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1. Introduction

Nuclei of isotopic atoms contain different number of neutrons
and consequently have different spins and magnetic dipole mo-
ments. Only the nuclei with even numbers of protons and even
numbers of neutrons are not magnetically active, all the other
nuclides have nonzero magnetic moments which interact with
external magnetic fields and can be used as probes in NMR spec-
troscopy. An important parameter, which characterizes a given
atomic nucleus, is the magnitude of the magnetic dipole moment.
It is manifest in molecular spectroscopies, whenever the existence
of a magnetically active nucleus modifies the energetic transitions
under observation. The case of NMR spectroscopy is of primary
interest for us, but the nuclear magnetic moments also give contri-
butions to the microwave spectra of gases, because the nuclear
magnetic moments interact with the magnetic field induced by
the molecular rotation, and to ESR spectra—via the hyperfine struc-
ture, due to the coupling between electron and nuclear magnetic
moments (observed in the presence of unpaired electrons). In
NMR spectroscopy, each nucleus can be unambiguously identified
from the resonance frequency when its magnetic dipole moment is
known. In addition, the interaction of two or more nuclear mag-
netic moments in a molecule leads to the dipolar and indirect
spin-spin couplings, observed in NMR as the splitting of appropri-
ate signals—a feature of the spectrum which we do not discuss in
this work.

We describe first a method to determine accurate nuclear mag-
netic dipole moments, analyzing step by step the theoretical and
experimental problems which had to be solved. For this purpose
we discuss ab initio quantum chemical calculations of shielding
constants in selected molecules and NMR experiments in the gas
phase for the same molecules. We illustrate the accuracy of ab ini-
tio and spectroscopic results which can now be obtained, describ-
ing some examples in detail. Next, we present an original method
of experimental measurement of absolute shielding constants.
Accurate values of magnetic moments are needed in this approach;
when they are available direct measurement of shielding can be
used for the standardization of NMR spectra. We outline the
perspectives for the application of this approach to a variety of
magnetic nuclides. In practice, this step required gas phase exper-
iments, including *He NMR spectroscopy, and formulation of equa-
tions for direct reading of shielding for different nuclei, that
permits the application of shielding measurements for routine
analysis. After completing the above steps direct reading of shield-
ing constants becomes available for many nuclei and the most
popular applications in NMR spectroscopy.

2. The determination of accurate nuclear magnetic dipole
moments

The nuclear magnetic moment gy is related to the nuclear spin
Ix of nuclear isotope X as

Py = hyxdx = pngxlx, (1)

where yy is the nuclear gyromagnetic ratio, py is the nuclear mag-
neton and gx is the g factor of nucleus X, unique for each isotope.
The resonance frequencies in NMR spectra correspond to the energy
changes, related to Ap, the possible increments of the projection

of the magnetic moment on the axis of the external field. We
assume here that the nuclear spin and the sign of the magnetic mo-
ment are known, thus a measurement of the resonance frequencies
is sufficient to determine the magnetic moment. To simplify the
notation, we shall discuss the numerical values of uy, instead of
AL = uyAly/Ix, implying that all the necessary projection, sign
and spin-related coefficients were properly taken care of. Moreover,
we shall omit all the vector and tensor indexes; we discuss below
only the shielding constants, not the tensors.

Let us consider the equations that determine the resonance
frequencies of two different nuclei, vx and vy

hVX = A,ng((‘l — O')()B()7 (2)
hvy = AL (1 — ay)By, 3)

where gx and gy are the absolute shielding constants. Using both
equations and eliminating the external magnetic field induction
Bo we obtain

zZ _ v_X (1 — GY) z
Alux - Vy (1 _ GX) A‘UY (4)

The formalism based on Eq. (4) has been applied to obtain the mag-
netic dipole moments of a large number of nuclei from NMR data.
Most of these results have been obtained in the early years of
NMR (more or less 50 years ago), and their accuracy has rarely been
reconsidered. In particular, an essential assumption underlying the
use of Eq. (4) is that the resonance frequency of nucleus X and its
shielding constant ox should refer to precisely the same species:
the same molecule in the same conditions (and similarly for vy
and oy, but—at least in theory—the nuclei X and Y do not have to
be in the same molecule). This requirement was not met in the early
NMR experiments, approximate absolute shielding constants were
often used (for instance, atomic values have been used to estimate
the shielding in a molecule). These approximations, acceptable long
ago, are very crude by today’s standards and sometimes the accu-
racy of nuclear magnetic dipole moments can be easily improved
by applying accurate values of the shielding constants in Eq. (4).

2.1. Ab initio studies of NMR shielding constants

In quantum chemistry, the description of a molecule interacting
with an external or internal electromagnetic field is based on the
assumption that this weak interaction leads to only a small pertur-
bation of molecular structure. This approximation is consistent
with the definition of spectroscopic parameters; in spectroscopy
it is also assumed that the molecule-field interaction can be de-
scribed in terms of parameters defined for an isolated molecule
in the absence of the fields. Thus, in ab initio calculations of molec-
ular properties, such as NMR shielding constants, the starting point
is a description of the molecule—for instance, an approximate solu-
tion of the Schrodinger equation in the absence of the magnetic
field—obtained treating the nuclei as point charges, that is by
neglecting their magnetic dipole moments. There are numerous
advanced methods of quantum chemistry suitable for the calcula-
tion of linear and nonlinear response of the molecule to a small
perturbation [1]; therefore we have in practice a hierarchy of
methods of increasing reliability and we can examine the depen-
dence of the computed property on the level of approximation [2].
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