e l ec t rons  on the o (S i - -S i )  
bonding MO on going from neu t ra l  X3Si--SiX 3 m o l -  
ecules (compounds I - -8 )  to X3Si " + S I X  3 radical cat ions 
is accontpanied by destabil ization o f  this MO, i.e., by 
increase in the E(Si" +--Si) energy compared  to the E(Si--Si) 
energy. This is schematically dep ic t ed  in Fig. 1. 

Accord ing  to MO per turba t ion  theory  (see, e.g., Ret: 

accord ing  to t'vlS--Xc~ calcula t ions ,  this contribution to 7), the mixing energy 5E of  two  M O s  with energies E 1 
the H O M O  of the Me3SiSiMe 3 molecule  exceeds 20%. zz and E2is defined by the  fo l lowing  relationship: 

The  semiempir ica l  AM I calculat ions  showed that the 
contr ibut ions  of  the AOs o f  H and C atoms to the 
H O M O s  of  Si,,R2n+z (R = H, Me; n = 3 - -  5) deriva- 
tives vary from 5 to 20%. 5 

The  composit ion of  the lowest unoccupied molecular  
orbital ( L U M O )  cr*(Si--Si) of  polysilanes 6 appreciably 
differs from the H O M O  composi t ion  established previ- 
ously. 522 According to e lectron transmission spectros- 
copy data, the cr*(Si--Si) MOs of  Me(SiMe2)nMe mol-  
ecules (n = 2--45 are slightly mixed with the c~'(Si--C) 

6E-  S2/gxE. (6) 

where  S is the overlap integral and  b E  = E I - E 2. F r o m  
analysis o f  tile qualitative s c h e m e  o f  tile orbital energy 
levels shown in Fig. I it fo l lows that  the di f ference 
be tween E ( S i ' +  Si) and E ( S i - - C )  is appreciably larger 
than that between E(Si - -Si )  and  E(S i - -C) .  Assuming  
the S value to be constant ,  we f ind tha t  the 8E value for 
the radical cation is smaller  t han  for  a neutral mo lecu le ,  
i.e., that  conjugat ion of  subs t i tuents  X (Alk, H) with the  
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radical cation center  in X3Si " ~  SiX 3 is weaker  than with 
the Si--Si  bond in X.3Si--SiX 3 systems. 

The increase in the size o f  the sample (compounds  
1--15)  leads to the fol lowing equat ion:  

/(Si--Si) = 10.39 + 0.85Z~ I + 0.OIEcq,,,* + 0.692%,: (7) 
s,, = 0.15, s,, = 0 0 7 ,  s~ = o . l o ,  .% = o.o5, S~ = 023 ,  
r = 0.986. n = 15, 

whose ttaird term can also be ignored. From Eq. (7) it 
follows that no conjugat ion be tween substituents X and 
the radical cation cen te r  occurs  in the X 3 S i ' +  SiX 3 
radical cations of  c o m p o u n d s  1- -15  despite the pres- 
ence of  the lone e lec t roq  pairs in some of them (com- 
pounds 11--15).  It is well  known that d ,n-conjugat ion  
between Si and X atoms ( the  interact ion of  both the 3d- 
AO of  the Si atom aqd the cr*-MOs of  its bonds with the 
orbitals o f  the lone e l ec t ron  pairs of  subst i tuent  X) 
occurs in the neutral molecules containing Si--X (X = F, CI, 
Br) bouds. 7 The absence o f  conjugation in X3Si "+ SiX3 
radical cations (X = F, CI,  Br) is likely explained 
analogously to the previously  considered case (X = H, 
Alk), i.e., by large 3 E  = E(Si '+--Si) - E(n) values, 
where s is the energy o f  the orbital of  the lone 
electron pair of  the X a tom,  and,  hence, by a small 6E 
value (see formula (6)). 

The following equa t ion  is valid for all compounds  
listed in Table I: 

l(Si--Si) = t0.40 + 0 87Zc~ l + 0.04SCSR + + 0.69Zcsa; (8) 
So = 0.12. S~ = 0.06, S,. = 0.08. S d = 0.05, Sv = 0.20, 
r = 0.988, n = 20. 

It has better statistical character is t ics  (the lower S value 
and higher correlat ion coef f i c i en t  r) compared  to those 
o f  Eq. (7), despite the p resence  of  phenyl  or  vin.vl 
substituents in molecules  16 - -20 .  ,,~s in the case of  Eqs. 
(5) and {7), the coeff ic ient  at the  third term of  Eq. (8) is 
smaller  than the s tandard devia t ion  (0.04 vs. 0.08, re- 
spectively). Therefore ,  the  resonance  effect of  the sub- 
stituent on the l (S i - -S i )  va lues  can be neglected since it 
is insignificant compared  to the inductive and polariz- 
ability effects. At the same t ime ,  the presence of  conju-  
gation in neutral mo lecu le s  conta in ing the R - -S i - -S i  
fragment,  the more so in the case of excess positive 
c h a ~ e  on the z-sys tem o f  R, .  is undoubted (see, e.g., 
Ref. 23). The virtual absence  o f  conjugat ion between 
the substituents and the  radical  cation cen te r  in the 
P h - T S i ' + S i  and H t C = C H ~ S ! ' + S i  f ragments  can by: 
explained,  as for o ther  subs t i tuents  considered above, by 
unfavorable energy factors.  F r o m  the data shown in Fig. 
I it follows that for neutral  molecules  the energy differ- 
ence k E  = E(Si - -Si )  - E(r~) between the interacting 
MOs is small (here, E(,-t) is the  energy o f  the ,~-MO 
ei ther  in C0H 5 or H 2 C = C H ) ,  whereas  the mixing energy 
8E (a characterist ic of  con juga t ion ,  see Eq. (6)) is rather 
high. For  radical cat ions,  the  corresponding differences 
k E  = E(Si "~ Si) - E(r0 are  much  larger, whereas  the 
f ie  values are smaller,  so the  condi t ions  for conjugat ion 
are less fitvorable. 

Neglect ing the resonance effect, we get instead of  
Eq. (8) 

/{Si--Si) = 1037 + 0.86E~j + 0.70Z%; (9) 
S,, = 0.10, 5"~ = 0.04, Sc = 0.04, S,' = 0.20, 
r = 0.988, n = 20. 

The standard deviations Sa, Sb, and S c become some- 
what smaller  compared  to those of  Eq. (8), which again 
confirms the absence of conjugation between substitu- 
ents X and the radical cation center  in X3Si 'm SiX 3 
systems. 

Equat ion (9) can be used to assess the / (S i - -S i )  
values for the X3Si--SiX 3 compounds  with known va- 
lues of  c~ 1 and G a constants of  substituents X. We used 
dependence (9) in the foml 

/ ( S i - - S i )  = I 0 + In + P (10)  

for calculat ing the inductive and polarizabili ty contribu- 
tions (In = 0.86Z~ I and P = 0.70Z%~, respectively) to 
the changes in the / (Si- -Si)  values of  molecules  l - -Z0 .  
The In and P contr ibutions are, respectively, equal to 
48% and 52%, i.e., the inductive and polarizabili ty 
effects of  substi tuents commensurably  affect the I values 
of  compounds  1--20.  Hence,  Koopmans  approximat ion 
(I),  which ignores the polarizability cont r ibut ion  to the 
1 value, is not  valid for the compounds  under  study. 

Using relat ionship (3), one can explain the large P 
contribution (52%) to the I value. This contr ibut ion 
decreases inversely proportionally to the fourth degree 
of the dis tance between the charge and the induced 
dipole momen t .  If (i) the unpaired electron (and, hence, 
the positive charge)  in the radical cat ion particle is 
delocalized and (ii) the positive charge is partly com-  
pensated due to conjugation with the substi tuent,  the P 
contribution is relatively small. For  instance,  P = 12% 
lbr the series o f  "+PhX radical ca t ions .  12 In X 3 S i ' ~  
SiX 3 sys tems ,  the  radical  ca t ion  c e n t e r  is loca l i zed  
on the Si "-• Si fragment that is not conjugated with 
substituents X. For this reason, the P contr ibution in- 
creases to 52%. 
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