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ABSTRACT: Calculation of the contribution to the chemical shift of molecules in solution arising from the magne-
tizability anisotropy of the neighbouring molecules requires a distributed representation of the molecular magne-
tizability tensor. A partition scheme of the molecular magnetizability into atomic magnetizability tensors is
discussed and atomic magnetizabilities of benzene and Ñuoro- and chlorobenzenes are calculated. 1998 John(

Wiley & Sons, Ltd.
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INTRODUCTION

Chemical-shift non-equivalences of molecules in solu-
tion are of di†erent origins. The electrostatics of the sur-
roundings alter the intramolecular geometry and
polarize the charge distribution, there is a dispersive
contribution and the magnetizability anisotropy of the
nearby molecules or subgroups in the same molecule
also shields the atom of interest. The solvent shift dsolvent
may be partitioned by adopting perturbation theory :1,2

dsolvent \ dE] dw ] da] db (1)

where is the electrostatic contribution, is the vandE dw
der Waals (dispersion) term and is due to the magne-da
tizability anisotropy of the nearby molecules ; is pro-db
portional to the magnetic susceptibility of the bulk and
vanishes if the sample is spherical,3 otherwise it is nor-
mally corrected for in the experiment. The electrostatic
and dispersion shifts may be obtained from shielding
polarizabilities by considering both the external mag-
netic Ðeld and the intermolecular interactions as pertur-
bations and adopting regular perturbation theory.1,2,4,5
A perturbation approach based on Ðrst principles has
recently been used for calculating the electrostatic and
van der Waals contributions of the gas-to-liquid chemi-
cal shifts of liquid water.6,7

Solvent e†ects on chemical shieldings have been
studied by computational methods by considering the
surroundings as a continous dielectric medium8h10 and
by studying clusters8,11h13 (sometimes within a dielec-
tric medium14). Molecular dynamics simulations have
been used to calculate some contributions of Eqn (1),
but empirical parameters have mostly been
employed.15,16 Intramolecular e†ects in large molecules
such as proteins have been considered by di†erent
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empirical relations that sometimes are related to Eqn
(1).17h26 The shifts arising from the magnetizability
anisotropy of the neighbouring molecules are expected
to be important in for example aromatic systems where
ring-current e†ects are large27 and for proteins where
peptide bonds are present.28 Consequently, this term
has to be calculated if we wish to model NMR spectra
of, e.g., peptides and proteins. If perturbation theory is
adopted, the term arising from the anisotropy of the
magnetizability may be calculated as2

da \;
j

[ 13R~5(3ra rb[ R2dab)mabj (2)

where is a tensor component of the magnetizabilitymab
of a neighbouring molecule j and is a component ofra
the intermolecular distance R. Since the magnetizability
is a molecular property, the distance R has to be large
compared with the molecular dimensions for the pertur-
bation expansion to converge, which in most cases is
not true for a liquid. Furthermore, in macromolecules,
the dominant contribution may arise from other parts
of the same molecule. A procedure for calculating local
magnetizabilities distributed to di†erent parts of the
molecule is therefore required. An important example is
the magnetizability anisotropy of the peptide bond,
which has been calculated by Pauling.28

The remarkable additivity properties of the magne-
tizability have been known for a long time29,30 and
several theoretical investigations of the additivity pro-
perty have been carried out.31h36 These schemes deal,
however, mostly with the isotropic magnetizability,
whereas we are interested in its anisotropy.

METHOD

Any partition scheme of the molecular magnetizability
tensor into local contributions is arbitrary because it is
not possible to measure a local contribution to a pro-
perty in an experiment. Furthermore, to be able to use
Eqn (2) we also have to choose a set of expansion
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points. It is reasonable to expand a property in atomic
contributions since the wavefunction is normally
expanded in basis functions placed at atomic positions.
Atomic magnetizability tensors have been calculated by
carrying out calculations of molecular magnetizabilities
of benzene and some Ñuoro- and chlorobenzenes and
assuming that the atomic magnetizabilities are trans-
ferable from one molecule to another. The molecular
magnetizability is therefore given as a sum of atomic
contributions. We included 18 molecules in this investi-
gation : benzene, all 12 Ñuorobenzenes, chlorobenzene,
all three dichlorobenzenes and p-Ñuorochlorobenzene.
The atomic magnetizability tensors were Ðtted by mini-
mizing the mean square deviation (msd) of the molecu-
lar magnetizabilities as

msd \
SC

;
i/1

N
;
a, b

(mab, ifitted[ mab, iHF )2
N

N [ 1
D

(3)

where N is the number of molecules.
All the calculations were performed at the HartreeÈ

Fock level and with the atomic natural orbital (ANO)
basis sets by Widmark et al.,37,38 The carbon and Ñuo-
rine basis sets were contracted to [4s3p2d], the hydro-
gen basis set to [3s2p] and the chlorine basis set to
[5s4p3d2f]. The molecular magnetizabilities were calcu-
lated by adopting response theory and London atomic
orbitals.39 The DALTON program package was
employed in all calculations.40

All tensors are presented as if the particular atom is
situated in (0, y, 0). The z-axis is chosen as the out-of-
plane axis. The in-plane components are, however, pre-
sented as and sincem

aa
\ 12(m

xx
] m

yy
) m

bb
\ 12(mxx

[ m
yy
)

is invariant to rotation around the z-axis.m
aa

RESULTS

In our Ðrst patition scheme, we assign a magnetizability
tensor to each of the elements C, H, F and Cl. The
tensors of H, F and Cl are restricted to as the atoms are
part of linear molecules, i.e. The Ðtted magne-m

xx
4 m

zz
.

tizability tensors are given in Table 1 and the Ðt of the
in-plane (aa and bb) and out-of-plane (zz) components
in Fig. 1. It is noted that the Ðt is excellent.

If only one tensor is used for each element in the Ðt,
all the molecules with the same number of Ñuorine
(chlorine) atoms will have the same value, which is
noted in Fig. 1. Furthermore, since benzene and Ñuoro-
benzene have almost the same zz-component, all the Ñu-
orobenzenes have approximately the same value for m

zz
in the Ðt.

One way to deal with this is to partition the carbon
parameters into di†erent sets of parameters. However, if
only two types of carbon parameters are employed, one
for carbons bonded to Ñuorine or chlorine atoms
(labelled and one for carbons bonded to hydro-CF, Cl)
gen atoms (labelled the problem would persist. TheCH),
results of such a Ðt are also given in Table 1. It is noted
that the msd is dramatically decreased.

If is furthermore partitioned into one type ofCH
carbon which has a carbon as a neighbourCF, Cl
(labelled and another type which only has hydro-CHn)
gen carbons as neighbours, the problem is solved for the
diÑuorobenzenes but not for the molecules with three or
four Ñuorine atoms. As equivalent partitioning of CF, Cl
into neighbours of carbons and all otherCHn CF, Cl
carbons resolves the problem for the tetra-
Ñuorobenzenes, but 1,2,4-triÑuorobenzene and 1,3,5-tri-
Ñuorobenzene still have the same set of parameters. If,
however, we partition the carbons into one typeCF, Cl
which has another carbon (labelled as aCF, Cl CF, Cln )
neighbour and one type which only has carbons asCHn
neighbours, this problem is also resolved. The carbon
atoms are thus described with four parameters.

We carried out a Ðt where we retained the values for
H, F and Cl from the second Ðt in Table 1 and opti-
mized only the carbon parameters. The results of the Ðt
are given in Table 2 and Fig. 2. When a full opti-
mization of all components was carried out, we found
that the parameters obtained were sensitive to the
chosen set of molecules.

It is noted that the Ðt has become substantially
better, which of course is expected since the number of
Ðtting parameters has been increased. In Table 2, it is
noted, however, that the e†ects on the actual param-
eters from the further partitioning of the carbon param-
eters are small. The stability of the values between the
two Ðts and within the set of carbon parameters in the

Table 1. Atomic magnetizability tensors (ppm cm3 mol~1)

Four atom types Two types of C

Atom m
aa

m
bb

m
zz

m
aa

m
bb

m
zz

H [1.42 [1.42 [2.85 [2.65 [2.12 [4.77
F [5.87 1.50 [4.37 [2.93 [2.93 [5.86
Cl [17.52 1.19 [16.33 [14.98 [2.01 [16.99
C [5.13 Èa [14.00
CH [3.61 [3.00 [12.68

CF, Cl [8.38 [0.42 [11.90

msd\3.11 msd\1.57

will sum to zero for these molecules.a m
bb
C
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Figure 1. Molecular magnetizabilities. One type of carbon. (a) aa -component; (b) bb -component; (c) zz -component.
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Figure 2. Molecular magnetizabilities. Four types of carbons. (a) aa -component; (b) bb -component; (c) zz -component.
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Table 2. Atomic magnetizability tensors (ppm cm3
mol~1)

Atom m
aa

m
bb

m
zz

CH [3.56 [2.77 [13.03
CHn [3.57 [2.92 [12.77
CF, Cl [8.56 [0.37 [11.08
CF, Cln [8.38 [0.24 [12.01

msd \ 1.05

second Ðt indicates that the atomic magnetizabilities
have a physical meaning and are not just results of a
Ðtting procedure.

DISCUSSION AND CONCLUSIONS

It has been demonstrated that it is possible to represent
the molecular magnetizability tensor of benzene and the
Ñuoro- and chlorobenzenes with a set of atomic magne-
tizability tensors, which is important for modelling
chemical shifts arising from the magnetizability anisot-
ropy of aromatic compounds. The parameters obtained
here may be used for describing the magnetizability in
aromatic rings and also provide an estimate of the cor-
responding contribution to the chemical shift. It is
noted that for the set of aromatic compounds included
in this study, the p-space (in-plane components) is easier
to partition into atomic magnetizabilities than the n-
space.

However, more rigorous methods are needed for cal-
culating distributed magnetizabilities for most mol-
ecules. The set of molecules studied here is
advantageous owing to the large number of molecules
which may be used for Ðtting a small number of param-
eters. One may use methods available for calculating
distributed polarizabilities such as the uncoupled
HartreeÈFock approximation41 or the coupled
HartreeÈFock approach.42,43

The partition scheme adopted here is di†erent from
PascalÏs rule since we use atomic magnetizability
tensors and we thereby include the deviation from Pas-
calian additivity for aromatic compounds in our param-
eters. Musher44 also used atomic magnetizabilities for
aromatic compounds, cgs andm

aa
C \[3 m

zz
C \ [12.5

cgs, which are in good agreement with our values of
about [3.6 and [12.7 cgs for respectively.CH ,
Perhaps it would be useful to adopt a similar approach
as for polarizabilities, where the molecular polarizability
has been calculated from a set of interacting isotropic
point polarizabilities.45,46 The magnetizability and elec-
trostatics of the other atoms in the molecule would
induce a magnetic moment at an atom that will couple
to all other magnetic moments in a self-consistent way.
Such a model would reduce the number of parameters
and may give large molecular magnetizability aniso-

tropies and explain the deviations from PascalÏs rule
and be an alternative to ring-current models.

It should also be noted that the surrounding medium
will perturb the anisotropy of the magnetizability and
thus indirectly alter the chemical shift. Especially elec-
tric Ðeld e†ects arising from nearby charged groups in a
peptide will be important. These e†ects may be esti-
mated in a perturbative fashion by calculating magne-
tizability polarizabilities, as for example has been
carried out by Rizzo et al.47
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