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Abstract. The NICS,-scan curves of aromatic organic, inorganic antirfedtal” molecules
in conjunction with symmetry-based selection ryjesvide efficient diagnostic tools of the
o-, m- and/or doubled + x)-aromaticity. The NICS-scan curves of-aromatic molecules
are symmetric around the z-axis, having half-baidthg approximately less than 3 A with
the induced diatropic ring current arising from-Bllowed transitions involving exclusively
o-type molecular orbitals. Broad NIGSscan curves (half-band width approximately higher
than 3 A) characterize double ¢ x)-aromaticity, the chief contribution to the inddce
diatropic ring current arising from,J-allowed transitions involving both- and z-type
molecular orbitals. NICSscan curves exhibiting two maxima at a certairiatise above
and below the molecular plane are typical for-(z)-aromatics where the-diatropic ring
current overwhelms the-type one. In the absence of any contribution ftbmo-diatropic
ring current, the NIC3O0) value is close to zero and the molecule exdilptire z-
aromaticity.

Keywords. aromaticity; delocalizationp-, 7-, (o+r)-aromaticity; NICS-scan; density
functional theory (DFT)
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1. Introduction

The collection of recent reviews in the topic obraaticity/antiaromaticity [1-9] shows a rather
large consensus appear in the computation or ewrpatal tests for the diagnosis of the
aromaticity/antiaromaticity (structural, electronimagnetic, thermodynamic and kinetic diagnostic
tools) whereas the mechanisms themselves stillireogen to the debate. Various criteria have been
used to judge aromaticity/antiaromaticity, but neeas satisfactory, particularly in predicting the
orbital type §, p-, d-, f-orbital) of aromaticity [10]. Among the usual dragstic probes of
aromaticity/antiaromaticity developed so far thssed on the dynamic magnetic measurements, in
particular the Nucleus Independent Chemical S(IMIES) was the most widely used as a quantitative
measure for aromaticity [11-13]. The NICS indexthe negative value of the isotropic magnetic
shielding computed at chosen points in the vicimtymolecules and, hence, directly related to the
shielding function. It is typically computed at gimenters, at points above, and even on gridsifiL4]
and around the molecule. The NICS criterion commto be enhanced and refined, with the out-of-
plane zz-components of the shielding tensor elesnBHCS(0) and NICS$/(1) proposed to be a
superior aromaticity descriptor [15,16]. Furthermyathe CMO-NICS criterion [17-19] of aromaticity
dissects the total shieldings calculated at ringage centers, into individual contributions froacle
canonical molecular orbital (CMO).

It was also established that the shapes of the M8 profiles provide a clear picture of the type
of the ring current in aromatic and antiaromatisteypns [20,21] and can be used to characterize
unequivocally whether an inorganic system is ar@nabn-aromatic and antiaromatic [22,23]. The
reliability of the NICS-scan scheme in assessimgmatic behavior of some planar six-membered
heteroaromatic systems has been explored recentBehl and Chakrabarti [24]. These authors using
homodesmotic reactions, aromatic stabilization gn€ASE) and NICS-scan to assess aromaticity of
several systems concluded that homodesmotic reactind NICS-scan agree for all systems but ASE
does not for some of them. Morao and Cossio [2Bjoduced a simple ring current model to
characterize the in-plane and out-of-plane-aromaticity in pericyclic reactions. In-plane arnity
exhibits a maximum diamagnetic shielding’ at the ring center, while-aromaticity exhibits two ring
currents moving at a certain distance above anohb#le molecular plane. Ther separation in all
metal aromatic and antiaromatic systems has dhtibaen examined and computational strategies to
unambiguously determine the aromaticity/antiaroaigticharacteristics of such clusters have been
presented by Padt al. [26-29].

On the other hand, simple symmetry-based selecatibes derived from group theory helped
rationalize and predict ring currents to clasgifyystems [30-33]. Plotting of current-density majas
also suggested as a standard tool for the resolutfo debates about aromaticity and for the
interpretation of calculated chemical shift valy&8-32,34-36].Sundholm and coworkers [37-39]
introduced the aromatic ring current shielding (AR @nethod to determine the strength of the induced
ring current and consequently the relative degfesramaticity in aromatic systems. In addition,jthe
applied the gauge-including magnetically inducedtent (GIMIC) method tod-Al4]* and p-Al4]*
clusters to elucidate the type of aromaticity iash aromatics [37-39]. Heimeal. [40,41] represented
graphically with three-dimensional isosurfaces ih@uced magnetic field of cyclic molecules and
showed that the appearance of the magnetic respbrasacterizes aromatic, antiaromatic and non-
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aromatic molecules. They also showed that the zpoment of the induced magnetic field is directly
connected to NICS Finally, the recently developed Anisotropy of t@eirrent Induced Density
(ACID) mapping was suggested as a better probeoofhaticity [42,43].

Recently, we showed that the NIGScan curves in conjunction with symmetry-base@c&n
rules for the lowest translationally- and rotatibyrallowed transitions help rationalize and predite
orbital-type of aromaticity/antiaromaticity in magoresponsive three-membered ringsdofand f-
block elements [44], and unequivocally probe th&aapmaticity in a wide range of antiaromatic
organic and inorganic rings/cages [45]. Therefave, thought it would be advisable to test the
efficiency of the NICg-scan profiles in conjunction with symmetry-basetestion rules to provide a
clear picture of the orbital type-( p-, d-, f-orbital) of aromaticity in a wide range of arontabirganic
and inorganic molecules, proving its general usa @ewerful diagnostic tool of the orbital type of
aromaticity/antiaromaticity. To achieve this goak calculated the NIGSscan profiles of a wide
range of aromatic organic and inorganic molecus)se magnetic-response properties have been
exhaustively investigated and well-characterizedh@ framework of the aromaticity concept. The
results obtained are thoroughly analyzed and pteddrerein.

2. Computational Details

In view of the good performance of density funcéibtheory (DFT), we were inclined to use DFT
calculations on the compounds we studied using @#JSSIANO3 program suite [46]. The
geometries of all species were fully optimizedhat B3LYP level, using 6-311+G(d,p) basis set for al
elements, except those of the fifth and sixth rdeaments for which the SDD basis set was used
[47,48]. Full geometry optimization was performeat ach structure using Schlegel’'s analytical
gradient method [49], and the attainment of therggneninimum was verified by calculating the
vibrational frequencies that result in the absevicanaginary eigenvalues. All the stationary points
were identified for minimum (number of imaginaryeduencies NIMAG=0) or transition states
(NIMAG=1). Magnetic shielding tensors were computeith the GIAO (gauge independent atomic
orbitals) DFT method [50,51] as implemented in B&RUSSIANO3 series of programs [46] employing
the B3LYP level of theory. Nucleus-Independent ClwamShifts (NICS) were computed at the
B3LYP level according to the procedure describe®blyleyeret al. [11]. The computational protocol
used is that applied in the previous studies ofattoenaticity/antiaromaticity of most of the arongati
molecules discussed herein. The contribution toitldeiced ring current from the- and z-type
diatropic and or paratropic translationally (Y and rotationally (B allowed transitions was inferred
from the estimated excitation energies based ommtny and energy criteria. For a planar conjugated
molecule in which the ring currents are inducedabsagnetic field perpendicular to the molecular
plane, three factors will determine the existence strength of the contribution of an occupied-to-
unoccupied orbital transitiony, — y, transition, namely symmetry, spatial distributiand energy.
Symmetry determines whetherya — v, transition contributes at all to the current dgnsspatial
distribution of the orbitals determines whethemflowed transition moment will be large or smaltian
the difference in orbital energies (excitation gmes) affects the relative weight of a given tréoasi
moment in the total induced ring current. Thusya— y, transition makes a conventionally
diamagnetic (diatropic) contribution to current density if the direct pratlof representations(y,)*
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I'(yp)x I'(Tx, Ty) contains a totally symmetric component, and aveationally paramagnetic
(paratropic) contribution to current density if the direct pretii(yn,)x I'(yp)* I'(R,) contains a totally
symmetric component. A mixed contribution resuftbath direct products have a totally symmetric
component, while no contribution results if neitlonect product has a totally symmetric component
[30-32].

3. Resultsand Discussion
3.1. TheNICSz-scan profiles of 2e- and 6e-o-aromatics

Let us first examine the shape and most saliemtifes of the NICg-scan profiles of 2e- and Ge-
aromatics, thedHs]" and c-H species being the prototypes [52-55]. It shouldnbéed that the
optimized structures of thec-Hs]?, [c-Hs]” and [E-Hg] clusters were obtained under symmetry
constrains and correspond to third, second antldinder saddle points, respectively. The optimized
Dnn Symmetric §-H,]9 aromatic rings are similar to the optimized stnues reported previously [52-
55]. The NICS-scan profiles of selected 2e- andd&aromatics are visualized in Figure 1, while the
main features of the NIG3scan curves along with th®, values, e.g. the average distance of the ring
current to the center of the ring, are compiledaible 1.

Figure 1. NICS,-scan profiles (NICS in ppm, R in A) of selected 2e- and 6es-
aromatics computed at the B3LYP/6-311+G(d,p) level.
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Table 1. The NICS values (in ppm) calculated at the ringtee NICS(0) and 1.0 A above
the ring center, NICS(1), the zz-component of thielding tensor elements, NIG®) and
NICS,A1) along with the half-band width of the NIgScan curves (in A) anBy, (in A)
for selectedr-aromatic molecules computed at the B3LYP/6-311+48)(evel.

Half-band

Compound NICS(0) NICS(1) NIGE0) NICSA1) width Rav

[c-Hs]* (Dan) -33.5 -1.9 -36.9 -7.9 1.2 0.509
[c-Ha]? (Dap) -16.0 -8.9 -66.8 -29.7 1.8 0.701
[c-Hs] (Dsp) -20.1 9.4 -68.9 -30.5 1.8 0.843
[c-He] (Dsr) -24.1 -10.0 -67.4 -31.1 1.9 0.992
[c-Bs]” (Dan) -73.6 -28.2 -75.6 -39.3 2.1 0.467
[c-Bs]” (Dap) -65.4 -17.3 -65.7 -30.3 1.9 0.480
[c-B2C] (Ca) -80.1 -22.6 -83.8 -31.6 1.6 0.438
[c-C3]** (Dap) -95.0 -16.3 -100.3 -25.6 1.2 0.349
[c-B4] (Dan) -35.7 9.2 -36.8 4.7 0.9 0.647
[c-Ba]?* (Dar) -28.8 -3.4 -29.9 1.5 1.0 0.698
[H2B(uz-H)2BH,] (D2r)  -26.0 -3.2 -20.8 6.1 1.3 0.717
[c-Bs]” (Dsp) -36.2 -18.8 -56.6 -24.3 1.6 0.896
TS (Dan) -27.8 -13.3 -64.4 -36.7 2.3 0.918
TS2° (Dap) -17.6 -10.2 -43.5 -28.6 2.8 1.382
[c-Lis]" (Dap) -11.1 -6.8 -8.7 7.3 3.7 1.704
[c-C3He] (Dap) -42.7 -8.6 -29.8 -24.2 3.2 0.518

4TS1 = transition state for the concerted transfetwo hydrogen atoms from ethane to ethylene (togboup

transfer reactions. TS2 = transition state for the trimerization oégene to form benzene.

The half-band width, e.g., the width of the symnaeeturve at half the NIC$value, of the NICS-
scan curves depends on the ring radisg, evaluated aR,, =%Z R, wheren is the number of the
i=1
nuclei of the ring, an&, is the distance from the ring center to the nuxieBHor the rings where the?2
orbitals ¢adial 2p orbitals) participate also in the bonding, formmglecular orbitals contributing to
the diatropic ring current of thearomaticsR,, was evaluated aR., =£Z(R —Ziaoj, wherez; is

Nz i
the atomic number of theatom, and @is the Bohr radius. The term #i4 corresponds to the
maximum of the probability of the radial functionrZR, (r) for a 2 atomic orbital.

It can be seen that the NIGScan curves are symmetric around the z-axis wighNICS; values
decaying rapidly and monotically with respectRoThe half-band widths of the NIGSscan curves
for the s-aromatics exhibiting-orbital aromaticity range from 1.2 to 1.9 R.( ranging from 0.509 to
0.992 A) is characteristic of the in-plane pur@romaticity due to cyclic delocalization of twe 1
electrons over the three-membered ringdf]” and six & electrons over the four-, five- and six-
membered rings incfH4]?, [c-Hs] and E-Hg]. Analogous symmetric sharp NIGScan curves with
half-band widths in the range of 0.9 to 2.1 A aéaied for thed-Bs]", [c-B3]", [c-BoC], [c-C3]*", [c-

B.], [c-B4]**, [c-Bs]* (Figure 1b,c), as well as for the transition staf&1 and TS2 (Figure 1d) of the
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concerted transfer of two hydrogen atoms from eth@nethylene (double group transfer reactions)
and the trimerization of acetylene to form benzezspectively shown in Scheme I. The latter two
NICS,~scan curves have a slightly larger half-band waftB.3 and 2.8 A, respectively.

Scheme |. The transition states TS1 and TS2 of the conceartetsfer of two hydrogen
atoms from ethane to ethylene and the trimerizabbnacetylene to form benzene,
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3.2.  Magnetotropicity of the 2e- and 6e-g-aromatics

In the [c-H3]" species withDs, symmetry, the chief contribution to induced digtooring current
arises from the JJy-allowed HOMO &;") — LUMO (€ transition with excitation energy 18.74 eV. In
the [c-Ha4]*> (Dap) cluster the chief contribution to induced diaimgng current arises from the F
allowed HOMO,-1 ¢) — LUMO (b;g) and HOMO,-1 ¢) — LUMO+1 (a4 transitions having
excitation energies 6.33 and 6.77 eV respectivedfi¢e that HOMO,-1 denotes HOMO and HOMO-
1, LUMO+1,+2 denotes LUMO+1 and LUMO+ztc.). In the E-Hs]” (Dsp) cluster the chief
contribution to induced diatropic ring current agsfrom the T-allowed HOMO,-1 ¢') —» LUMO+2
(a1') with excitation energy 11.02 eV. Finally, in theHs] (Den) cluster the chief contribution to
induced diatropic ring current arises from thg-allowed HOMO,-1 ¢;,) — LUMO+2 (a;9) with
excitation energy 14.14 eV. The higher excitatioergy of the T,-allowed transition in thecfH3]"
cluster accounts well for the weaker aromatic attaralt should be noted that all orbitals involvad
the Ty y-allowed transitions responsible for the induceatrdpic ring current are-type MOs.

In the [c-Bs]” and B-C3*" species withDs, symmetry, the Jy-allowed HOMO &) —
LUMO+1,+2 (€") excitations with excitation energies 3.42 anb4¥ respectively are responsible for
the induced diatropic ring current. On the othercdhdor the §-B3]* species the J;-allowed HOMO,-

1 (¢) — LUMO (a;') excitation with excitation energy 4.16 eV contries primarily to the induced
diatropic ring current. The lower magnetic aromigitiof the [c-Bs]” species compared to that of the
[c-Bs]” 2ews-aromatic could be explained by the higher eneiffgrénce between the orbitals involved
in the respective excitations (4.Yérsus 3.42 eV). Both the’ anda;" MOs participating in the -
allowed transitions are-type MOs and are primarily responsible for tharomaticity of the ¢-B3]
.and E-Bs]" species. The &” bonding HOMO-1 in B3] and B-C3]** and HOMO in §-Bs]*
constructed from the overlap of thp,2AOs of the ring atoms, being a purdonding MO similar to
the z-MO in the cyclopropenyl cation ¢JCsH3]"), is magnetically inactive and therefore cannot
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contribute to the induced diatropic ring currentheTmagnetic inactivity of theal” z-MO is further
confirmed from the NICS-scan profile of the putative{Bs]>* species where, due to the removal of
two electrons, thea” z-MO is vacant. The computed NIG®) and NICS,1) values for thed-B3]**
species are -50.7 and -6.3 ppm, respectively, whiehalf-band width is 1.0 A. However, the higher
NICS,A0) value of the §-B3]" species by 15.0 ppm compared to that of thB3]>* one is probably
indicative for a small contribution of the@d' 7-MO to the diatropic ring current as well, suppdriey
the Ty,-allowed transitions HOMO-1&") — LUMO+5,4+6 €") in [c-Bs], HOMO @") —
LUMO+3,+4 ") in [c-B3]* and HOMO-1 &,") — LUMO+2,+3 ") in [c-C3]** having relatively high
excitation energies of 5.97, 8.77 and 11.20 e\faetvely. As the contribution of thead’ z-MO to
the diatropic ring current giving rise mwaromaticity is small, the NIGSscan curve is still narrow
with band width less than 3.0 A. Boldyrev and codens [56-58] have identifiedc{Bs]” as 2+2
doubly aromatic system containingzatype (1a,") HOMO-1 and radiab-type (Z,") HOMO both
molecular orbitals contributing to the induced atc ring current. The NIGCSscan curve of thecf
B3] species in conjunction with symmetry-based sedactiules are in support of the double
aromaticity, but with the induceg diatropic ring current much weaker than the dominaducedo-
diatropic ring current. In effect the canonical itabcontributions to the out-of-plane NICS tensor
component (CMO-NICg) for the [c-B3]” species estimated to be -16.1 ppm from the HOM@a4),
-36.0 ppm from the degenerate HOMO-2,-8)1-11.5 ppm from the HOMO-1 &"), thez-type MO
and -11.7 ppm from the HOMO 42) clearly illustrate the much weaker inducedliatropic ring
current (-11.5 ppm) than the dominantiatropic ring current (-63.8 ppm). Therefore, flweBs]
species could be considered practically asaaomatic species. Similarly, the estimated CMO-8}IC
values for the ¢-B3]" species found to be -16.6 ppm from the HOMO-&/'j1-37.2 ppm from the
degenerate HOMO-1,-2 €} and only -12.3 ppm from thetype HOMO (&,"). Compare again the
much weaker inducegtdiatropic ring current (-12.3 ppm) than the dominadiatropic ring current
(-53.8 ppm). Finally, the estimated CMO-NIGSalues for the putativee{Bs]>* species found to be -
18.1 ppm from the HOMO-1 é1') and -31.2 ppm from the degenerate HOMO,-&)(tontribute
exclusively to the induced-diatropic ring current. Notice that theajl and ¥ bonding and
nonbonding MOs respectively are formed primariynfirthe overlap of the filleds?2AOs of the boron
atoms. It can be concluded that the CMO-NIC®alysis data reinforce the efficiency of the NIES
scan curves and symmetry-based rules model to asagithe orbital type of aromaticity of the
aforementioned 2e- and Gearomatics.

In the [c-B4] (D2n) molecule the Jy-allowed transitions contributing to the inducedttbpic ring
current are the HOMO-2b§,) — LUMO (ag), HOMO-3 () — LUMO () and HOMO §;) —
LUMO+4 (by,) excitations with excitation energies 4.58, 6.88 .96 eV respectively. In addition the
R-allowed HOMO &g) — LUMO+3 (byg) transition with excitation energy 6.27 eV conirtiés to the
long range induced paratropic ring current (Figlicd. The same holds true for theB4*" (Dan)
dicationic species where thgFallowed transitions contributing to the inducedttbpic ring current
are the HOMO-2,-3¢;) — LUMO (a;g) and HOMO &) — LUMO+2,+3 (@) excitations with
excitation energies 6.26 and 6.36 eV, respectivehyle the R-allowed HOMO-1 ) — LUMO+1
(byg) transition with excitation energy 5.25 eV contrties to the long range induced paratropic ring
current. Finally, in thedBs]* (Ds,) molecule the Jy-allowed transitions contributing to the induced
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diatropic ring current are the HOMO-4,() —» LUMO,+1 (g,") and HOMO &;") —» LUMO+2,+3 (&)
excitations with excitation energies 4.86 and £96respectively.

It is important to note that the dominant contribntto aromaticity of the aforementioned
aromatics due to the in-plaaeMOs constructed from the overlap of theghd/or  AOs of the ring
atoms is nicely reflected on the excellent lineare&ation of the NICZ(0) with theR,, of the rings
(Figure 2).

Figure 2. Linear relationship between NIG®) (ppm) andRa (A) for s-aromatic
molecules with radial in-planeMOs of Hickel topology constructed from the ovprt
the 2 AOs of the ring atoms.
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In-plane aromaticity is a general feature of traosi states associated with pericyclic reactions
[25,56-58]. Cossi@t al. [25] using a simple ring current model basedreNICS-scan profiles of the
transition states was able to characterize thelanep andz-aromaticity. For the transition states
exhibiting in-plane aromaticity the NICS-scan cunahowed a maximum at the molecular plane and
decaying rapidly above and below of such planecdntrast, inz-aromatic systems the NICS-scan
curves showed a maximum at a certain distance alaowk below the molecular plane, which
corresponds to the covalent radii of the involvealres. The shapes of the NIGScan curves of the
transition states TS1 and TS2 for the concertatstea of two hydrogen atoms from ethane to ethylene
(double group transfer reactions) [59] and the drimation of acetylene to form benzene [60,61]
respectively (Figure 1d), provide a clear evidefaretheir in-planes-aromatic character. Indeed the
NICS,~scan curves are symmetric sharp curves with raifilwidths less than 3 A.

The predictive power of the NIGSscan curves on the orbital type of aromaticity viasher
corroborated by exploring the orbital type of artigity of the [c-BsH/]* (Cs) [62] and E-Ba(uz-P)]*
(Dsp) o-aromatics, both involving a three-memberegriBg. Indeed for both species the NigScan
curves are symmetric sharp curves with half-bardthvsi of 1.6 and 1.8 A, respectively. The computed
NICS,A0), NICS (1) values of thedBsH/]* and E-Bs(uz-P)]?* species are -46.1, -18.2 ppm and -
38.9, -18.2, respectively. We also computed the}&can curve of diborane,,Bs, which showed
all the characteristics of the NIGScan curves of purgaromatics. It is a sharp symmetric curve with
half-band width of 1.3 A, with the NIG$0) and NICS/1) values being -20.8 and -6.1 ppm,
respectively. On the basis of the linear relatigmgfiven in Figure 2 and using tii, value of 0.717
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A, one obtains a NIG0) value of -20.4 ppm, which is in excellent agneat with the computed
NICS,0) value of -20.8 ppm.

In summary, all 2e- and Gearomatics studied herein are characterized bypshCS,,-scan
curves symmetric around the z-axis (perpendicalahé¢ ring plane) with the NIGSvalues decaying
rapidly and monotically with respect & and having a half-band with approximately lesstB A.

3.3. Thecaseof the[c-Liz] " and cyclopropane 2e-o-aromatics

For the E-Liz]" (Dsn) cation, another 2e-aromatic prototype, the NIGSscan curve, has also the
features of the NICSscan curves of the pueearomatic, but its half-band width is greater tigaA
(3.7 A). The broadening of the NIgScan curve ofd-Lis]* s-aromatic is probably due to the bigger
size of the three-memberedslting (Ray = 1.704 A) that renders weaker the overlap of2herbitals
forming the 3c-2e bond. This is also mirrored om éistimated interaction energy between theahd
Li* fragments (-45.66 kcal/mol), which is much smallem the interaction energy between theahd
H* fragments to form thec{Hs]" species (-154.03 kcal/mol). Another plausible ogagor the
broadening of the NIGSscan curve ofd-Lis]” g-aromatic might be the contribution of the intrmsi
local circulation of electrons around the nuclettie diatropic NICS values. The pure@aromaticity in
the [c-Li3]" cation was previously justified by Alexandrova @wldyrev [63].

Considering the ring current model one would exptw og /oy (max)versus z and the
NICS/ NICSyax Versusz curves to be similar:

oy _ NICS
o8 (max)  NICSmax

According to quantum theory for th&l, (maogcurring in the molecular plane (z = 0) for the
NICSyax Will have:

eZIUO 1

NICSnax =—K e

87me Ry

For twoo-aromatics exhibiting-orbital aromaticity it can be easily written:
NICSnaq _ Ravz

NICSraz  Raa

If we use as a reference-aromatic the prototypec{Hs]* cation we obtain the following

relationship:
1705

V2

NICSmax = =

On the basis of the above relationship we predictiie E-Lis]™ cation a NICax value of -10.0
ppm very close to the estimated NIGB8) value of -11.2 ppm.

Cyclopropane being a saturated system was alsodfeairbe a strongly-aromatic molecule.
Cyclopropane exhibits a ring current density indubg a perpendicular external magnetic field agsin
in the ¢ framework that is intense, diatropic and annuldre hallmarks of thes-ring current in
cyclopropane is reflected on the shape of the NMS&n curve, which corresponds to a symmetric
curve with a maximum at z = 0 and a half-band watbund 3.2 A. Moreover, the main feature of the
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strong diatropic circulation ircfCsHg|], which reaches maximal intensity,{x = 0.121 a.u.) outside the
line of carbon centers [64,65], accounts well fog slight broadening of the NIgScan curve (half-
band width > 3 A). The calculation of the CMO-NIG$alues for cyclopropane Bz, symmetry
showed that the Walsh orbitals HOMO,-1e'§2 being o-type MOs, have positive NIGSvalue of
22.2 ppm, the HOMO-2,-3 €1), beingz-type MOs, have also positive NIgSalue of 8.1 ppm and
therefore induce- andz-type paratropic ring currents, respectively. Oa ¢ther hand, the HOMO-5
(1ay"), an-type MO, has negative NIGSvalue of -8.7 ppm, which cancels the induaeparatropic
ring current from thed’ MOs. The remaining HOMO-4 &'), HOMO-6,-7 (¥) and HOMO-8 (&)

all beingo-type MOs, have negative NIGSvalues of -5.4, -18.8 and -21.3 ppm respectivéle
CMO-NICS;; results are nicely mirrored on the shape of thé ®ltscan curve of cyclopropane. It is
interesting to notice that Pellodi al. [65] demonstrated that both the large negativ€ :Nvalue and
anisotropies of cyclopropane are mainly determimgdhe in-plane components rather than the more
relevant out-of-plane contribution. The existen€er-@romaticity in cyclopropane has recently been
challenged bb initio valence bond (VBSCF/cc-PVTZ) computations whicheaded directly that the
c-aromatic stabilization energy of cyclopropaneas,most, 3.5 kcal/mol relative to propane [66].
However, such small energy difference raised thestjon whether the cyclopropane is really the
aromatic paradigm.

3.4. The NICSg-scan curves of the M3(u-CO)3(CO)s; (M = Ni, Pd, Pt) molecules predict their o-
aromaticity

Let us now explore the efficiency of the NIGScan profiles to predict the pusearomaticity
characterizing the Mu,-CO)(CO) (M = Ni, Pd, Pt) molecules. Recently, R. B. Kir&y] applied the
c-aromaticity model used for cyclopropane to Grouptriuclear metal-carbonyl complexes,
[M3(CO)g (M = Fe, Ru, Os). The-aromaticity of these molecules was further vedifig/ a structural
and NICS analysis reported recently [68]. Accordinghis model the bonding in thesNriangles is
composed by a core 3c-2e bond of Huickel topologynéal by overlap of inward pointing radial
hybrid orbitals of M and a surface (in-plane) 3cktnd of Mdbius topology formed by tangential
p-orbitals of M. Notice that for the Mu-CO)(CO); (M = Ni, Pd, Pt) molecules the presence of the
12-CO ligands precludes the 3c-4e Mdbius surface ingndrbitals. The NICg-scan curves of the
Pt3(u2-CO)(CO); molecule along with the molecular orbital energydl diagram, symmetries, 3D
molecular orbital pictures and lowesfallowed transitions contributing to the diamagoeiing
current are visualized in Figure 3, while the mgatent features of the NIGSscan curves along with
the half-band widths anR,, values of the rings of the #{l.-CO)(CO); (M = Ni, Pd, Pt) molecules
are compiled in Table 2.

It can be seen that the NIgScan curves of the MM = Ni, Pd, Pt) clusters are sharp symmetric
curves with half-band width less than 2 A, illusitng their pures-aromatic character. The broadening
of the NICSscan curves of the Nl-CO)(CO) (M = Ni, Pd, Pt) molecules (half-band width of 2.7
4.6 R), could be attributed to the contributiontloé diatropic NICS values of the strongharomatic
c-M,C rings to the diatropic NICS values of theg tbre rings.
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Table 2. The NICS values (ppm) calculated at the ring cei¢€S(0) and 1.0 A above
the ring center, NICS(1), the zz-component of thielding tensor element, NIGE0) and
NICS,A1) along with the half-band width (A) arRy, (A) for the Mg(u2-CO)(CO) (M =
Ni, Pd, Pt) molecules computed at the B3LYP/SDDPPdI6-311+G(d,p) (C,0) levels.

Compound NICS(0) NICS(1) NIGE0) NICS41) H‘f,‘\'/fi'dbtﬂ”d Ray
Nis(u-CO)(CO) (Ca)  -34.2  -21.0 -53.8 -36.6 2.7 1.427
Pdh(u-COR(COY (D3r)  -30.2  -14.0 27.7 -23.6 4.6 1.602
Pty(u-COR(CO) (D3r)  -39.3  -19.3 -37.9 -34.4 4.6 1.602

Figure 3. NICS,~scan profiles (NICS in ppm, R in A) of the [c-P#(u-CO)(CO)
complex, along with the molecular orbital energyelediagram, symmetries, 3D molecular
orbital pictures and lowest,J- and R-allowed transitions computed at the B3LYP/
SDD(Pt)16-311+G(d,p) (C,0O) level (solid and dash arrowddatt T,y- and R-allowed
transitions respectively).
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3.5.  The NICSz-scan curves of triangular main group clusters exhibiting double (¢ + 7)-aromaticity

Let us further examine the NIGScan curves of three-membered rings of main grawmns,
which have been extensively studied and charaetrias doubles( + 7)-aromatics. All these
molecules showed NIGSscan curves symmetric around the z-axis with the3)\ values decaying
monotonically with respect tB, but with half-band width greater than 3 A. ThedS},-scan profiles
in the form of NICS/NICS,," versus R curves for selected triangular main group clusésisibiting
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double ¢ + m)-aromaticity are given in Figure 4, while the meatient features of the NIGSscan
curves along with thB,, values of the rings are compiled in Table 3.

Figure 4. The NICS,-scan profiles in the form of NIGSNICS,,"*versus R (in A) curves
for selected triangular main group clusters exmgitiouble § + z)-aromaticity.
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3.5.1. Magnetotropicity of [c-B# and [c-Mg]? clusters

The'A1'(6) ground-state occupation By, symmetry of 8 valence electrons for tieeBes]* and -
Mgs]? clusters was found to be HOMO-8,j, HOMO-1,2 €), HOMO (a;). The lowest Ty-allowed
transitions are the HOMOa{) — LUMO+1,+2 ) and HOMO §&;') — LUMO+3,+4 ) with
excitation energies of 1.22 and 1.76 eV foBls]* cluster and 0.67 and 0.94 eV farNlgs]* cluster
respectively. In these transitiongdype @;') MO is involved in the excitation inducingsadiatropic
ring current and thereforee-Bes]® and E-Mgs]? clusters in theirAi/(¢) ground-states exhibit-
aromaticity in line with the results concerning tbhaing of aromaticity in trigonal alkaline earttetal
clusters reported recently [69]. The NIGScan curves of the{Bes]* and E-Mgs]? clusters in their
'A1'(0) ground-states have the features of the N}M8&an curves of pure-aromatics but their half-
band width is greater than 3 A (3.7 A). The broadgmf the NICS,scan curves could be explained
as in the case of the-Lis]" s-aromatic.

We have also investigated the aromaticity/antiatasita of the *A,'(z) electronic states of the-|
Bes)* and E-Mgs]? clusters found as local minima at 4.6 and 5.3/kuall higher in energy than the
'A1'(6) ground states at the B3LYP/6-311+G(d) level irelivith the results reported by Matibal.
[68]. The'A/(x) electronic state occupation By, symmetry of 8 valence electrons for theBe;]*
and [c-Mgs]? clusters was found to be HOMO-&§, HOMO-1,2 €), HOMO (&,"). It can be seen
that the lowest J,-allowed transitions are the HOMO-1,&)(— LUMO (a;") and HOMO &,") —
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LUMO+5,6 (€"). In the first transition a-type @') MO is involved in the excitation inducingaa
diatropic ring current, while in the second traiesita z-type @.") MO is involved inducing ar-
diatropic ring current.

Table 3. The NICS values (in ppm) calculated at the ring@erNICS(0) and 1.0 A above
the ring center, NICS(1), the zz-component of thielding tensor element, NIGE) and
NICS,(1), theRmax (in A) and the corresponding NIGS™ along with theRy, (in A) for
selected triangularDn) main group doubles( + x)-aromatic clusters computed at the
B3LYP/6-311+G(d,p) level.

Cluster  NICS(0) NICS(1) NICS0) NICSA1) Rmnax(A) NICS,™ Ancs Ry (A)

[c-Bes]”®  33.6 1.7 -44.1 -30.9 0.0 -44.1 0.0 1.245
[cBej® ¢  -65.0 -31.8 -42.8 -34.5 0.0 -42.8 0.0 1.200
[c-Mgg]*®  -2.8 -4.0 -12.7 -12.2 0.4 -12.7 0.0 1.948
[c-Mgs)® ¢ -36.5 -24.3 -13.6 -14.7 1.0 -14.7 1.1 1.859
[c-Al4] -35.6 -26.7 -34.4 -30.6 0.0 -34.4 0.0  1.465
[c-Al4]" -26.4 -19.5 -30.4 -29.0 0.5 -31.1 0.7  1.486
[c-Gay] -27.3 -22.6 -15.0 -25.1 1.1 -25.2 10.2  1.473
[c-Gag* -14.4 -14.6 -11.8 -24.6 1.1 -24.8 13.0 1.529
[c-Ing] -6.1 -10.6 -13.0 -13.8 1.0 -13.8 0.8  1.743
[c-Tla 16.6 1.7 -5.4 -8.1 1.4 -8.6 32 1824
[c-Cq]* 13.2 -10.2 -15.4 -11.6 0.0 -15.4 0.0 0.824
[c-Sig)* 3.1 -12.8 -26.4 -30.7 0.8 -31.0 46  1.355
[c-Geg)* -4.2 -13.4 -21.2 -34.6 1.1 -34.6 13.4  1.444
[c-Na3]* -8.1 -20.5 -59.5 -35.3 0.3 -62.3 28  0.761
[c-P3]* -12.9 -18.3 -40.3 -37.5 0.5 -42.6 23 1221
[c-Asg]* -13.3 -18.4 -30.2 -39.4 0.8 -40.1 99  1.359
[c-Shy]” 0.6 -7.3 -18.5 -22.4 1.0 -22.4 3.9 1.630
[c-Big]* -11.8 -15.3 -19.2 -33.0 1.2 -33.4 14.2  1.686
c-Ss -42.3 7.0 -32.4 -23.9 0.0 -32.4 0.0 1.226
c-Se; -42.7 9.8 -23.3 -25.6 0.8 -26.2 29 1382
c-Tes -23.8 7.5 -13.1 -13.1 0.8 -13.2 01  1.669
c-Pos -29.4 9.5 -18.4 -16.7 0.0 -16.7 0.0 1.705

2 Anics = NICS,,™ - NICS,(0). * *A1'(6) ground state.*A,'(z) electronic state.

In the [c-Bes]? cluster thes-diatropic ring current overwhelms thediatropic ring current because
of the lower excitation energy (1.59 eV) of thesfitransition relative to the second one (1.67 @¥i)s
observation accounts well for the broadening of M@S,-scan curve of thecfBe;]* cluster having
its maximum at z = 0. On the other hand, in ttm/l[gg]z' cluster ther-diatropic ring current is much
stronger than the-diatropic ring current because of the much lowaitation energy (0.94 eV) of the
m-type transition relative to thetype one (2.19 eV). It is obvious then why the Bl&scan curve of
the *A1'(x) [c- Mgs]? exhibits two maxima at a certain distance abowkkeiow the molecular plane.
Kuznetsov and Boldyrev showed that the unusuaMds]®> trigonal planar cluster exhibits an
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extraordinary type of aromaticity, wherearomaticity occurs without initial formation of ehs-
framework [70].

3.5.2. Magnetotropicity of the [c3E (E = Al, Ga, In, Tl), [c-B]* (E = C, Si, Ge), [c-8" (E =N, P,
As, Sb, Bi) and [c-B] (E = S, Se, Te, Po0) rings

The NICS,scan curves of thec{Al3], [c-Gag], [c-Ing]” and E-Tl]™ clusters looks like the mirror
image of a typical scan of double € 7)-aromatic molecules (Figure 4b). The multiple aatigity of
the [c-X3]” (X = Al, and Ga) clusters was recently verified Bgldyrev et al. [56,62] through a
molecular orbital analysis, and by Dixehal. [71] by estimating the resonance energy usindgp-hig
level ab initio quantum chemical calculations. The estimated atioit energies of the lowesy F and
R;-allowed transitions of the three-membered ringsiain group atomare compiled in Table 4.

Table 4. Estimated excitation energies (in eV) of the
lowest T,,- and R-allowed transitions of the three-
membered rings of main group atoms.

Cluster Excitations
a —€ (O"type) a" — e (ﬁ-type)

[CAIg 158 316
[c-Gag] 1.50 2.46
[c-Ing] 1.11 2.62
[c-Tls]" 1.12 2.45
[c-Cq* 5.18 7.39
[c-Sigl” 3.41 361
[c-Gey]” 258 2.08
[c-Na]” 18.04 11.11
[c-Ps]” 9.47 £ 60
[c-Asy]* 8.29 4.63
[c-Sky]” 6.56 375
[c-Bia]” 6.27 323
[c-S4] 9.29 8.00
LSl /.98 7.29
[c-Teg] 6.13 7.36
[c-Poy] 511 618

d2e" — a," transition

The lowest T -allowed transitions of the three-membered ringmafn group atomare thea;" —
€ (o-type) anday,” — €" (z-type) excitations. The coexistence of both #heand z-type transitions
accounts well for the doubles ¢+ z)-aromatic character of the aforementioned rindse €xtent of
contribution of the two types of transitions to theluced diatropic ring current is determined by th
excitation energies of the and g-type) transitions (Table 4). Furthermore, remafaiwo electrons
from the p-Als]” and E-Gag ™ clusters affordscfAls]™ and -Gag]” respectively, where the lowest
type transition disappears and therefore sthdiatropic ring current exceeds tletype one, a fact
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imprinted on the NICS-scan curves ofcfAls]" and -Ga]* clusters which exhibit two maxima at a
certain distance above and below the molecularep(@able 3). The estimated excitation energies also
illustrate that the induceg-diatropic ring current slightly overwhelms thediatropic ring current in
the [c-N3]* and E-Ps]” clusters, which unequivocally exhibit doubte« z)-aromaticity. In effect, the
NICS,~scan curves (Fig. 4d) for thie-Ns]" and -Ps]" clusters are typical for double ¢ z)-aromatic
molecules with slightly stronger- thanos-aromatic character. According to the estimatedtation
energies the dAsz]*, [c-Sks]* and [E-Bis]” clusters are doublys(+ z)-aromatic molecules with
slightly higherz- thang-aromatic character. Finally, the NIgScan curves of the 18 valence electron
[c-S], [c-Se)], [c-Tes] and [c-Pg;] clusters are also typical for double € 7)-aromatics with varying
magnitude ofr- ands-aromatic character (Fig. 4e). Far$s] and [c-Se) the z-component should be
slightly stronger than the-one, while the opposite is true for theTe;] and [c-Pa] clusters. This is
compatible with the excitation energies of the Isig y-allowed transitions for the neutral triangular
chalcogen clusters (Table 4). Computed GIAO-SCFIN#Dd localized (LMO) NICS analysis of the
An (A =0, S, Se; n = 3-6) clusters carried out hl8yeret al. [72] indicated that the-ring
electrons are chiefly responsible for the zigza€8(0) behavior of the /Arings with the A clusters
being aromatic. It is important to notice that theuble ¢ + z)-aromaticity of all three-membered
rings of main group atoms studied is reflected lo@ ¢éxcellent linear correlation of the NIG®)
values with thd,, values of the rings shown in Figure 5.

Figure 5. Linear relationship between NIG®) (in ppm) andR., (in A) for triangular
(D3p) main group doubles(+ z)-aromatic clusters.
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In summary all triangular main group clusters ekl double ¢ + z)-aromaticity studied herein
are characterized by broad NIGScan curves with half-band width >3 A indicatingutlle ¢ + x)-
aromaticity with comparable contribution to the uicdd total diatropic ring current from the andz-
diatropic ring currents.

3.6. The NICSg-scan curves of four- and five-membered rings of main group atoms exhibiting
double (¢ + 7)-aromaticity

Next we examined the NIGSscan curves of four- and five -membered rings afmgroup atoms,
which have been extensively studied and charae@s doubles(+ 7)-aromatics. The NICSscan
profiles in the form of NICS/NICS,,"® versus R curves of thed-B4]%, [c-Al4]%, [c-Ga]?, [c-Ing]?,
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[c-Tl4]?, [c-Si)** and E-Mg4]®" clusters given in Figure 6 are symmetric arounel zhaxis with
maximum at z = 0 and half-band width (excepB}]*) greater than 3 A.

Figure 6. The NICS,scan profiles in the form of NIGENICS,,"*versus R (in A) curves
for selected four- and five-membered rings of ngioup atoms exhibiting double ¢ 7)-

aromaticity.
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The NICS,scan curves of theefAl,]* species as well as of the five-membered pnictogd?nj]”
(Pn = N, P, As, Sbh, Bi) clusters exhibit two maximga certain distance above and below the
molecular plane (Figure 6), which are typical fauble ¢ + x)-aromatics where the-diatropic ring
current overwhelms the-type one. The most salient features of the N}JS8an curves of all these
clusters along with thB,, values of the rings are compiled in Table 5.

Table 5. The NICS values (ppm) calculated at the ring ceM¢€S(0) and 1.0 A above
the ring center, NICS(1), the zz-component of thielding tensor element, NIGE) and
NICS,A1), theRmax (in A) and the corresponding NIGS™ along with theRa, (in A) for
selected four- and five-membered z- and doubled + z)-aromatic molecules.

Compound  NICS(0) NICS(1) NIG%0) NICSA1) Ruax(A) NICS,™ Ancsd R
[c-B4)” (Dap) -44.8 -24.3 -83.4 -47.8 0.0 -83.4 0.0 0.727
[c-Al4]% (Dap) -34.4 -27.7 -66.2 -54.9 0.0 -66.2 0.0 1.832
[c-Ga)® (Day  -38.6 -29.7 -63.3 -57.6 0.0 -63.3 0.0 1.814
[c-IN4]% (Dan) -22.6 -20.9 -54.3 -47.9 0.0 -54.3 0.0 2.094
[c-Tls]* (Dap) -18.7 -18.7 -48.8 -43.8 0.0 -43.8 0.0 2144
[c-Alg]* (Dap) -6.0 -12.1 -30.0 -32.2 0.9 -32.3 23 1.885
[c-Sig)?" (Dan) -42.0 -28.8 -78.1 -58.0 0.0 -78.1 0.0 1.633
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Table 5. Cont.

Compound NICS(0) NICS(1) NIGE0) NICSA1) Rmax(A) NICS,™ Ancs Rav
[c-Mgd” (Day)  -10.7 -8.6 -31.0 -25.7 0.0 -31.0 0.0 2.213
c-LioMgz (D2r) 4.0 -1.0 -26.6 -23.6 0.0 -26.6 0.0 2.066
[CsHs] (Dsp) -12.6 -9.6 -16.2 -33.7 0.9 -34.0 17.8 1.204
[c-Ns]™ (Dsh) -16.5 -16.5 -41.2 -45.2 0.6 -51.9 10.7 1.128
[c-Ps]” (Dsp) -16.7 -15.8 -31.8 -39.3 1.0 -39.3 7.5 1.808
[c-Ass]” (Dsh) -15.3 -14.7 -22.3 -33.9 1.2 -34.6 12.3  1.993
[c-Shy]™ (Dsp) -9.0 9.5 -14.9 -21.2 1.4 -22.5 7.6 2.347
[c-Bis]” (Dsp) -9.3 -9.5 -3.2 -15.2 1.8 -20.8 17.7 2.464

? Anics = NICS,,™ - NICS,,(0)

3.6.1. Magnetotropicity of the [ciE (E = B, Al, Ga, In, TI), [c-Si**, [c-Mg4]?", [c-Li,Mgs], [c-
CsHs), and [c-E] (E =N, P, As, Sb, Bi) rings

Let us now analyze the shapes of the NJ&8an curves of the four- and five-membered rings o
main group atoms in relation with the relative gaif the induced@- andz-diatropic ring currents. The
ground-statelAlg) occupation irD4, symmetry of 14 valence electrons for teeAl ], [c-Gay?, [c-
Iny]* and E-Tl4)? clusters was found to beyl’1e,*1b;1by 2a:4*1a, 2. In [c-Ing]* cluster there is an
inversion of the &, and &4 For the £-B.]% cluster the electron occupation follows a différerder,
e.g. Bglelay”1by 28, 1b>. The computed excitation energies of the main stedional
transitions of §-Al 4%, [c-Gas]?, [c-In4]?, [c-Tl4]* and E-Sis]** clusters are given in Table 6.

Table 6. Estimated excitation energies (in eV) of the maanslationalo- and z-type
transitions of doubles(+ z)-aromatic four-membere@dAl 4%, [c-Gal]?, [c-In4]?, [c-Tl4]*
and [c-Si)]?* clusters irD., symmetry.

excitation type Excitation energy

[c-Al% [c-Gal® [c-Ingd®  [c-Tld* [c-Sig?*
a1g— €&y o- 2.00 0.56 1.92 1.96 3.14
aou— € - 2.30 1.17 2.07 2.03 3.68
bog — &y o- 4.20
big— &, o- 4.85

Based on the estimated excitation energies ofawest T - allowedos- andz-type 3y — 3e, (1.42
eV) and by, — 1ey (4.74 eV) transitions compiled in Table 6 we pcedhnat the ¢-B4]* posses rather
pure og-aromatic character, which is also mirrored on shape of the symmetric sharp (half-band
width = 2.3 A) NICSscan curve (Figure 6a). The same holds true ffdiMgs]®" and E-Li-Mg.]
clusters where the occupation of 6 valence elestraas found to bee;!f‘lalg,2 for [c-Mga]** (Dar) and
1ag*1by,“1by,” for [c-LioMgs] (Dan). The estimated excitation energies of the lowBgfallowed
transitions found to be 1.12 eV for thaype e, — aiqin [c-Mg4]®" (Dar) and 2.06 eV for the-type
boy — aug and 4.92 eV for the-type ag — bs, in [c-LioMgy] (D2n) accounts well for the shape of the
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NICS,~scan curves (Fig. 6a). As in the case of theif]" (Dasp) cation the broadening of the NIGS
scan curves ofcfMgs]®" and E-Li,Mg,] clusters is probably due to the bigger size & fhur-
membered ringsR, = 2.213 and 2.066 A ioMg4]** and E-Li»Mgs] rings respectively) and/or to the
contribution of the intrinsic local circulation aflectrons around the nuclei to the diatropic NICS
values. The pure-aromaticity in the ¢Mgs]** and E-Li.Mg.] clusters was previously justified by
Alexandrova and Boldyrev [57]. In all these doufatet z)-aromatic clusters the-aromatic character
overwhelms ther-aromatic one enforcing the broadening of the NJ&8an curves, which have half-
band widths greater than 4 A (Fig. 6). Of particiaportance is the excellent linear correlatiorttef
NICS,,0) values of the four-membered rings of 13 grotmmes with theR,, values of the rings
(Figure 7).

Figure 7. Linear relationship between NIG®) (in ppm) andR. (in A) for the four-
membered rings of 13 group atoms.
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The double  + z)-aromaticity of the[c-Al4]* cluster was first introduced in a seminal work
published inScience by Boldyrevet al. [73] and subsequently justified by the use ofedént criteria
of aromaticity, such as the induced magnetic femhélysis [74], the aromatic ring current shielding
(ARCS) [39,75], the ring current maps [76-79], NI{8B], resonance energy (RE) estimations [39,81],
valence bond (VB) calculations [82], bifurcatioraéysis of electron localization function (ELF) [83]
conceptual DFT descriptors [84], and quantum thexrgtoms in molecules (QTAIM) calculations
[85]. It should also be noticed that Sundhanal. [75] based on ARCS calculations on tioeA] 4%,
[c-Gay]?, [c-Ing? and E-Tl4)* indicated that all these species are aromaticcahmilated ring-current
susceptibilities and the (ring radius) found toliee2 nA/T (194 pm), 17.2 nA/T (190 pm), 19.3 nA/T
(210 pm) and 18.4 nA/T (241 pm) respectively, at3RVE+sp2df HF level.

The NICS,~scan curve of thfc-Al ]+ cluster exhibits two maxima at a distance of 0.8bve and
below the molecular plane (Fig. 6a), which is tgpitor double § + z)-aromatics where the-type
diatropic ring current exceeds slightly theype one. In effect, this is compatible with thetimated
excitation energies of theg J-alloweds-typeag — by, (1.27 eV) andr-type bsy, — ag (1.58 eV) andy
— bgy (2.05 eV) transitions. Notice the contributionteb Ty y-allowedz-transitions to the-diatropic
ring current in §-Al4]* cluster.

The NICS,scan curve of thecfSis]** cluster, which is isoelectronic ta-Al4)* one, is typical for
double ¢ + n)-aromatics where the-type diatropic ring current overwhelms remarkathlg z-type
one. The curve is symmetric around the z-axis withalf-band width of 3.1 A (Figure 6a). The
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strongeros- than ther-aromatic character inc{Sis]** cluster is reflected on the estimated excitation
energies (Table 6) for they — &y, byg — €y, big — €, o-type transitions, compared to thg, — ey 7-
type transition. TheckSiy)?* has previously been characterized as triply arimyide triple aromaticity
coming from ther,.~, op- andep+-MOs (p-z, p-r and p-t are the vertical, radial aaagential  AOs

of the Si atoms in the ring).

Finally, the NICS,scan curves of the 26 valence electron five-meetbenictogend-Prs]” (Pn =
N, P, As, Sb, Bi) clusters iDs, symmetry are typical for double ¢ z)-aromatics with ther-aromatic
character exceeding at a different extentdta@omatic character (Figure 6b). There is an irszeaaf
the z-aromatic character as one goes down in the 15ygpaictogen atom five-membered rings. The
NICS;~scan curve of the five-membered cyclopentadiecy@4Hs]™ ligand, a prototype aof-aromatic
organic molecule, is also shown in Figure 6b.

The estimated excitation energies of the lowegstallowed o- andz-type transitions of the five-
membered pnictogerc{fPns]” (Pn = N, P, As, Sb, Bi) rings iDs, symmetry tabulated in Table 7
account well for the shape of the NIGScan curves, which are characteristic for the to@b+ 7)-
aromaticity of the rings.

Table 7. Estimated excitation energies (in eV) of the majgy-dllowed o- and z-type
transitions of doubles( + z)-aromatic five-membered pnictogecPrs]” (Pn = N, P, As,
Sb, Bi) rings and thec{CsHs] " ligand inDs, symmetry.

excitation Type Excitation energy
[c-Ns]® [c-Ps]” [c-Ass]  [c-Shy]”  [c-Bis]”  [c-CsHs|
e’ —ar’ o- 9.24
&' — e o- 9.82
& —e o- 9.84
e — e’ - 8.20
e'— al o- 5.86
e —e o- 5.99
e — e - 4.28 3.58 2.95 2.05
e’ —ar’ o- 5.23 4.72
e —e o- 5.10 5.10 3.84
a' —e o- 5.996 4.99
o — e - 6.31
&' — a o- 8.88
e —e o- 8.59

It can be seen that all five-membered pnictogeRrg]” (Pn = N, P, As, Sb, Bi) rings are double
(o + m)-aromatic with stronger- than s-aromatic character. The relative strength of #ieand
c-aromatic character of the rings can be expressatitatively by the ratio of the excitation enesyie
of thez- ando-type Ty y-allowed transitions which were found to be 1.13711.42, 1.73 and 1.88 for
the [c-Ns], [c-Ps]’, [c-Ass]’, [c-Sky]” and [E-Bis]” respectively. It is interesting to notice that tbe
series of the five-membered pnictogenrPns]” clusters the NICS0) values are linearly correlated
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with the R,y values of the rings (Figure 8) following a similaattern with that established for other
series of aromatic clusters discussed herein.

The double € + z)-aromaticity of the pentagonal structur&{symmetry) of thed-Prs]” clusters
was justified by Boldyrewt al. [86] using molecular orbital and photoelectrorapa analysis and
compared with the aromaticity of the isovalent opentadiene,cfCsHs]™ ligand. More recently, De
Proft et al. [87] calculated the maps for the current densftyhe [c-Ps]” and -Ass]™ clusters, which
showed an apparently classic example of a diatnapiccurrent, but not solely current. The current
density at z = 1.@ahas approximately equal contribution from the fetectrons in the&” HOMO
(=-MO) and the four electrons in the6 HOMO-2 (-MO). The pattern of the current maps and
orbital contributions of thecfPs]” and [-Ass]™ clusters are compatible with the NIGScan profiles.

Figure 8. Linear relationship between NIG®) (in ppm) andR, (in A) for the five-
membered rings of 15 group atoms.
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In summary the four- and five-membered rings of mgrioup clusters exhibiting double ¢ x)-
aromaticity studied herein are characterized, athéncase of the three-membered rings, by broad
NICS,~scan curves with half-band width approximately A 3ndicating double £ + z)-aromaticity
with comparable contribution to the induced totaltrpic ring current from the- andz-diatropic
ring currents.

3.7.  The NICSz-scan curves versus the orbital-type of aromaticity in organic molecules

We next tested the predictive power of the NJ&San curves of the orbital-type of aromaticity for
selected organic double ¢ 7)- and purer-aromatic molecules computed at the B3LYP/6-311+3(d
level. The NICS-scan profiles in the form of NIG3NICS,,"* versus R curves of the selected
organic molecules are depicted schematically iufei®, while the main features of the NlgScan
curves of all molecules along with tiRg, values of the rings are compiled in Table 8. Tetn®ated
excitation energies of the lowestfallowedos- andz-type transitions of the selected aromatic organic
molecules are compiled in Tables 9-11.
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Table 8. The NICS values (in ppm) calculated at the ring@erNICS(0) and 1.0 A above
the ring center, NICS(1), the zz-component of thielding tensor element, NIGE) and
NICS,A1), theRnax (in A) and the corresponding NIGS™ (ppm) along withRy, (A) for
selected aromatic organic molecules computed aB8heYP/6-311+G(d,p) level.

Compound NICS(0) NICS(1) NIGE0) NICS,(1) Rma NICS,,™ Ancs®  Ra
CzHz" (Dap) -22.9 -14.7 -31.1 -28.8 0.5 -37.4 6.3 0.787
CsHs (Den) -8.0 -10.2 -14.5 -29.2 1.0 -29.2 14.7 1.395
CeHs" (Den) -12.9 -14.1 -22.6 -37.9 1.0 -37.9 15.3  1.404
CeHs> (Den) -16.0 -16.9 -26.7 -41.5 1.0 -41.5 14.8 1.395
0-CeHs (C) (S9)  -18.0 -12.7 -30.7 -32.9 0.7 -34.7 40 1.369
m-CeHs (Co)) (S0)  -42.2 -16.3 -64.4 -39.9 0.0 -64.4 0.0 1.225
p-CsHs (D2r) (o)  -29.5 -18.7 -63.6 -47.3 0.0 -63.6 0.0 1.388
Ce (D3n) -24.8 -12.0 -32.4 -28.3 0.4 -32.8 0.4 1.284
Ce" (Dan) -61.4 -18.5 -69.0 -36.7 0.0 -69.0 0.0 1.356
CsH3" (Dep) -42.7 -19.9 -72.4 -51.9 0.0 -72.4 0.0 1.313
CsBH3 (Ca) -34.5 -16.8 -58.3 -43.2 0.0 -58.3 0.0 1.336
Fulvalené (D.) -12.1 -16.6 -9.9 -28.5 1.0 -28.5 18.6 1.224
Phenalenyl (Dap) -3.6 7.2 1.1 -17.3 1.3 -19.0 20.1 1.409
Oxazole C) -11.4 -9.7 -10.2 -27.9 0.9 -28.3 18.1 1.150
c-C7(Co) -16.9 -14.2 -32.3 -33.7 0.7 -35.9 3.6 1.483
Cc-CaHa4?" (Dap) -16.1 -13.7 -43.8 -39.0 0.0 -43.8 0.0 3.072
C-Ci10(Dsp) -29.9 -22.3 -73.0 -59.0 0.0 -73.0 0.0 2.064

aANICS = NlCSzzmaX' NICS,,(0)
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3.7.1. The NICSscan curves and magnetotropicity of theHg", CsHe, [CsHel*, [CeHe]®, 0-CsHa,
m-CgsH4, and p-GH4 molecules

For the [GH3]", CsHs, [CeHel*, [CeHe]®, 0-GsHa (0-benzyne), m-gH. (m-benzyne), and p«El.
(p-benzyne) molecules the estimated excitation gg@grof the lowest ;- and R-allowed o- and
n-type transitions are indicative of their douldet(z)-aromatic character with varying/z- ratio.

For the [GH3]", CsHe, [CeHe]* and [GHe]® molecules the contribution to the ring currentire-
delocalized electrons is significantly higher tHesm o-delocalized electrons (compare the excitation
energies of the- andz-type transitions given in Table 9), a fact thatlesarly reflected on the shape
of the NICSscan curves (Figure 9a). It is important to notltat the occupation of the antibonding
MOs of benzene with four and six electrons affogdine anionic [GHg]* and [GHe]® species, which
correspond to local minima in the PES, increaseatioenaticity with respect to benzene molecule,
despite the bonding from the bonding MOs will bésef by the effect of the occupied antibonding
counterparts. This observation illustrates thatdizleamic magnetic response of the aromatic species
expressed by the NICS values could not be outwediditen the occupation of the antibonding MOs,
since the induced ring current from the occupieddiay MOs could not be equal and of opposite sign
with that from the occupied antibonding counterpatiowever, the anionic [Bg]* and [GHe®
species should be unstable with respect to eleetntodetachment in the gas phase and the results fo
these metastable species should be approachedaution as it is the case of the “all-metal aroofati
[c-Al,]* dianions [88].

For the singlet o- and m-benzyne isomers and tlem-gpell singlet p-benzyne the contribution to
the ring current from-delocalized electrons is also higher than figohelocalized electrons (compare
the excitation energies of tlae andz-type transitions given in Table 9). However, ie three isomers
the induced paratropic current frardelocalized electrons via the-Rllowed transitions diminishes
the inducedr-diatropic ring current, thus rendering the conttibn to the induced ring current from
delocalized electrons higher than frardelocalized electrons, which is clearly reflectedthe shape
of the NICS;-scan curves (Figure 9a). It should be noticed ttatrelative aromaticities of the singlet
0- and m-benzyne isomers and the open-shell sipgtetnzyne have previously been probed with a
diverse aromaticity indicators [89]. Unlike benzetiee most negative NICS value occurs in the ring
planes of the benzynes, which might indicate tlma&t flargest diamagnetic ring current is in the
molecular plane. In effect, this is mirrored on 8f@pes of the NIG8scan curves reported herein,
which once again correctly predict the orbital-tge@aromaticity in the isomeric benzyne molecules.



Symmetry 2010, 2 306

Table 9. Estimated excitation energies (in eV) of the majy-Tand R-allowed - and

n-type transitions of selected aromatic organic malks.

Excitation energies

excitation type CsHs' CeHs  CeHs™ CsHs® 0-GsHa m-CeHs  p-GsHa
a"—-e"  m- 10.03

€—-a o 13.50

e —a o- 13.79

€g— €y 7 6.59 6.32

€1g— € - 8.78 7.07

€&y — &g O- 10.78 7.82 6.66
Adig — T- 2.80
ey — &1y 7T 3.93

dp — b2 TT- 5.12

a — b2 T- 5.15

bz — b2 o- 8.71

a—a R, 7.35

b]_ — b2 ﬂ'-Rz 511

a — b1 - 541

a; — b1 o- 5.65

a — b2 o- 7.37

a—a R, 6.75

b—>b, #n-R, 8.46

bpg—ay 7 6.29
by, —ay = 6.93
oy — &g o- 8.00
big—ay #-R; 3.64
bu—a, R, 476

3.7.2. The NICS,scan curves and magnetotropicity of thegg{E-Cg]**, [c-CsH3]", c-GBH3, ¢-C;
and c-Go molecules

The double 4 + 7)-aromaticity is also present in theCs, [c-Cg]*", [c-CsH3]", c-CsBHs3, ¢-C; andc-
Ciomolecules. The double ¢ z)-aromaticity of thec-Cg cluster was first discussed by Schilegeal.
[16]. It was claimed that theCs cluster is als@-antiaromatic due to cyclic delocalization of itsuf
lone-pair electrons. In effect, the estimated exiwh energies of the lowest F and R-allowed
transitions in thec-Cg cluster (Table 10) indicate a strong indueediatropic ring current, which is
partly outweighed from the inducedparatropic ring current due to tleR; transition but still the
induced o-diatropic ring current seems to be stronger thHamztdiatropic ring current, which is
compatible with the shape of the NIGScan curve (Figure 9b). The estimated excitativergies of
the lowest T ,-allowed transitions in the cationic-Cg]** species clearly indicate that it is doubiex(
m)-aromatic withs-aromatic character much stronger thansttegomatic one in line with the shape of
the NICSscan curve (Figure 9b) having a half-band widtt2 df A, which is typical for completely
g-aromatic molecules.
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Table 10. Estimated excitation energies (in eV) of the lowBs}- and R-allowedo- and
n-type transitions of selected aromatic organic malkes.

Excitation energies
c-Cs [C-Ce] a [C-C6H3] i c-CsBH3 c-C; c-Cio

excitation type

e —a o- 3.96

e'— ay” - 9.89

' — a O'-RZ 9.14
A1g — €1y o- 4.66
€1 — &y - 7.60

a’' — ¢ o- 6.51

e'— a” - 10.59

a — bz o- 5.99

b]_ — A1 TT- 6.55

bp—b, #-R, 5.98

a; — b2 o- 3.40

a — b1 - 3.03

a;— dy O'-RZ 6.36

e —e o- 6.53
e — e o- 8.35
e" — & - 8.57

The NICSscan curves of thec{CeHs]™ and c-CsBH3 have the shape of the typical curves for
double ¢ + x)-aromatic molecules with-aromatic character much stronger thansreomatic one.
Actually, the estimated excitation energies of fb&sHs]" and c-CsBH3 molecules (Table 10) are
indicative of the much stronges- than z-aromatic character. For the-CsBH3; molecule the
contribution to the diatropic ring current fromdelocalized electrons is further decreased froe th
induced paratropic ring current due to th&, transition. Hofmann and Berndt [90] showed that th
the NICS(1) values of the double aromatic isoetettr [c-CeHs]” and c-CsBHz molecules are
significantly larger than that of the benzene moledue to the contribution of an additional aramat
system, namely the-aromatic component.

AKin to ¢-Cgs (D3p) thec-Cyp (Dsp) cluster was also proved to be a double (r)-aromatic molecule
with enhanced aromaticity due to an additional rd@@t subsystem (the diatropic in-plane radial
system) [16]. This is consistent with the estima&ditation energies of the andz-type transitions
(Table 10), which indicate that tlearomatic component should be larger thanitfaeomatic one and
is mirrored on the shape of the NIGScan curve shown in Figure 9b. Schlesteal. [16] showed that
the c-C; (C,,) cluster has mixed aromatie)(and antiaromatic (radial) systems. According to o
calculations for thee-C; (Cy,) cluster the lowes#- andz-Ty-allowed transitions have much lower
excitation energies than tlaeR,-allowed ones (Table 10) and therefore it is exgubtd be a double(

+ r)-aromatic molecule involving stronges thang-aromatic component, in line with the shape of the
NICS,scan curve (Figure 9b). The calculation of the GMITS,, values for thec-C; (Cy,) cluster
showed that six-type MOs have positive NIGSvalues of totally 122.6 ppm and the remaining
eighteen MOs have negative NIG8alues of totally -154.9 ppm, thus rendering ¢h@; (C,,) cluster
aromatic. Ther-type MOs (totally fifteen) contribute to diatrop@MO-NICS,; values by -118.3 ppm
and ther-type MOs (HOMO-3,-4,-6) contribute to diatropic @WNICS,; values by -36.6 ppm. It is
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evident that the net effect would be a strongethans-aromatic component as it is reflected on the
shape of the NICSscan curve o€-C; (Cy) cluster. It should be noticed that the Nj&&can curve of
c-C7 (Cyy) cluster is similar to that of the benzene molecilhis could be understood on the basis of
the CMO-NICS; analysis data for benzene, which showed thatditype MOs have positive NIGS
values of totally 85.9 ppm and the remaining simt®Os have negative NIGSvalues of totally -
100.4 ppm. Among these MOs, nindype MOs contribute to diatropic CMO-NIGSralues by -39.0
ppm and sevem-type MOs contribute to diatropic CMO-NIgSvalues by -61.4 ppm. It is again
evident that the net effect would be the dominaatomatic component for benzene.

3.7.3. The NICS,-scan curves and magnetotropicity of FulvaféenBhenaleny] Oxazole, and [c-
CsH24**molecules

Very recently Mills and Benish [91] evaluated theraaticity of the tetrabenzo[5.5]fulvalene
dianion through magnetic criteria and found thatiafys exhibit appreciable aromaticity. The NIGS
scan curve (Figure 9c) justifies the aromaticitythed tetrabenzo[5.5]fulvalene dianion, indicatihgtt
it is totally due to the-aromatic system.

The lowest T,-allowed transitions of the tetrabenzo[5.5]fulvadetianions are only of thetype
(Table 11). The same holds also true for the d2ctron phenalenyl cation which supports diatropi
perimeter ring current. The NIGSscan curve (Figure 9c) of the phenalenyl cationtymcal for
aromatic molecules exhibiting purearomatic character. Very recently, Fowgtral. [92] using the
ipsocentric approach predicted the diatropicityhaf phenalenyl cation which arises mainly from the
contribution of the doubly degenerate 2e HOMO-2.pai

Table 11. Estimated excitation energies (in eV) of the lowBs}- and R-allowedo- and
n-type transitions of selected aromatic organic malks.

Excitation energies

excitati  Type  Fulvalen€ Phenalenyl Oxazole [c-CgH24 "
a— b - 1.96
b, — by - 2.00
a— bs - 2.69
b, — bs 7-R, 2.10
e"— a" - 3.68
e"— ay” - 6.51
" —a"” n-R, 3.58
e —a’ o- 10.51
a —a’ 7-R, 11.75
a"—a" - 6.64
a—a o- 8.52
e by o- 3.00
e bag o- 3.42

Morao and Cosio [25] applied a simple ring curneidel for describing the in-plane aromaticity in
pericyclic reactions to oxazole, a five-membernearomatic heterocycle containing two heteroatoms.
They found that this kind of aromatic compound bardescribed using two ring currents. The NIES
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scan curve (Figure 9c) of oxazole in conjunctiothwihe estimated excitation energies for the lowest
Tyy-alloweds- andz-type transitions (Table 11) clearly indicate tlweible ¢ + z)-aromatic character
of oxazole involving stronget- thans-aromatic component.

Finally, both the shape of the NIgScan curve (Figure 9¢) and the estimated excitagimergies
for the Tyy-allowed transitions (Table 11) for the hypothetifaCsH,4]?* species with delocalized
electrons in a cyclic array @forbitals arranged tangentially sabonding fashion are in support of the
purec-aromatic character in line with the ring-currerapa calculated by Fowlet al. [93] It should
be noted that the [c#8.4*" species correspond to a sixth order saddle pointhé PES. The
broadening of the NIGSscan curve is what it is expected for an eigth-foerad ring withR,, =
3.072 A.

3.8.  Predicting the peculiar aromaticity of borazine

Borazine, c-B3sN3Hg - the boron-nitrogen six-membered ring compounterofreferred to as
“inorganic benzene - has been subject of contrialedéscussions with respect to the aromaticity of
this molecule. Very recently Islas al. [94] in their publication entitle@orazine: to be or not to be
aromatic based on a detailed analysis of two moleculadsiethe induced magnetic fielB'%) and the
electron localization function (ELF) indicated thhbrazine can be described aszaromatic
compound but it is not a globally aromatic specsasce the delocalized system is not as homogeneous
as that of benzene. The induced magnetic field dratine is weaker than that of benzene but
nevertheless pronounced and long-ranged. The NKE&n curve of borazine shown in Figure 10
clearly demonstrates the long-rang@romaticity and the in-plane-antiaromaticity of borazine. It
shows a maximum negative (diatropic) Nig8alue of -8.4 ppm at z = 1.6 A above and below the
ring and a maximum positive (paratropic) Nig@alue of 12.0 ppm at z = 0.

Figure 10. The NICS-scan curve of the borazine molecule along with i@ecular
orbital energy level diagram, symmetries, 3D madl@cwrbital pictures and significant
Tyy- and R-allowed transitions leading to the diamagnetic pathmagnetic ring currents
respectively, computed at the B3LYP/6-311+G(d,pgle
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The estimated excitation energies of the lowggtallowed transitions are for thetypee” — a”
anda,” — e” excitations 8.57 eV and 10.19 eV respectively fandhes-typee — a;’ excitation 9.05
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eV. The latter is outweighed by thefalloweda,’ — a;’ transition with excitation energy 12.04 eV.
The relatively high excitation energies lead to kveeducedz-diatropic ring currents, which nicely
explain the substantial decrease of thelectron delocalization relative to benzene (compthe
NICS,,"* values of -8.4 and -29.2 ppm, for the borazine b@&azene molecules, respectively). It is
interesting to notice that the local contributioofk the o electrons in borazine according to the
calculations carried out by Islag al. [94] generate a short-range response and a @gi@atr
(antiaromatic) region in the center of the ringjle/the z-orbital contribution td™ shows the typical
response of an aromatic system. This is exactlydpelogy of the total ring currents represented by
the NICS_scan curve of borazine (Figure 10).

3.9.  Applying the magnetic NICS,-scan criterion to diagnose aromaticity/antiaromaticity in the
non-planar corannulene, corannulene dianion and sumarene molecules

The bowl-shaped corannuleneyg8io, corannulene dianion, BgHig®> and sumarene, JH1y,
polycyclic hydrocarbons, which share a fullerenbsstucture, have been studied extensively in recent
years [95,96]. Such studies have emphasized theripigsn of their aromaticity and electron
interactions on curved surfaces from both the erpantal and theoretical perspectives.

The counter-rotating ring currents in coronene awdannulene have been investigated by
Jenneskenst al. [97] Very recently Monaco and Zanasi [98] caltethther current of aromatic
polycyclic hydrocarbons placed in a uniform magndield and found substantial localization on
subunits in some cases. Moreover, Zareasal. [99] in their recent publication entitlelagnetic
Euripi in Corannulene computedab initio current densities for corannulene dianion, dicatamd
tetraanion and found largering currents with respect to benzene which unaleegnarkable changes
in response to variation in the oxidation statee Three corannulene ions along with the neutral
species constitute a full set that spans all ofpibsible patterns of rim and hub circulations. S Har
the neutral corannulene the magnetotropicity cpoeds to paratropic/hub-diatropic/rim pattern,
while for the corannulene dianion to diatropic/dratropic/rim pattern.

The NICSscan curves of corannulene, corannulene dianidnsamanene computed for both the
inner (hub) and outer (rim) rings are shown in Fegil.

The NICS;-scan curve of the inner (hub) five-membered rihgarannulene clearly demonstrates
the antiaromatic character of the ring (maximum $}i(0.2) value of 54.5 ppm) in line with the
computed current-density maps for #er, and total § + z) electrons at 1sabove the molecular
planes showing a paramagnetic counter-circulatiothe inner hub [97-99]. The NIGSscan curve of
the inner (hub) five-membered ring of corannulenaimilar to the NICg-scan curve of the highly
antiaromatic cross-conjugated annelated five-meeatbeng system, acepentalene, [45] corresponding
to relatively narrow curve with half-band width bf3 A. On the other hand, the NIGScan curve of
the outer (rim) six-membered rings of corannulextalgting two maxima at a certain distance above
and below the molecular plane and having NKIS value close to zero indicates their pargype
aromatic character (minimum NIGEL.1) and NIC&(-1.3) values of -24.1 and -17.1 ppm
respectively), which is also consistent with thenpoated current-density maps showing a clear
diamagnetic circulation around the outer rim [97-90is important to be noticed that both the caht
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paramagnetic (paratropic) and the outer diamagridiatropic) induced ring currents are enhanced
inside the bowl but depleted on the outside asaltref ring current superpositions.

Figure 11. The NICS;scan curves of corannulene, corannulene diani@hsamanene
computed for both the inner (hub) and outer (rimys at the B3LYP/6-311+G(d,p) level.

NICS NICSw NICS,
&0 300 40

y
|corannulene]”

corannulene

sumanene

The NICS,scan curve of the inner (hub) five-membered rirgilgiting two maxima at a certain
distance above and below the molecular plane anthdpaNICS,/0) value close to zero clearly
demonstrate the high-aromaticity (diatropicity) of the hub (minimum N8z(0.4) value of -293.8
ppm). The NICg-scan curve of the outer (rim) six-membered rinfsavannulene dianion is typical
of highly in-plane antiaromatic systems [45] (maxim NICS/0.2) value of 216.6 ppm). Notice
again that the inner (hub) diamagnetic (diatromduced ring current is strongly enhanced inside th
bowl but depleted on the outside. It is importaot te noted that the NIGSscan curves of
corannulene and corannulene dianion correctly ptedhe paratropic/hub-diatropic/rim and
diatropic/hub-paratropic/rim patterns respectivelgtained by theab initio computed probability
current densities [99].

The NICSscan curve of the inner six-membered ring of suenanindicates paratropicity at the
ring center with a maximum NIG%-0.2) value of 15.3 ppm and a long range diatribpiwith
minimum NICS/(1.7) and NIC$(-1.9) values of -14.5 and -8.2 ppm respectivehergfore the inner
six-membered ring of sumanene can be considerectigally as non aromatic. Notice again the
enhancement of the induced diatropic ring currémégde the bowl. The NIGSscan curve of the
outer five-membered ring of sumanene (a typicavedor in-plane antiaromatic systems) [45] clearly
illustrates the antiaromatic character of the rimgnile the NICS,-scan curve of the outer six-
membered ring of sumanene exhibiting two maximaa atertain distance above and below the
molecular plane and having NIG®) value close to O is characteristic of the pmyaromaticity
enhanced inside the bowl (NIg&.1) = -29.8 ppm), but depleted on the outside
(NICS,A-1.4) = -16.2 ppm).

The 3D molecular orbital pictures of the MOs paptating in the lowest J,- and R-allowed
transitions in corannulene, corannulene dianionsamdanene are shown in Figure 12.
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Figure 12. 3D contour surfaces of the molecular orbitals ipguating in the lowest Jy-
and R-allowed transitions of the corannulene, corannellehanion and sumanene
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In the corannulene molecule wits, symmetry, the chief contribution to induced diptooring
current arises from the,J-allowed HOMO,-1 ;) — LUMO+2 (a;) and HOMO,-1 ¢;) — LUMO+3
(ap) transitions with excitation energies 5.75 and36e¥ respectively. On the other hand, the chief
contribution to induced paratropic ring currensas from the Rallowed HOMO,-1 ;) — LUMO,+1
(ey) transition with excitation energy 4.35 eV. Foe ttorannulene dianion witBs symmetry, the chief
mixed contribution to induced paratropic and dipitoring currents arises from the lowest Rnd
Tyy-allowed HOMO &") — LUMO (&), HOMO @") —» LUMO+1 (@") and HOMO &") — LUMO+2
(&) transitions with excitation energies 0.83, 0.96 4.07 eV respectively.

In the sumanene molecule wits, symmetry, the chief contribution to induced digtooring
current arises from the lowesy Fallowed HOMO,-1 ¢) — LUMO+2 (a;) transition with excitation
energy 4.66 eV. Furthermore, the chief contribut@imduced paratropic ring current arises from the
lowest R-allowed HOMO,-1 ¢) —» LUMO,+1 () and HOMO-2 &) — LUMO+2 (a;) transitions
with excitation energies 4.65 and 5.36 eV, respelti

The estimated excitation energies of the lowgst &nd R-allowed transitions of the corannulene,
corannulene dianion and sumanene molecules in ot with the 3D molecular orbital pictures of
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the relevant MOs account well for the magnetotribpipatterns derived from the shapes of the
NICS,-scan curves.

4. Conclusions

To summarize, in the present computational study shewed that the NIGSscan curves
computed at the GIAO/B3LYP level in conjunction visymmetry-based selection rules provide
efficient diagnostic tools of the orbital-type, z- and doubled + x)- of aromaticity in a wide range of
aromatic organic and main group inorganic rings.

Thus, the NIC&-scan curves of any aromatic molecule exhibitingepttaromatic character are
symmetric around the z-axis (perpendicular to thg plane) with the NICS values decaying rapidly
and monotically with respect ® and having a half-band width approximately lesmtB A. This is
the case of-aromatics exhibiting-orbital aromaticity due to cyclic delocalizatiohtavo 1s electrons
over the three-membered ring ittfls]* and six & electrons over the four-, five- and six-membered
rings in [c-Ha]%, [c-Hs]” and E-He] species, thecfB3], [c-Bs]*, [c-B2C], [c-C3]?*, [c-B4], [c-B4]?, [c-
Bs]" aromatics with in-plane-MOs of Hiickel topology constructed from the ovprtd the 2p AOs of
the ring atoms, the Mu-CO)(CO) (M = Ni, Pd, Pt) molecules, as well as for thensition states of
the concerted transfer of two hydrogen atoms frtdmaree to ethylene (double group transfer reactions)
and the trimerization of acetylene to form benzeaspectively. In all cases, the chief contribution
induced diatropic ring current arises from the |lsi&,-allowed occupied-to-unoccupied molecular
orbital transitions involving exclusively-type molecular orbitals.; the estimated excitateergies
accounting for the relative strength of their artimeharacter.

A broad NICS,scan curve with half-band width approximately A & typical for double £ + x)-
aromatic molecules with comparable contributiothi® induced total diatropic ring current from the
and z-diatropic ring currents. This is the case of a hamof three-membered rings of main group
atoms including thecfBes]%, [c-Mgs]?, [c-E3] (E = Al, Ga, In, TI), §-E3]* (E = C, Si, Ge),d-E5]* (E
=N, P, As, Sb, Bi) andc{Es] (E = S, Se, Te, Po), four-membered rings of ngaoup atoms including
the [c-E4]* (E = B, Al, Ga, In, TI), §-Si)]**, [c-Mg,]** and E-Li,Mg,] and five-membered rings of
main group atoms including the-Es]” (E = N, P, As, Sb, Bi) and{CsHs]. The magnitude and type
(o-, m-) of the induced diatropic and paratropic ringreats are determined by the excitation energies
of the lowest Ty- and R-allowed occupied— unoccupied molecular orbital transitions respedyiv
with the coexistence of both the andz-type transitions accounting well for the doubdeH x)-
aromatic character of all these clusters.

The NICSscan curves exhibiting two maxima at a certaitatice above and below the molecular
plane are typical for double ¢ z)-aromatics where the-diatropic ring current overwhelms theype
one. In the absence of any contribution fromddkatropic ring current the NIG0) value is close to
zero and the molecule is a purearomatic molecule. This is the case of a vast remab organic
aromatic molecules. Again the estimated excita@mergies of the lowest,J- and R-allowed
occupied— unoccupied molecular orbital transitions are iatliee of the doubleo( + z)-aromatic
character of the organic aromatics accounting feelthe observed varying/z- ratio.
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Finally, the NICS,-scan curves correctly predict the peculiar arooitgtiof borazine and the
magnetotropicity (diatropicity/paratropicity) patte of the non-planar corannulene, corannulene
dianion and sumanene.
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