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Magnetically induced current densities in the four-membered rings pfaxid A~ species have
been calculated at the coupled-cluster singles and doyBIeSD level by applying the recently
developed gauge-including magnetically induced cur(@&iMIC) method. The strength of the
ring-current susceptibilities were obtained by numerical integration of the current densities passing
through a cross section perpendicular to the xig. The GIMIC calculations support the earlier
notion that AE‘ with formally two 7 electrons sustains a net diatropic ring current. The diatropic
contribution to the ring-current susceptibility is carried by the electrons in botlr 116.7 nA/T)

and thew (11.3 nA/T) orbitals. The induced ring current in the j}AIcompounds, with fourr
electrons, consists of about equally strong diatrapiand paratropicr currents of about 14 and

—-17 nA/T, respectively. The net current susceptibilities obtained fQLiAl Al4Li,, AlyLi;", and

Al Li, at the CCSD level using a triple-zeta basis set augmented with polarization functions are
28.1, 28.1, -5.9, and -3.1 nA/T, respectively. The corresponding diatrgpizatropi¢
contributions to the ring-current susceptibilities are 3@4), 36.7 (0.0), 18.9(-19.9, and 18.6
(-16.8 nA/T, respectively. For the éf and Alj‘ species, the net currents circling each tation

is estimated to 4.3 and 2.4 nA/T, respectively2@5 American Institute of Physics

[DOI: 10.1063/1.1924590

I. INTRODUCTION the o aromaticity of the aluminum four-membered rirfs.
For Alﬁ‘, Fowler and co-workers did not obtain any ring-

Ring-shaped aluminum species consisting of four alumi-current density in regions which are 1 bohr and higher above
num atoms have recently been studied experimentally in lathe aluminum-ring plane, whereas for 4Al, they found
ser vaporization experiments using photoelectrorstrong paratropic currents in a plane 2 bohrs above the alu-
spectroscopﬁf.2 The experimental results were interpreted byminum atoms. Thus, according to their calculations, the
employingab initio and density-functional theoDFT) cal-  orbital in Al3” is magnetically inactive, whereas in thejAl
culations. The calculations showed that the geometry of thgpecies, they found that thecloud sustains a net paratropic
Al cluster is square shaped with equal Al-Al bonds. Thecurrent. The calculated current-density maps by Fowler and
Al3~ compounds have two delocalized electrons, indicat-  co-worker§® support the notion that AT can be considered
ing that they are aromatic according to Hickeé®+2)m  to be o aromatic and that AT is a o-aromatic and
rule! In later experiments, Kuznetsoat al? were able to  s-antiaromatic species.
vaporize reduced ring-shaped aluminum clusters consisting Thus, according to the previous studies, NICS values
of four Al atoms and to detect Al species. Their computa- ang current-density plots indicated that the;Aand A~
tional studies showed that ther4Al;™ species form an alu- rings sustain net diatropic ring currents suggesting that they
minum ring with alternating Al-Al bonds, suggesting that gre both aromatic. On the other hand, the formaglectron
they are antiaromatic similarly as cyclobutadiene. count and the molecular structures suggest that tfie gie-

A DFT study of the magnetic shielding properties of cies are aromatic and that thej}Alring constitutes an anti-
Al}” by Chenet al? did not completely support this notion; aromatic metal cluster. This contradiction shows that the aro-
instead nucleus-independent chemical 8§tICS) calcula- matic properties of the Alrings are very tantalizingfor a
tions indicated that AT can be classified as a-aromatic  recent discussion, see also Ref. 7, for other computational
and 7-antiaromatic species. Fowler and co-worRérsalcu-  sqydies concerning the aromaticity/antiaromaticity of, Al
lated magnetically induced currents at the Hartree—Fock Se'%pecies, see Refs. 8-1&nd a more thorough study is needed
consistent-field(HF SCH level. The current-density plots g sort out this conundrum.
showed that both AT and Al}” sustain diatropic current den- In this work, we resolve this problem by calculating the
sities in the A} plane; this was taken as a clear indication of magnetically induced current densities and nuclear magnetic
shieldings for the Aﬂ‘ and Alj‘{ species at the coupled-
¥Electronic mail: sundholm@chem.helsinki.fi cluster level as well as by employing density-functional
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theory methods. The word aromaticity is used throughout ageeded in the calculation of magnetic spin-rotation

a synonym for the ability of the molecule to sustain a mag<:onstant§.8

netically induced ring current. In the DFT calculations of the nuclear magnetic shield-
ings, the molecular structures were optimized using Becke’s
three-parameter functional for exchange in combination with

Il. COMPUTATIONAL METHODS the Lee-Yang—Parr correlation functiofra’ (B3LYP) and

The recently developed gauge-including magneticallythe _KarlsrgLihe triple-zeta valence_ poIa_riza_t(d'rZVP) quality
induced currentGIMIC) method is used to explicitly calcu- basis setS: The nuclear magnetic shieldings were also cal-

late the strengths of the magnetically induced currents in th§ulated at the BSLYP/TZVP level.

aluminum rings of the A and Al species? The GIMIC The aromatic ring-current shieldingARCS9* and
method has been interfaced to the Austin—Mainz version ofN!CSs were also calculated at the CCSD/TZP and B3LYP/

the ACEs 1l (Ref. 17 and to theTURBOMOLE (Ref. 18 pro- TZVP levels. The diatropic or paratropic character of the

gram packages. The first-order magnetically induced currerffi@gnetically induced ring-current susceptibility was  esti-

densities have been calculated for thd 2dnd A"~ species Mated from the long-range part of the ARCS function, i.e.,
at the coupled-cluster singles and doulIé€SD leve| 1920 the magnetic shielding function calculated along a line from

Additional shielding and current-density calculations at the€ ing center and perpendicular to the ring as described in

; 0,42-46 .
CCSD level augmented by a perturbative treatment of triplé®U" prewousé work! For comparison, we also report
excitationé* [CCSOT)] have been performed for Ali, to NICS values calculated at the CCSD/TZP and B3LYP/

check the reliability of the corresponding CCSD results. In1ZVP levels.

the GIMIC method, gauge-including atomic orbitarg®

(GIAOs) were employed yielding gauge-origin independent

current densities with a fast basis-set convergence; standam MOLECULAR STRUCTURES

basis sets give current densities close to the basis-set limit

rendering GIMIC calculations on large molecules feastfle. The molecular structures optimized at the CCSD/TZP

GIMIC calculations can be performed at any computationalevel are shown in Fig. 1. The Al-Al bond distances obtained
level for which the one-body density matrix and the magnetiin the CCSD/TZP and B3LYP/TZVP calculations are given

cally perturbed density matrices are availadfté'>>=°The  in Table I. The molecular structures obtained at the B3LYP/
GIMIC method and its implementation have been described ZVP and CCSD/TZP levels are very similar; the Al-Al dis-
in Ref. 16. tances differ by less than 2 pm. In the case oflAJ, B3LYP

In the nuclear magnetic shielding calculations at theProvides a symmetry-broken structure with the Li atoms con-
coupled-cluster and HF SCF levels, the Karlsruhe triple-zet&€cted to only two of the Al atoms. The distances between
quality basis sets augmented with polarization functionghe axial Li atoms and the ring center calculated at the
(TZP) were employed® The molecular structures used in the B3LYP/TZVP and CCSD/TZP levels differ by 4 pm, except
ab initio GIMIC calculations were optimized at the CCSD/ for AlLi,.
TZP level. Since, we are mainly interested in a qualitative
treatment of the electron-correlation effects, calculations at
the CCSD level are sufficiently accurate. A comparison ofjyy NiCS CALCULATIONS
CCSD/TZP results with the results obtained at the CCSD

level using split-valence qualitySVP) basis set¥ (not re- The NICS value, which is often used to probe the
ported showed that CCSD/TZP calculations are adequate fostrength of the magnetically induced ring current, is defined
this purpose. as the negative value of the isotropic magnetic shielding at

The nuclear magnetic shielding calculations provide thethe ring centef. This commonly used molecular aromaticity
magnetically perturbed density matrices which are used imdex'® has recently met harsh criticisthThe NICS index is
the calculation of the magnetically induced current densityemployed here for comparison, since Chetral® used it in
The strength of the induced ring currents was obtained byheir study of the aromaticity of éT. A negative NICS
performing a numerical integration of the induced currentvalue, i.e., diamagnetipositivel shielding, corresponds to
density passing through a cross section perpendicular taromatic species and antiaromatic molecules exhibit positive
chemical bonds of the molecular ring. NICS values. The NICS values of Ali~, Al,Li,, Al,Li,,

For a fixed direction of the external magnetic field, theand AlLi, calculated at the B3LYP/TZVP level using the
magnetically induced current density is a vector functionfully optimized B3LYP/TZVP structures are -18.2, -1.7,
with length and direction. This means that the magnetically-5.9, and —10.4 ppm, respectively. The corresponding NICS
induced currentper secannot be classified as diatropic or values calculated at the CCSD/TZP level using the CCSD/
paratropic. However, by introducing a reference frame, inTZP optimized structures are -24.1, -5.4, -12.0, and
this case the integration cross-section plane, the sign of thel6.7 ppm, suggesting that they are all aromatic. The fully
perpendicular projection of the current density against thioptimized structure of ALi, obtained at the B3LYP/TZVP
plane defines whether the current-density function is diatrolevel has a symmetry-broken structure with slightly alternat-
pic or paratropic in the cross-section plane. This can be coring Al-Al bonds of 260.4 and 263.3 pm and with the Li
sidered to be related to the evaluation of the paramagnetiatoms coordinated to only two Al atoms. The optimized
contribution to the nuclear magnetic shielding constantsCCSD/TZP structure belongs to thgy, point group with
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FIG. 1. The molecular structure of Ali~, Al,Li,,
Al,Li;", and AlLi, optimized at the CCSD/TZP level.

(c) (d)

identical Al-Al distances. The NICS value for Ali, calcu-  difference between the two species is mainly due to the dif-
lated at the B3LYP/TZVP level using thB,, structure is ferent number of LY cations surrounding the %ﬂ ring. For
15.5 ppm, indicating that it is antiaromatic, whereas theionic systems such as these species, the number of counteri-
NICS value obtained at the B3LYP/TZVP level using the ons should not significantly affect the aromaticity properties
symmetry-broken structure is —1.7 ppm as compared witlof the Al, ring. For the two Aj‘ species, the NICS values
the CCSD/TZP value of -5.4 ppm. Thus,,Al, is indeed a calculated at the B3LYP/TZVP level differ by a factor of 2.
complicated system that must be studied at highly correlatedt the CCSD/TZP level, the NICS values for the twoﬁAI
levels of theory. species differ by 6 ppm. The NICS value does not seem to be
The large difference of a factor of 10 between the NICSa reliable aromaticity index, since the B3LYP and CCSD
values calculated for ALi~ and Al Li, at the B3LYP/TZVP  NICS values give completely different notions about the de-
level and the corresponding ratio of 4 obtained at the CCSDgree of aromaticity of the Alrings. The approximately con-
TZP level are somewhat distressing because the structuratant difference between the NICS values calculated at the

TABLE |. The Al-Al bond distancesin pm) of the Al, species optimized at the CCSD and B3LYP levels. The
distance between the ring center and the axial Li cati®sLi in pm) are also given.

Species Level Symmetry Al-Al Al-Al R.—Li
Al Li™ B3LYP/TZVP Cu 261 e 220
Al Li™ CCSD/TzZP Cu 259 e 226
Al Li, B3LYP/TZVP Con 260 263 230
Al Li, B3LYP/TZVP Dan 263 e 223
Al Li, CCSD/TZP Dan 261 - 230
AlyLig B3LYP/TZVP Cs 250 257 204
AlgLis CCSD/TZP Cs 249 257 208
Al Li, B3LYP/TZVP Con 255 267 214
Al Li, CCSDITZP Con 255 269 218

*The two other Al-Al bond distances are 279 pm.

PAt the B3LYP/TZVP level, the axiaR.—Li distance on the side with two Li atoms is 211 pm and at the
CCSD/TZP level it is 216 pm.

“The two other Al-Al bond distances are 277 pm.
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FIG. 2. The ARCS functiongin ppm) for the Af;” species calculated at the  F|G. 3. The ARCS function&in ppm for the AL~ species calculated at the
CCSDITZP(uppe) and B3LYP/TZVP(lower) levels.(a) For Al,Li™, calcu-  ccsp/TzP(upped and B3LYP/TZVP(lower) levels. (@) The ARCS func-
lated on the open side of the Aling. (b) For Al,Li~, calculated on the other  tion on the side of AlLi,~ with one Li* cation less than in cag®). (c) The
side of the AJ ring. (c) Calculated for AlLi,. ARCS function for AjLi,.

B3LYP and CCSD levels is due to the well-known fact thatpated by paratropic currents. However, at very long distances
magnetic shieldings are often systematically underestimate@nore than 15 bohrs from the Alring), the shielding

at DFT levels of theor§’ changes sign and become diamagnetic for bof}1 species.
The inner part and the distant parts of the ARCS function
V. ARCS CALCULATIONS suggest that in /;{r diatropic and paratropic currents play an

An alternative approach to estimate the degree of aromdmportant role, rendering an unambiguous interpretation of
t|C|ty iS the ARCS method Wh|Ch deduces the degree Of arothe ARCS fUnCtion d|ff|CU|t In Sec. Vl, we ShOW that GIMIC
mat|c|ty from the |ong_range magnetic Sh|e|d|ng ‘funcﬁ1 n. calculations can assist the interpretation of the Shape of the
For simple ring-shaped molecules, the ARCS function alsd®RCS function and provide a plausible explanation of its
can provide estimates for the strength of the induced ringtSymptotic behavior at long distances.
current by employing Biot—Savart's law for an infinitely thin
ring.* VI. GIMIC CALCULATIONS

The ARCS functions for the AT and Af}~ species cal-
culated at the CCSD/TZP and B3LYP/TZVP levels are
shown in Figs. 2 and 3. In a previous study, ARCS calcula- The first-order magnetically induced current densities
tions at the CCSD level gave ring-current susceptibilities ofcalculated for the A§F and Al;“ compounds at the CCSD/
11.6 and 11.9 nA/T for Aﬁl’ and AlLi~, respectivel)}.O TZP level using the GIMIC method verify the earlier
These values can be compared to the present value obtior™® that both aluminum rings sustain strong diatropic
28.1 nA/T for AlLi~™ obtained at the CCSD/TZP level by currents in the A plane. For the Aﬁ‘ species, the induced
numerical integration of the current density. The currentcurrents at distances of 1.5-3.5 bohrs above and below the
strengths obtained from the ARCS calculations are underesl, ring are also characterized by diatropic currents. The
timated by about a factor of 2, since for the,Alpecies the Alj' species have strong paratropic currents in the same
assumption that the ring current is circular, infinitely thin, region, whereas diatropic currents are sustained irotioe-
and circling in the Al plane is a rather crude approximation. bitals, i.e., up to 1.5 bohrs abouelow) the ring plane.

For AlLi,, AlyLi,™, and AlLiy,, a quantitative determination Thus, based on these observations, one might claim that the
of the ring-current susceptibility from ARCS functions is Alﬁ‘ species are botlr and = aromatic, whereas the ZXI
more complicated, since the counterions above the ring cerspecies arer aromatic andr antiaromatic.

ter interfere with the ARCS fit. It is hard to extract any accurate quantitative information

The sign and shape of the ARCS function at long dis-from current-density plot$not shown. A more quantitative
tances from the Alring show whether the molecule pos- analysis can be obtained by performing numerical
sesses dominating diamagnetic or paramagnetic character. AﬁegrationéG of the current densities passing through a cross
seen in Fig. 2, the positive tail of the shielding functionssection perpendicular to the Al-Al bonds, as shown in Fig. 4.
indicates that the ALi~ and Al Li, rings sustain net diatro- Quantitative values for the diatropic and paratropic contribu-
pic currents, whereas gli; and AlLi, seem to be domi- tions to the ring currents can be obtained by integrating them

A. Al7 and Al§”
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z TABLE Il. The integrated ring-current susceptibilitiéa nA/T) for the Al,

species calculated at the CCSD/TZP level using the GIMIC method.

ui Al y ALLI® AL, AL AlLi,
X Diamagnetic current 324 36.7 18.9 18.6

Paramagnetic current 0.0 0.0 -19.9 -16.8

o Total current 32.4 36.7 -1.0 18

Al Contribution from LP 4.3 8.6 4.9 4.9
Total ring current 28.1 28.1 -5.9 -3.1

*The current passing the two identical Al-Al bonds are given in the table.
The corresponding values for the shortest Al-Al bond are 22.4, -23.6, -1.3,
4.9, and -6.2 nA/T, respectively.

®The estimated net current circling the*Liations. For Al", the current
around LT is estimated from the two halves of Ai~. For the Af~ species,

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

Width

respectively. Thus /%r can be considered aromatic, whereas
according to the same criterion theﬁAbpecies are more or
less nonaromatic or possibly weakly antiaromatic; the ring-
current susceptibility of benzene calculated at the CCSD/
TZP level is 11.8 nA/T®

In Fig. 5, one can see that strong diatropic currents are
sustained in ther orbitals of AlLi,, but about half the cur-
rent (20 nA/T) originates from spatial positions which are
FIG. 4. The integration cross section used in the calculation of the inteimore than 1.5 bohrs aboyand below the Al, plane, includ-
grated current-density distributions. ing the Li* cations; theo and the = densities are about
equally responsible for the ring current inﬁAIThe total ring

separately, i.e., separating the positive and negative contrib@Urents for AlLi” and AlLi, are completely dominated by

tions to the total current. The diatropic currents are here deROSitive contributions indicating that they are aromatic spe-
fined as the positive currents. cies. The calculated ring-current susceptibilities of,LAT

Detailed information about the spatial distribution of the @"d AlLi, are identical, showing that the "Licounterions
ring current can be deduced from the two-dimensional disfOr™ largely ionic bonds to the Al ring. The large discrep-
tribution function showing the current contributions passing®"cy Petween the NICS values obtained forlAT and
the cross section. A more convenient representation is giveﬁ"lL'Z is thus not a result of differences in the strength of th.e
by one-dimensional distribution functions obtained by inte-""9 currents but must _b_e due to some other reason casting
gration of the two-dimensional current distribution in one of Sh@dows on the reliability of the NICS route to molecular
the two dimensiongwidth or radiug. The perpendicular dis- aromaticity.

tance from the ring is here denoted as the wigtee Fig. 4. A comparison of the curves in Figs. 5 and 6 shows that
Thus, the “width distribution function” is the radially inte- at 1.5 bohrs, the integrated dlatrzoplc contribution in thg Al

. . H H 0 . _
grated current as a function of the distance from the molecuSPECIes is 26% smaller than forAland the paratropic con
lar plane. Analogously, the “radial distribution function” is tribution in Al,Li, is only.4i’/o of the dlgtroplc gurrept._ln Fig.
obtained by integrating along the width coordinate. For in-6 ©ne can see that Ali;” and AlLi, sustain significant
terpretation of the currents, a better representation is givefli2roPIC and paratropic currents of about equal size, indicat-
by the ring-current “shape function,” calculated as the first"9 fchat they are practically nonaromatic or sl_lghtly antiaro-
derivative of the radial distribution functions with respect to Matic. On the other hand, the ARCS calculations show that

the radial distance from the ring center.

The current strengths given in Table Il are obtained us- 40
ing quadrature. The integrated current strengths also include 3
contributions from the currents around the Li cations above g %0 /
and below the ring center, and are therefore not an exact c 25
measure of theing-currentstrength. The strength of the™Li = 20
currents can be estimated by comparing the integrated cur- g 1(?
rent functions of AlLi~ with Al,Li,. The Li* currents in o 5 a)
AlyLi;~ and AlLi, were obtained by integrating the current 0 [ I
susceptibility in the vicinity of the Li atom. The estimated 0 2 4 6 8 10
Li* contributions are 4.3 and 2.4 nA/T for thefAland Al Cross section width (in bohr)

species, respectively. The integrated ring-current SusceptElG. 5. The integrated current densities fay Al,Li~ and(b) Al Li, calcu-

bi|iti(_55 of the Al, rings in the ALLI™, AlgLiy, AlyLiz’, and  |ated at the CCSDITZP level given as a function of the width of the inte-
Al ,Li, species then become 28.1, 28.1, -5.9, and —3.1 nA/Tgration cross section as defined in Fig. 4.

Downloaded 14 Jun 2005 to 129.242.24.54. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



214308-6 Lin et al. J. Chem. Phys. 122, 214308 (2005)

30 =
o
£ 20 =
< 10 <
£ 0 =
g -10 g
O -20 2
c
-30 2
=
0 2 4 6 8 10 o

(a) Cross section width (in bohr)

i
o
2
Y
3
@
=
Q
=3
[ o
®
=
o
o)
-0
=

Current (in nA/T)

Current slope (in nA/T/bohr)

-10
diam -
20 para - -3 ;
total \J
0 2 4 6 8 10 4
(b) Cross section width (in bohr) 0 2 4 6 8 10

—
(=)}
-

Ring radius (in bohr)

FIG. 6. The integrated current densities for,AL~ (uppe) and AlLi,

(lower) calculated at the CCSD/TZP level given as a function of the width of FIG. 8. The diatropiduppe) and paratropi¢lower) current-density profiles

the integration cross section as defined in Fig. 4. The diatropic and paratrder Al,Li, calculated at the CCSD/TZP level. The integration interyads

pic contributions are also shown. bohn in the width direction arda) [-1.5,1.5, (b) [-3.5,-1.5+[1.5,3.5,
and(c) [-10.0,-3.3+[3.5,10.Q representing ther density, ther density,

. . . . . . . and the rest.
the ring currents in the /§r species give rise to diamagnetic

shieldings distant from the molecular ring. Thus, even

though the strength of the net ring current in thé‘Aﬂpecies and paratropic currents are different. The current with the
is close to zero as shown by the GIMIC calculations, thelargest radius characterizes the magnetic shieldings at very
molecule possesses a significant magnetic shielding at lorigng distances.

distances from the Alring outside the electron density. For The ring-current profiles for ALi~ calculated at the
nonaromatic molecules, the magnetic shielding declines fastCSD/TZP level are shown in Fig. 7. In the integration of
with the distance to the ring and for them practically nothe ring-current profiles, the width has been divided into
magnetic shieldings appear outside the charge density. Thuisree regions(1) [-1.5,1.5 bohrs, wherer currents are ex-
according to these criteria, the j‘AIspecies are neither aro- pected;(2) 7 currents are mainly sustained in the3.5,
matic, antiaromatic, nor nonaromatic. Instead, thé‘Ape- -1.5] and [1.5,3.5 intervals; (3) in the [-10.0,-3.3 and
cies can be considered to belong to a new class of molecul¢8.5,10.Q intervals the LT currents and current contributions
with the peculiar property of having long-range magneticfrom very diffuse orbitals appear. For Ali~, the integrated
shieldings without sustaining any strong net ring current. Anting-current contributions from these regions are 16.7, 9.0,
other member of this class of molecules igo@hich has and 6.6 nA/T. The corresponding graphs for,lAl, are
recently been shown to sustain strong diatropic and paratreshown in Fig. 8. In this case, the integrated ring-current con-
pic spherical currents that almost completely cafi¢éior tributions from the three regions are 11:8.4), 1.9 (-8.4),

this class of molecules, the long-range magnetic shieldingnd 4.9(-7.9 nA/T, respectively. The paratropic contribu-
does not vanish, because the average radii of the diatroptions are given in parentheses. The paratropic contribution

Current slope (in nA/T/bohr}

O =2 N WAoo N

Current slope (in nA/T/bohr)

2 4 6 8 10
Ring radius (in bohr) Ring radius (in bohr)

o

FIG. 7. The ring-current profiles for Alli~ calculated at the CCSD/TZP FIG. 9. A comparison of the radial ring-current distribution functions for
level. The integration intervalgin bohp in the width direction are  Al,Li~ and AlLi, calculated at the CCSD/TZP levéd) The diatropic(and

(@ [-15,15, (b) [-3.5,-1.9+[1.5,3.9, and (c) [-10.0,-3.3 total) current for AlLi~. (b) The diatropic current for ALi,. (c) The para-
+[3.5,10.4, representing the density, ther density, and the rest. tropic current for AjLi,. (d) The net ring-current distribution for AlLi,.
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FIG. 10. The ARCS function for g, (in ppm) calculated at the CCSD/  FIG. 11. The integrated current densities fgHG calculated at the CCSD/
TZP and HF SCF/TZP levels. TZP level given as a function of the width of the integration cross section of
the formal double bond as defined in Fig. 4. The diatropic and paratropic

L. . . . . contributions are also shown.
from the vicinity of the A}, ring is small; the size of the tiny

paratropic contribution seen in Fig. 8 originates from the
orbitals and its magnitude depends on the exact position afhow thato(?’Al) is strongly dependent on the level of cor-
the chosen border line betweerand 7 densities. The para- relation treatment, the number of ‘Leounterions, and the
tropic contribution is almost equally divided between the formal charge of the Alring. For AlLi~, the HF SCF/TZP
density in the interval1.5,3.5 and the outer regions of the and B3LYP/TZP shieldings are 35 and 45 ppm, respectively,
molecule showing the presence of strong paratropic currentwhich can be compared to the CCSD/TZP value of 198 ppm.
in the diffuse part of the electron density. The ?’Al shielding of Al,Li, calculated at the CCSD/TZP
Figure 7 shows that for ALi, the average radii of the  level is =99 ppm and by considering also triple excitations, it
and 7 currents are equal. The peak at small radii is due tdecomes —95 ppm. At the HF SCF/TZP level, theal
Li*. The graphs in Figs. 8 and 9 reveal that the average sizghielding of AlLi, is —647 ppm. The correlation contribu-
of the paratropic currents is somewhat smaller than thdéion calculated at the CCSD/TZP level is about 550 ppm,
Al,Li, ring and that theo current is sustained in thp,  whereas the triple excitations have almost no effect on the
orbitals as for AlLi,. The paratropic currents appear at sig- /Al nuclear magnetic shielding constants. The B3LYP/
nificantly larger width distances from the ring than the diat-TZVP value of =527 ppm obtained using tBg, structure is
ropic one. The larger radius of the diatropic current results irclose to the HF SCF/TZP value. However, t€’Al) value
a dominating diamagnetic character of the tail of the long-calculated at the B3LYP/TZVP level for the fully optimized
range magnetic shielding function; the ARCS function atB3LYP/TZVP structure(D,y,) is =270 ppm. The symmetry
large distances from the Aling is positive. The negative breaking of the molecular structure results in a huge change
ARCS function between 6 and 10 bohrs is due to the domi-
?oa:-tI?hgep(?iI::[Efgf grligeq'tsewgl:‘r?eirtng:Iset:|ggt?g|t':vf6uL?:%Er?strﬁq-ABLE IIl. The nuclear magnetic shielding&n ppm) for the Al, species
calculated at the HF SCF/TZP, B3LYP/TZVP, and CCSD/TZP levels. For
Fig. 9 explain the obtained shape of the ARCS function foraj,Li,, the nuclear magnetic shieldings calculated at the CCSRvel are

the A|4 species. also given. In the HF SCF, CCSD, and CQSDshielding calculations, the
molecular structures were optimized at the CCSD/TZP level. In the B3LYP/
TZVP shielding calculations, the molecular structures optimized at the

B. C4H, B3LYP/TZVP level were used.

The magnetically induced currents were also calculated
for cyclobutadiene, which is the archetypical antiaromatic-"=c'® Level oA oA
molecule. The ARCS function is given in Fig. 10 and theai,Li- HF SCF/TZP 35
integrated current strength as a function of the distance froml,Li- B3LYP/TZVP 45
the ring plane(width) is shown in Fig. 11. The ARCS and Al4Li~ CCsSD/TzP 198
GIMIC calculations show that paratropic currents are in-Alakiz HF SCF/TZP -647
duced in ther orbitals of GH,. The net ring-current suscep- Al B3LYP/TZVP -527
tibility calculated at the CCSD/TZP level for,8, is about -2 B3LYP/TZVP 270 -2
-18 nA/T. The GH, molecule sustains strong paratropic '::4t:2 CEE;E/JTZZPP :5:
currents in therr orbitals, but some paratropic currents are |4|_|2 HE SCE/TZP 200 304
also induced in ther orbitals. However, the paratropic 4, - B3LYP/TZVP 24§ 360
current is to some extent canceled by the diatrepaurrent, — ay,Li,- CCSD/TZP 368 474
the strength of which is about 4 nA/T. Al,Li, HF SCF/TZP 238

AlLi, B3LYP/TZVP 273

VII. NUCLEAR MAGNETIC SHIELDING AlLiy ccsbiTzp 413

CALCULATIONS *The D4, symmetry was assumed.

b, . . . .
. L Calculated inC, (C,,) symmetry. The magnetic shieldings of the two other
27 27 1 (“2n
The “’Al nuclear magnetic shieldings(“’Al), calculated  af nyclei are —270 and -268 ppm.

for the Al, species are given in Table Ill. The calculations °For the Al atoms closer to Li at the edge.
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