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ABSTRACT: Propagators are powerful theoretical tools that were first developed
within the nonrelativistic (NR) regime and were applied to calculate atomic and molecu-
lar properties more than 30 years ago. The recent relativistic generalization of polariza-
tion propagators has shown that these propagators play a special role in describing the
quantum origin of any molecular property and the broad implication of their particular
definition. In this article, we give a general overview on fundamentals and applications of
polarization propagators to one of the most important NMR spectroscopic parameters,
the nuclear spin coupling mediated by the electronic system within both regimes: relativ-
istic and NR. This presentation is given in a level that can be followed with a basic
knowledge of quantum mechanics. Our aim is to show what one can learn about molecu-
lar electronic configurations, and also the transmission and influence of magnetic pertur-
bations on electronic systems from basic theoretical elements like molecular orbitals,
electronic excitation energies, coupling pathways, entanglement, etc. by using propaga-
tors. We shall use i} semiempirical models and ii) ab initio calculations at different levels
of approach. We give a deep insight on the electronic origin of the Karplus' rule, the sign
of indirect nuclear spin couplings, unusually large iong-range couplings, cooperativity
effects, relativistic effects, and the origin of diamagnetism. Some of these analysis
are based on previous publications, and some others are presented here for the
first ime. © 2008 wiley Periodicals, Inc.  Concepts Magn Reson Part A 32A: 88-116, 2008.
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The history of NMR spectroscopy is full of new
developments and theoretical understandings that
improve its applications. Actually this technique has
one of the largest fields of application in science,
starting from basic physics more than 50 years ago
(1, 2) to its applications in neuroscience (3), food sci-
ence (4), material and nanoscience (5, 6), biochemis-
try (7), protein and biological cell structure determi-



nation (8-11), etc. During the last decades experi-
ments were carried on in all these fields, and many
times it happened that they were far away ahead of
theoretical understandings and formal developments.
In the case of the most-used NMR spectroscopic pa-
rameters for structural and electronic molecular anal-
ysis, experimenters are starting to need and fre-
quently use theoretical models to get rid of their
measurements.

When we started to work with polarization propa-
gators (in the late of '80s), well-established nonrela-
tivistic (NR) formalisms were successfully applied to
the calculation and analysis of electromagnetic prop-
erties in small molecules. There were very few codes
that implemented the explicit expressions of that
approach. It was the goal of Oddershede and co-
authors (/2—74) on ab initio schemes and Contreras
and coworkers (/5-17) on semiempirical schemes,
promoting the intensive application of these new
ideas on the vast field of quantum chemistry.

From the early "90s, polarization propagators were
generalized to include properly relativistic effects by
a fully relativistic theory (/8) and later on we have
extended it to a quantum electrodynamics (QED)-
based formalism (19, 20). This was one of the long-
term assessment that is almost finished: starting from
semiempirical or ab initio NR models, these were
extended to include relativistic effects in semiempiri-
cal pseudorelativistic schemes (2/-24), then general-
ized to a full relativistic scheme and finally to a
QED-based theory of electromagnetic molecular
properties. It is worth to mention that polarization
propagators and QED theories of molecular proper-
ties are related in a natural way, because they start
from equivalent assumptions and definitions.

One of the goals of this article is to show in a
possible, elementary manner the way by which one
could get information of any electronic molecular
system and the kind of information that is accessible
from the theory of polarization propagators. The ba-
sic ideas that underlie propagator methodologies are
quite simple and powerful: perturbing one localized
region of the molecule (a perturbation that may also
be applied to the whole molecule) by an external
potential, the electronic surrounding of that region
will be polarized, and the (polarization) propagators
tell us about the magnitude and the electronic mecha-
nisms that are involved in the modification of a given
internal property compared with its value in the
absence of that external perturbation. Polarization
propagators are equivalent to double-time Green’s
functions.

The arrow line that both theoretical physicist and
chemist gave to the development of the basic physi-
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cal theory that explains NMR spectroscopic pheno-
mena goes the other way around on what have hap-
pened with applications, which started working on
quite small molecules and is now applied on very
large molecules like proteins or fragments of DNA.
From the early days, the theory formulated by Ram-
sey [chemical shift (25-28) and J-couplings (29)]
was accepted and used every time when necessary to
apply on calculations. But this theory was based on
Schrodinger formulation of quantum mechanics, i.e.
valid only within the NR domain. One can include
relativistic effects by hand, i.e. adding perturbative
terms to the Schrodinger’s Hamiltonian or do better
starting from a proper relativistic theory, i.e. a Dirac-
like theory. Pionered work by Pyykké (30, 31) and
Pyper (32) extended Ramsey’s theory to the relativis-
tic domain. A fully relativistic polarization propaga-
tor theory (I8) and then a QED-based theory (79, 20)
appear afterwards, putting solid grounds on the way
to include properly relativistic and QED effects on
electric and magnetic molecular properties within a
polarization propagator approach.

The relativistic polarization propagator approach
is a natural extension of its NR counterpart, though it
introduces completely new insights on the compre-
hension of the physical origin of magnetic properties.
Even though Dirac theory seems to be more compli-
cated than Schridinger theory, there are at the
moment a clear understanding on the way to treat
and include relativity in molecular systems, the rela-
tively new and very exciting field of research that is
known as relativistic quantum chemistry.

When one tries to reproduce (or predict) molecu-
lar electromagnetic properties like the NMR spectro-
scopic parameters by applying modern theoretical
methods, one has at hand several powerful alterna-
tives that give results, specially for small molecules
that are not far away from experimental error bars
(33-35). In most cases, one needs to go quite ahead
of including only leading order effects within the
state-of-art methodologies.

Polarization propagators are between those theo-
ries that have

1. A simple and general definition that can be
related in a proper way with the best theory of
quantum physics that we have at hand, i.e. QED.

2. Few well-defined and coherent assumptions.

3. A formal definition that is the same for
nonrelativistic and relativistic regimes, which
means that it is based only on quantum
mechanics assumptions. This fact gives to
them a great advantage when one wants to
move from one regime to the other.
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4. Formal solutions of its basic equation of
motions that can be expressed in a perturba-
tional scheme so that they may be improved
in a well-defined way.

5. Several implementations at different levels of
approach that are well known at present.

From these characteristics and the large amount of
results and experience acquired during the last 30
years, one can say that polarization propagators can
give intuitive and simple ways to understand the
physics that underlies most of the electric and mag-
netic molecular properties, static and time-dependent.
When used properly, theoretical results obtained with
polarization propagator schemes are theoretically
convergent and in general close to experiments. For
this last assessment being true, one should include in
the calculations several small (sometimes not very
small) effects like rovibrational effects or the effects
of temperature. In this sense within the last decade,
there appears several review articles concerning
NMR spectroscopic parameters with comparative
numbers between different approaches (35-37).

In this article, we will try to explain the main for-
mal aspects of polarization propagator theory at both
levels, relativistic and nonrelativistic. We will also
discuss in detail few of their powerful and simple
theoretical models together with applications on the
analysis of NMR spectroscopic parameters. We start
from the general theory at both levels, relativistic and
nonrelativistic, and show that spin dependence can
be generalized easily to time-reversal dependence.
This gives new physical insights that only arise
within a full relativistic regime. The section on appli-
cations will start with a detailed discussion of a semi-
empirical model that was developed by Contreras
and coworkers in the early *80s. This scheme is quite
simple, though it gives a deep understanding on the
physics underlying the NMR phenomena, like the or-
igin of the sign of NMR J-coupling. Most of these
applications are performed based on the experience
of the present author.

In order to give a more comprehensive presenta-
tion, we choose the option of following the historical
development of polarization propagators. This will
be done for the first time here because of the inclu-
sion of relativistic polarization propagators. It is clear
that there would be some difficulties to present rela-
tivity at work for a general audience, mainly because
it is a relatively new field for quantum chemists and
molecular physics researchers. In any case, relativis-
tic expressions are simpler than their NR counter-
parts, though less intuitive only because of our usual
NR way of looking at the molecular world. Polariza-

tion propagators have the strong feature of being for-
mally defined in exactly the same way in both
domains. Starting from full relativistic expressions
and numerical calculations, making ¢ — oo their NR
analytical expressions, and numerical results are nat-
urally obtained. There is no other current theory that
has a similar behavior. Perhaps the deepest reason
for this is the fact that polarization propagators are
defined as a natural extension of the definition of two
more basic propagators, i.e. the electronic and pho-
tonic propagators. They are the very basic blocks on
which QED is built.

GENERAL THEORY

Propagators are theoretical devices that were first
introduced by Feynman (38). He showed that it is
possible to describe the time evolution of a quantum
particle and its single interaction with other quantum
particles through a new theoretical object different
from the usual wave functions. This was coined as
the path-integral formulation of quantum mechanics.
Electrons and photons are elementary quantum
objects. For an isolated electronic system interacting
with low-energy electromagnetic fields, there are
only two basic propagators that arise within a QED
theory: electron- and photon-propagators (39). In an
electron-electron Coulomb interaction or electron-
electron scattering one can obtain, as an example, the
scattering cross section to a first order of approach,
considering only the interaction between those elec-
trons through a “virtual” photon exchange. There are
precise rules, namely the Feynman’s rules, from
which one can describe and calculate measurable
quantities that arise from this process. In the same
way, when considering an interaction of electrons
with two external fields, there is usually a virtual
electron exchange between the external perturbative
potentials in that two space-time points where the
interactions occur (39). These ideas are in the core of
the Feynman’s description of the quantum electrody-
namic’s theory.

Given the success of propagators in the early "50s,
their generalization for describing the dynamics of
more complex systems was a natural challenge.
Propagators were introduced in atomic and molecular
physics by several authors (40—42). Considering
bound-state electronic systems interacting with a
given external electromagnetic field one may think
about how to describe the propagation of this interac-
tion within such a system. In this case, it would be
quite difficult to consider explicitly the elementary
interactions or the “virtual” particles that carry the
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basic information of the electron-external field inter-
action from one place to another within the system.
On the other side, one should be able to consider
some kind of effective interactions that are transmit-
ted through the system. One of the main comparative
advantage of the use of propagators in the analysis of
molecular properties is the fact that they give crucial
information about the electronic mechanisms that are
involved in the transmission of the effect of global or
local external perturbations on the whole electronic
molecular system. Indeed, their implementation in
modern computational codes also gives accurate
results that can reproduce accurately experimental
measurements (33, 34).

One of the aim of this article is to show the
powerful tool that propagators are, when used to ana-
lyse NMR J-couplings. We will sketch the main steps
that one should do in order to get theoretical expres-
sions for practical applications. The interested reader
on mathematical aspects of these derivations should
have a look on previous reviews and articles that are
referenced whenever necessary. All aspects of theory
are treated with some care, though only in a sche-
matic way.

Double-time Green functions or propagators are
objects that occupy the same place as wavefunctions
in quantum mechanics. They give the probability
amplitude that a polarized state arising from a pertur-
bation VP(z‘)rO) acting at a given time ¢ on an unper-
turbed quantum state of a system would become in
another polarized state V2(#)|0) at a different time 7':

VE(©)l0) — ve()|0) (1]

This is equivalent to say that when an “external” per-
turbation is applied on a quantum state of a system,
the average values of their physical observables will
be modified. External perturbation could mean an
external homogeneous magnetic field or the magnetic
field due to the nuclear magnetic dipole moment.

There are three kinds of polarization propagators,
all of them giving the same results for calculations of
molecular magnetic properties. The most used causal
polarization propagator is defined as

((P(e):; 2(1))) = —inb(r — /) {OI[P (1), Q(]I0) [2]
where P and O are written instead of V¥ and VZ,

respectively. The 8(7) function is the usual step func-
tion

N_ 1 fort > ¢
e(t_’)_{o fort<t’} (3]
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The definition of Eq. [2] is completely independent
on whether the underlying theoretical framework is
relativistic or nonrelativistic (/8), even though its
first formulation was given within a NR regime (14).

Given that polarization propagators have the same
basic nature as a wavefunction s, one may ask for its
equation of motion, i.e. how the polarization propa-
gates with time. One can write explicit expressions
for the equation of motion that can be solved by for-
mal procedures (14, 43). Furthermore, one can make
a transformation from time-dependent to energy-
dependent framework in order to make use of this
tool in spectroscopic problems.

The equation of motion for propagators can be
obtained first applying the Heisenberg equation of
motion for the time-dependent operators, P(f) and
O(?) and then Fourier transforming the final expres-
sions (43):

E((P;0))g = (OI[P,QlI0) + ({[P, H[; O})g  [4]

After the iteration of Eq. [4], one gets what is called
the moment expansion of the polarization propaga-
tors. Solutions of this equation can be obtained by
applying a well-defined technique first derived by
Goscinski and Lukman (44): the superoperator tech-
nique. In Eq. [4] H is the unperturbed Hamiltonian
describing the electronic system, and |0) represents
the reference state that in our case will be a Hartree-
Fock (HF) or Dirac-Hartree-Fock (DHF), i.e. one
Determinantal state composed of one-electron wave-
functions, which are solutions of HF or DHF equa-
tions, respectively.

The final form of the equation of motion obtained
with superoperator algebra and the inner projection
technique is (45):

{(P;Q))p = (PIR)(RIET — H|W)™' (R]Q)  [51

h is a complete operator manifold of basic excitation
operators, from which it is possible to describe the
whole branch of excited states that may arise from a
given reference state |0). The operators P and Q
should also be described in terms of basic excitation
operators that belongs to that excitation manifold.
Furthermore, the basic excitation operators may be
written with its explicit spin-dependence within the
NR regime. In the case of the relativistic regime
where the spin is no longer a good quantum number,
the spin symmetry can be replaced by the more gen-
eral time-reversal symmetry (46). This is a powerful
way of obtaining excited states from the reference
state and to solve the algebraic operations that are
included in Eq. [5].
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In this last equation, there are two different type
of factors. We want to give their explicit form and
meaning as a background of what follows.

The binary product (P|Q) is defined as

(PlQ) = (O|[P,0]l0) [6]

and the effect of the superoperator H acting on the
operator P is,

HP = [H,P) (7]

The operators P, O, etc. that represent physical mag-
nitudes or the Hamiltonian of the system can be
expressed in terms of basic operators that are defined
in an actual basis. This way of working out the equa-
tions is oriented to directly obtain explicit formulas
which in turn are then codified in computational
codes.
Any operator P can be written as

P= Zpﬁquqa;aq 8]

where a; and q,, are creation and annihilation opera-
tors, respectively. Another way to get the same
expansion is by using spin-adapted excitation opera-
tors (47):

P = P PpoEpq 9

or more generally by using time-reversal adapted ex-
citation operators (46):

P= ZM PoiXpg [10]

The complete excitation operator manifold, ie. h,
may also be expanded in terms of the operators £ or
X. For polarization propagators, the operator mani-
fold is chosen such that

h={hy,hs,...} [11]

where
b ={da,da}; hi= {af,a;aiaj,a;ajabaa}; etc.
[12]

and where a, b, ... refer to unoccupied HF or DHF
orbitals and , j, ... stand for occupied HF or DHF
orbitals. Then by doing this, Eq. [5] is rewritten as

-1

. Maa Mab Qa
(P; Q)= (PLPL..)| Mya My, ... 0,
[13]

where
P, = (Plhq) (14]
and
M, = (ho|El — H|hy) [15]
We can write Eq. [13] in a more compact way:
(P Q))g = b"M~'b° [16]

The term in the middle of the RHS of Egs. [13] and
[16] is known as the principal propagator. The other
two are the property matrix elements or, as they were
called within the semiempirical models, perturbators.
The principal propagator depends only on both the
electronic molecular system as a whole and the spin
(time-reversal) dependence of the perturbators, i.e. it
is independent of the particular molecular property. It
gives the main streamlines of transmission of the
interaction between the external perturbations related
with the property matrix elements, through the unper-
turbed electronic system. It means that perturbation
intervenes explicitly on the perturbators only.

All static second-order molecular properties, i.e.
the properties that arise from the second-order cor-
rection to the energy depending on two external static
fields, can be calculated by using polarization propa-
gators. This is evident from the following equation:

1
E}, = 5 Real{((H"; H9));_, [17]

where H” and H? are the external interaction Hamil-
tonians ‘related with perturbations whose molecular
response properties we are interested in.

In the case of NMR spectroscopic parameters, one
should start with a phenomenological perturbed
Hamiltonian that describe accurately the experimen-
tal NMR spectra (48). The complete Hamiltonian is
then

H = Hy + Huwr [18]
with Hj being the unperturbed Hamiltonian and
Hywmr = ZMN{HM Dy +Jun) - i}

+> dme-(1—on) B} [19]

where py, is the nuclear dipole moment of nucleus
M, Dy and Jypy are the direct and indirect nuclear
spin coupling tensors, oy is the nuclear magnetic
shielding of nucleus M, and B is the static external
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magnetic field. From these last equations, it is clearly
seen that when one wants to derive theoretical ex-
pressions for NMR spectroscopic parameters, one
should propose bilinear perturbative Hamiltonians
depending on two different nuclear dipole moments
or one nuclear dipole moment and the external
magnetic field. Then the interaction energy, linearly
dependent on two nuclear spins, Iy and Iy, is ex-
pressed as

EG) = hl - - In [20]

and the interaction energy between nuclear spin Iy
and the external static magnetic field B is

EQ = —hly-oy B [21]

When using perturbation theory to get theoretical
expressions of both NMR parameters, the NR, para-
magnetic-like terms arise from second-order correc-
tions to the electronic energy, because each of the
matrix elements depends on a linear perturbative
Hamiltonian:

(01" |) (n|F12]0)
5 =3, o QA

The perturbative Hamiltonians H” and H? may be
any of the linear Hamiltonians that will be given in
the next section (see Egs. [39], [41], [43], and [45]).
Both should have the same time-reversal symmetry
49).

On the other side, the NR diamagnetic-like
expressions are obtained from a first-order correction
of the electronic energy:

EW = (H5) [23]

where H° has a bilinear dependence with the external
perturbative parameters and are given in the next sec-
tion (see Eqs. [44] and [46]).

The First Three Basic Levels of Approach

Right now the expressions of polarization propaga-
tors are exact, since we considered the exact refer-
ence state |0) and a complete excitation manifold of
operators, k. In practice it is not possible to do exact
calculations, because one does not know the exact
reference state and cannot work with a complete A.
Then one should apply some aproximations. One
clever way to do it is to consider an expansion of
both type of terms in Eq. [13] as a function of the
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fluctuation potential, which is defined expressing the
unperturbed Hamiltonian in terms of the HF or DHF
term and the fluctuation potential
Hy=F+V [24]
with
F= Zpepa;ap [25]
and

V=1/2 Z(pq|rs)a;a$asar - Zprupra;a,. [26]

The matrix elements of the SCF potential are deter-
mined as

wr = Y (patf|re) [27]
We use the conventional notation
{pailrs) = (pqlrs) — (pqlsr) [28]
and
Galrs) = [ w0)%, v )R @a0aR)
(291
The random-phase approximation (RPA) level of
approach, which is of first order in the fluctuation
potential, is obtained when
10) = [HF(DHF)) 130]
with HF or DHF ground states, respectively, and
h) = |hy) [31]

All one-electron operators shall be expanded in nor-
mal ordered second-quantized form (see Eq. [8]) as

P=>Y"_[Pudla;+ P}ala,) [32]
and
P, = (alP|i) [33]

Then applying Eqs. [13]-[15] and Egs. [24] and [31]
one obtains

o=@ (5 5) (2) ba

Concepts in Magnetic Resonance Part A (Bridging Education and Research) DOI 10.1002/cmr.a
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where
Aiajp = ~<0| [a:-(aa, I:a;aj,HO]] ]O>

= da0i(8a — &) + (aj]|ib)  [35]
and

Biusy = —(0] [ajaa, [ajab,HOH 10y = (jillab)  [36]

Matrix A does contain the average value of the
unperturbed Hamiltonian H, between two singly
excited states with respect to the reference state, and
matrix elements of B are the matrix elements of Hy
between the reference state and the doubly excited
states. So matrix A has terms of order O and 1 in V,
while matrix B has a term of order 1.

Following the same line of reasoning, one could go
one step up or down in the order of the fluctuation
potential considered for calculations. The pure-zeroth
order approach (PZOA) is obtained when matrix B
and all two-electron matrix elements of A are
neglected. Then the principal propagator becomes the
inverse of the first term in the last RHS of Eq. [35].

From RPA, the next step up in the inclusion of
dynamic electronic correlation is the second-order
polarization propagator approach (SOPPA) (14, 50).
At this level one should consider

|0) = [HF(DHF)) + [0)") [37]
where |[0)" are doubly excited states from a Ray-
leigh—Schrodinger expansion of the reference state.
For this second-order propagator, the excitation
manifold of operators should also be expanded to
include hy, i.e.

|l) = |hy, hy) [38]

Then the transition matrix elements and the principal
propagator are modified in such a way that there
appears new well-defined matrix elements that arise
from two particle-two hole excitations, k4. Another
improvement is found when Moller-Plesset correla-
tion coefficients are replaced by coupled cluster sin-
gles and doubles amplitudes in all matrix elements
belonging to SOPPA matrices (5/). A previous
partial implementation of this last modification was
published by Oddershede and coworkers (52).

Nonrelativistic and Spin-Restricted
Polarization Propagator Theory

Historical theoretical explanation of NMR spectro-
scopic parameters is based on NR expressions and

understandings. The famous four papers by Ramsey
(25-29) gave the first expressions and were based
completely on NR assumptions. Within this domain,
the external interaction Hamiltonians that should be
used to get theoretical expressions for the NMR
spectroscopic tensor parameters, Jyn and 6y, are
given as follows. We will give first that for NMR-J
couplings:

8
HFC = (§> npgh geZNyNZiS(nN) s;i - In
=Y NINVR [39]

where pp is the nuclear magneton, yx is the gyro-
magnetic constant of nucleus N, g. is the electronic
g-factor, and

8

The Fermi contact (FC) perturbative Hamiltonian of
Eq. [39] depends on the electronic density at the site
of the muclei. One should include two of these Hamil-
tonians for calculating the NMR-J coupling. So this
spectroscopic parameter is related directly to the
electronic densities on the sites of two different
nuclei, say M and N.

FC interaction is usually the most important,
though there are several molecular systems where
this is not a valid asumption and the other two “para-
magnetic-like” perturbative Hamiltonians are more
important than the FC one. They are the so-called
spin-dipolar (SD) and paramagnetic spin-orbital
(PSO):

3(si-r,N)(IN~r,«N) S,"IN
HSD o 2HBWZNYNZI-( = A

N
[413
or
HP =3 VR [42]
and

, In-Srm X V;
50 = iy g 2 X
i

=D NV [43]

As observed in Eqgs. [39]-[43] the first two depends
on the electron spin, and the last one is electron spin-
independent.
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Finally, the perturbative “diamagnetic-like” Ham-
iltonian does not depend explicitly on the electronic
spin:

(4
HP = ;h“BZMNYMVN
o il In)(roa - 'n:) - (Iv - rx)(In - i) (44]
m'in

Theoretical expressions for nuclear magnetic shield-
ing, o, depend on two quite different perturbative
Hamiltonians: one is clearly paramagnetic in its
effects on the “shielded” nucleus,

4r In-1
HP === Mg N [45]
™N

and the other has a diamagnetic effect, i.e. it reduces
the magnetic field that effectively appears in the nu-
cleus of interest,

P 2B -In)(r-rix) — (B -rin)(In - )
2m £N'N rry

[46]

As shown in Egs. [17] and [22], paramagnetic contri-
butions to both NMR spectroscopic parameters can
be obtained within NR polarization propagator
theory. One should be aware that it is not allowed to
mix perturbations with different electron spin de-
pendence (49). When considering electron spin-
dependent Hamiltonians, the excitation energies of
Eq. [22] shall be restricted to that of singlet or triplet
type. In the same manner will the principal propaga-
tor of Eq. [15] be restricted (46, 49). Then, in the
case of J-couplings there will be two kind of terms:
1) electron spin-dependent terms which are related
with triplet principal propagators: “M ™" and ii) elec-
tron spin-independent terms which must be calcu-
lated with singlet principal propagators: ‘M.

Then, the indirect nuclear spin coupling tensor is
written as

J :JFC +JSD +JPSO +JFC/SD +JDSO [47]
When calculated by the NR polarization propagator

theory, each of the first three terms of the RHS of
Eq. [47] are written as

I = YV VD e—=o [48]

where X = FC, SD, or PSO. The first term of Eq.
[47] is isotropic and the fourth term does not contrib-
ute for systems that are not in their solid state phase;
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so it will not be considered here. All terms of Eq.
[48] can be calculated at different levels of approach
depending on the fluctuation potential, i.e. PZOA,
consistent first-order or RPA, SOPPA, TOPPA, etc.
(50). We will mainly be concerned with applications
of propagators at RPA level of approach because of
the fact that it is much easier to get the physical
insights that underlie some important characteristic
of NMR spectroscopic parameters at this level.
Results from PZOA and SOPPA calculations will
also be given.

At RPA level of approach, the explicit expression
for the indirect NMR coupling constant between
nuclei M and N corresponding to isotropic FC mech-
anism is

T = I (VA VR ko
= Ziaﬂy [bi/f,-a P bllff;b] [49]

The other two expressions for SD and PSO electronic
mechanisms are

I = (AL VR ) e

= Zia,jb [bi/ll?ia Pigjp bili’h] [50]
and
I =1 (VS VR o

= Ziaﬂ; [bllz/itc't)z Pigjp bﬁsﬁ] [51]

The principal propagator can be factored out in such
a way to put explicitly its electron spin dependence.
Then, matrices A and B of Egs. [35] and [36] can be
rewritten in such a way that

m __ mpg—1
Piaﬂl— Miajb'

("A + mB)7! [52]

iajb

where m = 1 (3) for singlet (triplet) type properties.
When m = 1 (3) the + (—) sign between 'A (*A) and
'B (B) is applied. The matrix elements for these
spin-dependent matrices are (50)

"Aiajp = (80 — )88y + 2{aj|ib) — (aj|bi)
*Aiajp = (€a — &80y — (aj|bi)

"Biojp = {(ablji) — 2{ab|ij)

*Biajp = {ablji)

[53]

In a completely similar manner, one can work out the
NR nuclear magnetic shielding expressions.
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Full Relativistic and Time-Reversal
Restricted Polarization Propagator Theory

Few decades after the publication of the nonrelativis-
tic Ramsey’s expressions for hyperfine interactions,
theoretical quantum physicists were motivated to
derive the NMR perturbative Hamiltonians starting
from Dirac theory. Once relativistic effects were
shown to be very important in several properties of
heavy-atom containing molecular systems, they real-
ized that local magnetic molecular properties like the
NMR spectroscopic parameters should need impor-
tant relativistic corrections. As a matter of fact, a
proper derivation of NMR spectroscopic parameters
should start from the best theory we have at the
moment, the QED: a theory of NMR spectroscopic
parameters based on QED was published recently
(19, 20). Any basic explanation of this theory is out
of the scope of this article because one would need to
start working with a quantized magnetic field instead
of a classical magnetic field.

In the case of polarization propagators, their rela-
tivistic generalization appeared 20 years after the
publication of their NR theory. The general theory
was first published in 1993 (/8), and after the discov-
ery of the time-reversal restricted or X operators
(published few years later (46) and mostly known as
Kramers restricted operators) which in turn general-
ized the spin-dependence of any kind of operators,
this theory was implemented in a computational code
[named DIRAC (53)] that contains a module for cal-
culation of response properties. First ab initio calcu-
lations of electric response properties appeared in
1997 (54) and calculations of magnetic response
properties in 1999 (55-57). DIRAC code was imple-
mented rewritting all equations within a quaternionic
algebra (58, 59), which is completely equivalent to
that of the X operators, though it seems to be more
efficient.

Within the relativistic domain, the total Hamilto-
nian of an electronic system that consists of the sum
of two terms, the unperturbed and the perturbed
Hamiltonian (say H'), can be written as

H=H° +V°+H [54]

where H® is the Dirac N-electron Hamiltonian and
V< is the Coulomb two-electron interaction operator:

HP = Z[_hD(i) [55]
with

W) = coy -p; + (B; — Dime* + ZM’ZI—E [56]

In Eq. [56] & = (@, &y, @) are the 4 x 4 Dirac mat-
rices, which can be written in terms of the 2 x 2
Pauli matrices ¢ = (o,, oy, ©,) as

0 o
«= (G O) [57]

The interaction of an N-electron system with an
external magnetic field is accounted for by the mini-
mal coupling prescription (39), p — p + e A leading
to the introduction of the following perturbative
Hamiltonian

H =eca-A [58]

where A = Ay + Agp is the vector potential that
involves the sum of the nuclear and external vector
potentials

_ 1 Py X M

Ay =5 ——5— 5
MEE T [59]

and
1 1
Ag :EBXTGZEBX (r—R(;) [60]

respectively. Rg is the gauge origin, rny = r — Ry
and r and Ry are the coordinates of the electron and
the nucleus M, respectively.

Considering both the nuclear and the external vec-
tor potential of Eqs. [59] and [60]

1 X7 1
1Y ameew Y, { B )

"™

e axr
= ~EhZM{yMIM~ ( 3 M) —ecB - (o er)}
M

[61]

Dirac’s relativistic equation have solutions with both
positive- and negative-energy states. Only for one-
particle systems that solutions are bounded from
below. When it contains more than one particle, there
appears problems to get eigensolutions from a varia-
tional procedure. The way it was overcome was
applying positive-energy projection operators. In the
case of many-electron DHF calculations, Mittleman
suggested to use projection operators that include the
Hamiltonians H® and H® of Eq. [54] in such a way
that the projection operators are continually updated
during the iterative solution of the DHF equations
(55, 60). This is then applicable to variational models
like the single determinant DHF. It is worth to
remark that from this procedure one gets both kind
of solutions, i.e. positive-energy and negative-energy
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one-electron states. Details are given elsewhere (55,
60, 61).

Once we are able to express the unperturbed
Hamiltonian as

Hy=H" +Vv [62]

getting the reference state from a DHF calculation, all
equations of The First Three Basic Levels of Approach
Section are valid. One should always be aware that in
this case all molecular orbitals have four-components
(not scalar or Schrodinger’s type) and all operators are
written in a 4 x 4 matrix representation. There are also
negative-energy electron states that should be
included, otherwise the diamagnetic contributions to
properties will not appear, as will be shown later.
From Eqs. [17], [58], and [61], the second-order
perturbative correction to the energy is written as

1
E® = Real((H';H'))

L2 H? QX Ty QXN
= Iy -Real ({ ——;
7 2 MmN IMYNIM-Rea << r§4 ; r13\1

eh QX ry
IN+TEM’YMIMR68.I<< rI%/I ;(!Xrg>> -B

[63]

Finally, from Eqgs. [20] and [21], full relativistic
expressions of the NMR spectroscopic parameters
are obtained as

& 0 XTIy 0%
Jv="—"y7x Real << S Ftathi >> [64]
I’M rN

and

om=e? Real <<a X3rM X TG >> [65]
Y1

From these equations it is observed that there is only
one electronic mechanism involved in the indirect
nuclear spin couplings instead of the four in the NR
regime. There is also no distinction between dia- and
para-magnetic terms. This fact is completely new and
its explanation gave us the opportunity to get new
insights on the electronic origin of molecular mag-
netic properties.

As in the NR response theory, it is possible to
express the magnetic properties as a product of two
perturbators times the principal propagator matrix. In
1993 (I8) it was shown that, expressing the NMR
J-coupling as

Jvn = by P(E = 0)by [66]
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its NR limit falfil (¢ — o),
bllf,[ — b”MR [67]
and
PR(E =0) - P™R(E =0) [68]

It means that the relativistic perturbators 5~ and the
relativistic principal propagators PX goes to their NR
limit, each of them separately, when ¢ — oo (!). It
was just clear at that time that if one considers only
the positive energy branch of the Dirac’s spectra, the
diamagnetic terms do not appear (see Eq. [48] of
Ref. (18)). Completely equivalent transformations to
their NR limits for relativistic perturbators and prin-
cipal propagators of the nuclear magnetic shielding
are found.

It is worth to mention that this formal NR limit is
obtained quite naturally and numerical examples will
be given in sec IIL.

At RPA level of approach, the formal relativistic
expressions are exactly the same as their NR counter-
parts. So the matrix elements of the principal propa-
gator are now complex (because the four-component
orbitals are complex), and they should include virtual
orbitals that belong to the negative energy branch of
the DHF energy spectra. Then considering explicitly
the virtual orbitals that are contained in the A and B
matrices of the principal propagator (see Egs. [35]
and [36]) as positive-energy (named ¢) and negative-
energy (named p) one is able to write (55)

. 1-1
A By,

69

M;,}:[

being (I,m) = e or p. So the total principal propaga-
tor can be written as

P=

M, M,]"
ee ep:| [70]

M, My,

Let’s analyse now the order of magnitude of the dif-
ferent A and B block matrices contained in Eq. [70]
using the explicit expressions of that matrices given
in Egs. [35] and [36] (55). There are four types of
two-electron integrals. In the ep- and pe-blocks one
of the virtual bi-spinors (4-component MOs) belongs
to the negative-energy spectra (we will use overbar
indices, like §, for them) and the other virtual bi-spi-
nors belongs to the positive-energy spectra. Then all
integrals appearing in this block are of order O(c™").
In the ee-block, all integrals are of order O(c°) and in
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the pp-block there are integrals of order 0(c® and
integrals of order O(c™). From this analysis, one
may neglect the ep- and pe-block, such that the prin-
cipal propagator can be divided in two blocks. Then

(H"H")) = ((H'sH')), + ((H' H)),,
= (Zis,jt b?s(Me_el)is,jt bjf+cc)
+ (Z,ﬂ LM, )5 bﬁ+cc) [71]

It is nicely seen that {{;))., corresponds to the equiv-
alent paramagnetic term of any of both NMR spec-
troscopic parameters within the relativistic domain,
and ((;)),p corresponds to the diamagnetic-like term.
We should stress here that within the relativistic
domain there is no A? term in the perturbed Hamilto-
nian, so diamagnetic contributions do not appear in
the same manner as in the NR regime. These consid-
erations have new insights in the analysis of mag-
netic properties.

There is another point that one should mention:
within the relativistic regime the spin is no longer a
good quantum number. So it is not possible to con-
sider singlet- or triplet- type principal propagators.
Anyway, as was pointed out in the beginning of this
section, the X operators are now of pseudo-singlet
and pseudo-triplet type. Then it is possible to split
the matrix M in two blocks depending on whether
each term of the perturbed Hamiltonian of Eq. [61] is
time-reversal symmetric or antisymmetric.

MODELS AND APPLICATIONS

Having developed the theory of polarization propaga-
tors as far as possible, it is time to show some numer-
ical applications. We will start defining one of the
most important semiempirical models, which was
dubbed “contributions from localized orbitals within
polarization propagator approach”, (CLOPPA). This
scheme was largely applied during the last decade by
professor Contreras group on light-atom containing
molecules, then extended by us and some collabora-
tors together with professor Contreras to heavy-atom
containing molecules; and then their main ideas were
also extended to DFT and ab initio methods (62).

CLOPPA-X (X = INDO, MNDO, AMI, PM3,
INDO/S) Models

The CLOPPA model was developed mainly to
decompose the analysis of NMR-J couplings in term
of “local” contributions, that means the contribution
from individual coupling pathways which involves

two virtual excitations i — a and j — b with i, j (a,
b) occupied (vacant) localized MOs that belongs to
the local “L” fragment of interest:

S = Zm’b J%;)iajb [72]

In this way one is able to extract some crucial infor-
mation on transmission mechanisms involved in the
propagation of a given specific magnetic perturba-
tion, say X (X = FC, SD, or PSO).

A given semiempirical ground state wavefunction
can be used as the reference state for polarization
propagator calculations (I/5-17). The CLOPPA
scheme is based on this assumption, at RPA level of
approach, together with the use of localized molecu-
lar orbitals (63). It was first implemented at the
INDO level (64). With such an approach, indirect nu-
clear spin coupling constants can be calculated for
molecules containing first and second row atoms as
well as Se and Te. Some years later similar, schemes
(21-24) were implemented at MNDO (65), AM1
(66), PM3 (67) and INDO/S (68) levels of approach.

There are several basic physical assumptions con-
sidered in the implementation of CLOPPA schemes:
i) The transmission of the J-couplings involves
largely molecular valence electrons; ii) relativistic
effects modify (strongly for heavy atoms) the one-
electron wavefunctions and therefore the electronic
densities within the regions close to the heavy atomic
nuclei, where the electronic mechanisms for J-cou-
plings, are more important; iii) both the electronic
density at the nuclear sites Sy%(0), and the (r"3} av-
erage value corresponding to the p-type atomic orbi-
tals can be considered as atomic parameters. Their
values were taken from relativistic multiconfigura-
tional Dirac-Fock ab initio theoretical calculations
(69).

Each term of the sum in Eq. [72] can be written as
(see Eqgs. [49]-[51])

Ji f\(/IN;ia,jb = (UI)\(/I,iaUI)\{I,/‘b + Uﬁ,iaUl}\(/I,/‘b) Pigjp 73]

where Uﬁ’m is a measure of the strength of the virtual
excitation i — a due to the perturbation X, and m = 3
(1) for X = FC or SD (PSO). The principal propaga-
tor "P,, j gives the response of the molecular frag-
ment connecting two virtual excitations i — ¢ and j
— b. For a CLOPPA calculation the principal propa-
gator matrix is evaluated in such a way that the
whole molecule is described in terms of LMOs.

The perturbators within the CLOPPA method are
implemented at the semiempirical level using a one-
center approximation, and they have the form:
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Table 1 Comparison of CLOPPA-X (X = AMI and INDO/S) Numerical Results for Sn-Containing Molecules

with Experiments and Some Other Ab Initio Calculations

Molecule Coupling X = AM1 X = INDO/S Ab Initio Exp
SnH, 13(Sn—H) —2500.00 —2164.00 —2616.84° —1930.00°
SnMe, J(Sn—C) —300.31 —378.03 —337.80°

2J(Sn—H) 150.00 36.22 +54¢

SnMeH, J(Sn—H) —2310.00 —1862.00 —1852°

—1744¢

S(SnMes), 2J(Sn—Sn) —237.04 218f

Sn,Meg 1J(Sn—Sn) 2640.00 4500.09 4460°

1(Sn—C) —295.00 —311.00 —240f

2J(Sn—H) 150.00 40.00 49*

?Taken from Ref. (52).
®Taken from Ref. (70).
“Taken from Ref. (71).
4Taken from Ref. (72).
°Taken from Ref. (73).
fTaken from Ref. (24, 74, 75).

Unta = (il8(Rm)la) = CC3 S (0)
Ull\]/ls,g’u = i(”ﬁa)( CYM CtMca M)EOLBY

1
Ua® =S i) (cs0.63) 741

where «, B, and y refer to Cartesian coordinates,
coefficients C; am re those of “s” type belonging to
atom M, Cl(a), y 18 the atomic coefﬁcient NPy, €qpy 18
the antisymmetric tensor and “f” is a function of
“np” type atomic coefficients of i and ¢ LMOs.

Numerical Results. The main successful applica-
tions of the semiempirical CLOPPA model were on
the understanding of electronic mechanisms that
underlies NMR-J couplings in such cases where it
was able to reproduce experimental tendency in a
qualitative or semiquantitative manner. In particular,
the application of CLOPPA-X (X = MNDO, AM1
and INDO/S) on heavy-atom containing molecules
gave semiquantitative reproduction of experimental
results in molecules where it was not possible to
apply ab initio and full relativistic, semirelativistic or
quasirelativistic theoretical calculations due to their
large computational cost.

From Table 1 we can get an idea of what do we
mean when we talk about qualitative description of
experimental trends. Calculations of Sn—C and
Sn—H do not reproduce in a quantitative way
experiments, though they follow their tendencies.
Then one can go one step further and analyse the
electronic mechanism that underlies the total J value.
There are several review articles (76, 77) where these
criteria were applied. In the case of S(SnMes),, cal-
culations with full relativistic methods are not avail-

able at the moment and CLOPPA-INDO/S gives
quite approximate results. Some other calculations
on medium-size tin-containing molecules (1,2,4,5-
tetra stanna cyclohexanes with Me substitutes) are
given in Ref. (22).

Zeroth-Order of the Principal Propagator
Approach and the Pople-Santry Model. Within ab
initio schemes to calculate response properties by
polarization propagator methods, the calculation of
the inverse of the principal propagator is never done
explicitly. This is due to the fact that when large basis
set are considered it is not possible to get the inverse
of its matrix representation by conventional methods
(50). The alternatives schemes developed to over-
come these difficulties (47, 78) are such that the phys-
ical information contained within the principal propa-
gator (which is related with the electronic molecular
structure as a whole) is lost. This is because these
procedures modify in an uncontrollable way the indi-
vidual elements which participate in the calculation.

A new procedure [a generalization of a previous
one (76, 79)] to get the inverse of the principal pro-
pagator as a series was developed recently (80, 81).
In this new scheme, the matrix elements of singlet
and triplet principal propagators are written as power
series

iajb
P m —1\7
":0( NE ) )ia,jb

[75]
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where p stands for the namber of terms in each series
corresponding to a given coupling pathway; E is a
diagonal matrix when canonical orbitals are used and
is built from the difference of MO energies, and "N
represents the matrix of two-electron integrals of
Eq. [53]. Given that each element of the E matrix is
larger than any of the elements of the N matrix, one
can expand in a power series each element of "'P (435,
82). When p — oo the last term of Eq. [75] conver-
ges to "'P.

The ”P, matrix elements can be written in terms
of localized or canonical MOs. When we use local-
ized orbitals, ™E is nondiagonal. In such a case one
can always use the same procedure as that used for
calculation of P matrix elements.

From this development one can compare this way
of expressing the principal propagator, and then the
polarization propagators, with the Pople-Santry’s
model (83), which is still useful for understanding
experimental results. This model relates the FC
mechanism of indirect nuclear spin coupling between
nuclei M and N with their mutual polarizability

Iy = —42?“ ZaCCiMCaMCzNCaN(Sa —g)”!
[76]

in such a way that

JFC

~1 .
CimCoMCINC) n(8a — &) 850 + CiCi MCinCin

Here the first term is the same as that of Eq. [77]
representing the zeroth-order contribution within the
polarization propagator at any level of approach. In
the same manner, it is possible to obtain zeroth-order
contributions when PSO or SD terms are calculated
with response schemes.

The development of the principal propagator as a
series, together with the analysis of how close to zero
their eigenvalues can be in order to get the inversion
of the corresponding matrix, was used to understand
the old problem of instabilities and quasiinstabilities
(QIs). We have found an alternative and efficient
procedure to partially overcome this problem (87).

Relationship Between the Matrix Elements of the
Principal Propagators and the HF’s Stability
Problem. Theoretical study of the NMR-J spectro-
scopic parameter in compounds which are of interest
for organic and inorganic chemistry is many times
plagued with problems of instabilities or QIs when

44
]FC(MJV) = (3) uthYMYNsl%A(())SIz\I(O)HMN

(77]

where pp represents the Bohr magneton. Each [Ty
term can be of either sign and refers to the contribu-
tion of each single excitation.

Within the CLOPPA approach, the FC term has
the expression (see Egs. [73] and [74]):

JFE(M,N) = QFCS3,(0)S%(0)
X Z,—a JbCiMCZ,MCJS‘,NCi,N Piajp 78]
From this equation, it is straightforward to relate the

Pople-Santry model with the first term in the expan-
sion by series of J5< (80)

TEC(M,N) ~ QFCS2,(0)53(0)
3] s 5 s — P —1\ "
x Z,—a »CiMCamCinCon (E IZ,,:O (CNE™Y) >

ia,jb

{791

Then each individual coupling pathway contribution
is written as a series

Siiajb — QFCS%A(O)SIZ\:(O)

. .y [80]
M + higher order terms
(€a — &) (s — €)

the calculations are done at RPA level of approach.
In such a case, the restricted Hartree-Fock (RHF)
electronic ground state of the given molecular system
is not (quite close to) the lowest energy state, but a
triplet state is (quite close to) the lowest. In this case
at least one eigenvalue of the triplet-type principal
propagator is negative (close to zero) and it is said
that the whole system is nonsinglet unstable (quasi
unstable). Then it is not possible to calculate the FC
or SD contributions to J. In the case of QI problems
one can get FC or SD contributions but overvalued.
So when this happens one cannot make any theoreti-
cal analysis of calculated Js (84, 85).

If the molecular system has a m-electronic frame-
work, it is very likely that it will produce at least QI
problems for calculations at RPA level (36, 85-87).
But also some saturated compounds could have that
kind of problems (76). The usual way to overcome
this problem by ab initio methods is to use post-RPA
schemes (i.e. including more electron correlation),
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Table 2 FC Contributions to } (in Hz) in H,CCH, and H,CNH for the Complete RPA Calculation and
for Different Prescriptions Concerning the Removal of Two-Electron Contributions to the Principal

Propagator Matrix

*Proesmre Vo-x Jeon *Je-n “Tin cis-"Jy_g trans-"Ju_u

H,CCH,

a 146.19 226.04 321.43 —154.33 —131.43 120.29 142.66

b 6.53 34.30 178.05 —-10.90 —24.13 13.00 35.36

c 3.73 30.46 175.18 —8.02 —21.98 10.85 33.98

d 2.42 28.65 173.82 —6.67 —20.97 9.83 32.19
SOPPA(CCSD)* 76.25 156.29 —-1.49 0.40 12.17 18.51
H,CNH

a 19.75 1.16 192.96 —22.30 1.47 33.16 56.85

b 4.80 6.93 179.87 —12.42 11.24 26.05 49.47

c 3.04 7.60 178.33 —-11.26 12.38 25.22 48.61

d 2.05 7.98 177.47 —10.60 13.03 24.75 48.12
SOPPA(CCSD)* —10.14 160.72 —10.36 16.88 18.36 25.01

Reproduced from Ref. (87), with permission from ©Elsevier.

(a) Every term is taken as such. (b) The (ab|ji) integral is removed from the problematic matrix element. (¢) The {aj|bi) integral is
removed from the problematic matrix element. (d) Both integrals are removed.

#Taken from Ref. (88).

though this results in a restriction on reliable calcula-
tions only for small-size molecules. The other way to
tackle that problem is to apply a more crude approxi-
mation which is used on semiempirical methods. A
different alternative was developed in Ref. (87) to
handle with nonsinglet Qls. It is worth to mention
that semiempirical schemes were designed in such a
way that they use some empirical parameters to fit
theoretical results with experiments. This means that
electron correlation is included in a suitable, though
unsystematic way. This explain why semiempirical
calculations of NMR-J parameters fit at least in a
qualitative (sometimes semiquantitative) way with
experimental results.

Several criteria were given in order to know
whether a calculation could be affected by QI prob-
lems. Two of them are: i) the HOMO-LUMO differ-
ence and ii) the value of the smallest eigenvalue of
the principal propagator matrix (76, 84). In Ref. (81)
we proposed a new criterion that refers to the maxi-
mum value of the matrix element v, j (see Eqg.
[79]), where

Viagp = CNE™") [81]

iajb

We should expect a QI problem every time vip%, is
larger than 0.75. This is equivalent to have a lowest
eigenvalue of the RPA principal propagator matrix
lower than 0.11 (84).

It is known that vy} is close to 1 for some mole-

cules with a m-electronic system like H,CCH,

(Vims e = 0.964) and HoCNH (v . = 0.885). In
order to minimize QI problems one can implement
the following procedure:

1. Evaluate v},

2. If this value is larger than 0.75 remove the
integrals {(ablji) andfor (ajlbi) that corre-
sponds to the (ia, jb) coupling pathway.

3. Calculate again all principal propagator matrix
elements and check whether vi% is lower than
0.75.

In Table 2 we show how this procedure works for
the model systems H,CCH, and H,CNH. In both
system§k vffll‘}’l‘,* is larger than 0.75 and corresponds to
the nn, mn coupling pathway. All couplings are
overvalued for the complete RPA calculations. The
principal propagator matrix element for that coupling
pathway diminishes drastically when any or both of
the MO integrals, {ab|ji) and/or (ajlbi) are removed.
It is observed that J-couplings become closer to SOP-
PA(CCSD) results when this procedure is applied.
Some of these couplings are better reproduced,
mainly couplings such as Ye_n Yn_g and both vic-
inal couplings. It is worth to mention that couplings
for which the problematic coupling pathway is much
involved cannot still be well reproduced, and that is
something we should expect.

The Sign of J. Let’s now analyse one of the most
conspicuous physical properties of the NMR indirect
nuclear spin couplings: its sign.
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It is well known that not only the absolute value
of J but also its sign is of great value when one tries
to get structural and electronic information from
NMR spectra (85). Nuclear spins can be coupled
without electron transmission of their perturbation on
the electronic molecular system. Direct coupling, D,
as this last mechanism is called, may be used to
obtain information about the absolute sign of J.
Given that the sign of D can be obtained when the
sample is subjected to an external electric field, and
the fact that the relative signs of D and J can be
derived from spectra of a partially oriented molecule,
the absolute sign of J can be inferred from an electric-
field experiment (89). One needs to know at least the
absolute sign of only one coupling constant in order
to get the sign of all others in a relative way (90).

One can ask oneself about the physical process
that produce the sign of J, given that it does not arise
from a convention. There are old and relative new
models trying to explain this phenomenon. The old-
est one is referred as Dirac-Peeney model (48) and is
one of the most used by NMR spectroscopists. This
model considers only the FC mechanism that is
described by the Hamiltonian of Eq. [39]. If the gyro-
magnetic constant is positive, then from Eq. [39] the
molecular system is more stable when the electron
spin and the nuclear spin are antiparallel. In the same
manner, considering the NMR phenomenological
Hamiltonian of Eq. [19], the system is more stable
when both nuclear spins are antiparallel assuming
that Jyy is positive, because in this case the magnetic
interaction energy of the two nuclei, M and N, will
diminish the total energy of the molecular system.
This vector model for J-couplings predict a positive
J for the HD molecule as observed in Fig. 1. This
would happen for every coupling of nuclei with posi-
tive gyromagnetic constants. In practice not all cou-
plings of nuclei with positive gyromagnetic constants
are positive. If the electron spin-nuclear spin interac-
tion is transmitted through a third atom, the electrons
that are close to the nucleus of this atom fulfil Hund’s
rule so that they are more likely parallel as shown in
the Fig. 1. Then the coupled nuclear spins that are
separated by two bonds will tend to be parallel and
so the system will be more stable when J is negative.
The extension of this model to coupled nuclei sepa-
rated by any number of bonds shows that when the
number of bonds in the middle are odd, the interac-
tion energy will stabilize the system when J is posi-
tive, and negative when the number of intermediate
bonds are even. This is not always the case as hap-
pens for the geminal coupling “Jy_y in formalde-
hyde. There is also another shortcoming because that
model is valid for J-couplings transmitted only by

Nuclear spins H Electron spins

(b)

Figure 1 Schematic representation of the Dirac-Peeney
vector model applied to (a) one-bond coupling for the HD
molecule and (b) two-bond coupling for HDO molecule.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

o-type molecular orbitals. It explains a large attenua-
tion of the coupling for nuclei that are distant more
than four bonds between them.

Recently Del Bene and Elguero (9/) proposed
another model, the nuclear magnetic resonance triplet
wave-function model (NMRTWM) applied only to
molecules that belongs to D, point groups; specifi-
cally the linear systems of type A;-B,...B,-A,. They
assume that the orientation of the nuclear magnetic
moment vector responds to the phase of the excited
triplet state wavefunction, and arbitrarily assign nu-
clear spin up () when the wavefunction is positive
and down (]) when it is negative. Then, from the
analysis of the nodal pattern of each excited state one
can infer the individual contribution to J. In the case
of molecules of type A;-B;...B,-A, one can in prin-
ciple consider only two patterns of excited triplet
states 32;’ and ® Z, and obtain an arrangement of all
nuclear spin vectors belonging to the molecule.
Finally the sign of the total coupling constant is the
result of competing positive and negative contribu-
tions from all excited triplet states. They were able to

Concepts in Magnetic Resonance Part A (Bridging Education and Research) DOI 10.1002/cmr.a



UNDERSTANDING NMR J-COUPLINGS 103

Table 3 Contributions of the Main Coupling Pathway Terms (in Hz) and Their Perturbator and Principal
Propagator Elements for the Geminal H—H Coupling in Formaldehyde

i a J b Jiajo Piajp Uiayz Ujppm Uiatnt Ujp2
(o2} G} (s23 [e24 18.43 —0.81 0.028 —0.003 —-0.028 0.266
oy o} (2 o} 18.43 —0.81 -0.003 0.028 0.266 —0.028
(<3} (o} [« o} —7.04 —0.03 —0.003 —0.003 0.266 0.266
o G5 (<21 o3 447 —1.85 —0.028 0.028 0.028 —0.028
(+3] o] Gy o] 4.47 —1.85 —0.028 0.028 0.028 —0.028
<2} G} o o} 7.18 —2.97 0.266 0.266 —0.266 0.003
[s23 G} (¢ 23 [o24 7.18 —2.97 —0.003 —-0.003 -0.003 0.266

predict different signs of F—F couplings in both
arrangements: H—F - - - F—H (which would be posi-
tive) and F—H --- H—F (negative). This last case
should be positive from Dirac-Peeney vector model.
The NMRTWM model was also successfully applied
to analyse the sign of the reduced *"Kxy couplings
transmitted through A—H—D hydrogen bonds were
A, D were atoms of O, N, C and F (92). A final
remark is on the magnitude of the contribution to J
for a given pair on nuclei from a particular excited
state: it depends on the electron densities (mainly
s-electron).

Let’s have a look on what can we get from the
CLOPPA model (93). For convenience let’s write
again Egs. [72] and [73] for X = FC

FC _ L(FC)
TR D Mg
3
FC 7/FC FC 7/FC
= Z,-a b (UM,iaUN,jb +U; N,iaUMJb> Piajp [82)

In actual calculations, there are in general only one
term of Eq. [82] that contribute much more than the
other. This term is such that both perturbators are
built from LMOs that have a larger slope in each
nucleus of interest compared with the slope of the
corresponding LMOs of the other two perturbators.

Within the CLOPPA model, the diagonal matrix
elements of the principal propagator are negative.
But this is not the case for its nondiagonal matrix ele-
ments. In such a case there is always the possibility
for changing the sign of a pair CP,, b Ullffia) without
any change on the sign of J. So we will use that arbi-
trariness to consider principal propagator matrix as
negative terms.

The sign of a perturbator UIIi{C,ia has implicit
relation between the phases of the LMOs that are
involved in the virtual excitation i — a in the site of
the nucleus M. Its sign is positive (+) when both
LMOs have the same phase. Within the monocentric
approximation, the sign of the phases is carried out
by the coefficients of Eq. [78]. Then within our model

the sign of each coupling pathway, i.e. J;, j is com-
pletely defined through the sign of both perturbators
UEC and UL for that given coupling pathway (93).

A typical example is the geminal coupling %/y_y
in the formaldehide. The Dirac-Peeney vector model
predicts a negative J-coupling though it is known
positive. Some of their most important coupling path-
way contributions are given in Table 3. Both C—H
bonds are involved in all the main coupling path-
ways. This means that the virtual excitations to be
considered are those where the excitations arise from
bonding and antibondings of both C—H bonds, i.e.
the bonding and antibonding of C—H, bond: o; and
G, and their equivalents for the bonding and anti-
bonding of C—H, bond.

As observed in Table 3 there is only one negative
term: Jg101%,0202+. This term corresponds to the
Dirac-Peeney model, because it considers the excita-
tion of both bonding — antibonding belonging to
each bond C—H separately. All other terms are posi-
tive (!). They arise from excitations that mix bond-
ings and antibondings of both C—H or belongs to
only one C—H bond. The main point here is the fact
that the sign of each coupling pathway term is
defined completely by the relative signs of the larger
product of two perturbators belonging to that cou-
pling pathway. For example the sign of the first term
in Table 3 arises from the product between Ugjgox;
and Ugzg2+2. The sign of these two perturbators is
opposite, which means that the relative phases of
both virtual excitations at the site of both nuclei is
opposite: the phases of the bonding and antibonding
LMOs of the virtual excitation 6; — o3 at the site of
the nucleus 1 are different, and the phases of the
bonding and antibonding LMOs of the virtual excita-
tion o, — o at the site of the nucleus 2 are similar.
In summary, the sign of each coupling pathway term,
Jiajb: v, arises from the relative phases of the excita-
tions i — a at the nucleus M and j — b at the nucleus
N, or i — a at the nucleus N and j — b at the nucleus
M, with independence on how far away are both
coupled nuclei M and N (!).
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Table 4 Contributions of the Main Coupling Pathway Terms (in Hz) and Their Perturbator and Principal
Propagator Elements for the Geminal H—H Coupling of Methane and the One-Bond C—F Coupling in CH;F

i a J b J, ia,jb Uiano Ujb,Hl U, ia,H1 Ujb,HZ
CH4
[« o} [s2) (o3 —58.15 —0.26 0.000 0.001 —-0.273 —0.273
[«2] o3 (s 2 G5 4.88 -0.47 0.000 0.001 0.013 —0.273
i a J b J, iajb Uia,F Ujb,c Ui Ujb,F
CH;F
oy ol o2 o] 452.72 —2.40 -1.036 0.254 0.254 —1.036
LP o} G G} —538.84 —0.75 4.008 0.254 0.014 —1.036

As a second example we propose the geminal
H—H coupling in methane. As observed in Table 4,
the principal coupling pathway term is by far the
diagonal, which is equivalent to that of the Dirac-
Peeney model. All others are much smaller. This
gives a natural explanation on why the sign of J is
positive in this case. In the same Table we give the
partial contributions of two coupling pathway terms
for the one-bond coupling 'Jo_p in CH3F. We give
only two terms which are by far the more important.
One is the diagonal which is positive as should be,
the other one is negative and more important than the
diagonal. For the largest term, one of both excitations
starts from the lone pair MO, LP. Its sign arises from
the fact that the main perturbators have the same
relative phases in their excitations.

This interpretation for the origin of the sign of J
based only on the FC mechanism can be extended to
the other two types of paramagnetic electronic mech-
anisms. It tells us that the origin of the sign of J
arises from the “relative” phases of the LMOs that
intervene in the given coupling pathways “at the site
of the nuclei involved.” These relative phases are
completely defined for any given molecular system.
The results of previous models are contained within
our model. We are now able to explain why the
Dirac-Peeney rules for the sign of J are not fulfilled
in all cases, as it happens with our model.

Electronic Origin of the Famous Karplus’ Rule.
From the early days of NMR spectroscopy, Karplus
realized that vicinal couplings (couplings through
three bonds) fulfil a rule which then was known as
Karplus’ rule (94, 95): J has an harmonic dependence
with the dihedral angle. This rule is independent of
the nature of the coupled nuclei. Karplus’ rule is em-
pirical, and is extremely useful to get structural infor-
mation about any kind of molecular compounds.
There were several attempts to theoretically
explain its electronic origin, from early days (96) to

recent years (97—101). In our case, when we devel-
oped the way to get the inverse of the principal propa-
gator matrix (see Eq. [75]) we were able to add a new
interpretation about this rule. Our CLOPPA model
gives us two completely different elements that inter-
vene in the calculation of J-couplings: perturbators
which depends on two LMOs (one occupied and one
unoccupied) and that may be close to the coupled
nuclei: local perturbator or far away: nonlocal pertur-
bator. The second element is the principal propagator
matrix that depends on four LMOs, though in a way
that the whole electronic structure of the molecule is
involved. Given that Karplus’ rule is independent of
the nature of the coupled nuclei and also of the nature
of the other nuclei that are in the middle of the trans-
mission pathway, one can think that this rule should
arise from a subtle general mechanism.

We proposed few years ago that Karplus’s rule
can be completely explained from an hyperconjuga-
tive mechanism (/02). Our proposal differs from that
of Weinhold and coauthors, mainly because we were
able to have a different analysis of the electronic
mechanisms involved. They suggested a hyperconju-
gative electron-transfer mechanism that involves only
one partial electron transfer from a nearly doubly
occupied (bonding) orbital to a nearly vacant (anti-
bonding) orbital. We explicitly considered the fact
that each coupling pathway term involves at least two
simultaneous excitations, and then the hyperconjuga-
tive mechanism we are able to analyse, contains more
details than the one-electron excitation mechanism
proposed by Weinhold and collaborators and also by
Contreras and collaborators. We also applied our pro-
cedure to get the principal propagator explicitly.

We had a look on whether one of the two different
terms that define each coupling pathway may pro-
duce the dihedral angular dependence of vicinal Js.
At this stage, we may have a guess: if only one term
is responsible of that functional dependence it should
be related with the principal propagator because it
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Figure 2 Some hyperconjugative mechanisms that
involve two simultaneous excitations. (a) The main local-
local hyperconjugative mechanism or LLH; (b) The double-
vicinal hyperconjugative mechanism or DVH. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

depends on the electronic behavior of the molecule
as a whole. The matrix elements of the principal
propagators should carry out the information from
one part of the molecule to the other. The answer is
affirmative. Not only that. Any coupling pathway
term follows the Karplus® rule (!). Still there is a
deeper insight on the physics that underlies this phe-
nomenon. It is based on quantum physics and its dis-
covery sheds new light on the NMR phenomenon.

Let’s go back to Eq. [75]. There we developed
each principal propagator matrix element as a series.
The numerator of that series elements are the two-
electron integrals of Eq. [53]. We will consider here
only the FC coupling mechanism, so

*Nigjp = (G + H) (831

ia,jb
where

Giajp = {ajlbi) = /\IJZ(1)\I!Z(l)rle\lli(z)\lfi(Z)drldrz
(84]
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and

Hiugy = (ablji) = / W (D, (2, (2)drdr
[85]

G is called Coulomb matrix because it represents a
coulombic interaction between two electrons: an
electron in a virtual state, when a = b, and the other
electron in an occupied state, when i = j. In the same
line of reasoning, H is called exchange integral ma-
trix in our model.

Let’s analyse a given molecular model: H3Sn—
C,H—SnH; with few of the main excitations
between occupied to vacant LMOs as shown in Fig.
2. It was shown in Ref. (/02) that all coupling path-
ways follows a Karplus’ curve. Then we investigated
the most important terms. In Fig. 3 we show the dihe-
dral angular dependence of some of them. We have
introduced a particular nomenclature: a) local-with
other-local hyperconjugative (LLH) means that both
excitations are localized in the bonds of the coupled
nuclei (o) — o}; o2 — 03); b) double vicinal hyper-
conjugative (DVH) means two excitations of a vici-
nal type (c; — 0}; G; — ©3); etc.

When analysing the dihedral angular dependence
of the matrix elements of perturbators and principal
propagators belonging to that coupling pathways we
found out that the principal propagator matrix ele-
ments and also nonlocal perturbators matrix elements
follows a Karplus-type dependence. In the case of
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Figure 3 Coupling pathway contributions as a function
of dihedral angle for vicinal /(Sn—Sn) couplings in the
H3SnCH,CH,SnH; molecule. The main bonding (anti-
bonding) localized MOs for vicinal *J(Sn-Sn) couplings
are o and o, (o7 and 3). [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]
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LLH coupling pathway mentioned ecarlier (and all
others), both P o1 6,05 and U 6% sn, Us,o3.5n, follow
a Karplus-type curve, though the nonlocal perturba-
tor’s contribution is quite small compared with their
local counterpart. Then it does not intervene in the
final contribution of the given coupling pathway, and
so it is the principal propagator matrix element alone
that one needs to analyze. This particular matrix ele-
ment is a function of the following G and H matrix
elements,

Pclc’;,cgcs; 6.8 Gclc’l‘,czc; + Ho’;c’l‘,cgc; [86]

The dihedral angular dependence of G and H matrix
elements is such that they follow a Karplus-type
behavior only when at least one of the two electrons
depends simultancously on different LMOs describ-
ing fragments within which the coupled nuclei are
included. In the case of the main coupling pathway
LLH which we are analysing:

Gclc’l‘,o‘zo"z‘ =/6?(1)6;(1)7‘1—2162(2)0'1(Z)drldl’z
(87]

and

HGl(’T,UZUE =/0*{(1)02(1)}’1—210;(2)01(2)dr1dr2
(8]

It is clear that in both matrix elements electron 1
depends on two different LMOs that are close to the
coupled nuclei, i.e. Yg1(1) and Ygo+(1) or Yo(l). A
quite similar dependence is observed for electron 2.

There are terms for which their principal propaga-
tor matrix elements do not follow a Karplus’ curve.
They are such that neither electron 1 nor electron 2
does fulfil the restriction we mentioned earlier. As
an example we analyze the (5, — o©}; o, — o))
coupling pathway which is called double-local hyper-
conjugative (DLH). Their Coulombic and exchange
matrix elements of Eqgs. [84] and [85] are

Go\ot.010} :/|GT(1)|2r1‘21|01(2)|2dr1dr2 [89]
and
Ho 61,0003 :/G}‘(l)m(l)rﬁlcf(2)01(2)dr1dr2

[90]

The Coulombic matrix element gets its name from
here. It expresses a Coulombic interaction between

electron 1 and electron 2 described by the electronic
probability densities given by [rf, (1)|* and N/Ul(2)|2.

There are also intermediate situations where the
restriction is fulfilled by only one of the two elec-
trons, 1 or 2. In such a case, the principal propagator
matrix elements follow a Karplus® curve, though
their contributions are much smaller than that for
the main coupling pathway terms. This is shown in
Fig. 3.

Then Karplus’ curve arise from a new type of
entanglement, given that for second-order properties
we must consider two simultaneous excitations, one
for each of two “entangled” or “disentangled” elec-
tronic wavefunctions. Usual quantum entanglement
means a nonlocal interaction of two different par-
ticles that may be photons, electrons, or whatever
quantum particle may exist. In our case, if the
description of at least one of the two excitations is
entangled, then a Karplus’ type behavior for the
coupling pathway to which that excitation belongs to
will be obtained. We assume here a nonlocal interac-
tion of the same particle through occupied and vacant
LMOs that describe its excitation. This conclusion
have a lot of sense because we can realize now that
when one of the excitations of the two electrons, say
electron 1, which describe the propagation of the
polarization produced by electron-spin nuclear-spin
interaction, is given by LMOs that belongs to func-
tions describing chemical bonds of both coupled
nuclei, then that excitation is like an entangled exci-
tation. So the description of that electronic excitation
gives new insights on the particular physics of what
is going on in both regions of the molecule to which
coupled nuclei belongs. In a way this complements
the finding of the physical origin of the sign of J: it
depends on the simultaneous relative phases of
LMOs describing excitations of two-electrons at the
site of the coupled nuclei.

We can conclude this section on applications of
the CLOPPA model saying that this model gives us a
new and deeper understanding of the physics that
underlies two of the most intriguing aspects of NMR
J-couplings: its sign and the Karplus’s rule. Further-
more in most cases, it reproduces experimental tend-
ency and so one can apply this model to analyse the
electronic mechanisms that are involved in the meas-
ured values of NMR J-couplings.

Nonrelativistic Ab Initio Schemes

The first implementation of SOPPA in a computa-
tional code was made by Oddershede and coauthors
(103). Given that the implemented method did not
introduce any external parameter different from the
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basic electronic and mass charge, nuclear charges,
etc. this was properly ab initio. As discussed in sec-
tion II one needs to include the first-order correction
to the reference state, |0)", plus the /4, manifold in
order to get polarization propagators at second-order
approach in the fluctuation potential. Any response
molecular property can be expressed in a similar
manner as was written at RPA level of approach (see
Eq. [34]), but the property integrals (perturbators at
RPA level) and the matrices that define the principal
propagator contains more terms consistent with the
order expansion mentioned earlier (50).

We want to give some applications of polarization
propagators to calculate and analyse NMR spectro-
scopic parameters considering both domains, i.e.
relativistic and nonrelativistic. NR examples will be
given in this section and some full relativistic appli-
cations will be presented in the next section.

Large Long-Range Coupling Constants. Applying
Dirac—Peeney vector model, one is forced to consider
that indirect nuclear spin couplings should decrease
quickly in magnitude when the number of intermedi-
ate bonds increases. We have shown in previous
sections that this model is contained within the
CLOPPA model, and so there are not only one but
many alternative ways (coupling pathways) for the
transmission of the indirect nuclear spin. coupling
through electrons. It may also be the case that Dirac—
Peeney model is unable to predict correctly the trans-
mission of nuclear-spin couplings in unsaturated
molecular systems.

Several calculations were published (with results
close to experimental findings) showing that when
coupled nuclei are close in space, even though they
may be separated by a long through-bond distance,
their J-couplings are large (48, 104). This was ex-
plained considering a “through-space” mechanism,
which means that indirect nuclear spin couplings
could be transmitted by electrons even though there
is no covalent bonds between them.

In the case of F—F couplings, several publications
during the last few years reported unusually large
long-range couplings; some of them explained by
through-space mechanism (105, 106) but others due
to conjugative effects or m-conjugation (77, 107).
These last mechanisms are related with noncontact
contributions (PSO and SD) as shown by recent calcu-
lations (J08—110). Given also that unsaturated F-sub-
stituted carbon chains were used as quantum com-
puters with five qubits (/11), it is highly recom-
mended to have a look on this kind of general
systems. We investigated the magnitude and charac-
teristics of long-range F—F couplings, ""Jp_g in
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1,n-difluoro-(alkanes, polyenes, cumulenes, and poly-
ynes) (/12). For J calculations in these kind of sys-
tems one should be very careful with the appearance
of instabilities (or Qls). In the case of a largely conju-
gated system like (1,n) cumulenes, these problems
will very likely appear even for calculations at
SOPPA level of approach.

In Table 1 of Ref. (112) the behavior of the four
coupling mechanisms in the four kinds of compounds
mentioned earlier is shown. The most important for
our purposes are the (1,n) difluoropolyenes. In these
cases, the SD is the main F—F coupling mechanism
which has a contribution of 9.46 Hz for a F—F bond
distance of nine bonds (!). Its FC contribution is also
not vanishingly small: 2.40 Hz. The total *Jr_p is
12.30 Hz. This means that it is highly probable that
one can measure F—F indirect nuclear spin cou-
plings in difluoro-polyenes where both F atoms are
separated by distances of the order of 1-2 nm. There
are still no experimental evidence that confirm or
reject these theoretical findings.

Cooperativity Effects. Traosmission of J-couplings
through H-bonds were confirmed by experimental
findings in proteins between a backbone amide pro-
ton and metal ions (13, /14); then extended to
*Jn—u in nucleic acid base pairs (/15), e in
proteins (116), and 2 and ”’JN,H in Watson—
Crick base pairs in a DNA duplex (/17). Precise ex-
perimental measurements together with quantum-
chemical calculations of NMR spectroscopic parame-
ters could give new insights on the physical nature of
H-bonds, which is still a matter of discussion (/18-
122). H-bonds can be attributed to electrostatic plus
polarization interactions or covalent interactions.
They can also be considered partly due to both.
Cooperativity is a “global” electronic effect that
may have an strong influence on “local” properties
like the NMR spectroscopic parameters. We will be
concerned with cooperativity effects that cannot be
predicted by pairwise interactions. The meaning of
this effect is such that when it appears on a system
that is composed of, say 2n interacting monomers,
the magnitude of its effect is larger than that arising
from the sum of (2n—1) + 1 interacting monomers.
The analysis of the energetics for the linear chains
(HCN),, and (HNC),, (n = 1-6) (123, 124) shows
that these chains have important cooperativity
effects. They are observed in the length of all hydro-
gen bonds which are shortened as the size of the clus-
ter increases (I25). Shall there be cooperativity
effects on their NMR spectroscopic parameters? The
analysis of inter- and intramolecular J-couplings
shows that the answer is affirmative (/23). One
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should look for a new way to quantify cooperativity
effects on local magnetic properties. Given a long
chain of (HCN) monomers, the largest intramolecular
13~ is obtained within the second monomer mainly
because of the FC mechanism. It is this mechanism
that governs the behavior of most of the intra and
intermolecular couplings. In the case of “Jy_p, the
PSO mechanism is as important as the FC. The gen-
eral tendency is such that intramolecular couplings
are larger for monomers in the middle of the chain.

We were interested in answering one of the main
questions about the origin of cooperativity effects on
J-couplings in that kind of linear chains: is the modi-
fication of the bonds length the main source of coop-
erativity effects on J-couplings? In the first place it
was found that even when the C—H bond length is
almost the same with independence of the number of
monomers which form the chain, its Je_y coupling
varies 8.3 Hz (3%) from monomer to pentamer.
Furthermore C—N bonding distances are almost
unchanged along the series of complexes, but their
couplings varies from —12.9 Hz to —17 Hz. As a de-
finitive explanation on the independence of the values
of J-couplings with geometrical factors of bond
length, we calculated all intramolecular Js for mono-
mers with different geometries isolated or included in
the chain. The answer was that even when the geome-
try considered was exactly the same, if the monomer
is in the middle of the chain, all intramolecular J-cou-
plings are quite more larger than equivalent J-cou-
plings in those cases where the monomer is isolated.

Another interesting point related with intermolec-
ular couplings in that linear chains is that of their
sign. In most cases, the sign is opposite to the sign
that one could infer from the Dirac—Peeney model.
Del Bene and Elguero were able to explain the origin
of these signs but in different H-bonded systems
using their NMRTWM model. They found out that
geminal J-couplings through H-bonding is almost
always positive (92), as it happens in our case.

All J calculations for (HCN),, and (HNC),, linear
chains were done at SOPPA level of approach. One
needs to include as much correlation as possible due
to QIs or instabilities that arise in unsaturated sys-
tems. In the case of H-bonded systems, this fact is
less important than in unsaturated compounds.

Relativistic Regime

As mentioned earlier relativistic effects must be
included in calculations of NMR spectroscopic
parameters when considering heavy atom containing
systems. Relativistic quantum mechanics is quite a
different regime compared with the usual NR, and so

one should expect to get new physics or new under-
standings of the same phenomena only when staying
working within the full relativistic theory. For exam-
ple, spin-orbit terms arise from perturbative correc-
tions to the pure NR Hamiltonian when one include
the interaction between spin angular momentum and
the orbital angular momentum; or when Dirac Hamil-
tonian is manipulated to get the Pauli’s Hamiltonian.
But one should always be aware that spin is no lon-
ger a good relativistic quantum number so that spin-
orbit corrections arise only when one uses a “NR
way of thinking.”

It is interesting to note that pure relativistic effects
appear in the case of paramagnetic contributions to
NMR shielding, oF, of rare gases, where a nonzero
value is obtained. This is a completely unexpected
result from a NR point of view (126, 127). There are
few recent review articles concerning the state of the
art about relativistic effects on nuclear magnetic
shieldings (127-130). This is a topic on which are
working several research groups in the World and have
some fundamental physical aspects to be clarified.

Another important difference comes from the anal-
ysis of the separation between para and diamagnetic
terms. This is also a theoretical NR concept that can-
not be confirmed by experiments. Within the relativ-
istic polarization propagator approach (RPPA) there
is only one term from which one obtains the whole
contribution to both tensors: J and o. Then the afore-
mentioned separation arises from manipulation. If
one goes up one step further in theory, i.e. within
noncovariant QED theory, one can show that para-
magnetic terms arise from virtual electron—electron
excitations and diamagnetic terms arise from virtual
electron—positron pair creation and annihilations.

Furthermore, within the NR regime there is a very
important relationship between the nuclear magnetic
shielding tensor and the spin-rotation tensor (731,
132). This is the basis for the establishment of the
absolute shielding scale for nuclei of light elements
that is no longer valid within the relativistic regime
(!). One needs to generalize Flygare’s derivation, but
no one knows how to do it at the moment.

The Nonrelativistic Limit. As shown in Ref. (I8),
there is a natural way to get the NR limit of fully
relativistic calculations of J (and of course to other
response properties like o) i.e. making ¢ — oo (see
Eqgs. [67] and [68]). As shown in Fig. 4 one gets
(smoothly) accurate NR values of tensor J when ¢
arbitrarily goes to infinity. In actual calculations, it is
enough to make ¢ = 10 au. It is quite interesting to
see this limit numerically. For Yy_p: one can
observe the way J changes its sign. It is worth to
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Figure 4 Indirect nuclear spin—spin coupling, J(HBr), in

HBr molecule as a function of the speed of light.

emphasize that starting within the full relativistic
expression of tensor J (see Eq. [64]) there appears all
four Ramsey component when we make ¢ — oo.
There is a distinction between pseudosinglet and
pseudotriplet components of J depending on time-
reversal symmetry (46).

Fully Relativistic Calculations. In order to get
indirect nuclear spin coupling results with independ-
ence of the gyromagnetic constant (that may be nega-
tive) one can use the reduced indirect nuclear spin
coupling, K, which is defined as

2n 1
Kvn = —
B ymyN

JvN [91]
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The first applications of the RPPA theory to calculate
J (or K)-couplings with DIRAC code were done on
XH; (X = 0, S, Se, Te and Po) model compounds
(55) and hydrogen halides (56); then extended to
couplings in Sn-containing molecules (52).

One interesting relativistic effect on J-couplings is
that which changes its sign in several one-bond cou-
plings, like Yx_y in XH; (X = N, P, As, Sb and Bi)
and also in XH, (X = O, S, Se, Te and Po) model
compounds. This effect was predicted by Pyykko and
Wiesenfeld (69), and Aucar and Contreras have com-
pleted the understanding of its origin applying the
CLOPPA model (21).

As observed in Table 5 relativistic effects are im-
portant and their contributions are negative for K'*°.
This is explicitly seen for molecules that contain
atoms belonging to the 4th—6th rows of the periodic
table (57). In the case of XHj3 systems, K change its
sign for X = Bi. In the case of XH, systems the
change of sign is explicitly seen for X = Te. As
explained when applying semiempirical methods, the
reason for the occurrence of that change of sign is
the negative contribution of excitations that starts
from lone pairs (21, 69). The absolute value of these
LP contributions grows up when Z grows, becoming
larger than the other contributions for BiH; and
TeH,. NR results of Table 5 were taken using DAIL-
TON suite of programs (/34) at RPA level of
approach. The same basis set was used both in NR
calculations and as the “large” component in relativ-
istic calculations.

The anisotropic reduced nuclear spin couplings fol-
lows a similar behavior. Relativistic AKy_g changes

Table 5 Fully Relativistic One- and Two-Bond Reduced Coupling Constants in XH; and XH,

Molecular Systems?®

K(X—H) KH—H)

X K AK K AK

XH,
N 64.07 (63.94) —17.59 (—15.49) —2.04 (=2.05) —2.94 (—2.99)
P 53.02 (52.73) 42.04 (43.67) —2.04 (~=2.09) —0.98 (—1.05)
As 72.67 (84.18) 142.93 (121.75) —2.43 (=2.51) —0.78 (—0.95)
Sb 78.92 (143.56) 365.42 (217.97) —2.68 (—2.65) 0.51 (—0.69)
Bi —1367.83 (188.91) 1867.29 (468.40) —7.29 (-3.40) 8.09 (—0.67)

XH,
0 63.14 (63.66) 10.70 (8.98) —1.85 (—1.89) —4.16 (—4.25)
S 45.14 (45.52) 43.10 (56.32) —1.58 (~1.77) —191 (~1.37)
Se 25.24 (46.15) 186.60 (165.23) —2.04 (—2.13) —0.97 (~1.15)
Te —21.86 (86.01) 342.41 (343.67) —1.90 (—1.95) 1.84 (—0.84)
Po —1481.13 (73.70%) 868.53 (330.59%) —2.67 (—1.61) 2.02 (1.90)

K is given in 10" N A~2 m™ units and nonrelativistic values are given in parenthesis.

*Taken from Ref. (133).
® Calculated with ¢ = 12.
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its sign when X = Sb in XHj and when X = Te in XH,
molecular systems. This is a relativistic effect that is
larger in the case of XH; systems where there is no
change of sign for their NR results of AKyy .

DFT-Based Methods and Calculations

Even though this article is only based on develop-
ment and applications of polarization propagator
methodology within both regimes, nonrelativistic and
relativistic, it deserves a short comment on the every
time more popular basic scheme used to calculate J-
couplings: density functional theory (DFT). Calcula-
tions within this methodology do not suffer of non-
singlet instability problems (/35), and given that
DFT also includes electron correlation effects at a
computational cost equivalent to that of HF methods,
they can be applied to molecular systems of large
size. There are several molecular systems for which
there are still some difficulties to get reliable J-cou-
plings, but there are continuous improvements in
such a way that one could expect that these weak-
nesses will be diminished in the future.

The main drawback concerning DFT is the fact
that there is no systematic way to improve the
exchange-correlation functional which one shall
apply on calculations. Several review articles appear
recently, that contain evaluation and comparison of
results based on OM methods and DFT calculations
(35,37,77).

Until now there are no applications of polarization
propagators with DFT approach. It would be interest-
ing to start a program of research in this direction,
given the performance of the DFT for calculating J-
couplings.

SUMMARY

Propagators are very powerful tools not only to do
reliable calculations on electric and magnetic molec-
ular properties, but also to get insights on what are
the electronic processes that underlie measurable
spectroscopic quantities. Polarization propagators are
defined in such a way that one can work with them
within completely different frameworks i.e. relativis-
tic and nonrelativistic. They are quantum-based theo-
retical objects that can naturally be obtained from the
theory of QED. This fact gives solid grounds for the
whole theoretical analysis that one can make with
them.

In this article we have had the intention to show
in an elementary and schematic way how one can
obtain explicit expressions to calculate NMR J tensor

within both regimes: relativistic and nonrelativistic;
and also the intrinsic relation that arise naturally
between them. We have shown that we should be
very careful when one wants to discuss electronic
effects like relativistic effects by using theoretical
tools based on NR theories. This is the case, for
example, of the separation on para and diamagnetic
effects. Dia- and para-magnetism arise only as an
approximation of a unique full relativistic expression.
Diamagnetic contributions to any magnetic response
property is completely described by an interval of
excitation energies: 2mc” < |(&; — g5)] < 4mc® [see
its analysis for the case of nuclear magnetic shielding
(136)]. All these news and some others arise only
within the full relativistic regime. Then when work-
ing within the proper relativistic regime one should
avoid to think on magnetic properties in the same
manner as in the usual NR regime. If we want to get
new insights on the physics (purely relativistic)
underlying heavy-atom containing molecules we
should stay working within the full relativistic frame-
work. Otherwise by making manipulations that guide
us to get semi or quasirelativistic expressions, we
always loose part of the physical content of the best
predictive theory we have at the moment.

Another important issue we have addressed in this
article refers to the development of theoretical mod-
els and their implementations, based on polarization
propagators at different levels of approach. Starting
from the semiempirical CLOPPA model we end up
into ab initio schemes of calculations. Applying the
CLOPPA model we were able to obtain new insights
on the origin of some of the most conspicuous prop-
erties of NMR spectroscopic parameters, like the sign
of NMR-/ coupling and the electronic origin of the
Karplus® rule. The development of the concept of
coupling pathways defined by two excitations (from
one occupied to one virtual MO) was crucial for our
understanding on the underlying physics. From then
we realized that the relative phases of the occupied
and virtual MOs at the nuclear sites are the only im-
portant factors that one should consider in order to
predict the sign of any indirect spin-spin coupling.
Our model generalizes previous models as the Dirac—
Peeney and also the Pople-Santry model.

When we want to understand the electronic origin
of the famous Karplus’ rule we found out that the
matrix elements of the principal propagators are the
main factors that explain it. We stressed that the
hyperconjugation mechanism is responsible for this
rule but considering two simultaneous excitations. In
these excitations, one or two of the excited electron
states may be entangled. If this happens, the corre-
sponding matrix elements of the principal propagator
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matrix follow a Karplus’ type dependence with the
dihedral angle. So this is a deep insight on the way a
quantum information (the nuclear spin of a given nu-
cleus) is transmitted from one to any other nucleus
with nonvanishing nuclear spins.

As an important application of ab initio schemes
for calculations of NMR spectroscopic parameters at
second-order level of approach we showed the pre-
diction of large long-range F—F coupling constants
in conjugated systems. We predict measurable Jg_g
for systems were both coupled nuclei are separated
by a distance of the order of 1-2 nm. This means that
these molecular systems can be good candidates for
quantum computers containing more than seven
qubits as suggested in Ref. (/12).

At the same level of approach we investigated
cooperativity effects on NMR coupling constants.
We showed that by measuring coupling constants in
a linear chain of H-bonded monomers containing C,
N, and H one can infer from what element of the
chain that coupling does arise.

Finally, we have shown some examples of relativ-
istic effects on heavy atom containing molecules, and
the way one finds their NR limit within the scheme
of polarization propagators.

At first sight, polarization propagators may appear
to a broad audience as quite complicated theoretical
devices that only some experts on this field can
understand and manipulate. We believe that our pre-
sentation showed that this is not the case. The beauty
and simplicity of the equations involved when work-
ing within the full relativistic framework, their natu-
ral NR limit, the predictive power and reliability of
proper calculations, and the number of new insights
that one can grasp when applying simple models
makes the polarization propagators as one of the
most wonderful theoretical devices one has at hand
to treat and learn on NMR spectroscopic parameters.
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