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The theory of nuclear ring currents of torsional molecules induced by an external magnetic field along the
torsion axis was developed in the preceding paper [D. Jia et al., preceding paper, Phys. Rev. A 106, 042801
(2022)]. Here we study the magnetically induced electronic current density (MIC) for toluene in the presence of
an external magnetic field that is aligned with the torsion axis of the methyl group. Properties of the MIC are
studied in detail at the density-functional theory (DFT) level using our gauge-including magnetically induced
current method, the derivation of which is briefly outlined. The strength of the MIC is determined by numerical
integration and compared to the estimated strength of the magnetically induced nuclear ring current reported in
the preceding paper. Spatial contributions to the diatropic and paratropic MICs are discussed in detail, where
the diatropic MIC flows in the classical direction and the paratropic MIC flows in the opposite direction. The
MIC in the vicinity of the methyl group is mainly diatropic, whereas the phenyl group ring is dominated by
a paratropic MIC of —14.90 nA T~ localized to the carbon atoms. The strength of the MIC near the methyl
group is 10.41 nA T~!, which is of about the same size as the strength of the ring current of benzene when
the magnetic field is perpendicular to the molecular ring. The strength of the magnetically induced nuclear
ring current of the whole toluene molecule is 19.9 pA T~!, which is two orders of magnitude smaller than the
electronic one of —1.93 nA T~! calculated for the eclipsed structure at the employed DFT level. This value is in
perfect agreement with the current strength of —1.93 nA T~! calculated at the coupled-cluster singles and doubles
level with a perturbative treatment of the triple excitations. The current strength calculated at the second-order

Mgller-Plesset perturbation level is 1.20 nA T~!, which is of the same size with opposite sign.

DOI: 10.1103/PhysRevA.106.042802

I. INTRODUCTION

The theory of nuclear ring currents in oriented torsional
molecules induced by external magnetic fields was developed
in the preceding paper [1]. The methods were demonstrated
by performing calculations on toluene with the principal axis
as the torsion axis, which coincides nearly perfectly with the
C—C bond between the methyl group and the phenyl group.
Since the torsional barrier of 0.0583 kJ/mol is very low [2],
the methyl group rotates nearly freely. The barrier is even
lower when vibrational coupling is taken into account [3].
Thus, the quantum-mechanical probability of observing the
eclipsed or the staggered conformation is almost the same [3].

An external magnetic field along the torsional axis in-
duces a rotation of the methyl group leading to a nuclear
current density as described in the preceding paper [1,4]. The
magnetic field induces an electronic current density around
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the methyl group. The aim of this work is to study the
magnetically induced electronic current (MIC) density of
toluene, when the magnetic field is oriented along the C—
C bond to the methyl group. The MIC is calculated using
the gauge-including magnetically induced current (GIMIC)
method [5-9], which has previously been used in studies of
the MIC of aromatic and antiaromatic molecules as well as in
calculations of the current-density flux in porphyrinoids and
nanostructures [7-13].

In the next section we present the electronic structure
methods employed and describe how the molecular structure
is optimized. The GIMIC method for calculating MICs is
derived in Sec. III, where we also present the methodology
used for analyzing the calculated MIC. The results of the MIC
calculations are reported in Sec. IV. In Sec. V we discuss and
summarize the results obtained.

II. MOLECULAR STRUCTURES AND COMPUTATIONAL
LEVELS

The molecular structure of toluene was optimized at
the density-functional theory (DFT) level with the B3LYP
functional [14,15] using the def2-TZVP and the def2-QZVP

©2022 American Physical Society
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FIG. 1. The eclipsed conformer of toluene with the torsion angle
¢ = 0° is shown in red. The conformer with ¢ = 10° is yellow and
¢ = 20° is green. The staggered conformer with ¢ = 30° is shown
in blue. The z coordinate points towards the reader.

basis sets [16]. The semiempirical D3-BJ correction was used
to take dispersion interactions into account [17]. The calcula-
tions were performed with TURBOMOLE 7.4 [18-20]. The m5
integration grid was employed in the DFT calculations [21].
The gradient norm for the geometry optimization was 107°
a.u., the energy convergence threshold for the single-point
energy was 107 a.u., and the electron density convergence
threshold was set to 10~7 a.u. The molecular structure of the
staggered conformer with a torsion angle of 30° was opti-
mized by enforcing the C; symmetry point group. The DEFINE
module of TURBOMOLE was used for the rotation of the methyl
group in steps of 10° and the rest of the coordinates were sub-
sequently optimized while keeping the dihedral angle frozen.
The structures obtained are shown in Fig. 1. The rotational
barriers were calculated at the B3LYP def2-TZVP and B3LYP
def2-QZVP levels of theory as well as at the spin-component-
scaled second-order Mgller-Plesset perturbation (SCS-MP2)
level using the def2-TZVPP basis set [16,22,23].

The def2-TZVP and def2-TZVPP basis sets of carbon con-
sist of 5s3p2d1f basis functions. The def2-TZVP and the
def2-TZVPP basis sets of hydrogen has 3slp and 3s2pld
basis functions, respectively [16]. The def2-QZVP basis set
is the largest basis set consisting of 4s3p2d 1 f basis functions
for hydrogen and 7s4p3d2 f1g for carbon [16], implying that
the calculations with the def2-QZVP basis set is near the basis
set limit at the DFT level.

The optimized molecular structure of toluene was used in
the calculations of the nuclear magnetic resonance (NMR)
shielding tensor at the B3LYP level with the def2-TZVP
and def2-QZVP basis sets [16,24-26]. Nuclear magnetic res-
onance shielding tensors were also calculated at the MP2
level using the def2-TZVPP basis set [16,25,26] as well as
the coupled-cluster single and double levels with a pertur-
bational treatment of the triple excitations [CCSD(T)] [27]
using Jensen’s triple-¢ quality basis sets (pcseg-2) [28] with
the CFOUR program [29-31]. The NMR shielding calculations
provide the magnetically perturbed and the unperturbed den-
sity matrices which are used as input in the calculations of the
magnetically induced current densities.

Rotational barrier

The energy difference between the eclipsed (¢ = 0°)
and staggered (¢ = 30°) structures calculated at the B3LYP
def2-QZVP level of theory for the optimized structures is
0.058 kJ/mol (4.83 cm™!), which is in excellent agreement
with the experimental value of 4.84 cm™' [2]. The staggered
conformer is lower in energy. When vibrational coupling is

considered, the eclipsed structure is experimentally 1.57 cm™!
below the staggered one [3]. However, the small energy dif-
ference between the staggered and eclipsed structures implies
that the methyl group is almost a free rotor, which is desirable
when studying magnetically induced nuclear ring currents [1].
The energy difference between the staggered and eclipsed
conformers of toluene calculated at different levels of theory
in Table I shows that the barrier obtained at the B3LYP def2-
QZVP level happens to agree with the experimental value,
whereas the rotational barrier calculated at the ab initio levels
is about a factor of 2 larger than the experimental one.

III. MAGNETICALLY INDUCED CURRENT-DENSITY
METHODS

A. The GIMIC method

The GIMIC method has been employed to calculate
current-density pathways and their strength in toluene [5,8].
The GIMIC program [32] is an open-source code interfaced
with various program packages for molecular electronic struc-
ture calculations. It takes the magnetically perturbed and the
unperturbed density matrices obtained in calculations of the
nuclear magnetic shielding tensors as input data. The molec-
ular structure given as the Cartesian coordinates of the atomic
positions as well as basis-set information are also needed
as input. The GIMIC method has been employed in studies
of the MIC in molecules as well as to estimate the degree
of molecular aromaticity [7-13]. Magnetically induced elec-
tronic currents can be investigated visually using streamline
representations and quantitatively by integrating the strength
of the current-density flux passing through the plane.

The MIC j®(r) is a vector quantity that can be expanded
in a Taylor series with respect to the external magnetic field.
For closed-shell molecules, the first term in Eq. (1) vanishes.
The second term containing the current-density susceptibility
J fﬂ (r) is linear with respect to the strength of the external
magnetic field, whereas higher-order terms can be omitted,
because the interaction of magnetic fields that can be created
in laboratories are in most cases weak compared to the elec-
trostatic forces
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The notation indicating that we consider electronic current
densities is omitted in the following. The tensor elements of
the first-order current-density susceptibility tensor are given
by

‘B

iy = el @)

0Bg
where «, B € {x,y, z}. The current density, which is a vec-
tor function, is obtained by contracting the current-density
susceptibility tensor J (r) with the components of the ex-
ternal magnetic field. The GIMIC expression for calculating
J (r) was derived by combining the Biot-Savart expression
for calculating the nuclear magnetic shielding tensor [33-36]
with the corresponding analytic-gradient expression [37-39]
as described in Refs. [5,6,8,9]. The Biot-Savart expression for
the magnetic interaction energy between the nuclear magnetic
moment mg and the MIC consists of the integral of the vector
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TABLE I. Energy difference (in kJ/mol) between the staggered and eclipsed conformers of toluene calculated at different levels of theory.
The minimum of the potential energy surface is for the torsion angle ¢ = 30°, while the maximum is at ¢ = 0°. The molecular structures were

optimized at the B3LYP def2-TZVP level.

Method Basis set B3LYP B3LYP SCS-MP2 CCSD CCSD(T)
W def2-TZVP def2-QZVP def2-TZVPP peseg-2 pcseg-2
0° 0.038 0.058 0.111 0.098 0.131
10° 0.030 0.045 0.083
20° 0.011 0.016 0.029
30° 0.000 0.000 0.000 0.000 0.000

potential of the nuclear magnetic moment A™* (r) multiplied
by the current density jf (r). The nuclear magnetic shielding
tensor o can be calculated as the second derivative of the en-
ergy with respect to the strength of the external magnetic field
and the nuclear magnetic moment in the limit of vanishing
perturbations,

82

K

= 3
Gaﬁ aBﬁamKa ( )

f A™(r) - jB(r)dr

mg=0

The explicit expression for the magnetic shielding tensor is
then given by

rs —Rgs B
a(fﬂ = —Zsaay / mjyﬂ(r)dr,
Sy

where g5, is the Levi-Civita tensor for the three Cartesian
directions [40]. The position of nucleus K is given by the
vector Rx and the coordinates of the electrons are given by
r. Combining Eq. (4) with the analytic gradient expression
for calculating nuclear magnetic shielding tensors and con-
sidering that the magnetic interaction obtained with the two
expressions is the same at all points in space yields the GIMIC
expression for calculating the current-density susceptibility.
The tensor elements of the current-density susceptibility are
given by

“4)
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where D, and Pfﬁ are the density matrix and the magneti-
cally perturbed density matrices with respect to the direction
of the external magnetic field Bg, respectively, and wj(r)
and w, (r) are gauge-including basis functions with the gauge
origin at the center of the basis function [41]. The interaction
of the nuclear magnetic moment with the external magnetic
field is

ah
) w_ r—Rg) X p, (©)
mg
32h(r)
<o~ Hr—0) r—Rx)1— (r—0)r —Rp)], (7)

where p is the momentum operator, my is the nuclear mag-
netic moment of nucleus K, and O is the gauge origin.

The singular denominator vanishes in the GIMIC expression,
because the same singularity appears in all terms. The current-
density susceptibility calculated using the GIMIC expression
does not depend on the gauge origin. The current-density sus-
ceptibility depends only implicitly on the nuclear positions.

B. Analysis of the current density

The external magnetic field is directed along the C—C
bond of the methyl group. This alignment ensures that the cur-
rent density associated with electrons in the 7 orbitals of the
phenyl group will largely vanish since the axis of the p orbitals
is perpendicular to the magnetic field vector [35]. Therefore,
in this study we mainly obtain current-density fluxes in the
vicinity of the atomic nuclei and bond-current vortices that
are due to electrons in o orbitals.

The current density is calculated with GIMIC in discrete
points in space. The streamline visual analysis is performed
with the PARAVIEW program [42]. The streamline tool in
PARAVIEW allows a sphere to be placed within the three-
dimensional grid of the current-density vector field. Particles
with a predefined density inside the sphere are then used
for tracing the pathways of the vector field. A color scheme
is applied where black corresponds to a very weak current
density of 1078 nA T~! A2, the middle tones go through red
and yellow, and finally the largest magnitudes of the vectors
of each grid point are drawn in white with a threshold of
0.09nAT A2

C. Strength of the current density

Calculations of the strength (I in nAT™') of the MIC
in different parts of the molecule are performed by placing
an integration plane through the molecule and integrating the
current-density susceptibility vector J2# (r) passing through
its surface S. The J% (r) is obtained from J(r) by using
a given direction of the external magnetic field Bg, which
usually is parallel to the integration plane. The current-density
strength is then given by

[ = // TP r)-ds.
S

The integration plane is split vertically into thin slices. Dif-
ferential contributions to the MIC passing through the slices
of the integration plane can be calculated as a function of
the other coordinate of the plane yielding the current-density
profile (in nAT~'A~"). To ensure a high accuracy of the
current-density profile, the width of the slices is 0.005 A
and the height is 4.2 A for the two halves of the plane.

(®)
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The current density is evaluated numerically using Gauss-
Lobatto integration with 1233 x 9 grid points in each slice.
The integration yields the strength of the current density in
different parts of the molecule. The sign of the current density
in each integration point corresponds to the direction of the
current-density vector at the integration plane. The positive
and negative contributions can be integrated separately. In
one half of the integration plane, the positive contribution to
the current density is the diatropic current density flowing
in the classical direction with respect to the orientation of
magnetic-field vector along the z axis, while the paratropic
ring current is negative in the same half plane. In the other
half of the integration plane, the returning current density has
the opposite sign since the vortex loops back to the beginning.
Integration of all contributions yields the net strength of the
current density, which must vanish when the integration plane
covers the whole molecule due to charge conservation.
Diatropic MICs flow in the classical direction and parat-
ropic ones flow in the opposite direction. Tropicity is a global
properties that can in principle be determined only by fol-
lowing the vector field around the whole vortex. However,
for simple cases like the one studied here, the direction of
the current density passing the whole integration plane can
be used to determine the tropicity, whereas for complicated
molecules it may be hard to distinguish between, for example,
diatropic and returning paratropic current densities [43].

IV. MAGNETICALLY INDUCED CURRENT DENSITIES

A. Streamline representation

Streamline representations of the MIC of toluene are
shown in Figs. 2 and 3. The external magnetic field is directed
along the z axis, which almost coincides with the C—C bond
to the methyl group. The C—C bond of the optimized struc-
ture deviates slightly from the z axis, which is due to steric
interactions between the hydrogen atoms of the methyl group
and the phenyl group. However, the tiny deviation of the C—C
bond from the z axis does not significantly affect the results.

In the streamline plots, the chosen sphere radius is 0.53 A.
Figure 2 illustrates how the current density of the phenyl
group extends at the C—C bond towards the ipso carbon
atom forming a strong local current around the carbon atom.
This current density corresponds to the large peak in the
current-density profile seen in Fig. 4. In Fig. 3 the sphere
was placed near the carbon atom of the phenyl group at the
ipso position towards the CHj group. A strong current-density
pathway circles the methyl group between the methyl carbon
and its hydrogen atoms giving rise to shoulder next to the
large carbon peak in Figs. 4 and 5. The strength of the current
density flowing around the methyl group and the C—C bond
to the methyl group is 10.41 nA T~!, which is very close to
the ring-current strength of benzene [44].

B. Integration of the strength of the current density

The current-density profile in Fig. 4 was obtained by plac-
ing an integration plane along the C—C bond to the methyl
group cutting across the whole toluene molecule. The plane
is perpendicular to the benzene ring as illustrated in Fig. 6.
We analyzed separately the current-density profile for the two

(b)

FIG. 2. (a) Streamline representation of the current density of the
eclipsed (¢ = 0°) conformer of toluene and (b) streamline represen-
tation of the staggered (¢ = 30°) conformer. The current density is
seen from the phenyl group.

halves of the integration plane to avoid mixing of diatropic
and returning paratropic current densities and vice versa.

The blue profile in Fig. 4 shows the diatropic current den-
sity passing the upper half of the integration plane in Fig. 6.
The diatropic current density in the lower half has the opposite
sign because it is the returning diatropic current density. The
current-density profile in Fig. 4 deviates slightly from the one
shown in Fig. 5, because the positions of the hydrogen atoms

FIG. 3. (a) Streamline representation of the current density at
the methyl group of the eclipsed conformer (¢ = 0°) of toluene
and (b) the other side (at the C—C bond) of the same streamline
representation.
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z coordinate (in A) along the symmetry axis of toluene

FIG. 4. Current-density profile of toluene (in nA T~' A~") along the z axis (in A) showing where the current density passes through the
upper half plane (y > 0) of the C; symmetry plane intersecting the benzene ring and the methyl group. The vertical dotted lines divide the
profile into atomic domains. The diatropic ring-current profiles calculated for different torsion angles ¢ are marked with blue nuances and
the corresponding paratropic ones are reddish. The tiny differences in the current-density profile for different orientations of the hydrogen

atoms of the methyl group are shown in the insets.

of the methyl group slightly differ and the methyl group is
tilting slightly away from the symmetry axis. The profiles in
Figs. 4 and 5 calculated for different torsional angles are also
almost identical. Tiny differences are seen when enlarging
parts of the profile, but the current-density flux through the
plane is roughly the same regardless of the orientation of the
hydrogen atoms of the methyl group. The color code in Figs. 4
and 5 represents the direction of the current density passing
the integration plane. The vertical dashed bars indicate inte-
gration boundaries for the atomic domains studied.

The individual peaks in the current-density profile can be
identified by comparing with the surface representation of the
current-density flux in Fig. 7. The small diatropic peaks at
the ipso and para carbon atoms originate from the 1s orbital
of the carbon atoms, whereas the broad peaks at the ipso and

para positions originate from the valence orbitals. The largest
diatropic peak at the methyl group consists of contributions
from the core orbital of the carbon atom and from the inner
part of its valence orbitals. The shoulders to the left of the
para carbon and to the right of the methyl carbon originate
from the hydrogen atoms. The small paratropic contribution
at the methyl carbon originates from a more diffuse part of
the valence orbitals. The aromatic ring current is not present,
because the external magnetic field is parallel to the aromatic
ring.

The current-density vectors at the surface of the integration
plane are shown in Fig. 7. The color scheme indicates the
direction of the current-density field at each point on the
plane. Blue and red denote positive and negative flux direc-
tions, respectively. Figure 7 shows the atomic current density

401 =0 —p=20° —p=0° —p=20°
©=10° — @ =30° —p =10° —p =30°
30 A
—~ 20
o<t}
£ YA
2
paratropic
0 . .
diatropic
~10

—4 —2

|
>

0 2 4 6

z coordinate (in A) along the symmetry axis of toluene

FIG. 5. Current-density profile of toluene (in nA T~' A~!) along the z axis (in A) showing where the current density passes through the
lower half plane (y < 0) of the C; symmetry plane intersecting the benzene ring and the methyl group. Since the diatropic ring current has the
opposite sign on the other half of the plane intersecting the molecule, the profiles of the diatropic current density are marked in red and the
corresponding paratropic ones are bluish. The tiny differences in the current-density profile for different orientations of the hydrogen atoms of

the methyl group are shown in the insets.

042802-5



DIMITROVA, JIA, MANZ, AND SUNDHOLM

PHYSICAL REVIEW A 106, 042802 (2022)

PR,

y

L.

FIG. 6. Side and top views of the integration plane along the C—
C bond for toluene. The two halves of the integration plane with
y < 0andy > 0 are investigated separately.

of the carbon atoms. The ipso and para C atoms have two
vortices with circulation in the opposite direction; the current
density in the core orbital is diatropic and that of the valence
orbitals is paratropic. The carbon atom of the methyl group
sustains a strongly diatropic current density that is surrounded
by a weaker paratropic current density. The atomic current

(a)

a
w ¢

»

(b)

FIG. 7. (a) Surface representation of the current-density flux of
the conformer with a torsion angle of ¢ = 0° (eclipsed). The current
density is shown in the plane that is perpendicular to the toluene
ring. The two hydrogen atoms of the methyl group point towards
the viewer. (b) Corresponding picture of the staggered conformer
(¢ = 30°). One hydrogen atom is on the integration plane pointing
downward. The current-density vortices with red areas above the
molecular plane are paratropic and diatropic current-density vortices
are blue there, whereas the opposite color code holds below the
plane.

densities of sp?> and sp® hybridized carbon atoms differ sig-
nificantly. The current density is diatropic near the hydrogen
atoms of the methyl group. One can also see that the whole
molecule is surrounded by a weak diatropic current density.
The current density passing through the plane in Fig. 7 is very
similar for the eclipsed and the staggered structures.

The strength of the current density was analyzed quantita-
tively by splitting the integration domain into subdomains and
separately integrating their current-density profile as shown in
Fig. 4. The domain in the range z € [—6.0, —2.5] A considers
the current-density flux of the hydrogen atom in the para
position. The domain of the para C atom is in the range
of z € [-2.5,—0.5] A. The domain of the ipso C atom is
defined in the range of z € [—0.5, 1.4] A. The domains of
the C—C bond, the methyl carbon, and the hydrogen atoms
of the methyl group are not well defined. We identified local
minima in the current-density profile, which yielded estimated
boundaries of the domains. We chose the domain of the C—C
bond to be in the range of z € [1.4, 1.9] A. The domain of the
methyl carbon was chosen to be in the range of z € [1.9, 2.6]
A. The range of the domain of the methyl hydrogen atoms
then becomes z € [2.6, 6.0] A.

The integrated strengths of the current density in the in-
dividual domains calculated at the B3LYP def2-QZVP level
are given in Table II. Since the conformers sustain almost
the same current density in the domains, we discuss only
the average current-density strengths. In the following, the
absolute values of the differences between the current-density
strengths of the eclipsed and staggered conformers are given
in parentheses.

The total current strength passing through the integration
plane is —2.13(43) nA T~ in the paratropic direction. Since
calculations of the current density at the MP2 level yielded a
positive current strength of 0.94(57) nA T~!, we performed
current-density calculations for the eclipsed structure at the
CCSD(T) level, which yielded a total current strength of
—1.93 nAT~!. The total current strengths calculated at the
B3LYP and CCSD(T) levels for the eclipsed conformer per-
fectly agree, even though it is known that common DFT
functionals have difficulties in accurately treating the mag-
netic response of the core and semicore where the electron
density is large [45]. Due to large canceling contributions
from the methyl and phenyl groups, the total current strength
is small, leading to opposite signs at the DFT and MP2 levels
of theory. However, the individual current strengths of the
methyl and phenyl groups are much larger, implying that qual-
itatively the same current strengths are obtained for them at
the DFT and MP2 levels. In the DFT calculations, the largest
paratropic contribution of —14.90(6) nA T~! originates from
the ipso and para C atoms. The contribution from the para H
atom is 2.36(3) nA T~!. The three domains in the vicinity of
the methyl group have a current strength of 10.41(51) nA T,
which is almost as strong as the ring current of benzene when
the magnetic field is perpendicular to the ring.

The largest difference in the current-density distribution of
the conformers of 0.72 nA T~! appears at the methyl carbon,
since the carbon atom of the methyl group does not lie exactly
on the z axis, leading to a small current-density peak in Fig. 5
that does not appear in Fig. 4. The tiny positive contribution
at the methyl group in Fig. 4 is actually not a paratropic
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TABLE 1II. Strength (I in nA T~!, where [ is actually the integrated current susceptibility, since it is the first derivative of the current
strength with respect to the strength of the external magnetic field in the limit of vanishing field strength) of the current density in the atomic
domains of toluene calculated for different orientations of the methyl group. The current densities are calculated at the B3LYP/def2-QZVP
level of theory. The difference in the strength of the current density of the eclipsed (0°) and staggered (30°) structures (Jyaggered — Jeclipsed) are
also reported. The results are for the electronic currents through the upper (y > 0) half plane (see Fig. 4).

Domain 0° 10° 20° 30° Average Difference
B3LYP? —1.93 —-2.03 —2.20 —2.36 —2.13 —-0.43
para H atom, z € [—6.0; —2.5] A 2.34 2.35 2.37 2.37 2.36 0.03
para C atom, z € [—2, 5; —0.5] A —7.02 —6.98 —6.95 —6.94 —6.97 0.08
ipso C atom, z € [—0.5;1.4] A —791 —-7.92 —-7.93 —7.94 —7.93 —0.02
C—Cbond, z € [1.4;1.9] A 1.52 1.48 1.45 1.44 1.47 —0.08
methyl C atom, z € [1.9;2.6] A 5.36 5.12 4.79 4.64 4.98 —-0.72
methyl H atoms, z € [2.6;6.0] A 3.79 3.92 4.08 4.07 3.96 0.29
MP2&b 1.20 1.01 0.90 0.63 0.94 0.57

aFor the whole toluene molecule. The corresponding CCSD(T) value for the eclipsed (0°) structure is also —1.93 nA T~

®Calculated at the MP2/def2-TZVPP level.

current density but a returning diatropic current density of the
carbon atom of the methyl group, because the vortex center
is not exactly on the integration plane. A diatropic current
density of 3.96(29) nA T~! is sustained in the domain of the
hydrogen atoms of the methyl group, which is seen in Fig. 3.
The energetically lowest conformer with a torsion angle of
30° sustains a 0.43 nA T~! weaker net current density than the
eclipsed conformer with a torsion angle of 0°, since the sum
of the current density at the methyl group and the one at the
C—C bond is 0.52 nA T~! weaker for the staggered structure.

V. DISCUSSION AND CONCLUSIONS

The magnetically induced electronic ring current sustained
by toluene when the magnetic field is directed along the C—C
bond between the phenyl ring and the methyl group can be di-
vided into a diatropic ring current of 10.41(51) nA T~! around
the methyl group and a slightly stronger paratropic ring cur-
rent of —12.54(9) nA T~! around the phenyl group. Since the
magnetic field is parallel to the phenyl ring, its m orbitals
do not contribute significantly to the ring current around the
phenyl group. The ring-current strength is almost independent
of the orientation of the hydrogen atoms of the methyl group.
The magnetically induced nuclear ring current sustained by
toluene of 19.9 pA T-![1]is two orders of magnitude smaller
than the electronic ring current of —2.13(43) nA T~! obtained
in the DFT calculations. The MP2 and CCSD(T) calcula-
tions for the eclipsed conformer yielded current strengths of
1.20 nAT~! and —1.93 nA T~!, respectively. The electronic
ring current is weakly paratropic at the DFT and CCSD(T)
levels, whereas it is weakly diatropic at the MP2 level. The
diatropic and paratropic contributions to the current strength
obtained at the three computational levels qualitatively agree.
However, due to cancellation of large contributions from the
methyl and the phenyl groups, the opposite sign is obtained
at the MP2 level compared to the DFT and CCSD(T) calcula-
tions.

To detect nuclear ring currents, either the phenyl group or
the methyl group must be fixed in the experimental setup. It is
probably easier to block the rotation of the phenyl group than
to prevent the rotation of the methyl group when the C—C

bond between the phenyl and methyl groups is aligned with
the direction of the magnetic field. In such an experiment only
the ring currents of the methyl group are relevant. Electronic
and nuclear current densities might be detected in neutron
scattering experiments [46—48]. The nuclear contribution is
3.7 pAT~! [1], which is more than three orders of magnitude
smaller than the electronic contribution of 10.41 nAT~!. As-
suming that the methyl group is fixed and the phenyl group
can rotate, the nuclear contribution is 16.3 pA T, compared
to the electronic contribution of —12.54 nA T~!.

The bare nucleus approximation was assumed in the cal-
culation of nuclear ring currents. The nuclei are surrounded
by an electron density that rotates with the nuclei. Popula-
tion analysis shows that the effective charge of the methyl
hydrogen atoms is 0.21e instead of le in the bare nucleus ap-
proximation. The effective nuclear ring current of the methyl
group is then about 1 pA T~! when considering the effective
charge of the hydrogen atoms of the methyl group.

The charge of the ortho and meta carbon atoms is —0.21e
and —0.20e, respectively. The effective charge of the ortho
and meta hydrogen atoms are 0.20e and 0.21e, respectively.
Thus, the nuclear ring current of the phenyl ring is practi-
cally canceled by the ring current due to the electron density
circulating with nuclei. Detection of the nuclear ring current
of the phenyl group is therefore difficult, whereas it might
be possible to observe the circulating effective charge of the
hydrogens of the methyl group.

Magnetic shielding effects also affect the nuclear current
density, because the strength of the magnetic field experienced
by the nuclei in the molecule differs from the applied one.
However, for hydrocarbons such as toluene, the magnetic
shielding of the hydrogen nuclei is of the order of 25-30 ppm
and for the carbon nuclei it is two to six times larger. Thus,
very strong magnetic fields are required before the effect of
the magnetic shielding is as important as the electric shielding
effect [49-54].
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