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In the recent work by Khatuat al. [Khatua, S.; Roy, D. R.; Bultinck, P.;
Bhattacharjee, M.; Chattaraj, P. Rhys. Chem. Chem. Phys. 2008, 10, 2461-2474]
the synthesis and structure ofaa-trioxo molybdenum metalloligand and its sodium
complex containing 1D hexagonal chains of sodiunsiwas reported. In the same
paper, the aromaticity of hexagonal Na-clusters waantified by means of the
nucleus-independent chemical shift and electronittioentre indices. It was shown
that the aromaticity of hexagonal Na-clusters ishef same order as the aromaticity
of analogous benzenoid hydrocarbons. In the presedy current density maps are
used to rationalize the aromaticity of polycyclia-slusters. It is shown that although
polycyclic Na-systems sustain a diatropic ring eaty the induced current density is
several times weaker than in analogous benzenaldbgrbons. A detailed analysis
indicates that the current density in hexagonalsigtems is almost completely

determined by four HOMG@-electrons.

INTRODUCTION

After the discovery of the aromatic character of,JA/[Al JJ* by Boldyrevet
al.»? the concept of aromaticity was extended from sali organic realm to the field
of all-metal inorganic clusters. Compared to thenaaticity encountered in organic
molecules, primarily being of the traditionaltype, all-metal systems can exhibit a
multifold aromaticity> and conflicting aromaticity>®® arising from theirs-, z-, -

1911 and evenp-'2 electron delocalizatiorUntil recently, there was no report on the
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synthesis and structural characterization of armmedmpounds containing alkali
metal ions. Two report3** dealt with the synthesis and structural charazaédn of

a fac-trioxo molybdenum metalloligand and its sodium {MaO;L(H,0),;], and
potassium complex [MoOsL(H.0)s),, {L=iminodiacetate}. The analysis of the
crystal structure of those compounds showed thatNh-complex contains linear
chains of Nahexagons, whereas the K-complex contains 2D hexdghains. These
distinctive features of Na- and K-complexes andrtblear structural similarity with
hydrocarbons were a motivation to investigate theamaticity. The aromaticity of
the polycyclic alkali clusters was previou$lguantified by means of the nucleus-
independent chemical shift (NIC8)and electronic multicentre indices (MC)lt
was shown that individual Narings are considerably more aromatic than the
corresponding Krings. Furthermore, according to NICS values thematicity of
Na-clusters is of the same order of magnitude eastbmaticity of linear polyacenes.

The importance of newly reported Na- and K-clusteaim be viewed from
different aspects. In recent years syntheses op@pPmeric materials are receiving
more and more attention due to their potential asesmall molecule storage
materials:”*® On the other hand, both Na- and K-clusters congdiimetal rings
stabilized with appropriate ligands, making therffedent from all-metal clusters
containing ‘bare’ metal ringS®> The aromaticity of ‘ligand stabilized’ rings of taé
atoms becomes a new emerging field of aromaticity.

The problem with claims that a certain species rematic is that this
conclusion may depend rather significantly on thepprty used to characterize
aromaticity. As an example: a ring that exhibitsndbdength equalization as in
benzene but does not sustain a ring current coaldldssified by some as aromatic
but by others as not aromatic depending on théivelanportance they attach to the
property of bond lengths equalization or ring catserespectively. The same is true
for e.qg., electron delocalization and ring curredtshough one of us has previously
shown that electron delocalization and ring cusgent carbohydrates go hand in

hand20-23

the more general and subtle interrelationshimas & delocalized system is
a necessary but not sufficient requirement fong durrent. In previous work on ja
systems, electron delocalization was gauged bynilécentre index and information
on a ring current was obtained indirectly from NIZ8ues. The problem with NICS,

however, is that although usually a negative (@meatic) NICS value reflects the



existence of a ring current, there is no direct w@agextract and thus beyond doubt
prove the existence of an underlying ring current.

The direct visualization and thus proof of exisec non-existence of a ring
current was much advanced by the work of Keith @atlef*? with their
introduction of a perturbation theory based schéomecomputing induced current
density maps with the so-called continuous setaoigg transformations. This method
is now also known as the continuous transformatioarigin of current density with
diamagnetic zero CTOCD-BZ? or ipsocentric metho®:** These methods may be
used to give a direct visualization of the inducedrent density in polycyclic Na-
clusters and their analogous linear polyacenes. digeificant advantage of this
method is that the total current density is natyrnaartitioned into molecular-orbital
contributions’”®' allowing an efficient rationalization of differentypes of
aromaticity 6, m, etc.). The results obtained by analyzing the enirdensity are
compared with calculated NICS values. The bondscsestions of the current density
are used to analyze the nature and patterns ofctineent density induced in
polycyclic Na-clusters and their analogous hydrboas. This way, we aim to
establish the nature of the aromaticity in termsustaining of a ring current for the

Na-clusters.

COMPUTATIONAL METHODS

The structures of the Ma, (n = 1-5) entities (Figurel) were taken from the
experimental structural data given by Khagtial.**** The molecular structures of the
linear polyacenes f&oHan4 (n = 1-5) were optimized at the B3LYP/6-311+G* level.
Computed Hessian matrices showed the optimizedtates to correspond to minima
on the potential energy surface.

The current density maps presented in this papes s@mputed by means of
coupled HF theory using the diamagnetic-zero véria the continuous
transformation of origin of current density (CTO@X) method?®?® In this method,
the current density at each point in the molecsileomputed by choosing itself as the
origin of vector potential, hence the alternatieene ‘ipsocentric’ for the methdd>*
The current density maps for Na and Gp.2 Hanea (n = 1-5) were calculated using
the STO-3G, 3-21G and 6-31G Gaussian basis setfoand= 1-3 using the 6-31G*



basis set. LANL2DZ calculations including the LANDZ effective core potential
were carried out in order to be able to reduceirtiact of the core electrons. In all
calculations a unit magnetic field perpendiculatite molecular plane was used and
the calculated ring currents were plotted on a gnidthe plane parallel to the
molecular plane with a diatropic current represgntgy a counterclockwise
circulation.

The ring current maps for linear polyacenes weleutated 1a above the
molecular plane, in accordance with the previousetul maps calculations for such
systems?>32

NICS"™ were calculated at the HF level through the gangkrding atomic
orbital method (GIAOY*** The HF-method was used in order to make more
reasonable the comparison of NICS values and tige aurrent results calculated at
the same level. NICS(0)- and NICS(1)-values weteutated using all basis sets used
for the ring current maps calculation (STO-3G, &286-31G, 6-31G*, LANL2DZ).
Also, the basis set 6-311+G* was used in orderoimpmare the HF/6-311+G* level
NICS with the B3LYP/6-311+G* results from the prews work™*

The geometry optimization and calculation of NIC&e&vdone using Gaussian
033° Calculations of ring currents were performed using own Fortran routines

requiring as input formatted checkpoint files fr@aussian 03.

RESULTSAND DISCUSSION

As mentioned above, the structures of the diffepatycylic Na-systems were
taken from experimental structural data ofae-trioxo molybdenum metalloligand
and complexe$** It should be noted that these structures do natespond to
minima on the potential energy surfaces so althdbhghpaper shows their aromatic
character in the compounds mentioned, no claim aslanthat aromaticity is the
fundamental reason for the planar structure théybéxin the compounds mentioned.
The similarity between the Na-systems and linedygoenes is clear although the
symmetry of the compounds is not entirely the sarhe.Ng compound for example,
in the structure it is found to have experimental} has a B, symmetry rather than

the D, symmetry typical for benzene.



Still, the structural similarity is sufficiently méest to use the analogous
linear polyacenes well-known as one of the mostdistl aromatic organic
compound®3 as a natural reference for the polycyclic Na-@yst NICS values
calculated at the HF level for @ and Gn+2 Honia (N = 1-5) are given in Table 1 and
Table 2. By comparing the HF/6-311+G* with the B32/6-311+G* results from Ref
14 it can be seen that both methods give very aimdsults, with a small difference
that HF values for benzenoid polyacenes are sontehilgger than those at the
B3LYP level. By inspection of the data from Tabletlis revealed that NICS-values
do not depend too much on the basis set usedeloase of benzenoid hydrocarbons
NICS values are more sensitive on the type of lstigTable 2). Although, the STO-
3G basis set gives the lowest NICS values for biatkclusters and acenes, the results
obtained using this basis set are in good qualdatigreement with the larger basis
sets results. According to the NICS-values outeggiare less aromatic than the inner
rings of Na-clusters. These findings are in congétalogy with the results for linear
polyacenes, although this does not necessarilgatefargeriocal aromaticity in the
inner rings. On the other hand, there is no anal@iggn NICS scans are in question.
In the case of Na-clusters NICS-values monotonidaicome less negative as one
moves from the molecular plane, whereas in the odseenes NICS-values are the
most negative at about 1 A above the molecularepi@gure S1). Based on the
similar results for the NICS scan and by examinonigital contributions to MCI it
was concluded that Na-clusters araromatic**

The map of the current density for thegMéuster calculated in the molecular
plane using the 6-31G* basis set is presentedguarEi2a. It can be seen that there are
strong local currents around the Na atoms, wheotlasr parts of the current are
significantly weaker than the current density ofiene (Figure S5a). Analysis of the
orbital contributions to the total current densitythe Na-clusters reveals that almost
all significant contributions come from the circiida of 4 s-electrons from the two
degenerate HOMOs. This finding is analogous towe#-known model predicting
that only 4n-electrons significantly contribute to the totalgicurrents in benzenoid
hydrocarbong? The current density contributions from the two elegrate HOMOs
in the molecular plane of Nare shown in Figure 2b. It can be seen that th&BO
pair electrons in Nacontribute clearly localized density currents eatthan global

circulations although a much weaker global curparsists.



In order to investigate the global current densifyNa-clusters, first the
dependence of the intensity of the induced curoenthe distance from the plane of
Nas-ring was examined. Figure 3 shows the maximumettirdensityJmax in the
plotting plane parallel to the molecular plane asirection of the distance between
both planesJmax being the largest magnitude of current densitthenplotting plane
is a good indication of current strength. By conmpguts value over a set of different
planes parallel to the molecular plane, one cam lalsate the plane with the strongest
current density. Figure 3a clearly shows that tleimum inJnax in this plot occurs
in the molecular plane. However, the observed atidensity and thus also the value
of Jmax iS the result of a sum of all orbital contributsoto the current density and its
topology and features must not necessarily be duind valence orbitals only. In
order to establish the influence of the core etesy the current densities were also
calculated with the LANL2DZ basis set containingedfective core potential for the
Na atoms, and thus removing the contributions fitbkm Na core electrons. From
Figure 3b it can be seen thlaty is very strongly reduced in the molecular planeef
remove the core electrons. It can be observedugiag the LANL2DZ basis set with
the effective core potential causes the HOMOs tondbd use basis functions
corresponding to core electrons. Moreover, we a&s®that according to Figure 3b,
Jmax decreases fairly slowly upon increasing the distabetween the plotting plane
and the molecular plane. By comparison betw&@rvalues in Figures 3a and 3b, it
was established that for all electron basis shtsost suitable plane is that atol a
above the molecular plane. Thgax values at 1 @above the molecular plane for an
all-electron basis set tend to be very comparablehat is obtained in the plane when
using the LANL2DZ basis set with effective coregqtal. The current density maps,
with the LANL2DZ basis set and effective core pdincomputed in the molecular
plane and lgabove the molecular plane are practically ideh(Eayures S8 and S9)
allowing us to also use the planey, l#bove the molecular plane for this level of
theory. It should be noted that despite working iplane above the molecular plane,
the fact that there is only a slow decaylgfx as shown in Figure 3b still suggests that
the current density is af type. The reason is that the current densityg 6fpe does
not necessarily have to drop rapidly which is imrphcontrast to a type current

density that for symmetry reasons has a node imitiecular plane.



The maps of the total current density and contidmgt from the HOMO pair
in the Na-cluster calculated jabove the molecular plane using the 6-31G* bais s
are presented in Figure S7. From Figure S7, it lmarseen that the induced ring
current density is substantially weaker than inzZese (Figure S5a). Witlmax =
0.014 a.u. (calculated at the CTOCD-DZ/HF/6-31G/el¢ the current density in the
Nas-cluster is about seven times weaker than in benzeith Jnax = 0.098 a.u.
(calculated at the CTOCD-DZ/HF/6-31G*//B3LYP/6-313*% level). In order to
make the current density map from Figure S7 moreenient for further discussion
the arrow size was increased by a factor 3 asgarEi2c and 2d. These enlarged
arrows are used to show the current density magsae€iusters in the rest of the
paper. The ring current maps for the series of,Ma(n=1,5) calculated using the 6-
31G basis set are given in Figure 4. Analogous M@pS,.+2Hon+4, (N=1,5) are given
in Figure S4. All other maps of current densitycagted with different basis sets are
given in Figures S8-S12. By comparing these ringexu maps it is obvious that the
STO-3G basis set gives current density somewhahgtr than the current density
calculated with the other basis sets. Wlihax = 0.032 a.u. calculated for the Na
cluster using the STO-3G basis set, the currergitjeobtained by using this basis set
is about two times stronger than the correspondurgent density calculated with the
6-31G* basis setJmax = 0.014 a.u.). However, the current density magsutated
with the STO-3G basis set are in good qualitatiyee@ment with the larger basis set
maps. This finding reinforces the well-establislopthion that most often sufficiently
accurate current density maps can be obtained usinfgst basis set6>

From Figure 4 two characteristic features are imately recognized. First,
all examined Na-clusters sustain a diatropic ringent. Second, the induced current
density of the Na-systems is several times weakan tin the analogous linear
polyacenes. The plots from Figure 4 reveal furtrealogies between the Na-clusters
and hydrocarbons. It can be seen that the inten$ithe total ring current density
increases from the outer to the central ring of Nlaeclusters, whereas the induced
current in the terminal rings decreases with te sif the given Na-system. The last
two observations are completely in agreement with firedictions made by NICS-
values (Table 1 and 2).

The Na system, although computed here in the experimégakymmetry
rather than the § symmetry known for benzene, can be regarded axp@erimental

realization of a pseudosystem. It has been known for a long time thaéxagonal



arrangement of six hydrogen atoms bears a largiasityi to benzené® This has led

to the practice of removing hydrogen atoms in @xigydrocarbons and replacing the
carbon atoms by hydrogen atoms. For the resultingtsire, the current density is
computed using the STO-3G basis set. Experiencesliasn that this leads to very
similar current density maps as when using the mnoéeculé*? and even shows a
remarkable numerical similarity for current derestibut also NICS values and
Multicenter Indices ****The Na system thus can be considered to be a true
experimental realization of a pseudl@ystem.

In the ipsocentric method, one can show that tleentdensity in a molecule
depends on three key elements. In the perturb#tieory ansatz, one needs to have
an appropriate combination of orbital symmetriethwihe symmetry corresponding to
the angular and linear momentum operators. Negt,chmbination of an occupied
and virtual orbital must be characterized by aisufitly small energy difference.
Finally, there should be sufficient overlap betwékea occupied and virtual orbital
involved taking into account the appropriate opmrédee Ref. 29 for details). In case
of benzene the main contributor to current dernsityies from transitions between the
HOMO and LUMO levels. In the Nasystem with the reduced symmetry a somewhat
similar picture appears where transitions fromH@MO level to the near-degenerate
LUMO level again play the most important role andt significant contributions
reflect a diatropic transition. The transition dia is shown in Figure 5.

Using the current density profiles Fliegt al.** pointed out that the
widespread notion that the ring current in benzisngansported byt-electrons on
both sides of the ring should be checked and remetinin a recent study, Monaeb
al.*® have used orbital contributions to the bond currsmmengtfi’ to give a
guantitative proof that the ring current of benzénd@ransported byt-electrons on
both sides of the ring. Similarly, these conclusia@an be obtained by analyzing the
results shown in Figure 6. The results presentefigure 6 are obtained at the
CTOCD-DZ/HF/6-31G*//B3LYP/6-311+G* level. The ploéb; shows the total
current density cross sections for a plane perpetatito the C1-C2 bond of benzene
and passing through the bond centre. For deta@gts® Figure 6 caption. The cross
sections of the current density shown in Figureeia good agreement with the cross
sections reported in Ref. 45 and 46. Figure 6 alsmws the dependence of the
component of the current density vectd) on the distance from the ring centre along

the x-axes in the plane of the benzene ring (Figurg 8bd 1a above the benzene



ring (Figure 6k). Similar plots are made for tlecurrent density (Figure §c6¢ and
6c3) and for ther-current density (Figure @d6d, and 6d). Analyzing the plots 6b
and 6B one sees that inside the benzene ring there igrarppic current which
comes completely from the-electrons. By comparing the valuesdpfrom the plots
6¢; and 6¢ it can be seen that the paratropic current ingidebenzene ring decreases
along the z-direction, i.e. along the directiongeerdicular to the molecular plane. It
is also obvious that the current density in theeauoolar plane comes completely from
o-electrons (plots Gband 6d). From the plots 6f) 6¢ and 6d one can see that there
is a diatropic current on the outside of the mdicting. A diatropic current in the
molecular plane comes from theelectrons. When moving perpendicularly from the
plane of benzene molecule, the contributions freorbitals get smaller whereas the
contributions fron-orbitals get bigger and dominant.

An analogous analysis of the CTOCD-DZ/HF/6-31G*rent cross sections
for the Na-complex is presented in Figure 7. The ploi 8hows the total current
density cross sections for a plane perpendiculathéoNal-Na2 bond of Maand
passing through the bond centre (see Figure 7&.pltts 7b and 7R show the
dependence of th§ on the distance from the ring centre alongxaxes in the plane
of the Na ring and laabove the Naring. The analogous plots for the HOMO pair
contributions to the total current density are showthe plots 7¢ 7¢ and 7. It is
obvious that the results for the total current dredresults for the HOMO pair current
are almost identical, indicating that the contribng from the HOMO pair to the total
current density dominate the total current. Théseirigs support the model that only
the four HOMOg-electrons determine almost completely the totalezu density. By
comparing the plots gtand 78 it can be seen that the intensity of the curremsdy
decreases with increasing the distance from theecu@r plane, which is a typical
feature of thes-electrons currents. Also, it is obvious that thagmtudes of the
current density in the molecular plane and dbove the molecular plane are very
similar. Figure 7 also shows that a diatropic autris transported on the both sides of
the Na ring by thec-electron circulation. Plots 7d7d and 7d show analogous
results for the current density coming from the HOM (see Figure S13). One can
see that the HOMO-2 contributions to the total entrdensity are an order of
magnitude smaller than the corresponding contrmstiof the HOMO pair and that

the HOMO-2 contributions are not relevant in thalgsis of the total current.



CONCLUSIONS

In the present study CTOCD-DZ current density mapse used to rationalize
the aromaticity of polycyclic Na-clusters and am@los linear polyacenes. The NICS
values were also calculated with the HF methodutiinothe gauge-including atomic
orbital method (GIAO). According to NICS values Nasters have a similar degree
of the aromaticity as the analogous acenes. Orother hand, it was shown that
although polycyclic Na-systems sustain a diatropiagnetic-field induced ring
current, the induced current density is severalesinweaker that in analogous
benzenoid hydrocarbons. This finding is in agredmeth the results obtained using
the multicentre indices predicting that the araangt of individual Na-rings is
smaller than the aromaticity of analogous ringsbenzenoid hydrocarbor$.A
detailed analysis indicates that the current densitsodium hexagonal systems is

almost completely determined by four HONGelectrons.
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Basis set
| I 1 AV V VI

A NICS(0) | -8.86| -8.37 | -8.33| -8.47| -8.38 -8.69
NICS(1) | -7.54| -7.37 | -7.35| -7.49] -7.44 -7.50

B NICS(0) | -8.43| -9.65 | -9.64| -9.62| -9.53 -9.91
NICS(1) | -7.25| -8.42 | -8.43| -8.43] -8.38 -8.52

c NICS(0)| -7.70| -9.25 | -9.29| -9.24 -9.14 -9.54
NICS(1) | -6.64| -8.05 | -8.10| -8.08/ -8.01 -8.19

D NICS(0)| -9.14| -11.39| -11.39| -11.31| -11.20| -11.34
NICS(1) | -7.94| -9.89 | -9.90| -9.86] -9.80 -9.76

=X e NICS(0) | -7.20| -8.19 | -8.28| -8.21] -8.10 -8.58
04 NICS(1) | -6.20| -7.10 | -7.19| -7.15| -7.07 -7.38
F NICS(0) | -8.91|-11.71| -11.73| -11.65| -11.53| -11.68
NICS(1) | -7.74| -10.17| -10.20| -10.15]| -10.08| -10.05

G NICS(0) | -6.90| -6.57 | -6.78| -6.68/ -6.55 -7.0¥
NICS(1) | -5.94| -5.65 | -5.85| -5.78/ -5.68 -5.99

H NICS(0) | -8.58| -11.15| -11.20| -11.09| -10.97| -11.21
NICS(1) | -7.46| -9.65 | -9.71| -9.64 -9.57 -9.61

| NICS(0) | -9.01| -13.07| -13.05| -12.97| -12.86| -12.97
NICS(1) | -7.84|-11.38| -11.37| -11.33| -11.28| -11.19

Table 1. NICS(0) and NICS(1) values of individumgs of Na-clusters depicted in
Figure 1. NICS values were calculated at HF lewshgithe STO-3Gl{, 3-21G(l),
6-31G(I1), 6-31G*(V), 6-311+G*{) basis set and the LANL2DZ basis set with

effective core potentiaMl).
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Basis set
| [ 1 v V VI

A NICS(0)| -9.09| -9.96| -8.58|-11.53| -9.49| -7.88
NICS(1) | -10.20| -12.56| -11.98| -12.82| -11.25| -11.21

B NICS(0)| -8.18|-10.03] -8.66|-11.33| -9.60| -7.80
NICS(1)| -9.83|-12.63|-12.00| -12.88| -11.46| -10.95

c NICS(0)| -6.71| -8.61| -7.23| -9.53| -7.92| -6.49
NICS(1)| -8.71|-11.34|-10.70|-11.42|-10.08| -9.74

D NICS(0) | -12.02| -14.37| -13.16| -16.03| -14.56| -12.20
NICS(1)| -12.21| -15.81| -15.09] -16.14| -14.82| -13.75

2 | |NICS(0)| -5.54] -7.31] -5.93| -7.94] -6.41| -5.25
04 NICS(1)| -7.80|-10.20| -9.54|-10.09| -8.79| -8.62
F NICS(0)| -9.88]|-12.84|-11.45|-14.16| -12.83| -10.21
NICS(1) | -11.34| -14.99| -14.33| -15.42| -14.14| -12.90

G NICS(0)| -4.73| -6.34| -494| -6.72| -5.17| -4.29
NICS(1)| -7.16| -9.34| -8.66| -9.07| -7.76| -7.76

H NICS(0)| -9.13|-12.03|-10.64|-13.14| -11.82| -9.43
NICS(1)| -10.75| -14.28| -13.60| -14.57| -13.29| -12.20

| NICS(0)| -10.73| -13.91| -12.53| -15.38| -14.17| -11.26
NICS(1) | -12.00| -15.91| -15.25| -16.49| -15.26| -13.80

Table 2. NICS(0) and NICS(1) values of individuahgs of linear polyacenes
analogous to Na-clusters depicted in Figure 1. N\@kbies were calculated at HF
level using the STO-3@), 3-21G(l), 6-31G(l1), 6-31G*(V), 6-311+G*{/) basis
set and the LANL2DZ basis set with effective cooteptial {/1). Geometries were
optimized at the B3LYP/6-311+G* level.
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Figure 1. The structures of Na-clusters: a} NpNay c) Na4 d) Nas e) Na,. The
geometries of Na-clusters were taken from the émymatal crystallographic dafa.
The capital letters denote individual six-membenaadgs used for the NICS

calculations.
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Figure 2. Current density maps of N\aalculated using the 6-31G* basis set: a) total
current density in the molecular plane, b) HOMOr paontributions to the total
current density presented in a), c) total curramtsity 1 g above the molecular plane
with the arrows three times enlarged, d) HOMO paintributions to the total current

density presented in c).
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Figure 4. Total current density maps calculatesh@ishe6-31G basis set: a) k)
Nago €) Na4 d) Nag e) Na,. For details see the text.
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X 0.018 LUMO+2
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Figure 5. Orbital energy level diagram for: a) bemz and b) Na The energies (in
a.u.) are obtained at the HF/6-31G* level. Only thensitions that significantly
contribute to the induced current density are shoBfack arrows represent
translational (diatropic) transitions and the width arrows reflects the relative
magnitude of the contribution of the underlinedhition (for details see Ref. 29).
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Figure 6. a) The coordinate system used in thigréigthe benzene ring lies in thg
plane; the ring centre is at the origin; the cenfrthe C1-C2 bond is ak,y) = (1.21,
0.00) A. The current density cross sections caledlaat the CTOCD-DZ/HF/6-
31G*//B3LYP/6-311+G* level for a plane perpendiaulo the C1-C2 bond in
benzene and passing through the bond cenfyalltelectrons, 9 o-electrons, @ n-
electrons. Dashed lines show the modulus of theentirdensity. The symboé
denotes the position of the centre of the C1-Calborthexz-plane. The dependence
of the J, component of the total current density vector walked in the molecular
plane on the distance from the centre of the benzey along thex- axis: ) all
electrons, § o-electrons and gl n-electrons. The dependence of theomponent of
the total current density calculated, hédove the molecular plane on the distance from

the centre of the benzene ring along tkexis: 13) all electrons, #) o-electrons and
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ds) m-electrons. Positive (negative) valueslptorrespond to a diatropic (paratropic)

current. The values d are in a.u,. whereas the distances are in A.
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Figure 7. a) The coordinate system used in thigréigthe Naring lies in thexy-
plane; the ring centre is at the origin; the cemtré¢he Nal-Na2 bond is ax\y) =
(2.72, 0.00) A. The current density cross sectizaisulated at the CTOCD-DZ/HF/6-
31G* level for a plane perpendicular to the Nal-Magd in Ng and passing through
the bond centre: p all electrons, § HOMO pair, d) HOMO-2. Dashed lines show
the modulus of the current density. The symbdlenotes the position of the centre of
the Nal-Na2 bond in the-plane. The dependence of thecomponent of the current
density vector in the molecular plane on the distadnom the centre of Naing along
thex- axis: b) all electrons, £ HOMO pair and gf HOMO-2. The dependence of the

Jy component of the total current density, IJ#bove the molecular plane on the
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distance from the centre of Neng along thex- axis: ) all electrons, § HOMO

pair and ) HOMO-2. See Figure 6 caption for other details.
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Captions of tablesand figures

Table 1. NICS(0) and NICS(1) values of individumgs of Na-clusters depicted in
Figure 1. NICS values were calculated at HF lewshgithe STO-3GI{, 3-21G(l),
6-31G(I1), 6-31G*(V), 6-311+G*{V) basis set and the LANL2DZ basis set with

effective core potentiaMl).

Table 2. NICS(0) and NICS(1) values of individuahgs of linear polyacenes
analogous to Na-clusters depicted in Figure 1. N\@kbies were calculated at HF
level using the STO-3@), 3-21G(l), 6-31G(I1), 6-31G*(V), 6-311+G*{) basis
set and the LANL2DZ basis set with effective cooteptial ¢/1). Geometries were
optimized at the B3LYP/6-311+G* level.

Figure 1. The structures of Na-clusters: a} NaNao c) Na4 d) Nag e) Na». The
geometries of Na-clusters were taken from the émqmatal crystallographic data.
The capital letters denote individual six-membenaags used for the NICS

calculations.

Figure 2. Current density maps of N\aalculated using the 6-31G* basis set: a) total
current density in the molecular plane, b) HOMOr paontributions to the total
current density presented in a), c) total curramtsity 1 g above the molecular plane
with the arrows three times enlarged, d) HOMO paintributions to the total current

density presented in c).

Figure 3. The dependence of the maximal value @fctirrent density in the plotting
plane (nay on the height above the molecular plane of. Naurrent densities were
calculated by means of the CTOCD-DZ method usif@@-31G* and b) LANL2DZ
basis set with the LANL2DZ effective core potenti@he values oflnax are in a.u.

whereas the distances are in A.

Figure 4. Total current density maps calculateshgishe 6-31G basis set: a) (&
Nago €) Nas d) Nage) Na,. For details see the text.
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Figure 5. Orbital energy level diagram for: a) bemz and b) Na The energies (in
a.u.) are obtained at the HF/6-31G* level. Only thensitions that significantly
contribute to the induced current density are shoBlack arrows represent
translational (diatropic) transitions and the width arrows reflects the relative

magnitude of the contribution of the underlinedhsition (for details see Ref. 29).

Figure 6. a) The coordinate system used in thigéigthe benzene ring lies in thg
plane; the ring centre is at the origin; the cenfrthe C1-C2 bond is ak,y) = (1.21,
0.00) A. The current density cross sections caledlaat the CTOCD-DZ/HF/6-
31G*//B3LYP/6-311+G* level for a plane perpendiauleo the C1-C2 bond in
benzene and passing through the bond cenfyalltelectrons, 9 o-electrons, ¢ n-
electrons. Dashed lines show the modulus of theentirdensity. The symboé
denotes the position of the centre of the C1-Calhorthexz-plane. The dependence
of the J, component of the total current density vector walied in the molecular
plane on the distance from the centre of the benzeny along thex- axis: b) all
electrons, § o-electrons and Al n-electrons. The dependence of theomponent of
the total current density calculated, hédove the molecular plane on the distance from
the centre of the benzene ring along xkexis: ) all electrons, § o-electrons and
ds) n-electrons. Positive (negative) valuesJptorrespond to a diatropic (paratropic)
current. The values d are in a.u,. whereas the distances are in A.

Figure 7. a) The coordinate system used in thigréigthe Naring lies in thexy-
plane; the ring centre is at the origin; the cemtrehe Nal-Na2 bond is aky) =
(2.72, 0.00) A. The current density cross sectiaisulated at the CTOCD-DZ/HF/6-
31G* level for a plane perpendicular to the Nal-Mafd in N@ and passing through
the bond centre: p all electrons, § HOMO pair, d) HOMO-2. Dashed lines show
the modulus of the current density. The symbdlenotes the position of the centre of
the Nal-Na2 bond in the-plane. The dependence of thecomponent of the current
density vector in the molecular plane on the distadinom the centre of Naing along
thex- axis: b) all electrons, £ HOMO pair and gf HOMO-2. The dependence of the
Jy component of the total current density, lbove the molecular plane on the
distance from the centre of Nang along thex- axis: ) all electrons, § HOMO

pair and ) HOMO-2. See Figure 6 caption for other details.
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