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The inductive and resonance effects of silicon-, germanium-, tin-. and lead-containing 
and some organic substituents on the HOMO energies (EHoMO) for 43 monosubstituted and 
p-disubstituted benzene derivatives were analyzed in the Koopmans approximation. A linear 
dependence between the perturbation energy 6E and the resonance err § parameters of the 
substituents was established. The Koopmans approximation is a rough approximation for the 
compounds studied, since to provide for its rigorous fulfilment, the 6E values must depend 
on the ~R ~ parameters of the sulgstituents. The principal regularities of increasing the 
or,n-conjugation between the organoelement substituents and the n-system caused by a 
positive charge on the benzene ring were established. 
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Based on the da t a  from various methods used in 
physical o rganometa l l i c  chemistry,  t - t 2  it is impossible 
to characterize the degree  o f  conjugat ion in compounds  
R j E - - R  n (E = Si, G e ,  Sn, and Pb; R is an organic 
radical; Rx is an unsa tura ted  fragment: Ph, H 2 C = C H ,  
RC-~C, etc.) using universal  parameters analogous to the 
oR constants,  since the  resonance interactions between 
fragments R3E and R~ depend on the position of  E in 
the periodic table, t h e  nature of  R and Rx., and the 
effective charge on R~ as well. To investigate the charge 
dependence  o f  con juga t ion ,  IR and UV spectroscopy are 
convent ional ly  used. 9 - 1 z  An analysis o f  the data on the 
first vertical ion iza t ion  potentials  (I i )  seems to be prom- 
ising. For  instance, in the Koopmans  approximation ~,5 

EHOMO = --ll, (1) 

i.e., the energy o f  the highest  occupied molecular  orbital 
( H O M O )  is equal to t he  first ionization potential but is 
opposite in sign. The  de tachment  of  an electron from 
the H O M O  of  R 3 E - - R  n must result in a change in the 
charge on R.~ and, the re fo re ,  in the degree of  conjuga- 
tion between R3E and  R~. 

The purpose of  th is  work is to study the conjugation 
of  Si-, Ge- ,  Sn- ,  a n d  Pb-conta ining substituents with 
the aromatic  ring in pho to ion iza t ion  of  the correspond- 
ing benzene der ivat ives .  

On going from C 6 H  6 to monosubsti tuted (C6H~Y) or  
p-disubsti tuted (p -XC6H4Y)  derivatives, the degenerate 
n - H O M O  of  benzene  ( o f  symmetry elg ) is split into two 
n-orbitals (rt 2 and re3) of  symmetry, a 2 and b~. respec- 

tively, due to a decrease in t h e  molecular  symmet ry .  It is 
known 3-5  that the energy o f  the  n3-0rbital d e p e n d s  on 
both the inductive and the r e s o n a n c e  effects o f  subst i tu-  
ents X and Y. In Table 1, t h e  published data t -8,11 on 
the ionizat ion potentials [ l  (corresponding to  the  de-  
t achmen t  o f  an electron f r o m  the n3-0rbital) as  well as 
on the ~1, CR ~ a~d ~ +  p a r a m e t e r s  of  subst i tuents  X 
and Y for organoelement de r iva t ives  o f  b e n z e n e  (and 
some of  their  organic a n a l o g s )  are col lected.  For  all 
compounds  considered, e x c e p t  for 15, the rc3-0rbital is 
the highest occupied m o l e c u l a r  orbital. 

Method of Calculations 

In the Koopmans approximation (see Eq. ( ! ) )  I I = 
--EHoMO , i.e., the HOMO in t h e  benzene derivatives studied is 
benzene orbital elg with an energy  of -9.24 eV, perturbed by 
electronic interactions (inductive effect and conjugation) wilh 
the substituents. According to P M O  theory, t6.t7 the HOMO in 
the C6HsY molecule is formed due to mixing of an initial 
unperturbed rt-MO (with energy s and the or- or n-orbitals of 
the substituents Y (v, ith energy E(Y)) The perturbation energy 
(fiE) can be calculated in two uvays: 18 using Eq. (2) 

fE = P2/AE. (2) 

where P = -[(E(n) -- ErtO.~o)(E(Y) - EHOMO)IJ/Z is a ma- 
trix element characterizing the  perturbation and AE = E(~) 
- E(Y) is the difference be tween the energies of  the initial 
unperturbed orbitals, and using Eq. (3) 

5E : EIIO~to - /:(n~. (3) 
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Table I. Energette characteristics of the molecular od0itals and n-parameters of the substituents in compotmds C6HsY and 
p-XC6H.,Y 

Com- X Y I t = -E(x)  fie = yn I XoR ~ V_~R+ Act = 
pound -EHoMo EHOMO -- E(x) Y-~a + - E~R ~ 

eV 

I H H 9.24 9.24 0 0 0 0 0 
2 H Me 8.84 9.19 +0.35 -0.05 -0.08 --0.26 -0.18 
3 H SiH:~ 9.18 9.20 +0.02 -0.04 +0.14 +0.03 -0.11 
4 H CMe 3 8.83 9.17 +0.34 -0.07 -0.06 - 0 . 1 9  -0.13 
5 H SiMe 3 9.05 9.09 +0.04 -0.15 +0.05 +0.02 -0.03 
6 H GeMe 3 9.00 9.13 +0.13 -0.11 +0.01 --0.10 -0.11 
7 H SaMe 3 8.94 9.11 +0.17 -0.13 +00[ -0 ,21  -0.22 
8 H SiMe2Ph 8.98 9.10 +0.12 -0,14 +0.05 +0.04 -0.0l 
9 H SiPha 8.96 9.10 +0.14 -0.14 +0.06 -0 .01 -0.07 
10 H GePh 3 8.95 9.40 +0.45 +0.16 -0 --0.23 -0.23 
I 1 H Sn Ph~ 9.04 9.42 +0.38 +0.18 ~0 --0.28 -0.28 
12 H PbPh 3 8.95 9.46 +0,51 +0.22 -0 --0.29 -0.29 
13 H CF 3 9,90 962 -0.28 +0.38 +0.15 +0.23 +0.08 
14 H SiMeF 2 9.55 9.48 - 0 0 7  +0.24 +0,18 +0.13 -0.05 
15 H SiF 3 1023 9.67 -0.56 +0.43 +0.23 +0.27 +0.04 
16 H CCI 3 9.32 9.62 +0.30 +0.38 +0.08 --0.02 -0.28 
17 H SiMe2CI 9.30 9.35 +0.05 +0.11 +0. t0 --0.06 -0.16 
18 H SiMeCI 2 9.52 9.48 -0.04 +0.24 +0.15 --0.1 l -0.26 
19 H SiCI 3 9.46 9.63 +0.17 +0.39 +0.17 --0.23 -0.40 
20 H SnPh2CI 9.29 9.64 +0.35 +0.40 0 --0.36 -0.36 
21 H SiMeBr~ 9,t0 9.49 +0.39 +0.25 +0.05 --0.33 -0.38 
22 H SiBr 3 906 9.63 +0.57 +0.39 +0.20 --0.50 -0.70 - 
23 H GePh2Br 9.17 9.59 +0.42 +0.35 0 --0.40 -0.40 
24 H CH2CMe 3 8.77 9.19 +0.42 -0.05 -0.08 - - -0 .25  -0.17 
25 H CH2SiMe 3 8.42 9.19 +0.77 -0.05 -0.20 --0.49 -0.29 
26 H CH2GeMe 3 8.40 9.20 +0.80 -0.04 -0.23 --0.59 -0.36 
27 H CH2SnMe 3 8.2l 9.19 +0.98 -0.05 -0,26 --0.76 -0.50 
28 H C(SiMe3) 3 8.10 9.19 +1.09 -0.05 -0.22 --0.63 -0.41 
29 H SiMe 2SiMe 3 8.35 9.09 +0.74 -0.15 +0.04 --O.40 -0.44 
30 CMe 3 CMe 3 8.40 9,10 +0.70 -0.14 -0.12 --0.38 -0.26 
31 SiMe 3 SiMe 3 8.98 8.94 -0.04 -0.30 +0.10 +0.04 -0.06 
32 GeMe3 GeMe 3 8.60 9.02 +0.42 -0.22 +0.02 --0.20 -0.22 
33 SnMe 3 SnMe 3 8.50 8.98 +0.48 -0.26 +0.02 --0.42 -0.44 
34 PbMe 3 PbMe 3 8.25 9.00 +0.75 -0.24 -0.04 ~0 .52  -0.48 
35 CH2SiMe 3 CH2SiMe 3 7.75 9.14 +t.39 -0.10 -0.40 --0.98 -0.58 
36 CH2SiEt 3 CH2SiEt 3 7,75 9.14 +1.39 -0.10 -0.40 ~1 .04  -0.64 
37 C(SiMe3) 3 C(SiMe3) 3 7.45 9.14 +1.69 -0.10 -0.44 --1.26 -0.82 
38 F SiMe 3 9.00 9.54 +0.54 +0.30 -0.25 ~0 .50  -0.25 
39 CI C M e  3 8.82 9.59 +0.77 +0.35 -0.26 ~0 .50  -0.24 
40 Cl SiMe 3 9.03 9.51 +0.48 +0.27 -0.16 ~0 .29  -0.13 
41 CI G e M e  3 8.84 9.55 -0.71 +0.3l -0.20 ~0.41 -0.21 
42 CI SaMe  3 8.95 9.53 *0.58 +0.29 -0.20 ~0 .52  -0.32 
43 NO 2 SiMe 3 9.80 9.74 -0.06 +0.50 +0.24 +0.16 -0.08 

Note. The values of 11 for compounds  !--5, 14, 17--19. 24, 25, 28--30, and 35--37 were taken from Ref. 5; those for compounds 
6--8, 13, 16, 20, 23, 26, 27, and  32--34 were taken from Ref. 3, The values of / t for compounds 9 - -12  were taken from Ref. 8; 
those for compotmds 21 and 22 were calculated from the charge transfer frequencies in the UV spec t r a  of complexes with 
tetracyanoethyiene tt following the previously described procedure. 13'14 The values of / I for compounds 3 1 and 38--43 were taken 
from Refs. 6, 7. The values of  cq, err + , and err ~ for the organic substituents were taken from Refs .  l, 15, those for the 
organoelement substituents were  taken from Refs. 2, I I. In some instances the era* parametecs of the organoe lement  substituents 
were determined as the difference ~R + - erl- It is assumed that the ,:r| parameters of the substit~mnts in r'~olecules 28 and 25, and 
also those in 29 and 5 as well are equal. 

The vaines of E(x) and E(Y) are calculated tinder the 
assumption that the energies o f  the tmperturbed orbitals only 
depend on the inductive effect  of the substituents. There are 
no general methods of calculat ion of energy E~,Y) in the 
literature: however, as shown previously) s,t9 one can calculate 

energies E(~) for compounds C6HsY ~nd those for compounds 
p-XC6H4Y with reasonably high accuracy.  Therefore, to calcu- 
late 6E, Eq. (3) was used. 

The E(t) values were calculated a s  follows. Because of  the 
inductive effect of substituents Y, t h e  energy E(rt) in corn-  
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potmds C6H5Y differs from the energy of the benzene orbital 
elg (-9.24 eV) by the value A. An analysis of the photoelec- 
tron spectroscopy data 18,1~) showed th.~t A in C6HsY molecules 
is numerically equal to the inductive constant cr I of substituent 
Y. Therefore, the equations for calculating E(,~) in the mol- 
ecules of monosubstituted (C6HsY) and ,o-disubstituted 
(,o-XC6H4Y) derivatives of benzenes (taking into account the 
additivity of the inductive effect of substituents X and Y on 
E(x)) are 

E(n) = -9.24 +" hI(Y), (4) 

E(n) = -9.24 + (~I(X) + ~I(Y). (5) 

The calculations were carried out on an IBM AT personal 
computer using the standard STATGRAPHICS (Version 3.0) 
program package. The values of the ~1, erR~ and a R~ parana- 
eters of organic l'ts and organoelement z,H substituents were 
taken from the literature. 

Results and Discussion 

The err ~ parameters characterize the ability of or- 
ganic and organoelement  substituents to conjugate with 
the n-system in isolated molecules in their ground elec- 
tronic state. The reorganization of the ~t-system caused 
by complexation (hydrogen bond, charge-transfer com- 
plexes) and all the more  by transition of the molecule to 
the electron-excited state leads to the impossibility of an 
adequate description o f  the resonance properties of sub- 
stituents X and Y in molecules C6HsY and p-XC6H4Y 
using OR ~ parameters (see Refs. 20, 21). A similar situa- 
tion also occurs in the search for a correlation between 
the f E  and Z~R ~ values for the compounds listed in 
Table I. The dependence  obtained 

fE = --2.262aR0 + 0.35, (6) 

S a = 0.20, Sb = 0.03, S v = 0.22, r = 0.87, n = 43, 

with a low correlation coefficient (0.87) cannot be con- 
sidered as even approximate.  22 In addition, the large 
value of the constant term in Eq. (6) has no physical 
meaning, since for benzene  8~' = 0 and ~H ~ = 0. 

The OR ~ parameters characterize the ability of the 
substituents to enter into conjugation with the x-system 
o( the benzene ring, on which an appreciable positive 
charge is induced in experimental conditions. The val- 
ues of the difference ,Act = rrR + - c ~ ,  ~ (see the last 
column in Table I) are, as a rule, negative. Hence, it 
follows that an increase in the resonance donor effect 
(the c~,n-conjugation) o f  organoelement substituents with 
respect to the x-system of the benzene ring occurs due 
to the effect of the positive charge on the benzene ring 
The higher the polarizability of the chemical bonds of 
the fragments C(Ar)E R 3 and C(Ar)CH,(ER3)3_,~ in com- 
pounds PhER 3 and PhCH,~(ER3)3_" is, the greater this 
increase is. tt Therefore,  the quantitative characteristics 
of the increase in the er,n-conjugation (the differences 
Ao = cry,* -- err ~ and polarizabilities (the sums of bond 
refractions ZRo) are related by linear dependences of 

the Ao = aZR n + b type. The  values of coefficients a 
and b vary on going from compounds P h E R  3 to 
PhCH,,(ER~)3_ ., since in the first case the conjugation 
of  the substituents with the x-system of the ring involves 
not only the donor but also the  accepter component . t l  

For deeper insight into the distinctions between the 
oR + and OR ~ parameters let us consider the general 
principles listed above as applied to the compounds  
studied, which can be divided into five series. 

Thefirst  series is formed by compounds 2- -12 .  The 
only resonance effect in alkylbenzenes (compounds 2 
and 4) is o,n-conjugation. This effect is increased if the 
ring has a positive charge, therefore the values o f / ~  = 
oR + - oR ~ are negative, The  organoelement substitu- 
ents ER r exhibit resonance effects of both types with 
respect to the benzene ring, donor to,x-conjugation) 
and accepter (d,~-conjugation). According to the pub- 
lished data, t2 the latter consists  in simultaneous partici- 
pation of  the vacant nd -o rb i t a l s  of  E a toms  and 
antibonding er'-orbitals of  bonds  (formed by E atoms) in 
the conjugation. The effect of  d,n-conjugation becomes 
weaker  in the order Si  > Oe  > Sn > Pb and is 
independent  of  the c h a r g e  on the x - sys t em,  
whereas o,x-conjugation b e c o m e s  stronger in the  order 
C < Si < Ge < Sn < Pb and even if the x-system has 
a positive charge as well. 9-12 I f  the benzene ring has no 
charge, d,~-conjugation d o m i n a t e s  over ~ ,x-conjuga-  
tion, which is reflected in the  positive values o f  the (~R ~ 
parameter, reaching its m a x i m u m  for E = St. If the 
benzene ring has a positive charge, then the higher  the 
atomic number of E in P h E R  3 is, the larger the increase 
in the o,n-conjugation ( increasing negative Act values) 
observed. In this case, t he  ~rR + parameter for the 
organosilicon substituents S i l l  3, SiMe 3, and SiMe~Ph 
still retains its positive value.  Larger negative Ag values 
are characteristic of PhEPh 3 as compared to the corre- 
sponding methyl derivatives PhEMe 3. This is due  to the 
stronger polarizability of t h e  E--C(Ar) bonds as com- 
pared to the E--C(AIk) bonds .  Thus, for instance, the 
refractions R D of the S n - - f ( A l k )  and Sn--C(Ar)  bonds 
in the Vogel system are 4.17 and 4.55 cm 3, respec- 
tively, z3 As a consequence, judging from the rXR + values, 
substituents EMe~ and E P h  3 (E = Ge, Sn, and Pb) 
become resonance donors due to the influence of the 
positive charge on the ring. 

The second series is f o r m e d  by compounds 13--23. 
For these derivatives, the inversion of the resonance 
properties, controlled by t h e  polarizability of the bonds, 
is more pronounced than i~a the first series. As follows 
from the positive vaiues o f  erR ~ most substitttents in the 
compounds of the second series in the absence of a 
positive charge on the b e n z e n e  ring are typical reso- 
nance acceptors (predominance of d,n-conjugation over 
o,rt-conjugation). The pos i t ive  charge on the benzene 
ring has little effec', on the donor-acceptor properties of 
the f luorosilyl substituents; the acceptor chlorosi lyt  flag- 
melttS are transformed in to  reson;.lnce donors (negative 
values of err + and differences Ao), while the bromosilyl 
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substituents become resonance donors (a further in- 
crease in the negative values of ~R + and ~a as compared 
to the chlorosilyl fragments). These facts are explained 
by the substantial difference in the polarizability of the 
Si--Hal bonds. The values of R o for Hal = F, CI, atld 
Br are 1.7, 7.1 I, and 10.24 cm 3, respectively; ~ the 
refraction of the S i - -F  bond (! .7 cm 3) is lower than the 
R D of the Si--C(AIk) bond (2.47 cm3). Therefore, the 
increase in n,n-conjugation with an increase in the 
atomic number of the halogen in PhEMe,,HaI3_, , is very 
sharply expressed. 

The third series is formed by compounds 24--29. 
There is no resonance acceptor effect old,n-conjugation 
in benzyl derivatives 24--27. The  resonance donor effect 
of cr,rt-conjugation is enhanced as the atomic number of 
E increases and if a positive charge appears on the 
benzene ring (negative values of  Ae, which iqcrease in 
the sequence C < Si < Ge < Sn). The ~rR ~ parameters 
for compounds 25 and 28 differ insignificantly; a more 
important difference is observed between the OR + val- 
ues. A~a increase in n in the CH3_,,(SiMe3),, fragment is 
accompanied by an increase in ZRD, since the refrac- 
tions of the C- -H and C - - S i  bonds are 1.68 and 
2.47 cm 3, respectively. Therefore,  the values of oR + and 
&o for compound 28 are more  negative than for com- 
pound 25. The SiMe2SiMe 3 substituent participates in 
both d,n-conjugation and .,:r,rt-conjugation with the 
n-system. If the benzene ring has no charge, the first 
type of conjugation is p redominant  (positive ~R ~ values), 
whereas the second type of conjugation becomes domi- 
nant (negative values of era + and  Act) if the benzene ring 
has a positive charge. 

The fourth series is formed by compounds 30--37, 
containing two substituents o f  the same type at the para- 
position with respect to each other.  We assumed that the 
values of Eerie~ XcrR +, and Zx~ are doubled compared 
with those for the corresponding monosubstituted ben- 
zenes. At the same time, it cannot be ruled out (in 
particular, for silyl derivatives 35--37 containing strong 
resonance doqors) that the d o n o r  properties of the two 
para-substituents can become mutually weaker due to 
negative direct polar (counter - )  conjugation.t6,z'i 

The fifth series is formed by compounds 38--43, 
containing two substituents of different types at the 
para-position with respect to each other. As for the 
compotmds of the fourth series, we asst, med that the 
electronic effects of the substi tuents in these benzene 
derivatives are additive. This  asst, mption is reasonably 
justified for compounds 3 8 - - 4 2 ,  since in this case the 
substituents are eitlaer modera te  reso~a,ace donors or the 
difference between their douor-acceptor properties is 
rather small. Therefore, the  contribution of cotmter- 
cot~jttgation and direct polar conjugation cannot be es- 
sential. 

Thus. the ~ffect of ~ ,n-conjugat ion of the substitu- 
ents with the re-system is increased if a positive charge 
appears on the benzene ring. The quantitative character- 
istics of this effect (err ~') essentially differ in value and 

often in sign from the cp, ~ parameters ,  which charac- 
terize ~,n-conjugation in neutral molecules.  Therefore, 
the correlation between pertt, rbat ion energy 8E and the  
err ~" parameters of the substituents (see Eq. (6)), but not  
that between perturbation energy ,5 E artd the ,R ~ values, 
must be more reasonable, since energies  8E were ob-  
tained from ionization potentials I) determined by pho-  
toelectron spectroscopy. The abs t rac t ion  of an electron 
in photoionization of molecule M 

M h"-~Z"~ M ' * + e -  ( 7 )  

results in the formation of a radical cation M "+. The  
Koopmans approximation (1) is o n l y  valid if it is possible 
to carry out an independent rigorous quantum-chemichl 
calculation of the total energy of t he  radical cation M " + 
using the wave functions for the neut ra l  molecule M. 

If the molecular orbitals of M alad M "§ differ signifi- 
cantly (i.e., the Koopmans relat ion is not valid), t hen  
Eq. (I)  turns into 

EHOMO + AEd = - [ I ,  (8) 

where AEd is the so-called Kooprnans  deficiency. The  
reason for the appearance of energe t ic  contribution AEd 
lies in the photoionization (when reorganization of the 
electronic levels occurs) and change  in the basis set of  
the wave functions and interelectronic interactions due  
to a decrease in the number of e l ec t rons  as well. 4 

Three circumstances are of i m p o r t a n c e  for our pur -  
poses. First, the AE d values make the  greatest contribu- 
tion to ionization of the inner orbitals, while their  
contribution to ionization of de loca l ized  HOMOs is 
smatl. 4 Secondly, it follows from E.q. (8) that the allow- 
ance for the &E d contribution was m a d e  for the values of  
ionization potentials I); therefore,  the use of I I to 
calculate perturbation energy 8E fol lowing Eqs. (2) and  
(3) allows us to ignore a detailed analysis  of the role of  
the Koopmans deficiency in the plaotoionization. Third,  
since a positive charge appears on  the benzene ring (see 
Eq. (7)) in photoionization, we r'nust characterize the 
resonance interactions between t h e  substituents and the 
,-t-system by the ~R* parameters. In accordance with 
this, we obtained an adequate dependence  for com-  
pounds 1--43 (see Table I) 

I t = 9.  t9  + t , 18Scr  t + 1 . 3 t ' , . : ~ ' - .  ( 9 )  

S ,=  0.02. S ,=  0.07. S~= 0.05. S~,,~ 0. It. r=  0.98, n = 43, 

where cr I arid err ~" are the induc t ive  and the resonance 
parameters of the substituents, respectively.  Hence, for 
the compounds studied, Koopm~tas relation (I) is valid 
to a first approximation when b o t h  the first ionization 
potential / t and the energy EHO.,,4O nearly entirely de-  
peter on the donor-acceptor properl.ies of the substitu- 
ents bound to the benzene riJxg. 

At the same time, the K o o p m a n s  relation is only  
partially valid. This follows f r o m  a comparison of our  
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results and the data f rom nonempirical  quan tum-chemi -  
cal calculat ions for monosubst i tuted benzeqes,  Ethyl- 
cries, and acetylenes .  In those molecules,  the organic 
substituents are bo th  resonance donors ( N H  2, OH,  
F, etc.) and accep to r s  ( C H O ,  CN,  NO2, etc.). 15 A 
l inear dependence  be tween  the eR ~ constants and the 
Aq,, values, which quant i ta t ive ly  characterize the effect 
of  conjugat ion,  was established in those calculations. A 
good correlat ion be tween  Aqx and oR ~ in the benzene,  
ethylene,  and ace ty lene  series lead the authors o f  Ref. 15 
to propose these equa t ions  as a reliable method for 
de terminat ion  of  the  unknown values of the CrRO con-  
stants. Thus,  it fol lows from the published data 15 that if 
Koopmans relation ( I )  is valid, the first ionization po- 
tent ial  / I and the  H O M O  energy,  de te rmined  as 
EHOMO = --[I,  mttst depend  on both the inductive erl 
and the resonance erR0 parameters  of the substituents. 
Thus, it does fol low from Eq. (9) that the value of  / 1 
depends on parameters  ~ and erR*. 

Data processing for the first ionization potentials 
using the ~s t and <rR0 parameters  only leads to an ap- 
proximate d e p e n d e n c e  

l I = 8.88 + 1.09E,:r I + 2.23Ecrg~ (10) 

S a = 0.04, S b = 0.16, S c = 0.21, S~,= 0.23, r = 0.91, n = 43 

with a smaller  cor re la t ion  coefficient  than for Eq. (9). It 
is impossible to expla in  the small value of  the constant 
term (8.88) in Eq. (10),  since the constant term for the 
unsubstituted benzene  (c h = 0 and ergo = 0) should not 
sharply differ from 9.24,  as is the case, for instance, in 
Eq. (9). 

It follows from the  above discussion that perturba- 
tion energy ~E, de t e rmined  from Eq. (2) or Eq. (3), 
must character ize mix ing  of  the orbitals modified by the 
positive charge on the  benzene  ring, but not that  of the 
orbitals o f  the neutral  c o m p o u n d s  (as could be expected 
in the case when  the  Koopmans  relation is fulfilled). 

This is con f i rmed  by the existence of  a satisfactory 
dependence  for c o m p o u n d s  1--43 

8E = --I.33Ecrp. + + 0.02, (II) 

S a = 0.08, St, = 0.02, Sy = 0. II,  r = 0.97, n = 43, 

The constant  term o f  this dependence can be neglected 
since it is comparab le  to the standard deviation (0.02/. 

Equation (1 I) in the form 

2crR" = -0.708E, (12) 

S~ = 0.03. S*' = 0.08, r = 0.97 

can be used to make rough estimates of unknown C~R ~. 
With respect to the  l imited use of  the Koopmans 

relation, the fu l f i l lment  of  Eqs. (9) and (10) for the 
compounds  studied a l lows us to consider the change in 
the energy of  the H O M O  formed from the eig orbitats of  
the unsubsti tuted b e n z e n e  as a result of  both the indue- 

tive and the resonance e f fec t s  of  the substitttents. The 
opposite  assumption that the e lec t ron ic  effects in ques- 
tion only affect the H O M O s  o f  the c o m p o u n d s  studied 
obviously needs proving. O n e  prel iminary ind i r ec t  con-  
f irmation was obtained f rom a comparison o f  Eq. (11) 
and the similar  dependence for  certain monosubs t i tu ted  
benzene  derivatives C6HsZ tha t  we studied add i t iona l ly  
(see below). 

Z /i/eV 8E/eV rsR + 

NMe 2 7.45 1.94 - I . 8 5  
NHMe 7.65 1.56 -1 .78  
NH 2 8.02 1.30 -1 .38  
OMe 8.45 1.08 - 1.07 
F 9.20 0.49 -0 .52  
CI 9.10 0.56 -0.31 
H 9.24 0 0 
NO 2 10.32 -0.43 0.14 

(the values of  I I were t aken  f rom Refs. 3, 4,  and 25; 
those of  a t and ag + for subs t i tuen t s  Z were t a k e n  from 
Ref. 1; the 6E  values were  ca lcu la ted  from Eq .  (3)). At 
least for the first four c o m p o u n d s  (in which subs t i tuents  
Z are the strongest resonance  donors) ,  we c a n  assume 
that in addi t ion to the H O M O ,  the lower o rb i t a l s  also 
part icipate in conjugation o f  Z with the n -sys tem.  

The  following dependence  is valid for c o m p o u n d s  

C6HsZ 

8E = - 1.000aR + - 0.03, (l 3) 

s ,  = 0.09, sb = 0_10, Sy = 0.18, r = 0.98, n = 8. 

It can be seen from the c o m p a r i s o n  of  d e p e n d e n c e s  ( I I )  
and (13) plotted in Fig. 1 t h a t  the line co r respond ing  to 
Eq. (13) has a gentler slope. Fo r  a fixed value o f  the  gR* 
parameter ,  perturbation e n e r g y  8 E  for c o m p o u n d s  1- -43  

NMoe2 , I 

N 1.5 

--I.5 -1.0 -0 .5  0 

- I . 5  

8 s 

, i 

NO, 

Fig. 1. Correlat ion between the values of" 6E and E~R* for 
compounds ! - -43 { I)(see T a b l e  I and Eq. ( l i d  a n d  CsHsZ 
(2) (see Eq. (13)). Points be long ing  to line 2 are shown.  
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(see Table I) is higher than  for monosubstituted ben- 
zenes C6H5Z. A particularly large discrepancy between 
the 5E values in Eq. (11) and  Eq. (13)is observed for 
large negative err + values, i.e., when substituents X, Y, 
and Z are the strongest resonance electron donors, it is 
in such instances that one could expect that the values 
of ~E and ~ +  in Eq. (13) are not identical characteris- 
tics of conjugation in molecules C6HsZ. 

By definition, the quant i ty  5E characterizes the ef- 
fect of conjugation between substituent Z and the 
rt-system only on the EHoMo of compounds C6HsZ. 
The nR + parameter as a characteristic of conjugation of 
substituents Z with the n-sys tem contains no restrictions 
on the type of the orbitals whose interactions provide 
the overall conjugation effect in the molecules. If conju- 
gation in monosubstituted benzenes  C6HsZ (Z are strong 
resonance donors) occurs with the participation of the 
HOMO and lower orbitals, while only the HOMO par- 
ticipates in conjugation in compounds ! - -43  (see 
Table I), then perturbation energy ~SE must be higher 
for compounds of the second type at the same ~rR § 
value. This is just observed experimentally (cf. Eqs. (11) 
and (13), see Fig. 1). Notice also that as a result of 
counterconjugation between two identical substituents 
belonging to strong resonance donors, energies SE in 
p-disubstituted benzenes 3 5 - - 3 7  become lower than the 
doubled ~SE values in the corresponding monosubstituted 
derivatives (compounds 25 and  28). Any correction of 
the 8E values for compounds  35--37 undertaken to 
make allowance for the effect of  counterconjugation on 
6E must only lead to an increase in the difference in the 
slopes of the lines corresponding to Eqs. (11) and (13). 
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