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Calculations of current densities for neutral and dou-
bly charged persubstituted benzenes using effective
core potentials’

Markus RAUHALAHTI* Stefan TAUBERT,** Dage SUNDHOLM,* and Vincent
LIEGEOIS®

Magnetically induced current density susceptibilities and ring-current strengths have been calcu-
lated for neutral and doubly charged persubstituted benzenes CqXq and CgXg2* with X=F, Cl, Br,
I, At, SeH, SeMe, TeH, TeMe, and SbH,. The current densities have been calculated using the
gauge-including magnetically induced current (GIMIC) method, which has been interfaced to the
Gaussian electronic structure code rendering current density calculations using effective core po-
tentials (ECP) feasible. Relativistic effects on the ring-current strengths have been assessed by
employing ECP calculations of the current densities. Comparison of the ring-current strengths ob-
tained in calculations on CgAtg and CgAts>* using relativistic and non-relativistic ECPs show that
scalar relativistic effects have only a small influence on the ring-current strengths. Comparisons
of the ring-current strengths and ring-current profiles show that the Cgls2*, CgAts2*, Cq(SeH)q2,
Cg(SeMe)g2*, Cg(TeH)g2*, Cq(TeMe)g2*, and Cy(SbH,)e2* dications are doubly aromatic sustain-
ing spatially separated ring currents in the carbon ring and in the exterior of the molecule. The
Cglg™ radical cation is also found to be doubly aromatic with a weaker ring current than obtained

for the dication.

1 Introduction

Oxidation of hexaiodobenzene (Cgls) with Cl, or H,O, yielded
a stable salt without any electron spin resonance (ESR) signal
suggesting that a C6162+ dication with a singlet ground state was
obtained in the synthesis, ! whereas similar experiments on CeClg
yielded a C6C162Jr dication in the triplet state as judged from ESR
measurements. -2 The closed-shell C¢I;2* dication was found to
exhibit ¢ delocalisation between the iodine atoms.! A milder ox-
idation of C¢lg using SbFs or AsFs yielded a salt containing the
Cgle* radical dication, which has as Cglg>* an undistorted hexag-
onal molecular structure. 34

Theoretical studies on the C6162Jr dication suggested that the
electron density is delocalised between the iodine atoms form-
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ing a o ring that sustains a ring current leading to a doubly aro-
matic character with one ring current in the carbon framework
and an outer ring current between the halogen atoms.>® Due
to steric repulsion, the o orbitals in Cgl are shifted up in en-
ergy becoming the highest occupied molecular orbital (HOMO),
the electrons of which disappear upon oxidation. Perhalogenated
benzenes with halogens lighter than iodine have a different elec-
tronic structure, because the size of the lighter halogens leads to
a smaller overlap of the ps orbitals of adjacent halogens. For the
lighter perhalogenated benzenes and benzene, the p, orbitals of
the carbons form the HOMO. Thus, doubly oxidation of the lighter
perhalogenated benzenes is expected to result in an open-shell
species with a triplet ground state. The aromatic character of iso-
electronic benzenes with six main-group substituents have been
studied computationally by Hatanaka et al. to assess whether the
corresponding doubly ionised benzenes sustain a ¢ ring current
along the outer edge of the dication.” Nucleus independent chem-
ical shift (NICS) calculations showed that some of the investi-
gated dications sustain a stronger ring current than benzene as
judge from the calculated NICS values.” Ciofina et al. investigated
computationally the ¢ delocalisation and degree of aromaticity of
Celg, CClg, and the corresponding dications by calculating nu-

Journal Name, [year], [vol], 1-8 |1



clear magnetic resonance (NMR) chemical shifts and NICS val-
ues.” Havenith et al. studied the electron delocalisation and ring
currents using current density mappings via the ipsocentric ap-
proach and a multi-center delocalisation index.® NICS values are
an indicator of the magnetic response providing indirect informa-
tion about the magnetically induced ring current, whereas current
density plots provide a qualitative picture of the current flow.

The aim of this work is to calculate the magnetically induced
current density of the persubstituted benzenes using the gauge-
including magnetically induced current (GIMIC) method. 810 The
ring current pattern in persubstituted benzenes and their dica-
tions forms one or two separated ring currents implying that a
more detailed analysis of the ring current is needed for under-
standing the current flow around the molecular ring. Numerical
integration of the current density passing selected planes inter-
secting the molecular ring yields current-strength susceptibility
(in nA/T) and ring current profiles, whereas visualisation of cur-
rent densities provides qualitative information about the current
density flow. In the following, we use the shorter current strength
instead of current-strength susceptibility.

The degree of aromaticity can be estimated from the strength
of the ring current. Aromatic ring-shaped molecules sustain a
net diatropic ring current when they are exposed to an external
magnetic field. 11713, The ring current generally consists of diat-
ropic and paratropic contributions flowing in opposite directions.
For aromatic molecules the diatropic component flowing in the
classical direction dominates, whereas molecules with predom-
inant paratropic ring current are antiaromatic. In nonaromatic
molecules, the diatropic and paratropic components are practi-
cally equal leading to a vanishing net ring-current strength. Cal-
culated ring-current strengths can be used as a quantitative mea-
sure of the aromaticity of similar molecular rings, whereas when
comparing the ring-current strengths of molecules with different
number of electrons and size of the molecular ring, the ring-
current strength provides qualitative information about the aro-
maticity. The archetypical aromatic compound benzene, whose
calculated ring-current strength at the B3LYP/def2-TZVP level is
11.8 nA/T, 4 can be used as reference.

The GIMIC method 810 has been implemented in an indepen-
dent computer program that uses the unperturbed and the per-
turbed electron density matrices as well as basis-set information
as input data. The density matrices are obtained when calculat-
ing NMR magnetic shieldings using standard quantum chemistry
programs. GIMIC calculations are completely independent of the
employed computational level, because the information about the
level of the electronic structure calculation is contracted into the
density matrices.

The NMR shielding tensor of open-shell molecules consists
of the orbital, Fermi-contact, and dipolar contributions. > NMR
shielding calculations on open-shell molecules yield separate un-
perturbed and perturbed density matrices for a and 3 electrons.
The hyperfine Fermi-contact and the dipolar terms do not have
any direct reference to the external magnetic field. Thus, they do
not contribute to the first-order expression for calculating mag-
netically induced current densities. Hence, only the orbital con-
tribution to the NMR shielding tensor has to be taken into account
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when calculating current densities for open-shell systems as pre-
viously discussed.® The total current strength is the sum of o and
B contributions, whereas the spin current is obtained as the dif-
ference between them.

GIMIC calculations can be performed at any level of theory us-
ing output data from most quantum chemistry programs provided
that the density matrices are made available in the required for-
mat. Thus, a code interface has to be written for every quantum
chemistry program. GIMIC has previously been interfaced to Tur-
bomole 1017 and CFOUR !8 rendering all-electron current density
calculations at the density functional theory (DFT) and ab ini-
tio levels of theory feasible. Closed-shell calculations at the DFT,
Hartree-Fock (HF), and second-order Mgller-Plesset perturbation
theory (MP2) levels can be performed with Turbomole, whereas
CFOUR renders in addition current density calculations at cou-
pled cluster singles and doubles (CCSD) level and coupled clus-
ter singles and doubles level with a perturbative treatment of the
triples CCSD(T) feasible. CFOUR can be used for calculating cur-
rent densities for open-shell molecules at the HF, MP2, and CCSD
levels. Thus, so far it has not been possible to study current den-
sities of open-shell molecules at the DFT level using GIMIC. It has
not been possible to perform GIMIC calculations in combination
with effective core potentials (ECP) either. In this work, we have
adapted GIMIC to the Gaussian electronic structure code. Current
density calculations are now possible at all levels of theory that
can be employed in calculations of NMR magnetic shieldings with
Gaussian.

In this work, we calculate ring-current pathways and ring-
current strengths of a series of persubstituted benzenes, includ-
ing the halogens from F to At, where I and At require the usage
of ECPs for considering scalar relativistic effects. Dications of per-
substituted benzenes with substituents from the main groups 15
and 16 of the periodic table are also studied. The substituents are
SeH, SeMe (Me=methyl), TeH, TeMe, and SbH,. Current den-
sity calculations on molecules containing heavier elements than
Te are the first ones with GIMIC in combination with ECPs. The
implementation of the Gaussian-GIMIC interface is briefly pre-
sented.

2 Computational Methods

The molecular structure optimisations, single-point energy calcu-
lations, and NMR magnetic shielding calculations for molecules
with all atoms lighter than tellurium were performed at the
B3LYP 1920 level using version 6.5 of Turbomole and the def2-
TZVP basis sets. 1621-25 For molecules containing tellurium and
heavier elements, the quasi-relativistic def2-ECP was used to ac-
count for scalar relativistic effects.2> All structure optimisations
were performed without any symmetry constraints. The opti-
mised structures do not have any imaginary vibrational frequen-
cies. The Cartesian coordinates of the optimised structures are
reported in the Electronic Supplementary Information (ESI).

The NMR magnetic shielding calculations were performed with
Gaussian09 at the same level of theory and using the same
basis sets as used in the geometry optimisation.26 A set of
test calculations with different density functionals as well as
at the Hartree-Fock level was performed in order to assess the
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effect of the amount of exact Hartree-Fock exchange on the
ring-current strengths. The investigated functionals were BP86
(0%),%728 PBE (0%), 2?30 BLYP (0%),3! B3LYP (20%),27:31:32
PBEO (25%), 2-39-33 and BHLYP (50%),27-31:3% where the amount
of exact exchange is in given within parenthesis.

The role of the scalar relativistic effects was investigated
for neutral and dicationic C¢l; and CgAte using the Stuttgart-
family ECPs. 3> For iodine, the fully relativistic ECP28MDF 3¢ and
the quasi-relativistic ECP46MWB37 were employed. For asta-
tine, the fully relativistic ECP78MDF3® and the non-relativistic
ECP78MHF3? were employed. The number in the acronyms
refers to the number of electrons considered by the ECP. The
corresponding double-zeta (DZ), triple-zeta (TZ), and quadruple-
zeta (QZ) valence basis sets were used. 3° For [, the TZ and QZ va-
lence basis sets by Peterson et al. were used in combination with
ECP28MDF, 40 whereas the TZ and QZ valence basis set by Mar-
tin and Sunderman were used with ECP46MWB. 36 For At, the DZ
valence basis set by Kuechle et al. was used with ECP78MHF, !
whereas the DZ valence basis set for ECP78MDF was optimised
by Stoll et al.3® An all-electron calculation was also performed
for Cgls>" using the iodine ATZP basis set by Martins et al. 4? In
the ECP calculations, the def2-TZVP basis set was used for car-
bon. 2%

Current densities (susceptibilities) and ring-current (suscepti-
bility) strengths were calculated with GIMIC.8-19 The magnetic
field was oriented perpendicular to molecular plane defined by
the carbon framework, which was planar in all studied com-
pounds. Integration of the current density was performed on a
plane perpendicularly to the molecular plane and parallel to the
applied magnetic field. The plane begins at the center of the ben-
zene ring and reaches 5 bohr outside the molecule in the two
directions. The current gradient profile % across the chemical
bond is obtained by calculating differential contributions to the
current strength J along an axis x perpendicularly to the bond.

The isotropic nucleus independent chemical shift has been cal-
culated in the center of the ring (NICS(0)) and the zz compo-
nent (NICS(1),,) one A above the center of the ring to calculate
the magnetic response that yields an estimate for the ring-current
strength. 43:44

The Figures have been made using DrawMol program. +°

2.1 Interfacing GIMIC to Gaussian

The density matrices for the GIMIC program are obtained by per-
forming NMR shielding calculations using an electronic structure
code. The density matrices obtained using the Gaussian program
are transformed into the appropriate format by using the GAUS-
SIAN2gimic.py program written in python. In that program, the
matrix elements of the density matrices in the atomic orbital (AO)
basis are reordered and transformed from real spherical-harmonic
AOs to Cartesian AOs that are used in GIMIC. The transformation
of the density matrices from spherical AO basis to Cartesian AO
basis is: 4647

Cartesian, CGTO __ . pSpherical, CGTO
Dy —chﬂu‘qu#V )
nv
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where ¢, are the transformation coefficients, whose expression
is derived in detail in the Electronic Supplementary Information
(ESD).

3 Calculations on C4Xg and C¢X2*, X=F, Cl,
Br, I, and At

3.1 Method comparison

Current density calculations using the B3LYP functional in com-
bination with triple-zeta quality basis sets have previously been
found to yield a ring-current strength for benzene that agrees
well with the ones calculated at the CCSD(T) level.® The ring-
current strengths for benzene (C¢Hg) and for the hexaiodoben-
zene dication (Cglg2™) were calulated using a number of density
functionals at the generalized gradient approximation (GGA) as
well as by using hybrid functionals. Hybrid functionals with vary-
ing amount exact exchange were chosen to assess its influence
on the calculated current densities. The obtained ring-current
strengths are summarized in Table 1. The calculations show that
increasing the amount of exact exchange increases the strength
of the ring current. For benzene, the paratropic contribution
to the ring current is practically independent of the employed
functional, whereas the diatropic contribution increases with in-
creasing amount of exact exchange. The diatropic contribution is
2.2%, 4.8%, and 8.9%, larger at the B3LYP, BHLYP, and HF level,
respectively than obtained using the BLYP functional without any
HF exchange. For the paratropic contribution, the correspond-
ing differences with respect to BLYP are 6.1%, 8.1%, and 8.1%.
For the dication C¢l;2", the paratropic contribution is more de-
pendent on the amount of exact exchange. The diatropic compo-
nent is 4.7%, 11.2%, and 21.3% larger at the B3LYP, BHLYP, and
HF levels, as compared to BLYP, while for the paratropic com-
ponent the corresponding numbers are 2.2%, 5.0%, and 9.8%.
The comparison shows, that there is not a very large difference in
the current strengths obtained using the hybrid functionals. The
B3LYP/def2-TZVP level is chosen in this work.

3.2 Perhalogenated benzene

The calculated ring-current strengths and NICS values for the
neutral perhalogenated benzenes are listed in Table 2. The ring
current flows mainly along the carbon ring in the perhalogenated
molecules and the current strength is 2-4 nA/T weaker than in
benzene. For the molecules with heavier halogens, the current
strength is somewhat weaker than for C¢F¢, which sustains a ring
current that is 2.3 nA/T weaker than benzene as also obtained in
a previous computational studies on perfluorenated polyaromatic
hydrocarbons by Kaipio at al. ¢ and on perfluorenated benzene
by Torres-Vega et al.*® Since fluorine is the most electronega-
tive and electron withdrawing element among the halogens, one
would expect that perfluorinated benzene has the weakest ring-
current. However, the calculations do not yield the expected trend
as seen in Table 2. CgF, sustains a weaker diatropic contribu-
tion to the ring current than the heavier perhaloginated benzenes
as one would expect based on the electronegativity of the halo-
gens, whereas the strength of the paratropic contribution to the
ring current increases faster with increasing atomic number than
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Table 1 The paratropic and diatropic contributions and the net
magnetically induced ring-current strengths (in nA/T) calculated for
benzene and the hexaiodobenzene dication at the HF and DFT levels
using different exchange correlation functionals. The amount of exact
exchange (Xur, in %) is also given.

Molecule Functional Xyrp  Total Dia Para
CeHg PBE 0 11.67 16.67 -5.00
BP86 0 11.72 16.70 -4.99
BLYP 0 11.65 16.58 -4.93
B3LYP 20 11.97 16.94 -4.96
PBEO 25 12.07 17.10 -5.03
BHLYP 50 12.41 17.38 -4.97
HF 100 13.08 18.05 -4.97
Cgle2t PBE 0 2612 29.73 -3.61
BP86 0 27.21 30.87 -3.66
BLYP 0 2591 29.49 -3.58
B3LYP 20 27.21 30.87 -3.66
PBEO 25 27.75 31.45 -3.70
BHLYP 50 29.03 32.79 -3.76
HF 100 31.84 35.77 -3.93

the diatropic one decreases, leading to a weaker net ring current
strength for the heavier perhalogenated benzenes.

The ring current is split into three contributions. A paratropic
ring current flows inside the benzene ring. The main diatropic
current circulates around the carbon ring and a small paratropic
ring current passes the halogens as shown for Cgl in Figure 1.
The integrated current strength of C¢I, changes direction at about
1 A outside the C-C bond.

The strength of the paratropic ring current passing the halogens
is -1.5 nA/T for C¢lg and -3.3 nA/T for C;At,. For the molecules
with heavier halogens, the orbital overlap of adjacent halogens is
larger leading to less interference with the ring current in the car-
bon ring and a more benzene-like ring current in the carbon ring.
For benzene, the ring current is 12.0 nA/T at the B3LYP/def2-
TZVP level as compared to the ring-current strength of 11.1 nA/T
in the carbon ring of CgAt,. The trends for NICS(1),, values in
Table 2 are largely similar to the ones for the net ring-current
strengths, whereas NICS(0) values are not a good measure of the
aromaticity for this series mainly due to the exceptionally large
NICS(0) value for CgFg.

Table 2 Magnetically induced ring-current strengths (J in nA/T), and
NICS(0) and NICS(1),, values (in ppm) for neutral CgXg calculated at
the B3LYP/def2-TZVP level. The total ring-current strengths, the current
strengths in the carbon ring Cg and in the halogen ring Xg as well as the
paratropic and diatropic contributions to the net ring-current strengths
are given.

Table 3 Magnetically induced ring-current strengths (J in nA/T), spin
multiplicity (2S+1), NICS(0) and NICS(1),, values (in ppm) for
perhalogenated benzene cations calculated at the B3LYP/def2-TZVP
level. The singlet-triplet energy splittings AEs_t =E(S=1)—E(S=0) (in
eV) are also reported.

Molecule 2S+1 J NICS(0) NICS(1),; AEs_t
CeFe2™ 1 -40.7  46.0 124.2 0.39
CeFe?™ 3 6.1
CeCle2t 1 1283 -1383  -370.1 0.45
CeClg2™ 3 5.3
CeBrg2* 1 204  -18.6 -38.1 0.68
CeBrg2t 3 5.6
Celg?t 1 274 -16.4 -46.9 -0.30
Celgt 2 18.2
CeAtg2t 1 300  -19.2 -49.3 -0.45
20
Cc-C |

154
g 10
£
£ 54
E = Neutral
§ 0 == Dication
3 \/ N

_5_

-10 T T T T T T T T

-2 -1 0 1 2 3 4 5 6 7

Distance from C-C bond (in A)

Fig. 1 Ring-current profiles for neutral and dicationic Cglg. The
integration plane starts in the middle of the carbon ring. The positions of
the C-C bond and the I...I contact are marked in the graph.

The double aromatic character is illustrated in Figure 1, where
the ring-current profile is plotted for neutral and dicationic Cyl,.
In C6162+, there is a strong diatropic current flowing around the
molecular ring at the iodines, whereas neutral Cglg sustains a
paratropic ring-current in the vicinity of the iodines leading to a
weaker net ring current as compared to benzene.

The ring-current strengths in the perhalogenated benzene dica-
tions are summarized in Table 3. The current density for the per-
halogenated dications are shown as vector plots in Figure 2. The
signed modulus of the current densities are visualized in Figure 3.
Cgl2" and CzAt,2" sustain a strong diatropic ring current at the
halogens, whose current strengths are 27.4 nA/T and 30.0 nA/T,
respectively. For C4Cl,2" and C¢F¢2", the ring-current strength
of the singlet state are 128.3 nA/T and —40.7 nA/T, respectively.
However, C¢Cls>* and C¢F¢>" has a triplet ground state, whose

NICS(1king current strengths are 5.3 nA/T and 6.1 nA/T, respectively

Molecule Total C6 X6  Dia Para NICS(0)

CeF 97 94 03 126 -29 -17.6

CeClg 90 81 09 135 -45 9.2

CgBrg 92 86 06 138 -47 -85

Celg 85 100 -1.5 142 -56  -7.8

CgAtg 78 11.1 -33 147 -6.9 -8.7 -17.1

-23.2flowing mainly around the carbon ring.

-19.2  For C6Br62Jr the triplet state is 66 kJ/mol below the singlet.
-18.6The ring-current strength of the triplet state is only 5.6 nA/T and
-17.5p0 ring current passes from Br to as for neutral C,Br,. The singlet

state of C()Bré2+ sustain a strong ring current of 20.4 nA/T with
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a significant current passing from Br to Br.
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NICS(1),, values can be used for estimating the degree of aro-
maticity of the singlet state of C¢Brg2", Cgl2*, and Cgl2". For
the dications, the correlation between NICS(1),, values and ring-
current strengths is almost linear.

The current density was also calculated for Cglg*. The net ring-
current strength is 18.2 nA/T consisting of the spin « contribution
of 4.4 nA/T and a f contribution of 13.8 nA/T yielding a spin
current of 9.4 nA/T. The spin current is the difference between
the a and f currents. The current density calculation suggest that
Cglg™ is also stabilized by aromaticity. The current densities are
shown in Figure 4. The spin current is rather strong and localized
to the outer current loop passing the iodine atoms showing that
the unpaired electron is localized to the iodines. The ring currents
in Cglg™ and Cglg?* consist of 9 nA/T in the carbon ring and 9
nA/T per removed electron in the outer ring, adding up to 27
nA/T for the C6162+.

Fig. 2 Vector plots of the current density for the perhalogenated
benzene dications CzX42* for various spin states calculated at the
B3LYP/def2-TZVP level. a) C4F¢2* (S=1), b) C4Clg2* (S=1), ¢) C¢Brg2*
(S=1), d) CgBrg?* (S=0), &) Cglg>* (S=0), f) CxAtg>* (S=0). The diatropic
current vectors are in blue and the paratropic ones in red. A factor of 10
Ang/a.u. is used to draw the vectors.

4 Calculations on C4Xg and CgXg2*, X=SeH,
SeMe, TeH, TeMe, and SbH,

4.1 Molecular structures

The optimised molecular structures show that the substituents of
neutral Cg(SeMe)y, Cq(TeH)g, Cq(TeMe)y, and Cg(SbH,), are
twisted out from the benzene plane with torsion angles of 10-33
degrees, whereas the corresponding dications are almost planar
with torsion angles of 0-6 degrees. The torsion angles of the neu-
tral and dicationic species are compared in Table 4. The twisted
structure of the neutral molecules suggests that the interaction
between the substituents is weak or repulsive due to steric ef-
fects, whereas the substituents in the dicationic species seem to
interact.

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Signed modulus of the current density for the perhalogenated
benzene dications for various spin states calculated at the
B3LYP/def2-TZVP level. a) C4F¢2* (S=1), b) C¢Clg2* (S=1), ¢) C¢Brg*
(S=1), d) C¢Brg2* (S=0), e) Cglg>* (S=0), f) CgAtg2* (S=0). The diatropic
current density is shown in turquoise and the paratropic one in red. The
isosurface value is +0.04 a.u.

Table 4 Average torsional angles (in degrees) for CgXg and CgXg2* with
X=SeH, SeMe, TeH, TeMe, and SbH,.

Neutral Dication
Molecule Cc6 X6 Cc6 X6

Ce(SeH)s 3.6 92 12 0.4
Ce(SeMe)g 4.5 223 22 3.4
Ce(TeH)y 4.9 333 09 6.4
Ce(TeMe), 4.8 309 12 4.4
Ce(SbHy)g 2.4 287 1.5 28

4.2 Ring currents

Current density calculations show that the substituents do not
sustain any ring current in the outer part of neutral CgX, with
X=SeH, SeMe, TeH, TeMe, and SbH,, whereas the carbon rings
sustain ring currents that are 1-3 nA/T weaker than for benzene.
The calculated ring-current strengths are reported in Table 5.

The dications sustain ring currents in the carbon ring and
around the exterior part of the molecule. The ring currents pass-
ing the substituents are strong in C6X62+ with X=TeH, TeMe, and
SbH,. For them, the total ring-current strengths are 33.2, 32.0,
and 29.4 nA/T, respectively, which are of the same size as for
Cgl2" and CgAt2". The ring-current strengths of the cationic
C6X62+ species are summarized in Table 6 and the current densi-
ties are visualized in Figure 5.

The overlap between the orbitals of the substituents is smaller
for SeH than for the heavier ones due to its smaller size. The
ring current in the Cg (SeH)62+ is therefore half as strong as for
the dications with the larger substituents. The strong ring cur-
rent also results in a more planar molecular structure. There is a
practically linear relation between the NICS(1),, values and the
ring-current strengths for this series of dicationic persubstituted
benzenes, whereas for the corresponding neutral molecules, the
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(e)

Fig. 4 Signed modulus (upper row) and vector plots (lower row) of the
current density for the Cglg* cation calculated at the B3LYP/def2-TZVP
level. a) total current density, b) « current density, c) B current density,
d) spin density, e) total current vector plot, f) o current vector plot, and g)
B current vector plot. The diatropic current density is shown in turquoise
and paratropic one in red (a-c). In d, the spin current is shown in yellow.
The isosurface value is +0.02 a.u.. In the vector plots (e-g), diatropic
current vectors are in blue and the paratropic ones in red. The current
vectors are scaled with a factor of 15 A/a.u.

NICS(1),, values cannot be used for estimating the degree of aro-
maticity. In that case, NICS(1),, values provide only qualitative
information about the molecular aromaticity. The doubly aro-
matic character of the dications can not be identified by calculat-
ing NICS(0) and NICS(1)., values, whereas explicit integration
and visualization of the current densities yield a detailed picture.

Table 5 Magnetically induced ring-current strengths (J in nA/T), and
NICS(0) and NICS(1)_, values (in ppm) for CgXg with X=SeH, SeMe,
TeH, TeMe, and SbH, calculated at the B3LYP/def2-TZVP level.

Molecule J NICS(0) NICS(1),,
Ce(SeH)y 85  -6.2 17.4
Ce(SeMe),  10.4 -7.8 -21.4
Ce(TeH), 106  -7.3 -23.2
Ce(TeMe)g 112 -7.9 -22.0
Ce(SbHy)g 9.9  -55 -20.4

Table 6 Magnetically induced ring-current strengths (J in nA/T), and
NICS(0) and NICS(1)., values (in ppm) for CSXG2+ with X=SeH, SeMe,
TeH, TeMe, and SbH, calculated at the B3LYP/def2-TZVP level.

Molecule J NICS(0) NICS(1),,
Ce(SeH)2t 166 -9.3 -26.8
Cq(SeMe)2t 245  -16.1 -44.5
Co(TeH)g®t 332 -21.0 -56.9
Co(TeMe)2t  32.0  -20.6 -55.2
Ce(SbHy) 2t 29.4  -18.7 -49.1

5 ECPs and relativity

The Stuttgart ECPs have been used for I and At. Since this is the
first time that ECPs have been used in combination with GIMIC
calculations, we checked whether the ring-current strengths are

6| Journal Name, [year], [vol.],1-8

@ (e) ®

Fig. 5 Vector plots (upper row) and signed modulus (lower row) of the
current density for C4(SeH)q2*, (a and d) C4(TeH)e2* (b and e), and
CG(SbH2)62+ (c and f) calculated at the B3LYP/def2-TZVP level. In the
vector plots (a-c), the diatropic current vectors are in blue and the
paratropic ones in red. The current vectors are scaled with a factor of 15
A/a.u.. The diatropic current density is shown in turquoise and
paratropic one in red (d-f). The isosurface value is +0.04 a.u.

affected by approximating the core electrons with ECPs. All-
electron calculations at the B3LYP level using a triple-zeta quality
basis, as described in Computational Methods, yield a ring cur-
rent of 29.2 nA/T for CGAtGZJr and 7.2 nA/T for the correspond-
ing neutral molecule. The ring-current strengths obtained using
the non-relativistic 78-electron core ECP78MHF, thus considering
only 7 valence electrons, are 29.7 and 7.6 nA/T. The ECP calcula-
tions yield current strengths that are only 1.7% and 5.6% larger
than obtained with the all-electron treatment showing that cur-
rent densities can be calculated using ECPs.

Relativistic effects are usually included in the ECPs. Thus,
scalar relativistic effects on the current densities can be estimated
by employing ECPs. Spin-orbit coupling (SOC) is not taken into
account. However, a recent current-density study on gold and
mercury hydrides by Berger et al. showed that SOC effects did
not qualitatively change the current density,® whereas SOC ef-
fects introduces current-density cusps at the protons adjacent to
the heavy atoms.

Table 7 summarizes the ring-current strengths obtained using
the non-relativistic, quasi-relativistic and fully relativistic ECPs.
For I, a small-core ECP with 28 electrons and a large-core ECP
with 46 electrons were used. The large and small core ECPs treat
relativity differently implying that the effect of the employed core
size cannot be deduced from a comparison of the obtained ring-
current strengths. However, since the current strengths obtained
in the all-electron and ECP calculation agree well, the difference
in the current strengths obtained with the small- and large-core
ECPs must be assigned to their ability to consider relativistic ef-
fects and core electrons.

Relativistic effects can be estimated for CgAt, and C¢Atg2* by
comparing current strengths obtained with the relativistic and
non-relativistic ECPs. The calculations show that scalar relativis-
tic effects reduce the total ring-current strength of C6A162Jr by

This journal is © The Royal Society of Chemistry [year]



Table 7 Magnetically induced ring-current strengths (J in nA/T) for
Cele?*, CoAtg, and CgAts>* calculated at the B3LYP level using the
def2-TZVP basis set for C and the Stuttgart ECP basis sets for | and At.
Abbreviations NR, QR, or FR stand for non-relativistic, quasi-relativistic,
and fully relativistic ECPs. Details are described in the Computational
Methods section.

Molecule Rel ECP Valence J

Celg?t NR AE TZ 26.5
Celg2t FR  ECP28MDF TZ 27.2
Celg2t FR  ECP28MDF Qz 27.2
Celg?t QR ECP46MWF TZ 29.9
Cele>t QR ECP46MWF QzZ 29.5
CeAtg2™ NR AE DZ 29.2
CeAts2™ NR  ECP78MHF DZ 29.7
CeAts>™ FR  ECP78MDF DZ 28.5

CoAtg NR AE DZ 7.2
CoAte NR ECP78MHF DZ 7.6
CoAtg FR  ECP78MDF DZ 9.1

4.0% (1.2 nA/T) and it increases the ring current strength of
CeAtg by 19.7% (1.5 nA/T).

6 Conclusions

The GIMIC method has been interfaced to the Gaussian program
rendering calculations of magnetically induced current densities
for molecules whose core electrons are replaced with ECPs pos-
sible. In addition, magnetically induced current-density calcu-
lations can also be performed at the DFT level on open-shell
molecules. Current-density calculations on C¢Aty and CgAts>"
using non-relativistic ECPs yield ring-current strengths that agree
well with the ones obtained in the all-electron calculations sug-
gesting that ECP calculations can be used in current-density cal-
culations. The close agreement between the current densities ob-
tained in the all-electron and ECP calculations shows that ring
currents mainly involve the valence electrons.

Integration of the current density passing selected planes
through the molecular rings show that the previously suggested
double aromaticity of Cglg>" also exists for CeAte>t, and CgXg>*
with X=SeH, SeMe, TeH, TeMe, and SbH,. For these dications,
the net ring-current strengths are 17-33 nA/T, which is about 1.5-
2.5 times the benzene value of 12.0 nA/T. The singlet state of
C6Br62Jr also sustains a strong ring current. However, the triplet
state is its ground state that sustains a weak ring current of 5.6
nA/T in the carbon ring. Thus, the ground state of CzBrg2" is
not doubly aromatic. The same holds for CcF¢** and C4Clg>".
Current density calculations on Cglg™ shows that it is also dou-
bly aromatic as the corresponding dication. However, the ring-
current strength of C6I6Jr in the exterior part of the molecule is is
only half as strong as the one passing the iodines in C6162+.

The effect of scalar relativity on the ring-current strengths for
CeAte2™ and CcAtg of less than 2 nA/T is rather small. How-
ever, since the ring-current strength of the neutral C¢Atg is only
7.6 nA/T, the scalar relativistic effects increase the ring cur-
rent strength by 20%. The ring-current strength of C6At62+ ob-
tained in the non-relaticistic and relativistic calculations are 29.7
nA/T and 28.5 nA/T, respectively, implying that relativistic effects

This journal is © The Royal Society of Chemistry [year]

amount to only 4%. Spin-orbit coupling effects have not been
considered.
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