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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 its ability to act as a
halogen bond donor, using the iodine atom as a probe. In this way it can be determined how halogen bond
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donor abilities are influenced by mesomeric and inductive effects. The results were compared to those
obtained from an intrinsic basis bonding analysis (IBBA). Additionally, we used a large quantity of experimental
DOI: 10.1039/d6cp00032k 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,

rsc.li/pccp vibrational perturbation theory of second order (VPT2) was also applied.
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1 Introduction

Halogen atoms are commonly known to act as electron donor
sites in inorganic salts or haloorganic molecules due to their
electronegativity, which leads to an excess of electron density in
comparison to the isolated atom. However, a halogen atom that
is covalently 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 c-hole. This formation is facilitated by electron-
withdrawing substituents. The area of electron depletion can
interact with electron-rich binding sites, in a way that differs
fundamentally from the non-covalent interactions commonly
seen with halogen atoms acting as acceptors in hydrogen
bonding. In a halogen bond, the halogen atom that is
covalently bonded acts as an electrophile, forming an attractive,
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.">
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The first halogen-bonded complex, I,- - -NH;, was reported over
two centuries ago,>* followed by dimers in which the lighter
dihalogens 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." There are also cases where
halide anions act as acceptors, forming halogen bonds with other
halogen atoms. This has been observed, for example, in combi-
nation with iodopyridines.® Systems that have been studied using
rotational ~ spectroscopy include H,O---ICL® H;N---ICl,’
H,O- - -ICF;,® and H;N- - -ICF;.°

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.'® In soft
materials, they are found in polymers'" and liquid crystals.'* Since
halogen atoms are present in many drug molecules, halogen
bonding has many applications in the pharmaceutical field, e.g.
in drug-target binding."® Furthermore, halogen bonding is used
in organic catalysis, where the directionality of the halogen bond,
due to the position of the c-hole, is exploited to design highly
nucleophile selective ligands."*

As a group of structurally similar halogen bond donors for
this study, the fluoroiodobenzenes, with all their substitution
patterns resulting from the exchange of hydrogen atoms for
fluorine atoms while retaining one iodine atom, were selected.
As the title suggests, the motivation for this work was to
systematically study the mesomeric and inductive substituent
effects in relation to halogen bond donor ability. Microwave
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spectroscopy was selected as the experimental technique due to
its ability to determine the molecular structure and resolve the
hyperfine splitting caused by the quadrupolar iodine nucleus.
The nuclear electric quadrupole coupling contains information
of a nucleus’s electronic environment, specifically the electric
field gradient experienced by the nucleus. The resulting split-
ting allows for the application of the extended Townes-Dailey
model>'® in order to gain more detailed information 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 aromatic
substituent is influenced by certain substitution patterns. From
the ionic characters and occupations we can then derive their
potential as a halogen bond donors. A related analysis was
conducted by Lv. et al.,'” in which the p,-orbital anisotropy, e.g.
the difference in valence p,-orbital occupation compared to the
average valence p-orbital occupation, was employed to measure
the effects of full fluorination on the c-hole strength in chloro-
and bromobenzene. To aid the analysis and provide additional
details that are not accessible through experiments, an intrinsic
basis bonding analysis (IBBA) was carried out.

In addition, rigorous benchmarking against theory is per-
formed using a large quantity of monomer data from 19 iodine-
containing molecules that have not yet been studied by rotational
spectroscopy. This benchmarking involves investigating the
agreement between the optimised structures obtained experimen-
tally and theoretically. Second-order vibrational perturbation the-
ory (VPT2) was incorporated into the benchmark to determine the
impact of zero-point effects on rotational constants. The selected
group of molecules enables a systematic investigation of zero-
point effects, given the increased rigidity of the systems with an
increased degree of substitution. Furthermore, the electric field
gradient calculations required for predicting the nuclear quadru-
pole coupling of the iodine nucleus are investigated by comparing
the results with and without relativistic effect treatment against
the experimentally determined nuclear quadrupole coupling con-
stants. 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 nomen-
clature was defined to abbreviate the IUPAC names of all the
fluoroiodobenzenes. Fig. 1 shows the Lewis structure of all
fluoroiodobenzenes, which differ in the number of fluorine
atoms and their position on the aromatic ring. This includes
the non-substituted iodobenzene. 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. For example, 2,3,5,6-tetrafuoroiodobenzene
would be abbreviated with 2356. Iodobenzene (0) represents
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Fig.1 Lewis structures for all the different fluoroiodobenzenes and
iodobenzene, using a shorthand notation. 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, where 0 indicates the absence of fluorine atoms. A training
set (red) was created in order to scale the equilibrium rotational constants
and to derive a semi-empirical scaling approach for the calculation of the
nuclear quadrupole coupling constants, as described in Section 2.3.

the only molecule that has already been studied by rotational
spectroscopy.'® >

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.>* and the
successful synthesis verified using literature "H and '’F NMR
values®?* as well as HR-MS-EI spectrometry. Detailed informa-
tion on the manufacturers, the substances’ purity, the experi-
mental and synthetic details can be found in Section S1 of the SI.

All experimental data were obtained from a pulsed-jet Balle-
Flygare® type cavity resonator Fourier transform spectrometer,
QCUMBER (Q-factor cavity utilising molecular beam electric
resonator). The original setup from 1994® was updated on
multiple 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 resulting free induction decays
(FIDs) were recorded for 51.2 ps at a maximum of 20000
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averages. Experimental details are summarised in Section 1.5 of
the SI.

Grabow’s FTMW++ software®® was used for data extraction.
For all microwave spectra measured in this work, Pickett’s*™*
SPFIT/SPCAT (32-bit version) programs were used paired with
Kisiel’s graphical interface AABS**?? to fit the Hamiltonian
alongside the auxiliary programs found on Kisiel’s Prospe®*
website. Specifically, PMIFST (version 25a.VIL.2017) was used
for structure calculations like isotope scaling/visualisation,
QDIAG (version 12.11.2023) was used for the diagonalisation
of the inertial quadrupole tensor with errors and PIFORM
(version 31.XI1.2016) was used for reformatting the fit output
file. The Watson §***” reduction of the Hamiltonian in the I"
representation was used throughout this work.

2.3 Theoretical methods

For a detailed analysis, numerous quantum chemical calculations
on the monomers were performed. Density functional theory
(DFT) based calculations were employed using the ORCA 6.0.1%%7%°
program package. MOLPRO 2024.1,"*™* and Gaussian 16 (Rev.
C.01)* were used for wavefunction (WF) theory and DFT based
methods. The specific use cases and the respective levels of theory
for the different program packages are discussed below. A summary
alongside exemplary input files can be found in Section S5 of the SI.
Where applicable, the frozen core approximation 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 order (VPT2)***° to account for zero-point effects in the
calculation of the rotational constants and to enable bench-
marking against different levels of theory. Note that the geo-
metry optimisation and the VPT2 calculation were performed
separately. The choice of functionals was inspired by ref. 47.
The def2-TZVP*® basis set was used to limit computational cost.
To compare with the ubiquitously used B3LYP functional,**>> a
second hybrid functional, PBE0,>*** was used. To represent the
range-separated hybrid functionals,”® where the added
exchange is no longer constant, CAM-B3LYP*® and LC-oPBE®’
were chosen. The empirically fitted meta-hybrid M06-2x>® func-
tional, as well as two different double-hybrid functionals,
B2PLYP*>*° and DSD-PBEP86,°"%* were also added to the
benchmark. Double-hybrid functionals use parts of the correla-
tion energy, obtained from second-order Moller-Plesset pertur-
bation theory (MP2).***® DSD-PBEP86 uses spin-component
scaled MP2 as an improvement upon B2PLYP.®> All DFT
methods were dispersion corrected using Grimme’s D3(BJ)
scheme.”®”! Structures 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
Gaussian calculations, the minimally augmented version of the
def2-TZVP basis set (i.e. ma-def2-TZVP) of Truhlar and co-
workers”> was employed as well as three body terms”>”* being
added to the dispersion correction (D3(BJ,abc)).
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Due to the similarity of the fluoroiodobenzenes structures,
the training set highlighted in red in Fig. 1 was used to obtain
the scaling parameters p,, pp, and pc connecting the calculated
equilibrium rotational constants Ageo,e) Btheo,e aNd Cineo,e tO the
experimentally determined rotational constants. This was done
to provide a point of reference for the performance of the VPT2
calculations. The training set included one commercially avail-
able representative molecule for each degree of substitution
with the largest dipole moment. For this, the results of the
geometry optimisation at the B3LYP-D3(B],abc)/ma-def2-TZVP
level of theory were employed. To obtain the scaling para-
meters, the ratios of the experimental and theoretical values
were calculated, Aexp/Atheoer Bexp/Btheoe aNA Cexp/Cineoe- The
averages of these ratios for the six molecules then yield the
scaling parameters p,, pg, and pc.

Experimental nuclear electric quadrupole coupling constant
(NQCC) tensors were benchmarked against a variety of different
levels of theory for a large set of experimental results. To achieve
this, EFG calculations were performed in ORCA using the numer-
ous different DFT functionals listed below. An attempt was made
to parametrise an effective nuclear quadrupole moment, Qegr, in
order to replace the literature value Q = —688.22 mb.”” This
procedure extends the work of Bailey,”® 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, an
f-polarisation function with a coefficient of 0.4 was added, by
Bailey, to the 6-311G(d,p)”” 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
inertial principal axis system. As an inexpensive entry level-
method for benchmarking, the GGA functional PBE”® was paired
with the def2-SVP*®7° basis set. For all other functionals, the x2c-
TZVPPall®® basis set was used. The B3LYP, B2PLYP, BP86,**81:82
B97,% and B97M-V®* functionals completed the set. To take
relativistic effects into account, the second order Douglas-Kroll-
Hess transformation (DKH2)*"*” was employed, in combination
with the finite-nucleus model®® and picture change effects.®
For comparison, the exact two-component theory (X2C)
implementation®*°" was used as well, combined with the afore-
mentioned 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.®® recently adopted Bailey’s
scaling approach, where relativistic effects were not explicitly
treated, revealing that B3LYP can be parametrised well as
described above.

An intrinsic basis bonding analysis (IBBA)** was performed
in MOLPRO for all monomers, employing the structures opti-
mised 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 polarised by the molecular environment. From this,
the occupations 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) was paired with the cc-pVTZ-DK*>*® basis
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set along with the so-called intrinsic minimal basis (IMB)
MINAO/MINAO-PP, from which the molecular Lewis structure
emerges.” Relativistic effects 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 use with DKH2,
enabling 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 Dailey'® 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.®” In 2011, Novick'® proposed an extension to the
Townes-Dailey model, expanding it to the three dimensional
space for polyatomic molecules while also taking hybridisation
into account. In general, given its assumptions and restraints
discussed below, the model aims to strike a balance between
achieving a pure chemically intuitive understanding, and deter-
mining 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 following 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 approxi-
mation 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 spherically symmetric and therefore have
no EFG. According to Novick, 3d-orbitals contribute 47 times
less than the 2p-orbitals. The relationship between the NQCCs
and the p-orbital populations #,, n, and n, is shown in eqn (1)-
(3). For the systems studied here, the NQCC resulting from the
one unpaired 5p electron in an isolated iodine atom is denoted
by 70 (€Qgsio). In the case of '*’I, this value is equal to
+2292.712 MHz.”® J,y, 7y, and y., are the NQCCs, defined in
the nuclear principal axis system, with || < [7y] < |tzl-

1 1
Yxx = Xo| Ix — Eny - En: (1)
1 1
ny = Xo _znx + ny — En: (2)
A
Azz = X0 Enx - Eny + n; (3)

Experimentally, the NQCCs in the inertial principal axis system
are obtained. Depending on the molecular geometry, a rotation
to the nuclear axis system, and therefore knowledge of the
whole tensor, including the off-diagonal components is
required.”® This kind of rotation is qualitatively illustrated in
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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 ¢ 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.

Fig. 2 for 2-fluoroiodobenzene. In this case, the b-axis in the
inertial principal axis system now becomes the y-axis in the
nuclear case, while the g-axis becomes the z-axis. The previously
defined n,, n, and n, correspond to the p-orbitals in the nuclear
framework. The Townes-Dailey model assumes the z-axis in
this example to be oriented exactly along the C-I bond, which is
not always true, where the NQCC has non-zero off-diagonal
components.

Since the NQCC tensor is traceless, all the matrices follow-
ing eqn (1)-(3) must also be traceless. This leaves only two
independent parameters, resulting in the equation being
underdetermined when solving for the three p-orbital popula-
tions, leading to an infinite number of sets of solutions. In the
original formulation of the model, n, and n, are set to 2, but in
the extended model, a restraint is added so that the popula-
tions 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’s'® extended
model Townes-Dailey model has been implemented in a systema-
tic way. First, the Townes-Dailey model shown in eqn (1)-(3) is
defined with added penalty functions to fulfil the first restraint
defined by Novick, whereby the non-bonding orbital populations
should stay as close to two as possible. To account for uncertain-
ties in the experimental results for the NQCCs, all possible
combinations are considered for each tensor component: without
uncertainty and with uncertainty added. This results in nine
combinations in total. To take into account different starting
guesses, a three-dimensional linear space has been created,
spanning four different starting guesses, 0, 2/3, 4/3 and 2, result-
ing in 64 total starting combinations. The Python package Scipy**
was used to solve eqn (1)—(3) with the added penalty functions.
Bounds were set for the p-orbital occupations to be between zero

This journal is © the Owner Societies 2026
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and two, thus fulfilling Novick’s second restraint for chemically
reasonable results. For each solution, the resulting objective value
is calculated resembling how close the results from n,, n, and n,
match the NQCCs and how well the restraints are fulfilled. The
objective value is defined in eqn (4). Additionally, the sum of the p-
orbital occupations n,. was calculated. As a preliminary uncer-
tainty, the absolute difference in n. between the lowest and
highest objective value was calculated.

1 1
Xo\ x — zn}" - Enz — Xaxx

1 1
%o (*Enx +ny — inz) — Lyy

0= 11 4)
X0 (*znx - En,v + n_,) — Xz
(ne — 2)2
2
(ny - 2) 2

After repeating the procedure for all possible combinations and
starting guesses, a total of 576 least-square problems per mole-
cule, the final best result was found to be the one with the lowest
objective value, o, of all the results. To calculate the final uncer-
tainty, the maximum difference in n,. 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 I, of the I-C bond was calculated
according to eqn (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]55°4d'°5p®). As all three valence p-
orbitals are considered, this definition of the ionic characters
encompasses both - and n-characters. A negative Itp, indicates a
gain in valence electrons, whereas a positive value corresponds to
an electron depletion. The uncertainties of It depend linearly on
1o and were calculated directly using its uncertainty.

Itp = (5 — figor) X 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 detail, but are summarised in the SI (see Section 1.3). For the
sake of completion, results for the non-fluorinated iodoben-
zene (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 I
representation, the data provided in the supplementary infor-
mation 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 p,, pp, and pc were obtained from the
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training set, highlighted in red in Fig. 1, as shown in Fig. 3.
As stated above, the training set was constructed by selecting,
from commercially available sources, one representative mole-
cule for each total number of substituted hydrogen atoms with
the largest dipole moment to ensure good measurability. This
was done to potentially improve the B3LYP-D3(B]J,abc)/ma-def2-
TZVP calculations for the remaining molecules, given the
structural similarities, and therefore reduce measurement
times and simplify assignments. An important example of 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 level follow a clear trend, with the
experimental results consistently surpassing the theoretical
ones. For A, however, theory overestimates the experimental
rotational constants. The ratios Aexp/Atheo,c Show larger fluctua-
tions, especially for 0, with a ratio under 0.991, and slowly
approach the dashed black line, indicating perfect agreement
between theory and experiment. It should be noted that the
rotational constants from theory (A¢neo,) 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 vibra-
tions of the four C-H bonds in ortho and meta positions 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) k] mol " for the C-H
bond and 513.8(10.0) k] mol " for the C-F bond.** This results
in zero-point vibrations affecting A less, and the equilibrium

B B B B
1.004 5 T
1.002
o)
$1.000 + & A
S
£0.998 A A
[
g 0.996 A Aexp/Atheo
8 B Bexp/Btheo
@i 0.994 CexplCineo
----- pa = 0.99766
0.992 ps = 1.00393
A pc = 1.00264
0.990 0 2 26 234 2356 23456

Fig. 3 Ratios of the experimental results for the rotational constants A, B,
and C and theoretical results. The theoretical results were obtained from
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, ps and pc were calculated as the average of the ratios
for a given rotational constant. Experimental uncertainties were not
considered. Results for O were taken from ref. 21.
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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 experi-
mental 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 theory,
numerous VPT2 calculations were performed, as described in
Section 2.3. The def2-TZVP basis set was used in all cases, along-
side D3(B]) for the DFT-based methods. The zero-point corrected
rotational constants A,, B, and C, obtained from the VPT2
calculations are compared to their experimental counterparts.
The rotational constants obtained from the scaled B3LYP-
D3(B]J,abc)/ma-def2-TZVP described in Section 3.1 were added to
the comparison and are indicated by the “scaled” addition to the
functional. Even though they are different quantities, the equili-
brium rotational constants A, B. and C, 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 performance metric. The RD values were calculated according
toeqn (6). Here, x; represents an observable, with the experimental
value being denoted as X..p,; for the molecular system i. Due to
their small magnitudes, experimental uncertainties were not
considered.

_ Xi — Xexp,i
RD(x) = —‘xcxp,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 cor-
rected rotational constants more closely match the experi-
mental results than the equilibrium counterparts do.
However, this is not the case for B3LYP and B2PLYP and the
RD(A.) of MP2, where better agreement is observed without the
VPT?2 correction. For B3LYP in particular, this was suggested in
Section 3.1, where the theoretical equilibrium results were
already underestimating the experimental rotational constants.
As discussed, applying zero-point effects pushes the theoretical
results towards smaller values, thereby increasing the deviation
from the experimental results. Despite the results for A. from
MP2, B2PLYP without zero-point corrections outperforms all
other functionals, even the scaled approach, and is the best-
performing method overall. For 4., B3LYP without zero-point
effects, on the other hand, offers comparable performance to
PBEO, B2PLYP, DSD-PBEP86, and MP2 without zero point
effects. This highlights that, even though equilibrium

Phys. Chem. Chem. Phys.

View Article Online

PCCP

rotational constants should not offer better agreement with
experimentally 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 functionals, which significantly limits computational
costs. However, despite 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 cor-
rected counterparts.

Although taking zero-point effects into account does not
necessarily 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 PBEO, DSD-
PBEP86 and MP2. This limited spread highlights the impor-
tance of anharmonic 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 corrected 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 PBEO and its range-separated counterpart, LC-oPBE.

The worst-performing functional for all three rotational
constants is LC-oPBE, for which the global maximum RD(A,)
of 2% is observed for the molecules 0 and 4. Similar perfor-
mance is observed for PBE0, CAM-B3LYP and M06-2X, all of
which overestimate the experimental values. Indicating an
underestimation 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 actual 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) distribution of the scaled method.
In this regard, it should be noted that the current benchmark-
ing procedure is subject to self-referencing, given that the
training set used for the scaled approach is also included in
the test set. Without removing the training set from the test set,
it is impossible to determine the method with the best absolute
performance. However, comparisons between the ab initio
approaches remain valid.

Nevertheless, this comparison highlights that for similar
molecular structures, scaling using previously obtained experi-
mental 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
assignments are also simplified. For reference, the DSD-
PBEPS86 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
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Fig. 4 Boxplots showing the three relative deviations RD(Ae), RD(Be), RD(C,), RD(Ao), RD(Bg), and RD(Co) 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 eqn (6). The zero-point
corrected rotational constants Ao, Bg and Cy (right) were obtained from VPT2 calculations employing the functionals on the abscissa and utilising the
def2-TZVP basis set. The equilibrium rotational structures Ae, B and C. (left) were calculated at the same levels of theory. Details of the functionals used
are given in Section 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 Section 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 the SI (see Section 3).

longer. Furthermore, this result indicates similarities in the
zero-point effects on the rotational constants among the fluoro-
iodobenzenes, as a scalar multiplication is sufficient in order to
compensate for the absence of zero-point effects in the geome-
try 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 SI (see Table S16).

It should be noted that this simple scaling approach does
not benefit from a good agreement between theory and experi-
ment prior to scaling, but rather from a small spread in
deviations. For this reason, PBE0-D3(BJ)/def2-TZVP is a better
scaling alternative than B3LYP-D3(BJ, abc)/ma-def2-TZVP, as it
exhibits less spread in A. while retaining computational
demand. This highlights the importance of benchmarking even
for semi-empirical scaling.

This journal is © the Owner Societies 2026

3.2.1 Planar moments. The experimentally determined pla-
nar moments P,,, Py, and P, are summarised in Table S8. Given
the molecular geometries, small values of P, are obtained, with a
maximum deviation from 0 amu A* of about —0.082 amu A* for 25.
The P,, and Py, values for species with C,, symmetry follow the
expected trends. For example, P,, increases by approximately
1.779 amu A*> when going from 35 to 26. This illustrates the
repulsion between the two ortho-positioned fluorine atoms and
the iodine atom in 26, as opposed to the attraction between the two
hydrogen atoms and the iodine atom in 35. In the latter case, Py is
reduced due to a possible 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, P,,
and P, would be sufficient for benchmarking theory against
experiment. However, this can only be exactly true for theore-
tical equilibrium structures, as it neglects the subtle deviations
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caused by zero-point effects that affect both experimental and
zero-point-corrected results. Plots showing the relative devia-
tions for both P,, . and Py, . to their theoretical equilibrium
counterparts can be found in the SI (see Fig. S3). No compar-
ison is drawn for P, ., since deviations from 0 amu A? may be
caused by numerical noise in the calculations. Additionally, the
same plot is shown for the relative deviations to the zero-point-
corrected values (see Fig. S4). Here, P, was also added. In
general, the performance of the functionals is retained when
the number of parameters under investigation is reduced.
However, the RDs (P, ) show that significant relative devia-
tions are obtained, exceeding —600% for 23456 when calcu-
lated with the MO06-2x functional. When comparing
experimental and zero-point-corrected values, the ab initio
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
contributions. This positive sign has also been observed for
the lighter homologue, chloro-4-fluorobenzene.***1

3.3 Benchmarking nuclear quadrupole coupling constants

In order to benchmark experiment against numerous levels of
theory, the new data on the fluoroiodobenzenes and the exist-
ing data on iodobenzene was used to expand Bailey’s original
training set. Computational details are provided in Section 2.3.
To analyse the influence 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 functionals, they were not ana-
lysed as relativistic effects are expected to be significantly more
impactful.’® Experimental results for Bailey’s training set,”®
consisting of HIL'®® CH;I,'°° CH,L,,'” CH;CH,I,'%® IN,,'*°
IF,"'° ICN,""" HO1,'""* CH;CHICH;,'"® CH,=CHI,""* g-CH;-O-
CH,I,'" 1,,"'® HCCL'” 010,"® CH,ICI (*°Cl species)'*® and
(CH;);SiI"*® were taken from the literature. Analogous to
eqn (6), the RDs are calculated for the individual diagonal
tensor components in the principal inertial axis system,
denoted with RD(,4), RD(55) and RD(y)-

In addition, Bailey’s original Q.g = —739.8(1.2) mb,”® result-
ing from the linear regression of the EFG calculations on the
experimental structures, was used for comparison. The original
version is labelled ‘“Bailey”.

As this training set is included in the test set, self-
referencing occurs. The rest of the test set comprises fluoroio-
dobenzenes and iodobenzene. Due to their structural simila-
rities, 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 performance of Bailey’s
approach, not the ab initio approaches. Therefore, a direct
comparison between them is not possible.
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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 potential, 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 corrections. To allow for a better compar-
ison, the left column of Fig. 5 only shows the parametrised
method, as well as those with enabled relativistic corrections.
However, even though relativistic corrections are also absent
for Bailey’s method, the results are better since 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(B]J,abc) with and without relativistic
corrections were recalculated using the decontracted basis set.
This was done to minimise the uncertainties introduced by the
basis set, which was specifically contracted for the use with
relativistic corrections. The results are shown in Fig. S5 of the
SIL Similar results are obtained for both relativistic corrections.
Without an applied correction, the results are improved by
decontracting the basis set, but still perform significantly worse
than the corrected ones. This highlights the importance of
relativistic corrections for iodine.

In many cases, a relatively large spread of the fliers can be
observed, particularly for B97-D3(B]J,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
determined 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 relativistic 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(B]J,abc)-DKH2.

To reveal possible projection errors, all NQCC tensors were
rotated to the nuclear axis system, i.e. the NQCC tensor was
diagonalised. Experimental rotation angles o,, between the
inertial principal axis @ and the nuclear principal axis z can
be found in the SI (see Table 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 SI. Generally, the agreement between
experiment and theory is better in this comparison as the
spread of flyers is significantly reduced. Interestingly, B97M
is the only functional that can consistently provide an adequate
description of all the different molecules in the test set,
including the open-shell OIO (2§ + 1 = 2). For the latter, all
other levels of theory show significant discrepancies between
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Fig. 5 Boxplots of the relative deviations RD, defined according to egn (6), of the three diagonal components of the nuclear quadrupole coupling tensor
in the inertial principal axis system, yaa, xpp @and ycc. 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 Section 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

Table S19 of the SI.

theory and experiment, especially for y,, for which an otherwise
minimal RD of —28.43% is observed.

In the final step, all the different methods were para-
metrised using the experimental data from all 36 molecules
(Bailey’s training set + iodobenzene and iodofluorobenzenes),
in order to find the method best suited to a new parametrisa-
tion specific to molecular structures optimised at the B3LYP-

This journal is © the Owner Societies 2026

D3(BJ,abc)/ma-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 visualised in the right column of Fig. 5. Con-
sistent with previous findings, poor performance is obtained
for OIO and CH,l, due to error propagation following the
geometry optimisation. Relativistic corrections again improve
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results for every functional. Decontracted results are not con-
sidered in this regression analysis. In contrast to the large RDs
without the parametrisation, PBE/def2-SVP now shows compe-
titive results. Although the deviations 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
moment Q.¢, as determined by the various linear regressions,
and the literature value for iodine’s quadrupole moment, Q =
—688.22 mb,”” provides additional insight into the parametri-
sations. The quotients Q/Qe¢ 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 SI. As expected from the poor initial PBE/def2-SVP results, 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 correc-
tions, albeit to a lesser extent. At Q/Q.s = 0.917(12), Bailey’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 BILYP/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
closest value to one at Q/Qcg = 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 character Itp. Following the definition of Iyp in Eq. 5, a
decreased ionic character indicates more positive polarisation
of the iodine atom. Given the geometries of the studied
systems, the strength of the c-hole and therefore the increased
halogen bond donor ability should be directly proportional to a
decreased valence p,-orbital occupation 7,.

Fig. 6 shows the Irp, of all structures, sorted from smallest to
largest. The exact values can be found in Table S11 of the SI.
Three distinct sections can be identified, separated by two
significant jumps in Iyp. 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 Irp. 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 effect the iodine atom experi-
ences. The effect of the meta and para fluorines is significantly
weaker, with meta having the stronger effect. Therefore, proxi-
mity 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
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Fig. 6 The results for the ionic character I+p of the fluoroiodobenzenes
and iodobenzene, obtained from the implementation of the extended
Townes—Dailey model. The nomenclature for the molecules on the
abscissa follows the nomenclature presented in Fig. 1. Error bars are
always plotted but are not visible in all cases due to their small relative
magnitude. Exact values are summarised in Table S11 of the SI.

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 Itp. In these cases, the interaction between
the fluorine atoms is minimised, as their distance is maxi-
mised, 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
iodine atom with its bonding partner can be obtained by
examining the occupations n,, n, and n, of the p-orbitals along
their respective axes. For a definition of the axis system, see
Fig. 2. The model’s implementation calculates the uncertainties
by maximising the difference between the total occupation, 7y,
and the best result with respect to the lowest objective value to
any other solution of the model. However, given the correlation
between n,, n, and n,, this approach is not sensible as the
uncertainties would exceed the results obtained, since the
model is still underdetermined and has an infinite number of
sets of solutions. Therefore, the uncertainties of the p-orbital
occupations will be neglected in this systematic implementa-
tion. Fig. 7 shows the results as a bar plot, and the exact values
are again summarised in Table S11 of the SI. The molecules are
sorted in order of increasing Irp, as shown in Fig. 6. Here, n,
represents the occupation of the valence p-orbital perpendi-
cular to the aromatic ring, for which small changes of up to
0.042 electrons can be observed for different substitutions.
Overall, the occupation of the p,-orbital increases from left to
right. As shown in Fig. S1 of the SI, a linear correlation is
obtained between n, and Irp with an R* value of 0.939. This
strongly suggests that the iodine atom interacts with the
n-system of the aromatic ring and donates electron density
via the interaction with its perpendicular p-orbital. Larger
changes in occupation of up to 0.158 electrons are obtained
for the p,-orbital, which is oriented in the direction of the C-I
bond. Here, a better linear correlation between n, and Irp is
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Fig. 7 The results of the valence p-orbital occupations n,, n, and n, of the
fluoroiodobenzenes and iodobenzene, obtained from the implementation
of the extended Townes—Dailey model, which is described in section 2.4.2.
The nomenclature for the molecules on the abscissa follows the nomen-
clature presented in Fig. 1. Uncertainties are neglected. Exact values are
summarised in Table S11 of the SI.

obtained, with an R* of 0.995. The iodine atom donates more
and more electron density to the aromatic substituent via this
c-bond, as the withdrawing effects increase. No change is
observed for the p,-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 r-system via its
perpendicular p,-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 o-bond to the carbon atom,
where the iodine atom’s acceptor interaction increases from
left to right. Both of these changes lead to an increase in the
ionic character.

The implementation described above relies on two penalty
terms, resulting in n, and n, having values close to two. Adding
the same penalty term to n, results in exactly the same Irp and
occupations, with only minor deviations in the uncertainties of
Itp. Therefore, the described approach does not influence the
result by biasing certain orbitals. Enough information on the
orbital 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 minimise the objective value o, resulting in n, = 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 n, = 2 for all structures,
this observation can be used to explicitly determine the unique
solution to the extended Townes-Dailey model. Setting n, = 2
leaves only two parameters, resulting in the system no longer
being underdetermined. The explicit expressions for n,, n, and
n, are given in eqn (7). Uncertainties are calculated via Gaussian
error propagation. The exact results are summarised in Table
S12 of the SI, showing identical results for I'tp, compared to the
minimisation implementation. In some instances, the calcu-
lated occupations differ slightly between the two implementa-
tions, especially for n,. A maximum deviation of 0.12 between
the two is obtained in n, for 236. These fluctuations may be due
to rounding errors, since the original n, values are not exactly 2.
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Overall, the minimisation approach combined with penalty
functions is effective and can exactly reproduce the Irp
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 highlights that our implementation is more

broadly applicable.
N — %(/Cxx - ny)
B Xo

ne 2 (Xxx + 2ny>
* 3 %o

(7)

In order to compare the obtained results from the extended
Townes-Dailey model, an intrinsic basis bonding analysis (IBBA)
was conducted. As outlined in the computational details, 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 manual, this
basis set was constructed by stripping all the polarisation func-
tions 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 showing
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 I,e,, to enable a
comparison with the results from the extended Townes-Dailey
model. This comparison is shown in Fig. 8, both with and without
the treatment of relativistic effects employing DKH2. The results
are organised into three different groups, depending on the
amount of ortho-positioned fluorine atoms. In all cases, Lpe, 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 the ionic character of
0.93% and therefore a stronger electron-withdrawing effect. This
consistently positive ionic character differs fundamentally from
Ip, 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
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Fig. 8 The ionic characters /o 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 Section 2.3, plotted against the ionic characters ltp on the abscissa.
These were obtained from the implementation of the extended Townes—
Dailey model, as described in Section 2.4.2. The structures were optimised
at the B3LYP-D3(BJ,abc)/ma-def2-TZVP level of theory. Following 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 are
shown. Full circles represent the presence of two ortho-positioned fluor-
ine atoms, half-filled circles represent one ortho-positioned fluorine atom,
and empty circles represent the absence of fluorine atoms. Dashed lines
indicate linear trends within these groups of molecules and are discussed
in the text. Exact values are summarised in Table S13 of the SI. Uncertain-
ties of I+p are not shown.

valence 5p-orbitals from the measured NQCCs. Therefore, all
chemical information encoded in the tensor is projected onto
the valence p-orbitals only. To analyse the feasibility of this
restriction, valence occupations of iodine’s 5p-orbitals, 71, theo,
My theo aNd N, theo, WeTe extracted from the IBBA analysis and
compared with their experimental counterparts, n,, n, and n,,
following the extended Townes-Dailey model. This is illu-
strated in Fig. 9 for each combination. The use of DKH2 results
in smaller occupations 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 sub-
stituent 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 density
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
similar ionic characters, as the s-orbital interaction balances
out the smaller p-orbital interaction. To further investigate this
explanation, 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
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Fig. 9 The 5p-orbital occupations of iodine, Ny 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 Section 2.3, plotted against
the respective valence p-orbital occupation n,, n, and n, on the abscissa,
obtained from the implementation of the extended Townes—Dailey model,
as described in Section 2.4.2. Structures have been optimised at the
B3LYP-D3(BJ,abc)/ma-def2-TZVP level of theory. Following the nomen-
clature 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 are 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 Tables S11 and S14 of the SI.

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 aro-
matic substituent. In contrast, the p- and d-orbitals donate
electron density, leading to a push-pull scenario. When DKH2
is employed, over 0.12 less electrons 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 decrease in electrons with-
drawn 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 framework, the treat-
ment of the relativistic effect for iodine is crucial, as the results
on the orbital occupation deviations differ significantly 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 employed.
Apart from these deviations in the absolute 5p-orbital occu-
pations with and without DKH2, trends in the comparison to
the extended Townes-Dailey model are identical in both cases.
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Fig. 10 The differences in deviations A(Aneo) Of the iodine atom's orbital
occupations, Angeo. to the isolated iodine atom (10 electrons in s orbitals,
23 electrons in p orbitals, 20 electrons in d orbitals), for the fluoroiodo-
benzenes and iodobenzene from an intrinsic basis bonding analysis (IBBA),
performed at the B3LYP-D3(BJ,abc)/cc-pVTZ-DK level of theory 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 treatment 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
Table S15 of the SI.

For n,, which is the p-orbital perpendicular to the aromatic ring, a
linear correlation can be observed, with the previously defined
groups of molecules being separated. For the p-orbital in the
y-direction, lying in the ring’s plane, 7, has a constant value of two,
indicating no interaction for this specific orbital. However, the
IBBA analysis disagrees with these findings, as similar interac-
tions to 1, neo are observed for those of ny, 0. 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 correlation being observable.

The disagreement between the extended Townes-Dailey
model and the IBBA regarding the occupation of the valence
5p-orbitals n, and ny e, indicates that the interactions of the
iodine 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 iodine 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 implicitly. 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
reduced valence p.-orbital occupation and enhanced halogen
bond donor ability, resulting in a stronger halogen bond, the
planar complexes with the acceptor pyridine were calculated for
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Fig. 11 Calculated zero-point-corrected dissociation energies Dq of the
planar halogen-bonded complexes of pyridine with the fluoroiodoben-
zenes, including iodobenzene, plotted against the valence p.-orbital
occupations n, 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 Table S11 and S18 of the SI.

all 19 fluoroiodobenzenes and iodobenzene. These calculations
were performed at the B3LYP-D3(BJ,abc)/ma-def2-TZVP level of
theory. 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 r, against theoretical zero-point-
corrected dissociation energies D,. While stabilising secondary
effects, 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 n, does lead to a stronger
halogen bond as indicated by the larger dissociation energy.
Therefore, the valence orbital occupations following our imple-
mentation of the extended Townes-Dailey model may be used asa
metric to gauge a molecule’s halogen bond donor ability. The total
ionic character, on the other hand, also includes n interactions,
which should not affect the formation of the o-hole. As seen above,
these contributions are ca. 3.6 times weaker than the o inter-
action. For this reason, a similar correlation can be observed
between D, and I'p, albeit to a lesser extent. This is shown in Fig.
S2 of the SI. Therefore, the ionic character may also be used in
order to gauge halogen bond donor ability, provided © interactions
are negligible.

4 Summary and conclusions

19 iodine-containing monomers were characterised both theo-
retically and experimentally. The main goal was to system-
atically study properties beneficial to halogen bond donors
and how these properties can be influenced. Fluoroiodoben-
zenes were chosen for this study because they allow the
investigation of both inductive and mesomeric effects mediated
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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
experimentally measured nuclear quadrupole coupling con-
stant tensors, the extended Townes-Dailey model proposed by
Novick'® was systematically implemented, ensuring the relia-
bility 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 iodine atom.

The experimental results were compared to theory in the
form of an intrinsic basis bonding analysis. This revealed good
agreement 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 iodine, may not be adequate for describing
these interactions. Nevertheless, the total trends in ionic char-
acters between the two approaches matched. The importance of
relativistic corrections was revealed, as the IBBA results differed
when these corrections were employed. One possible explana-
tion for this was the bottlenecking 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 high-
lighted the use cases of scaling within such a group of similar
geometries. A training set was defined that included a repre-
sentative of each degree of fluorine substitution. When com-
paring experiment 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-PBEPS86-
D3(BJ)/def2-TZVP. It is not possible to give a definitive answer
as to how strongly this result was influenced by the self-
referencing problem of our test set, which only applies to the
scaled approach. However, in the comparison 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 the experiment when zero-point effects
were excluded. A similar result was observed for B3LYP-D3(B]J),
which exhibited an enhanced performance, albeit not reaching
the level of DSD-PBEP86-D3(BJ)/def2-TZVP with zero-point cor-
rection. Hence, when comparing the equilibrium values to the
experimental ones, B3LYP and B2PLYP can be considered right
for the wrong reasons whereas DSD-PBEP86 is wrong for the
right reason. If the zero point corrected values are compared
DSD-PBEPS6 is right for the right reasons while B3LYP and
B2PLYP are wrong for the wrong reasons.
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In summary, the available data on iodine-containing sys-
tems studied via rotational spectroscopy has substantially
increased. At the time of writing, a total of 95 molecules and
conformers are reported in ref. 76. In this study, 19 new
molecules were characterised, reflecting an increase of approxi-
mately 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
extended Townes-Dailey model in order to gauge donor/accep-
tor interactions, as well as investigate the importance of rela-
tivistic 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 systematic study of fluoroiodobenzenes and
iodobenzene presented here paves the way for a similar inves-
tigation and benchmarking of a series of halogen-bonded
complexes to that of Dohmen et al.,>” incorporating relativistic
and non-relativistic corrections.
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