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The molecular and electronic structure of tri-, tetra-, and pentaiodobenzenes has been investigated by HeI/
HeII photoelectron spectroscopy, high-level ab initio calculations and comparison with the spectra of
chlorobenzene analogues.

Introduction

The valence electronic structure of benzene and its derivatives
had been studied extensively by UV photoelectron spectroscopy
(UPS), because benzene is the archetypal aromatic compound.
Halobenzenes were studied in particular detail1,2 since the
halogen substituents are monoatomic and small thus give rise
to a relatively few, well resolved bands in the spectra. In
addition, the spectra can be interpreted without considering
different conformer populations. The number of possible halo-
benzenes is 1505, and naturally, only a small fraction of this
number had been studied. Most halobenzenes studied to date
are homosubstituted derivatives (C6H6-nXn; X ) F or Cl)
although some heterosubstituted ones were also reported.3-5

Among the homosubstituted halobenzenes, a complete set of
UPS data has been reported only for twelve fluoro6 and twelve
chlorobenzenes.7 For bromo and iodobenzenes, only incomplete
sets of UPS data are available.8,9 In fluorobenzenes the interac-
tion/perturbation of the aromatic ring’s electronic structure by
halogen lone pair (nX) is mostly inductive in nature while in
chlorobenzenes7 both mesomeric and inductive effects have been
postulated. Nonetheless, in chloro and fluorobenzenes the
π-ionization energy region (8.5-9.5 eV) of the spectra is always
clearly separated from the halogen lone pair ionization region.
This is rationalized by the energy difference between the
aromaticπ-orbitals and F2p- and Cl3p-orbitals. In iodobenzenes
this energy difference is small and subsequently a much stronger
nX-π interaction can be expected. Indeed, in mono and di-
iodobenzenes the overlap betweenπ and I5p lone pair ionization
manifolds was observed.9 In this work we report the investiga-
tion of the electronic structure of additional members of
iodobenzene family. We analyzed the effect of the increasing
number of iodine substitutents on the aromatic ring and also
the relative influence of chlorine vs iodine on the aromatic ring
by comparing chloro and iodobenzene analogues.

Experimental and Theoretical Methods

Synthesis.Syntheses of 1,2,3-triodobenzene, 1,2,3,4-tetra-
iodobenzene, 1,2,3,5-tetraiodobenzene, and pentaiodobenzene
were performed according to the procedures reported previ-
ously.10 The syntheses of 1,2,4-triiodobenzene, 1,3,5-triiodo-
benzene, and 1,2,4,5-tetraiodobenzene have been performed
according to the procedures in refs 11-13, respectively. The

identity and purity of the compounds prepared was checked by
melting point measurements and by1H and 13C NMR spec-
troscopy.

Spectra.The HeI/HeII photolectron spectra of 1,2,3-triiodo-
benzene (1), 1,2,4-triiodobenzene (2), 1,3,5-triiodobenzene (3),
1,2,3,4-tetraiodobenzene (4), 1,2,3,5-tetraiodobenzene (5), 1,2,4,5-
tetraiodobenzene (6), and pentaiodobenzene (7) were recorded
on the Vacuum Generators UV-G3 spectrometer and calibrated
with small amounts of Xe gas which was added to the sample
flow. The spectral resolutions in HeI and HeII spectra were 25
and 70 meV, respectively, measured as fwhm of2P3/2 Ar+ line.
For compounds1-7 elevated sample temperatures of 110, 100,
140, 180, 160, 180, and 230°C, respectively, were required in
order to achieve sufficient vapor pressures in the sample flow.
The HeII spectrum of pentaiodobenzene and HeI/HeII spectra
of hexaiodobenzene could not be measured due to the involatility
of samples, which precluded generation of sufficient vapor
pressures in the ionization chamber. The resolution of HeII
spectra is always inferior to that in HeI, which implies that some
bands that are well resolved in HeI have not been well resolved
in HeII. The consequence for band intensities is that the
measured intensities and intensity ratios sometimes refer to a
combined intensity of two bands rather than to a single band.

Calculations.The ab initio calculations were performed with
Gaussian 98 program.14 The calculations were performed with
full optimization at MP2(full) level using TZ2P basis set for
all atoms except iodine for which SDD effective core potential
set15 was used. The iodine basis set includes relativistic effects
which are important at high atomic numbers. Subsequently, a
single-point calculation of ionization energies at MP2 geometry
and with the same basis sets was performed by the ROVGF
method.16 Since the iodine lone pair manifolds can be expected
to overlap and interact strongly with the ringπ-orbitals thus
giving high density of ionic states, it was necessary to proceed
beyond Koopmans approximation and use Greens function
method (ROVGF) for the calculation of ionization energies. The
use of GF methods is well established in UPS17 with the typical
discrepancies between experimental and calculated ionization
energies of 0.3 eV. The bands were deconvoluted using Gaussian
profiles and baseline correction. The empirical relative intensity,
RI(empir) for ith band was calculated as

RIi ) {Bi
HeII∑iBi

HeI}/{Bi
HeI∑iBi

HeII} (1)
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whereBi stands for the band intensity ofith band in HeI or
HeII spectrum and the index of summation runs through the
bands of interest. In our case the bands of interest were two
ring π-ionizations and all iodine lone pairs. The RI value is the
ratio of the intensity contribution of a particular band (in HeI
or HeII spectrum) normalized by the total band intensity of the
group of bands. The normalization is necessary because absolute
band intensities could not be measured. RI(calcd) was also
obtained from eq 1 using gross atomic populations and AO cross
sections,18 the populations were calculated with MOMix pro-
gram19 and the Ros-Schuit expression.20

Results and Discussion

Photoelectron Spectra.The analysis of photoelectron spectra
(Figures 1-4) is summarized in Figures 5 and 6 and Table 1.
Figures indicate that the density of ionic states is large and the
conclusions arrived at by several empirical and theoretical
considerations must be compared if one is to obtain a reliable
assignment.

The assignments take into account the following general
principles.

•The bands observed in the spectral region 8-11.5 eV
correspond to ionizations from the ringπ-orbitals (π), the out-
of-plane iodine lone pairs (πI), in-plane iodine lone pairs (σI),
or the combinations thereof.

•The relative intensity of bands RI(empir) corresponding to
the ionizations from orbitals with the large I5p character
decreases most prominently on going from HeI to HeII radiation.
This is due to different energy dependence of the photoionization
cross-sections for I5p- and C2p-orbitals.18 The I5p cross section
drops 3 times as much as that of C2p on going from HeI to
HeII. Spatially diffuseσI-orbitals can acquire C2p character only
by weak interaction with the energetically remote and spatially
localized ringσ-orbitals. This leads to the working assumption
that σI-orbitals can be expected to show greater reduction in
relative HeII band intensity thanπI. Large, diffuseπI-orbitals
can, on the other hand, interact with energetically close and
spatially delocalized ringπ-orbitals and thus acquire some C2p
character (leading to only a modest drop in relative HeII band
intensity). Small RI (empir) values indicateσI-orbital character,
intermediate valuesπI, and large valuesπ-orbital characters.
RI(calc) supports the assignment of HOMO and HOMO-1 bands
as ringπ-orbitals. The two lowest energy bands withinπ(ring)-
nX manifold are also ofπ-type according to RI(calcd). However,

Figure 1. HeI/HeII photoelectron spectra of1 and2.
Figure 2. HeI/HeII photoelectron spectra of3 and4.
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RI(calcd) is not useful/sensitive enough to distinguish other
orbitals within the same manifold (Table 1).

•The sharp, narrow bands correspond to the ionization from
strongly localized, nonbonding orbitals as suggested by the
Franck-Condon principle.

•Comparison between a particular iodobenzene and it’s chloro
analogue

•Absolute ordering of levels within iodine lone pair manifolds
remains tentative due to the high density of corresponding ionic
states (the states are often only 0.3 eV apart)

Additional assignment details for each molecule are described
in the separate paragraphs below.

Triiodobenzenes.A total of eight orbital ionizations can be
expected in the low energy region of triiodobenzenes: five
π-type-ionizations from the out-of plane orbitals (π, πI) and
three in-plane localizedσ-orbitals (σI). Out of five π-type-
ionizations, three originate from the nominally I5p lone pairs
(πI) and two from the ringπ-orbitals (π). Please refer to Table
1 for all subsequent discussion.

In 1 the orbital symmetries are:π-type (a2+b1)-, πI-type
(a2+2b1)-, andσI-orbitals (a1+2b2).

The symmetries indicate the possibility ofπ-πI mixing which
can change the character of ring orbitals. Two sharp bands at
9.63 and 10.08 eV (Figure 1) show the most pronounced
decrease in band intensity (RI) on going from HeI to HeII and
can thus be readily assigned toσI-ionizations. The 9.18 eV band
can then, also on the basis of RI measurements, be attributed
to πI-orbital. While this is not in complete agreement with GF
calculations one should bear in mind that the calculations did
not include all the relativistic effects so we propose as the final
assignment the empirical one shown in Table 1. The empirical
assignment is further supported by comparison with it’s chloro
analogue. The replacement of chlorine with iodine leads to a
small destabilization of ringπ-orbitals and a much larger
destabilization of iodine lone pairs. This comment applies to
all the remaining iodobenzenes (Figures 5 and 6).

In 2 five bands can be expected to correspond to fiveπ-type
(a′′)- and three toσI-type (a′)-ionizations. The bands at 9.43,

10.78, and 10.18 eV show more pronounced intensity decrease
(RI) than those at 10.38, 10.73, and 11.23 eV. The former can
therefore be assigned toσI-type and the latter toπI-type-
ionizations. The large width of 9.43 eV band (considering that
it is σI-type-ionization) may be attributed to it being an in-phase

Figure 3. HeI/HeII photoelectron spectra of5.

Figure 4. HeI/HeII photoelectron spectra of6 and7.

Figure 5. Energy level diagram of trichloro and triiodobenzenes.
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combination of in-plane I5p-orbitals. This observation provides
some evidence for TS interactions of iodine lone pairs. The
energy ranges ofσI-manifolds in1 and2 are 0.98 and 0.75 eV,
respectively. This is an indication of relative magnitudes of
through-space I-I interactions. In 1 such interactions are
stronger because of the presence of three vicinal iodines.

In 3 highD3h symmetry leads to orbital degeneracy (reduction
in the total number of bands) and the absence of through-space
I-I interactions (Figure 2). Consideration of relative band
intensities in the HeI spectrum leads to a straightforward
assignment ofπ-ionization (e′′), πI-ionization (e′′), and σI-
ionization (e′) (Table 1). However, the assignment of 9.58 and
10.35 eV bands to a2′′ (πI)- and a2′ (σI)-orbitals is not so
definitive. We suggest the assignment given in Table 1. based
on the calculations and comparison with the corresponding band
profiles in the spectrum of3 with it’s chloro analogue, 1,3,5-
trichlorobenzene.7

The strong reduction of a2′′ (πI) band intensity on going from
HeI to HeII is worth noting because it appears to be an exception
to the principles stated earlier. However, the a2′′ πI-orbital
cannot, for symmetry reasons, mix with the energetically close
ring π-orbital e′′ (9.3 eV in benzene), but can only interact
weakly with the energetically remote ringπ-orbital a2′′ (12.4
eV in benzene). Therefore, the a2′′-orbital at 9.58 eV retains
largely I5p character (i.e., theπ-πI interactions for the a2′′-
orbital are symmetry allowed, but unfavorable on energy
grounds). Another interesting observation concerns the appear-
ance of shoulders in 8.87 and 11.05 eV bands. We suggest, on
the basis of comparison with the spectrum of 1,3,5-trichlo-
robenzene,7 that part of the band broadening could be due to
Jahn-Teller splitting of the e′′ states of radical cations.

Tetraiodobenzenes.In the spectra of tetraiodobenzenes a
total of 10 orbital ionizations can be expected in the low energy
region: sixπ-type-ionizations from the out-of-plane orbitals (π,
πI) and four in-plane localizedσ-orbitals (σI). Out of the six
π-type-ionizations, four originate from the nominally I5p lone
pairs (πI) and two from the ringπ-orbitals (π).

In 4 (Figure 2) the relative HeI/HeII intensity changes (RI
values) and band contours allow the assignment ofσI-ionizations
(2b2+2a1) to bands at 9.40, 9.78, 10.11, and 10.37 eV. The
remaining bands are assigned toπ-ionizations (3a2+3b1). The
absolute ordering of levels was deduced from the calculations
and comparison with the UPS of chloro analogue.

In 5 (Figure 3) the sixπ-ionizations (4b1+2a2) and fourσI-
ionizations (3b2+a1) can again be distinguished on the basis of
HeI/HeII intensities, RI values, band profiles, and comparison

Figure 6. Energy level diagram of tetrachloro, tetraiodo, pentachloro,
and pentaiodobenzenes.

TABLE 1: Vertical Ionization Energies ( Ei ( 0.03 eV),
Empirically, and Theoretically Derived Band Assignments,
Calculated Ionization Energies (GF/eV), and Ratios of
Measured Band Intensities at HeII/HeI Radiation (RI)

compound
(symmetry) band Ei

MO-
type

(empir-
ical)

RI
(empir-

ical) GF

MO-
type

(calcd)
RI

(calcd)

1 (C2V) X 8.58 π (a2) 1.80a 8.42 π (a2) 1.42
A 8.85 π (b1) 1.80a 8.50 π (b1) 1.41
B 9.18 πI (b1) 1.24 8.63 σI (b2) 0.72
C 9.63 σI (b2) 0.65 9.50 πI (b1) 0.61
D 10.08 σI (a1) 0.44 9.62 σI (a1) 0.79
E 10.60 σI (b2) 0.99a 10.31 σI (b2) 0.74
F 10.83 πI (b1) 0.99a 10.53 πI (b1) 1.28
G 11.07 πI (a2) 1.56 10.77 πI (a2) 1.22

2 (Cs) X 8.58 π (a′′) 1.61 8.26 π (a′′) 1.19
A 9.03 π (a′′) 1.32 8.78 π (a′′) 1.26
B 9.43 σI (a′) 0.70 9.10 σI (a′) 0.74
C 9.78 σI (a′) 0.54 9.58 πI (a′′) 0.69
D 10.18 σI (a′) 0.65a 9.63 σI (a′) 0.72
E 10.38 πI (a′′) 0.65a 10.12 σI (a′) 0.77
F 10.73 πI (a′′) 0.98 10.35 πI (a′′) 1.18
G 11.23 πI (a′′) 1.16 11.08 πI (a′′) 1.27

3 (D3h) X 8.87 π (e′′) 1.44 8.57 π (e′′) 1.23
A 9.58 πI (a2′′) 0.43 9.42 π (a2′′) 0.68
B 9.94 σI (e′) 0.53 9.56 σI (a2′) 0.66
C 10.35 σI (a2′) 0.45 9.73 σI (e′) 0.78
D 11.05 πI (e′′) 1.41 10.87 πI (e′′) 1.22

4 (C2V) X 8.46 π (a2) 1.05 8.22 π (a2) 1.14
A 8.73 π (b1) 1.01 8.41 σI (b2) 0.78
B 9.08 πI (a2) 0.96 8.53 π (b1) 1.18
C 9.40 σI (b2) 0.55 9.23 σI (a1) 0.81
D 9.78 σI (a1) 0.46 9.49 πI (a2) 0.66
E 10.11 σI (b2) 0.41 9.55 πI (b1) 0.74
F 10.37 σI (a1) 0.43 10.06 σI (b2) 0.57
G 10.78 πI (b1) 0.85a 10.49 σI (a1) 0.80
H 10.98 πI (b1) 0.85a 10.68 πI (b1) 0.99
I 11.32 πI (a2) 1.06 11.13 πI (a2) 1.08

5 (C2V) X 8.60 π (b1) 1.95 8.30 π (b1) 1.64
A 8.87 π (a2) 1.77 8.52 π (a2) 1.48
B 9.20 πI (b1) 1.63 8.72 σI (b2) 0.78
C 9.61 σI (b2) 0.70 9.40 πI (b1) 0.93
D 9.85 σI (b2) 0.50 9.66 σI (b2) 0.79
E 10.15 σI (a1) 0.57a 9.69 σI (a1) 0.70
F 10.30 πI (b1) 0.57a 9.70 πI (b1) 0.85
G 10.73 σI (b2) 0.45 10.40 σI (b2) 0.82
H 11.13 πI (a2) 1.26a 10.87 πI (a2) 1.33
I 11.38 πI (b1) 1.26a 11.16 πI (b1) 1.38

6 (D2h) X 8.56 π (b1g) 1.99 8.21 π (b1g) 1.61
A 8.93 π (b2g) 2.11 8.58 π (b2g) 1.88
B 9.28 σI (b1u) 0.65 9.13 σI (b1u) 0.82
C 9.56 πI (b3u) 0.96 9.16 σI (b3g) 0.81
D 9.90 σI (b3g) 0.46 9.46 πI (b3u) 0.74
E 10.19 σI (b2u) 0.48 9.82 πI (au) 0.67
F 10.48 σI (ag) 0.95a 10.01 σI (b2u) 0.79
G 10.63 πI (au) 0.95a 10.25 σI (ag) 0.93
H 10.93 πI (b2g) 1.05 10.63 πI (b2g) 1.14
I 11.43 πI (b1g) 1.08 11.27 πI (b1g) 1.20

7 (C2V)b X 8.28 π (a2) 8.21 π (a2)
A 8.60 π (b1) 8.26 σI (b2)
B 8.90 πI (b1) 8.37 π (b1)
C 9.10 σI (b2) 8.96 σI (a1)
D 9.53 σI (a1) 9.39 πI (b1)
E 9.78 σI (b2) 9.51 πI (b1)
F 10.00 σI (a1) 9.65 σI (b2)
G 10.18 σI (b2) 9.73 πI (a2)
H 10.53 πI (b1) 10.32 σI (a1)
I 10.83 πI (a2) 10.58 σI (b2)
J 11.10 πI (b1) 10.76 πI (b1)
K 11.38 πI (a2) 11.32 πI (a2)

a Average RI values for bands which could be resolved in HeI
spectra, but not in HeII spectra.b HeII spectrum of7 could not be
measured hence no RI value is given in the Table 1.
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with chlorobenzene analogue. The assignment of closely spaced
bands to specific states is more difficult since the calculated
ionization energies are of similar magnitude. The bands at 9.61,
9.85, and 10.73 show small RI values and thus correspond to
threeσI-ionizations. The fourthσI-ionization can be attributed
to 10.15 eV band whose larger RI value arises from its overlap
with the neighboring 10.30 eV band which hasπI character.
The relative ordering of bands of each type has been deduced
from MO calculations.

In 6 (Figure 4) the distinction between sixπ-ionizations
(2b1g+2b2g+b3u+au) and fourσI-ionizations (b1u+b3g+b2u+ag)
can again be made on the basis of HeI/HeII intensities (RI
values). However, due to the large number of closely spaced
bands (i.e. high density of ionic states), the final ordering ofπI

and σI levels had to rely on calculations and is therefore
somewhat tentative. The final assignment is summarized in
Table 1.

In 7 (Figure 4) one can expect sevenπ-ionizations (4b1+3a2)
and five σI-ionizations (3b2+2a1). The lack of HeII data (see
Experimental section) necessitates the use of band profiles, MO
calculations, and the comparison with pentachlorobenzene
analogue as aids in the assignment (Table 1). These consider-
ations make the proposed assignment for7 less reliable than
for other iodobenzenes in this work.

Through-Space (TS) and Through-Bond (TB)
Interactions

An interesting question arises when considering the electronic
structure of chloro vs iodobenzenes. Which substituent, chloro
or iodo, perturbs the electronic structure of the aromatic ring
more profoundly? The first observation concerning UPS of
chloro and iodobenzenes is that in the latter the lone pair bands
are more widely spaced and thus better resolved. This may
signify the increased lone pair-lone pair interactions in the latter.
Lone pair-lone pair interactions can be conceived as being of
TS- or TB-type. Data in Table 2 show the energy spread of
lone pair manifolds in the two classes of halobenzenes and can
help to quantify such interactions. In chlorobenzenes, TB
interactions seem to predominate since the correlation between
numbers of vicinal halogen lone pairs and energy spread is much
poorer than that in iodobenzenes. In iodobenzenes the situation
is reversed with TS interactions being more important. This can

also be seen fromπ-bands in iodobenzenes, which are better
resolved than in chloro analogues and furthermore, have more
asymmetrical profiles with prominent 0-0 transitions. This
would suggest that nX-π interactions are weaker in iodo than
in chlorobenzenes. How is that possible in view of the energy
proximity of nX- andπ(ring)-orbitals? I5p (lone pairs) have more
diffuse electron density than Cl3p (chlorine lone pairs) and this
may favor nX-π interactions in the chlorobenzenes. The
observedπ-level destabilizations (Figures 5 and 6) on going
from chloro to iodobenzene analogues can thus be assumed to
be predominantly inductive in character.

Conclusion

The iodobenzene molecules embody subtle and complicated
intramolecular orbital interactions. Since they also contain heavy
iodine atoms, the UPS data can serve as stringent bench test
for full relativistic quantum chemical calculations. In addition,
the experimental data which we have presented can provide
encouragement for further development of various models of
substituent effects.
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TABLE 2: The Energy Spreads of Halogen Lone Pair
Manifolds in Tri-, Tetra-, and Pentachloro and iodobenzenes

derivative
no. of pairs of vicinal

halogen atoms ∆EX/eV

1,2,3-Cl 2 1.82
1,2,3-I 2 1.89
1,2,4-Cl 1 1.82
1,2,4-I 1 1.80
1,3,5-Cl 0 1.69
1,3,5-I 0 1.47
1,2,3,4-Cl 3 1.70
1,2,3,4-I 3 2.24
1,2,3,5-Cl 2 1.98
1,2,3,5-I 2 2.18
1,2,4,5-Cl 2 1.67
1,2,4,5-I 2 2.15
1,2,3,4,5-Cl 4 1.48
1,2,3,4,5-I 4 2.48
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