
rsc.li/pccp

PCCP
Physical Chemistry Chemical Physics

rsc.li/pccp

ISSN 1463-9076

PAPER
H.-P. Loock et al. 
Determination of the thermal, oxidative and photochemical 
degradation rates of scintillator liquid by fluorescence EEM 
spectroscopy

Volume 19
Number 1
7 January 2017
Pages 1-896

PCCP
Physical Chemistry Chemical Physics

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  J. N. N.

Hasselhorn, B. Hartwig, J. F. Köster and D. A. Obenchain, Phys. Chem. Chem. Phys., 2026, DOI:

10.1039/D6CP00032K.

http://rsc.li/pccp
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6cp00032k
https://pubs.rsc.org/en/journals/journal/CP
http://crossmark.crossref.org/dialog/?doi=10.1039/D6CP00032K&domain=pdf&date_stamp=2026-02-18


Journal Name

Tuning Halogen Bond Donor Ability: Benchmarking
Substituent Effects in Fluoroiodobenzenes†

Jannes N. Hasselhorn,a Beppo Hartwig,a, Jan F. Kösterb, and Daniel A. Obenchaina*

In high-resolution spectroscopy, electric nuclear quadrupole coupling can provide insights into a
molecule’s electronic structure. In a systematic study, we investigated the mesomeric and inductive
effects exhibited by the fluorine substituents in various fluoroiodobenzenes. We characterised all 19
possible substitution patterns of fluorinated iodobenzenes using cavity resonator Fourier transform
microwave jet spectroscopy, which included measuring the aforementioned coupling constants. By
systematically implementing the extended Townes-Dailey model, we quantified the polarisation of
the iodine atom to investigate the ability to act as a halogen bond donor by employing the iodine
atom as a probe. This way it can be judged how halogen bond donor abilities are influenced by me-
someric and inductive effects. The results were compared to those obtained from an intrinsic basis
bonding analysis (IBBA). Additionally, we used the large quantity of experimental data to rigorously
benchmark numerous levels of theory in terms of their structure predictions and nuclear quadrupole
coupling constants. To gauge the influence of zero-point effects on the rotational constants, vibra-
tional perturbation theory of second order (VPT2) was applied as well.

1 Introduction

Halogen atoms are commonly known to act as electron donors
sites in inorganic salts or haloorganic molecules due to their elec-
tronegativity, which leads to an excess of electron density in com-
parison to the isolated atom. However, a halogen atom that is co-
valently bonded exhibits an anisotropy in its electron density. This
effect is particularly pronounced in the heavier homologues due
to their increased polarisability. On the side of the halogen atom
opposite the covalent bond, an area of lower electron density and
positive electrostatic potential forms, known as the σ -hole. This
formation is facilitated by electron-withdrawing substituents. The
area of electron depletion can interact with electron-rich binding
sites, which differs fundamentally from the non-covalent interac-
tions commonly seen with halogen atoms acting as acceptors in
hydrogen bonding. In a halogen bond, the halogen atom that

a Institut für Physikalische Chemie, Georg-August-Universität Göttingen, Tammannstr.
6, 37077 Göttingen, Germany.
E-mail: daniel.obenchain@uni-goettingen.de
b Institut für Organische und Biomolekulare Chemie, Georg-August-Universität Göttin-
gen, Tammannstraße 2, 37077 Göttingen, Germany.
† Electronic supplementary information (ESI) available: We provide the exact values
corresponding to the figures presented in this paper. Additionally, we provide exper-
imental details for the synthesis of both 2,3,4,5-tetrafluoroiodobenzene and 2,3,4,6-
tetrafluoroiodobenzene, as well as for the microwave experiments. We also provide
a summary of the different levels of theory used throughout this work, alongside ex-
emplary input files. Additional data is made available in separate data repositories.
These include raw microwave spectra, all computational outputs, and the outputs of
the experimental fits.

is covalently bonded acts as an electrophile, forming an attrac-
tive, directed interaction with a nucleophile or nucleophilic area
within the acceptor. This interaction can occur both inter- and
intramolecularly, and is primarily driven by electrostatic forces.
However, charge transfer and dispersion can also play a role.1,2

The first halogen-bonded complex, I2···NH3, was reported over
two centuries ago3,4, followed by dimers in which the lighter di-
halogens act as donors. Other examples of known halogen bonds
in the literature include halocarbons as donors, both aromatic
and aliphatic, as well as interhalogens combined with various
amines or other acceptors.1 There are also cases where halide
anions act as acceptors, forming halogen bonds with other halo-
gen atoms. This has been observed, for example, in combina-
tion with iodopyridines.5 Systems that have been studied by rota-
tional spectroscopy include H2O···ICl6, H3N···ICl7, H2O···ICF3

8,
and H3N···ICF3

9.
The concept of halogen bonding has numerous applications.

Halogen bonds are widely used in crystal engineering in order
to design and modify the desired properties of solids.10 In soft
materials, they are found in polymers11 and liquid crystals12.
Since halogen atoms are present in many drug molecules, halo-
gen bonding has many applications in the pharmaceutical field,
e.g. in drug-target binding.13 Furthermore, halogen bonding is
used in organic catalysis, where the directionality of the halogen
bond, due to the position of the σ -hole, is exploited to design
highly nucleophile selective ligands.14

As a group of structurally similar halogen bond donors for this
study, the fluoroiodobenzenes, with all their substitution patterns
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resulting from the exchange of hydrogen atoms for fluorine atoms
while retaining one iodine atom, were selected. As the title sug-
gests, the motivation for this work was to systematically study the
mesomeric and inductive substituent effects in relation to halogen
bond donor ability. Microwave spectroscopy was selected as the
experimental technique due to its ability to determine the molec-
ular structure and resolve the hyperfine splitting caused by the
quadrupolar iodine nucleus. The nuclear electric quadrupole cou-
pling contains information of a nucleus’s electronic environment,
specifically the electric field gradient experience by the nucleus.
The resulting splitting allows for the application of the extended
Townes-Dailey model15,16 in order to gain more detailed informa-
tion of the electronic structure of the aromatic molecules. Ionic
characters and valence p-orbital occupations are derived to gauge
the extent to which the electron-withdrawing effect of the aro-
matic substituent is influenced by certain substitution patterns.
From the ionic character and occupations we can then derive their
potential as a halogen bond donor. A related analysis of has been
conducted by Lv. et al.17, in which the pz-orbital anisotropy, e.g.
the difference in valence pz-orbital occupation compared to the
average valence p-orbital occupation, was employed to measure
the effects of full fluorination on the σ -hole strength in chloro-
and bromobenzene. To aid the analysis and provide additional
details that are not accessible by the experiment, an intrinsic ba-
sis bonding analysis (IBBA) was employed.

In addition, rigorous benchmarking against theory is per-
formed using the large quantity of monomer data from 19 iodine-
containing molecules that have not yet been studied by rota-
tional spectroscopy. This benchmarking involves investigating
the agreement between the optimised structures obtained exper-
imentally and theoretically. Second-order vibrational perturba-
tion theory (VPT2) was incorporated into the benchmark to de-
termine the impact of zero-point effects on rotational constants.
The selected group of molecules enables a systematic investiga-
tion of zero-point effects, given the increased rigidity of the sys-
tems with an increased degree of substitution. Furthermore, the
electric field gradient calculations required for predicting the nu-
clear quadrupole coupling of the iodine nucleus are investigated
by comparing the results with and without relativistic effect treat-
ment against the experimentally determined nuclear quadrupole
coupling constants. To enhance theoretical predictions based on
experimental data, parametrisations in the form of semi-empirical
scaling approaches are presented for both structure optimisation
and electric field gradient calculation.

2 Methods

2.1 Nomenclature

Given the large number of molecules characterised, a nomencla-
ture was defined to abbreviate the IUPAC names of all the flu-
oroiodobenzenes. Fig. 1 shows the Lewis structure of all fluo-
roiodobenzenes, which differ in the number of fluorine atoms
and their position on the aromatic ring. This includes the non-
substituted iodobenzene. Numbers indicate the positions of the
fluorine atoms, counting from the ipso position 1, which is the
carbon atom connected to the iodine atom. The only exception

is iodobenzene, were 0 indicates the absence of fluorine atoms.
For example, 2,3,5,6-tetrafuoroiodobenzene would be abbrevi-
ated with 2356. Iodobenzene (0) represents the only molecule
that has already been studied by rotational spectroscopy.18–21
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Fig. 1 Lewis structures for all the different fluoroiodobenzenes and
iodobenzene, using a shorthand notation. Numbers indicate the posi-
tions of the fluorine atoms, counting from the ipso position 1, which is
the carbon atom connected to the iodine atom. The only exception is
iodobenzene, where 0 indicates the absence of fluorine atoms. A training
set (red) was created in order to scale the equilibrium rotational con-
stants and to derive a semi-empirical scaling approach for the calculation
of the nuclear quadrupole coupling constants, as described in Sec. 2.3.

2.2 Experimental methods

The chemicals in this study were bought and used without further
purification, with the exception of 2,3,4,5-tetrafluoroiodobenzene
and 2,3,4,6-tetrafluoroiodobenzene which were synthesised and
purified in the lab of Prof. Manuel Alcarazo. The syntheses were
conducted with a modified procedure of Perry et al.22 and the
successful synthesis verified using literature 1H and 19F NMR val-
ues23,24 as well as HR-MS-EI spectroscopy. Detailed information
on the manufacturers, the substances’ purity, the experimental
and synthetic details can be found in Sec. 1 of the ESI†.

All experimental data were obtained from a pulsed-jet Balle-
Flygare25 type cavity resonator Fourier transform spectrometer,
QCUMBER (Q-factor cavity utilising molecular beam electric res-
onator). The original setup from 199426 was updated on mul-
tiple occasions with the most recent version being described in
ref.27 Rotational spectra were recorded in the range between 7
and 16 GHz with the carrier gas varying between helium, neon,
and argon at stagnation pressures between 1.1 and 1.6 bar. The
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resulting free induction decays (FIDs) were recorded for 51.2 µs
at a maximum of 20000 averages. Experimental details are sum-
marised in Sec. 1.5 of the ESI†.

Grabow’s FTMW++ software28 was used for data extraction.
For all microwave spectra measured in this work, Pickett’s29–31

SPFIT/SPCAT (32-bit version) programs were used paired with
Kisiel’s graphical interface AABS32,33 to fit the Hamiltonian
alongside the auxiliary programs found on Kisiel’s Prospe34 web-
site. Specifically, PMIFST (version 25a.VII.2017) was used for
structure calculations like isotope scaling/visualisation, QDIAG
(version 12.II.2023) was used for the diagonalisation of the in-
ertial quadrupole tensor with errors as well as PIFORM (version
31.XII.2016) was used for reformatting the fit output file. The
Watson S 35–37 reduction of the Hamiltonian in the Ir representa-
tion used throughout this work.

2.3 Theoretical methods

For a detailed analysis, numerous quantum chemical calculations
on the monomers have been performed. Density functional the-
ory (DFT) based calculations were employed using the ORCA
6.0.138–40 program package. MOLPRO 2024.1,41–43 and Gaus-
sian 16 (Rev. C.01)44 were used for wavefunction (WF) theory
and DFT based methods. The specific use cases and the respec-
tive levels of theory for the different program packages are dis-
cussed below. A summary alongside exemplary input files can be
found in Sec. 5 of the ESI†. Where applicable, the frozen core ap-
proximation was used. All the molecules analysed were treated
equally.

Geometry optimisations of the fluorinated iodobenzenes and
iodobenzene were carried out with Gaussian in order to use its
implementation of vibrational perturbation theory of second or-
der (VPT2)45,46 to account for zero-point effects in the calcu-
lation of the rotational constants and to enable benchmarking
against different levels of theory. Note that the geometry op-
timisation and the VPT2 calculation were performed separately.
The choice of functionals was inspired by Ref.47. The def2-
TZVP48 basis set was used to limit computational cost. To com-
pare with the ubiquitously used B3LYP functional49–52, a sec-
ond hybrid functional, PBE053,54, was used. To represent the
range-separated hybrid functionals55, were the added exchange
is no longer constant, CAM-B3LYP56 and LC-ωPBE57 were cho-
sen. The empirically fitted meta-hybrid M06-2x58 functional,
as well as two different double-hybrid functionals, B2PLYP59,60

and DSD-PBEP8661,62, were also added to the benchmark.
Double-hybrid functionals use parts of the correlation energy,
obtained from second-order Møller-Plesset perturbation theory
(MP2)63–68. DSD-PBEP86 uses spin-component scaled MP2 as
an improvement upon B2PLYP.69 All DFT methods have been
dispersion corrected using Grimme’s D3(BJ) scheme70,71. Struc-
tures were also optimised with MP2, in order to represent the post
Hartree-Fock methods.

Additionally, geometry optimisations and frequency calcula-
tions, within the double harmonic approximation, were carried
out with ORCA at the B3LYP level of theory. Unlike in the Gaus-
sian calculations, the minimally augmented version of the def2-

TZVP basis set (i.e. ma-def2-TZVP) of Truhlar and co-workers72

was employed as well as three body terms73,74 being added to
the dispersion correction (D3(BJ,abc)).

Due to the similarity of the fluoroiodobenzenes structures, the
training set highlighted in red in Fig. 1 was used to obtain the
scaling parameters pA, pB, and pC connecting the calculated equi-
librium rotational constants Atheo,e, Btheo,e and Ctheo,e to the ex-
perimentally determined rotational constants. This was done to
provide a point of reference for the performance of the VPT2 cal-
culations. The training set included one commercially available
representative molecule for each degree of substitution with the
largest dipole moment. For this, the results of the geometry opti-
misation at the B3LYP-D3(BJ,abc)/ma-def2-TZVP level of theory
were employed. To obtain the scaling parameters, the ratios of the
experimental and theoretical values were calculated, Aexp/Atheo,e,
Bexp/Btheo,e and Cexp/Ctheo,e. The averages of these ratios for the
six molecules then yield the scaling parameters pA, pB, and pC.

Experimental nuclear electric quadrupole coupling constant
(NQCC) tensors were benchmarked against a variety of differ-
ent levels of theory for a large set of experimental results. To
achieve this, EFG calculations were performed in ORCA using the
numerous different DFT functionals listed below. An attempt was
made to parametrise an effective nuclear quadrupole moment,
Qeff, in order to replace the literature value Q = −688.22 mb75.
This procedure extends the work of Bailey76, who found a linear
correlation between the measured and predicted NQCC values
for iodine at the B1LYP/6-311G(df,p) level of theory. For iodine,
a f-polarisation function with a coefficient of 0.4 was added, by
Bailey, to the 6-311G(d,p)77 basis set, resulting in a linear NQCC
correlation for a training set of 16 molecules. Only the diagonal
components of the NQCC tensors were considered within the in-
ertial principal axis system. As an inexpensive entry level-method
for benchmarking, the GGA functional PBE78 was paired with
the def2-SVP48,79 basis set. For all other functionals, the x2c-
TZVPPall80 basis set was used. The B3LYP, B2PLYP, BP8649,81,82,
B9783, and B97M-V84 functionals completed the set. To take
relativistic effects into account, the second order Douglas-Kroll-
Hess transformation (DKH2)85–87 was employed, in combination
with the finite-nucleus model88 and picture change effects89. For
comparison, the exact two-component theory (X2C) implemen-
tation90,91 was used as well, combined with the aforementioned
finite-nucleus model and picture change effects. The choice of
functionals was inspired by Ref.92, in which chlorine NQCCs were
benchmarked. Sun et al.93 recently adopted Bailey’s scaling ap-
proach, where relativistic effects were not explicitly treated, re-
vealing that B3LYP can be parametrised well as described above.

An intrinsic basis bonding analysis (IBBA)94 was performed in
MOLPRO for all monomers, employing the structures optimised
in ORCA at the B3LYP-D3(BJ, abc)/ma-def2-TZVP level. Herein,
the exact wavefunction from a self-consistent field calculation is
represented by atomic valence and core orbitals, which are po-
larised by the molecular environment. From this, the occupa-
tions of atomic orbitals, partial charges, and the contributions of
these orbitals to the partial charges of atoms can be deduced.
This analysis can be compared to the extended Townes-Dailey
model presented in the following subsection. B3LYP-D3(BJ,abc)

Journal Name, [year], [vol.],1–17 | 3

Page 3 of 18 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:4

9:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CP00032K

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp00032k


was paired with the cc-pVTZ-DK95,96 basis set along with the
so-called intrinsic minimal basis (IMB) MINAO/MINAO-PP, from
which the molecular Lewis structure emerges.94 Relativistic ef-
fects were again treated with DKH2, employing the finite-nucleus
model. Picture-change effects cannot be individually defined in
MOLPRO. The chosen basis set has been specifically contracted
for the use with DKH2, enabling the analysis of the importance of
relativistic effects in terms of iodine electron occupations.

2.4 Extended Townes-Dailey model

2.4.1 Theory

In 1949, Townes and Dailey15 formulated a model to obtain
information about the electronic structure of a molecule from
its nuclear quadrupole coupling constants. This model was
later applied to estimate the ionic characters of diatomics.97

In 2011, Novick16 proposed an extension to the Townes-Dailey
model, expanding it to the three dimensional space for poly-
atomic molecules as well as taking hybridisation into account. In
general, given its assumptions and restraints discussed below, the
model aims to strike a balance between achieving a pure chemi-
cally intuitive understanding, and determining the true nature of
a bond, which would require the precise measurement of valence
electron occupations. In the following, a brief description of the
extended Townes-Dailey model will be given, as many of the fol-
lowing results are based on or derived from Novick’s extension of
the original model. Unless stated otherwise, all information was
taken from Ref.16.

In both, the original and the extended cases, the electronic
structure derived from NQCCs only considers valence p-electrons.
This strict cut-off may no longer be a good approximation for
heavy nuclei, such as iodine, as relativistic effects become more
significant. The nuclear quadrupole coupling requires a non-zero
electric field gradient, which results from a break in spherical
symmetry. This is not the case for s-orbitals, which are spheri-
cally symmetric and therefore have no EFG. According to Novick
3d-orbitals contribute 47 times less than the 2p-orbitals. The re-
lationship between the NQCCs and the p-orbital populations nx,
ny and nz is shown in Eqs. 1 – 3. For the systems studied here,
the NQCC resulting from the one unpaired 5p electron in an
isolated iodine atom is denoted by χ0 (eQq510). In the case of
127I, this value is equal to +2292.712 MHz98. χxx, χyy and χzz

are the NQCCs, defined in the nuclear principal axis system, with
|χxx| ≤ |χyy| ≤ |χzz|.

χxx = χ0

(
nx −

1
2

ny −
1
2

nz

)
(1)

χyy = χ0

(
−1

2
nx +ny −

1
2

nz

)
(2)

χzz = χ0

(
1
2

nx −
1
2

ny +nz

)
(3)

Experimentally, the NQCCs in the inertial principal axis sys-
tem are obtained. Depending on the molecular geometry, a ro-
tation to the nuclear axis system, and therefore knowledge of

the whole tensor, including the off-diagonal components is re-
quired.99 Such an rotation is qualitatively illustrated in Fig. 2 for
2-fluoroiodobenzene. In this case, the b-axis in the inertial princi-
pal axis system now becomes the y-axis in the nuclear case, while
the a-axis becomes the z-axis. The previously defined nx, ny and
nz correspond to the p-orbitals in the nuclear framework. The
Townes-Dailey model assumes for the z-axis in this example to be
oriented exactly along the C−I bond, which is not always true,
were the NQCC has non zero off-diagonal components.

y
b

a z

Fig. 2 Illustration of the structure of 2-fluoroiodobenzene in the ab-
projection at the B3LYP-D3(BJ,abc)/ma-def2-TZVP level of theory. The
inertial principal axes a and b are shown in black. Qualitative nuclear
principal axes y and z are blue coloured, showing the rotation from inertial
to the nuclear principal axis system. The c and x axes positioned at the
crossing points of the two remaining axes for the respective axes system
are pointing out of the plane of projection and are not labelled.

Since the NQCC tensor is traceless, all the matrices following
Eqs. 1 – 3 must also be traceless. This leaves only two inde-
pendent parameters, resulting in the equation being underdeter-
mined when solving for the three p-orbital populations, leading to
an infinite number of sets of solutions. In the original formulation
of the model, nx and ny are set to 2, but in the extended model,
a restraint is added so that the populations are within 0 and 2,
with the populations of the non-bonding orbitals being as close
as possible to 2 in order to identify chemically sensible solutions.
This allows for more flexibility in the extended version.

2.4.2 Systematic implementation

Novick’s16 extended model Townes-Dailey model has been im-
plemented in a systematic way. First, the Townes-Dailey model
shown in Eqs. 1 – 3 is defined with added penalty functions to ful-
fil the first restraint defined by Novick, whereby the non-bonding
orbital populations should stay as close to two as possible. To ac-
count for uncertainties in the experimental results for the NQCCs,
all possible combinations are considered for each tensor compo-
nent: without uncertainty and with uncertainty added. This re-
sults in nine combinations in total. To take into account different
starting guesses, a three-dimensional linear space has been cre-
ated, spanning four different starting guesses, 0, 2/3, 4/3 and
2, resulting in 64 total starting combinations. The Python pack-
age Scipy100 was used to solve Eqs. 1 – 3 with the added penalty
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functions. Bounds were set for the p-orbital occupations to be be-
tween zero and two, thus fulfilling Novick’s second restraint for
chemically reasonable results. For each solution, the resulting ob-
jective value is calculated resembling how close the results from
nx, ny and nz match the NQCCs and how well the restraints are
fulfilled. The objective value is defined in Eq. 4. Additionally, the
sum of the p-orbital occupations ntot was calculated. As a pre-
liminary uncertainty, the absolute difference in ntot between the
lowest and highest objective value was calculated.

o =

∥∥∥∥∥∥∥∥∥∥∥


χ0

(
nx − 1

2 ny − 1
2 nz

)
−χxx

χ0
(
− 1

2 nx +ny − 1
2 nz

)
−χyy

χ0
(
− 1

2 nx − 1
2 ny +nz

)
−χzz

(nx −2)2(
ny −2

)2



∥∥∥∥∥∥∥∥∥∥∥
2

(4)

After repeating the procedure for all possible combinations
and starting guesses, a total of 576 least-square problems per
molecule, the final best result was found to be the one with the
lowest objective value, o, of all the results. To calculate the fi-
nal uncertainty, the maximum difference in ntot between this best
result and any other combination, each including its preliminary
error bar, was determined. This procedure was repeated for each
molecule analysed. The ionic character ITD of the I−C bond was
calculated according to Eq. 5 as the difference from the sum of the
valence p-orbital populations to a population of five electrons for
the isolated iodine atom ([Kr]5s24d105p5). As all three valance
p-orbitals are considered, this definition of the ionic character en-
compasses both σ - and π-character. A negative ITD indicates a
gain in valence electrons, whereas a positive value corresponds
to an electron depletion. The uncertainties of ITD depend linearly
on ntot and were calculated directly using its uncertainty.

ITD = (5−ntot) ·100% (5)

3 Results and Discussion
Due to the large number of systems studied, the experimental
results regarding rotational constants, distortion constants, and
nuclear quadrupole coupling constants are not discussed in de-
tail, but are summarised in the ESI† (see Sec. 1.3). For the sake
of completion, results for the non-fluorinated iodobenzene (i.e.
0) have been taken from Ref.21 and added to our own data set.
As the original fit uses the Watson A reduction in the Ir represen-
tation, the data provided in the supplementary information was
refitted employing the Watson S reduction, to ensure consistency
with the other fits in this work.

3.1 Parametrisation of Rotational Constants

Following the procedure described in the previous section, the
scaling parameters pA, pB, and pC were obtained from the
training set, highlighted in red in Fig. 1, as shown in Fig. 3.
As stated above, the training set was constructed by select-
ing, from commercially available sources, one representative
molecules for each total number of substituted hydrogen atoms
with the largest dipole moment to ensure good measurability.
This was done do potentially improve the B3LYP-D3(BJ,abc)/ma-

def2-TZVP calculations for the remaining molecules, given the
structural similarities, and therefore reduce measurement times
and simplify assignments. An important example to this is para-
fluoroiodobenzene (4) with its small predicted dipole moment of
0.06 D. This simple approach did not consider the experimental
uncertainties.

The rotational constants B and C computed at the B3LYP-
D3(BJ,abc)/ma-def2-TZVP follow a clear trend, with the experi-
mental results consistently surpassing the theoretical ones. For A,
however, theory overestimates the experimental rotational con-
stants. The ratios Aexp/Atheo,e show larger fluctuations, especially
for 0, with a ratio under 0.991, and slowly approach the dashed
black line, indicating perfect agreement between theory and ex-
periment. It should be noted, that the rotational constants from
theory (Atheo,e) do not include any zero-point vibrational effects,
since they are only equilibrium structures. This simple scaling
approach indicates, that scaling with a constant factor may be
sufficient to describe these zero-point effects in the case of B and
C. For A, however, zero-point effects are particularly significant
for 0 and vary considerably between the molecules. In the inertial
principal axis system of 0, the a-axis coincides with the C−I bond.
Consequently, the A rotational constant is greatly influenced by
zero-point vibrations of the four C−H bonds in ortho and meta po-
sition relative to the iodine atom. As the number of fluorine atoms
increases, the molecules become more rigid. In the diatomic
case, the bond dissociation energies are 338.72(11) kJ mol−1 for
the C−H bond and 513.8(10.0) kJ mol−1 for the C−F bond.101

This results in zero-point vibrations affecting A less, and the equi-
librium rotational constants better resembling the experimental
results. In general, zero-point effects are expected to reduce
the rotational constants as the bonds are elongated, resulting in
larger moments of inertia. Therefore, a ratio between experimen-
tal and theoretical equilibrium value smaller than one is expected,
a result that is only observed for A. The fact that the ratios for A
are close to one for the heavy systems, and that constant ratios
over one are obtained for B and C highlights that the calculations
are close to the experimental results for the wrong reasons as the
inclusion of zero-point effects would push these ratios to even
larger values.

3.2 Benchmarking Rotational Constants

In order to evaluate the performance of different levels of the-
ory, numerous VPT2 calculations were performed, as described in
Sec. 2.3. The def2-TZVP basis set was used in all cases, alongside
D3(BJ) for the DFT-based methods. The zero-point corrected ro-
tational constants A0, B0 and C0 obtained from the VPT2 calcula-
tions are compared to their experimental counterparts. The rota-
tional constants obtained from the scaled B3LYP-D3(BJ,abc)/ma-
def2-TZVP described in Sec. 3.1 were added to the comparison
and are indicated by the “scaled” addition to the functional. Even
though they are different quantities, the equilibrium rotational
constants Ae, Be and Ce are also compared to the experiment as
Fig. 3 already indicated a possible match in some cases. Here,
the unscaled B3LYP-D3(BJ,abc)/ma-def2-TZVP was added to the
comparison. The relative deviation (RD) was chosen as a perfor-
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Fig. 3 Ratios of the experimental results for the rotational constants A,
B, and C and theoretical results. The theoretical results were obtained
from a geometry optimisation at the B3LYP-D3(BJ,abc)/ma-def2-TZVP
level of theory. The ratios Aexp/Atheo,e, Bexp/Btheo,e and Cexp/Ctheo,e are
plotted for the molecules 0, 2, 26, 234, 2356 and 23456, which form the
training set, highlighted in Fig. 1. The black dashed line indicates a ratio
of exactly 1. Scaling factors pA, pB and pC were calculated as the average
of the ratios for a given rotational constant. Experimental uncertainties
were not considered. Results for 0 were taken from Ref. 21.

mance metric. The RD values were calculated according to Eq. 6.
Here, x represents an observable, with the experimental value be-
ing denoted as xexp for the molecular system i. Due to their small
magnitudes, experimental uncertainties were not considered.

RD(x) =
xi − xexp,i

|xexp,i|
(6)

To enable a general comparison between the different levels
of theory, both, the RDs for the equilibrium rotational constants
as well as their zero-point corrected counterparts are calculated.
This is illustrated in Fig. 4 in the form of boxplots.

For most of the compared functionals, the zero-point corrected
rotational constants more closely match the experimental results
than the equilibrium counterparts do. However, this is not the
case for B3LYP and B2PLYP and the RD(Ae) of MP2, where better
agreement is observed without the VPT2 correction. For B3LYP
in particular, this was suggested in Sec. 3.1, where the theoretical
equilibrium results were already underestimating the experimen-
tal rotational constants. As discussed, applying zero-point effects
pushes the theoretical results towards smaller values, thereby in-
creasing the deviation from the experimental results. Despite
the results for Ae from MP2, B2PLYP without zero-point correc-
tions outperforms all other functionals, even the scaled approach,
and is the best-performing method overall. For Ae, B3LYP with-
out zero-point effects, on the other hand, offers comparable per-
formance to PBE0, B2PLYP, DSD-PBEP86 and MP2 without zero
point effects. This highlights that, even though equilibrium ro-
tational constants should not offer better agreement with ex-
perimentally obtained rotational constants by definition, as they
neglect zero-point effects, comparable or even better agreement
can be obtained by neglecting these effects for selected function-
als, which significantly limits computational costs. However, de-
spite the good agreement observed, the non-zero-point-corrected
B3LYP and B2PLP functionals should not be considered “good”,

given that they are correct for the wrong reasons, as outlined
above. By definition equilibrium rotational constants should not
agree better than their zero-point corrected counterparts.

Although taking zero-point effects into account does not neces-
sarily improve the agreement between experiment and theory, it
does decrease the spread of the deviations, as can be seen from
the narrower box sizes, particularly for PBE0, DSD-PBEP86 and
MP2. This limited spread highlights the importance of anhar-
monic effects in the systems studied.

Some general trends in the functional families can be identified
when going from negative to positive RDs in the zero-point cor-
rected rotational constants. The RDs observed for B2PLYP, which
is based on the exchange and correlation terms of B3LYP with the
addition of MP2 correlation, fall between those of its two building
blocks. More positive RDs are observed for the range-separated
hybrid functional CAM-B3LYP than for the non-range-separated
B3LYP. The same is true of the pair formed by PBE0 and its range-
separated counterpart, LC-ωPBE.

The worst-performing functional for all three rotational con-
stants is LC-ωPBE, for which the global maximum RD(A0) of 2%
is observed for the molecules 0 and 4. Similar performance is
observed for PBE0, CAM-B3LYP and M06-2X, all of which over-
estimate the experimental values. Indicating an underestima-
tion of the experimental rotational constants, B3LYP, B2PLYP and
DSD-PBEP86 all exhibit negative RDs. The overall second best
performance with applied zero-point corrections is observed for
DSD-PBEP86, surpassed only by the scaled B3LYP as the best-
performing method in this group. Given that this variant uses ac-
tual experimental results, and that the molecules are expected to
behave similarly due to their structure, DSD-PBEP86 offers good
performance, as it is nearly able to match the RD(ABC) distribu-
tion of the scaled method. In this regard, it should be noted that
the current benchmarking procedure is subject to self-referencing,
given that the training set used for the scaled approach is also in-
cluded in the test set. Without removing the training set from the
test set, it is impossible to determine the method with the best ab-
solute performance. However, comparisons between the ab initio
approaches remain valid.

Nevertheless, this comparison highlights, that for similar
molecular structures, scaling using previously obtained exper-
imental results is not only beneficial for the results, but can
also outperform methods requiring greater computational costs.
Therefore, not only computational time is saved, but spectral as-
signments are also simplified. For reference, the DSD-PBEP86
calculation for 2345 took about 20 times longer than the B3LYP
VPT2 calculation. In comparison to the B3LYP-D3(BJ,abc)/ma-
def2-TZVP calculation, it took ca. 900 times longer. Furthermore,
this result indicates similarities in the zero-point effects on the
rotational constants among the fluoroiodobenzenes, as a scalar
multiplication is sufficient in order to compensate for the absence
of zero-point effects in the geometry optimisations, eliminating
the need for additional VPT2 calculations, as is the case for the
scaled B3LYP-D3(BJ,abc)/ma-def2-TZVP. The exact RDs for each
of the rotational constants are shown in the ESI† (see Tab. S16).

It should be noted that this simple scaling approach does not
benefit from a good agreement between theory and experiment
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Fig. 4 Boxplots showing the three relative deviations RD(Ae), RD(Be), RD(Ce), RD(A0), RD(B0), RD(C0) of the results of quantum chemical
calculations from the experimental results for the rotational constants. The RD of the individual rotational constants is defined according to Eq. 6.
The zero-point corrected rotational constants A0, B0 and C0 (right) were obtained from VPT2 calculations employing the functionals on the abscissa
and utilising the def2-TZVP basis set. The equilibrium rotational structures Ae, Be and Ce (left) were calculated at the same levels of theory. Details of
the functionals used are given in Sec. 2.3. One exception to this is the method labelled with “scaled B3LYP-D3(BJ,abc)”. In this case, an experimental
training set was used to scale the calculated rotational constants obtained from a pure geometry optimisation at the B3LYP-D3(BJ,abc)/ma-def2-
TZVP of theory without a VPT2 calculation. This procedure is described in Sec. 3.1. This level of theory has a self-referencing problem due to the
inclusion of its training set into the test set, as discussed in the text. The orange line in a box represents the median of a group of values. The
position of the averages is indicated by purple symbols. Boxes extend from the first quartile to the third quartile. Maximum whisker lengths extend to
the first/third quartile minus/plus one and a half times the height of the box. Fliers are indicated with dots. Exact values can be found in ESI† (see
Sec. 3).

prior to scaling, but rather from a small spread in deviations.
For this reason, PBE0-D3(BJ)/def2-TZVP is a better scaling alter-
native than B3LYP-D3(BJ, abc)/ma-def2-TZVP, as it exhibits less
spread in Ae while retaining computational demand. This high-
lights the importance of benchmarking even for semi-empirical
scaling.

3.2.1 Planar Moments

The experimentally determined planar moments Paa, Pbb, and
Pcc are summarised in Tab. S8. Given the molecular geometries,
small values of Pcc are obtained, with a maximum deviation from
0 amu Å2 of about −0.082 amu Å2 for 25. The Paa and Pbb values
for species with C2v symmetry follow the expected trends. For

example, Pbb increases by approximately 1.779 amu Å2 when go-
ing from 35 to 26. This illustrates the repulsion between the two
ortho-positioned fluorine atoms and the iodine atom in 26, as op-
posed to the attraction between the two hydrogen atoms and the
iodine atom in 35. In the latter case, Pbb is reduced due to a pos-
sible decrease in the H-C-I angle compared to the F-C-I angle in
26.

If perfect planarity of the systems studied was assumed, Paa

and Pbb would be sufficient for benchmarking theory against ex-
periment. However, this can only be exactly true for theoretical
equilibrium structures, as it neglects the subtle deviations caused
by zero-point effects that affect both experimental and zero-point-
corrected results. Plots showing the relative deviations for both
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Paa,e, and Pbb,e to their theoretical equilibrium counterparts can
be found in the ESI† (see Fig. S3). No comparison is drawn for
Pcc,e, since deviations from 0 amu Å2 may be caused by numeri-
cal noise in the calculations. Additionally, the same plot is shown
for the relative deviations to the zero-point-corrected values (see
Fig. S4). Here, Pcc,0 was also added. In general, the performance
of the functionals is retained when the number of parameters un-
der investigation is reduced. However, the RDs (Pcc,0) show that
significant relative deviations are obtained, exceeding −600 % for
23456 when calculated with the M06-2x functional. When com-
paring experimental and zero-point-corrected values, the ab ini-
tio approaches are able to correctly predict almost all signs. Dis-
agreements only occur for 4, where MP2 is the only method that
correctly predicts a positive sign. All other functionals fail in this
regard, which suggests problems with the vibrational contribu-
tions. This positive sign has also been observed for the lighter
homologue, chloro-4-fluorobenzene.102,103

3.3 Benchmarking Nuclear Quadrupole Coupling Constants

In order to benchmark experiment against numerous levels of the-
ory, the new data on the fluoroiodobenzenes and the existing data
on iodobenzene was used to expand Bailey’s original training set.
Computational details are provided in Sec. 2.3. To analyse the in-
fluence of relativistic effects, calculations were performed using
DKH2 and X2C, as well as without any relativistic treatment. It
should be noted that a possible source of error is that zero-point
effects were not considered in the single-point calculations of the
electric field gradients. These subtle effects are described by VPT2
calculations but given the large number of systems and function-
als, they were not analysed as relativistic effects are expected
to be significantly more impactful.104 Experimental results for
Bailey’s training set76, consisting of HI105, CH3I106, CH2I2

107,
CH3CH2I108, IN3

109, IF110, ICN111, HOI112, CH3CHICH3
113,

CH2−−CHI114, g−CH3−O−CH2I115, I2
116, HCCI117, OIO118,

CH2ICl (35Cl species)119 and (CH3)3SiI120 were taken from lit-
erature. Analogous to Eq. 6, the RDs are calculated for the indi-
vidual diagonal tensor components in the principal inertial axis
system, denoted with RD(χaa), RD(χbb) and RD(χcc).

In addition, Bailey’s original Qeff =−739.8(1.2)mb76, resulting
from the linear regression of the EFG calculations on the experi-
mental structures, was used for comparison. The original version
is labelled with “Bailey”.

As this training set is included in the test set, self-referencing
occurs. The rest of the test set comprises fluoroiodobenzenes and
iodobenzene. Due to their structural similarities, the test set is
weighted. Therefore, we have self-referencing, which benefits
Bailey’s parametrisation, whereas a weighted test set that puts
Bailey’s parametrisation at a disadvantage, as these structures are
not part of the training set. These effects only impact the perfor-
mance of Bailey’s approach, not the ab initio approaches. There-
fore, a direct comparison between them is not possible.

Results for all RDs are shown in Fig. 5, again in the form of
boxplots. The PBE/def2-SVP results are omitted because the RDs
show large, constant deviations of around ±100%, which reduces
the level of detail visible in the remaining boxes. One possible

cause of this is the small basis set with its effective core poten-
tial, which is unable to adequately describe the iodine atom. The
largest RDs and therefore the worst results (generally over 20 %
deviation) were observed for the methods without relativistic cor-
rections. To allow for a better comparison, the left column of
Fig. 5 only shows the parametrised method, as well as those with
enabled relativistic corrections. However, even though relativis-
tic corrections are also absent for Bailey’s method, the results
are better as they are semi-experimental. To investigate whether
the large RDs for the methods without relativistic corrections are
caused by the basis set, the EFGs for B3LYP-D3(BJ,abc) with and
without relativistic corrections were recalculated using the de-
contracted basis set. This was done to minimise the uncertain-
ties introduced by the basis set, which was specifically contracted
for the use with relativistic corrections. The results are shown
in Fig. S5 of the ESI†. Similar results are obtained for both rela-
tivistic corrections. Without an applied correction, the results are
improved by decontracting the basis set, but still perform signifi-
cantly worse than the corrected ones. This highlights the impor-
tance of relativistic corrections for iodine.

In many cases, a relatively large spread of the fliers can be
observed, particularly for B97-D3(BJ,abc). It should be noted
that this benchmarking procedure is not solely a measure of the
EFG calculation. In contrast to Bailey’s original approach, in
which EFG calculations were performed on experimentally de-
termined structures, only single-point calculations on top of the
optimised structures are performed. If a structure shows a large
deviation from the experiment, this error is propagated to the
EFG calculation. Following this argument, the RDs for “Bailey”
highlights cases where the experimental structure and the result
of the geometry optimisation at the B3LYP-D3(BJ,abc)/ma-def2-
TZVP level of theory may disagree. Overall, the two relativis-
tic corrections show a very similar performance. In the case of
B97-D3(BJ,abc), B97M-D3(BJ,abc) and BP86-D3(BJ,abc), X2C is
the better choice. For B3LYP and B2PLYP, DKH2 shows better
agreement. The best overall performance is obtained for B3LYP-
D3(BJ,abc)-DKH2.

To reveal possible projection errors, all NQCC tensors were ro-
tated to the nuclear axis system, i.e. the NQCC tensor was diag-
onalised. Experimental rotation angles αaz between the inertial
principal axis a and the nuclear principal axis z can be found in
the ESI† (see Tab. S9). This approach reduces the influence of
errors introduced by optimised structures that deviate from their
experimental counterparts. The results are shown in Fig. S6 of
the ESI†. Generally, the agreement between experiment and the-
ory is better in this comparison as the spread of flyers is signif-
icantly reduced. Interestingly, B97M is the only functional that
can consistently provide an adequate description of all the dif-
ferent molecules in the test set, including the open-shell OIO
(2S+1 = 2). For the latter, all other levels of theory show signifi-
cant discrepancies between theory and experiment, especially for
χxx for which an otherwise minimal RD of −28.43 % is observed.

In the final step, all the different methods were parametrised
using the experimental data from all 35 molecules, in order to
to find the method best suited to a new parametrisation specific
to molecular structures optimised at the B3LYP-D3(BJ,abc)/ma-
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Fig. 5 Boxplots of the relative deviations RD, defined according to Eq. 6, of the three diagonal components of the nuclear quadrupole coupling tensor
in the inertial principal axis system, χaa, χbb and χcc. The plots in the column on the right use parametrised results, obtained from linear regressions
using all three diagonal components of all molecules. Numerous different functionals have been employed for the theoretical calculations of the electric
field gradients, paired with the x2c-TZVPPall basis set, unless otherwise stated. “Bailey” denotes a special level of theory, explained in Sec. 2.3. This
level of theory has a self-referencing problem due to the inclusion of its training set into the test set, as discussed in the text.. Exact values are
summarised in Tab. S19 of the ESI†.

def2-TZVP level of theory. This approach does not measure how
well a method performs, but rather how consistently obtained
results differ from the experimental ones. All results are visu-
alised in the right column of Fig. 5. Consistent with previous

findings, poor performance is obtained for OIO and CH2I2 due
to error propagation following the geometry optimisation. Rel-
ativistic corrections again improve results for every functional.
Decontracted results are not considered in this regression anal-
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ysis. In contrast to the large RDs without the parametrisation,
PBE/def2-SVP now shows competitive results. Although the de-
viations were large, they were also similar across the different
molecules, which is beneficial for the parametrisation. Overall,
the results obtained with B3LYP-D3(BJ,abc)-DKH2 are the best,
surpassing Bailey’s proposed level of theory.

The deviation between the effective nuclear quadrupole mo-
ment Qeff, as determined by the various linear regressions,
and the literature value for iodine’s quadrupole moment, Q =

−688.22 mb75, provides additional insight into the parametrisa-
tions. The quotients Q/Qeff reveal by how much and in which
direction the calculated values needed to be corrected in order
to agree with the experiment. The results are shown in Fig. S7
of the ESI†. As expected from the poor initial PBE/def2-SVP re-
sults, a very small quotient of 0.0177(3) is obtained, indicating
that the initial absolute values are consistently too small. The
opposite effect is observed for the methods without relativistic
corrections, albeit to a lesser extent. At Q/Qeff = 0.917(12), Bai-
ley’s originally proposed level of theory stands out, as it requires
the least correction of Q out of all the methods without relativistic
corrections. Here, calculations were performed at the B1LYP/6-
311G(df,p) level of theory, for which an f-polarisation function
with a coefficient of 0.4 was added to the 6-311G(d,p) basis
set for iodine. Of all the methods employing relativistic correc-
tions, B3LYP-D3(BJ,abc)-DKH2 performs best and gives the clos-
est value to one at Q/Qeff = 1.0035(93).

3.4 Extended Townes-Dailey Model

This subsection presents the results following the implementa-
tion of the extended Townes-Dailey model, starting with the ionic
characters ITD. Following the definition of ITD in Eq. 5, a de-
creased ionic character indicates more positive polarisation of the
iodine atom. Given the geometries of the studied systems, the
strength of the σ -hole and therefore the increased halogen bond
donor ability should be directly proportional to a decreased occu-
pation valence pz-orbital occupation nz.

Fig. 6 shows the ITD of all structures, sorted from smallest to
largest. The exact values can be found in Tab. S11 of the ESI†.
Three distinct sections can be identified, separated by two signifi-
cant jumps in ITD. From left to right, the first group consists of the
molecules with two fluorine atoms in the ortho position, followed
by the largest group with one ortho fluorine atom, and at last the
group without fluorine atoms in the ortho position, which has the
most positive ITD. A general trend can be observed among all
groups. Not only is the number of fluorine atoms important, but
more so is their position. In all cases, the ortho fluorines have by
far the largest contribution on the total electron-withdrawing ef-
fect, the iodine atom experiences. The effect of the meta and para
fluorines is significantly weaker, with meta having the stronger ef-
fect. Therefore, proximity to the iodine atom is more important
than the mesomeric effects, in which the para fluorine’s effect
would be stronger. Two important edge cases can be identified,
involving two pairs of molecules with the exact same number of
ortho-, meta- and para-positioned fluorine atoms. The first such
pair is formed by 23 and 25, and the second one by 234 and

245. In both cases, the variant with the fluorine atoms distributed
more evenly/symmetrically around the aromatic system, namely
25 and 245, has a more negative ITD. In these cases, the interac-
tion between the fluorine atoms is minimised, as their distance is
maximised, which may strengthen their effect on the iodine atom.
In the case of 23, the fluorine atoms have an ortho interaction,
whereas in 25, this interaction is switched to a para interaction.
The same can be observed for 234 and 245.

Further insights into the valence orbital interaction of the io-
dine atom with its bonding partner can be obtained by examining
the occupations nx, ny and nz of the p-orbitals along their respec-
tive axes. For a definition of the axis system, see Fig. 2. The
model’s implementation calculates the uncertainties by maximis-
ing the difference between the total occupation, ntot, and the best
result with respect to the lowest objective value to any other so-
lution of the model. However, given the correlation between nx,
ny and nz, this approach is not sensible as the uncertainties would
exceed the results obtained, since the model is still underdeter-
mined and has an infinite number of sets of solutions. Therefore,
the uncertainties of the p-orbital occupations will be neglected
in this systematic implementation. Fig. 7 shows the results as a
bar plot, and the exact values are again summarised in Tab. S11
of the ESI†. The molecules are sorted in order of increasing ITD,
as shown in Fig. 6. Here, nx represents the occupation of the
valence p-orbital perpendicular to the aromatic ring, for which
small changes of up to 0.042 electrons can be observed for dif-
ferent substitutions. Overall, the occupation of the px-orbital in-
creases from left to right. As shown in Fig. S1 of the ESI†, a lin-
ear correlation is obtained between nx and ITD with an R2 value
of 0.939. This strongly suggests that the iodine atom interacts
with the π-system of the aromatic ring and donates electron den-
sity via the interaction with its perpendicular p-orbital. Larger
changes in occupation of up to 0.158 electrons are obtained for
the pz-orbital, which is oriented in the direction of the C−I bond.
Here, a better linear correlation between nz and ITD is obtained,
with an R2 of 0.995. The iodine atom donates more and more
electron density to the aromatic substituent via this σ -bond, as
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Fig. 6 The results for the ionic characters ITD of the fluoroiodobenzenes
and iodobenzene, obtained from the implementation of the extended
Townes-Dailey model. The nomenclature for the molecules on the ab-
scissa follows the nomenclature presented in Fig. 1. Error bars are always
plotted but are not visible in all cases due to their small relative magni-
tude. Exact values are summarised in Tab. S11 of the ESI†.
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Fig. 7 The results of the valence p-orbital occupations nx, ny and nz of the
fluoroiodobenzenes and iodobenzene, obtained from the implementation
of the extended Townes-Dailey model, which is described in 2.4.2. The
nomenclature for the molecules on the abscissa follows the nomenclature
presented in 1. Uncertainties are neglected. Exact values are summarised
in Tab. S11 of the ESI†.

the withdrawing effects increase. No change is observed for the
py-orbital, which lies in the plane defined by the ring. In all cases,
this orbital is filled with two electrons. In summary, the iodine
atom interacts with the π-system via its perpendicular px-orbital,
whereby electron density is donated to the aromatic substituent.
This interaction decreases from left to right. However, a larger
change in interaction with the aromatic substituent occurs via its
σ -bond to the carbon atom, where the iodine atom’s acceptor in-
teraction increases from left to right. Both of these changes lead
to an increase in ionic character.

The implementation described above relies on two penalty
terms, resulting in nx and ny having values close to two. Adding
the same penalty term to nz results in exactly the same ITD and
occupations, with only minor deviations in the uncertainties of
ITD. Therefore, the described approach does not influence the
result by biasing certain orbitals. Enough information on the or-
bital occupations is contained within the measured NQCC tensor.
However, the total removal of penalty terms does not produce
a chemically reasonable result, as the optimisation aims to min-
imise the objective value o, resulting in nz = 0 for the majority of
the molecules. Since both, the implementation with penalty terms
for all, and the implementation with penalty terms only for two
orbitals results in ny = 2 for all structures, this observation can be
used to explicitly determine the unique solution to the extended
Townes-Dailey model. Setting ny = 2 leaves only two parameters,
resulting in the system no longer being underdetermined. The ex-
plicit expressions for nx, ny and nz are given in Eq. 7. Uncertainties
are calculated via Gaussian error propagation. The exact results
are summarised in Tab. S12 of the ESI†, showing identical results
for ITD, compared to the minimisation implementation. In some
instances, the calculated occupations differ slightly between the
two implementations, especially for nx. A maximum deviation of
0.12 between the two is obtained in nx for 236. These fluctuations
may be due to rounding errors, since the original ny values are
not exactly 2. Overall, the minimisation approach combined with
penalty functions is effective and can exactly reproduce the ITD

obtained from solving the model explicitly with added restraints.

Therefore, it is expected that the results for other systems, for
which no such restraints are warranted, will be accurate within
the limitations of the extended Townes–Dailey model. This high-
lights that our implementation is more broadly applicable.

nz =
2
3

(
χxx −χyy

χ0

)

nx =−2
3

(
χxx +2χyy

χ0

) (7)

In order to compare the obtained results from the extended
Townes-Dailey model, an intrinsic basis bonding analysis (IBBA)
analysis was conducted. As outlined in the computational de-
tails, the MINAO-PP basis set was selected as the default intrinsic
minimal basis (IMB) for the iodine atom. The molecular Lewis
structure emerges from this IMB. According to the MOLPRO man-
ual, this basis set was constructed by stripping all the polarisation
functions from the cc-pVTZ-PP basis set. Based on the electron
configuration of the isolated iodine atom, the 5s-, 5p- and 4d-
orbitals are expected to be the highest energy representatives of
their respective orbital types. However, manual inspection of the
IBBA outputs revealed that virtual space was applied up to the
7s-, 7p- and 6d-orbitals, with the 7s- and 7p- orbitals still show-
ing meaningful occupations. Most likely the cc-pVTZ-DK basis
set without f-orbital contributions is used for iodine instead of
cc-pVTZ-PP. To obtain the valence orbital occupations within the
framework of an isolated iodine atom, the number of electrons of
a specific orbital type was summed up and then assigned to the
orbitals in accordance with the Aufbau principle.

The resulting partial charge of the iodine atom can be con-
verted to resemble the theoretical ionic character Itheo, to enable
a comparison with the results from the extended Townes-Dailey
model. This comparison is shown in Fig. 8, both with and with-
out the treatment of relativistic effects employing DKH2. The re-
sults are organised into three different groups, depending on the
amount of ortho-positioned fluorine atoms. In all cases, Itheo is
positive, indicating a negative partial charge on the iodine, caused
by an electron-donating effect of the aromatic substitute, regard-
less of the substitution pattern. Explicit treatment of relativistic
effects leads to a maximum reduction in ionic character of 0.93 %
and therefore a stronger electron-withdrawing effect. This con-
sistently positive ionic character differs fundamentally from ITD,
where positive and negative results are observed. Apart from this
difference in absolute references, linear trends are evident within
each of the three groups for both levels of theory, as indicated by
the dashed lines. Larger slopes are obtained with DKH2 for each
group of ortho-positioned fluorine atoms. The group with two
fluorine atoms in the ortho position has the largest slope, while
the group without fluorine atoms in the ortho position has the
smallest slope.

In the case of iodine, the extended Townes-Dailey model’s ionic
character is obtained by deriving the interactions of the valence
5p-orbitals from the measured NQCCs. Therefore, all chemi-
cal information encoded in the tensor is projected onto the va-
lence p-orbitals only. To analyse the feasibility of this restric-
tion, valence occupations of iodine’s 5p-orbitals, nx,theo, ny,theo
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Fig. 8 The ionic characters Itheo of the measured fluoroiodobenzenes and
iodobenzene, obtained from an intrinsic basis bonding analysis (IBBA)
at the B3LYP-D3(BJ,abc)/cc-pVTZ-DK level of theory with (purple)
and without (blue) the treatment of relativistic effects using DKH2, as
described in Sec. 2.3, plotted against the ionic characters ITD on the ab-
scissa. These were obtained from the implementation of the extended
Townes-Dailey model, as described in Sec. 2.4.2. The structures were op-
timised at the B3LYP-D3(BJ,abc)/ma-def2-TZVP level of theory. Fol-
lowing the nomenclature in Fig. 1, the data for the molecules 0, 2, 3,
4, 23, 24, 25, 26, 34, 35, 234, 235, 236, 245, 246, 345, 2345, 2346,
2356 and 23456 is shown. Full circles represent the presence of two
ortho-positioned fluorine atoms, half-filled circles represent one ortho-
positioned fluorine atom, and empty circles represent the absence of flu-
orine atoms. Dashed lines indicate linear trends within these groups of
molecules and are discussed in the text. Exact values are summarised in
Tab. S13 of the ESI†. Uncertainties of ITD are not shown.

and nz,theo, were extracted from the IBBA analysis and compared
with their experimental counterparts, nx, ny and nz, following the
extended Townes-Dailey model. This is illustrated in Fig. 9 for
each combination. The use of DKH2 results in smaller occupa-
tions among all 5p-orbitals. This agrees with the findings of less
positive ionic characters. However, the differences in withdrawn
5p-orbital electrons are consistent with and without relativistic
corrections, while the differences in ionic characters change and
become especially small with a minimum difference of 0.074 %
for 0 in the group without ortho-positioned fluorine atoms. One
possible explanation for these results is that relativistic effects
lead to the contraction of s-orbitals, hindering their interaction
with the aromatic substituent in terms of electron donation to
the iodine atom. Consequently, in the case of DKH2, the total
electron-donating effect of the aromatic substituent is mediated
via the p-orbitals, which may limit the amount of electron den-
sity that can be donated due to a bottlenecking effect. Without
the relativistic treatment, the non-contracted s-orbitals are also
available, in addition to the p-orbitals. This leads to more simi-
lar ionic characters, as the s-orbital interaction balances out the
smaller p-orbital interaction. To further investigate this explana-
tion, Fig. 10 shows the deviation in electron occupation of all s,
p- and d-orbitals compared to the isolated iodine atom with 10
s-electrons, 23 p-electrons and 20 d-electrons. This resembles the
strength of interaction for the different orbital types. Differences
in deviations between both, the treatment of relativistic effects
and no treatment, are calculated. In both cases, the s-orbitals
withdraw electron density from the aromatic substituent. In con-
trast, the p- and d-orbitals donate electron density, leading to a
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Fig. 9 The 5p-orbital occupations of iodine, nx,theo, ny,theo and nz,theo,
of the measured fluoroiodobenzenes and iodobenzene, obtained from an
intrinsic basis bonding analysis (IBBA) at the B3LYP-D3(BJ,abc)/cc-
pVTZ-DK level of theory with (purple) and without (blue) the treatment
of relativistic effects using DKH2, as described in Sec. 2.3, plotted against
the respective valence p-orbital occupation nx, ny and nz on the abscissa,
obtained from the implementation of the extended Townes-Dailey model,
as described in Sec. 2.4.2. Structures have been optimised at the B3LYP-
D3(BJ,abc)/ma-def2-TZVP level of theory. Following the nomenclature
from Fig. 1, the data for the molecules 0, 2, 3, 4, 23, 24, 25, 26, 34,
35, 234, 235, 236, 245, 246, 345, 2345, 2346, 2356 and 23456 is shown.
Full circles represent the presence of two ortho-positioned fluorine atoms,
half-filled circles represent one ortho-positioned fluorine atom, and empty
circles represent the absence of ortho-positioned fluorine atoms. Dashed
lines indicate linear trends and are discussed in the text. Exact values
are summarised in Tab. S11 and Tab. S14 of the ESI†.

push-pull scenario. When DKH2 is employed, over 0.12 less elec-
trons are withdrawn via the s-orbitals and interaction via the p-
orbitals is also reduced by over 0.11 electrons. The decrease in
electron density donated via the p-orbitals balances out the de-
crease in electrons withdrawn via the s-orbitals. This results in
a similar total ionic character for DKH2 and no treatment. For
the d-orbitals, only a slight decrease in donated electron density
of approximately 0.01 is observed. Within this theoretical frame-
work, the treatment of the relativistic effect for iodine is crucial,
as the results on the orbital occupation deviations differ signifi-
cantly with and without such treatment. It should be noted, that
the chosen basis set was specifically contracted for DKH2, which
may affect the results when no such relativistic treatment is em-
ployed.

Apart from these deviations in the absolute 5p-orbital occupa-
tions with and without DKH2, trends in the comparison to the ex-
tended Townes-Dailey model are identical in both cases. For nx,
which is the p-orbital perpendicular to the aromatic ring, a linear
correlation can be observed, with the previously defined groups
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Fig. 10 The differences in deviations ∆(∆ntheo) of the iodine atom’s or-
bital occupations, ∆ntheo, to the isolated iodine atom (10 electrons in s
orbitals, 23 electrons in p orbitals, 20 electrons in d orbitals), for the fluo-
roiodobenzenes and iodobenzene from an intrinsic basis bonding analysis
(IBBA), performed at the B3LYP-D3(BJ,abc)/cc-pVTZ-DK level of the-
ory with versus without the treatment of relativistic effects using DKH2.
Results without relativistic treatments were subtracted from those with
DKH2 enabled. In all cases, absolute deviations were larger for the treat-
ment of relativistic effects. A positive sign indicates a gain in electron
density. Structures have been optimised at the B3LYP-D3(BJ,abc)/ma-
def2-TZVP level of theory. Following the nomenclature from Fig. 1, the
data for all different substitution patterns is shown. Orbital types are
indicated by the colours shown in the legend. The molecules are sorted
in ascending order of p deviation (identical in both cases). Exact values
are summarised in Tab. S15 of the ESI†.

of molecules being separated. For the p-orbital in the y-direction,
lying in the ring’s plane, ny has a constant value of two, indicating
no interaction for this specific orbital. However, the IBBA analysis
disagrees with these findings, as similar interactions to nx,theo are
observed for those of ny,theo. The majority of the electron density
is transferred via the 5p-orbital along the C−I bond for both, the
calculation and the model. Once again, groups are separated by
the number of ortho fluorine atoms, with a general linear correla-
tion being observable.

The disagreement between the extended Townes–Dailey model
and the IBBA analysis regarding the occupation of the valence
5p-orbitals ny and ny,theo indicates that the interactions of the io-
dine atom are not adequately described by the valence p-orbitals
alone. However, for the total ionic character, these deviations
balance out, leading to a correlation between the calculation and
the model. As shown in Fig. 10, the s- and d-orbitals of the io-
dine atom contribute substantially in the chemical bonding by
exchanging electron density with the aromatic substituents. The
total effect is mapped onto the valence p-orbitals, so the extended
Townes-Dailey model can only describe these interactions implic-
itly. Therefore, even though the total interaction expressed via the
ionic characters is restored, the limitation to just the valence p-
orbitals may no longer be viable for heavy atoms such as iodine.
It can also not be ruled out that other bonding analysis models
may be in agreement with the extended Townes-Dailey model.

In order to investigate the claimed correlation between re-
duced valence pz-orbital occupation and enhanced halogen bond
donor ability, resulting in a stronger halogen bond, the planar
complexes with the acceptor pyridine were calculated for all 19
fluoroiodobenzenes and iodobenzene. These calculations were
performed at the B3LYP-D3(BJ,abc)/ma-def2-TZVP level of the-
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Fig. 11 Calculated zero-point-corrected dissociation energies D0 of the
planar halogen-bonded complexes of pyridine with the fluoroiodoben-
zenes, including iodobenzene, plotted against the valence pz-orbital occu-
pations nz following the implementation of the extended Townes-Dailey
model. Calculations were performed at the B3LYP-D3(BJ,abc)/ma-
def2-TZVP level of theory. Full circles represent two ortho-positioned
fluorine atoms, half-filled circles represent one ortho-positioned fluorine
atom, and empty circles represent an absence of ortho-positioned fluorine
atoms. Dashed lines indicate linear trends and are discussed in the text.
Exact values are summarised in Tab. S11 and Tab. S18 of the ESI†.

ory. Although no imaginary frequencies were observed for any
of these planar structures, depending on the substitution pattern,
the halogen-bonded complexes are not always the global mini-
mum structures. For a simple comparison, Fig. 11 plots experi-
mentally obtained occupations nz against theoretical zero-point-
corrected dissociation energies D0. While stabilising secondary ef-
fects, such as attractive fluorine–hydrogen interactions, cannot be
ruled out and are possibly preventing a global correlation, linear
trends are obtained within each group consisting of donors with
the same number of fluorine atoms in the ortho positions. In this
simple comparison, a decreased nz does lead to a stronger halogen
bond as indicated by the larger dissociation energy. Therefore, the
valence orbital occupations following our implementation of the
extended Townes-Dailey model may be used as a metric to gauge
a molecule’s halogen bond donor ability. The total ionic character,
on the other hand, also includes π interactions, which should not
affect the formation of the σ -hole. As seen above, these contri-
butions are ca. 3.6 times weaker than the σ interaction. For this
reason, a similar correlation can be observed between D0 and ITD,
albeit to a lesser extent. This is also shown in Fig. S2 of the ESI†.
Therefore, the ionic character may also be used in order to gauge
halogen bond donor ability, provided π interactions are negligi-
ble.

4 Summary and Conclusions
19 iodine-containing monomers were characterised both theoret-
ically and experimentally. The main goal was to systematically
study properties beneficial to halogen bond donors and how these
properties can be influenced. Fluoroiodobenzenes were chosen
for this study because they allow the investigation of both induc-
tive and mesomeric effects mediated by the number and position
of the fluorine atoms. The iodine atom was used as a probe in
order to gauge these effects.

To derive ionic characters and p-orbital occupations from
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experimentally measured nuclear quadrupole coupling con-
stant tensors, the extended Townes–Dailey model proposed by
Novick16 was systematically implemented, ensuring the reliabil-
ity of the results within the model’s limitations. It was revealed
that, in terms of the decrease in ionic character, the position of
the fluorine atoms was more important than their number for the
electron-withdrawing effect of the aromatic substituent on the io-
dine atom.

The experimental results were compared to theory in the form
of an intrinsic basis bonding analysis. This revealed good agree-
ment between the ionic characters, but a deviation in the p-orbital
occupations. Contrary to the extended Townes-Dailey model,
both p-orbitals perpendicular to the C−I bond interacted with
the aromatic ring in the same manner. However, the extended
Townes-Dailey model only predicted an interaction for the p-
orbital perpendicular to the aromatic ring. This indicated that the
extended Townes-Dailey model, limited to the 5p orbitals for io-
dine, may not be adequate for describing these interactions. Nev-
ertheless, the total trends in ionic characters between the two
approaches matched. The importance of relativistic corrections
was revealed, as the IBBA results differed when these corrections
were employed. One possible explanation for this was the bot-
tlenecking effect of the now contracted s-orbitals, which led to
less electron density being withdrawn from the substituent in the
relativistic framework.

Additionally, theory was benchmarked against the wide range
of experimental results obtained. Rotational constants were
benchmarked within the group of fluoroiodobenzenes and
iodobenzene via VPT2 calculations. This comparison highlighted
the use cases of scaling within such a group of similar geome-
tries. A training set was defined that included a representative
of each degree of fluorine substitution. When comparing exper-
iment and theory for all measured fluoroiodobenzenes, scaled
B3LYP-D3(BJ,abc)/ma-def2-TZVP calculations outperformed all
zero-point corrected ab initio approaches, including the best-
performing DSD-PBEP86-D3(BJ)/def2-TZVP. It is not possible to
give a definitive answer as to how strongly this result was in-
fluenced by the self-referencing problem of our test set, which
only applies to the scaled approach. However, in the compari-
son of experimental rotational constants with equilibrium results
calculated at an equivalent level of theory, the scaled approach
was shown to be surpassed by B2PLYP-D3(BJ), an approach that
demonstrated better agreement with experiment when zero-point
effects were excluded. A similar result was observed for B3LYP-
D3(BJ), which exhibited an enhanced performance, albeit not
reaching the level of DSD-PBEP86-D3(BJ)/def2-TZVP with zero-
point correction. Hence, when comparing the equilibrium val-
ues to the experimental ones, B3LYP and B2PLYP can be consid-
ered right for the wrong reasons whereas DSD-PBEP86 is wrong
for the right reason. If the zero point corrected values are com-
pared DSD-PBEP86 is right for the right reasons while B3LYP and
B2PLYP are wrong for the wrong reasons.

In summary, the available data on iodine-containing systems
studied via rotational spectroscopy was substantially increased.
At the time of writing, a total of 95 molecules and conformers are
reported in Ref.76. In this work, 19 new molecules were char-

acterised, reflecting an increase of approximately 20%. Theory
was rigorously benchmarked against experiment, highlighting use
cases for parametrisations with experimental results. The halogen
bond donor properties of fluoroiodobenzenes were systematically
investigated and probed via NQCC, employing an implementation
of the extended Townes-Dailey model.

Future work could involve studying groups of fluorinated
bromo- and chlorobenzenes, as well as the complexes formed by
these donors, in a similar manner to that presented here. This
would allow us to evaluate experimental results using the ex-
tended Townes–Dailey model in order to gauge donor/acceptor
interactions, as well as investigate the importance of relativistic
effects for lighter homologues through rigorous benchmarking.
As the present test focused on rather rigid systems, the effect of
projection errors cannot be conclusively determined. The system-
atic study of fluoroiodobenzenes and iodobenzene presented here
paves the way for a similar investigation and benchmarking of a
series of halogen-bonded complexes to that of Dohmen et al.27,
incorporating relativistic and non-relativistic corrections.
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