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The first vertical ionization potentials (/P) of monosubstituted benzenes, hexafluoro-
benzenes, naphthalenes, anthracenes, furans, thiophenes, and selenophenes and the second
1P of monosubstituted tellurophenes are related to the inductive, resonance, and polarization
parameters of substituents by dependences of the type IP = a + boy + cog® + do,. The
contribution of polarizability effect, do, to the /P value is determined by the degree of
delocalization of the positive charge in radical cations formed upon photoionization of the
compounds studied. The og™ resonance parameters of nineteen Si-, Ge-, Sn-, and
Pb-containing substituents in naphthalene, furan, and thiophene series were calculated.
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In physical organometallic chemistry, the conjuga-
tion between an indicator center R, (Ph, HC=C, erc.)
and substituents ER;, CH,ERy (E = 8i, Ge, Sn, Pb; R
are organic groups) in molecules R ER; and R,CH,ER,;
is quantitatively characterized by non-universal (i.e.,
depending on both the type of R, and charges on its
atoms) resonance parameters op (see, e.g., Refs. 1-—3).
For model systems (R, = Ph), the ogp™ parameters
characterizing resonance properties of substituents ER,
and CH,ER; towards the R, fragment on which a large
positive charge (~0.1 e)! is induced under experimental
conditions are known.2—4 Recently, we calculated their
values for R, = H,C=CH and HC=C when analyzing
the ionization potentials (/P) of ethylene? and acety-
lene3 derivatives. It was shown?3 that /P values depend
on three effects of substituents, viz., the inductive effect,
conjugation, and polarizability, whose relative contribu-
tion is determined by the type of R, and that even an
a priori qualitative estimate can hardly be made. The
polarizability effect has long remained poorly studied,
despite the fact that it is impossible to perform correct
calculations of og™ values without taking into account
the inductive and polarizability effects.2-3

The aim of this work was to establish correlations
between the vertical /P of a number of aromatic and
heteroaromatic compounds and the effects of substitu-
ents; to calculate the og* parameters of Si-, Ge-, Sn-,
and Pb-containing substituents in naphthalene, furan,
and thiophene derivatives; and to compare them with
the values of op* parameters for the standard benzene
series.

Calcnlation procedure

In this work, we performed a comparative analysis of /P
corresponding to the n-MOs of benzene, hexaflucrobenzene,
naphthalene (1- and 2-substituted), anthracene (9-substituted),
furan, thiophene, selenophene, and tellurophene (2-substi-
tuted) derivatives (Table 1). To study the electronic effects of
substituents on the /P, we chose such n-MOs whose energies
depend on both inductive and resonance effects due to sym-
metry factors. Below are listed the notations of [P, the MO
symmetry, and the number of the band in the photoelectron
spectrum (the last two items are given in parentheses) accord-
ing to the data presented in Table 1: JPFB (b;; the HOMO for
compounds 2, 7—10, 14—16, 18, and 28; the second band for
compound 1; and e, for compound 13), IPN (ns, HOMO),
TPAN (ng (b)), HOM(%), IPF (x4 (1ay), HOMO), 7PT (5 (1ay),
HOMO), IPS (xy (1a,), HOMO), IPTPh (n; (1a,), the second
band).

Previously, taking monosubstituted benzenes,3 ethylenes,?
and acetylenes3 R, X as examples, we have established that [P are
related to the effects of substituents by relationships of the type

P = [PQ + aocy + bo‘R+ + €T, (l)

where 1Py is the /P value for an unsubstituted R H molecule,

and oy, og?, and o, are the parameters characterizing respec-

tively the inductive, resonance, and polarization effects of

substituents X. The values of coefficients a, b, and c depend on

the type of indicator center R, (Ph, H,C=CH, HC=C).
Having written Eq. (1) as

IP =[Py + In + Res + P, 2)

we can evaluate (in eV) the inductive (In = aay), resonance
(Res = bog*), and polarization (P = c¢o,) contributions of
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Table 1. lonization potentials (/P/eV) and o-constants of organic substituents X
Com- X [PFB_ pN()gpNQ) IPAN 1P, IPY, 1P, [PTPh o ort o,
pound X
X
wrx O0 (o Qr D 0
o] S Se Te
1 H 10.10 8.15 7.43 8.89 8.87 8.96 8.88 0 0 0
2 Me 981 7.85, 7.93 7.24 8.37 8.43 8.50 8.43 -0.05 —0.26 —0.35
3 Et - —, 7.85 - — - — - -0.05 —0.25 -0.49
4 Bu! - - 7.13 8.19 8.32 — — -0.07 —-0.19 —0.75
5 CH,COOH — 7.99, 8.05 — — — — — +0.10 —0.11 —0.50
6 CH,CI — — — — 8.89 - — +0.13 —0.14 —0.54
7 NH; 8.90 7.48, 7.55 — - — _ - +0.08 —1.38 —0.16
8 NHMe 8.65 — - - — — — -0.03 —-1.78 —0.30
9 NMe, 8.48 — - — - — — +0.15 —1.85 —0.44
10 OH 9.37 — - —_ — — - +0.33 —1.25 —0.03
11 OMe — 7.70, 7.82 7.21 — 8.18 — — +0.29 ~i.07 —0.17
12 SMe — — — — 7.95 — — +0.23 ~0.83 —0.68
13 F 10.20 8.15, 8.23 7.46 — - — — +0.45 ~0.52 +0.13
14 Cl 9.90 8.13, 8.11 7.45 - 8.89 8.80 8.89 +042 —0.3] —043
15 Br 9.80 8.09, — 7.48 — 8.82 8.66 8.84 +0.45 —-0.30 —0.59
16 CN 10.45 8.59, 8.36 7.80 9.47 — 9.40 — +0.51 +0.15 —0.46
17 CHO — 8.33, — — - 9.37 9.25 — +0.33 +0.40 —0.46
18 COOH 10.20 8.29, 8.26 —_ 9.16 9.14 9.19 9.15 +0.34 +0.08 —0.34
19 COOMe — — — 9.00 8.98 9.05 .00 +0.34 +0.14 —0.49
20 NO, 10.66 8.59, 8.63 7.88 9.75 9.73 9.57 — +0.65 +0.14 —0.26

Note. The 1PFB values were taken from Ref. 5 (for the JPFB value for compound 2, see Ref. 6). The /PN values were taken from
Ref. 7, the first and second figures correspond to I-substituted (/PN and 2-substituted (/PN?)) naphthalenes, respectively. The
IPAN yalues were taken from Ref. 8. The [PF values were taken from Ref. 9, except for the [PF value for compound 4 taken from
Ref. 10. The /PT were taken from Ref. 9, except for those for compounds 4 and 11 taken from Refs. 11, 12. The IPT value for
compound 12 was calculated from the charge transfer frequency (16500 cm™!y in the UV spectra of compiexes with tetracyanocthylene
following the previously described procedure.13 The values for compounds 15—17 were taken from Ref. 12, and those for
compounds 18 and 19 were taken from Ref. 9. For compounds 1, 2, 14, and 20 averaged IPS values taken from Refs. 9, 12 are
given. The IPTF values were taken from Ref. 9. The oy, st, and o, were taken from Refs. 2, 14.

substituents to the change in /P at Ry = const. These contri-
butions can be comparabic.?

From relationships (1) and (2) it follows that the Koopmans
theorem® /P| = —Eyomo 15 a rather rough approximation for
molecules R,,X.I'J In fact, first, the P contribution to the
Enomo energy is ignored. Second, according to the resuits of
recent quantum-chemical calculations,5 the resonance inter-
actions between R, (Ph, H,C=CH, and HC=C) and X in
neutral isolated molecules R X are characterized by the og’
constants rather than by the og™ constants.

Let us consider the second and third terms in Eq. (1) in
detail.

Detachment of an electron from the n-MOs mentioned
above upon photoionization of neutral molecules R X (see
Table 1) in the gas phase

AX v, RXT e (3)
results in the formation of radical cations R, X*" camrying a
positive charge on R, (aromatic or heteroaromatic ring). There-
fore an adequate description of resonance interactions in
radical cations R, X*" (R, = Ph, H,C=CH, HC=C)?-* can be
achieved only by using og™ parameters rather than URO param-
eters in Eq. (1).2:318 Below we will show that this is also valid
for compounds listed in Table |.

The polarization term P = co, in Eq. (1) describes the effect
of electrostatic attraction between the positive charge (q) of
radical cation R, X*" and the dipole moment induced by this
charge in the polarizable substituent X Y17 on the [P of
molecules R X. In the Hammett—Taft correlation equations,
stabilization of the charge g due to polarizability of substituents
X is quantitatively characterized by constants o,.'417 The g,
values were calculated for most organic substituents X by
ab initio quantum-chemical methods!? and are widely used in
the studies of ionic gas-phase reactions.!” The use of o in the
analysis of the cffect of substituents on IP has only just begun.?:3

The following relationship!? is useful® for estimating the
dependence of the polarization contribution on the degree of
delocalization of charge ¢ in radical cations R,X™" at a
qualitative level:

Eq = —q*a/(2erY), (4)

where Eg is the energy of electrostatic stabilization of charge g.
a is the polarizability of substituent X, ¢ is the dielectric
constant, and r is the distance between the charge and the
polarizability center of substituent X.

The correlation equations discussed below were calculated
using the standard STATGRAPHICS 3.0 program package on
a PC/AT 286 computer. The data were processed by the least
squares method at a confidence level of 95%.
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Results and Discussion

The following relationships are valid for monosubsti-
tuted benzenes? {their ionization potentials are denoted
as /PB) and cight series of compounds studied in this
work:

IPB =925 + 1.00a; + 0.89ay* + 0.42q,, (3)
S, =008, § =0.13, S, =004, §; =0.13, Sy = 0.12,
r =0.980, n = 26,

IPFB = 10.17 + 0.720; + 0.8lag” + 0.630,, (6)
S, =007, 8 =014, 5. = 0.04, 5§, = 0.14, Sy = 0.09,
=099, n =12,

1PN =8 11 + 0.7lo; + 0.500g* + 0.250,, (7
S, =006, 8 =0.11, S, =005, §; =0.11, Sy = 0.07,
r=0974, n = 12,

IPND) =814 + 0710y + 0.46ag* + 0.24a,, (8)
S, =0.05, 5, = 0.08, 5, =0.04, S5 =0.10, Sy = 0.06,
r=0982, n =11,

IPAN =742 + 0.67c; + 0.4lag® + 0.17q, 9
S, =0.05, 5 = 0.08, S, = 0.06, §; = 0.08, Sy = 0.06,
r=0973,n =9,

[PF = 885 + 1.580; + 0.380g* + 0.70a,, (10)
S, =008, 5, =026, S. =045, 5; = 0.17, Sy = 0.09,
r=0987,n =17,

1PT =893 + 1.0la + 0.930g" + 0.55a,, (n
5, =0.10, S, = 0.18, S, = 0.09, S; = 0.18, Sy = 0.13,
r=0967 n= 12,

IPS = 9.00 + 1.030; + 0.86ay™ + 0.82, (12)
S, =007, 5 =015, 5. =012, S, =0.19, Sy = 0.08,
r=0974.n =9,

[PTPh = 8 89 + |.23q; + 0.58cg* + 0.750,, (13)
S, =0.04, 5, =0.14, S, = 0.10, Sy = 0.16, Sy = 0.04,
r=0983n=6

Taking into account that ¢*p = o + og*, one can
expect that the /P will depend on only two variables
(op” and o). Actually, these dependences for, e.g.,
naphthalene, furan, and thiophene series, have the form

[PND = 8 (7 + 0.55q¢p* + 0.270,, (14
S, =004, 5 =004, S. =012, S = 0.08,
r=0969, n =12,

IPF =891 + 1.150p* + 0.62a,, (13)

S, =009, 8 =0.10, S, =0.20, Sy = 0.11,
r=0980,n=7,

IPU = 895 + 0.95cp" + 0.550,, (16}
S, =008, 8 =007, 5 =017, S =0.12,
r=0970,n = {2,

Equations (5)—(13) were used to calculate the con-
tributions In, Res, and P (relationship (2)) to /P for nine
series of R X, including R, = Ph. In Table 2, three
types of contributions /n, Res, and P are listed for each
R,: (1) the /n(X), Res(X), and P(X) values are the
contributions to the /P calculated upon varying the o,
or*. and o, parameters of substituents X from minimum
to maximum values (as follows from Table 1, the sets of
substituents X in the nine series of compounds R_X are
different; therefore it is impossible to obtain reliable
data on the dependence of these contributions on R, by
comparing the magnitudes of their contributions /n(X),
Res(X), and P(X)) in the series, (2) the In(Me), Res(Me),
and AMe) values are the contributions to [P arising on
going from unsubstituted compounds R H to corre-
sponding methyl derivatives R,Me (i.e., due to the
introduction of Me substituents), and (3) this type of
contribution is similar to the second type; however, it
was calculated for terr-butyl derivatives.

Let us analyze briefly the second and third types of
contributions (see Table 2).

At R = const, the P contribution increases on going
from X = Me to X = Bu!, since in this case the value of
the parameter o, increases (see Table 1). For all R, But
molecules, the P contribution to the change in [P is
larger than the /n and Res contributions. For R Me and
R, Bu' molecules, the ratio of contributions Res and P
depends on the type of R,. At X = const (Me or BuY),
this ratio for aromatic compounds (/B, [N(I) NQ?) fAN)
changes only slightly, whereas for heteroaromatic com-
pounds (/F, IT, /5, [TPh) it depends strongly on the type
of R,. The P(Me) and P(Bu') values increase substan-

Table 2. Values of In, Res, and P contributions (%) to total changes in the ionization
potentials /P of molecules R_X caused by effects of organic substituents X

IPtype  In(X) Res(X) P(X) In(Me) Res(Me) P(Me) In(Bu') Res(Buf) P(Bu')
P8 23 65 12 12 53 3s 13 30 57
1PFB 20 62 18 8 43 47 8 22 70
(PN 32 57 11 15 50 35 15 29 56
IPNG) 37 52 1 17 50 33 16 28 56
{PAN 43 44 13 15 55 30 19 3 50
1PE 62 9 29 19 24 57 15 10 75
1PT 29 55 16 10 50 40 1 27 62
1Ps 40 34 26 9 39 52 8 19 73
JpTPY 46 21 33 i3 32 55 12 14 74
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tially on going from aromatic derivatives to hetero-
aromatic derivatives.

Such a type of dependence of the P contributions on
the type of R, is determined to a great extent by
conditions of delocalization of the positive charge in
radical cations R,Me*" and R (Bu")*". There is a cy-
clic conjugation of w-electrons in neutral aromatic mol-
ecules (benzene, naphthalene, and anthracene deriva-
tives) that weakens on going to heteroaromatic systems
(furan, thiophene, selenophene, and tellurophene de-
rivatives) and is,'® judging by different criteria for aro-
maticity, strongly dependent on the type of R,.

Let us assume that, as has been reported previ-
ously,1? the degree of delocalization of the unpaired
electron and the positive charge ¢ over the skeleton of a
radical cation is determined by the electronic structure
of initial neutral molecules. Then aromatic radical cat-
ions must differ from heteroaromatic radical cations in a
higher degree of delocalization of the charge ¢ and,
hence, from the formal point of view, in larger distance
r between the charge ¢ and the substituent X in R X*".
The latter, taking into account relationship (4), must
result in a decrease in £; and in the P contribution in
relationship (2). This is confirtned by the data in Table 2.

Extending the analogy between the properties of
neutral compounds and radical cations, we compared
the P(Me) and P(Bu!) values with the structural aroma-
ticity indices (i}'® of heteroaromatic compounds (the /
values for benzene, furan, thiophene, selenophene, and
tellurophene are 100, 43, 66, 59, and 48%, respectively)
and obtained the following relationships:

P(Me) = 73 ~ 0.404, an
S,=6,8 =01, S =4 r=0921,n=S5,

P(But) = 83 ~ 0.33, (18)
S, =58 =008 Sy =4, r=0920,n =5

Hence, the degree of aromaticity of neutral unsubstituted
heteroaromatic molecules R H strongly affects the de-
gree of delocalization of the positive charge over the
skeleton of corresponding radical cations R;Me*" and
R (Buh)* .

In this connection, the "anomalously” high P(Me)
and P(Bu®) values in hexafluorobenzene derivatives (see
Table 2) become unclear. Due to the effects of
counterconjugation,’ the conjugation of substituents X
with the m-system in compounds C¢FsX (their mol-
ecules contain five other substituents of the +M type in
addition to substituent X) is appreciably weaker than
that in compounds PhX. (For the effect of counter-
conjugation on the /P of ethylene derivatives, see Ref. 2.)
For this reason, the Res(Me) and Res(Bu') values in
hexafluorobenzene derivatives decrease, whereas the
P(Me) and P(Bu') contributions to [P increase.

All of the said above serves as grounds for the correct
evaluation of the og* parameters of substituents Y (ER;,
CH,ER3) in R,Y molecules. Information on /P of com-
pounds R.Y is scarce (Table 3). The op” parameters of

substituents Y bonded to naphthalene, furan, and
thiophene rings were calculated using Egs. (14)—(16).
From the data in Table 3 it follows that the parameters
or*(N), og*(F), and ogx*(T) appreciably differ from
standard og"(B) values in the series of benzene deriva-
tives; at the same time, the former parameters are
related to the latter ones by the following linear depen-
dences:

orT(N) = 1.336g*(B) + 0.05, (19)
S, =011, 8 =004, S =008, r=0984, n=7,
or*(F) = 0.870x*(B) + 0.16, (20)
S, =007, 8 =002, S =004, r =098, 1 =7,
or*(T) = 0.94ax*(B) + 0.18, 2
S, =0.14, 5, = 0.04, Sy =005, r = 0.968, n = 5,
or*(T) = 1.17ag*(F) + 0.02, (22)

S, =0.18, § = 0.03, Sy = 0.06, r = 0.976, n = 4,
The analysis of og* values (see Table 3) and rela-
tionships (19)—(22) between them must be based on the
fundamental distinction between the mechanisms of con-
jugation of organic (X) and organoelement substituents
with the n-system of indicator center R,.

In motecules R_X, the organic substituents X are reso-
nance acceptors of the —M type (X = CHO, NO;,, erc)
or resonance donors of the +M type (X = F, OH, erc.).

In molecules R,ERj, the substituents ER, are simul-
taneously resonance acceptors and resonance donors.!
According to modern concepts,! the acceptor ~M-effect
(d,x-conjugation, i.e., the joint participation of nd orbitals
of atoms E and antibonding o*-orbitals of the bonds
formed by E atoms with R, in the conjugation with the
n-system of the R, fragment) weakens in the order
Si > Ge > Sn > Pb. The donor +M-effect (hyperconju-
gation of the s,n- and s,x*-types, i.e., mixing of o{E—R)-
orbitals of the substituent with =*-orbitals of the R, frag-
ment) increases! in the order C < Si < Ge < Sn < Pb.
Only hyperconjugation is observed in compounds
R,CH,ER;.

The positive and negative values of the parameters
ap’ listed in Table 3 indicate the dominating role of
d,n-conjugation and hyperconjugation, respectively, in
the overall resonance effect of substituents ER3 toward
the R, fragment.

From analysis of relationship (19) and comparison of
magnitudes and signs of parameters og¥(B) and og"(N),
one can conclude that both d,x-conjugation (the accep-
tor effect) and hyperconjugation (the donor effect) in
naphthalene derivatives are stronger than those in ben-
zene derivatives. d,n-Conjugation and hyperconjugation
in ethylene? and acetylene? organoelement derivatives
are also stronger than in benzene derivatives.

There is a distinctive feature of conjugation in furan
and thiophenc derivatives. From relationships (20)—
(22) and analysis of og™ values (see Table 3) it follows
that the positive og© values increase appreciably, whereas
the negative og™ values decrease on going from R, =
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Table 3. Resonance parameters of organoclement substituents Y bonded to naphthatene (opt(N)),
furan (cg"(F)), and thiophene (og*(T)) rings

Y (PN & [pF 1PT oy 6 ag*(B) op"(N) or™(F) og*(T)
eV
SiH, 8.02 875t - -0.04 —0.59 0.03 0.06 022 -
SiHMe, - 8.62¢ - ~0.12  —0.68 0.02 — 023 -~
SiMe, 7.92 8487 8e6dc —01S —0.72 0.02 0.04 0.17 0.25
Si(OEt), - 8.66¢ - -0.10  —0.63 0.1 — 022 —
GeMe; 7.88 847/ 8528 —0.11 -0.60 —010 —0.13 0.05 0.01
SnMe; 787 833" 849" —0143 -060 —02! ~0.12 —0.05 —0.01
PbMe; - - 846  —0.12 060 —0.26 — — —0.05
CH,SiMe;  7.67  8.15%  826% —005 -066 —049 —0.53 —0.25 —0.27
CH,GeMe; 7.61 - - —0.04 —061 ~-059 —069 — -
CH,SnMe; 740 - - -0.05 -06f —076 —106 — -

“ The [P values were calculated from charge transfer frequencies (ver) in the UV spectra
complexes with (CTC)2? following the previously described procedure.13

b Averaged over the P value taken from Ref. 21 and that calculated from ver (20800 cm™) in
the UV spectra of CTC following the previously described procedure.??

¢ Data taken from Ref. 21.

4 Averaged over data taken from Refs. 10, 21.

¢ Averaged over data taken from Refs. 11, 23.

J Calculated from ver (20000 cm™!) in the UV spectra of CTC following the previously described
procedure .22

£ Calculated from vey (20300 cm™ )24 in the UV spectra of CTC following the previously
described procedure. 13

b Data taken from Ref. 23.

i Calculated from ver (19900 cm ™M in the UV spectra of CTC following the previously
described procedure. 13

phenyl to R, = 2-furyl and 2-thienyl. Hence, d,n-con- References
jugation in furan and thiophene derivatives is stronger
while hyperconjugation is weaker than those in benzene
derivatives.
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and CH,ER; is likely predetermined?s by the properties
of the ground electron state of neutral molecules con-
taining organic substituents X. Thus, ab initio quantum-
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2-furyl, 2-thienyl) made it possible to divide indicator
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