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Abstract: A model based on classical electrodynamics is used to measure the strength of ring currents of different

molecular orbitals, i.e., r- and p-orbitals, and characteristics of ring current loops, i.e., ring current radii and height

of current loops above/below the ring planes, among a number of organic as well as inorganic molecules. For the

p-current, the present model represents an improvement of previous approaches to determine ring current intensity. It

is proven that the present model is more precise than previous models as they could not explain presence of the

minimum in the plot of NICSpzz versus distance close to the ring plane. Variations in the charge of molecules and

the types of constituent atoms of each species affect the ring current radii of both r- and p-current loops as well as

the height of p-current loops above/below the ring plane. It is suggested that variation in the distribution of the one-

electron density in different systems is the main source of differences of the ring current characteristics.
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Introduction

Aromaticity has been one of the most controversial issues in

chemistry from the dawn of modern chemistry to date.1 In recent

years, many peculiar species have been marked as aromatic or

antiaromatic2 and various qualitative as well as quantitative meth-

ods were introduced for measuring the so-called aromaticity.3 The

comparison of outcomes of various methods and examination of

strange molecules has aroused many arguments regarding the one

dimensionality/multidimensionality of aromaticity,4 e.g., energetic

aromaticity, structural aromaticity, electronic aromaticity, and

magnetic aromaticity. However, the true nature of aromaticity

remains undetermined, and it is not clear to what extent the com-

mon aromaticity indices measure aromaticity solely; such issues

have been well discussed in recent years.5

In the paradigm of magnetic aromaticity, it is assumed that

the stronger the ring current intensity of a molecule, higher is the

degree of its aromaticity. Among various indices that measure

magnetic aromaticity the nucleus-independent chemical shift

(NICS) is one of the most used.6 NICS has been developed into

many variants,7 criticized from time to time, and has its oppo-

nents and proponents.8 The magnitude of NICS partly reflects the

intensity of ring currents, however, by relying on local informa-

tion gathered from a single or a handful of points it is always

plausible that certain features relevant to the intensity of ring cur-

rents may be lost.9 The origin of this deficiency can be under-

stood by constructing simplified models based on classical elec-

trodynamics10 or more precisely by comparing the results of

NICS calculations and ring current analysis.11

In this contribution, previously proposed models of ring cur-

rent based on classical electrodynamics are revised carefully.

The reasons for the superiority of the present model to previ-

ously proposed models are discussed, and the validity of the

most refined single point NICS methods, NICS(0)rzz and

NICS(0)pzz, for a number of hydrocarbons, metallic, nonmetallic,

and mixed clusters is examined. It is shown that in the context

of the revised ring current model some discrepancies between

magnetic paradigm of aromaticity and electronic aromaticity can

be solved, and the results of different magnetic indicators of aro-

maticity are in line with each other. Also, it is demonstrated

how the nature of atoms and the number of electrons influence

the characteristics of electronic currents in terms of classical
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electrodynamics. Finally, the role of r and p electrons in the

magnetic aromaticity of double aromatic species are considered

and compared with the p-aromaticity of well-known aromatic

hydrocarbons in light of the proposed model.

Methods and Calculations

All structures, Figure S-1, were optimized at B3LYP12/6-

3111G(d,p)13 level by the Gaussian 9814 suite of programs. The

second derivatives of the energy were computed to ensure the local

minima nature of species. Dissected (r and p) NICS values were

computed at the same computational level employing NBO 5.0,15

as implemented in the Gaussian 98, by measuring the contributions

of each canonical molecular orbital in total magnetic shielding, i.e.,

CMO-NICS.16 The amount of electron density at different points

of space and the iso-surfaces of electron density for different spe-

cies were analyzed and depicted by the AIM2000 package.17 The

atomic volumes of ‘‘atoms in molecules’’ were computed by

AIMAll suite of programs,18 whereas the accuracy of calculations

was guaranteed by keeping the basin integral of the Laplacian of

the electron density in each atomic basin below 10–4 au.

It is well known that the source of unusual magnetic shield-

ings around the center of aromatic rings (as well as deshielding

in the periphery of their rings) are the induced magnetic field

originating from the induced electronic ring currents in the pres-

ence of an external magnetic field.11 Ring current intensities for

r and p systems (Ir and Ip) were calculated by fitting NICSrzz
(NICSpzz) against the perpendicular distance from the center of

ring plane using equations derived from classical electrodynam-

ics and the Bio-Savart law. For this purpose, 50 NICSrzz
(NICSpzz) values were computed in 0.1 Å intervals from non-

weighted geometric center of each molecule up to 4.9 Å above

the ring plane. Interestingly, the final result of the regression

procedure, which shows correlation coefficients very close to

unity, was independent from the initial guess of the parameters

demonstrating the robustness of the model.

rr ¼ � l0Ir
2Bext

R2

ðR2 þ z2Þ3=2
(1)

rp ¼ � l0Ip
2Bext

R2

ðR2 þ ðz� rÞ2Þ3=2
 !

þ R2

ðR2 þ ðzþ rÞ2Þ3=2
 ! !

(2)

In eqs. (1) and (2), it is assumed that electronic currents are

flowing in infinitely narrow superconductor circular wires.

Although assuming a circular narrow wire is a simplification,

this model provides valuable information as has been shown in

several works.10 In these equations I denotes the ring current in-

tensity, l0 is the permeability of vacuum, Bext is the external

applied magnetic field, R is the current radius, and z is the vari-

able which stands for the perpendicular distance from the current

loop center whereas rr and rp denote the magnetic shieldings of

r and p electrons at every point, respectively. In eq. (2), an

additional parameter is included: r defines the distance of p cur-

rent loop above and below the ring plane. This parameter has

not been included in any of previously proposed classical ring

current models, e.g., ARCS.10b The result of each regression for

every molecule is a unique set of parameters namely, R, r, and I

(assuming � l0
2Bext

¼ 1 for simplicity) that emerged as described

above, from a nonlinear fitting of NICSrzz (NICSpzz) values to

eqs. (1) and (2). A detailed analysis of the distribution of p-elec-
tron density in a molecule shows that p-electron density is equal

to zero on the ring plane of (planar) molecules, as the ring plane

is the nodal plane of the p-system. The p-electron density

increases gradually above or below the ring plane (nodal plane of

the p-system) and after reaching a maximum decreases steeply,

Figure 1. It is worth mentioning that electron density in the center

(and above the center) of smaller rings is more than that of larger

rings. This pattern is the result of the known exponential decay of

charge density beyond the core region of free and bonded

atoms;19 this and the fact that the ring center as well as other

points above and below the ring are farther than the nuclei in

larger rings illuminate this observation namely the lower amount

of electron density in the aforementioned points for larger rings.

As in the ring plane qp 5 0, one may not find p-electronic cur-
rents in the ring plane of a planar molecule; this is also in line

with current density analysis studies.20a Our primary investiga-

tions in this study demonstrates that without a model with two
current loops [(like eq. (2)] the computed rp values deviate dra-

matically from NICSpzz values in distances near the ring plane.

Figure 1. The plot of p-electron density versus distance above the

geometrical ring center of eight aromatic hydrocarbons; p-electron
density clearly is zero on the ring plane but increases by increasing

the distance and then decreases again.
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However, by increasing the distance from the ring plane, z, when
r can be neglected compared with z, or when the ring radius or R
are large compared with the r, eq. (1) can predict rp values rela-

tively close to NICS values as it was also shown in case of ARCS

methodology.10b On the other hand, one cannot guarantee that in

distances far above the ring plane, e.g., more than 3 to 4 Å above

the ring plane, ab initio/DFT derived shielding values are still

reliable since usual Gaussian type basis sets are not designed for

such long range purposes. Using eq. (2) for p currents improves

the quality of shielding values, rp, dramatically, see Figures S-2

and S-8 for a pictorial comparison of the results of double-current

versus single-current loop model, which demonstrates superiority

of the former. Tables 1 to 3 present correlation coefficients

between the calculated rp from regression procedure [from eq.

(2)] and directly calculated NICSpzz values; it can be seen that

the latter are perfectly reproduced. Remarkable trends are evident

in these tables that are discussed in the next section. The rp val-

ues derived from eq. (2), i.e., two-current loop model, are supe-

rior to shielding values derived from the eq. (1), i.e., one-current

loop model. Figures 2, S-2 and S-8 depict NICSpzz values versus

(1) NICSpzz values, which is a reference straight line, (2) rp val-

ues derived from eq. (2) which are very close to NICSpzz values

and (3) shielding values derived from fitting NICSpzz values into

the eq. (1), i.e., p-current with one current loop; these figures

prove superiority of double loop model.

Results and Discussions

Aromatic Hydrocarbons

Table 1 contains the final results of the regression analysis for

the considered planar hydrocarbons. Among different hydrocar-

bons with various total charges (from 12 to 22) the current

loop radius, R, is slightly larger than the ring radius (the latter is

measured as the average distance of each nucleus from the geo-

metrical center of the ring). Current loop radii, R values,

obtained from eq. (2), are 12.0, 6.3, 21.9, 11.2, 5.7, 2.9, 11.3,

and 6.5% larger than the ring radii for C3H3
1, C4H4

21, C5H5
–,

C6H6, C7H7
1, C8H8

21, C8H8
2–, and C9H9

– respectively. It is worth

noting that the ring radii are defined as the distance between the

ring center and the carbon nuclei of molecules. However, all

current loop radii are smaller than the distance between the pro-

tons and ring center, so our model confirms that protons are in

the deshielding zone of induced ring current as is expected from

the known proton chemical shifts as well as the ring current

model.21b,c This trend is in line with recent independent studies

that also demonstrate that ring current radii are indeed larger

than the ring radii for various hydrocarbons.20 Both, the increase

in ring size and total positive charge decrease the difference

between the ring current loop radius and the ring radius. On the

other hand, the variation of the total charge does not affect r
values much; they are similar for species with the same number

of p-electrons but when the number of p-electrons increases, the
r values also increase gradually. This trend is in line with the

shift of the maximum of qp to larger distances from the ring

center as is evident in Figure 1.

The relative intensities of p-ring currents, Ip, clearly demon-

strate that the strength of electronic currents is proportional to

the number of p-electrons; the Ip values in 10-p-electron species,

cyclooctatetraene dianion and cyclononatetraenyl anion are about

five times greater than that of 2p-electron molecules and 5/3

more than that of 6p-electron systems. Generally, it seems that Ip

Table 1. Ip (p-Ring Current Intensity)a, R (Ring Current Radius), r

(Height of Ring Current Loop Above and Below the Ring Plane) and

Ring Radius in Å for the Three Groups of p-Aromatic Hydrocarbons. cc

shows the correlation coefficient for the regression of eq. 2. NICS(0)pzz
values in ppm are presented for comparison with current intensities.

Ip
b R r cc Ring radius NICS(0)pzz

C3H3
1 11.97 0.881 0.627 0.998650 0.787 214.09

C4H4
21 11.77 1.051 0.572 0.999916 0.989 215.05

C5H5
2 34.56 1.468 0.672 0.999756 1.204 234.98

C6H6 36.04 1.551 0.670 0.999954 1.395 235.76

C7H7
1 36.85 1.701 0.674 0.999983 1.609 234.72

C8H8
21 37.24 1.892 0.679 0.999988 1.840 232.75

C8H8
22 59.34 2.059 0.692 0.999974 1.851 248.94

C9H9
2 60.43 2.183 0.693 0.999992 2.050 247.87

aFor calculation of I values it is assumed that 2l0/2B equals to 1 so I

values are relative intensities and will change in different magnetic

fields. However, variation in the relative intensities of currents will

remain the same for different molecules in every arbitrarily chosen mag-

netic field.
bThere are two p-current loops above and below the ring plane; the Ip
values represent the intensity of each of these currents individually so

the overall p-current intensity is twice the Ip values.

Table 2. Ip (p-Ring Current Intensity)a, R (Ring Current Radius), r

(Height of Ring Current Loop Above and Below the Ring Plane), and

Ring Radius in Å for Inorganic p-Aromatic Species. cc shows the

correlation coefficient for the regression of eq. 2. NICS(0)pzz values in

ppm are presented for comparison with current intensities.

Ip
b R r cc Ring radius NICS(0)pzz

P5
2 32.62 1.984 0.937 0.999949 1.808 224.18

S5
41 24.63 1.873 0.762 0.999993 1.805 220.86

Se5
41 28.09 2.078 0.824 0.999992 2.030 221.69

P4S 27.23 1.975 0.891 0.999994 1.791 220.85

P3S2
1 24.93 1.942 0.855 0.999999 1.780 219.68

P2S3
21 24.53 1.897 0.822 0.999996 1.780 219.96

PS4
31 24.02 1.882 0.789 0.999997 1.783 220.00

P4Se 28.21 2.010 0.903 0.999991 1.837 221.26

P3Se2
1 27.07 2.019 0.875 0.999997 1.868 220.70

P2Se3
21 28.07 2.008 0.853 0.999990 1.911 221.75

PSe4
31 27.23 2.044 0.837 0.999994 1.964 221.09

aFor calculation of I values it is assumed that 2l0/2B equals to 1 so I

values are relative intensities and will change in different magnetic

fields. However, variation in the relative intensities of currents will

remain the same for different molecules in every arbitrarily chosen mag-

netic field.
bThere are two p-current loops above and below the ring plane; the Ip
values represent the intensity of each of these currents individually so

the overall p-current intensity is twice the Ip values.
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values increase in molecules with the same number of p-electrons
when the ring size increases. This trend is in line with results of

our previous studies.8e It is worth noting that among different

hydrocarbons, the 6p-electron hydrocarbons have the largest Ip
values per electron. This should be noted that Ip values in Table

1 (Tables 2 and 3 in the manuscript) are reported for just one cur-

rent loop of two loops in each p-aromatic species. Indeed the

overall intensity of the p-currents is twice the reported values in

Table 1 (Tables 2 and 3 in the manuscript).

It is of great interest to compare the ring current intensity val-

ues quantitatively with other magnetic indices like current density

analysis and different NICS(0)pzz values. It is well known that the

induced ring currents and the magnetic susceptibility are directly

related to each other;21 comparing the Ip with magnetic suscepti-

bility of the p electrons of the studied species helps to evaluate

the present model. The magnetic susceptibility of the p-systems

for some of the molecules in the chosen set is reported in the

literature.22 The out-of-plane magnetic susceptibility of a given

p-system is an appropriate criterion to be compared with the

present results since, in the present model only the out-of-plane

component of the shielding arising from the p-system is consid-

ered in eq. (2). It was shown that the out-of-plane magnetic

susceptibilities of cyclopentadienyl anion and tropylium cation

are 0.867 and 1.233 compared with that of benzene respectively,

where the out-of-plane magnetic susceptibility of p-system in

benzene was assumed to be unity. The order of these values is

evidently in line with the order emerged from Ip values in Table

1, demonstrating the physical significance of the latter. Moreover,

the trends in Ip values are quite similar to the results of electron

density versus NICSzz scans8e for hydrocarbons even though

these two methods are based on two different and seemingly

unrelated methodologies. Comparing the maximum current den-

sity obtained from the current density analysis with the Ip values

also confirms the validity of our model; Fowler and Soncini have

reported the maximum current intensities for p-electrons of

cyclopentadienyl anion (0.0702 a.u.), benzene (0.0784 a.u.) and

tropylium cation (0.0814 a.u.) demonstrating that by increasing

the ring size, current intensity also increases.3k

On the other hand, NICS(0)pzz values neither are in line with

Ip nor with magnetizabilities, maximum current intensities of p
systems or the electron density versus NICSzz scan plots.8e

According to NICS(0)pzz the intensity of p ring currents for dif-

ferent species are only roughly related to the number of p elec-

trons but in contrast to Ip values it is not linearly related to the

number of p electrons. NICS(0)pzz values show that the inten-

sities of ring currents per electron decrease dramatically from

2p-electron species to 6p-electron systems and then 10p-electron
molecules while this trend is more constant for Ip values.

Table 3. Ip (p-ring current intensity)a, R (ring current radius), r (height of ring current loop above and below

the ring plane) and ring radius in Å for double aromatic species; cc shows the correlation coefficient for the

regression of eq. 2. NICS(0)pzz and NICS(0)pzz
rcp values in ppm are presented for comparison with current

intensities.

Ip
b R r cc Ring radius NICS(0)pzz NICS(0)pzz

rcp

Al4
22 13.15 2.144 1.395 0.996206 1.833 26.91 26.91

Si4
21 12.28 1.571 0.991 0.999331 1.633 29.23 29.23

Ga4
22 13.38 2.148 1.332 0.996400 1.815 27.34 27.34

Ge4
21 12.95 1.625 1.016 0.999404 1.740 29.51 29.51

Al3Si
2 11.71 1.875 1.241 0.998661 1.752 27.02 26.66

Al2Si2 10.44 1.797 1.149 0.999516 1.709 26.82 26.01

AlSi3
1 11.42 1.619 1.050 0.999225 1.653 28.11 26.68

Al3Ga
22 12.88 2.182 1.384 0.995341 1.835 26.79 26.78

Al2Ga2
22 13.17 2.158 1.360 0.995921 1.822 27.07 27.06

AlGa3
22 13.26 2.128 1.342 0.996454 1.817 27.24 27.24

Al3Ge
2 11.96 1.894 1.241 0.998714 1.770 27.17 26.78

Al2Ge2 11.15 1.816 1.148 0.999496 1.746 27.28 26.48

AlGe3
1 12.29 1.651 1.062 0.999285 1.722 28.65 27.54

Ga3Si
2 12.15 1.865 1.216 0.998816 1.743 27.45 27.16

Ga2Si2 10.70 1.769 1.138 0.999514 1.708 27.07 26.26

GaSi3
1 11.30 1.630 1.055 0.999362 1.664 28.02 26.84

Ga3Ge
2 12.40 1.890 1.220 0.998865 1.764 27.58 27.32

Ga2Ge2 11.33 1.803 1.142 0.999513 1.748 27.45 26.73

GaGe3
1 12.11 1.668 1.066 0.999400 1.732 28.50 27.42

Si3Ge
21 12.41 1.578 0.998 0.999348 1.660 29.28 29.27

Si2Ge2
21 12.47 1.597 1.006 0.999390 1.689 29.25 29.24

SiGe3
21 12.72 1.607 1.011 0.999395 1.714 29.40 29.39

aFor calculation of I values it is assumed that 2l0/2B equals to 1 so I values are relative intensities and will change

in different magnetic fields. However, variation in the relative intensities of currents will remain the same for differ-

ent molecules in every arbitrarily chosen magnetic field.
bThere are two p-current loops above and below the ring plane; the Ip values represent the intensity of each of these

currents individually so the overall p-current intensity is twice the Ip values.

2425Dissected Ring Current Model for Assessing Magnetic Aromaticity

Journal of Computational Chemistry DOI 10.1002/jcc



Although, single point NICSpzz values fail to determine the cur-

rent intensity, they are yet useful for determining the current in-

tensity if one employs eq. (2). As mentioned above, the results

of the double-current loop model based on NICSpzz scan are

very close to the results of current density analysis.

Inorganic p-Aromatic Species

To test the validity of the model beyond the domain of planar

hydrocarbons a set of planar inorganic p-aromatic molecules are

studied. This set includes 6p-electron P5–nSn
(n–1) and P5–nSen

(n–1)

species (n 5 0–5) in which, unlike the hydrocarbons studied

before, both molecular charge and atom types are varied. As is

evident from the correlation coefficients in Table 2, the regres-

sion procedure is completely successful and the model fits

ideally to the NICS data. The r-framework of these molecules is

not magnetically aromatic. This is in line with MCI data

reported in a recent study.23

Among P5–nSn
(n–1) and P5–nSen

(n–1) clusters the R values

change by varying the total charge of molecules as it was

observed for hydrocarbons. Ring current loops radii are again

larger than the ring radii of each molecule but the relative size

of R gradually decreases among P5–nSn
(n–1) clusters by increas-

ing the number of sulfur atoms (9.7, 10.3, 9.1, 6.6, 5.5, 3.8%)

and similarly among P5–nSen
(n–1) species by increasing the

number of selenium atoms (9.7, 9.4, 8.1, 5.1, 4.1, 2.4%). Among

P5–nSn
(n–1) and P5–nSen

(n–1) species, the r values decrease with

the increase of the total positive charge and the number of

chalcogen atoms, however, these are always larger than the r

values of hydrocarbons. The latter trend seems to be legitimate

since the size of P, S, and Se atoms are larger than that of car-

bon atom. Furthermore, the r value for selenium containing clus-

ter is greater than their sulfur containing counterparts; this can

be explained if one considers the role of 4p orbitals in selenium

and 3p orbitals in sulfur in magnetic aromaticity. The Ip value

for P5
2 in both sets is the largest while all the 6p-electron mem-

bers of these sets have smaller currents than the 6p-electron
hydrocarbons. Although NICS(0)pzz also predicts a larger current

intensity for P5
2 than other members of these sets, a fine correla-

tion between NICS(0)pzz and Ip values is not observed among

other members. Let us mention here that NICS(0)pzz values of

Table 2 have been computed at the non-weighted geometrical

center of the different rings. The values of NICS(0)pzz
rcp obtained

at the ring critical point (vide infra) are practically the same, the

differences between NICS(0)pzz and NICS(0)pzz
rcp being never

larger than few hundredths of a ppm.

Double Aromatic Species

The legitimacy of the model for a number of double aromatic (r
and p) molecules, which are composed of twenty two four-mem-

bered clusters of Al, Si, Ga, and Ge is studied heedfully. The

obtained results are gathered in Tables 3 and 4. It is worth not-

ing that for these systems NICS(0)rzz and consequently Ir values

are obtained by summing the contributions of six r-type valence

molecular orbitals for each molecule. Studying the out-of-plane

component of NICS demonstrates that six r-orbitals contribute

almost equally to the magnetic shielding. These sets were

Figure 2. NICSpzz values versus (1) NICSpzz values, which is a straight reference line (blue rectangular),

(2) rp values derived from eq. (2) which are very close to NICSpzz values (red circles) and (3) shielding

values derived from fitting NICSpzz values into the eq. (1), i.e., p-current with one current loop (green trian-

gles) for (a) cyclopropenyl cation and (b) Al4
2–; this figure proves superiority of double loop model as points

of series 1 and 2 almost coincide with each other while points of series 3 move around the straight line.
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recently studied by Feixas et al. and general trends in their rela-

tive aromaticities based on electronic multicenter indices (MCI)

were clearly identified.23

In each molecule of this set, two factors are changing: total

charge and atom type; two factors that had a significant effect on

the magnitude and characteristics of the electronic ring currents

of p-aromatic species. However, relative changes in the p-current
loop radii of p-currents among double aromatic species are much

more significant compared with the p-aromatic inorganic and

hydrocarbon systems. For negatively charged and neutral species,

the current loop radii are larger than the molecular ring radii but

for positively charged species the p-current loop radii are smaller

than the ring radii. The height of p-current loops above and below

the ring plane, r, is larger for metallic species and decreases by

increasing the total positive charge of the cluster.

The r-current loop radii vary among these species like the p-
current loop radii as they are larger for metallic clusters.

Furthermore, the r-current loop radii for all double aromatic

species are larger than their ring radii. Although, the current

density maps of most of these systems have not been studied

yet, a careful study on r- and p-current density maps of Al4
2–

demonstrates that both r- and p-current loops radii are indeed

larger than the ring radius.24

Profiles of electron density versus distance for four pure dou-

ble aromatic systems (Al4
2–, Si4

21, Ga4
2–, and Ge4

21) are depicted

in Figure 3. It is seen that for metallic clusters where the current

loop radius is large and far above the ring plane, the distribution

of electron density is loose. On the other hand, for non-metallic

species, where current loop radii of both r- and p-systems are

smaller than their metallic counterparts the distribution of elec-

tron density is much more compact. It seems that looseness/

tightness of electron density distribution is qualitatively in line

with the geometrical characteristics of current loops for metallic/

non-metallic systems.

The relationship between geometrical characteristics of cur-

rent loops and electron density distribution can be examined

also by a more quantitative approach. Figure 4 depicts plots of

R for r-currents and (R21 r2)1/2 for p-currents versus sum of

atomic volumes obtained from the Quantum Theory of Atoms in

Molecules (QTAIM).25 Atomic volumes reflect looseness/tight-

ness of the contribution of electron density in four-membered

ring clusters and are well correlated with current loop geometri-

cal characteristics.

This shows that the distribution of electron density indeed

affect the size and height of effective electronic current loops.

The same relationship is not observed for hydrocarbons and

inorganic p-aromatic compounds; for a discussion regarding pos-

sible reasons of this observation see SI.

Ir and Ip values (Tables 3 and 4) follow the expected

trends of relative aromaticity; ring current intensities of sym-

metric M4 clusters is always greater than M3N species, a result

that is consistent with the recently computed MCI values23 and

is anticipated from geometrical criterion of aromaticity. Based

on Ir and Ip values, M2N2 species usually have the weakest

Table 4. Ir (r-Ring Current Intensity)a, R (Ring Current Radius) and Ring Radius in Å; NICS(0)rzz and

NICS(0)rzz
rcp in ppm for r-Aromatic Species. cc shows the correlation coefficient for the regression of eq. 1.

Ir R cc Ring radius NICS(0)rzz NICS(0)rzz
rcp

Al4
22 141.77 2.359 0.999531 1.833 260.68 260.68

Si4
21 130.13 1.863 0.999855 1.633 270.29 270.29

Ga4
22 148.99 2.320 0.999786 1.815 264.59 264.59

Ge4
21 133.53 1.996 0.999994 1.740 266.09 266.09

Al3Si
2 128.27 2.170 0.999558 1.752 259.70 257.81

Al2Si2 122.35 2.047 0.999645 1.709 260.33 257.38

AlSi3
1 125.19 1.912 0.999735 1.653 266.04 261.92

Al3Ga
22 141.66 2.357 0.999636 1.835 260.57 260.52

Al2Ga2
22 142.80 2.355 0.999715 1.822 261.01 260.97

AlGa3
22 143.24 2.348 0.999778 1.817 261.32 261.30

Al3Ge
2 131.74 2.204 0.999692 1.770 260.27 258.71

Al2Ge2 129.08 2.099 0.999874 1.746 261.81 259.85

AlGe3
1 130.88 1.993 0.999877 1.722 265.87 264.30

Ga3Si
2 131.26 2.193 0.999894 1.743 260.11 259.07

Ga2Si2 120.42 2.067 0.999859 1.708 258.60 255.63

GaSi3
1 122.08 1.935 0.999809 1.664 263.54 259.79

Ga3Ge
2 134.51 2.215 0.999932 1.764 260.92 260.27

Ga2Ge2 127.63 2.117 0.999964 1.748 260.42 258.66

GaGe3
1 129.31 2.024 0.999971 1.732 264.02 262.30

Si3Ge
21 128.95 1.889 0.999908 1.660 268.58 268.55

Si2Ge2
21 127.58 1.918 0.999942 1.689 266.74 266.70

SiGe3
21 130.79 1.960 0.999981 1.714 266.83 266.80

aFor calculation of I values it is assumed that 2l0/2B equals to 1 so I values are relative intensities and will

change in different magnetic fields. However, variation in the relative intensities of currents will remain the

same for different molecules in every arbitrarily chosen magnetic field.
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r- and p-ring currents. However, in case of Al4-nGan
2– species,

Al3Ga
2– has weakest r- and p-electronic currents. Similarly

among Si4-nGen
21 clusters Si3Ge

21 has the weakest p-current.
According to Ip values among Al4-nGan

2– and Si4-nGen
21 clus-

ters molecules with two or more number of Ga or Ge have

stronger ring currents than Al4
2– and Si4

21 respectively. The

same is true for Ir in Al4-nGan
2– systems. However, as is

expected23 within these two groups variation of ring current

intensity is much smaller than the other molecules since both

atoms of the Al4-nGan
2– and Si4-nGen

21 series come from the

same group of the periodic table.

It is interesting to determine which species among Al4
2–, Si4

21,

Ga4
2–, and Ge4

21 has the strongest ring currents. According to Ir
and Ip values the order of strength of ring currents (both r- and
p-currents) for these species is as the following: Ga4

2– [ Al4
2– [

Ge4
21 [ Si4

21, it is interesting to note that a complex containing

Ga4
2–, the most aromatic species according to ring current

strength is known and studied in bulk26 but complexes of other

species, to the best of our knowledge, are not yet known in

bulk. Previous studies by ARCS methodology suggests that ring

current intensity of Al4
2– is somewhat stronger than Ga4

2– and

ring current radii of these species are smaller than their ring

radii;27 these results are in contrast to our computed intensities

and the distribution of ring current vectors obtained from current

density analysis.20a,24

A major question regarding double aromatic species is the

relative contributions of r- and p-electrons in magnetic aroma-

ticity. This has been studied by means of different tools for Al4
2–

in particular.23,24,28 A precise study based on current density

analysis and out-of-plane dissected NICS suggest that r-elec-
tronic currents are more intense than their p counterparts.24 On

the other hand, MCI and a number of other tools suggest that

the role of p-aromaticity is more prominent than r-aromatic-

ity.23,29 Since there is a direct relationship between the number

of electrons and the intensity of induced magnetic field in an ar-

omatic species, magnetic indices are influenced by the number

of electrons. A recent study based on current density analysis

shows that the intensity of p-currents per electron is more than

that of r-currents. Moreover, the overall intensity of r-currents
is almost six times greater than the intensity of p-currents.20a

Comparing values of NICS(0)rzz per electron with NICS(0)pzz
per electron suggests that r-framework with 12 valence electrons

is more aromatic than p (NICS(0)rzz/e 5 25.06 and

Figure 4. The plots of the sum of atomic volumes bound by three

different iso-electronic surfaces (0.0004 au, 0.001 au, and 0.002 au)

versus dimensions of electronic current loops in four-membered r-
and p-double aromatic species; better correlations are observed con-

sidering iso-electronic surfaces with lower isodensity values, maybe

as a result of smoothing the molecular shape in lower electron den-

sity iso-electronic surfaces.

Figure 3. The plot of electron density versus distance for Al4
2–

(violet crosses), Ga4
2– (red circles), Si4

21 (blue triangles) and Ge4
21

(green squares); electron density values are depicted to 5 3 10-5

threshold. The electron densities of Al4
2– and Ga4

2– is less than that

of Si4
21 and Ge4

21 near the ring plane but electron density of Si4
21

and Ge4
21 drops below that of Al4

2– and Ga4
2– about 1 Å above the

ring plane.
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NICS(0)pzz/e 5 23.45 ppm). This result is neither in line with

MCI results nor with current density analysis or the fact that p-
electrons are less attracted by the positive charge of nuclei and

hence are more amenable to produce an electronic current com-

pared to r-electrons. In contrast to single point NICS values, the

strength of electronic currents per electron suggests that p-cur-
rents (Ip/e 5 13.15) are slightly stronger than r ones (Ir/e 5
11.81); this is in a complete agreement with current density

analysis results.20a However, total magnetic contributions of six

filled valence r-orbitals of Al4
2– is certainly more than its single

p orbital as current density analysis suggests.20a,24 It should be

again emphasized that Ip values in Tables denote the current

intensity for just one current loop of two current loops in each

p-system. The same is true for the rest of four-membered

ring clusters as their relative p-aromaticity is more than their r-
aromaticity. It is also worth noting that current density analysis

demonstrates that the relative p-current intensity of benzene is

almost three times more than that of Al4
2–.20a Ip values in

Tables 1 and 3 show exactly the same trend as current density

analysis.

Although the NICS(0)rzz and NICS(0)pzz are the most

refined NICS variants (as they measure pure contributions of r-
or p-electrons whereas choosing the out-of-plane component of

NICS guarantees that in-plane ring currents are being measured

exclusively) studying the NICS(0)rzz and NICS(0)pzz values in

Tables 3 and 4 for different species show that these NICS var-

iants do not obey the expected trends in the strength of elec-

tronic currents. According to NICS(0)rzz and NICS(0)pzz values,

Si4
21 and Ge4

21 have the strongest r- and p-electronic currents

among all double aromatic species, respectively. Surprisingly,

NICS values suggest that replacing Al or Ga atoms with more

electronegative Si and Ge atoms not only does not reduce the

strength of ring currents as one expects, but also augment them.

Particularly, NICS(0)pzz suffers from such flaws more than

NICS(0)rzz. This flaw is also expected based on our model since

the characteristics of p-electronic currents (the current loop radii

and the height of current loops above or below the ring plane)

vary more than those of r-electronic currents. For instance,

NICS(0)pzz values suggest that replacing Al atoms in Al4
2– by

any other atoms increases the strength of electronic ring current

(there are only two exceptions, Al2Si2 and Al3Ga
2–, according to

NICS criterion that their NICS(0)pzz values are less negative

than the Al4
2–). Indeed, variations in the coordinates of current

loops (R and z) seriously affect NICS values so NICS(0)rzz and

NICS(0)pzz cannot verify the correct order of ring current inten-

sity. Alternatively, NICS(0)rzz and NICS(0)pzz values can be

computed at the ring critical point (rcp), i.e., the point of lowest

electron density in the ring plane, instead of the geometrical

ring center30 in order to minimize the influence of electron den-

sity on the magnetic shielding.8e As can be seen from Tables 3

and 4, NICS(0)pzz
rcp improves the expected trends for most of

molecules in the series analyzed, thus, the results are more in

line with Ip and MCI calculations. The major flaw of the

NICS(0)pzz
rcp (as of NICS(0)pzz) is its inconsistency with the trend

of Ip values of Al4
2–, Si4

21, Ga4
2–, and Ge4

21 species where the ring

current radii change dramatically.

NICS(0)rzz
rcp performs better compared with its counterpart

at the geometric center; particularly, among Ga4–nSin
n–2 and

Ga4–nGen
n–2 clusters it performs quite well. However, NICS(0)rzz

rcp

is not completely in line with Ir for all species. This strong de-

pendence on the chosen point of the space, where NICS(0)rzz
and NICS(0)pzz are calculated, was also observed by Feixas

et al. for NICS(0), NICS(1), NICS(0)r, and NICS(0)p.
23

Concluding Remarks

Ring current intensities for a diverse set of molecules are esti-

mated by a simple model from classical electrodynamics. Such

models have been used for estimation of ring current intensity in

terms of ARCS methodology before.10b In this contribution, the

ARCS methodology is carefully revised by (1) employing dis-

sected NICS values, e.g., contributions of r and p frameworks

are studied separately, (2) the out-of-plane component of shield-

ing is used instead of isotropic shielding in order to eliminate

the influence of electronic currents other than the ring current

(3) for measuring the p-current intensity a double-loop model is

used. Employing a double-loop model improves estimated

shielding values, rp, both qualitatively and quantitatively com-

pared with a single-loop model. By a single-loop model the min-

imum in the plot of NICSpzz values versus distance cannot be

produced while the double-loop model is reasonably successful

in this task, see Figure S-8.

It is shown that NICSrzz and NICSpzz values are reproduced

from basic equations of electrodynamics while a parameter of

this eq., I, represents the strength of electronic currents. In the

considered cases, the results of this model are consistent with

chemical intuition, current density analysis data3k,20,22 and MCI

results23 while single point NICS values are not so clearly in

line with chemical intuition, MCI values and other considered

magnetic indices. Interestingly, the performance of NICSrzz and

NICSpzz can be improved by calculating NICS values at the ring

critical point instead of the geometrical ring center.

The geometrical characteristics of r- and p-current loops in

classical view vary by substituting the atoms of a molecule;

among four-membered ring species a reasonable correlation is

found between the sum of atomic volumes and both the r- and
p-current loop radii. Substituting the atoms of a molecule by

more electronegative atoms triggers contraction of the electron

distribution and consequently the decrease of the electronic cur-

rent loop radii and atomic volumes. It was shown that in all spe-

cies the current loop radius depends on the total charge of mole-

cules while the height of p-current loops above and below the

ring plane is not sensitive to the total charge (as it is evident in

the case of hydrocarbons). On the other hand, atom type varia-

tions (and consequently the size, electronegativity and distribu-

tion of electron density) affect the height of p-current loops

above/below the ring plane.

Furthermore, our model is in line with MCI and precise cur-

rent density analysis results indicating that in Al4
22 and related

species the relative contribution of a p-electron in magnetic aro-

maticity is more than that of a r-electron.
Difference between the characteristics of current loops in

different species is the main source of NICS failure in deter-

mining the electronic current intensity and NICS calculations

among species with different atom types is not a safe root for
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measuring the ring current intensities. NICS variants are useful

probes for qualitative purposes if and only if the out-of-plane

component of magnetic shielding is used, e.g., NICS(x)zz,

NICS(x)rzz, and NICS(x)pzz.

Comparing aromaticity orders based on this study with results

obtained from a previous study23 demonstrates that there are

some differences between magnetic indexes and electron sharing

indexes of aromaticity. These differences usually are interpreted

in terms of multidimensionality of aromaticity.4 However, this

fact may also be seen from a different point of view as magnetic

properties are response properties, whereas energetic, structural

and electronic properties are ground state properties. Indeed, sev-

eral factors, e.g., HOMO-LUMO gaps, affect magnetic properties

that are not influential on ground state properties.
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