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SUMMARY

Experimental determination of symmeiry of the highest occupied
molecular x - levels can be realized by means of UV photoelectron
spectroscopy in the cases of the benzene 'monofunctional derivatives
CgHgX and 4-HC.F X X = NH,, NO,,
or pseudo«sz symmetry, and for the compounds obtained by
introduction of fluorine substituents into the ring pars- position
4- FC6H4X and C6F‘5X. MNDO calculations in accordance with the
model, derived earlier by second- order perturbation theory, show

NSO, NO), possessing Coy

the ionization potential of an a_ (x ) MO to be systematically more

2
sensitive to fluorine introduction than that of & by {(r) MoO.

INTRODUCTION

Formulation of the problem

Frontier orbital theory connects reactivities of molecules with
the energies of highest occupied and lowest virtual MO s, the
squares of the coefficients at the AO s of atomic reaction centres in

these MO s and the charges on these atoms [1]. Enumerated para-
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meters of molecular electronic structure can be obtain both
theoretically - by means of computational methods of guantum
chemistry - and experimentally - by means of UV photoelectron
(UPS), X~ ray photoelectron and X- ray spectroscopy [2]

Quantum chemical calculations, especially semiempirical, are
more readily available, but often lead to wrong orbital ordering [2].
The aniline molecule can be considered as an example, since two
nonempirical calculations predict the different symmetry of its HOMO
[3,4]. Hence, additional criteria are greatly desirable,

These are available, For example, the analysis of the vibronic
structure of UPS bands and comparison of photoelectron and X- ray
emission spectra are very useful [2], Unfortunately, the vibronic
structures of UPS bands of sufficiently complex molecules, as a rule,
are not fully resolved, and correct comparison of X- ray and photo-
electron spectra is not always possible (the example is again
aniline, see [5] and below), The data of [6] on fluorobenzene show
the anisotropy parameter, characterizing the angular distribution of
photoelectrons, to have different values for the two first UPS bands
(b1 and a, MO e), being the experimental criterion of HOMO
symmetry, However, systematic investigations in that field have
probably not been carried out.

The purpose of the present work is consideration of the
possibility of experimental determination of HOMO symmetry by means
of UPS in a series of benzene monofunctional derivatives, possessing

2v
duction of a fluorine substituent into the ring para- position,

C or pseudo- CZV symmetry, and in compounds obtained by intro-

Formulation _and analysis of the models

The highest occupied level of a benzene molecule is doubly

degenerate and corresponds to 7 -MO s of elg— symmetry. On passing

to monofunctional derivatives C6H5X, molecular symmetry reduces to
c,, X = NOZ) {7,8] or c_ X = NH,, NO, NSO) [4,9-11} and MO's
g transform into a, (7) and b, (=) orbitals (in terms of irreducible
representations of C2V group). These orbitals differ from each other,
in particular, by the contribution of 2p-AO s of the ipso~ and para-
carbon atoms, being equal to zero to a, MO. In the cases when
symmetry of monosubstituted molecules is reduced to Cs’ according

to non- empirical calculations [3 ] the symmetry of wx - MO s within
the ring remains high and these MO s may be classified in terms
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a, bl

of irreducible representations of C group (pseudo- C symmetry).

The illustration of it again is the ;:iline molecule, Sini: the amino
group hydrogen atoms do not lie in the plane of the C6H5N
fragment [4,9], the symmetry of the molecule is CS. However,

T - MO s are formed by 2p-AO0 s of the carbon and nitrogen atoms
of that fragment, which in good approximation possesses C
symmetry [4,9].

In second- order perturbation theory the change in one-electron

2v

energy of an arene molecule 7 -MO,Ae , caused by introduction of
a substituent, may be described [12-14] by the type (1) equation,
where Aa and 7 are inductive and mesomeric perturbation parame-~
ters, respectively; ¢ are coefficients at 2p~-AO s of carbon atoms in
ipso-, ortho- and ortho'- positions: in given MO; factor m is the
measure of inductive effect reduction on passing from ipso- to

ortho- positions (usually accepted equal to 0,33 [12,15])

2 2 2 2
Ae = (ci + mec_ o+ m-co,)Aa + o (1)
2 2 2
Ae = (¢ + micg + m.cl,)Aaa (2)
Ag = C?on (3)

It has been shown that, in such models, in the case of fluorine,
mesomeric and inductive terms partly compensate each other [12].
However, in the case of fluorine introduced into the ring para- po-
sition of a benzene monofunctional derivative, possessing C2v or

pseudo- C symmetry, such compensation is possible only for a

2v

b1 orbital and is not possible for an a, orbital, As a result,

values of At must be different for these MO s and for an a,
orbital must be greater than for b1. Koopmans' theorem in SCEF MO
theory connects one- electron energies of canonical orbitals with
values of appropriate vertical IP s (ej = —ij) [2]. Hence, if the
compensational model (1) is true, for compounds under consideration,
values of A IP's, caused by introduction of a fluorine substituent
into the ring para- position, have diagnostic character, and make it

possible to distinguish the highest b, (r ) MO from an a, (=) Mo.
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On the other hand there is a widespread conclusion that the
fluorine 2p-AQO does not overlap with arene highest occupied r-MO s
owing to the great energy gap and the « - fluoro effect well-known
in UPS has electrostatic nature [16],

The comparison of available UV photoelectron, FKa and CKa
spectra of benzene fluoro derivatives does not allow us to reach
unambiguous conclusions about the fluorine 2p-AO contribution to
the highest occupied T - MO s; it is only obvious that its possible
value cannot be greater of a few percent [17,18].

Under conditions when the fluorine 2p~-A0O does not contribute
to the highest occupied n-MOs [16], the mesomeric term of
equation (1) is equal to zero and it is transformed into equation (2)
Accordingly [19], on passing from benzene to fluorobenzene the
change in 1s-~ electron binding energy of a carbon ortho-atom is
about 15 percent of that of an ipso-atom, These changes in binding
energies are caused by the changes in electrostatic potentials at
given carbon atom nuclei, but in the simplest approximation they can
be taken as caused by the changes in atomic charges [20]. This
makes it possible to simplify the equation (2) additionally, namely, to
consider the factor m as being very small and, by neglect of
corresponding terms, to transform equation (2) into equation (3), In
model (3) the diaghostic character of AIP s, caused by introduction
of a fluorine substituent into the ring, is retained, but behaviour of
a,. and b1 orbitals is opposite to that in model (1), since in model

2

(3) AIP for an &, MO must be greater than for a b, MO.

RESULTS AND DISCUSSION

Table 1 presents vertical IP s in pairs of compounds C6H5X-

4—FC6H4X and 4—HC6F4X— C6F5X obtained by He(l) UPS, Some of
them were measured earlier [3, 15,21-23]. Substituents X include
both donor (NH2) and acceptor (NOZ’ NO) groups and one changing
in character from acceptor to donor on passing from hydrocarbon
analogues to polyfluoro derivatives (NSO [24]), Table 2 lists some
results of MNDO calculations of compounds above,

Model ; similar (3) and (2), was employed earlier for assignment
of the UV photoelectron spectrum of fluorobenzene, The first UPS
band with IP value of 9.25 eV undergoes splitting into two bands with

IP's values of 9.35 and 9,75 eV on passing from benzene to fluoro-



TABLE 1

Vertical IP s of studied compounds, eV, and assignment of

P, and IP, on the basis of model (1) and quantum chemical calcula-

tions

X C6H5X 4-FC6H4X 4—HC6F4X C6F‘5X

NH‘2 8.05 bl 8.18 bl 8.9 b1 8.9 lz:b1
9.21 a, 9.57 a2 9.48 a2 9.7 a,
10.81 10.91 11.51 11.49
11.79 12,08 13.71 13,09
12.4 12,51 14.59 13.6

NO2 9.92 at2+b1 10.06 b1 10.15 a2 10,66 a2+b:L
11.23 10.45 a, 10.62 b1 12.1
12.75 11.23 11.96 13.42
13.3 12.95 13,45 14.38
14.9 14.67 14,49 15.38
15.4 15.38 15.47

NSO 9.06 b1 9,12 bl 9.71 a2+b1 9.97 a2+b1
9.52 62 9.96 a2 11,77 11.78
10,38 10.66 13,04 12.29
10.87 11.26 14,03 13.19
11.18 12.61 14,93 13.98
12,26 13.63
12.85 14.49
13.75 15.32

NO 8.9 n‘I‘\IO 9.01 n}*\ro 9.42 n*f\IO 9.53 mf\lo
9.84 b1 9.87 b1 10.02 a, 10.15 &,
10.15 a, 10.4 a, 10.71 b1 10.75 lo1
12.2 "o 12.57 nvo 12.74 nvo 12.85 vyo
12,41 13.78 14,02 14.16

14.95
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TABLE 2
Some results of MNDO calculations, Highest occupied

MO s of studied compounds

Energy¥*, eV, and symmetry of MO
X
C6H5X 4—-FCGH4X 4~HC6E‘4X C6F5X
H 9.39 <—:'1g 9.48 b1
9.83 a,
. 10.19 b
NH2 8.85 bl 9.02 bl 10.03 b1 8} 1
9.51 a, 9.93 2, 10.29 a, 10.67 a,
N02 10.38 a, 10.64 b1 11.04 a, 11.37 a,
. b
10.56 bl 10.77 a, 11.74 bl 11.82 1
NSO 9.0 bl Q.17 b1 10.02 a, 10,35 a
.84 b
2.82 a, 10.23 a2 10.66 bl 10.8 1
NO 9.84 a, 10.13 b1 10,67 a, 10.99 a8,
. . b
2.96 bl 10.34 a, 11.19 bl 11.32 1

* with opposite sign

benzene, assigned to ionization from MO s a, and bl respectively

[25]. This assignment is in controversy with2 results of non- empirical
[3,6] ana MNDO (Table 2) calculations which establish the opposite
ordering of these MO s in accordance with model (1),

It is worthwhile to start consideration of the experimental data
of this work with anilines, The NK, spectrum of aniline is known {51,
but its comparison with the UV photoelectron spectrum does not
allow us to make unambiguous conclusions about HOMO symmetry,
because the broadened first band of the NK, spectrum corresponds
to both first and second UPS bands, MNDO calculations simulate the
experimental NK, spectrum quite well (see below)} and predict bl and
a2 symmetry for aniline MO:L and MO2 respectively, being in
accordance with non- empirical calculations [3,5] (throughout the

work the number of MO s corresponds to number of IP s),
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On passing from aniline to its 4- fluoro derivative, the AIP2 is
about 2.8 AIPl. This result is in agreement with model (1) and in
controversy with models (3) and (2) (throughout the work the
coefficients ¢ were taken from MNDO calculations and factor m was
accepted as equal to 0.33 ),

On passing from 2,3,5,6~ tetrafluoroaniline to pentafiuoroaniline,
IPl does not change, but IP2 increases to 0.22 €&V, Using model (3)

and (2) this means the a_ symmetry of l\/IO1 and bl symmetry of MO

2
in these compounds., Model (1) and MNDO calculations lead to the

2

opposite conclusion,

On passing from nitrobenzene to 4 - fluoronitrobenzene the first
UPS band undergoes splitting into two,  As & result there is an
IP_, of 4-fluoronitrobenzene which differs from the IP1 of nitrobenze-

1

ne insignificantly, there is IP_, of the former which does not differ from

3

IP2 of the latter, and there is a new IP, namely, IP2 of 4~ fluoro-

nitrobenzene between them (Table 1). These data indicate that IP1

of nitrobenzene corresponds to nearly degenerated MO s a_ and bl'

2
On passing to the 4- fluoro derivative, the degeneracy is removed,

In models (3) and (2) the symmetry of MO, and MO, of 4~ fluoro-

nitrobenzene is az and b1 respectively, but in model (1) the
5 is &,
1t follows from non- empirical [3 ] and MNDO calculations that

symmetry of 1\/IO1 is b1 and the symmetry of MO

the group NO2 does not contribute to the highest occupied MO s b1

and a2 of nitrobenzene which are indeed almost degenerated, The
next occupied MO is nonbonding combination of oxygen 2p-AOs
with a, symmetry, It also follows from MNDO calculations that the
ordering of highest occupied 7 ~MO s of 4- fluoronitrobenzene
corresponds to that predicted by model (1).

On passing from 2,3,5,6- tetrafluoronitrobenzene to pentafluoro-
nitrobenzene the IP_ of the former changes insignificantly, but

3
transforms into IP,_ of the latter, because the first UPS band of

pentafluoronitrobenzzene is broadened and corresponds probably to
ionization from two neighbouring levels, Its intensity maximum lies very
close to that of the second UPS band of 2,3,5,6- tetrafluoronitroben-
zene,' Within model (3) these data indicate the next ordering of
three highest occupied MO s of 2,3,5,6- tetrafluoronitrobenzene : b
(MOl, ring), a, (Moz, 5 (Mo,

fluoronitrobenzene, MO, and MO, become again nearly degenerated

1
ring), a NOZ)‘ On passing to penta-

1
as in the case of its hydrocarbon analogue, MNDO calculations
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support this conclusion, Model (2) leads to the same orbital ordering
as model (3), whereas model (1) in accordance with MNDO calcula-
tions leads to an opposite orbital ordering placing ring the a, MO
of tetrafluoro derivative higher than the b1 MO,

The N- sulfinyl group is the thio- analogue of the nitro group
(possessing, like all known thio- analogues of nitrogen- oxygen
functional groups [26], different group topology). It has been shown
by means of CNDO/S calculations and comparison of He(l) and He(ll)
photoelectron spectra that IPl and IP2 of N sulfinylaniline correspond
to ionization from = -MO s [15]. On passing from N- sulfinylaniline
to its 4 - fluoro derivative AIP2 is about 7.3 AIPl, Within models

(3) and (2) it indicates ‘az' symmetry of I\/IO1 and 'bl' symmetry of

MO, [23](throughout the work inverted commas designate pseudo-C,_
symmetry), However, model (1) in accordance with the results of
MNDO (Table 2) and CNDO/S [15] calculations establish the opposite
ordering of these MO s,

In the He(l) photoelectron spectrum of N- sulfinylpentafluoro-
aniline, the first band intensity maximum is shifted to higher energies
by 0.26 eV, whereas the second band is split into two, with I[P s
values of 11.78 and 12.29 eV, compared with the spectrum of
N - sulfinyl- 2,3,5,6 - tetrafluoroaniline, Values of second IFP s of
N - sulfinyl derivatives of both 2,3,5,6- tetrafluoro- and pentafluoro-

, of HNSO (11.6 ev [15]),
whereas [P, of N- sulfinylpentafluoroaniline is very close to the

3
value of IP2 of HNSO (12.59 eV [15]), These data make it possible

anilines are very close to the wvalue of IP

to suppose, unlike the mistaken interpretation, given earlier [23],
that IP1 of both N- sulfinyl- 2,3,5,6 - tetrafluoro- and N- sulfinylpenta-
fluoro- anilines correspond to ionization from near- lying a, and bl
levels, as in the case of pentafluoronitrobenzene, Results of MNDO
calculations support this supposition,

In nitrosobenzene, the group NO, as follows from MNDO calcu-
lations, does not contribute to the nearly degenerated MO:L and 1\/IO2
with 'a2' and 'bl' symmetry respectively, whereas 1\/IO3 is an
antibonding combination of nitrogen and oxygen lone- pairs, lying in
the plane of the ¢ - framework, nItIO’ The non- empirical [27] and
CNDO/sS [28] calculations establish the same relative sequence of
'a2' and 'bl', but different absolute orbital ordering, namely, nItIO
(MOl), ta,! (MOz), b (MOB)’ bonding combination of lone- pairs

nNo (MO4), etc, Comparison of the wvalue of nitrosobenzene



IP:L and that of benzene supports its assignment to ionization

*
from nNO'

On passing from nitrosobenzene to 4- fluoronitrosobenzene, IP2

practically does not change, whereas AIP3 is equal to 0,25 eV, It

means 'bl‘ and 'a2' symmetry of 1\/IO2 and 1\/IO3 of these compounds

respectively within model (1). In the case of nitrosobenzene this
assignment is in controversy with results of all quantum chemical
calculations mentioned above, but in the case of 4- fluoronitrosoben-

zene relative ordering of ‘bl‘ and ’a2‘ correspond to that predicted

by MNDO calculations, Models (3) and (2) lead to the opposite

assignment of MO2 and MO3 which in the case of nitrosobenzene

is 1n agreement with the results of non- empirical and CNDOS
calculations [27,28],
On passing from 2,3,5,6~ tetrafluoronitrosobenzene to penta-

fluoronitrosobenzene AIP2 is about 3,3 AIP3. Within model (1) it

indicates 'az‘ and 'bi’ symmetry of I\/IC)2 and I\/IO3

this relative orbital ordering is in agreement with results of MNDO

respectively and

calculations, It also follows from calculations that 'a2' MO of
2,3,5,6 ~ tetrafluoronitrosobenzene is more sensitive to replacing of
the hydrogen atom by fluorine than ‘bl' MO, as is predicted by
model (1), The use of models (2) and (3) leads to an opposite
assignment of 1\/IO2 and MOS‘

Thus in the compounds under consideration one of the two
highest occupied 7-MO s is consistently more sensitive than the
other to the introduction of a fluorine substituent in the ring para-
position, as is clear from the values of appropriate AIP s, In all
cases above, MNDO calculations being in accordance with model (1)
indicate the a2 MO to be more sensitive to replacing & para- hydroge:
atom by fluorine, Results, obtained within model (3}, as is predetermi-
nated by its formulation, are opposite to those obtained within model
(1).' The use of model (2) leads in all cases to the same result as
with model (3).

MNDO calculations of hymeric molecules C6H5A and C6H5D,
where A and D are the pseudo-atoms, make it possible to estimate
the inductive influence of & substituent on the energies of arene
highest occupied »-MO s, In these calculations values of all semi-
empirical parameters were accepted as equal to that of the hydrogen
atom with the exception of the core parameter Us’ which value was

accepted equal to - 13.906 and -~ 9,906 eV for A and D respeciively,
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in comparison with -~ 11,906 eV for the hydrogen atom, Since
increase of US module leads to increase of both atomic IP and
proton affinity, the passing from H to A or to D corresponds to
passing to a more acceptor or a more donor substituent respectively,
in comparison with the hydrogen atom, Since A and D pseudo-atoms
have no 2p-A0 s, like hydrogen atoms, effects of P~ conjugation
are excluded and correct estimation of substituent inductive influence
on the energies of 7 - MO s is possible.

The results of MNDO calculations of CGHG’ C6H5A and C6H5D
are presented in Table 3, As follows from this data introduction of
A or D into the benzene molecule changes the charge on the
carbon ipso-atom significantly, but does not lead to removing of
to C.H.A or C_.H.D the

6H6 6 5 65

energy shift of a2 and b1 levels is practically the same and is more

than its splitting by an order of magnitude, This result leads to the

HOMO degeneracy, On passing from C

conclusion that models of type (3) or (2) are inadequate,

TABLE 3

Some results of MNDO calculations C6H5X moleacules

Charge on atom MO energy*, eV
X se=e(o)) e (@,)]
ipso-C X a2 b1
H - 0.059 0.059 2.392 9,392 0.000
A 0.014 - 0.109 9.582 9.567 0.015
D - 0.216 0.219 9.304 9.314 0.010

* with opposite sign

It follows from MNDO calculations that highest occupied 7-MO s
of the fluorinated compounds under study contain non- negligible
contributions of fluorine 2p-A0O s which overlap with carbon 2p-AO0s
in an antibonding manner, For example, the contribution of para-
fluorine 2p-AO to the highest b1 MO s vary in the range from 4 to 8
percent with the smallest value obtained in the case of N- sulfinyl-
4~ fluoroaniline and the greatest value obtained in the cases of both
4~ fluoro—- and pentafluoronitrobenzenes, This is in agreement with
the results of more rigorous consideration of some fluorinated

alkenes, alkynes and arenes based on non- empirical calculations in
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double- dzeta basis, completed with manybody Green function calcula-
tions to include the effects of electron correlation and relaxation
529-31]. It should be pointed out that relative small values of fluorine
contributions to the highest occupied 7 ~MO s does not mean weak
mesomeric interaction and is not in controversy with previous data
[14], Because fluorine is more electronegative than carbon, it gives
a great contribution to bonding r - combinations and a small contribu-
tion to antibonding ones, corresponding to the highest occupied

7 - MO s of compounds under consideration (on this common rule see,
for example, ref, [1]). It is the situation that is reflected by the
experimental FK, spectra and MNDO calculations,

Comparison of experimental data and that obtained from MNDO
calculations of theoretical X- ray emission spectra is the real
criterion of the calculation's quality with respect to MO s structure,
Because the available experimental FK, spectra are poorly resolved
and possess the simple form, the much more complex NK, spectrum
of aniline [5] and SKB spectrum of its N- sulfinyl derivative [32]
were chosen for this purpose, besides the FK, spectrum of fluoro-
benzene [18]. It is clear from the Figure that agreement between
experimental and theoretical spectra is quite good, especially in
short- wave sides in which occur transitions from 7-MOs,

The whole of the data obtained in this work reject the electro-
static interpretation of the = -fluoro effect, proposed in [16], and thus
models (3) and (2), as used in earlier work [23,25). The agreement
between the results of MNDO calculations and those obtained within
the compensational model (1), confirm mutually its truth and lead to
the conclusion that in the cases of benzene monofunctional derivatives,
possessing C

~ ©°F pseudo- C v symmetry, it is possible to determine

the symmetry 2of highest occupzied T -~MO s by means of UPS and
introduction of fluorine substituents into the ring para- position, It
follows from the data presented that one of the two highest occupied
n~levels, for which the IP under such introduction changes least,

possesses b, symmetry and the other one, for which the IP changes

1

more, possesses a_, symmetry,

2

EXPERIMENTAL
All compounds studied were obtained by known methods; their
purities were controlled by means of GLC, 1H and 191;\ NMR and

elemental analysis.
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Fig. Expenmental (&) and theoretical (b) NK 4 spectra of aniline;
experimental (c) and theoretical (d) SKB spectra of N- sulfinylaniline;
experimental (e) and theoretical (f, g, h) FK, spectra of fluorobenze-
ne., Experimental spectra are taken from [5b, 18, 32]; (a) and (e)

in gas phase, (c) in solid state, Theoretical spectra obtained from
MNDO calculations under assumption that single spectral transition
corresponds to gaussian band with full width at half height equal to
1.0 (b, d,£), 1.5 (g) or 2.0 (h) eV; (g) and (h) simulate the solid state

spectra (see ref, [17, 18]), Relative intensities are inserted as bars.
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He(l) photoelectron spectra were recorded on a spectrometer

designed at Leningrad State University [33] which was built and

located at the Institute of Chemistry in Ufa, The spectra were

calibrated by Xe lines (Ip1 12.13, IP
IP's

5 13.43 eV), The accuracy of

is £ 0.02 eV (or for broad bands <+ 0.05 V), Detailed

discussion of the spectra will be given elsewhere [34].

MNDO calculations with partial geometry optimization have been

performed with standard parameters [35-37] with the MNDO-85

programm [38],
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