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Abstract. The electronic structures of nine dihalobenzenes (CsH4FX; X = Cl, Br, I) have been studied by
UV photoelectron spectroscopy (UPS) and assigned by comparison with the reported spectra of monoha-
lobenzenes (CsHsX; X = Cl, Br, I). and quantum chemical calculations. Our results show that the fluorine
substituent modifies energies of n- and halogen lone pair orbitals to a significant degree depending on its
location (topology). We also demonstrate that the inductive effect of fluorine atom on the benzene ring

can be readily observed and interpreted.
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INTRODUCTION

In their recent work Antal ef al. considered the influence
of through-bond and through-space interactions on the
shape of molecular electron density.! The authors used
theoretical method of shape analysis to provide quanti-
tative measure of through-bond (TB) and through-space
(TS) effects. Because of our long standing interest in the
analysis and systematization of halogen substituent
interactions in halobenzenes, we provide in this note
some experimental results which can be useful for as-
sessing the validity of theoretical concepts attached to
TB and TS effects. We used accurate vertical ionization
energies (which are good approximations of orbital
energies) obtained from UV photoelectron spectroscopy
(UPS) as the quantitative probe of TB and TS effects.
Antal ef al.' selected substituted styrene derivatives as
their test case. However, we use smaller dihaloben-
zenes, because they exhibit well resolved spectral bands
thus allowing accurate ionization energies to be meas-
ured; this would not have been possible with larger
styrene derivatives where the bands can be expected to
overlap in the spectra. Furthermore, the unambiguous
spectral assignments for our molecules can be readily
obtained using the empirical arguments. These argu-
ments can thus support any conclusions drawn from
theoretical calculations.

EXPERIMENTAL

Samples of the compounds studied in this work were
obtained from Sigma-Aldrich. The photoelectron spec-
tra (Figures 1-9) were recorded on the Vacuum Gener-
ators UV-G3 spectrometer and calibrated with small
amounts of Xe gas which was added to the sample flow.
The spectral resolution in Hel spectra was 25 meV
when measured as FWHM of the 3p™' 2P3» Ar™ « Ar
('So) line. The vertical ionization energy values have
been determined at the band maxima. All the samples
were liquids and their spectra were recorded at room
temperature. The measured spectra were reproducible
and showed no signs of decomposition e.g. no sharp
peaks corresponding to possible small molecules
(decomposition products) were observed. The spectra
were reproducible over long time intervals. The
quantum chemical calculations were performed with
Gaussian 09 program? and included full geometry
optimization of neutral molecules using B3LYP func-
tional, 6-31G* basis set on all atoms except iodine
where Stuttgart effective core potentials was used.’
The vibrational analysis confirmed that the resulting
geometry was the true minimum (no imaginary fre-
quencies). Subsequently, the optimized DFT geometry
was used as the input into the single point calculation
using the outer-valence Green’s function (OVGF)
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Figure 1. Hel spectrum of 2-chlorofluorobenzene.

method and the same basis sets.> This method obviates
the need for using Koopmans approximation and pro-
vides vertical ionization energies with typical deviation
of 0.3-0.5 eV (depending on the size of the basis set)
from the experimental values.

RESULTS AND DISCUSSION

The photoelectron spectra are shown in Figures 1-9 and
their assignments are summarized in Table 1. We shall
briefly discuss the generic assignment of the spectra
first and then focus on the substituent effects which can
be discerned from the spectra.

It is well established that in the UPS spectra of
monohalobenzenes the lowest ionization energies corre-
spond to m-ionizations (m; and m, orbitals) from HOMO
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Figure 2. Hel spectrum of 3-chlorofluorobenzene.

and SHOMO orbitals. The next two bands at higher
ionization energies correspond to halogen lone pairs of
Cl, Br or I. The fluorine lone pair ionizations are known
to appear above the ionization energy of 16 eV.*”’
This well established, empirical assignment (Scheme 1)
allows us to readily assign our spectra as well (Table 1)
and furthermore, it is also supported by the results of
OVGEF calculations (Table 1).

Before discussing inductive and resonance effects
we recall several of their basic characteristics. The in-
ductive effects operate via the network of c-bonds and
are therefore of predominantly TB type. The inductive
effects are electrostatic in nature. The resonance effects
depend on orbital overlap (often involving m-orbitals).
Therefore the resonance effects involve predominantly
(but not exclusively) TS interactions.

Table 1. Vertical ionization energies (Ei = 0.02 eV), band assignments and results of OVGF calculations for the dihalobenzenes
(CsH4FX; X = Cl, Br, I); the values in brackets correspond to OVGF ionization energies

Dihalobenzene Band 2— 3— 4— MO
X 9.34 (8.90) 9.41 (8.98) 9.18 (8.80) ™
A 9.8 (9.31) 9.81 (9.34) 9.89 (9.34) 0
chlorofluoro B 11.56 (11.41) 11.59 (11.46) 11.51 (11.41) nai
c 11.9 (11.81) 11.86 (11.74) 11.75 (11.69) na
X 9.23 (8.82) 9.18 (8.90) 9.13 (8.72) m
A 9.69 (9.26) 9.74 (9.30) 9.89 (9.55) o
bromofluoro B 10.79 (10.62) 10.82 (10.68) 10.78 (10.64) N
c 11.42 (11.24) 11.36 (11.19) 11.29 (11.11) N
X 8.85 (8.65) 8.95 (8.73) 8.82 (8.64) m
. A 9.50 (9.34) 9.55 (9.43) 9.88 (9.58) m
fluoroiodo B 9.95 (9.48) 10.02 (9.60) 9.88 (9.62) n
c 10.75 (10.41) 10.75 (10.43) 10.65 (10.34) i
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Figure 3. Hel spectrum of 4-chlorofluorobenzene.

The inspection of Table 2 shows several distinct
trends regarding the influence of substituent topology
on the electronic structure of dihalobenzenes. We also
recall that the fluorine substituent acts on the aromatic
system mostly in an inductive manner. We discuss next
the orbital energy effects deduced from the spectra.

1.  Energy splitting between m-orbital energies An
(Am = 13 — M) can be taken as an indicator of the
n-electronic structure of the molecule. Ax increas-
es in para-substituted CsH4FX and decreases in
meta- and ortho- isomers (all measured relative to
the Am in the corresponding CsHsX; X = Cl, Br, I).
The energy splitting between two halogen lone
pairs in the CcH4FX molecules (Anx) remains vir-
tually unchanged in the ortho derivatives, but is
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Figure 4. Hel spectrum of 2-bromofluorobenzene.
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Figure 5. Hel spectrum of 3-bromofluorobenzene.

reduced in the meta- and para- isomers as shown
in Table 2 (changes are measured again vs. Anx in
the corresponding CsHsX; X = Cl, Br, I).

2. In order to monitor the inductive effects we calcu-
lated average values of @ and nx orbital ionization
energies which we designate as <m> and <nx>, re-
spectively. The results in Table 2 show the effect
of fluorine on <m>; in CeH4FX <m> does not de-
pend markedly on the position of the fluorine sub-
stituent (the variations are < 0.1 eV). The C¢H4FI
isomers are an exception. In these molecules the
location of fluorine substituent has large influence
on the <m> values; the strongest effect occurs in
the ortho-isomer. Similar, limited influence of to-
pology of fluorine substitution is evident for
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Figure 6. Hel spectrum of 4-bromofluorobenzene.

Croat. Chem. Acta 87 (2014) 495.



498 I. Novak et al., UV Photoelectron Spectroscopy and Outer Valence Electronic Structure of Dihalobenzenes

Table 2. Changes in m-orbital (An) and halogen lone pair (Anx) energy splitting in eV and average energies of © <m> and lone pair
<nx> ionizations for the dihalobenzenes CsH4FX and monohalobenzenes CsHsX; (X = Cl, Br, I)

Dihalobenzene Type 2— 3- 4— (Ce¢HsX; X =Cl, Br, I)

An 0.46 0.40 0.71 0.57

chlorofluoro Anx 0.34 0.21 0.24 0.36
<> 9.57 9.61 9.54 9.36
<nc> 11.73 11.70 11.63 11.49

Amn 0.46 0.56 0.76 0.64

bromofluoro Anx 0.63 0.54 0.51 0.60
<> 9.46 9.46 9.51 9.31
<npr> 11.11 11.09 11.04 10.92

An 0.65 0.60 1.06 0.76

fluoroiodo Anx 0.80 0.73 0.77 0.83
<> 9.18 9.25 9.35 9.22
<np> 10.35 10.39 10.27 10.22

halogen lone pairs <nx>. However, the CsH4FI
isomers once again show stronger dependence of
<nx> on the position of the fluorine atom.

14.25
9.95

15.05
13.8

The qualitative rationalization of these trends can
be made with reference to the Scheme 1 as follows.
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out-of-plane lone pair Figure 7. Hel spectrum of 2-fluoroiodobenzene.
orbital energy
Scheme 1. n-orbitals and halogen lone pairs in benzenes 14.05

Ad 1. In para-CsHsFX isomers the electron rich fluorine
atom is located close to the maximum of the electron
density of the HOMO, but not of SHOMO =-orbital.
This can be expected to destabilize the HOMO more
than the SHOMO and thus increase the An value. In the
ortho- and meta- C¢HsFX isomers the electron rich
fluorine atom is situated close to the maximum of elec-
tron density of the SHOMO orbital; this orbital is there-
fore destabilized in preference to the HOMO which
results in the reduced Am splitting. When considering
the effect of topology of fluorine substituent on the
X lone pairs in C¢H4FX we need to recall that the fluo-
rine substituent acts inductively via c-bond framework ® 15 14 13 12 1 10 9
(TB interaction) and mostly affects the in-plane (nxs; E/eV

o-symmetry) halogen lone pair orbital rather than the ‘

out-of-plane (nxz; m-symmetry) lone pair. In general, the  Figure 8. Hel spectrum of 3-fluoroiodobenzene

cls
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Figure 9. Hel spectrum of 4-fluoroiodobenzene.

C—F bond dipole will tend to pull the halogen lone pair
density away from X (in the direction of dipole’s spatial
orientation) thus stabilizing the corresponding ny, and
reducing Any. In ortho-C¢H4FX isomers we noticed two
opposing effects. The C—F bond dipole still pulls elec-
tron density away from nys, stabilizing it. However, due
to the spatial proximity between X halogen lone pair
and fluorine lone pair in ortho- isomers we also have TS
interaction between two fully occupied orbitals which
leads to the destabilization of the lone pair with higher
energy which is nyx,. The net result is that there is no
significant change in ny, orbital energy and hence no
change in Any. On the other hand, in meta- and para-
C¢H4FX isomers, there is no corresponding TS interac-
tion and C-F bond dipoles tend to pull the electron den-
sities away from the in-plane X lone pairs thus stabiliz-
ing the ny, orbital and reducing Any.

Ad 2. The reason why the <> and <ny> values in C4H4FI
are influenced by the positions of fluorine substituents
more than in other dihalobenzene molecules is due to the
large polarizability (and the low electronegativity) of
iodine atom compared to the chlorine or bromine atoms.

CONCLUSION

We have shown that the inductive effect of fluorine on
benzene ring can be described and interpreted in detail
relying on experimental results. This is important
because of the dominance of TB effects (of which the
effect of fluorine on benzene ring is a case in point) as
was suggested by Antal et al.'
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