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Abstract: Symmetry arguments show that the ring-current model proposed by Pauling, Lonsdale, and
London to explain the enhanced diamagnetism of benzene is flawed by an intrinsic drawback. The minimal
basis set of six atomic 2p orbitals taken into account to develop such a model is inherently insufficient to
predict a paramagnetic contribution to the perpendicular component of magnetic susceptibility in planar
ring systems such as benzene. Analogous considerations can be made for the hypothetical Hs cyclic
molecule. A model allowing for extended basis sets is necessary to rationalize the magnetism of aromatics.
According to high-quality coupled Hartree—Fock calculations, the trajectories of the current density vector
field induced by a magnetic field perpendicular to the skeletal plane of benzene in the & electrons are
noticeably different from those typical of a Larmor diamagnetic circulation, in that (i) significant deformation
of the orbits from circular to hexagonal symmetry occurs, which is responsible for a paramagnetic contribution
of i electrons to the out-of-plane component of susceptibility, and (ii) a sizable component of the & current
density vector parallel to the inducing field is predicted. This causes a waving motion of & electrons;
streamlines are characterized by a “leap-frog effect”.

1. Introduction n

According to previous finding,® a number of unnecessary Xiﬂ == (& (fzéaﬁ - fal’ﬁ)ilaD
and unphysical hypotheses have been retained by Pduling, =
Lonsdale] and Londof~*° (PLL) to construct the ring-current ) ) ) )
model (RCM) for interpreting the magnetic properties of acgprdllng to a well-established notati&The total magnetiz-
benzene and other aromatic systems. The “revised ring-current@ility is evaluated as
model” that is presently being developed via computer
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experiments# throws light on a number of questions which Xap = Xap T Xap ©)
have been recently discussed at length in two papers reviewing . L a
the relevant literature!! They are referred to for an outlook An alternative expression is obtairiédn the form
on the state of the art, including general problems which concern 1

. - - . - —— fdgl’l’ (B(S(r) (4)
a reliable description of magnetic properties of planar cyclic Xao 2cC By sy

hydrocarbons in connection with aromaticity. Hereafter, we will
limit ourselves to recall a few basic facts useful for the present where €,g, is the Levi-Civita unit tensor, and7 5/3“ is a

investigation.

For a molecule witm electrons, with masey, charge—e,
coordinatesi, i = 1, 2, ..n, andN nuclei, the paramagnetic
contribution to magnetizability is given by
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and the corresponding diamagnetic contribution is written
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second-rank tensor related to the current density induced by a
spatially uniform, time-independent external magnetic field with
flux B

J(r) =_744(r)By (5)

Sum over repeated Greek indices is implied throughout this
paper according to standard tensor notation.

The first-order quantum mechanical current density can be
expressed as the sum of a diamagnetic Larmor-type contribution,
proportional to the unperturbed electron density, and a para-
magnetic contribution which involves a sum over the unper-
turbed excited electronic states:

PB=3+3 (6)

The diamagnetic contribution is

(12) Lazzeretti, PAdv. Chem. Phys1987, 75, 507.
(13) Lazzeretti, P.; Malagoli, M.; Zanasi, Rhem. Phys. Lettl994 220, 299.
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iB x ry(r)

B = —

(7)
with

y(r) = n [ P, X, o X) P, Xy, -0 X)) (8)

allowing for the corresponding one-determinant form of the
ground-state eigenfunction; in particular, the expressions for the
diamagnetic and paramagnetic contributions to the current
density tensor become
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as the unperturbed electron density. The paramagnetic contribu-

tion is given by

ok [B-WE(r, x,, ..., x, )pP

%)) (9)

In these relationshipsg = r; ® 5 is a space-spin coordinate,
and the expression for the wave function perturbed by the
magnetic field is obtained by the RayleigBchralinger per-
turbation theory

Bry=—n [dx....
o(r) mef >

(f, Xgr o0 X)) + PO (1, %5, ..., X )PB-WE(r, X, .

W= ——F% o,

L jal]
2mch =

i (10)

The diamagnetic contribution to the current density vector
field described by eq 7 is a Larmor-type term; the perturbed
electrons flow in planes perpendicular to the inducing field. In
the case of a diamagnetic atom, that is, a system even with
respect to time-reversal, it is easy to see that the streamlines

are circumferences with a common center on the nucleus. The
current density can be expressed in classical terms, introducing

the idea of LondorrLandau-Madelung local mean velocity

=v(r):

J=pv, p(r)=—ey(r) (11)

Assuming that the magnetic field lies in tlzedirection, the
Larmor current density has purely transversal components

& &
-—0B

2mgc 2mgc

As the fieldsv andJ are parallel, it is expedient to evaluate the

streamlines of the former. Thus

y
~(aa) =
and the integral solutions of the elementary differential equation
x dx + y dy = 0 are circumferences? + y?2 = r2 the
diamagnetic current density flows around the nucleus of the
atom, along circular circuits of constant electronic charge.
These results are obviously consistent with the invariance of

a diamagnetic atom in a rotation of an arbitrary anglabout
the direction of the magnetic field, represented by the operator

ng(r) = Byp! ‘]dy(r) =

& (12)

Ux

Uz, @) = exp(— %aLZ) (13)
which transforms each circumference into itself.

Within coupled Hartree Fock (CHF) perturbation theo#, 17
the relevant quantities defined via eqs-1I0 are rewritten

(14) Dierchsen, G.; McWeeny, R. Chem. Physl966 44, 3554.
(15) Caves, T. C.; Karplus, Ml. Chem. Phys1969 50, 3649.
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denoting respectively by;fo) and ¢>iBﬂBﬂ the unperturbed and
first-order perturbed molecular orbitals.

2. The Pauling —Lonsdale —London Model

We will first analyze the familiar ring-current model of
Pauling® Lonsdale] and Londor~1° widely employed to
interpret the magnetic properties of the benzene molecule. A
spatially uniform and time-independent magnetic field is
switched on parallel to the 6-fold symmetry axis of the molecule.
The interacting system is studied assuming that the origin of
the gauge is in the center of the molecule. Such a choice does
not imply any loss of generality within the exact CHF method,
which is gauge invariarif 18 Choosing theCs axis along the
direction, the parallel paramagnetic component of the magne-
tizability tensor is readily obtained from eq 1 in the form

2
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within a simple uncoupled Hartred¢-ock (UCHF) perturbation
theory. The one-electron angular momentum operatas
defined with respect to the origin, that is, the center of the
molecule. In eq 16¢>i(°) and ¢§ﬁ) denote occupied and virtual
unperturbed molecular orbitals respectively, with corresponding
orbital energies® ande?. As the CHF iterative procedure is
started from the UCHF AnsatZ no actual limitation is imposed
on restricting our attention to the symmetry analysis of terms
contributing to the simple UCHF relationship eq 16. The
discussion for the higher-level CHF approximation would be
essentially the same.

If, allowing for the algebraic approximation, we adopt a
minimal basis set of six 2@mtomic orbitals, each centered on a
carbon atom within the framework of the kel method-20
three occupied molecular orbitals are found. Assuniiggpoint
group symmetry for benzene, there are opgabital, with
lower energy, and twosg partners, spanning a doubly degener-
ate representation, at higher energy. The virtual orbitals are
denoted by g, and g, according to their symmetry.

It is immediately evident that such a virtual molecular orbital
basis, due to its reduced extension, cannot account for any
paramagnetism af electrons of benzene perpendicular to the

(16) Lipscomb, W. N. Molecular properties. MTP International Reiew of
ScienceBrown, W. B., Ed.; Butterworths: Markham, ON, Canada, 1972;
Vol. 1, pp 167-196.

) McWeeny, R.Methods of Molecular Quantum MechanicAcademic

Press: London, 1989.

(18) Epstein, S. TThe Variation Method in Quantum Chemistcademic

Press: New York, 1974.

(19) Hickel, E.Z. Phys.1932 76, 628.

(20) Hickel, E.Z. Phys.1933 83, 632.
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skeletal plane, as none of the matrix elemef|l,|¢®0
appearing in eq 16 is totally symmetric. In fact, applying the
Wigner—Eckhart theoredt and recalling that, transforms as
Ay, it is found that none of the direct products

Ap® Ay ® By, Ay ® Ay ® By

Ey® Ay ®E,, E ®Ay®By

contains Ag Consequently, a description of thxe electron
system of benzene in terms of a’tkel minimal basis set
necessarily implies an “effective invariance” with respect to a
rotation about th€s axis, defined via eq 13, similar to the case
of diamagnetic atoms. The physical limits of the minimal basis
description are therefore eviderihe PLL model artificially

do not contain Ag; the corresponding matrix elements vanish.
Within a DZ calculation, that is, using two s atomic orbitals
for each hydrogen atom,@and g, MOs are added to the
unperturbed virtual molecular orbital basis. Whereag@A 4

® A1g A1g® Axg ® Eyy, and By ® Azg ® Aig do not contain
the totally symmetric irrep, £ ® Axg ® E1y = A1g @ Ayy @
Ezg.

Therefore, according to eq 16, a nonvanishing paramagnetic
contribution to the out-of-plane component of magnetic sus-
ceptibility is obtained for i, when the atomic basis set is
flexible enough to span all the irreps @, This can be
achieved by including atomic orbitals with higher quantum
numbers. At any rate, a doubleef 12 s atomic orbitals is
enough to yield a paramagnetic contributionyfo

It is important to recall thafurther impravement of the basis

constrains the benzene molecule to exhibit only out-of-plane set beyond the DZ lel cannot reduce the paramagnetic

diamagnetism

However, if an atomic basis set of two 2pbitals per carbon
atom were used according to a sort of improved “double-
Hickel scheme”, the virtual molecular orbital basis would also
include functions transforming as the occupied MOs, that is,
&y and ag.

Direct products A, ® Ay ® Ay, Azy ® Axg® Erg, and By
® Ayg ® Ay, do not contain Ay, but nonvanishing matrix
elements with symmetry g ® Axg ® Eig = A1g® Axy @ Exg
would be obtained. Accordingly, suehdouble¢ ring-current
model would predict a paramagnetic contributionoélectrons
to the out-of-plane component of magnetic susceptibility of
benzeneria eq 16.

3. The Cyclic H ¢ System

Let us now consider the (unstable) six-membered riggnH
a Dgn spatial arrangement, in the presence of a magnetic field

contribution to the susceptibility component parallel to the 6-fold
symmetry axiscoupled self-consistent field (CSCF) calculations
within the algebraic approximation provide a lower bound to
the true Hartree Fock value ofy}}, corresponding to a com-
plete atomic basis set, as proven by Mocg&itm other words,
although its size is quite small, the paramagnetism ef H
systematically underestimated in actual CSCF calculations,
should be considered physically meaningful. The value estimated
via a noncontracted (8s) GTO basis set from van Duijneveldt's
compilatiorf® is yf = 1.37 cgs ppm au. The prediction
obtained via the (6s/4p)> [3s/2p] Sadlej's basis sétrises to
5.55 cgs ppm au.

4. The Benzene Molecule

Quite similar considerations can be made for the real molecule
of benzene. In a minimal basis set common origin (CO) CSCF
ab initio calculation, 36 molecular orbitals are obtained, 21 of

perpendicular to the molecular plane. This system was alsowhich are occupied. The 15 virtual orbitals are classifiecigs a
discussed by London in his seminal paper on the RCM as a &g, b2y, 264, 20y, 261, and ey according to their symmetry.

prototype of a diamagnetic molec§lén fact, theoretical current

Again, observing thalt, transforms as 4y, it is readily checked

density maps show diamagnetic electron circulation delocalized that thesr MOs of symmetry a and g4 do not contribute to

all over the molecule and a striking similarity with benzéne.

Ab initio calculations of the magnetizability tensor at the
coupled HartreeFock level of approximation, allowing for a
minimal basis set, for example, STO-3G, or any larger primitive
GTO basis contracted to a minimal CGTO basis, yield an
identically vanishing component of the paramagnetic contribu-
tion parallel to theCs axis® However, the effective rotational
invariance of the llcycle arising from this description is only
due to the limited size of the atomic basis set. This result is
apparent from the symmetry analysis of the matrix elements
which give a nonvanishing contribution to the property.

The STO-3G minimal basis set for the Blystem consists of

the parallel component of magnetic susceptibility, eq 16, as all
the matrix elements between these occupied orbitals and the
15 virtual orbitals are zero by symmetry.

However, theoretical predictions arrived at via extended
Gaussian basis sets2® providing a higher-quality description
of the virtual MO space, unequivocally demonstrate that the
paramagnetic contribution ofr electrons toy, cannot be
neglected. This contribution is physically meaningful, and its
magnitude is systematically underestimated in CSCF calcula-
tions. For a fixed molecular geometry, it increases with atomic
basis set quality. A lower bound obtained in ref 26 is 62.65 cgs
ppm au. This is only 9% of the corresponding diamagnetic

six s Gaussian type orbitals, centered on the H atoms. Thecontribution,—668.18, but is large enough to show that pure

unperturbed SCF calculation furnishes six MOs classified
according to irreducible representations of g molecular
point group, that is, three occupied,and e, and three virtual

b1, and eg, the degenerate irreps contributing two partners each.
The direct products

Ag® A, ® By, Ay ® A, ®E,y
En®Ayy®By, E @A, ®E,

(21) McWeeny, RSymmetryPergamon Press: Oxford, 1963.
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Larmor circulation ofr electrons cannot take place in benzene;
the current streamlines are expected to deviate substantially from
the PLL picture. In any event, we can conclude that a minimal
basis set ab initio calculation of benzene is unsuitable to develop
a reliable model for ther electron flow induced by a magnetic
field perpendicular to the molecular plane.

(22) Moccia, R.Chem. Phys. Lettl97Q 5, 265.

(23) van Duijneveldt, F. B. Gaussian Basis Sets for the Atom3d\E for Use
in Molecular Calculations; Research Report RJ 945, IBM, 1971.

(24) Sadlej, A. JTheor. Chim. Actal991 79, 123.

(25) Lazzeretti, P.; Malagoli, M.; Zanasi, R. Mol. Struct.1991, 234, 127.

(26) Lazzeretti, P.; Malagoli, M.; Zanasi, R. Chem. Phys1995 102 9619.
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Figure 1. Streamlines of the current density vector field induced in tbeyélic molecule by a magnetic field in thedirection, normal to they molecular
plane. The position of the hydrogen nuclei is marked with dots. The plots display (left) a perspective view in the regienOai bohr and (right) the
projection of the streamlines onto tlye plane. From top to bottom, results obtained via STO-3G, 8s, and (634B52p] basis sets are shown.

It is worth mentioning that the individual orbital contributions 5. Current Density Maps
to the total current density field may have a limited physical
significance. For instance, the continuity equation for the
stationary state

The streamlines of the current density vector field af H
induced by an external magnetic field perpendicular to the
molecular plane, are shown in Figure 1. They have been
obtained in CO CSCF calculations with the gauge of the vector
potential in the center of the hydrogen ring. When the minimal
STO-3G basi§ is used, the streamlines are circumferences fully
contained in planes parallel to that of the molecule. The flow
is purely diamagnetic, in agreement with the London mddel,

» and the corresponding CHF estimate for the paramagnetic
contribution to the out-of-plane component of magnetic sus-
ji, with the constrain**Jiaoo = 0, leaving eq 17 invariant.  ceptibility vanishes identically. The situation for one of these

However, the exchange currentsop would not alter the  planes, 0.7 bohr above the hydrogen ring, is visualized in 3-D
general pattern of the total®(r) field. The quite general

symmetry analysis of eq 16 could also not be modified. (27) Hehre, W. J.; Lathan, W. Al. Chem. Phys1972 56, 5255.

v-32=0 (17)

valid for the total fieldJB(r) for anyr all over the molecular
domain, is not necessarily satisfied by the “components” defined
via a resolution into orbital terms analogous to eq 15. In fact
one could add transverse terifsop to individual components

J. AM. CHEM. SOC. = VOL. 124, NO. 9, 2002 2011
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perspective on the top of Figure 1. Accordingly, the projection ) )

of the flow onto theyz plane, on the right of the same figure, 0.09 ~ ”\\\\ /,’".‘Q\’\ ,’/".‘\\

is a straight line. 008 //"I"O\\\\\(i'?’ll%”ﬂﬁ"'ﬁ\
A small improvement of the Gaussian basis set is sufficient g \.V’ “\"/"”‘&

A
i

to provide a different description of the current density field. 0.05
The streamlines obtained via an 8s primitive GTO Wasis 0.04
contracted to DZ describe a more realistic regime. The effective g g2
rotational symmetry is lost. The orbits lying on the molecular 0.01
plane, aoy, locus that cannot be crossed by any streamline due

to magnetic symmetry constraihhave a vanishing component

in the direction perpendicular to the plane. Orbits outside

are not planar. A stationary oscillation takes place due to the -5
fact that the flow has a component in the direction of the external
magnetic field and rises to a local maximum distance fegm

in the H=H “bond” regions. A local minimum distance is found

il )
il
;344’:’:’:':':’:’,’,’,’,’,’,",'0,0,5\“0‘“&\\\\

b AR
T ), " Q“N“N\N‘

in the proximity of each hydrogen nucleus. ,1‘,'0\’\ N

These features become more evident when higher-quality .08 - \\\\’!"‘!.‘.,’iﬂ;ﬂ,"ﬁ\\\
basis sets are adopted, according to the visualization in the 097 ,/'//’”' \.\\\}/ll.\\m];}’,'..\\\\\
bottom of the same figure, obtained via a (6s4p)3s2p] basis g:gg I /’”""iill’l".‘é\\\\\"“é‘\\\
set from Sadlej's table¥. 004 7/’[’"""",’,,,".“\\\&&\\\\\\\

Such a behavior of the trajectories, which we referred toas 9031 /Il”"llllll,"%’”&“\\\ \
ot o g ) . 0.02 | iy "’0“‘“‘“‘“
leap-frog effect”, is fully consistent with thBgn(Csn) magnetic 001 - /,t,lllllllln,,,,,"l,'.m””&\\‘\\\\\\\
point group symmetry of the Hsystem in the presence of a 0[< IIWWM
perpendicular magnetic field; tHes, andRoy planes (wherd& LR 5
denotes the time-inversion operator) through the hydrogen nuclei

and the midpoint of bonds can only be crossed perpendicularly,
whereas no constraint on direction occurs in the intermediate
regions> A symmetric distribution of trajectories can be

observed on the plane fa = — 0.7 au, below that of the 5 5
molecule, owing to they, mirror of theDgn(Cen) Mmagnetic group.

N
These results are also entirely consistent with the symmetry 007 - \\\M\"Q,,
analysis of section 3, confirming that the London model fer H 0.06 fr’]l'"’" %
is correct only within a minimal basis approximation. Its pure 005 L /,[ N
diamagnetism depends on the essential inadequacy of minimal g4 | //” " .
basis sets for rationalizing molecular magnetic properties. 0.03 il [llll” '
The modulus of the current density field is shown in Figure 0.02 %’/,’,’,’,’,’l’l’”b’””&&\\\\\\\\“\\\
2, using 3-D perspective views and corresponding contours of %% [ #@//}[;’:’,’l"’b’;’o’b‘s’&“\“k\{\\\:
9 > ; s : . 08 I R
|J]. Within the minimal basis description, the intensity along a L 1""':"’:'5:45’:‘ R
given closed circuit lying in the plane of theghing is not R 5
uniform; local maxima (minima) are found over the nuclei

(bonds). 5
Such a pattern, observable on top of the figure, is at variance

with the London model, based on the assumption of fully

delocallze.d’ freely floyvmg electroﬁswhlch would _|mpIy equal Figure 2. 3-D perspective representation|df, the modulus of the current

modulus in every point of a closed orbit. Allowing for the 8s  gensity induced in the #iring, corresponding to Figure 1. Maximum

basis set, the distance between minima and maxima gets smallefiptensity is ~0.08 (~0.06) au within the STO-3G ((6s4p)- [3s2p])

as can be observed in the center of Figure 2. Further increasecalculation, on the top (on t_he bottom) of the figure. The contour values on

of basis quality causes the maximum peaks to disappear.tcr;itzlgrnzt%tgfagj bohr increase in steps of 0.01 from the outermost

According to the results obtained by the (6s4p) [3s2p] ' '

Sadlej's basis set, the contours in the bottom of Figure 2 are that of the molecule, that is, in the vicinity of maximum

topological circumferences with the same center in the midpoint electron density, is predicted via the CO CSCF approach with

of the molecule. The maximum intensity diminishes when larger the STO-3G basis, as shown on top of Figure 3.

basis sets are used, as can be seen from the top to the bottom A small leap-frog effect can be detected at the 6-31G level

of Figure 2. of accuracy. However, the stationary oscillationmoélectrons
Visualizations of the current density field induced in the predicted by our most accurate calculation has an amplitude of

cloud of benzene by a magnetic field perpendicular to the ~0.15 bohr for the innermost streamline in the bottom of Figure

molecular plane are very similar, as shown in Figures 3 and 4. 3.

Three calculations were carried out, using STO-3G, 6-31G, and The peaks observable in the region of the carbon nuclei in

the large (13s8p4d/8s3py [8s6p4d/6s3p] basis set from ref the 3-D plots of Figure 4, displaying a magnitude of the

26. A fully diamagnetic circulation in the plane 0.7 bohr above electron contribution to the current field, are quite sharp when

2012 J. AM. CHEM. SOC. = VOL. 124, NO. 9, 2002
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Figure 3. Streamlines of the current density vector field induced in#helectron of benzene by a magnetic field in théirection, normal to thexy
molecular plane. The position of the nuclei is marked with crosses. The plots display (left) a perspective view in the mgiod.atbohr and (right) the
projection of the streamlines onto tlye plane. From top to bottom, results obtained via STO-3G, 6-31G, and (13s8p4df848gpp4d/6s3p] basis sets
are shown.

minimal basis sets are used. They tend to flatten on increasingby a magnetic field perpendicular to the molecular plane. This
basis set quality. The maximum values decrease fr@25 to feature is an unavoidable consequence of the low quality of
~0.09 au from the top to bottom of Figure 4. The extended minimal basis sets of atomic orbitl$.? A minimal basis lacks

basis calculation predicts a more uniform intensity of the field the flexibility needed to correctly describe the paramagnetic

in the plane of the plot. contribution to the out-of-plane component of magnetic sus-
) ceptibility.
6. Concluding Remarks The Hickel ground-state electronic wave function of the
The Pauling-Lonsdale-London model forz electron ring electrons in the benzene molecule, and the minimal basis set

currents in benzene, and the analogous London model for thewave function of the kgl cyclic structure, provide an incorrect
He ring, can only predict fully diamagnetic circulation induced description of the electron cloud perturbed by a perpendicular

J. AM. CHEM. SOC. = VOL. 124, NO. 9, 2002 2013
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Figure 4. 3-D perspective representation of the modulus of the current
density induced in benzene corresponding to Figure 3. Maximum intensity
is ~0.25 au from the STO-3G and0.09 au from the (13s8p4d/8s3p)
[8s6p4d/6s3p] calculations, respectively. From top to bottom, the corre-
sponding contour values on the plane@t 0.7 bohr increase in steps of
0.05, 0.02, and 0.01 au from the outermost contour.

magnetic field as a geometrical object effectively invariant to
an arbitrary rotation about the 6-fold symmetry axis. The
unphysical features implicit in the minimal basis set descriptions

words of Mushe?® Therefore, the minimal basis set representa-
tion of these molecules, leading perforce to a picture in terms
of purely diamagnetic Larmor circulation, is basically inadequate
to rationalize their magnetic response.

The adoption of extended basis sets at the CHF level of
accuracy provides more reliable ab initio models for the
magnetic properties of these molecular systems, confirming that
the hypotheses made in the conventional Patingnsdale-
London model are too restricted. According to the maps of
current density field reported in this paper, the flow induced
by a magnetic field perpendicular to the molecular plane in the
7z electrons of benzene and electrons of the K ring is
remarkably similar.

At variance with the London picture in terms of pure Larmor
regime, the current is characterized by two striking features:
(i) the streamlines have a paramagnetic component parallel to
the perturbing magnetic fielB, so that the circulation exhibits
a peculiar “leap-frog effect”, and (ii) the local deviations from
rotational symmetry towar®en(Csn) magnetic symmetry ob-
served for the projections of the flow on planes perpendicular
to B are significant. The latter may be enough to explain the
quite large paramagnetic contributionsoklectrons to the out-
of-plane susceptibility of benzene, 62.65 cgs ppm au, estimated
in extended ab initio calculations assuming the origin of the
gauge in the midpoint of the molecelts magnitude is roughly
9% of the theoretical average magnetic susceptibility from the
same source;692.49, and 10% of the corresponding experi-
mental value~614 cgs ppm ag?

Furthermore, the modulus of the current density field along
a given orbit displayed in the maps reported in the present work
is by no means uniform, as would be in the typical case of a
fully delocalized London flow, but increases substantially in
the vicinity of the nuclei when reduced basis sets are employed.
Moreover, the intensity is comparable to that of the currents
observed in noncyclic molecules, which suggests that super-
conducting behavior of aromaticelectrons in a magnetic fieldl
is unlikely to occur

Eventually, it should be emphasized that the leap-frog effect
is not responsible for the nonvanishing paramagnetic tgrm
As it is evident from relationships 4 and 5, the paramagnetic
component of the current density in the direction of the magnetic
field does not contribute tg; it is the distortion from rotational
to hexagonal symmetry which gives rise to nonvanishing
paramagnetism of the out-of-plane component of magnetic
susceptibility.
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are readily evinced by group-theoretical procedures, see section28) Musher, J. I. Theory of the Chemical Shift. kdvances in Magnetic

2. It could be argued that the diamagnetism of the London
models is an a priori feature, a sort of tautological implication
intrinsically related to “his poor and arbitrary guess”, in the
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