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Magnetically induced current densities in the four-membered rings of Al4
2− and Al4

4− species have
been calculated at the coupled-cluster singles and doublessCCSDd level by applying the recently
developed gauge-including magnetically induced currentsGIMICd method. The strength of the
ring-current susceptibilities were obtained by numerical integration of the current densities passing
through a cross section perpendicular to the Al4 ring. The GIMIC calculations support the earlier
notion that Al4

2− with formally two p electrons sustains a net diatropic ring current. The diatropic
contribution to the ring-current susceptibility is carried by the electrons in both thes s16.7 nA/Td
and thep s11.3 nA/Td orbitals. The induced ring current in the Al4

4− compounds, with fourp
electrons, consists of about equally strong diatropics and paratropicp currents of about 14 and
−17 nA/T, respectively. The net current susceptibilities obtained for Al4Li−, Al4Li 2, Al4Li 3

−, and
Al4Li4 at the CCSD level using a triple-zeta basis set augmented with polarization functions are
28.1, 28.1, −5.9, and −3.1 nA/T, respectively. The corresponding diatropicsparatropicd
contributions to the ring-current susceptibilities are 32.4s0.0d, 36.7 s0.0d, 18.9 s−19.9d, and 18.6
s−16.8d nA/T, respectively. For the Al4

2− and Al4
4− species, the net currents circling each Li+ cation

is estimated to 4.3 and 2.4 nA/T, respectively. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1924590g

I. INTRODUCTION

Ring-shaped aluminum species consisting of four alumi-
num atoms have recently been studied experimentally in la-
ser vaporization experiments using photoelectron
spectroscopy.1,2 The experimental results were interpreted by
employingab initio and density-functional theorysDFTd cal-
culations. The calculations showed that the geometry of the
Al4

2− cluster is square shaped with equal Al–Al bonds. The
Al4

2− compounds have two delocalizedp electrons, indicat-
ing that they are aromatic according to Hückel’ss4n+2dp
rule.1 In later experiments, Kuznetsovet al.2 were able to
vaporize reduced ring-shaped aluminum clusters consisting
of four Al atoms and to detect Al4

4− species. Their computa-
tional studies showed that the 4p Al4

4− species form an alu-
minum ring with alternating Al–Al bonds, suggesting that
they are antiaromatic similarly as cyclobutadiene.

A DFT study of the magnetic shielding properties of
Al4

4− by Chenet al.3 did not completely support this notion;
instead nucleus-independent chemical shift4 sNICSd calcula-
tions indicated that Al4

4− can be classified as as-aromatic
andp-antiaromatic species. Fowler and co-workers5,6 calcu-
lated magnetically induced currents at the Hartree–Fock self-
consistent-fieldsHF SCFd level. The current-density plots
showed that both Al4

2− and Al4
4− sustain diatropic current den-

sities in the Al4 plane; this was taken as a clear indication of

the s aromaticity of the aluminum four-membered rings.5,6

For Al4
2−, Fowler and co-workers did not obtain any ring-

current density in regions which are 1 bohr and higher above
the aluminum-ring plane, whereas for Al4Li 4 they found
strong paratropic currents in a plane 2 bohrs above the alu-
minum atoms. Thus, according to their calculations, thep
orbital in Al4

2− is magnetically inactive, whereas in the Al4
4−

species, they found that thep cloud sustains a net paratropic
current. The calculated current-density maps by Fowler and
co-workers5,6 support the notion that Al4

2− can be considered
to be s aromatic and that Al4

4− is a s-aromatic and
p-antiaromatic species.

Thus, according to the previous studies, NICS values
and current-density plots indicated that the Al4

2− and Al4
4−

rings sustain net diatropic ring currents suggesting that they
are both aromatic. On the other hand, the formalp-electron
count and the molecular structures suggest that the Al4

2− spe-
cies are aromatic and that the Al4

4− ring constitutes an anti-
aromatic metal cluster. This contradiction shows that the aro-
matic properties of the Al4 rings are very tantalizingsfor a
recent discussion, see also Ref. 7, for other computational
studies concerning the aromaticity/antiaromaticity of Al4

species, see Refs. 8–15d and a more thorough study is needed
to sort out this conundrum.

In this work, we resolve this problem by calculating the
magnetically induced current densities and nuclear magnetic
shieldings for the Al4

2− and Al4
4− species at the coupled-

cluster level as well as by employing density-functionaladElectronic mail: sundholm@chem.helsinki.fi
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theory methods. The word aromaticity is used throughout as
a synonym for the ability of the molecule to sustain a mag-
netically induced ring current.

II. COMPUTATIONAL METHODS

The recently developed gauge-including magnetically
induced currentsGIMICd method is used to explicitly calcu-
late the strengths of the magnetically induced currents in the
aluminum rings of the Al4

2− and Al4
4− species.16 The GIMIC

method has been interfaced to the Austin–Mainz version of
the ACES II sRef. 17d and to theTURBOMOLE sRef. 18d pro-
gram packages. The first-order magnetically induced current
densities have been calculated for the Al4

2− and Al4
4− species

at the coupled-cluster singles and doublessCCSDd level.19,20

Additional shielding and current-density calculations at the
CCSD level augmented by a perturbative treatment of triple
excitations21 fCCSDsTdg have been performed for Al4Li 2 to
check the reliability of the corresponding CCSD results. In
the GIMIC method, gauge-including atomic orbitals22–26

sGIAOsd were employed yielding gauge-origin independent
current densities with a fast basis-set convergence; standard
basis sets give current densities close to the basis-set limit
rendering GIMIC calculations on large molecules feasible.16

GIMIC calculations can be performed at any computational
level for which the one-body density matrix and the magneti-
cally perturbed density matrices are available.20,21,25–36The
GIMIC method and its implementation have been described
in Ref. 16.

In the nuclear magnetic shielding calculations at the
coupled-cluster and HF SCF levels, the Karlsruhe triple-zeta
quality basis sets augmented with polarization functions
sTZPd were employed.18 The molecular structures used in the
ab initio GIMIC calculations were optimized at the CCSD/
TZP level. Since, we are mainly interested in a qualitative
treatment of the electron-correlation effects, calculations at
the CCSD level are sufficiently accurate. A comparison of
CCSD/TZP results with the results obtained at the CCSD
level using split-valence qualitysSVPd basis sets37 snot re-
portedd showed that CCSD/TZP calculations are adequate for
this purpose.

The nuclear magnetic shielding calculations provide the
magnetically perturbed density matrices which are used in
the calculation of the magnetically induced current density.
The strength of the induced ring currents was obtained by
performing a numerical integration of the induced current
density passing through a cross section perpendicular to
chemical bonds of the molecular ring.16

For a fixed direction of the external magnetic field, the
magnetically induced current density is a vector function
with length and direction. This means that the magnetically
induced currentsper secannot be classified as diatropic or
paratropic. However, by introducing a reference frame, in
this case the integration cross-section plane, the sign of the
perpendicular projection of the current density against this
plane defines whether the current-density function is diatro-
pic or paratropic in the cross-section plane. This can be con-
sidered to be related to the evaluation of the paramagnetic
contribution to the nuclear magnetic shielding constants

needed in the calculation of magnetic spin-rotation
constants.38

In the DFT calculations of the nuclear magnetic shield-
ings, the molecular structures were optimized using Becke’s
three-parameter functional for exchange in combination with
the Lee–Yang–Parr correlation functional39,40 sB3LYPd and
the Karlsruhe triple-zeta valence polarizationsTZVPd quality
basis sets.41 The nuclear magnetic shieldings were also cal-
culated at the B3LYP/TZVP level.

The aromatic ring-current shieldingssARCSsd42 and
NICSs were also calculated at the CCSD/TZP and B3LYP/
TZVP levels. The diatropic or paratropic character of the
magnetically induced ring-current susceptibility was esti-
mated from the long-range part of the ARCS function, i.e.,
the magnetic shielding function calculated along a line from
the ring center and perpendicular to the ring as described in
our previous work.10,42–46 For comparison, we also report
NICS values4 calculated at the CCSD/TZP and B3LYP/
TZVP levels.

III. MOLECULAR STRUCTURES

The molecular structures optimized at the CCSD/TZP
level are shown in Fig. 1. The Al–Al bond distances obtained
in the CCSD/TZP and B3LYP/TZVP calculations are given
in Table I. The molecular structures obtained at the B3LYP/
TZVP and CCSD/TZP levels are very similar; the Al–Al dis-
tances differ by less than 2 pm. In the case of Al4Li 2, B3LYP
provides a symmetry-broken structure with the Li atoms con-
nected to only two of the Al atoms. The distances between
the axial Li atoms and the ring center calculated at the
B3LYP/TZVP and CCSD/TZP levels differ by 4 pm, except
for Al4Li 2.

IV. NICS CALCULATIONS

The NICS value, which is often used to probe the
strength of the magnetically induced ring current, is defined
as the negative value of the isotropic magnetic shielding at
the ring center.4 This commonly used molecular aromaticity
index46 has recently met harsh criticism.47 The NICS index is
employed here for comparison, since Chenet al.3 used it in
their study of the aromaticity of Al4

4−. A negative NICS
value, i.e., diamagneticspositived shielding, corresponds to
aromatic species and antiaromatic molecules exhibit positive
NICS values. The NICS values of Al4Li−, Al4Li 2, Al4Li 3

−,
and Al4Li4 calculated at the B3LYP/TZVP level using the
fully optimized B3LYP/TZVP structures are −18.2, −1.7,
−5.9, and −10.4 ppm, respectively. The corresponding NICS
values calculated at the CCSD/TZP level using the CCSD/
TZP optimized structures are −24.1, −5.4, −12.0, and
−16.7 ppm, suggesting that they are all aromatic. The fully
optimized structure of Al4Li 2 obtained at the B3LYP/TZVP
level has a symmetry-broken structure with slightly alternat-
ing Al–Al bonds of 260.4 and 263.3 pm and with the Li
atoms coordinated to only two Al atoms. The optimized
CCSD/TZP structure belongs to theD4h point group with
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identical Al–Al distances. The NICS value for Al4Li 2 calcu-
lated at the B3LYP/TZVP level using theD4h structure is
15.5 ppm, indicating that it is antiaromatic, whereas the
NICS value obtained at the B3LYP/TZVP level using the
symmetry-broken structure is −1.7 ppm as compared with
the CCSD/TZP value of −5.4 ppm. Thus, Al4Li 2 is indeed a
complicated system that must be studied at highly correlated
levels of theory.

The large difference of a factor of 10 between the NICS
values calculated for Al4Li− and Al4Li2 at the B3LYP/TZVP
level and the corresponding ratio of 4 obtained at the CCSD/
TZP level are somewhat distressing because the structural

difference between the two species is mainly due to the dif-
ferent number of Li+ cations surrounding the Al4

2− ring. For
ionic systems such as these species, the number of counteri-
ons should not significantly affect the aromaticity properties
of the Al4 ring. For the two Al4

4− species, the NICS values
calculated at the B3LYP/TZVP level differ by a factor of 2.
At the CCSD/TZP level, the NICS values for the two Al4

4−

species differ by 6 ppm. The NICS value does not seem to be
a reliable aromaticity index, since the B3LYP and CCSD
NICS values give completely different notions about the de-
gree of aromaticity of the Al4 rings. The approximately con-
stant difference between the NICS values calculated at the

FIG. 1. The molecular structure of Al4Li−, Al4Li 2,
Al4Li 3

−, and Al4Li 4 optimized at the CCSD/TZP level.

TABLE I. The Al–Al bond distancessin pmd of the Al4 species optimized at the CCSD and B3LYP levels. The
distance between the ring center and the axial Li cationssRc–Li in pmd are also given.

Species Level Symmetry Al–Al Al–Al Rc–Li

Al4Li− B3LYP/TZVP C4v 261 ¯ 220
Al4Li− CCSD/TZP C4v 259 ¯ 226
Al4Li 2 B3LYP/TZVP C2h 260 263 230
Al4Li 2 B3LYP/TZVP D4h 263 ¯ 223
Al4Li 2 CCSD/TZP D4h 261 ¯ 230
Al4Li 3

− B3LYP/TZVP Cs 250 257a 204b

Al4Li 3
− CCSD/TZP Cs 249 257c 208b

Al4Li 4 B3LYP/TZVP C2h 255 267 214
Al4Li 4 CCSD/TZP C2h 255 269 218

aThe two other Al–Al bond distances are 279 pm.
bAt the B3LYP/TZVP level, the axialRc–Li distance on the side with two Li atoms is 211 pm and at the
CCSD/TZP level it is 216 pm.
cThe two other Al–Al bond distances are 277 pm.
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B3LYP and CCSD levels is due to the well-known fact that
magnetic shieldings are often systematically underestimated
at DFT levels of theory.48

V. ARCS CALCULATIONS

An alternative approach to estimate the degree of aroma-
ticity is the ARCS method which deduces the degree of aro-
maticity from the long-range magnetic shielding function.42

For simple ring-shaped molecules, the ARCS function also
can provide estimates for the strength of the induced ring
current by employing Biot–Savart’s law for an infinitely thin
ring.43

The ARCS functions for the Al4
2− and Al4

4− species cal-
culated at the CCSD/TZP and B3LYP/TZVP levels are
shown in Figs. 2 and 3. In a previous study, ARCS calcula-
tions at the CCSD level gave ring-current susceptibilities of
11.6 and 11.9 nA/T for Al4

2− and Al4Li−, respectively.10

These values can be compared to the present value of
28.1 nA/T for Al4Li− obtained at the CCSD/TZP level by
numerical integration of the current density. The current
strengths obtained from the ARCS calculations are underes-
timated by about a factor of 2, since for the Al4 species the
assumption that the ring current is circular, infinitely thin,
and circling in the Al4 plane is a rather crude approximation.
For Al4Li 2, Al4Li 3

−, and Al4Li4, a quantitative determination
of the ring-current susceptibility from ARCS functions is
more complicated, since the counterions above the ring cen-
ter interfere with the ARCS fit.

The sign and shape of the ARCS function at long dis-
tances from the Al4 ring show whether the molecule pos-
sesses dominating diamagnetic or paramagnetic character. As
seen in Fig. 2, the positive tail of the shielding functions
indicates that the Al4Li− and Al4Li2 rings sustain net diatro-
pic currents, whereas Al4Li3

− and Al4Li4 seem to be domi-

nated by paratropic currents. However, at very long distances
smore than 15 bohrs from the Al4 ringd, the shielding
changes sign and become diamagnetic for both Al4

4− species.
The inner part and the distant parts of the ARCS function
suggest that in Al4

4− diatropic and paratropic currents play an
important role, rendering an unambiguous interpretation of
the ARCS function difficult. In Sec. VI, we show that GIMIC
calculations can assist the interpretation of the shape of the
ARCS function and provide a plausible explanation of its
asymptotic behavior at long distances.

VI. GIMIC CALCULATIONS

A. Al 4
2− and Al 4

4−

The first-order magnetically induced current densities
calculated for the Al4

2− and Al4
4− compounds at the CCSD/

TZP level using the GIMIC method verify the earlier
notion5,6 that both aluminum rings sustain strong diatropic
currents in the Al4 plane. For the Al4

2− species, the induced
currents at distances of 1.5–3.5 bohrs above and below the
Al4 ring are also characterized by diatropic currents. The
Al4

4− species have strong paratropic currents in the samep
region, whereas diatropic currents are sustained in thes or-
bitals, i.e., up to 1.5 bohrs abovesbelowd the ring plane.
Thus, based on these observations, one might claim that the
Al4

2− species are boths and p aromatic, whereas the Al4
4−

species ares aromatic andp antiaromatic.
It is hard to extract any accurate quantitative information

from current-density plotssnot shownd. A more quantitative
analysis can be obtained by performing numerical
integrations16 of the current densities passing through a cross
section perpendicular to the Al–Al bonds, as shown in Fig. 4.
Quantitative values for the diatropic and paratropic contribu-
tions to the ring currents can be obtained by integrating them

FIG. 2. The ARCS functionssin ppmd for the Al4
2− species calculated at the

CCSD/TZPsupperd and B3LYP/TZVPslowerd levels.sad For Al4Li−, calcu-
lated on the open side of the Al4 ring. sbd For Al4Li−, calculated on the other
side of the Al4 ring. scd Calculated for Al4Li 2.

FIG. 3. The ARCS functionssin ppmd for the Al4
4− species calculated at the

CCSD/TZPsupperd and B3LYP/TZVPslowerd levels. sad The ARCS func-
tion on the side of Al4Li 3

− with one Li+ cation less than in casesbd. scd The
ARCS function for Al4Li 4.
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separately, i.e., separating the positive and negative contribu-
tions to the total current. The diatropic currents are here de-
fined as the positive currents.

Detailed information about the spatial distribution of the
ring current can be deduced from the two-dimensional dis-
tribution function showing the current contributions passing
the cross section. A more convenient representation is given
by one-dimensional distribution functions obtained by inte-
gration of the two-dimensional current distribution in one of
the two dimensionsswidth or radiusd. The perpendicular dis-
tance from the ring is here denoted as the widthssee Fig. 4d.
Thus, the “width distribution function” is the radially inte-
grated current as a function of the distance from the molecu-
lar plane. Analogously, the “radial distribution function” is
obtained by integrating along the width coordinate. For in-
terpretation of the currents, a better representation is given
by the ring-current “shape function,” calculated as the first
derivative of the radial distribution functions with respect to
the radial distance from the ring center.

The current strengths given in Table II are obtained us-
ing quadrature. The integrated current strengths also include
contributions from the currents around the Li cations above
and below the ring center, and are therefore not an exact
measure of thering-currentstrength. The strength of the Li+

currents can be estimated by comparing the integrated cur-
rent functions of Al4Li− with Al4Li 2. The Li+ currents in
Al4Li 3

− and Al4Li4 were obtained by integrating the current
susceptibility in the vicinity of the Li atom. The estimated
Li+ contributions are 4.3 and 2.4 nA/T for the Al4

2− and Al4
4−

species, respectively. The integrated ring-current suscepti-
bilities of the Al4 rings in the Al4Li−, Al4Li 2, Al4Li 3

−, and
Al4Li4 species then become 28.1, 28.1, −5.9, and −3.1 nA/T,

respectively. Thus Al4
2− can be considered aromatic, whereas

according to the same criterion the Al4
4− species are more or

less nonaromatic or possibly weakly antiaromatic; the ring-
current susceptibility of benzene calculated at the CCSD/
TZP level is 11.8 nA/T.16

In Fig. 5, one can see that strong diatropic currents are
sustained in thes orbitals of Al4Li 2, but about half the cur-
rent s20 nA/Td originates from spatial positions which are
more than 1.5 bohrs abovesand belowd the Al4 plane, includ-
ing the Li+ cations; thes and thep densities are about
equally responsible for the ring current in Al4

2−. The total ring
currents for Al4Li− and Al4Li2 are completely dominated by
positive contributions indicating that they are aromatic spe-
cies. The calculated ring-current susceptibilities of Al4Li−

and Al4Li2 are identical, showing that the Li+ counterions
form largely ionic bonds to the Al4

2− ring. The large discrep-
ancy between the NICS values obtained for Al4Li− and
Al4Li2 is thus not a result of differences in the strength of the
ring currents but must be due to some other reason casting
shadows on the reliability of the NICS route to molecular
aromaticity.

A comparison of the curves in Figs. 5 and 6 shows that
at 1.5 bohrs, the integrated diatropic contribution in the Al4

4−

species is 26% smaller than for Al4
2− and the paratropic con-

tribution in Al4Li 4 is only 4% of the diatropic current. In Fig.
6 one can see that Al4Li 3

− and Al4Li4 sustain significant
diatropic and paratropic currents of about equal size, indicat-
ing that they are practically nonaromatic or slightly antiaro-
matic. On the other hand, the ARCS calculations show that

FIG. 4. The integration cross section used in the calculation of the inte-
grated current-density distributions.

TABLE II. The integrated ring-current susceptibilitiessin nA/Td for the Al4
species calculated at the CCSD/TZP level using the GIMIC method.

Al4Li− Al4Li 2 Al4Li 3
−a Al4Li 4

Diamagnetic current 32.4 36.7 18.9 18.6
Paramagnetic current 0.0 0.0 −19.9 −16.8
Total current 32.4 36.7 −1.0 1.8
Contribution from Lib 4.3 8.6 4.9 4.9
Total ring current 28.1 28.1 −5.9 −3.1

aThe current passing the two identical Al–Al bonds are given in the table.
The corresponding values for the shortest Al–Al bond are 22.4, −23.6, −1.3,
4.9, and −6.2 nA/T, respectively.
bThe estimated net current circling the Li+ cations. For Al4

2−, the current
around Li+ is estimated from the two halves of Al4Li−. For the Al4

4− species,
the Li current is obtained by integration of the current contributions in the
vicinity of the ring center and outside 3.5 bohrs from the Al-ring plane.

FIG. 5. The integrated current densities forsad Al4Li− andsbd Al4Li 2 calcu-
lated at the CCSD/TZP level given as a function of the width of the inte-
gration cross section as defined in Fig. 4.
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the ring currents in the Al4
4− species give rise to diamagnetic

shieldings distant from the molecular ring. Thus, even
though the strength of the net ring current in the Al4

4− species
is close to zero as shown by the GIMIC calculations, the
molecule possesses a significant magnetic shielding at long
distances from the Al4 ring outside the electron density. For
nonaromatic molecules, the magnetic shielding declines fast
with the distance to the ring and for them practically no
magnetic shieldings appear outside the charge density. Thus
according to these criteria, the Al4

4− species are neither aro-
matic, antiaromatic, nor nonaromatic. Instead, the Al4

4− spe-
cies can be considered to belong to a new class of molecules
with the peculiar property of having long-range magnetic
shieldings without sustaining any strong net ring current. An-
other member of this class of molecules is C60 which has
recently been shown to sustain strong diatropic and paratro-
pic spherical currents that almost completely cancel.49 For
this class of molecules, the long-range magnetic shielding
does not vanish, because the average radii of the diatropic

and paratropic currents are different. The current with the
largest radius characterizes the magnetic shieldings at very
long distances.

The ring-current profiles for Al4Li− calculated at the
CCSD/TZP level are shown in Fig. 7. In the integration of
the ring-current profiles, the width has been divided into
three regions:s1d f−1.5,1.5g bohrs, wheres currents are ex-
pected;s2d p currents are mainly sustained in thef−3.5,
−1.5g and f1.5,3.5g intervals; s3d in the f−10.0,−3.5g and
f3.5,10.0g intervals the Li+ currents and current contributions
from very diffuse orbitals appear. For Al4Li−, the integrated
ring-current contributions from these regions are 16.7, 9.0,
and 6.6 nA/T. The corresponding graphs for Al4Li 4 are
shown in Fig. 8. In this case, the integrated ring-current con-
tributions from the three regions are 11.8s−0.4d, 1.9 s−8.4d,
and 4.9s−7.9d nA/T, respectively. The paratropic contribu-
tions are given in parentheses. The paratropic contribution

FIG. 7. The ring-current profiles for Al4Li− calculated at the CCSD/TZP
level. The integration intervalssin bohrd in the width direction are
sad f−1.5,1.5g, sbd f−3.5,−1.5g+f1.5,3.5g, and scd f−10.0,−3.5g
+f3.5,10.0g, representing thes density, thep density, and the rest.

FIG. 9. A comparison of the radial ring-current distribution functions for
Al4Li− and Al4Li 4 calculated at the CCSD/TZP level.sad The diatropicsand
totald current for Al4Li−. sbd The diatropic current for Al4Li 4. scd The para-
tropic current for Al4Li 4. sdd The net ring-current distribution for Al4Li 4.

FIG. 6. The integrated current densities for Al4Li 3
− supperd and Al4Li 4

slowerd calculated at the CCSD/TZP level given as a function of the width of
the integration cross section as defined in Fig. 4. The diatropic and paratro-
pic contributions are also shown.

FIG. 8. The diatropicsupperd and paratropicslowerd current-density profiles
for Al4Li 4 calculated at the CCSD/TZP level. The integration intervalssin
bohrd in the width direction aresad f−1.5,1.5g, sbd f−3.5,−1.5g+f1.5,3.5g,
and scd f−10.0,−3.5g+f3.5,10.0g representing thes density, thep density,
and the rest.
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from the vicinity of the Al4 ring is small; the size of the tiny
paratropic contribution seen in Fig. 8 originates from thep
orbitals and its magnitude depends on the exact position of
the chosen border line betweens andp densities. The para-
tropic contribution is almost equally divided between thep
density in the intervalf1.5,3.5g and the outer regions of the
molecule showing the presence of strong paratropic currents
in the diffuse part of the electron density.

Figure 7 shows that for Al4Li 2 the average radii of thes
and p currents are equal. The peak at small radii is due to
Li+. The graphs in Figs. 8 and 9 reveal that the average size
of the paratropic currents is somewhat smaller than the
Al4Li4 ring and that thes current is sustained in theps

orbitals as for Al4Li 2. The paratropic currents appear at sig-
nificantly larger width distances from the ring than the diat-
ropic one. The larger radius of the diatropic current results in
a dominating diamagnetic character of the tail of the long-
range magnetic shielding function; the ARCS function at
large distances from the Al4 ring is positive. The negative
ARCS function between 6 and 10 bohrs is due to the domi-
nating paratropic currents with a smaller effective radius than
for the diatropic one. The current distribution functions in
Fig. 9 explain the obtained shape of the ARCS function for
the Al4

4− species.

B. C4H4

The magnetically induced currents were also calculated
for cyclobutadiene, which is the archetypical antiaromatic
molecule. The ARCS function is given in Fig. 10 and the
integrated current strength as a function of the distance from
the ring planeswidthd is shown in Fig. 11. The ARCS and
GIMIC calculations show that paratropic currents are in-
duced in thep orbitals of C4H4. The net ring-current suscep-
tibility calculated at the CCSD/TZP level for C4H4 is about
−18 nA/T. The C4H4 molecule sustains strong paratropic
currents in thep orbitals, but some paratropic currents are
also induced in thes orbitals. However, the paratropics
current is to some extent canceled by the diatropics current,
the strength of which is about 4 nA/T.

VII. NUCLEAR MAGNETIC SHIELDING
CALCULATIONS

The 27Al nuclear magnetic shielding,ss27Al d, calculated
for the Al4 species are given in Table III. The calculations

show thatss27Al d is strongly dependent on the level of cor-
relation treatment, the number of Li+ counterions, and the
formal charge of the Al4 ring. For Al4Li−, the HF SCF/TZP
and B3LYP/TZP shieldings are 35 and 45 ppm, respectively,
which can be compared to the CCSD/TZP value of 198 ppm.
The 27Al shielding of Al4Li 2 calculated at the CCSD/TZP
level is −99 ppm and by considering also triple excitations, it
becomes −95 ppm. At the HF SCF/TZP level, the27Al
shielding of Al4Li 2 is −647 ppm. The correlation contribu-
tion calculated at the CCSD/TZP level is about 550 ppm,
whereas the triple excitations have almost no effect on the
27Al nuclear magnetic shielding constants. The B3LYP/
TZVP value of −527 ppm obtained using theD4h structure is
close to the HF SCF/TZP value. However, thess27Al d value
calculated at the B3LYP/TZVP level for the fully optimized
B3LYP/TZVP structuresD2hd is −270 ppm. The symmetry
breaking of the molecular structure results in a huge change

FIG. 10. The ARCS function for C4H4 sin ppmd calculated at the CCSD/
TZP and HF SCF/TZP levels.

FIG. 11. The integrated current densities for C4H4 calculated at the CCSD/
TZP level given as a function of the width of the integration cross section of
the formal double bond as defined in Fig. 4. The diatropic and paratropic
contributions are also shown.

TABLE III. The nuclear magnetic shieldingssin ppmd for the Al4 species
calculated at the HF SCF/TZP, B3LYP/TZVP, and CCSD/TZP levels. For
Al4Li 2, the nuclear magnetic shieldings calculated at the CCSDsTd level are
also given. In the HF SCF, CCSD, and CCSDsTd shielding calculations, the
molecular structures were optimized at the CCSD/TZP level. In the B3LYP/
TZVP shielding calculations, the molecular structures optimized at the
B3LYP/TZVP level were used.

Species Level ssAl d ssAl d

Al4Li− HF SCF/TZP 35 ¯

Al4Li− B3LYP/TZVP 45 ¯

Al4Li− CCSD/TZP 198 ¯

Al4Li 2 HF SCF/TZP −647 ¯

Al4Li 2 B3LYP/TZVP −527a ¯

Al4Li 2 B3LYP/TZVP −270 −271b

Al4Li 2 CCSD/TZP −99 ¯

Al4Li 2 CCSDsTd/TZP −95 ¯

Al4Li 3
− HF SCF/TZP 200c 304

Al4Li 3
− B3LYP/TZVP 249c 360

Al4Li 3
− CCSD/TZP 363c 474

Al4Li 4 HF SCF/TZP 238 ¯

Al4Li 4 B3LYP/TZVP 273 ¯

Al4Li 4 CCSD/TZP 413 ¯

aThe D4h symmetry was assumed.
bCalculated inC1 sC2hd symmetry. The magnetic shieldings of the two other
Al nuclei are −270 and −268 ppm.
cFor the Al atoms closer to Li at the edge.
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of 280 ppm forss27Al d, showing again the importance of an
adequate treatment of the electron-correlation effects for
Al4Li 2.

The substantial difference of 300 ppm between the27Al
shieldings of Al4Li 2 and Al4Li− obtained at the CCSD/TZP
level is also remarkable, since formally the only difference
between these species is the number of Li+ counterions. In
contrast, the27Al shieldings of Al4Li 3

− and Al4Li4 calculated
at the CCSD/TZP level differ by 50–60 ppm, which is closer
to the expected size of the counterion effects.

The CCSD/TZP lithium shieldings,ss7Li d, for Al4Li−

and Al4Li2 calculated at the CCSD/TZP level are 112.9 and
108.6 ppm, whereas at the HF SCF/TZP level they are 117.5
and 119.2 ppm. These values can be compared to thess7Li d
value of 95.4 ppm obtained at the HF SCF/TZP level for a
single Li+ cation.

VIII. CONCLUSIONS

The present GIMIC calculations performed at the
CCSD/TZP level show that the electrons in both thes andp
orbitals are responsible for the transport of the magnetically
induced ring currents in Al4

2− and Al4
4− rings. In Al4

2−, the s
andp orbitals sustain merely diatropic currents of 16.7 and
11.3 nA/T, respectively. When one relates diatropic currents
to aromaticity, one can claim that Al4

2− is simultaneouslys
andp aromatic.

In Al4
4−, the spatial distribution of the integrated diatro-

pic current looks similar to that of Al4
2−. The Al4

4− species
have a slightly weakers current of 14 nA/T, whereas for
these species thep orbitals sustain strong paratropic currents
of about −17 nA/T, yielding an almost vanishingly small
ring-current susceptibility, suggesting that the Al4

4− species
are nonaromatic or slightly antiaromatic. The spatial distri-
butions of the induced diatropic and paratropic currents are
significantly different, resulting in nonzero long-range mag-
netic shieldings as observed for both aromatic and antiaro-
matic species. Thus, when relating the diatropic and paratro-
pic currents to aromaticity and antiaromaticity, Al4

4− can in a
sense be considered simultaneouslys aromatic andp anti-
aromatic, as previously suggested by Chenet al.3 and by
Fowler and co-workers.5,6 The Al4

4− species can be consid-
ered to belong to a new class of molecules with the peculiar
property of having long-range magnetic shieldings without
sustaining any strong net ring current. Even though the net
ring current is dominated by paratropic contributions, the tail
of the long-range magnetic shielding function is diatropic
because the current radius of the diatropic current is slightly
larger than the radius of the paratropic one. The present study
also shows that NICS values are not an accurate indicator for
the molecular aromaticity of these cage-shaped molecules.
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