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Abstract 

The effect of the weak long-range interaction on the shielding constant is considered for a pair of interacting atoms. The 
asymptotic long-range effects are proportional to R-” (where R is the interatomic distance). For the anisotropy of the 
shielding tensor n = 3, for the trace n = 6 for two neutral atoms and n = 4 for the atom shielding in an atom-ion pair. 
Calculations on the He-He system, using a full-C1 expansion and on the Ar-Na + interaction, using an SCF wavefunction, 
confirm the expected long-range dependence of the change in the shielding constant. 

1. Introduction 

The dependence of atomic polarizabilities on weak 
long range interactions has been studied in detail 
[ 1,2]. For a diatomic system, the asymptotic depen- 
dence both of the anisotropy and of the average of 
the polarizability tensor can be expressed as a series 
in R-” where R is the interatomic distance. The role 
of correlation effects is understood, and the SCF and 
correlation contributions to the R-” expansion coef- 
ficients can be determined [l-4]. 

More recently, similar long range effects have 
been studied for NMR shielding constants [5-91. The 
effects of the intermolecular forces have been anal- 
ysed primarily within an approach commonly used 
for polarizabilities, where the interaction is described 
by considering the electric field generated by the 
other atom. 

We use here a different approach. We assume that 
for the supermolecule consisting of a pair of weakly 
interacting subsystems the shielding can be calcu- 
lated as for any other molecule, i.e. as the second 
derivative of the energy with respect to the external 
magnetic field and the field due to the nuclear 
magnetic moment. Consequently, the effect of the 
van der Waals interaction on the NMR shielding 
corresponds to the second derivative of the interac- 
tion energy. All calculations have been performed on 
the supermolecule, but in the interpretation of the 
results we apply concepts taken from the perturba- 
tion theory of weak interactions. Such an approach 
has been successful in studies of weak intermolecu- 
lar forces (see e.g. the recent review [lo] and refer- 
ences therein). 

We concentrate here on the long-range interac- 
tions. Although the effects may be so small that they 

0009-2614/%/$12.00 0 1996 Elsevier Science B.V. All rights reserved 
SSDI 0009-2614(96)00005-X 



2 A. Barszczewicz et al. / Chemical Physics Letters 250 (I 996) I-8 

can hardly be observed (a fraction of a ppm), several 
advantages are obtained in an approach based on ab 
initio calculations at large R values. We do not need 
to consider explicitly the overlap and exchange ef- 
fects, so we can use the asymptotic R-” expansion. 
We may relate the expansion coefficients to other 
atomic properties and in many cases also accurately 
compute these coefficients. This enables a useful 
comparison of the supermolecule calculations with a 
long-range expansion which treats the interaction as 
a perturbation. Moreover, we can determine from 
such a comparison the region of interatomic dis- 
tances for which the long range expansion is valid. 

2. Theory 

There are two significant differences between the 
effect of intermolecular forces on the polarizability 
and on the shielding. The long-range multipole ex- 
pansion of the interaction operator, 

VA, = - e.zAqe/R2 + e( xi + y; - 2 z;)q,/2R3 

+e(xAx,+yAy,+2z,z,)/R3+..., 
(1) 

includes by definition only electric multipole opera- 
tors. To simplify the notation we have assumed that 
qA, the charge of atom A, is zero, as we shall not 
study the interactions of two charged systems. In a 
perturbation expansion of incremental polarizabili- 
ties, we obtain contributions of the type (0 I z I n) 
X (n 1 z/R3 IO), where 10) and I n) are the states of 
atom A, the z operator represents the external elec- 
tric field perturbation and the z/R3 operator comes 
from VA,. For the shielding of an atom in a diatomic 
molecule there is by symmetry no state I n) coupling 
the external perturbation (angular momentum opera- 
tor) with VA,. Thus, there is a difference between the 
effect of intermolecular forces on the electric dipole 
polarizability, where even at the SCF level one 
observes an Re6 contribution, and the effect on the 
shielding, where the only Rm6 term comes from 
dispersion. 

On the other hand, the appropriate perturbation 
operators now contain r,G3, where X = A or B for 
the shielding of atom A or B, respectively. This 

means that when computing a, we can separate the 
terms proportional to Re3 due to orbitals of atom B. 
We follow here the interpretation of Hansen and 
Bouman [l 11, recalling that once the calculations are 
sufficiently accurate, the same R-“-asymptotic de- 
pendence is obtained whether localised orbitals are 
used or not. In particular, this interpretation shows 
that there is a difference in the asymptotic depen- 
dence of the interatomic interaction effects on the 
isotropic shielding and on the anisotropy (see below). 

We use for the effect of the long-range interaction 
on the shielding the symbol Sx, and for each nu- 
cleus the reference value is the shielding of the 
isolated atom (the ion for Na+). For a given inter- 
atomic distance R 

Sx( R) = crx(in X-Y at R) - ox (isolated X). 
(2) 

For the anisotropy of the shielding tensor we shall 
use the standard symbol Au. Since for an isolated 
atom A(T = 0, the anisotropy is entirely due to the 
interatomic interaction. In the interaction of 
molecules (or an atom with a molecule), the effect of 
long-range interaction is proportional to the 
anisotropy of the magnetic susceptibility of the dis- 
tant group [12]. A similar relation, which we shall 
use here, has been considered by Hansen and Bouman 
[ 111. They discussed the effect on the shielding of a 
distant group (part of a molecule) and found it to be 
proportional to Rm3 and dependent on the tensor 

T=l-3R*R/R2. (3) 

This indicates that in case of atom-atom interaction 
the terms proportional to R-3 cancel for the average 
shielding tensor, but not for the change of the 
anisotropy of the shielding. 

In the calculations, we concentrate on two exam- 
ples. The first is the He-He interaction. For this 
system more accurate calculations are possible than 
for the interactions of other rare gas atoms. The 
second example is the interaction of the Ar atom 
with a Na+ ion and we consider the shielding of 
both Ar and Naf. To interpret the results, for both 
systems we consider the interaction energy which 
depends implicitly on the external magnetic field and 
the nuclear magnetic moments. 
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In the He-He interaction, the dominant term is 
the dispersion energy, which cannot be recovered in 
SCF calculations and we can only obtain the correct 
asymptotic form when correlation effects are incor- 
porated. The proper expansion for the energy starts 
from -C,JR6, where C, can be expressed in terms 
of the atomic polarizability a( - i w; i w> as 

c, = 3/+x( - iw; iw)a( -io; iw) dw. (4) 

Therefore R- 6 dependence is also expected for 6(R), 
the interaction effect on the shielding. To obtain the 
expansion coefficient for 6(R) we can differentiate 
~q. (4) with respect to the external magnetic field 
and the nuclear magnetic moment. The correspond- 
ing derivatives of (Y( - i w; i w) can be reinterpreted 
as second derivatives of components of the shielding 
tensor u with respect to an electric field. For an 
atom in a static electric field, analogous derivatives 
are called shielding polarizabilities and a linear com- 
bination of the tensor components is usually defined 
[71 
B =B(o; o,o,o) = -;(a2u,,/a2~+ 2aZo,/a2F), 

(5) 
where (T,, and oI denote the shielding tensor com- 
ponents parallel and perpendicular to the electric 
field F. Applying a similar notation we describe the 
Re6 expansion coefficient for 6(R) as proportional 
to B(-io; iw, 0, 0). 

Similar expressions have been derived for the 
correlation contribution to interaction effects on po- 
larizabilities [2]. Following the scheme used for po- 
larizabilities, we can approximate the Re6 coeffi- 
cient by 
- BC,/a 

z- 
/ B(-iw;iw,O,O)a(-io;io) dw, 

(6) 
which is the same coefficient as the one derived in 
another approach by Jameson and de Dios [6]. 

In the Ar-Na+ system there is an induction en- 
ergy contribution of the form - aAr q&/2 R4 which 
can be described in the SCF approach (q is the 
charge of an atom). The corresponding changes in 
the Ar shielding are obtained from the derivative, 
proportional to 

2 
-a aAr/aBOapA,. qNa 2 /R4 where B, 

is the external magnetic field and /.L the nuclear 
magnetic moment. Hence, we expect for S,, an Re4 
asymptotic dependence; the derivative is equal to 
-BArq&/R4 and the same expansion coefficient 
has been obtained by Jameson and de Dios [6]. For 
the shielding of Na+, there are no Re4 contribu- 
tions, and no Re6 terms which can be reproduced 
within the SCF approximation (an RT6 contribution 
due to dispersion interaction is not recovered in 
SCF). 

3. Results and discussion 

For the He-He system the first requirement is 
that the correlation effects have to be well described. 
We have used a variety of CASSCF calculations 
with rather large basis sets, but we found that the van 
der Waals energy minimum was much better de- 
scribed by a full-C1 wavefunction with a smaller 
basis set. This is the approximation we have finally 
chosen and all He shielding constants discussed be- 
low thus refer to this full-C1 calculation. 

As mentioned above, the main effects of the 
interaction on the Ar atom shielding in Ar-Na+ can 
be described at the SCF level, and this is the approx- 
imation we used. Therefore, all the results reported 
for isolated atoms and the related asymptotic expan- 
sion parameters are given at the SCF level for this 
system. 

High numerical accuracy of the calculations was 
required, and we use lower thresholds for neglecting 
the integrals, the convergence of the wavefunction 
and the convergence of the response equations than 
in standard shielding tensor calculations. For exam- 
ple, all the integrals are exact to 10-12. Most impor- 
tantly, there are significant basis set superposition 
errors (BSSE). We denote asGiSSE the difference 
between (+x (in X-O at R), that is the value of (+x 
computed in a supermolecule basis set where the 
ghost basis is placed at a distance R from the atom, 
and the shielding of the isolated atom. Thus, assum- 
ing an implicit R dependence 

6 BSSE = ux (in X-O at R) - (ox (isolated X) . X 

(7) 
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In practice, the role of the ‘ghost’ basis was often 
more significant than the interaction effect itself, so 
the change of the shielding was dominated by BSSE, 
which is an artefact of the calculation. Even with 
large basis sets (e.g. in test calculations using 168 
CGTOs for Ar-Na+) we have observed for many 
interatomic distances that SBSSE constituted over 
90% of the 6(R) obtained from the original defini- 
tion (21, with the isolated atom value taken as the 
reference. In the He-He and Ar-Naf calculations 
we discuss below, the BSSE contribution is for most 
internuclear distances (with the exception of the 
region where 6(R) changes sign for Na+) much 
smaller, but nevertheless significant. Therefore, we 
systematically apply the standard counterpoise (CP) 
correction for the BSSE and redefine 6(R) as 
S,( R) = a, (in X-Y at R) - ux (in X-O at R) 

(8) 
Only S(R) and A cr values corrected in this way are 
analysed in detail. 

Although by applying the CP correction for BSSE 
we improve the results significantly, it was not possi- 
ble to establish the 6(R) values with sufficient accu- 
racy at all distances. We therefore list the results for 
aBSSE and also for AoBSSE, which is defined simi- 
larly to SBSSE 

AoBssE = Au (in X-O at R) (9) 
(the anisotropy is zero for an isolated free atom). We 
note that a straightforward extension of the basis set 
does not solve the problem of BSSE as SBSSE may 
increase with the size of the basis set. 

For He we use a [lOs4p2d/6s4p2d] basis, with 6 
Cartesian d functions. The s orbitals are taken from 
Ref. [ 131 and the 3p2d set from Ref. [ 141. For a more 
accurate description of the shielding we have added 
a tight p function with the exponent derived using a 
geometric progression. 

For Ar and Na+ the initial s and p basis sets are 
taken from Partridge [ 151. We have added to the 
17~12~ Ar and 15~10~ Na+ sets diffuse s and p 
functions (using geometric progression for the expo- 
nents) and spherical d and f ANO-type functions 
[ 161. Our final basis is 18s13p4d3f for Ar and 
17s12p3d2f for Na+. 

In all the calculations, gauge invariant atomic 
orbitals (GIAO’S, London orbitals) are used (see 

Refs. [17,18] for details of the formulation we apply). 
Since in these calculations 6(R) values are small 
and the internuclear distances large, it is essential to 
make sure the results are gauge origin independent. 
All calculations have been carried out using the 
Hermit-Sirius-Abacus program system ‘. 

The accuracy of the basis sets can be estimated by 
comparing the computed atomic properties with liter- 
ature results. For the shielding, we obtain (recalling 
that we discuss full-C1 values for He and SCF results 
for Ar and Na+) gHe = 59.89462241, uAr = 
1237.65675689 and oNa+= 623.81649396 ppm. The 
SCF results are reproduced exactly to eight decimal 
places in the Ar and Na+ calculations with a ghost 
basis set. For He-ghost at the largest interatomic 
distance studied, the difference (due to numerical 
accuracy problems) does not exceed 3 X 10m6 ppm 
and can be neglected. To estimate the asymptotic 
behaviour of the shielding anisotropy the magnetiz- 
abilities of the isolated atoms are required. We find 
XHe = -0.3990, XAr = - 4.3396 and xNa+ = 
- 1.0689 au. The conversion factor for the compari- 
son with AU in ppm is - 3ce2 = - 3 X 53.25, since 
the asymptotic value of the Rw3 coefficient is -3x. 
We have also computed the values of B for He and 
Ar, which are 39.78 and 1243.81, respectively. 

These results for the isolated atoms, full-C1 for 
He and SCF for Ar and Na+, are in good agreement 
with available literature data (see e.g. Refs. [ 19-2 1 I>. 
As we compare our own values from the super- 
molecular calculation with our own values for the 
free atoms, we do not need to reproduce the best 
results exactly. For example, we cannot and need not 
use basis sets as large as in other works where only 
single atoms have been studied. 

For the He dimer, we may compare our results for 
the energies (CP corrected) with other calculations. 
We find the minimum of the interaction potential at 
R = 5.68 au and that the depth of the minimum is 

’ T. Helgaker, P.R. Taylor, K. Ruud, 0. Vahtras and H. Koch, 
HERMIT, a molecular integral program. H.J.Aa. Jensen and H. 
Agren, SIRIUS, a program for calculation of MCSCF wavefunc- 
tions. T. Helgaker, K.L. Bak, H.J.Aa. Jensen, P. Jtirgensen, R. 
Kobayashi, H. Koch, K. Mikkelsen, J. Olsen, K. Ruud, P.R. 
Taylor and 0. Vahtras, ABACUS, a second-order MCSCF molec- 
ular property program. 
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3.06 X 10e5 au. A fit to the long range part of the 
computed potential using Rm6 and Rd8 gives C, = 
1.461 and C, = 14.77. These numbers are in good 
agreement with accurate ab initio results, e.g. the 
corresponding values given most recently are Rmin = 
5.6165 au, depth 3.4789 X lo-’ au, C, = 1.461 and 
C, = 14.11 [22] (see also Ref. [23]). Since we are 
interested here in the shielding and not in the ener- 
gies, we did not attempt to extend the basis set, 
compute more points near the minimum or improve 
the calculated potential curve in any way. 

For the analysis of the shielding in He-He we 
have chosen the range of R 2 5.0 au and included 
5.6 au in order to have an idea of the behaviour at 
the van der Waals minimum. For Ar-Na+, we have 
chosen the R values starting from 4.0 au, where 
S(R) is large enough to be of experimental interest. 
We find the minimum at R = 5.53 au, in good 
agreement with other results [24]. 

3.1. Long range efsects on the anisotropy 

Our main results showing the effects of the inter- 
action on the shielding are given in Tables l-3. We 
start the discussion of the results with the anisotropy. 
It appears rather unlikely that a reliable description 
of the Rm4 or RM6 dependence of S(R) can be 
obtained without prior proper description of the Re3 

dependence expected for the anisotropy. An analysis 
of the results for A(+ should indicate how reliable 
results are to be expected for S(R), and also tell us 
in what region any R-” expansion can be suffi- 
ciently accurate. 

The long range dependence of the incremental 
anisotropy Aa is well reproduced by the expression 
- 3x/R3. In particular, for Acme the agreement is 
good, as shown in Table 1. We cannot neglect the 
basis set superposition effects, the convergence is 
clearly better when the results are counterpoise cor- 
rected. For A w-,, the convergence to -3x*=+ is 
very slow, and apparently the BSSE is too large to 
obtain reliable results in the region R = 14-20 au 
even with the appropriate correction. Finally, for 
AaN,+ the results converge well to -3x+ and as 
for He the CP correction leads to smoother conver- 
gence . 

3.2. Long-range efsects on the isotropic shielding 

In the He-He interaction, we have obtained a 
reasonably stable value of SR6 in the range 7.5 < R 
G 12 au (where the values of S(R) change by a 
factor of 20). For larger R, S(R) becomes smaller 
and R6 very large and we consequently loose accu- 
racy in the results. A better fit to S(R) is obtained 
using two parameters, Rm6 and R-*. Such a fit 

Table 1 
Long-range effects on the shielding of He in He-He interaction a 

R AU A,,BSSE AaR’ 6 sBSSE 6R6 

5.0 0.51913167 0.00014619 64.89 -0.00269019 - 0.00024540 - 42.0 
5.6 0.36533 156 0.00026878 64.16 -0.00169951 - 0.00026045 - 52.4 
6.0 0.29607333 0.00027125 63.95 -0.00128450 - 0.00024030 - 59.9 
6.5 0.23244685 0.00021477 63.84 - 0.00088794 -0.00019623 - 67.0 
7.0 0.18596677 O.OCO13678 63.79 -0.cm59954 -0.00014525 - 70.5 
7.5 0.15114323 0.00006535 63.76 - 0.00039908 -0.00010046 -71.0 
8.0 0.12451580 0.00001852 63.75 - 0.00026864 - 0.00006409 - 70.4 
8.5 0.10379894 - O.OOOOO229 63.75 -0.00018316 - 0.00004054 -69.1 
9.0 0.08743760 - O.CQOOQ752 63.74 -0.00012667 - 0.00002641 - 67.3 

10.0 0.06373957 - o.cOOcKJ3 19 63.74 - 0.00006524 -0.0ooo1003 -65.2 
11.0 0.047888 12 - 0.00000047 63.74 - O.OOcO3583 - 0.00000355 - 63.5 
12.0 0.03688575 - o.OOOOOO04 63.74 - 0.00002095 -0.OC000161 - 62.6 
15.0 0.01888516 o.oQoQooO0 63.74 - O.OOOOO502 -0.0OOQO154 -57.1 
cob 63.74 

a R in au, Acr, AcrBSSE, 6 and SBSSE in ppm. b Estimated from -3,yHe. 
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Table 2 
Long-range effects on the shielding of Ar in Ar-Na+ interaction a 

R AU daBSSE AuR3 6 gBSSE 6R4 

4.0 32.66541045 - 0.03534156 2090.59 - 20.006 12259 0.02326084 -5121.6 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
18.0 
20.0 
22.0 
26.0 
30.0 
35.0 
40.0 
50.0 
70.0 

100.0 
cob 

10.14942361 - 0.03702199 
4.67975953 - 0.02195822 
2.38244700 - 0.01456488 
1.2466494 1 - 0.01327481 
0.66639403 0.00522854 
0.37841416 0.01548811 
0.25011662 0.01144509 
0.18741379 0.00523539 
0.13857760 -0.00014303 
0.09528926 - 0.0055 1947 
0.06559183 - 0.00803830 
0.05029112 -0.00638017 
0.03852013 - 0.00059379 
0.02980252 0.00053314 

- 0.02202529 -0.00017738 
0.01255259 O.OWM23 1 
0.00776622 o.oQooooO0 
0.00466492 o.ooooooO0 
0.00301559 o.oooooQO0 
0.00146775 o.ooooooO0 
0.00050400 o.ooGQooO0 
0.00016504 o.otxQooO0 

1268.68 
1010.83 
817.18 
638.28 
485.80 
378.41 
332.91 
323.85 
304.46 
261.47 
221.37 
205.99 
224.65 
238.42 
234.53 
220.62 
209.69 
200.01 
193.00 
183.47 
172.87 
165.04 
170.76 

- 6.01060368 0.02473546 - 3756.6 
-2.71019613 0.0 1493098 -3512.4 
- 1.33110238 0.01002844 -3196.0 
- 0.65626763 0.00900956 - 2688.1 
- 0.3 1968797 - 0.00347857 - 2097.5 
- 0.16047048 - 0.01039662 - 1604.7 
-0.09721228 - 0.0077 1593 - 1423.3 
-0.07105157 -0.00356121 - 1473.3 
- 0.04978885 0.00004433 - 1422.0 
- 0.02928426 0.00364266 - 1125.0 
-0.01579421 0.00533205 - 799.6 
-0.01044439 0.00423585 - 684.5 
- 0.00939332 -0.00039103 -986.1 
- 0.00795412 - 0.00035620 - 1272.7 
- 0.00570766 -0.00011833 - 1337.1 
- 0.00290787 -0.OOOOO154 - 1328.8 
-0.00161202 0.00000000 - 1305.7 
- 0.00085827 o.oooooooo - 1287.9 
- 0.00049874 o.oooooooo - 1276.8 
- 0.00020223 o.oooooooo - 1263.9 
-0.00005214 0.00000000 - 1251.9 
-0.00001242 0.00000000 - 1241.7 

a R in au, Aa, AcBSSE, S and SBSSE in ppm. b Estimated from -3,yNa+. 

Table 3 
Long-range effects on the shielding of Na+ in Ar-Na+ interaction a 

R AU Au BSSE AuR’ 6 6 BSSE 

4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
18.0 
20.0 
22.0 
26.0 
30.0 
35.0 
40.0 
50.0 
cob 

78.98264027 0.003420 13 
21.38085845 0.00239533 

6.52605775 0.00202425 
2.65907427 0.00 130643 
1.47457752 0.00070063 
0.97608 183 0.00053839 
0.69987974 - 0.00020334 
0.52328840 - 0.00072321 
0.40240224 -0.00076619 
0.31626153 - 0.00055535 
0.25308168 - 0.00030822 
0.205675 11 - 0.00013579 
0.16941697 - 0.00004872 
0.11894456 - 0.00000370 
0.08669252 -0.00oooo15 
0.065 12265 -0.OOOOOO01 
0.0394463 1 O.OOooOooO 
0.02567582 0.00000000 
0.01616821 0.00000000 
0.01083122 O.oOooOooO 
0.00554555 0.00000000 

5054.89 
2672.61 
1409.63 
912.06 
754.98 
711.56 
699.88 
696.50 
695.35 
694.83 
694.46 
694.15 
693.93 
693.68 
693.54 
693.43 
693.31 
693.25 
693.21 
693.20 
693.19 
693.25 

- 45.27007427 - 0.00229738 
- 10.40679798 -0.00184903 

- 2.14042934 -0.00147655 
- 0.39575729 -0.00091946 
- 0.06773 120 - 0.00044103 
-0.01088551 - 0.00030901 
- 0.00145872 0.00017196 
- 0.00001295 0.00050237 

0.00012442 0.00052142 
0.Oc0O9115 0.00037545 
0.00006833 0.00020786 
0.00005877 0.00009163 
0.00004935 0.00003303 
0.000029 11 O.OOOOO259 
0.00001779 0.00000012 
0.00001286 O.OOOOOO0l 
O.OC!OOO68O 0.00000000 
0.00000406 O.OOOOOOOO 
O.OOOOO228 O.OOOOOOOO 
0.00000138 0.00000000 
O.OOOOOO58 O.OOOOOOOO 

a R in au, Au, AuBSSE, 6 and SBSSE in ppm. For a discussion of 6(R) see the text. b Estimated from -3,~~~. 
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gives -55 for the Re6 coefficient. This value is still 
somewhat larger than expected from the simple esti- 
mate (61, -BC,/a is = - 42. It remains to be seen 
how accurate this estimate is, in particular how 
B(--iw; io, 0, 0) depends on iw. 

The dependence of S,, on interatomic distance is 
shown in Table 2. In the region where SBSSE is too 
large (R = 14.0-20.0 au) the convergence pattern 
breaks down. Similarly to Am*,, the accuracy of the 
results appears to be lower in this region. However, 
it is evident that for very large values of R we 
obtain an Re4 dependence, and a two parameter fit 
(R-4 and R-6> gives - 1238 as the first coefficient. 
This value is in excellent agreement with our BAr = 
1243.81. 

For aNa+ the expected Re6 dependence resulting 
from the dispersion interaction cannot be reproduced 
within the SCF approach. We observe at long range 
an asymptotic RW4 dependence, with a very small 
coefficient (= 3.6). We attribute it to an artefact of 
the calculation, namely errors due to incompleteness 
of the basis set. According to Hansen and Bouman 
[ 11 I, various terms asymptotically dependent on R-* 
should cancel out, but it does not happen for incom- 
plete basis sets. Apparently, for spherically symmet- 
ric interacting systems the first such terms arise for 
Rm4, and in the absence of other nonzero contribu- 
tions this is what we observe. 

4. Conclusions 

We have studied the effect of the long-range 
interaction on the shielding in atom-atom and atom- 
ion systems. The results obtained from supermolecu- 
lar calculations exhibit the expected asymptotic con- 
vergence behaviour. The R-” expansion coefficients 
compare favourably with values derived when the 
interatomic interaction is treated as a perturbation. 
However, the simplest formulas expressing S(R) 
using one-term expansions are valid only for large 
interatomic distances and small values of S(R). At 
least two terms in the R-” expansion must be used 
to reproduce the calculated results for smaller R. For 
example, for S,, (R = 4.0) we obtain - 5.2 ppm 
from the asymptotic formula using only the RW4 
term, whereas a two-term expansion yields - 19.3 

ppm, in good agreement with the value calculated for 
the Ar-Na+ supermolecule, -20.0 ppm. 

From the experimental point of view, it is more 
interesting to consider the results at smaller inter- 
atomic distances. The supermolecular calculations 
are simpler for this region because the effect of the 
interaction is large and one can neglect the basis set 
superposition errors. On the other hand, the interpre- 
tation of the results is more difficult since one cannot 
treat the interaction as a weak perturbation. 

For the interaction of neutral rare gas atoms there 
is a significant difference between the region of 
small interatomic distances and the asymptotic re- 
gion of large R. In the first, as shown by Jameson 
and de Dios [5,6] for the Ar-Ar interaction, large 
values of 6(R) are obtained at the SCF level (we 
obtained similar results for Ar-Ar in test SCF calcu- 
lations). The dispersion effects are not accounted for 
at the SCF level of approximation for the energies 
and are thus absent when a version of the Hartree- 
Fock perturbation approach is used to calculate the 
shielding. This suggests that S(R) is mainly due to 
overlap and exchange effects and it may be appropri- 
ate to assume for this region an exponential decrease 
of S(R) typical for these effects. It has been noticed 
previously [25] that one should not attribute effects 
observed in SCF-type calculations to dispersion. 

On the other hand, in the region of large intemu- 
clear distances the effects vanishing as R-” will be 
dominant. The idea underlying the derivation of R-” 
expansion coefficients by Jameson and de Dios [5,6] 
and our Eq. (6) was to account for dispersion effects, 
and these are automatically taken care of in super- 
molecular calculations that include correlation. For 
large R it is hence appropriate to describe 6(R) 
using a fit of the form R-” with the coefficients 
related to C,. 

In the case of atom-ion interactions, the SCF 
approximation is capable of describing the dominant 
induction terms. However, for a given atom interact- 
ing with various ions in the range where S(R) can 
be expressed by the asymptotic formula using the 
Rm4 term, the effect should depend only on the 
charge of the ion. Apparently, this is not so for the 
Xe-ion systems considered by Freitag et al. [8], 
where Sx, behaves in a different way for each 
singly positive ion. One possibility is that in this case 
the short-range overlap and exchange effects cannot 
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be neglected. Another possible explanation is that 
just as in our Ar-Na+ calculations, at least two 
terms of the long-range asymptotic expansion of 
6(R) should be included in the region of interatomic 
distances where 6(R) is large. 

Finally, as there are numerous recent studies of 
shielding polarizabilities (see e.g. Refs. [7,26] and a 
review [27]), we want to point out that the shielding 
polarizabilities are more useful than it may appear 
from this work. In the case of molecule-molecule 
interactions the effects on the shielding are different 
from those analysed here. They are much larger 
because of lower symmetry, nonzero multipole mo- 
ments and nonzero susceptibilities of the interacting 
subsystems, and they may presumably be well de- 
scribed using asymptotic formulas derived from ap- 
propriate long-range perturbation expansions. 
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