The nuclear magnetic shielding as a function of internuclear separation
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Ab initio calculations of nuclear magnetic shielding surfaces for 2*Na in the NaH molecule,
3Ar in ArNe, 2!Ne in NeHe, and *Ar in Ar---NaH are carried out over a wide

range of internuclear separations, using a local origin method (LORG) which damps out the
long-range errors due to incomplete basis sets. The R dependence of the intermolecular
shielding in the attractive region of the potential in these systems and in Ar---Ar and
Ar---Nat are consistent with the long-range limiting forms associated with the shielding hy-
perpolarizability in conjunction with a mean square electric field approximation. The Cl and
F shieldings over the range of nuclear displacements spanning the classical turning points of
the ground vibrational states of CIF and F, are found to be remarkably superposable upon
scaling by the factors (a3/r*) - R,. This holds as well for CIH compared with FH. The shield-
ing of *Na and ’Li in NaH and LiH molecules are almost superposable. These and the scal-
ing of the intermolecular shielding in rare gas pairs indicate some general similarities of
shielding surfaces. The systematic variation in the signs and magnitudes of the first derivative
of X nuclear shielding at the equilibrium geometry in XH, molecules of the first and second
row of the Periodic Table are shown to be consistent with a general shape for the shielding
function o(R), which we have found in rare gas pairs and for *Na in NaH.

I. INTRODUCTION

The nuclear magnetic shielding is a function of molec-
ular geometry. The mathematical surface which describes
the nuclear shielding in terms of various parameters of
molecular geometry, such as internuclear separations, is
itself not directly observed in experiments. However, it re-
veals itself in several observables such as the density coef-
ficient of the NMR (nuclear magnetic resonance) chemical
shift in gases, the temperature dependence of the chemical
shift in the vibrating rotating nearly isolated molecule, and
the mass dependence of the chemical shift (the so-called
isotope shifts).? In condensed phases there are gas-to-
liquid shifts or solvent shifts, matrix-induced chemical
shifts, site-dependent shielding tensors in crystalline solids,
and adsorption shifts in adsorbed species. In the interpre-
tation of these various data, the problem can be viewed in
two parts which are intimately connected: First is the
shielding surface itself for the system in question: second is
the appropriate sampling of this shielding surface during
dynamic processes such as collisions in the gas phase, rovi-
brational motion, site-to-site hopping, or fast exchange in
physisorbed phases.

Some intramolecular shielding functions have been in-
vestigated in the immediate vicinity of the equilibrium ge-
ometry of small molecules,>"° revealing first and second
derivatives with respect to displacements from equilibrium
nuclear positions. However, apart from the 'H shielding in
the H; molecule,!! only the PN shielding as a function of
the inversion coordinate in the NH; molecule has been
calculated for a wide range of values of the coordinate.’

In this paper we will consider the shielding surface for
various two-atom systems, the simplest cases in that they
involve only one geometrical parameter, the internuclear
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separation. We examine their similarities and differences,
with the goal of gaining some insight into the general fea-
tures, if any, of the shielding as a function of internuclear
distance.

1. THE SHAPE OF THE INTRAMOLECULAR
SHIELDING FUNCTION IN DIATOMIC MOLECULES

We have determined the form of the intermolecular
shielding function for 3*Ar in Ar- - Ar over a wide range of
separations (0.5-7 A) 12 and noted its similarity to the in-
tramolecular shielding function for 'H in the H; molecule,
which had been calculated accurately from 0 to 22 a.u.!!
From the large positive united atom value, the shielding is
seen to decrease until it reaches a minimum which occurs
at an internuclear separation much shorter than the ry of
the potential function. The shielding from this point as-
ymptotically approaches the value for the isolated atom,
exhibiting a behavior close to R %% at large distances. The
close resemblance exhibited by the intermolecular shield-
ing functions for the rare gas atoms (in Figs. 2 and 11 of
Ref. 12) to this intramolecular shielding function is truly
intriguing. Moreover, the R dependence of the shielding in
the HY molecule at separations longer than the internu-
clear separation at which the minimum in the shielding
function occurs is surprisingly similar to that of the argon
dimer system. As shown in Fig. 13 of Ref. 12, the intramo-
lecular shielding function in this region behaves as R0,
However, 'H shielding is not typical of most nuclei, so we
need to investigate heavier nuclei in diatomic molecules. In
order to determine the shape of the intramolecular shield-
ing function for a diatomic molecule, it will be necessary to
do calculations of g(R) over a wide range of R values. In
molecules such as HF or F,, the derivative of the shielding
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FIG. 1. The Na shielding surface for the NaH molecule, calculated
using the LORG method.

function at the equilibrium geometry is n«aga.tive.m’13 This
means that if the shape of the o(R) function is indeed
similar to that for °Ar in Ar,, the shielding must decrease
further, reach a minimum, and start to increase again to-
ward the separated atom values, all in the region of R
values greater than the equilibrium separation. Unfortu-
nately, in these molecules, the minimum shielding cannot
be observed in the calculations because the separated enti-
ties are non-S states of the atoms. At large internuclear
separations the orbital paramagnetism of the ground state
F atom comes into play, leading to very large negative
shielding values and a minimum in the shielding function
in not observed. If one is to observe the true shape of o(R)
in a diatomic molecule, it will have to be in those systems
which dissociate into S-state atoms and/or in which the
derivative of the shielding is positive at the equilibrium
geometry. One can then investigate R values shorter than
the equilibrium separation and there should be no problem
in doing this, unless, of course, the minimum shielding
occurs at distances so short that avoided crossings with
higher energy potential surfaces complicate the picture.
Diatomic molecules that are known to have positive shield-
ing derivatives at R, and are therefore likely candidates,
are NaH and LiH. The latter has a fairly short R, and we
did not observe any minimum before reaching 0.5 A. We
did obtain the shielding function of *Na in NaH, shown in
Fig. 1. We see that the shape is indeed similar to that for
3 Ar shielding in Ar, and for 'H shielding in H;* molecule.

For the calculation of the intermolecular shielding, it is

2209

even more important to damp out the errors which result
from incomplete cancellation of large positive and negative
long-range contributions. In calculations of magnetic prop-
erties, this is known as a gauge origin problem. For these
reasons, we have chosen a local origin method that effec-
tively damps out the errors in calculating the long-range
contributions to the diamagnetic and paramagnetic terms
and which can be extended to include second-order corre-
lation contributions. The localized orbital local origin
(LORG) method developed by Hansen and Bouman'4 and
second order LORG (SOLO)!® were used in this work. In
previous calculations using LORG®’ we have found that
basis sets for atoms in the second row of the Periodic Table
should include a standard triple zeta plus three d polariza-
tion functions in order to achieve acceptable accuracy.
Therefore, for this paper, we have used a 6-311G basis plus
three d polarization functions. GAUSSIAN 8s!® provided the
SCF results which served as input to the LORG calcula-
tions using RPAC 8.5.17 All results presented in this paper
were obtained using LORG, except for the previously re-
ported SOLO calculations on Ar, and ArNa.*!?

lli. THE EFFECTS OF CHARGE ON SHIELDING, THE
LONG-RANGE LIMIT

Whereas we have shown that the shielding for ¥°Ar in
Ar, behaves as approximately R ~%%7 at intermediate inter-
nuclear separations (in the range of R values 2 to 4 A),
and the 'H shielding in Hy" molecule has a R ~%° behavior
at large separations (7 to 22 a.u.), there is a somewhat
different behavior, which we attribute to the contributions
of induction to the shielding, when electrical charges are
involved. For example, let us compare °Ar shielding in
Ar---Ne with that in the isoelectronic Ar---Na™ in Fig. 2.
The ArNa* results were reported earlier,’* whereas the
ArNe results are from this work. From a plot of log[c( 0 )
—o(R)]/ppm vs log(R/A), we find that the approach of
o(R) to the separated atoms value is approximately R~ >4
for *Ar in ArNa* in the range R=1.5 to 5 A, whereas it
is (typical for rare gas pairs) approximately R~ for
3Ar in ArNe (in the range R=2to 4 A). An understand-
ing of the differences in the R dependence can be gained
from the expected functional forms of o(R) in the long-
range limit.

The long-range limiting behavior in these systems can
be modeled by considering the effects of the neighboring
atom or ion on the 3°Ar shielding in terms of the electric
fields F, created by the neighbor at the position of the
3 Ar nucleus. The shielding of a nucleus in the presence of
an electric field is given by!$2°

do
Opy=0 " 4+ (————) F p
aa aa aFY F7=o

N ( 3%0 4y

m FgF . (1)

)FE=F7=O

We may further include the effects of electric field gradi-
ents F.g
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FIG. 2. The ab initio ®Ar shielding surfaces [o(R)—0o( w0 )] for the
isoelectronic systems Ar---Ne and Ar:--Nat. The behavior of these
functions at intermediate to large R are shown to be close to R~% to R~%
and R~*, respectively, consistent with the mean field model [see Eqs. (11)
and (15)].

aaaa)

F + “ee
(BF vB
8 Fg=0

For an Ar atom, the first derivatives of shielding with re-

spect to the electric field (the shielding polarizability, a

term coined by Dykstra®""??) vanish by symmetry,

(8a,m) 0 2)
JF, F,=0 )

For an isolated atom there are only two independent sec-
ond derivatives (shielding hyperpolarizabilities). One cor-
responds to By|| F, ie.,

3%0,x

R 2y _ (2) ___(2)

(GF ) _a'(‘x:x:x"ayy,y,y—azz,z,r (3)
F =0

The other corresponds to Byl F, i.e.,

(2) _ 2 _ 2y __ _(2)
Oxxyy= Oypyzz— Oxx,22= 22,97 Opyx.xe (4)
In an external uniform electrical field, the shielding of an

atom is given by

AR

(xx component):

Uxx_0(0)+ U)(cfc,)x x+2 g)y y g?z,zF 2.
(5)
There are no cross terms in the electric field components
since derivatives of the type ag)xz vanish for an atom.
We now consider the situation in which the electric
field is due to a neighbor atom, ion, or molecule. R being
the vector from the origin of the 1 (the NMR nucleus) to
2 (the neighbor), the electric field at point 1 due to a
charge at point 2 is given by*

Fio=—V, (qRE)__R R_3q2, (6)

and if other electric multipoles are present at point 2, the
electric field at 1 is given by,

10=q2(—R,R ™) +1135(3RRg— R*8 ) R™°
—3 035/ [5RReR,~R*(R,8p,+RpSa

+RBup) IR+ (N

Therefore, the long-range limit of the shielding for 3°Ar in
the presence of Na™, relative to the free Ar atom, is

(xx component):

0) @ 2) 11,0
[Gxx_a( =30 xx,)x x+2 U( xx,p, y fvx,)z,th ( )
8

which becomes

1o@ EXR 40P, B(PP+ZHR™ 64+, (9)

where X, Y, and Z are the coordinates of position 2 relative
to the ¥Ar nucleus at the origin of the atom at 1 when the
Na™ ion is approximated at long range by a point charge.
Similar expressions hold for the yy and the zz components
of the ¥Ar shielding. If we are observing only the isotropic
shielding oy, then the 1-2 pair at a fixed separation R is
considered to be tumbling freely in the magnetic field B,,.
Therefore, where

1
Tiso=3 (Uxx+ayy+au)’
we have

[O'iso'-a‘i(s(c)))]=% % glz_’_ zszzzc, %R—4+'“' (10)
For a 'H nucleus in a hydrogen atom at a distance R from
a point charge g,, the quantities in Eq. (10) including all

inverse powers from R~ up to the R™® terms have been
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calculated exactly by Musher.?* To Eq. (10) must be
added the long-range terms also present even in the ab-
sence of a charge or multipole on 2, as for the 3 Ar nucleus
in the ArNe system;

(0)y _1 _& 1

1 _(2) (2)
[Uiso —0Oiso 1=73 [2 0zz,z,z+ Oz, %x

QAr Qar

x(cs—scﬁcN°)R-8—~--]. (11)
QaNe

The two terms inside the square brackets provide the mean
square field arising from the quantum mechanical disper-
sion term, which we had previously approximated by the
London formula  ay, [Ua,Une/ (Uar+ Une)] R™6 in Ref.
12. Here Cz and Cy are the coefficients (negative quanti-
ties) of the dispersion terms in R~® and R~% for the
Ar---Ne system. The last term in the square brackets is the
mean square field due to the effective mean quadrupole
moment, where Cy, is the electric quadrupole polarizabil-
ity of the atom.?® The relation of the mean-square field to
the dispersion energy of a pair of interacting atoms goes
back to the work of London,?'s’26 and more recently, Buck-
ingham and Clarke.?’

What about the electric field gradient term? The deriv-
atives (90,,/0F ,5) =0 aT¢ subject to the same symmetry
rules as are the second derivatives with respect to fields
F,Fg. Thus for ¥Ar,

(1) _ (1 (1)

Oxxxx™ Oypyy™ Ozzzm
(1) __ (1) __ (1) __ (1) __ (1) _ (1)
Oxxyy=Tpp,zz= Tz xx™ Oxx,zz= O 22,5y = O py.xx (12)

and derivatives of the type aft,lc,)xz are zero. The electric field
gradient at 1 due to an electric charge at 2 is given by

(13)

The shielding terms due to the electric field gradient cre-
ated by the Na™ ion at the **Ar nucleus are therefore of the
form

FlaB=VaFlB= _q2(3RaRB_R26aB)R_5' ,

o4l — 23X — R} R

XX,XX

+oll I —g,(3Y2+3Z2—2R%)R™T].

xepp (14)

These contributions to individual tensor elements, as in Eq.
(14), were first considered by Buckingham and Lawley.?
The contribution to the isotropic average shielding is one-
third the sum of three terms of this type, which vanishes.

Therefore, the isotropic shielding of 3°Ar in Ar---Na*
in the long-range limit is

0
[Ois0— ai(so) Iso Ar

. c
=%{%0§22,3:,z+ o. S,L,x}m qiza+-R _4—a— RS
Ar
1 Cna+
—— | C3—5C, R8_...01 15)
Qpr ( 8 6 CZNa"’) (

We can see the long tail of this function in the R™* term.
Not surprisingly, the ab initio shielding function for the

R6—— .

*Ar---Na* system has a R~>* dependence in the range
of R=1.5to 5 A, becoming R~* for the larger R values in
this range, whereas the ArNe system has a R ~67° depen-
dence in the range of R=2 to 4 A.

A similar situation holds for the 2*Na shielding in the
Na™ ion in the presence of H™ ion in the long range limit.
The electric field gradient terms at the 2Na nucleus due to
the induced dipole at position 2 (H™ ion) generated by the
presence of charge g; (Na% ion) can be considered, but
here too, the sum of the electric field gradient contributions
to the three components of shielding vanish. Thus in the
long range limit of the separated ions, the same expression
given in Eq. (15) holds for the *Na shielding in
Na™:--H™ except that one should replace *’Ar by 2Na
and Na™* by H™. Furthermore, one should add to Eq. (15)
those terms involving the electric field at Na*t created by
the electrical moments induced at H™ by the Na™ ion. The
first nonvanishing term of this type is a3g?R™1%+4---,
where the subscripts 1 and 2 refer to Na™ and H™, respec-
tively. The shape of the ab initio 2*Na shielding function in
the NaH diatomic molecule does have a long tail, i.e.,
R~2%in the vicinity of r,and up to 3.6 A, going to R~* at
longer range, similar to that for 3Ar in Ar---Na™. In the
electronic ground state of the NaH molecule, there is some
mixing of the ionic Na*tH™~ limit even at R=r,%° This
explains, in part, the similarity of the 2°Na shielding func-
tion for the NaH molecule with that for ¥Ar in ArNa™.

Let us consider *°Ar in Ar---NaH (collinear) in order
to examine the effect on the shielding of the electric dipole
moment of a neighbor molecule. By modifying the length
of the NaH bond in this system we have observed the
dependence of the shielding on both the magnitude of the
dipole moment and the internuclear separation. For *°Ar
in Ar---NaH (collinear), the long-range limiting behavior
due to the dipole moment of NaH can be derived from Eq.
(nN.

We consider the isotropic tumbling of the collinear
system in the magnetic field. Once again, the sum of the
contributions to the three components of shielding van-
ishes for the electric field gradient term. Thus we have, for
the collinear Ar---NaH system in the long-range limit, 2730

0 irl (2 2 2p—6
[ Oiso— ai(so) lar =§{50' ;z,;z'*' o, iz,i, x}Ar : ‘4/-"2R

C 1
+22R B4 S R-6_—
oy oy

G
X (08—506 —)R‘S— e ] (16)
a;
The ab initio shielding values of *Ar in the Ar:--NaH
system is shown in Fig. 3 where it is easily seen that the
R~% dependence in the range R, >2.5 A is more like
that which is found for ®Ar in ArNe than the R~3** found
in ArNa*. By adjusting the Na—H bond length the electric
dipole moment of NaH can be tuned. This provides us with
the dependence of the ab initio shielding of °Ar on the
electric dipole moment. [0(R) — (o0 )] of **Ar behaves as
expected from the long-range dependence on the square of
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TABLE I. *Ar nuclear shielding [0(R) —o( o )] as a function of ArNa
distance and the dipole moment of the isolated NaH molecule.

R(Ar-Na), A [o(R)—0( )]

fran D 64498 67155 p,=69898 7.2727  7.5637
2.0 —3459 -—32.86  —3141  —3032 —29.43
2.1 —30.09 —28.59  —2740  —2645 —25.67
2.3 —2247 —2129  —2037 —19.63 —19.03
2.6 —13.46 —12.7 —12.10 —11.62 —11.25
2.9 —7.56 —7.21 —6.86 —6.58 —6.38
3.05 —5.40 —5.13 —494  —4.80
32 —43 —4.04 —3.85 —371 =361
3.5 —239 —226 —2.16 —2.10  —2.05
4.0 —098 —0.94 —0.92 —090 —0.90
5.0 —043 —043 —0.44 —0.44 —045
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FIG. 3. The ab initio **Ar shielding surfaces Ar***Na™ and Ar-**NaH
(collinear) show ~R~* and ~R~° behavior at large R, as predicted by
a mean field model [see Egs. (15) and (18)].

the dipole moment. At a distance of 5 1°\, the intermolec-
ular shielding, [0(R) —0( 0 )] of *Ar is —0.44 ppm in the
Ar---NaH system and only —0.06 ppm in the Ar---Ar
system. Clearly the 4u® term is dominant at this distance.
On the other hand, at shorter distances, as shown in Table
I, there is a greater deshielding at the Ar interacting with
the NaH molecule having the smaller dipole moment. We
also note in Fig. 3 that inside of 3 A, the NaH molecule
with the additional two electrons provides greater deshield-
ing at ¥Ar than does the bare Na™ ion.

The R dependence of the ab initio shielding functions
in the long-range limit for a rare gas atom in the presence
of a neighbor is thoroughly consistent with the mean field
model. Electric field gradient terms may be important for
intermolecular shielding in molecular systems but they
play no role in the isotropic average shielding of a rare gas
atom in a medium. Finally, the charge distribution at the
neighboring molecule or atom has a profound effect on the
intermolecular shielding function.

1V. SCALING OF THE SHIELDING FUNCTIONS

Now that we have seen the general shapes and have
related the long-range tails to the appropriate limiting
forms at large R, let us consider how the magnitudes of
various shielding functions are related to each other. There
are several indications that scaling of the shielding func-
tions might be possible. One is that the R dependence of
the intermolecular shielding in various rare gas pairs ap-
pear to be nearly the same. For the range of R values
greater than that corresponding to the minimum in the
shielding function, the loglo(w)—0o(R)l/ppm vs
log (R/A) plots reveal that *°Ar in Ar---Ar, *Ar in
Ar---Ne, *'Ne in Ne'--Ne, and 2!Ne in Ne---He have
~R™867 _R67 _R57 and ~R~7* dependences,
respectively. We have proposed and found both theoretical
and experimental support for the following scaling factors.
First, there is the scaling which is suggested by the mean
square electric field at position 1 due to mutually induced
dipoles at atoms 1 and 2 as given by the London expression
2 a,[U,U,/(U;+U,)IR™®. This suggests a scaling factor
of the form o,U,U,/(U,;+U,) in comparing one 1-2 pair
with another 1-2' pair of rare gases in the relevant range of
R values sampled by exp[— V(R)/kTT] at 200400 K. We
see that this approximation holds reasonably well in the
I Ar shielding in the systems ArNe and ArAr in Fig. 4.

In this figure the R axis has been scaled by 7y [the
separation at which V' (R)=0] for the rare gas pair poten-
tial function. The rationale for this is that the rare gas
potential functions are very nearly conformal with scaled
parameters £ and r;. Although the shapes of o(R) are
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FIG. 4. The ab initio *Ar shielding surfaces for Ar‘**Ne and for
Ar* " Ar, scaled by the factor a, U U,/ (U 4+ U,).

clearly reasonably close, the scaling along the R axis is not
ideal.

Another scaling can be applied when the shielding of
different nuclei are compared to each other. This is crucial
to our interpretation of **Xe shielding, which we are un-
able to directly calculate at present. The factor (a3/7) - a
for the atom bearing the NMR nucleus was suggested in
Ref. 12 as a scaling factor for what is effectively the qua-
dratic response of the shielding to an electric field,
{3 al2),+02), .} The polarizability a provides the re-
sponse of the electron distribution of the atom to the elec-
tric field and the {(a3/7*) factor provides a measure of the
sensitivity of the shielding to any changes in the electron
distribution. The gross sensitivity of different nuclei to
changes in electronic distribution in going from one mole-
cule to another is reflected by the ranges in NMR chemical
shifts. The periodic behavior of the experimental ranges in
chemical shifts of nuclei has been shown to agree reason-
ably well with the periodic behavior of the (a3/ r3),,p values
obtained from the spin orbit splittings of the corresponding
free atoms.*! Thus the sensitivity of the shielding of a nu-
cleus (in comparison with other nuclei) to changes in elec-
tronic environment is reflected by the value of (a3/7*),,.
Altogether, the scaling factor we proposed is [{ay/
7Y np* @(0))105(0) Uy Uy/ (U + Uy). The ab initio PAr
shielding in the Ar---Ar system scaled down to Ne---Ne
compares very favorably with the ab initio *'Ne shielding
values in Ne- - Ne for the range of values R/r;, > 0.70."
In fact, in the region ~0.87) <R <ry;, where exchange and
overlap effects dominate the [0(R) —o (free atom)] func-
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FIG. 5. The *'Ne intermolecular shielding in Ne* - He is compared with
the **Na shielding in the isoelectronic diatomic molecule, NaH. The ver-
tical scales are related by the values (a3/r*) np in the Ne and Na atoms as
a measure of the shielding sensitivity.

tion, the scale factors convert all four ab initio shielding
functions (for Ar in Ar'--Ar, and Ar---Ne and the
2INe shielding functions in Ne---Ne and Ne---He) into
reasonably good facsimiles of each other. Furthermore, the
scaling factors convert the **Ar in Ar, shielding function to
approximate functions for '*Xe shielding that reproduce
fairly well the magnitudes and the temperature depen-
dences of the experimental second virial coefficients of
129Xe nuclear shielding in the XeAr, XeKr, and XeXe sys-
tems that have been in the literature for many years,*
without the use of any adjustable parameters.'?
Incidentally, we can apply the {a}/7*) scaling for a
comparison of the shielding of »*Na in the NaH molecule
with the shielding of ?!Ne in the isoelectronic intermolec-
ular system NeHe. In Fig. 5 we choose to scale the R axis
to R,, since this is the relevant characteristic distance in the
NaH diatomic molecule. The object of this comparison is
to note the relative magnitudes of the shielding changes
accompanying the changes in intramolecular geometry as
opposed to changes in intermolecular separation. Since
these two are not observed in the same nucleus, the
ab initio shielding surfaces are scaled by the factor (ad/
I Y»p to put both nuclear shieldings on the same footing.
That is, the vertical scales in Fig. 5 are related to each
other by the ratio {a3/7) np for the Na and Ne atoms. This
is again based on the well-established empirical relation
between the periodic behavior of ranges of chemical shifts
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FIG. 6. The shielding surfaces of nuclei in analogous diatomic molecules
in the vicinity of the equilibrium geometry, in the range of nuclear dis-
placements spanning the classical turning points of the ground vibrational
state. The equilibrium bond lengths are 1.4223 and 1.628 A for F, and
CIF (Refs. 33,34), 0.9169 and 1.2746 A for FH and CIH (Refs. 35,36),
and 1.594 and 1.889 A for LiH and NaH (Refs. 35,37).

and of (a}/r) np for the free atom. Figure 5 provides the
not surprising result that the magnitudes of shielding
changes due to intermolecular interactions are consider-
ably smaller than the shielding changes upon modification
of intramolecular separations.

In a further study of the possible scaling of two-atom
shielding functions, we examined the shapes of the shield-
ing surfaces of diatomic molecules in the vicinity of the
equilibrium geometry. These calculations were carried out
using LORG and 6-311G basis sets with three added po-
larization functions of d type. Whereas the intermolecular
shielding function in the range R=0.7r, to 3-4r, was
found to scale by the factor {(a3/r°) - @ of the atom bearing
the NMR nucleus, the change in shielding in diatomic mol-
ecules relative to the shielding at the equilibrium geometry
appears to scale by the factor {(a3/7*) - R, in the range of
nuclear displacements spanning the classical turning points
in the ground vibrational state. To show this, we compare
in Fig. 6 different magnetic nuclei bonded to the same kind
of atom, for systems in which the nuclei are related in the

C. J. Jameson and A. C. de Dios: NMR shielding

Periodic Table, so that the diatomic molecules are analogs.
We do not yet fully understand the scaling by the factor R,,
but we suspect that the R, scaling of [0(R)—o(R,)] is
telling us something profound about the relationship be-
tween the electron distribution (as seen by the magnetic
nucleus) and the equilibrium geometry. This may be anal-
ogous to the Herschbach—Lawrie general parametrized
form of second, third, and fourth derivatives of U(R) for
diatomic molecules, all of which depend on R,.>® However,
the profound connection, if there is one, escapes us at the
present time. These comparisons are possible only for an-
alogs and should be done with caution. Nevertheless, the
superposability of the curves for different nuclei in Fig. 6 is
quite impressive and the observed scaling again reinforces
the similarities in the nature of the general shape of the
shielding function.

V. THE RELEVANT REGION OF CONFIGURATION
SPACE AND THE SIGN OF THE DERIVATIVE (do/dR)
IN THAT REGION

The shielding that is observed experimentally depends
on the relevant region of the shielding surface over which
the averaging takes place. In Fig. 7 we attempt to show the
relationships between the portion of the o(R) function
that is of importance, and the potential energy function
V(R) which governs the averaging over the appropriate
range of R values. The unit of energy in each subfigure is
Kelvin, to indicate which portion of the potential function
becomes relevant in the sampling of o(R) at any given
temperature. The progression of the “active” range of R
values across the o(R) function in going from 'H in the
H;" molecule, to *Na in the NaH molecule, to *Ar in
ArNa* and in Ar,, provides different samplings of gener-
ally the same shape of g(R) function.-

Although we cannot calculate the entire shielding
function for nuclei in most diatomic molecules {for reasons
stated earlier), we believe that they all nevertheless have
shapes similar to those shown in Fig. 7 (excluding contri-
butions from orbital paramagnetism in non-S systems).
We offer as evidence the variation of the sign of the deriv-
ative of the shielding at R,, (do/dR).,, among the hy-
drides of the first two rows of the periodic table. The
change in sign was first noted by Chesnut.® For both first-
and second-row hydrides, the shielding derivative starts
out to be positive and small at the alkali end of the periodic
table. A slight increase in the shielding derivative is ob-
served upon going to the hydrides of the alkaline earth
metals. Then a decrease in the derivative is observed upon
going to boron and aluminum hydrides. This drop in the
shielding derivative continues on, such that at the halogen
end of the periodic table, it is generally negative and large.
An explanation for this periodic trend has been proposed
by Ditchfield'® and, also, by Chesnut.® The difference in
sign as observed between hydrogen halides and alkali hy-
drides was attributed to the change in the direction of po-
larization as dictated by the electronegativity of the heavy
atom in the hydride. Our explanation for these trends sug-
gests itself when the equilibrium bond lengths in these hy-
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FIG. 7. The shielding surfaces, inter- and intramolecular, have qualitatively similar shapes. Potential functions are from Wind (Ref. 39) (H3"), Giroud
and Nedelec (Ref. 37) (NaH), Viehland (Ref. 40) (ArNa™), and Aziz and Chen (Ref. 41) (Ar,). The shielding surfaces are from Hegstrom (Ref. 11)

(H3"), Ref. 12, and this work.

drides are compared. In Fig. 8 we plot the shielding deriv-
atives (do*/dR)., vs the equilibrium X-H bond length.
The similarity between intermolecular and /nframolecular
shielding functions is clearly depicted in Fig. 8 by the sim-
ilarity between the derivative function do/dR vs R for
3Ar in Ar, (for example) and the (do/dR)., vs R, for
various hydrides.

The variation in sign of (60“'/8R)eq in the hydrides of
rows 1 and 2 of the Periodic Table had been puzzling until

now. With the assumption that the distance dependence of
the shielding function has a universal shape, our interpre-
tation of Fig. 8 is that glimpses into selected regions of this
functional form are provided by the (30*/3R) values at
the various equilibrium geometries of the XH,, hydrides. In
going across the Periodic Table from LiH to FH and also
from NaH to CIH, the derivatives (<9zJX/(9R)eq trace out a
functional form of o(R) which closely resembles the (do/
dR) function for °Ar in Ar, of the (do/dR) function for
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2Na in NaH. Thus the way in which the (30%/3R ), var-
ies across the Periodic Table for XH, hydrides now ap-
pears entirely normal and comprehensible.

In one final comparison, the scaling of the o(R) func-
tions observed in Fig. 6 can be combined with Fig. 8 to see
the general shape of the shielding surface. If indeed, the
empirical scaling factors found in Fig. 6 can be used to
relate shielding surfaces of different nuclei, one should be
able to perceive the conformity of shielding surfaces by a
comparison of the shielding derivatives, scaled by [(ad/
7Y - R] across the Periodic Table. Both the first and sec-
ond row hydrides are displayed in Fig. 9. The shape is
indeed very similar to that which we found for the (do/
dR) function calculated from Hegstrom’s o(R) surface!!
for 'H in HJ .

VI. CONCLUSIONS

We report ab initio calculations of nuclear shielding
over a wide range of internuclear separations in the follow-
ing systems for the first time: 2Na in the NaH molecule,
3Arin ArNe, 2!'Ne in NeHe, and *Ar in Ar---NaH (col-
linear). We offer a possibly universal shape of the shielding
function for any two-atom system. We provide a rationale
for the types of ab initio numerical functional forms found
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FIG. 9. Derivatives of the X nuclear shielding in XH, (from Ref. 3)
scaled by the scaling factors found in Fig. 6.

in the large R region in the various systems studied here
(and also including the previously reported shielding func-
tions for ®Ar in Ar, and ArNa™) by using the shielding
hyperpolarizabilities and the long-range limiting analytic
forms associated with the latter in connection with electri-
cal moments of the interacting species.

We have also calculated nuclear shieldings in the range
of nuclear displacements spanning the classical turning
points of the ground vibrational states for 3¢l in CIF,
F in F,, 3Cl in CIH, “F in FH, »*Na in NaH and "Li in
LiH. With the assumption of a universal shape of the
shielding function of nucleus X with respect to internuclear
separation in all the hydrides XH,, of the first and second
row of the Periodic Table, we provide an interpretation of
the variation, across the Periodic Table, of shielding deriv-
atives (c?oX/aR)eq at the equilibrium geometries of these
hydrides. We view these derivatives as glimpses into vari-
ous different short segments of the shielding function, with
the segment selection varying smoothly across the Periodic
Table as the nature of the chemical bond dictates the value
of the equilibrium bond length for the hydride. By discov-
ering the scaling factors that relate shielding functions of
different nuclei, we bring out a conformity of o of all first
and second row hydrides, and in so doing, we believe that
we have traced out the functional R dependence of all of
them. With this work, the shielding function, intermolec-
ular and intramolecular, for a two-atom system has been
placed in a framework that allows the similarities between
them to be evident and allows a unified picture to emerge.
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Furthermore, in discovering empirical scaling factors
(containing only atomic or molecular constants and no
adjustable parameters) that relate shielding functions of
different nuclei, the magnitudes and signs of the changes in
shielding with geometry in different systems can be related
to each other.
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