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“We are currently in the midst of a second quantum revolution. The first one gave us 
new rules that govern physical reality. The second one will take these rules and use them to 

develop new technologies.” (Dowling and Milburn, 2003) 
  



 

 

RESUMO GERAL 
 
A computação quântica é o campo da ciência que usa fenômenos da mecânica quântica, como 
superposição e emaranhamento, para realizar operações em dados. A unidade de informação 
básica usada na computação quântica é o bit quântico ou qubit. Sabe-se que os computadores 
quânticos poderiam teoricamente ser capazes de resolver problemas muito mais rapidamente 
do que qualquer computador clássico. Atualmente, a ressonância magnética nuclear (RMN) no 
estado líquido enriquece o processamento da informação quântica (PIQ), inspirando novas 
ideias para sua investigação teórica e experimental, desenvolvendo tecnologias para demonstrar 
a computação quântica em pequenos sistemas físicos. Não obstante, as moléculas que permitem 
implementações de muitos quantum bits (qubits) no PIQ via RMN devem atender a algumas 
condições em relação às suas propriedades espectroscópicas. Em primeiro momento, constantes 
de acoplamento através do espaço (TS) de 31P-31P excepcionalmente grandes observados em 
1,8-difosfanaftalenos (PPN) e em nafto[1,8-cd]-1,2-ditiole fenilfosfinas (NTP) foram propostas 
e investigadas com intuito de fornecer um controle mais preciso no PIQ por RMN em grande 
escala. Propriedades espectroscópicas de derivados de PPN e NTP, como deslocamento 
químicos e acoplamentos spin-spin através do espaço foram exploradas por estratégias teóricas. 
A partir de nossos resultados, os derivados PPNo-F, PPNo-etil e PPNo-NH2 foram os melhores 
candidatos para processamento de informação quântica via RMN, na qual a elevada constante 
de acoplamento TS poderia contornar a necessidade de longos tempos nas implementações de 
portas quânticas. O que poderia, em princípio, superar as limitações naturais relacionadas ao 
desenvolvimento do PIQ via RMN em larga escala. No segundo artigo, relatamos uma 
estratégia de design computacional para pré-seleção de complexos recentemente sintetizados 
de cádmio, mercúrio, telúrio, selênio e fósforo (chamados complexos MRE) como moléculas 
qubit adequadas para o PIQ via RMN. Deslocamentos químicos e constantes de acoplamento 
spin−spin em cinco complexos MRE foram examinados usando a aproximação regular de 
ordem zero (ZORA) a nível DFT (Teoria do funcional de densidade) e a abordagem relativística 
de quatro componentes de Dirac−Kohn−Sham. Usados juntos com os qubits mais comumente 
utilizados em experimentos de computação quântica via RMN, núcleos de spin-1/2, como 113Cd, 
199Hg, 125Te e 77Se, podem alavancar as futuras arquiteturas de computadores quânticos 
escaláveis, permitindo muitos qubits heteronucleares para implementações do PIQ via RMN. 
 
 
Palavras-chave: Cálculos de parâmetros de NMR. Computação quântica. Informação 
quântica. 
  



 

 

GENERAL ABSTRACT 

 
Quantum computing is the field of science that uses quantum-mechanical phenomena, such as 
superposition and entanglement, to perform operations on data. The fundamental information 
unit used in quantum computing is the quantum bit or qubit. It is well known that quantum 
computers could theoretically be able to solve problems much more quickly than any classical 
computers. Currently, liquid state nuclear resonance magnetic (NMR) enriches quantum 
information processing (QIP) by inspiring new ideas for theoretical and experimental 
investigation, leading to technology for demonstrating quantum computing in small physical 
systems. Notwithstanding, molecules that enable many qubits NMR QIP implementations 
should meet some conditions regarding their spectroscopic properties. First, exceptionally large 
through-space (TS) P-P SSCCs observed in 1,8-diphosphanaphthalenes (PPN) and in 
naphtho[1,8-cd]-1,2-dithiole phenylphosphines (NTP) were proposed and investigated to 
provide more accurate control within large-scale NMR QIP. Spectroscopic properties of PPN 
and NTP derivatives, as chemical shifts and through-space spin-spin couplings were explored 
by theoretical strategies. From our results, the derivatives PPNo-F, PPNo-ethyl and PPNo-NH2 
were the best candidates for quantum information processing via NMR, where the large TS J 
could circumvent the need of long-time quantum gate implementations. Which could, in 
principle, overcome natural limitations related to the development of large-scale NMR QIP. In 
the second paper, we report a computational design strategy for prescreening recently 
synthesized complexes of cadmium, mercury, tellurium, selenium, and phosphorus (called 
MRE complexes) as suitable qubit molecules for NMR QIP. Chemical shifts and spin−spin 
coupling constants in five MRE complexes were examined using the spin−orbit zeroth order 
regular approximation (ZORA) at the density functional theory level and the four-component 
relativistic Dirac−Kohn−Sham approach. Assembled together with the most common qubits 
used in NMR quantum computation experiments, spin-1/2 nuclei, such as 113Cd, 199Hg, 125Te, 
and 77Se, could leverage the prospective scalable quantum computer architectures, enabling 
many and heteronuclear qubits for NMR QIP implementations.   
 
 
Keywords: NMR parameters calculations. Quantum computation. Quantum information. 
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1 INTRODUTION 

 
Quantum mechanics has a reputation for being not only mysterious but also far removed 

from our daily life. But there is a high-quality device in a chemistry laboratory called nuclear 

magnetic resonance (NMR) spectrometer, whose operation is described using language usually 

utilized for describing elementary quantum systems. However, NMR spectrometer operates on 

macroscopic samples of ordinary liquids, usually organic compounds in inert solvents. Of 

course, a complete explanation of any spectroscopic experiment requires quantum mechanics. 

But only in NMR, the lifetimes of multiparticle quantum states are often long enough to 

appreciate the complexity of the dynamics of such states.  

Moreover, NMR was one of the early platforms and still has been used to perform 

experimental demonstrations of quantum information processing (QIP). These demonstrations 

are the first step toward realizing the dreamed quantum computer: a device that harnesses the 

complexity of quantum dynamics to solve computational problems that are and will remain 

forever beyond the reach of classical computers. The success of NMR as a testbed of 

experimental QIP may be attributed to the well-established theory of NMR and availability of 

extremely sophisticated NMR instruments. 

The fundamental information-processing elements used in NMR are two-level nuclear 

spins, called qubits, which are bound together in a single molecule. A liquid NMR sample 

contains a macroscopic number of molecules, each of which functions as an independent 

information-processing unit. The molecules are initially in thermal equilibrium at high enough 

temperature that the nuclear spins are only weakly polarized along the direction of a strong 

magnetic field. NMR techniques cannot control the quantum states of individual molecules, and 

the measurements performed in NMR detect the average magnetization of the entire sample1. 

Meanwhile, the advancement of the aimed NMR large-scale quantum processors 

depends mainly on two challenges; first, the accurate and efficient control of the quantum 

system states, and second, the construction of systems containing a large number of qubits2. 

The former has been augmented by the development of algorithms which are able to 

manipulate, with high fidelity, the quantum states of relatively large systems3. Recently, 

 
1 MENICUCCI, N. C.; CAVES, C. M. Local Realistic Model for the Dynamics of Bulk-Ensemble NMR 

Information Processing. Physical Review Letters, v. 88, n. 16, p. 167901-167905, Apr. 2002.  
2 VIND, F.; FOERSTER, A.; OLIVEIRA, I. et al. Experimental realization of the Yang-Baxter Equation via 

NMR interferometry. Scientific Reports, v. 6, n. 20789, p. 1-8, Feb. 2016. 
3 LU, D. et al. Enhancing quantum control by bootstrapping a quantum processor of 12 qubits. npj Quantum 

Information, v. 3, n. 45, p. 1-7, Oct. 2017. 
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Peterson et al.4 have designed a fast and scalable algorithm for controlling the quantum states 

of systems containing 100 qubits.  

These recent algorithms combined with modern NMR equipments, and sophisticated 

theoretical techniques make possible the manipulation of the nuclear spin system states through 

magnetic radio-frequency (RF) pulses, which are used to implement quantum gates, the basic 

computational step4. 

Regarding the second challenge, chemistry can leverage the development of NMR 

large-scale quantum systems, once it depends especially on the design of a qubit molecule 

containing numerous suitable spin-1/2 nuclei, which acts as the qubits. In this way, theoretical 

chemistry can speed up the sharpening of the potential qubit molecule concerning its physical 

requirements5, towards a specially synthesized system, giving resolvable spectra to the 

upcoming large-scale NMR quantum processor. 

Computational Chemistry is the branch of chemical knowledge that makes use of 

computer-based methods to understand and predict the behavior of molecular systems. In this 

scenario, our work aimed to highlight the relevant aspects of QIP via NMR from a chemical 

point of view, emphasizing the importance and role of spectroscopic properties related to qubit 

molecules, as well as the possibility of studying these molecules theoretically through 

Computational Chemistry, in order to lead us to advances in scientific research related to 

quantum computing for new paradigms. 

It should be kept in mind that qubit molecules must meet some specific conditions 

related to their structural and electronic parameters, as well as spectroscopic properties. In this 

perspective, detailed computational work on this subject could potentially be adopted in the 

discovery and optimization of newly designed qubit molecules for the processing of quantum 

information. 

This work is divided into two parts, the first one carefully discusses quantum 

computation via NMR, as well as theoretical calculations of chemical displacement and scalar 

spin-spin coupling constant. The aim was to make the text and the connections between the 

subjects clear to readers, especially chemists, since the theme of this work is generally more 

common by physicists. 

 
4 PETERSON, J. P.S.; SARTHOUR, R. S.; LAFLAMME, R. Enhancing Quantum Control by Improving 

Shaped-Pulse Generation. Physical Review Applied, v. 13, n. 5, p. 054060-1-054060-12, May 2020. 
5 DIVINCENZO, D. P. The Physical Implementation of Quantum Computation. Fortschritte der Physik, v. 48, 

n. 771-783, p. 771-783, Oct. 2000. 
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The second part consists of two articles, in the first paper, derivatives of two molecules 

1,8-di(phosphinyl)naphthalene and naphtho[1,8-cd]-1,2-dithiole phenylphosphines were 

theoretically tested aiming to maximize the spin-spin coupling constants, as well as the 

chemical shift range between the coupled nuclei. Exceptionally large through-space coupling 

(TS) J coupling constants (31P, 31P) were observed in the two molecules cited above. This 

remarkably large TS coupling is a potential resource to overcome the natural limitations related 

to the development of large-scale quantum computers via NMR, circumventing the need for 

long quantum gates implementations. Furthermore, several levels of DFT theory were studied 

for the calculation of chemical shift and scalar coupling constant for the proposed derivatives. 

In the second paper, we report a computational design strategy for prescreening recently 

synthesized complexes of cadmium, mercury, tellurium, selenium, and phosphorus (called 

MRE complexes) as suitable qubit molecules for NMR QIP. Chemical shifts and spin−spin 

coupling constants in five MRE complexes were examined using the spin−orbit zeroth order 

regular approximation (ZORA) at the density functional theory level and the four-component 

relativistic Dirac−Kohn−Sham approach. Assembled together with the most common qubits 

used in NMR quantum computation experiments, spin-1/2 nuclei, such as 113Cd, 199Hg, 125Te, 

and 77Se, could leverage the prospective scalable quantum computer architectures, enabling 

many and heteronuclear qubits for NMR QIP implementations.  

 

2 THEORETICAL BACKGROUND 

 

2.1 Computational NMR Spectroscopy  

 

Quantum mechanics has a reputation for being not only mysterious, but also far removed from 

our daily life. But there is a device in a chemistry laboratory called nuclear magnetic resonance 

(NMR) spectrometer, whose operation is described using language usually utilized for 

describing elementary quantum systems. However, NMR spectrometer operates on 

macroscopic samples of ordinary liquids, usually organic compounds in inert solvents. Of 

course, a complete explanation of any spectroscopic experiment requires quantum mechanics. 

But only in NMR, the lifetimes of multiparticle quantum states are often long enough to 

appreciate the complexity of the dynamics of such states.  

NMR uses radio-frequency radiation to observe and manipulate the magnetic dipoles associated 

with the spins (intrinsic angular momenta) of the atomic nuclei in molecules. It was first 

demonstrated by the groups of Felix Bloch at Stanford and Edward Purcell at Harvard in the 
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late 1940s, for which they shared the 1952 Nobel prize in physics. Since its discovery, NMR 

has many applications in chemical analysis and biological imaging. Nevertheless, NMR has 

been used to perform the first experimental demonstrations of quantum information processing 

(QIP)6,7. These demonstrations are the first step toward realizing the dreamed quantum 

computer: a device that harnesses the complexity of quantum dynamics to solve computational 

problems that are and will remain forever beyond the reach of classical computers8. 

NMR spectroscopy observes nuclear spin transitions in molecules and is one of the 

spectroscopic techniques mostly used for elucidation of molecular structure. NMR measures 

the interaction of an oscillating radio-frequency electromagnetic field with a collection of nuclei 

immersed in a strong external magnetic field. At some particular field values the energy 

difference matches the electromagnetic frequency and the transition (nuclear magnetic 

resonance) is observed. Which gives rise to an NMR spectrum that provides detailed 

information about the molecular structure and dynamics, ranging from simple organic species 

to biopolymers9.  

The widespread application of NMR has tremendously benefited many areas in natural 

and life sciences10. NMR was first demonstrated in 1945, commercialized in the 1960’s and by 

the end of this decade, NMR was routinely used by chemists11. Thenceforward, magnetic 

resonance spectroscopy has experienced decades of engineering evolution and accumulating 

tremendous growth, becoming an important analytical tool of modern chemistry and befitting 

as an ideal testbed for exploring ideas about quantum control for quantum information 

processing purposes12.  

 

 

 

 
6 CORY, David G.; FAHMY, Amr F.; HAVEL, Timothy F. Ensemble quantum computing by NMR 

spectroscopy. Proceedings of the National Academy of Sciences, v. 95, n 5, p. 1634-1639, Mar. 1997.  
7 JONES, J.; MOSCA, M.; HANSEN, R. Implementation of a quantum search algorithm on a quantum 

computer. Nature, v. 393, n. 6683, 344–346, May 1998. 
8 HAVEL, T. F. et al. Quantum information processing by nuclear magnetic resonance spectroscopy. American 

Journal of Physics, v. 70, n. 3, p. 345-362, Feb. 202. 
9 ATKINS, P. W.; DE PAULA, J. Physical Chemistry. 10 ed. Oxford University Press, 2014. 
10 KAUPP, M.; BÜHL, M. Calculations of NMR and EPR: theory and applications, 1a. ed. Wiley-VCH: 

Weinheim, 2004. 
11 GRANDINETTI, P. J. Nuclear Magnetic Resonance for the People, 2011. 
12 RYAN, C. A.; LAFOREST, M; LAFLAMME, R. Randomized benchmarking of single- and multi-qubit 

control in liquid-state NMR quantum information processing. New Journal of Physics, v. 11, n. 1, p. 1-18, 
Jan. 2009. 
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2.1.1 Nuclear Interactions in External Magnetic Field 

 

The NMR signals is due the fact that the atomic nuclei have a quantum mechanical 

property called nuclear spin (𝐼). Because the nucleus is a charged particle, its spinning gives 

rise to a magnetic moment (𝒎). In the semi-classical picture, the nucleus spin behaves like the 

dipolar moment of a magnet possessing angular momentum (𝑱) parallel to its magnetic moment. 

A nucleus 𝐾 of spin 𝐼! and magnetogyric ratio 𝛾! is characterized by a magnetic moment13 

(Equation (1)): 

 

𝒎! = 𝛾!𝑱! = 𝛾!ℏ𝐼! , (1) 

 

where ℏ is the reduced Plank’s constant. In a macroscopic sample and in the absence of an 

external magnetic field, normally the nuclear magnetic moments are randomly oriented, and the 

vector sum of all nuclear magnetic moments is zero, making the net sample magnetization equal 

to zero. When placed in an external magnetic field 𝐵", pointing by convention to the z direction, 

the nuclear magnetic moment can either be aligned with the external magnetic field or anti-

aligned with it, but the majority is aligned with it, Figure 1. Therefore, the net magnetization 

will be aligned with 𝐵". Nonetheless, magnetic moments are not statically aligned exactly 

parallel or antiparallel to the external magnetic field. Instead, they are forced to remain at a 

certain angle to 𝐵", and this causes them to “wobble” around the axis of the field at a fixed 

frequency. This periodic wobbling motion is called precession. Each nuclear magnetic moment 

in a sample precesses around the external magnetic field with a frequency 𝜔" which is called 

Larmor frequency (Equation (2))14.  

 

𝜔" = 𝛾#𝐵" (2) 

 
13 OLIVEIRA, I. S. et al. NMR Quantum Information Processing. Elsevier and Amsterdam, 2007. 
14 MORAN, Robert F.; DAWSON, Daniel M.; ASHBROOK, Sharon E. Exploiting NMR spectroscopy for the 

study of disorder in solids. International Reviews in Physical Chemistry, v. 36, n. 1, p. 39-115, Feb. 2017. 
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Figure 1 A nucleus with an unpaired proton has spin and will have a net magnetic moment or 

field. The nuclear magnetic moment direction is: (a) in the absence of an external magnetic 

field and (b) in the presence of an external magnetic field. 

 

The Hamiltonian of NMR spin system is comprised of the system Hamiltonian and the 

control Hamiltonian, 𝐻	 = 𝐻$ + 𝐻% . The system Hamiltonian, 𝐻$, describes the interactions 

among the spins and the interaction between the spins and an external magnetic field. The 

control Hamiltonian, 𝐻% , describes the interaction between the spins and an oscillating radio 

frequency field. The most common nuclei observed in NMR spectroscopy have spin-1/2 

because they have two discrete energy levels, which are the target nuclei of this work. Some 

examples of them are 1H, 13C, 15N,19F and 31P15. 

The time evolution of a spin-1/2 particle subject to a static magnetic field 𝐵.⃗ " along the 

𝑧̂-axis is governed by the Hamiltonian13 in Equation (3).  

𝐻" = −𝜇. 𝐵 = −ℏ𝛾𝐵"𝐼& = −ℏ𝜔"𝐼' = 5
−
ℏ𝜔"
2

0

0
ℏ𝜔"
2

8	, 

(3) 

 

where 𝐼(, 𝐼), and 𝐼' (x, y and z components of the nuclear spin angular momentum operators) 

relate to the well-known Pauli matrices as (Equation (4)):  

 

 
15 GAUGLITZ, Günter; VO-DINH, Tuan. Handbook of Spectroscopy. WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim, 2003. 
 

Magnetic moment

Spin

!	 = 	0 !!

%!
(a) (b)
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𝐼( =
1
2𝜎( , 𝐼) =

1
2𝜎) , 𝐼' =

1
2𝜎' ,	 

(4) 

 

where in matrix symbolism (Equation (5)), 

 

𝜎( = ;0 1
1 0< , 𝜎) = ;0 −𝑖

𝑖 0 < , 𝜎' = ;1 0
0 −1<. 

(5) 

 

The eigenvalues of the Hamiltonian are the energies of to the spin states which are 

proportional to the eigenvalues of the operator Iz, given by Equation (6):  

 

𝐸* = −𝑚ℏ𝜔". (6) 

 

Therefore, for a nucleus with spin 𝐼, there are 2𝐼	 + 	1 energy levels spaced by the 

amount ℏ𝜔". Hence, Equations (3) and (6) show that the spin-1/2 has two-discrete energy 

eigenstates - |0⟩ or | ↑⟩ (the spin is aligned with the static magnetic field, i.e. “spin-up" and 

𝑚 = +
, ) and |1⟩ or | ↓⟩ (the spin is anti-aligned with the static magnetic field, i.e. “spin-down" 

and 𝑚 = − +
,
). Furthermore, the |0⟩ state, whose energy is given by ⟨0|𝐻|0⟩, has ℏ𝜔" less 

energy than the |1⟩ state, which the energy state is given by ⟨1|𝐻|1⟩. This energy splitting is 

called as the Zeeman splitting (Figure 2 (a)). The energy separation between the two spin states 

(|0⟩ and |1⟩) is proportional to the strength of the external magnetic field and increases as the 

magnetic field strength is increased (Figure 2 (b)). In the absence of external magnetic field, 

these two spin states (|0⟩ and |1⟩) have the same energy13.  
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Figure 2 (a) Energy diagram or Zeeman splitting for a spin-1/2 particle subject to a 

static magnetic field. (b) The energy difference between the two states depends on the strength 

of the external magnetic field. 

 

For liquid-state NMR, the values of the magnetic field 𝐵" vary from 5-20 Tesla, 

resulting in precession frequencies 𝜔"	in the radio-frequency range.  

The frequency of the Larmor frequency, Equation (2), is dependent on the external 

magnetic field, the nuclear isotope 𝛾! and its chemical environment within the molecule16; the 

last mentioned happens because when a molecule is placed in a magnetic field, the electronic 

cloud around nucleus	𝐾 creates an induced magnetic field 𝐵-./ proportional to the electronic 

current (Biot et Savart law), creating their own magnetic field proportional to the external 

magnetic field, according to the Equation (7)14: 

 

𝐵-./ = −𝜎! . 𝐵", (7) 

 

where 𝜎! is the chemical shielding tensor of the nucleus 𝐾. The induced field of electrons 

deshields the external magnetic field and the effective magnetic field at the nucleus 𝐾 differs 

from the applied field. So, the total magnetic field at the nucleus 𝐾 is (Equation (8)):  

 

 
16 BAUGH, J.et al. Quantum information processing using nuclear and electron magnetic resonance: review and 

prospects, 2007. eprint: arxiv:quant-ph/0710.1447. Accessed in 28 Sept. 2021. 

Energy

700 MHz

300 MHz

Applied magnetic field (B0)

16.5 T 7.05 T

|0⟩ – spin state

|1⟩ – spin state

ℏ"!

|1⟩

|0⟩

(a) (b)
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𝐵01023 = 𝐵" + 𝐵-./ = (1 − 𝜎!). 𝐵". (8) 

 

Therefore, the nuclear spin Hamiltonian for a molecule consisting of N uncoupled nuclei 

(Equation (9)) and the total energy (Equation (10)) become:  

 

𝐻" = −Gℏ(1 − 𝜎!)𝛾𝐵"𝐼&!
4

!5"

= −Gℏ𝜔"!𝐼&! ,
4

!5"

 (9) 

𝐸 = −𝑚! . 𝐵01023 = −𝑚! . (1 − 𝜎!)𝐵". (10) 

 

For this reason, even though same nuclear species have equal gyromagnetic ratio, they 

can in principle experience different effective magnetic fields in the molecule, due to the 

diversity of the chemical and structural environments. In other words, the same species of 

nucleus can either have the same Larmor frequency or a different one, depending on the 

molecular symmetry. On the other hand, different species of nuclei possess different 

gyromagnetic ratio and have differences in Larmor frequency on the order of MHz when placed 

in constant magnetic fields17. 

From an experimental point of view, a relative scale, called chemical shift 𝛿, was 

introduced to solve two main issues: the fact that the resonance frequency depends on the 

magnitude of the magnetic field, which implies that the resonance frequencies acquired at 

different magnetic fields must be scaled and also, that the absolute frequency scale (~106 Hz) 

is not appropriate for reporting the NMR spectra. The chemical shift can be calculated for any 

nucleus according to Equation (11) and can vary between few Hz to several kHz. 

 

𝛿! =
𝜈" − 𝜈#
𝜈"

 (11) 

 

In Equation (11), 𝜈! = 𝜔!/2𝜋 is the resonance frequency of nucleus 𝐾 for which the 

chemical shift 𝛿! is calculated and 𝜈" is the resonance frequency of a given nucleus in a 

standard substance. However, the Larmor frequency emitted by the nucleus 𝐾 of spin 𝐼! = 1/2 

can be expressed in terms of the chemical shielding of the nucleus 𝐾 as in Equation (12), and 

 
17 LESZCZYNSKI, J. Handbook of Computational Chemistry. 2. ed. Switzerland: Springer International 

Publishing, 2017. 
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then the chemical shift can be expressed as the difference between chemical shieldings of the 

reference nucleus and nucleus 𝐾 like in the Equation (13).  

 

𝜔! = −𝛾!(𝐵"(1 − 𝜎!)) (12) 

𝛿! =
𝜎" − 𝜎! 	
1 − 𝜎"

≈ 𝜎" − 𝜎! (13) 

 

In Equation (13),  the assumption 1 − 𝜎" ≈ 1	 was made, 𝜎" being ~1067. Chemical 

shieldings and shifts are usually scaled with ‘ppm’ (parts per million). 

Typical liquid-state NMR experiments involve an ensemble of around 1020 identical 

molecules dissolved in a solvent, whose effect on the nuclear magnetic moments of the 

molecules can be neglected16.  

When two spins are close in the space, there is an interaction between their dipolar 

moments. The strength of this coupling is dependent on the distance separating the two spins 

and their relative orientation with respect to the external magnetic field. In a liquid, the 

molecules move and rotate around each other on a much shorter time scale than the interactions 

occurring between them. This causes the intermolecular and intra-molecular dipolar 

interactions average to zero on the NMR time scale (i.e., the Larmor period time scale). Within 

the same molecule, there are still other interactions between the spins. If the wave-functions of 

bonding electrons overlap spatially within a pair of nuclear spins, the electron mediates an 

effective interaction between the nuclear spins. This interaction is independent of the external 

magnetic field, its direction and the orientation of the molecule, which inspires its name: scalar 

coupling (also called indirect spin-spin coupling or J-coupling). 

Indirect NMR spin–spin coupling constants provide a wealth of structural information 

as well as detailed insight into the bonding of an atom to its neighbors18. The strength of the J-

coupling is dependent on the nuclear-electron and electron-electron interactions, and on 

additional parameters like the geometry of the molecule and the gyromagnetic ratio of the 

nuclei. If the nuclear-electron and electron-electron interactions are strong, then the J-coupling 

is strong. This interaction is the most important NMR parameter for the application of NMR to 

QIP.  

 
18 AUTSCHBACH, Jochen; LE GUENNIC, Boris. Analyzing and Interpreting NMR Spin–Spin Coupling 

Constants Using Molecular Orbital Calculations. Journal of Chemical Education, v. 84, n. 1, p. 156-171, Jan. 
2007. 
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The Hamiltonian for scalar J-coupling of a molecule containing 𝑁 spin-1/2 coupled 

nuclei is given by Equation (14):  

 

𝐻8 = ℏG
𝜋𝐽!9𝜎!𝜎9

2

4

!:9

= ℏG
𝜋𝐽!9P𝜎(!𝜎(9 + 𝜎)!𝜎)9 + 𝜎'!𝜎'9Q

2 ,
4

!:9

 (14) 

 

where 𝐽!9 is the coupling strength between the spins 𝐾 and 𝐿. In Equation (12) the system is 

said to be strongly coupled. When the frequency separation between the spins is large compared 

to their coupling strength, i.e. when 2𝜋	|𝐽!9	| ≪ |𝜔! − 𝜔9|, we can simplify Equation (12) to 

  

𝐻8 = ℏG
𝜋𝐽!9𝜎'!𝜎'9

2

4

!:9

. (15) 

 

When the condition |𝜔! − 𝜔9| ≫ 2𝜋𝐽 applies, the spectra are also said to be first order 

and the system is said to be weakly coupled. This condition is easily satisfied for heteronuclear 

spins and for small homonuclear molecules when the chemical shift between the nuclei is 

sufficiently large13. 

Summing up, the system Hamiltonian of N nuclear spins in an isotropic solution and 

with first order spectra is given by Equation (16):  

 

𝐻 = −G
ℏ𝜔"!𝜎&!

2

4

!5"

+ ℏG
𝜋𝐽!9𝜎'!𝜎'9

2

4

!:9

. (16) 

 

In addition to the static magnetic field, each spin “sees" another magnetic field along 

±𝑧̂ produced by neighboring spins. The resonance frequency 𝜔! of each spin 𝐾 is shifted by 

−𝐽!9/2	 when spin 𝐾 is in the |0⟩ state, and by +𝐽!9/2 when spin 𝐿 is in the |1⟩ state. A 

molecule with two spins that are coupled with strength 𝐽 would then have two resonance 

frequencies for each spin (the frequency spectrum of spin 𝐾 consists of two lines separated by 

𝐽!9 and centered around 𝜔"!). We can associate each with the state of the other spins, either |0⟩ 

or |1⟩.  

The magnitude of the couplings can be measured directly in the spectrum. The coupling 

strength 𝐽 can be from few or tenths of Hertz to few hundreds of Hertz, for couplings through 
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three or four bonds and couplings through a single bond, respectively. The coupling does not 

need to be positive, and the relative signs of the couplings can be determined by pulse sequences 

as soft-COSY, for example19. 

Due to the importance of NMR spectroscopy in modern chemical research, the shielding 

and spin–spin coupling constants are undoubtedly the most important properties which depend 

on the nuclear spin17.   

 

2.1.2 Non-relativistic NMR calculations 

 

Magnetics parameters, like chemical shifts and spin-spin coupling constants can be 

calculated in electronic structure calculations, using wave function methods and density 

functional methods. In this work we have investigated chemical shifts and spin-spin coupling 

using density functional theory (DFT). The basic argument of DFT is that ground state energy 

is determined by electron density20, and the properties of the system can be predicted by the 

ground state electron density 𝜌 of a chemical system with interacting electrons in the presence 

of external potential. DFT theory significantly reduces the complexity of computing system 

properties by making the problem three-dimensional21,22. 

According to Hohenberg and Kohn20, the energy functional of a system is given by 

Equation (17). 

 

𝐸[𝜌] = Y𝜓"[𝑇] + 𝑉] + 𝑈̀[𝜓"a, (17) 

 

where 𝜌 is the ground state electron density and the operators are: 𝑇] for kinetic energy; 𝑉]	for 

electron-nuclear attraction; and 𝑈̀ for electron-electron repulsion. The variational principle in 

quantum chemistry establishes that 𝐸[𝜌] = 𝐸", i.e. there is a solution for the electron density 

function with a global minimum at the ground state density. Kohn-Sham theory mimics wave 

 
19 ERNST, R. R; BODENHAUSEN, G.; WOKAUN, A. Principles of Nuclear Magnetic Resonance in One 

and Two Dimensions. Clarendon Press and Oxford, 1990. 
20 HOHENBERG, P.; KOHN, W. Inhomogeneous Electron Gas. Physical Review, v. 136, n. 3B, p. B864-B871, 

1964.  
21 JENSEN, F. Introduction to Computational Chemistry. 2. ed. John Wiley & Sons Ltd, 2007.  
22 KOCH, W.; Holthausen Max C. A Chemist’s Guide to Density Functional Theory. 2. ed. Wiley-VCH 

Verlag GmbH, 2001.  
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function theory in its usage of orbitals21. This allows choosing a basis set and set up one-electron 

orbitals, and to generate trial density to optimize against energy 𝐸 (Equation (18)):  

 

𝜌(𝑟)∑ |𝜒#(𝑟)|,4
#5+ ; 																		𝜒#(𝑟) = ∑ 𝑎#.𝜑.(𝑟). , (18) 

 

where 𝜒#(𝑟) are one electron orbitals, 𝜑.(𝑟) are the basis set functions and 𝑎#. are coefficients.  

The model, introduced by Kohn and Sham23, has similar mathematics to the Hartree-

Fock (HF) method, possessing the same formula for kinetic, electron-nuclear, and Coulomb 

energies except for the exchange-correlation term. The equation for a single electron orbital is  

 

;− ℏ!

,*
∇, + 𝑉](𝑟)< 𝜒#(𝑟) = 𝜀#𝜒#(𝑟), (19) 

 

where − ℏ!

,*
∇, is the kinetic energy term, 𝑉](𝑟) is the potential energy term and 𝜀# is the energy 

eigenvalue. The term which is not known in DFT is the exchange-correlation energy, in which 

the remaining energy is absorbed. This term can be written as in Equation (20). 

 

𝐸<%[𝜌] = ∫ 𝜌(𝑟)𝜀<%[𝜌(𝑟)]𝑑𝑣, (20) 

 

where 𝜌(𝑟) is the density, indicating the number of electrons per unit volume and 𝜀<%[𝜌(𝑟)] is 

the exchange-correlation energy density, representing energy per electron.  

Within DFT, an important research area is to derive exchange-correlation functional 

approximations. The functional catches a function and returns a scalar. They are denoted as 

𝐹[𝑓] in quantum chemistry. There exists a diversity of exchange-correlation functionals in 

DFT, which employs different approximations and all aim to increase the method accuracy. For 

example, the well-known hybrid XC functional B3LYP (Becke, 3-parameter, Lee–Yang–Parr) 

is a three-parameter functional defined by Equation (21): 

 

 
23 KOHN, W.; Sham, L. J.  Self-Consistent Equations Including Exchange and Correlation Effects. Physical 

Review, v. 140, n. 4A, p. A1133-A1138, 1965. 
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𝐸<%=>9?@ = (1 − 𝑎)𝐸<9$AB + 𝑎𝐸<CD + 𝑏Δ𝐸<= + (1 − 𝑐)𝐸%9AB + 𝑐𝐸%9?@, (21) 

 

where a, b and c are 0.20, 0.72, and 0.81 respectively. 𝐸<= is a generalized gradient 

approximation, the Becke 88 exchange functional and the correlation functional of Lee, Yang 

and Parr for B3LYP, and 𝐸%9AB is the Vosko-Wilk-Nusair (VWN) local spin density 

approximation to the correlation functional.  

Alternatively, the generalized gradient functional PBE0, also known as PBE1PBE, 

mixes Perdew–Burke-Ernzerhof (PBE) exchange energy and Hartree–Fock exchange energy in 

a set 3:1 ratio, along with the full PBE correlation energy (Equation (22)): 

 

𝐸<%@=E" =
+
F
𝐸<CD +

>
F
𝐸<@=E + 𝐸%@=E, (22) 

 

where 𝐸<CD is the Hartree–Fock exact exchange functional, 𝐸<@=E is the PBE exchange 

functional, and 𝐸%@=E is the PBE correlation functional.  

Accurate spin-spin coupling calculations require large basis set24 this is partly because 

of the Fermi Contact contribution, which requires an accurate description of the nuclear region 

that is not offered by normal basis sets25. 

In this work, one of the basis sets employed in the calculation of the NMR parameters 

is cc-pVTZ, which stands for correlation consistent polarized Valence Triple Zeta26. By 

convention, correlation consistent is denoted as (cc) lower case letters to avoid confusion with 

coupled cluster (CC) method. Correlation consistent26 basis sets are developed by Dunning et 

al. and employ a smaller set of primitives to achieve similar or better accuracy than the “STO-

nG” type basis sets. STO-nG – stands for Slater Type Orbitals with n is the number of Gaussian 

Type Orbitals that are linearly combined to mimic an STO. The Slater Type and Gaussian Type 

functions for STO and GTO are, respectively, 

 

𝑠(𝒓.⃗ ) = 𝑒6G|I|,																							𝑔(𝒓.⃗ ) = 𝑒6GI! , (23) 

 
24 LESZCZYNSKI, J. Computational Chemistry: Reviews of Current Trends, World Scientific, 2004. 
25 HELGAKER, T., JASZUŃSKI, M.; RUUD, K. Ab Initio Methods for the Calculation of NMR Shielding and 

Indirect Spin-Spin Coupling Constants. Chemical Reviews, v. 99, n. 1, p. 293-352, Dec. 1999. 
26 DUNNING, T.H., Gaussian basis sets for use in correlated molecular calculations. I. The atoms boron through 

neon and hydrogen. The Journal of Chemical Physics, v. 90, n. 2, p. 1007, Aug. 1989.  
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where 𝒓.⃗  is coordinate vector and 𝜁 controls the width of orbitals. Correlation consistent basis 

sets are designed in a way that recovers correlation energy of valence electrons. However, with 

the addition of core functions, nuclear properties such as magnetic shielding and spin-spin 

couplings, can also be calculated.  

 

2.1.2.1 NMR parameter calculations 

 

Early in the 1950s, Ramsey presented the theoretical methods that quantum chemistry 

needed to evaluate the main parameters of the NMR spectrum, the shielding constants27 and the 

indirect spin–spin coupling constants28 These parameters are obtained from an effective NMR 

Hamiltonian, 𝐻4JK, which describes the interactions of nuclear magnetic moments in a 

molecule with the external magnetic field 𝑩 and the mutual interactions of these moments29.   

The NMR operator acts in the space defined by all possible arrangements of the nuclear 

spins. The eigenvalues of 𝐻4JKdetermine the transition energies as the differences between 

different nuclear spin states in the molecule and the eigenvectors determine the arrangement of 

the nuclear spins with respect to the external field17. The effective NMR Hamiltonian is written 

as30 (Equation (24)): 

 

𝐻4JK = −∑ 𝑩L(𝟏 − 𝝈!)𝒎!! + +
,
∑ 𝒎!

L
!M9 (𝑫!9 +𝑲!9)𝒎9, (24) 

 

where	𝝈! is the shielding tensor, 𝑫!9 is the direct interaction of the magnetic dipoles, the direct 

spin–spin coupling, 𝑲!9 is the reduced indirect spin–spin coupling tensor and the superscript 

𝑇 denotes the matrix transpose. 	𝒎! is the nuclear magnetic dipole moment and it is related to 

the nuclear spin,	𝑰! as (Equation (25)): 

  

	𝒎! = ℏ𝛾!𝑰! = 𝜇4𝑔!𝑰!, (25) 

 

 
27 RAMSEY, N. F. Magnetic Shielding of Nuclei in Molecules, Physical Review, v. 78, n. 6, p. 699, Jun. 1950. 
28 RAMSEY, N. F. Electron Coupled Interactions between Nuclear Spins in Molecules, Physical Review, v. 91, 

n. 2, p. 303, Jul. 1953. 
29 JACKOWSKI, Karol; JASZUNSKI, Michal. Gas Phase NMR, The Royal Society of Chemistry, 2016. 
30 ABRAGAM, A. Principles of Nuclear Magnetism. Oxford University Press, 1961. 
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where 𝛾! is the nuclear magnetogyric ratio, 𝜇4 = 𝑒ℏ/2𝑚N is the nuclear magneton, 𝑚N the 

proton mass, and 𝑔! is the 𝑔 factor of nucleus 𝐾, unique for each isotope17.  

The effective NMR Hamiltonian 𝐻4JK has no explicit dependence on the electronic 

structure. 𝐻4JK acts within the space of the accessible nuclear spin states29. It includes two 

electron-independent contributions, the nuclear Zeeman term −𝑩L .𝒎! and the classical direct 

dipolar coupling of the nuclear magnetic moments	𝒎!
L𝑫!9𝒎9. All the effects of the electronic 

structure are incorporated in the nuclear magnetic shielding tensors	𝝈!, and the reduced indirect 

nuclear spin–spin coupling tensors	𝑲!9
17,29.  

In standard quantum chemical calculations, to calculate the shielding and indirect spin–

spin coupling tensors, the perturbation expansion of the molecular Hamiltonian is employed. In 

the perturbation expansion of the Schrödinger equation, we must consider all contributions that 

are either linear or bilinear in 𝑩 and 𝒎! for the shielding constants, and those linear or bilinear 

in 𝒎! and 𝒎9	for the indirect spin–spin coupling constants, as indicated by Equation (24). 

Since the perturbing operators are time independent, both the shielding and spin–spin coupling 

tensors can be expressed as energy derivatives. 

In an isotropic medium, the NMR spin Hamiltonian for a rotating molecule may be 

written as (assuming 𝑩 oriented along the Z axis) (Equation (26)): 

 

𝐻-O14JK = −G𝐵(1 − 𝜎!)𝑚!,&
!

+
1
2G𝐾!9𝒎!

L

!M9

.𝒎9 . (26) 

 

As mentioned in the Section 2.1.1 Nuclear Interactions in External Magnetic Field, the 

direct spin–spin couplings 𝐷!9	are purely anisotropic and vanish in the rotational averaging. 

On the other hand, the averaging of the shielding and indirect spin–spin coupling tensors leads 

to what is known as the nuclear shielding constants 𝜎! (Equation (27)) and the reduced indirect 

nuclear spin–spin coupling constants	𝐾!9 (Equation (28)): 

 

𝜎! =
+
>
𝑇𝑟	𝝈!, (27) 

	𝐾!9 =
+
>
𝑇𝑟		𝑲!9. (28) 

 

For closed-shell molecules, the nuclear magnetic shielding and reduced indirect nuclear 

spin-spin coupling tensors, 𝝈! and	𝑲!9, can be defined as second derivatives of the energy in 
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the presence of an external magnetic induction 𝑩 and a nuclear magnetic moment 𝒎! or two 

nuclear magnetic moments 𝒎! and 𝒎9. The nuclear magnetic shielding tensor can be 

determined as31 in Equation (29). 

 

𝜎! =
𝜕,𝐸(𝑩, 𝒎!)
𝜕𝑩	𝜕𝒎!

�
𝑩5𝒎"5"

 (29) 

 

And the reduced indirect nuclear spin-spin coupling tensor as in Equation (30). 

 

𝑲!9 =
𝜕,𝐸(𝒎! , 	𝒎9)
𝜕𝒎!𝜕𝒎9

�
𝒎"5𝒎#5"

 (30) 

 

Using the perturbation theory expression for the perturbed energy, taking the derivatives 

and writing the contributions in terms of expectation values and response functions one finds 

for closed-shell systems: 

 

𝜎! = Y0[𝐻̀=,![0a + 〈〈𝐻̀=; 𝐻̀=(@$T)〉〉 = 𝜎!/-2 + 𝜎!
N2I2. (31) 

 

Equation (31) indicates that there are two contributions to the nuclear magnetic 

shielding tensor, they are called diamagnetic	𝜎!/-2, which is obtained as the expectation value 

Y0[𝐻̀=,![0a, and paramagnetic terms	𝜎!
N2I2, calculated as a linear response function 

〈〈𝐻̀=; 𝐻̀=(@$T)〉〉. 

The diamagnetic contribution arises from the ability of the applied field to generate a 

circulation of charge in the ground-state electron distribution of the atom. This charge 

circulation generates a magnetic field that opposes to the applied field and hence shields the 

nucleus. 𝜎!/-2 magnitude depends on the average distance of the electrons from the nucleus in 

question and on the electron density close to the nucleus. For this reason, the diamagnetic 

contribution is broadly proportional to the electron density of the atom containing the nucleus 

of study32. It follows that the shielding is decreased if the electron density on the atom is reduced 

by the influence of an electronegative atom nearby. That reduction in shielding translates into 

 
31 SAUER, Stephan P. A. Molecular Electromagnetism: A Computational Chemistry Approach, Oxford 

University Press, 2011. 
32 ATKINS, Peter, DE PAULA, Julio, FRIEDMAN, Ronald S. Physical Chemistry: Quanta, Matter, and 

Change. 2. ed. USA: Oxford University Press. 
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an increase in deshielding, and hence to an increase in the chemical shift 𝛿 as the 

electronegativity of a neighboring atom increases.  

The paramagnetic contribution arises from the interaction of the nucleus with the field 

generated by the paramagnetic currents and, therefore, it depends on the ability of the applied 

field to mix excited states into the ground state33. In other words, 𝜎!
N2I2contribution arises from 

the ability of the applied field to force electrons to circulate through the molecule by making 

use of orbitals that are unoccupied in the ground state. So, the paramagnetic contribution 

reinforces the applied magnetic field and deshields the nucleus in question32.   

Therefore, 𝜎!/-2 > 0,  and 𝜎!
N2I2 < 0. The total local contribution is positive if the 

diamagnetic contribution dominates and is negative if the paramagnetic contribution 

dominates32.  

The shielding constant is dimensionless and is expressed in ppm (parts per million). This 

unit reflects the role of the shielding compared to the electron independent direct Zeeman 

interaction of the nuclear magnetic moment with the external field (Equation (26)). As 

described in Section 2.1.1 Nuclear Interactions in External Magnetic Field, the physical 

understanding of the nuclear shielding comes from considering that the electrons in the 

molecule create an additional magnetic field, acting as a correction proportional to the external 

field and leading to the local magnetic field17 (Equation (32)). 

 

𝑩!31V = (1 − 𝜎!)𝑩 (32) 

 

When 𝜎! is positive, it means that the presence of electrons leads to a decreased local 

magnetic field experienced by the nuclear magnetic moments; that is, the electron density 

shields the nuclear magnetic moments from the external magnetic field, a concept that explains 

the origins of the term shielding constant17; while a negative shielding constant implies that the 

nucleus is deshielded and the local magnetic induction at the nucleus is larger than the external 

field31. 

A direct comparison of calculated shielding constants with experiment is hampered by 

the difficulty in experimentally determining the absolute shielding constants calculated by 

theory17. Advantageously, the shielding constant can be considered as a measure of the local 

field experienced by a nuclear magnetic moment due to the shielding of the external magnetic 

 
33 ATKINS, Peter, FRIEDMAN, Ronald S. Molecular Quantum Mechanics. USA: Oxford University Press, 

2010. 
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field by the electron density. The relative difference in the local magnetic fields around different 

nuclei provides similar information and for this reason experimental NMR studies report the 

so-called chemical shift	𝛿! (Equation (33)). 

 

𝛿! =
𝜎!(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) − 𝜎!(𝑠𝑎𝑚𝑝𝑙𝑒)

1 − 𝜎!(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
	≅ 	𝜎!(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) − 𝜎!(𝑠𝑎𝑚𝑝𝑙𝑒) (33) 

 

The chemical shifts are taken relative to the shielding in a selected molecule, called as 

reference molecule. The trends for the absolute shielding are thus reversed to those for the 

chemical shift; when	𝜎! < 𝜎9, the nucleus 𝐾 is more shielded than nucleus	𝐿17.  

Regarding the spin-spin coupling, also using the perturbation theory expression for the 

perturbed energy and applying the second derivatives in Equation (30), the quantum mechanical 

expression for the reduced indirect nuclear spin-spin coupling tensor is31 (Equation (34)) 

 

𝑲!9 = 𝑲!9
A$T +𝑲!9

@$T +𝑲!9
D% +𝑲!9

$A +𝑲!9

$%
&' . (34) 

 

It consists of five contributions, which include the so-called diamagnetic spin-

orbit	𝑲!9
A$T, the paramagnetic spin-orbit	𝑲!9

@$T, the Fermi contact	𝑲!9
D% , spin–dipolar	𝑲!9

$A, and 

the mixed Fermi contact-spin dipolar terms	𝑲!9

$%
&' 31. However, the last contribution, the Fermi 

contact-spin dipolar cross-term is purely anisotropic and does not contribute to the trace of the 

tensor (Equation (28)) and thus to the coupling constant31. 

The total value of indirect spin–spin coupling are sums of contributions arising from 

three different electron–nuclear interactions, the spin–orbital (SO), spin–dipolar (SD), and 

Fermi-contact (FC) mechanisms. The diamagnetic spin orbit (DSO) and the paramagnetic spin 

orbit (PSO) represent the interactions of the magnetic field of the nuclei mediated by the 

electron orbital motion. The third term, spin dipole (SD) describes the interactions between the 

nuclear magnetic moments mediated by the electronic spin angular moment. The last term and 

most well-known is the Fermi-contact (FC), which is, in most of the time, the major contributor 

to isotropic indirect spin–spin coupling constants, the FC is also a response property and reflects 

the interaction between the electron spin magnetic moment close to the nucleus and the 
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magnetic field at the nucleus. For an accurate quantum chemical description of SSCCs all the 

terms in Equation (38) must be considered34. 

According to Ramsey’s non-relativistic theory, the coupling tensor may be calculated 

using second order perturbation theory28,35 (Equation (35)). 

 

𝐾!9 = Y0[𝐻̀!9A$T[0a − 2 G
Y0[𝐻̀!@$T[𝐾Oa �𝐾O�	�𝐻̀9

@$T�
L
�0�

𝐸!O − 𝐸"!(M"

− 2G
�0�𝐻̀!

D% + 𝐻̀!$A�𝐾L� �𝐾L� �𝐻̀9
D%�

L
+ (𝐻̀9$A)�0�

𝐸!L − 𝐸"!)

 

(35) 

 

The first summation is over all excited singlet states with energy 𝐸!, while the second 

summation is over all triplet states with energy 𝐸!L. The operators for the four mechanisms in 

atomic units are (Equation (36)):  

 

𝐻̀!9A$T 	= 𝛼FG
𝒓-.L 𝒓-*𝑰> − 𝒓-.𝒓-*L

𝒓-.> 𝒓-*>-

, 

𝐻̀!@$T = −𝑖𝛼,G
𝒓-. × ∇-
𝒓-.>-

, 

𝐻̀!D% =
8𝜋𝛼,

3 G𝛿(𝒓-.)𝑠-
-

, 

𝐻̀!$A = 𝛼,G
3𝒓-.L 𝑠-𝒓-. − 𝒓-., 𝑠-

𝒓-.7-

, 

(36) 

 

where 𝛼 is the fine structure constant10, 𝒓-. is the position of electron with respect to nucleus, 

𝛿(𝒓-.) is the Dirac delta function, 𝑰> is a three-by-three unit matrix, and 𝑠- is spin of electron. 

All the summations in Equation (36) are over all electrons in the system. Again, the superscript 

𝑇 shows that the vectors are transposed.  

 
34 SOARES, B. Almeida et al. Experimental and NMR theoretical methodology applied to geometric analysis of 

the bioactive clerodane trans-dehydrocrotonin. Journal of the Brazilian Chemical Society, v. 25, n. 4, p. 629-
638, Apr. 2014. 

35 HELGAKER, T.; JASZUŃSKI, M.; PECUL, M. The quantum-chemical calculation of NMR indirect spin-
spin coupling constants. Progress in Nuclear Magnetic Resonance Spectroscopy, v. 53, n. 4, p. 249-268, Nov. 
2008. 
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The NMR spin Hamiltonian is usually expressed in terms of the indirect spin–spin 

coupling tensors		𝑱!9, which are related to the reduced tensors as29 in Equation (37).  

 

	𝑱!9 =
1
ℎ 𝜇4𝑔!𝜇4𝑔9𝑲!9 (37) 

 

The reduced coupling tensors 𝑲!9 are independent of the nuclear 𝑔 factors, and 

therefore, in contrast to 𝑱!9, can compare the strengths of the couplings between nuclei with 

different 𝑔! values. Therefore, using the relation in the Equation (37) and considering the 

isotropic value of the spin–spin coupling constant, the indirect spin–spin coupling can be 

expressed as the sum of four contributions17 (Equation (38)).  

 

𝐽!9-O1 = 𝐽!9A$T + 𝐽!9@$T + 𝐽!9$A + 𝐽!9D%  (38) 

 

The unit of 𝐽-O1 is Hz, the sign can be either positive or negative, though NMR 

experiments typically only provide the absolute value of	𝐽-O1. If the indirect spin–spin coupling 

interaction stabilizes the antiparallel arrangement of the nuclear spins, then 𝐽 is positive29. 

Chemical and physical properties of atoms and molecules are predicted differently 

within non-relativistic and relativistic theory. Electrons in heavy element molecules move so 

fast that relativistic effects become important. Thus, for heavy element systems the relativistic 

effects can have a particularly strong impact on calculated NMR parameters36. 

 

2.2 Relativistic effects 

 

The impact of relativistic effects in chemistry is a wide research area. Nature is 

relativistic due to the finite rather than an infinite speed of light37. But, unlike the usual 

observables of quantum theory such as position, momentum and energy, the relativistic effects 

are generally not observable. Nevertheless, in chemistry and physics of heavy elements 

compounds, manifestations of relativistic effects are predominantly37. For example, relativistic 

effects explain why gold presents yellow color and the liquid nature of mercury at room 

 
36 AUTSCHBACH, J. Calculating NMR Chemical Shifts and J-Couplings for Heavy Element Compounds. In. 

MEYERS, R. A. Encyclopedia of Analytical Chemistry, John Wiley & Sons, Ltd, 2014. 
37 AUTSCHBACH, J. Perspective: Relativistic effects. The Journal of Chemical Physics v. 136, n. 150902, p. 

1-15, Apr. 2012. 
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temperature37,38 Although gravitational effects on chemical phenomena can be neglected at the 

size scale of atoms and molecules, and given the small masses of protons, neutrons and 

electrons, relativistic effects become apparent as the velocities of the particles approach the 

speed of light c37. In this way, in relativistic quantum chemistry one needs to deal with 

Einstein’s special relativity. 

According to the Einstein’s theory of special relativity, all physical laws and equations 

must be invariant under Lorentz transformation. The many-body Schrodinger’s equation is not 

invariant under such a transformation. Therefore, one needs another set of equations to account 

the relativistic effects in chemical applications39.  

In the 1970s, it was realized that (nonrelativistic) Schrödinger quantum mechanics 

reproduces results on molecular properties far from experimental results. And, especially when 

heavy elements are involved, this divergence can be so large that qualitative chemical reasoning 

and understanding is affected39. Such effects arise from the high speed of electrons in the 

vicinity of heavy nuclei. One distinguishes between scalar relativistic effects, associated with 

the relativistic mass increase of electrons, and the spin-orbit interaction, generated by magnetic 

induction, a mechanism that cannot be described within a non-relativistic framework40. 

Relativistic effects are introduced through the choice of Hamiltonian. There are many 

relativistic Hamiltonians on the market, but they can all be defined with respect to the generic 

form of the electronic Hamiltonian within the Born–Oppenheimer approximation (Equation 

(39)):  

 

𝐻 = ∑ ℎ]- (𝑖) + +
,
∑ 𝑔�(𝑖, 𝑗) + 𝑉44-MW , (39) 

 

where 𝑉44 is the classical repulsion of clamped nuclei. The basic formulas of present molecular 

electronic structure methods can be developed without specification of the one-electron 

operator ℎ] and the two-electron operator 𝑔�, which implies that the various non-relativistic 

methods available today can be carried over into the relativistic domain, albeit with possible 

adaptions.  

 
38 ZIEGLER, T.; SNIJDERS, J. G.; BAERENDS, E. J. Relativistic Effects on Bonding. Journal of Chemical 

Physics, v. 74, n. 2, p. 1271-1284, Aug. 1981. 
39 REIHER, M.; WOLF A. Relativistic Quantum Chemistry: The Fundamental Theory of Molecular. 2. Ed. 

Science: Wiley-VCH, 2015. 
40 SAUE, T. Spin-Interactions and the Non-relativistic Limit of Electrodynamics. Advances in Quantum 

Chemistry, v. 48, p. 383-405, Oct. 2005. 
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Relativistic effects are usually separated into spin-orbit coupling (SO) interactions and 

scalar relativistic (SR) effects, where the SR are relativistic effects at the one-electron level and 

the SO are relativistic effects that affect the electron-electron interactions in many-electron 

systems. There are many fully and quasi-relativistic methods available for quantum chemical 

calculations. For instance, all-electron relativistic quantum chemical calculations can be carried 

out with a Hamiltonian that only includes SR terms or including both SR and SO. The latter 

approach is in principle more accurate41. 

The introduction of relativistic Hamiltonians increases the computational cost, 

independent of system size. This happens because the non-relativistic one-electron operator is 

a scalar operator, whereas the fully relativistic Dirac Hamiltonian is a 4 x 4 matrix operator. 

Dirac equation explicitly includes spin and describes two kinds of particles: the electron and its 

anti-particle, the positron, with an entangled existence, what increases the dimension of the 

corresponding one-electron wave functions (orbitals)42.  

Among scalar non-relativistic and four-component relativistic one-electron 

Hamiltonians there are two-component relativistic Hamiltonians where the positronic degrees 

of freedom have been frozen. SR effects can be introduced into a non-relativistic computer code 

with essentially no extra computational cost, but the description of SO interaction requires at 

least a two-component formalism and will increase computational cost because of the transition 

from real to complex algebra and the general reduction of symmetry. 

 

2.2.1 Dirac equation 

 

The starting point for relativistic quantum chemistry is the equation proposed by Dirac 

in 192843. The Dirac equation is perhaps the most important equation of modem physics, being 

the fundamental equation of relativistic quantum mechanics and quantum electrodynamics44. 

Converting the classical relativistic energy-momentum relation (Equation (40)):  

 

𝐸 = �𝑐,𝑝, +𝑚,𝑐F, (40) 

 
41 AUTSCHBACH, J.; ZHENG, S. Relativistic Computations of NMR Parameters from First Principles: Theory 

and Applications, Annual Reports on NMR Spectroscopy, v. 67, p. 1-95, 2009. 
42 SAUE, T. Relativistic Hamiltonians for Chemistry: A Primer. ChemPhysChem, v. 12, n. 17, p. 3077-3094, 

Nov. 2011. 
43 DIRAC, P. A. M., The quantum theory of the electron. Proceedings of the Royal Society of London Series 

a-Containing Papers of a Mathematical and Physical Character, v. 117, n. 778, p. 610-624, Feb. 1928. 
44 SCHWERDTFEGER, P. Relativistic Electronic Structure Theory: Fundamentals, v. 11, 1. Ed. Elsevier 

Science, 2002. 
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into a quantum-mechanical equation by replacing the momentum 𝑝 with a differential operator 

−𝑖ℏΔ acting on suitable wave functions, leads to the Hamiltonian (relativistic Hamiltonian for 

a free particle) in Equation (41): 

 

𝐻 = �−𝑐,ℏ,Δ +𝑚,𝑐F. (41) 

 

The time-dependent free Dirac equation, wrote in the familiar “Schrödinger form”, as a 

quantum-mechanical evolution equation is (Equation (42)): 

 

𝑖ℏ
𝑑
𝑑𝑡
(𝑡, 𝒙) = 𝐻"𝜓(𝑡, 𝒙),											𝜓(𝑡", 𝒙) = 𝜓(𝒙). (42) 

 

The Dirac equation describes the quantum-mechanical motion of particles with spin-l/2 

according to the requirements of the special theory of relativity. Correspondingly, it contains 

the following scalar parameters: Planck's constant ℏ, which sets the scale of quantum 

phenomena, the velocity of light 𝑐, which sets the scale for relativistic effects, and 𝑚, the rest-

mass of the particle.  

In Equation (41), one gets a wave equation upon the canonical substitution of 

momentum with its operator form. However, this resulting equation is still not Lorentz invariant 

because the orders of the derivatives for space and time coordinates are different. At this point, 

Dirac realized that Equation (40) could be linearized by introducing matrices, giving rise to the 

Dirac operator for free particles (Equation (43)): 

 

𝐻" = �𝑐,𝑝, +𝑚,𝑐F = 𝑐𝜶. 𝒑 + 𝜷𝑚𝑐,. (43) 

 

𝐻" is a matrix-differential operator and Equation (42) describes particles with an inner 

Dirac operator 𝐻" is often called the operator of kinetic energy, but one should be aware that it 

describes the relativistic energy of a free particle including the rest energy 𝑚𝑐,.  

In equation (43), the differential operator 𝒑 = −𝑖ℏ∇ is the usual momentum operator 

and the operators 𝜶 and 𝜷 are the 4 ´ 4 Dirac matrices which are expressed in the block matrix 

form by the following expressions (Equation (44)): 
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𝜶 = �0, 𝝈
𝝈 0,

� ; 														𝜷 = �𝐼, 0,
0, −𝐼,

�, (44) 

 

where 𝝈	(𝝈 = 𝜎( , 𝜎) , 𝜎'	) are 2 ´ 2 Pauli spin matrices and 𝐼, is the 2 ´ 2 identity matrix and 

0, is the 2 ´ 2 zero matrix. In this form, Dirac’s equation can be written, after some 

rearrangements, in atomic units as45 in Equation (45). 

 

𝐻AΨA = �
𝑉 𝑐𝝈. 𝒑

𝑐𝝈. 𝒑 𝑉 − 2𝑐,� = 𝐸ΨA (45) 

 

The Equation (45) is the Dirac equation in an external field. As in nonrelativistic 

quantum mechanics, the influence of an external field is described by a potential-energy 𝑉(𝒙) 

that is added to the kinetic energy 𝐻". The operator 𝐻A is intended to describe the energy of a 

particle in a given external field and is obtained by replacing the free Dirac operator 𝐻" with an 

external field as in Equation (46). 

 

𝐻A = 𝐻" + 𝑉(𝒙) (46) 

 

As mentioned above, there are two important aspects of Equation (45). First, the spin of 

the electron is incorporated in Dirac’s equation explicitly through the introduction of Pauli 

matrices in the linearization of the Hamiltonian in Equation (43). In contrast, electron spin can 

be introduced into the non-relativistic quantum mechanics only by an ad-hoc assumption. The 

other important aspect of Equation (45) is the fact that it has both positive and negative energy 

solutions. The negative energy solutions of Dirac’s equation eventually led to the idea of the 

existence of anti-particle states of electrons, called positrons. Nowadays, we consider this the 

birth of quantum field theory, although Dirac initially dismissed the negative-energy solutions 

of the problem when it was first published.  

In non-relativistic quantum mechanics, the variation principle is a very useful concept. 

In the Dirac theory, the formulation of such a variational formalism is problematic because if 

the negative energy continuum is empty, electrons will fall into it under emission of photons. 

Dirac resolved this dilemma in 1929 by postulating that the negative energy states are 

 
45 VAN LENTHE, E.; BAERENDS, E. J.; SNIJDERS, J. G., Relativistic total energy using regular 

approximations, Journal of Chemical Physics, v. 101, n. 11, p. 9783-9792, Dec. 1994. 
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completely filled46. If an electron is excited from the negative energy continuum, a ‘hole’ is left 

behind. The hole behaves as a particle with the same mass as an electron, but with opposite 

charge. The negative energy states are therefore connected with positrons. The filling of the 

negative energy continuum implies that the ‘vacuum’ is infinitely charged and has an infinite 

energy. This awkward property can be solved by going one step further and using normal 

ordered operators, which means that the vacuum expectation value of the corresponding 

operator is subtracted from the operator. The effect is that, although filled, the charge and 

energy of the vacuum are zero.  

In quantum chemistry, we generally seek the solutions of Equation (45) that correspond 

to the positive-energy spectrum. In non-relativistic quantum chemistry, it is common to talk 

about ‘orbitals’, 1-component 1-electron wavefunctions. The solution of the Dirac equation is 

a four-component vector, it is common to use in this case the term ‘spinor’ instead of orbital. 

As we see below, the solutions may be grouped into two components, the so-called large and 

small components. As an approximation, it is often typical that one seeks the positive-energy 

solutions only with the large components.  

  

2.2.2 Four-Component and Two-Component Relativistic Methods  

 

Due to the 4 ´ 4 matrix form of Equation (45), the eigenvector solutions of this equation 

are composed of four components37 (Equation (47)):  

 

ΨA = �

𝜓+
𝜓,
𝜓>
𝜓F

� = �𝜓9𝜓$
� ; 

𝜓9 =	 �
𝜓+
𝜓,
�,												𝜓$ =	�

𝜓>
𝜓F
�. 

(47) 

 

In Equation (47), the eigenvector solution of the Dirac wave function is grouped into 

the large component, (𝜓9) and the small component (𝜓$).  

If the Dirac equation is solved for a free particle, i.e. 𝑉 = 0 for all 𝑟, one gets two kinds 

of solutions: solutions with eigenvalues less than −𝑚𝑐, and solutions with eigenvalues greater 

 
46 DIRAC, P. A. M., A theory of electrons and protons. Proceedings of the Royal Society of London. Series A, 

v. 126, n. 801, p. 360-365, Jan. 1930. 
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than +𝑚𝑐,. For quantum chemistry, the main interest is in the positive energy solutions. For 

the positive energy solutions, the upper components (𝜓9	) have a large amplitude and the lower 

components (𝜓$) have a small amplitude.  

For the positive-energy spectrum, the contribution of the small component is much 

smaller than that of the large component. If Equation (45) and (47) are combined, the following 

expressions are obtained:  

 

𝑉𝜓9 + 𝑐𝝈. 𝒑𝜓$ = 𝐸𝜓9, (48) 

𝑐𝝈. 𝒑𝜓9 + (𝑉 − 2𝑐,)𝜓$ = 𝐸𝜓$. (49) 

 

In Equations (48) and (49), the small and large components of the Dirac wave function 

are coupled by the following relation.  

 

𝜓$ =
1
2𝑐 𝑘𝝈. 𝒑𝜓9 (50) 

𝑘 = �1 −
𝑉 − 𝐸
2𝑐, �

6+

 (51) 

 

In the four-component relativistic formalism, one seeks solutions to both small and large 

components via simultaneous solutions of the Equations (48) and (49). However, early attempts 

with an auxiliary basis set suffered from the so called ‘variational collapse’47,48 when small and 

large components were varied independently. This problem can be overcome by relating the 

basis sets for small and large components via e Equation (50), which is referred as the kinetic 

balance approximation49. Using Equations (50) and (51), one eliminates the small component 

of the Dirac wave function and sees solutions for only the large component. This approach 

yields the following eigenvalue equation for the large component only:  

 

¡𝑉 +
1
2𝝈. 𝒑𝑘𝝈. 𝒑¢𝜓9 = 𝐸𝜓9 . (52) 

 

 
47 SCHWARZ, W. H. E.; WALLMEIER H. Basis set expansions of relativistic molecular wave-equations. 

Molecular Physics, v. 46, n. 5, p. 1045-1061, Feb. 1982. 
48 SCHWARZ, W. H. E.; WECHSELTRAKOWSKI E. The 2 problems connected with Dirac-Breit-Roothaan 

calculations. Chemical Physics Letters, v. 85, n. 1, p. 94-97, Jan. 1982. 
49 STANTON, R. E.; HAVRILIAK, S. Kinetic Balance: A partial solution to the problem of variational safety in 

Dirac calculations. Journal of Chemical Physics, v. 81, n. 4, p. 1910-1918, May 1984. 
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This equation is not practical since the Hamiltonian operator depends on 𝑘 (and 𝐸). At 

this point, one may decouple the small and large components completely by employing Foldy-

Wouthuysen transformations50, which leads to exact two- component relativistic methods. 

Another approach is to construct approximate decoupling schemes by expanding k in a power 

series. This formalism leads to quasi-relativistic two-component methods. A famous example 

of such a method is called the zeroth order regular approximation (ZORA)45,51,52, which is 

discussed in the following sub-section.  

 

2.2.2.1 Zeroth Order Regular Approximation  

 

It is possible to obtain a more practical expression for the Hamiltonian in Equation (52) 

by employing a power series expansion for k.  

 

𝑘 = �1 −
𝑉 − 𝐸
2𝑐,	 �

6+

= 1 +G�
𝑉 − 𝐸
2𝑐, �

.X

.5+

 (53) 

 

At the first order of this expansion, one gets the Pauli Hamiltonian after some 

manipulation.  

 

𝐻@2Y3- = 𝑉 +
𝑝,

2 −
𝑝F

8𝐶, +
𝑉𝑝,

8𝑐, +
𝑖
4𝑐, 𝝈. (𝛁V × 𝒑) 

(54) 

 

In Equation (54), first two terms on the right-hand side recover the non-relativistic 

Hamiltonian. The third term is called the mass-velocity operator, which yields relativistic 

corrections to the kinetic energy due to the mass-increase effect in special relativity. The fourth 

term is the Darwin term, which gives a correction to the potential near the nucleus. The last 

term is the spin-orbit coupling term. It should be noted that the Pauli Hamiltonian transforms 

to the non-relativistic Hamiltonian at the limit (𝑐	 → 	∞).  

Another expansion51 can be made for k by the following relation (Equation (55)):  

 
50 FOLDY, L. L.; WOUTHUYSEN, S. A. On the Dirac theory of spin 1/2 particles and its non-relativistic limit. 

Physical Review, v. 78, n. 1, p. 29-36, Apr. 1950. 
51 VAN LENTHE, E.; BAERENDS, E. J.; SNIJDERS, J. G. Relativistic regular two-component Hamiltonians. 

Journal of Chemical Physics, v. 99, n. 6, p. 4597- 4610, Jun. 1993. 
52 VAN LENTHE, E.; BAERENDS, E. J.; SNIJDERS, J. G., The zero-order regular approximation for 

relativistic effects: The effect of spin-orbit coupling in closed shell molecules. Journal of Chemical Physics, 
v. 105, n. 15, p. 6505-6516, Jul. 1996. 
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𝑘 =
𝑐,

2𝑐, − 𝑉 �1 +
𝐸

2𝑐, − 𝑉	�
6+

=
𝑐,

2𝑐, − 𝑉 + ©
𝑐,

2𝑐, − 𝑉ªG−1. �
𝐸

2𝑐, − 𝑉�
.

.
X

.5+

 
(55) 

 

At the zeroth order of this expansion series, one can get the ZORA Hamiltonian after 

some arrangements, which is expressed by Equation (56).  

 

𝐻&TKB = 𝑉 +
1
2𝝈. 𝒑 ©

𝑐,

2𝑐, − 𝑉ª𝝈. 𝒑

= 𝑉 +
1
2𝒑©

𝑐,

2𝑐, − 𝑉ª𝒑 +
𝑖
2©

𝑐,

2𝑐, − 𝑉ª
,

𝝈. (𝛁V × 𝒑) 

(56) 

 

The ZORA Hamiltonian includes the familiar spin-orbit coupling term even at the zeroth 

order of expansion. The complete Hamiltonian in Equation (56) is referred as the ZORA/spin-

orbit Hamiltonian. If the spin-orbit coupling term is neglected, one gets the ZORA/scalar 

Hamiltonian.  

ZORA is two-component method if spin-orbit coupling is included and one-component 

method if only scalar-relativistic effects are considered, and both Hamiltonians are essentially 

as expensive to use as than their non-relativistic counterpart. The ZORA Hamiltonian gives 

valence-shell properties and orbital energies of heavy elements, as can four-component 

relativistic methods52. In general, it can be said that ZORA method reproduces most of the 

relativistic effect, also if heavy elements are present, and are very cost-effective alternatives to 

the 4-component Dirac-Coulomb (DC) Hamiltonian.  

 

2.3 Quantum computing 

 

For long outstanding, computation devices were built entirely based on classical 

physics. From abacus to digital microprocessors, these tools summarize the fact that laws of 

physics support computation. In the 1970s and 1980s, the possibility of building a quantum 
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computing device started to gain some attention when Feynmann53, Deutsch54, Benioff55, and 

Bennett56 proposed the idea of using quantum mechanics to perform calculation. At that time, 

they launched the potential of a quantum computer model, which spread the field of research 

now called quantum computing. 

A quantum computer benefits from quantum mechanical phenomena such as 

superposition and entanglement to realize calculations57. This superposition phenomena allows 

quantum computers to execute operations on many values at one fling whereas a classical 

computer usually must perform these operations sequentially. Consequently, quantum 

algorithms provide exponential speedups over their classical counterparts for certain problems.  

What for some time was an idea, today is an attractive and fruitful research area for 

companies, governments and intelligence agencies. In 2020, a total of roughly 1 billion USD in 

private capital invested into the entire Quantum Information Science space58. Moreover, 

quantum chemistry will be directly impacted with the development of quantum computation 

and quantum information, the new device will solve problems dealt by chemists and physicists 

which cannot be resolved the classical computers. 

Chemists face one fundamental problem, the resolution of the Schrödinger equation, 

reaching the exact solution. This is a challenging task because the dimension of the Hilbert 

space increases exponentially with the number of particles in the system, what demands 

exponential amount of computational resource59,60. Paul Dirac61 mentioned that with the 

Schrödinger equation, “the underlying physical laws necessary for the mathematical theory of 

a large part of physics and the whole of chemistry are thus completely known and the difficulty 

 
53 FEYNMANN, R. P. Simulating physics with computers. International Journal of Theoretical Physics, v. 

21, n. 6, p. 467-488, Jun. 2008. 
54 DEUTSCH, D. Quantum theory, the Church-Turing principle and the universal quantum computer. 

Proceedings of The Royal Society of London, Series A, v. 400, n. 1818, p. 97–117 Jul. 1985. 
55 BENIOFF, P. Quantum-mechanical Hamiltonian models of Turing-machines. Journal of Statistical Physics, 

v. 29, n. 3, p. 515–546, Nov. 1982. 
56 BENNETT, C. H.; BRASSARD, G. Quantum cryptography: Public key distribution and coin tossing. 

Proceedings of IEEE International Conference on Computers Systems and Signal Processing, Bangalore, 
India, pp. 175-179, Dec 1984. 

57 NIELSEN, M. A.; CHUANG, I. L., Quantum Computation and Quantum Information, Cambridge 
University Press, Cambridge, UK, 2000. 

58 KÖNIG, André M. Quantum Computing: Paradigm shift or slow death? | Current state (part 1). Weekly 
Quantum World Detangled, Jun. 2021. In. https://quantumcomputing.substack.com/p/quantum-computing-
paradigm-shift. Accessed in 30 Sept. 2021. 

59 AARONSON, S. Why quantum chemistry is hard. Nature Physics, v. 5, n. 10, p. 707-708, Oct. 2009. 
60 SCHUCH, N.; VERSTRAETE, F. Computational complexity of interacting electrons and fundamental 

limitations of density functional theory. Nature Physics, v. 5, n. 10, p. 732-735, Jul. 2009. 
61 DIRAC, P. A. M. Quantum mechanics of many-electron systems. Proceedings of the Royal Society A, v. 

123, n. 792, p. 714-733, Apr. 1929.  
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is only that the exact application of these laws leads to equations too much complicated to be 

soluble”. 

Despite its remarkable promises, quantum computers is handling experimental 

difficulties of realizing one that really meets its theoretical potential. To circumvent its 

requirements, theoretical chemists, who have faced and explored quantum effects from the 

perspective of physical chemistry for decades, might merge their finds and insights with those 

of the quantum information community, leveraging the understanding of quantum computing62. 

There was proposed many models to physically realize a quantum processor, NMR, 

electron spin resonance (ESR), ion traps, atom traps, optics, superconducting devices and 

nitrogen-vacancy (NV) centers, among others63. Nowadays, a few of them are able to 

manipulate quantum bits, or qubits, the quantum systems whose observables are given by the 

Pauli matrices. A qubit encodes a fundamental unit of quantum information16. 

The improvement and realization of quantum computers is an interdisciplinary task. 

Thereby, NMR is one of the disciplines that supports the development of the quantum computer, 

in general quantum information processing (QIP). QIP is at the helm of the task of performing 

quantum algorithms or simulations and NMR plays an important role in pioneering 

experimental demonstrations of quantum computing algorithms64,65. Also, NMR-QIP takes 

advantage of the considerable experience of the NMR in probing nuclear spins in liquid solution 

with RF pulses. In addition, this technology is known for relatively high coherence time and 

capability to work at room temperature. This technology has proved simple to design NMR 

quantum systems with 2 or 3 qubits, and it has been natural that the first two-qubits quantum 

algorithm implementations used NMR technology66. 

 

2.3.1 NMR Quantum computers 

 

As mentioned in Section 2.1 Computational NMR Spectroscopy, NMR employs radio-

frequency radiation to observe and manipulate the magnetic dipoles associated with the spins, 

 
62 KAIS, S. Introduction to Quantum Information and Computation for Chemistry. In. KAIS, S. Quantum 

Information and Computation for Chemistry, 1. Ed., v. 154, New Jersey: John Wiley & Sons, Inc: 
Hoboken, 2014.  

63 LADD, T. D. et al. Quantum computers, Nature, v. 464, n. 7285, p. 45-53, Mar. 2010. 
64 CRIGER, B. et al. Recent advances in nuclear magnetic resonance quantum information processing. 

Philosophical Transactions of the Royal Society A, v. 370, n. 1976, p. 4620-4635, Oct. 2012. 
65 CRIGER, B.; PARK, D.; BAUGH, J. Few-qubit magnetic resonance quantum information processors: 

simulating chemistry and physics In. KAIS, S. Quantum Information and Computation for Chemistry, 1. 
Ed., v. 154, New Jersey: John Wiley & Sons, Inc: Hoboken, 2014.  

66 GRUSKA, J. Quantum Computing. McGraw-Hill Book Co Ltd, Apr. 2000. 
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the "intrinsic angular momentum" of the atomic nuclei in molecules. Its first demonstration 

gathered the physics Nobel prize in 1952, which was shared by Bloch and Edward Purcell. 

Because of the many applications NMR has in chemistry, it is most encountered in chemical 

and medical research laboratories than it is in physics. However, this scenario is changing 

because NMR has been successfully used to perform experimental demonstrations of quantum 

information processing (QIP)7,67,68. These demonstrations are the first step toward realizing 

dreamed quantum computer: a device that exploits the complexity of quantum dynamics to 

solve computational problems that are and will remain forever beyond the reach of classical 

computers8. 

Currently, liquid state NMR enriches QIP by inspiring new ideas for theoretical and 

experimental investigation, leading to technology for demonstrating quantum computing in 

small physical systems16. In a sample containing 𝑁	spin-1/2 for each molecule, the natural 

Hamiltonian of this system in a large homogeneous magnetic field 𝐵.⃗ " pointing in the 𝑧 direction 

is given by Equation (16). Considering the Larmor frequency (𝜈-9 =
Z*
#

,[
= 𝛾-|𝐵.⃗ "|), the natural 

Hamiltonian becomes:  

 

𝐻.20 =
+
,
∑ 2𝜋𝜈-9𝜎'-4
-5+ + [

,
∑ 𝐽-W𝜎'-𝜎'

W4
-:W , (57) 

 

where 𝜈-9 is the Larmor frequency of the 𝑖0\ nucleus with gyromagnetic ratio 𝛾-, 𝐽-W is the 

coupling strength between nucleus 𝑖 and 𝑗, and 𝜎'- is the 𝑧 Pauli matrix of the 𝑖𝑡ℎ spin.  

The first term in the Equation (57) describes the precession of the spins due to their 

coupling to the external magnetic field, while the second term describes the J-coupling between 

pairs of nuclei. As mentioned in Section 2.1.1 Nuclear Interactions in External Magnetic Field, 

this Hamiltonian corresponds to the weak coupling limit, where we assume that the chemical 

shifts between coupled spins are much greater than their respective couplings, i.e., [𝜈-9 − 𝜈W9[ ≫

𝐽-W/2. Whether this approximation is not valid, one needs to use the full coupling Hamiltonian 

𝜎(-𝜎(
W + 𝜎)-𝜎)

W + 𝜎'-𝜎'
W instead of 𝜎'-𝜎'

W. The exact values of the Hamiltonian parameters are 

determined by fitting experimental data.  

 

 
67 CHUANG, I. L. et al., Bulk quantum computation with nuclear magnetic resonance: Theory and experiment, 

Proceedings of the Royal Society A, v. 454, n. 1969 p. 447–467, Jan. 1998. 
68 CORY, D. G.; PRICE, M. D.; HAVEL, T. F. Nuclear magnetic resonance spectroscopy: An experimentally 

accessible paradigm for quantum computing, Physica D, v. 120, n. 1-2, p. 82–101, Sept. 1998.  
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2.3.2 NMR Qubits 

 

Information is something that can be encoded in the state of a physical system. If the 

physical system follows classical laws of physics, the information stored there is of “classical” 

nature, as in the classical computer. To quantify information, the concept of bit was introduced 

and defined as the basic unit of information. A bit of information stored in a classical computer 

is a value 0 or 1 kept in a certain location of the memory unit. The computer is able to measure 

the bit and retrieve the information without changing the state of the bit. If during the 

measurement, the bit is at the same state every time, it will yield the same results. A bit can also 

be copied and one can prepare another bit with the same state. A string of bits represents one 

single number62. All these properties of bits seem trivial, but in the domain of quantum 

information processing, this is no longer true, as we will see below. 

Otherwise, the basic unit of quantum information is a quantum bit – qubit. Physically, a 

qubit can be represented by the state of a two-level quantum system of various forms, be it an 

ion with two accessible energy levels or a photon with two states of polarization62. Nuclear 

spins (I = 1/2) in molecules are quantum systems with two well–characterized states, which 

therefore can act naturally as a qubit63,69,70. 

Differently from classical bits, a qubit cannot be only in the states |0⟩ and |1⟩, but also 

in a superposition of both: 𝛼|0⟩ + 𝛽|1⟩. In the latter case, a measurement of the superposed 

state will collapse the state to either one of its component states |0⟩ or |1⟩, which is a widely 

observed phenomenon in quantum physics. This means that even the state of the qubit that is 

measured is identical each time, the measurement outcomes would most probably be different. 

For example, if one repetitively does the following: prepare a qubit in the same state 𝛼|0⟩ 	+

	𝛽|1⟩ and then measure it with respect to the basis state {|0⟩, |1⟩}, one will get |0⟩ in some 

measurements and |1⟩ in the others62.  

Also, unlike classical bits that can be copied, a qubit cannot be copied due to the no-

cloning theorem, which derives from the quantum mechanical nature of the qubit. This qubit 

no-cloning property has been used in the construction of security communication devices, 

because is impossible to eavesdrop a qubit of information. Concerning the information storage, 

 
69  LINO, J. B. d. R.; ROCHA, E. P.; RAMALHO, T. C. J. Value of NMR parameters and DFT calculations for 

quantum information processing utilizing phosphorus heterocycles. The Journal of Physical Chemistry A, v. 
121, n. 23, p. 4486-4495, Apr. 2017. 

70 LINO, J. B. d. R.; RAMALHO, T. C. Quantum Information and Nuclear Magnetic Resonance Parameters. 
Revista Virtual de Química, v. 10, n. 4. p. 940-962, Jul. 2018. 
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once a qubit or an array of qubits could be in quantum superposition states such as 𝛼""|00⟩ 	+

	𝛼"+|01⟩ 	+	𝛼+"|10⟩ 	+	𝛼++|11⟩, a string of qubits is able to store several numbers 𝛼"", 𝛼"+, … 

simultaneously, while a classical string of bits can only represent a single number. In this sense, 

𝑛 qubits encode not 𝑛 bits of classical information, but 2. numbers. Although none of the 2.  

numbers are efficiently accessible because a measurement will destroy the state of 

superposition, this exponentially large information processing space combined with the peculiar 

mathematical structure of quantum mechanics still implies the formidable potential in the 

performance of some of the computational tasks exponentially faster than classical computers62.  

As mentioned in the section 2.1.1 Nuclear Interactions in External Magnetic Field, when 

placed in an external magnetic field, the atom nucleus magnetic moments result in discrete 

energy level systems that can be manipulated with resonant electromagnetic radiation leading 

to NMR16. Nuclear spins can serve as qubits, being addressed and read out using an NMR 

spectrometer. The first experimental quantum simulation of a harmonic oscillator was 

performed using NMR62. 

Nuclear spins (I = 1/2) in molecules are quantum systems with two well–characterized 

states, which therefore can act naturally as a qubit63,69,70. Although there is a limited number of 

different spin–1/2 nuclei, among which 1H, 13C, 19F, 29Si, and 31P are the most common qubits 

used in NMR quantum computation experiments63, other spin– 1/2 nuclei, such as 113Cd, 199Hg, 
125Te and 77Se could in principle be used. 

Most suitable spin systems are those wherein (i) each qubit has a resonance frequency 

sufficiently far from others, and (ii) each qubit is coupled to other qubits via spin-spin 

interaction. Here, (i) allows the addressability of qubits and (ii) allows the construction of 

quantum gates71. For a practical computer, the qubits must have long relaxation times to prevent 

quantum effects from decohering away. In liquid state NMR, the relaxation times are certainly 

long enough (around one second) for demonstration purposes72. 

The basis states for the two-dimensional Hilbert space of a qubit are denoted, as 

mentioned, by |0⟩ and |1⟩, in Dirac notation. General states are superpositions of these basis 

states: |𝜓⟩ = 𝜓"|0⟩ + 𝜓+|1⟩ (where 𝜓", 𝜓+are complex numbers with |𝜓"|, + |𝜓+|, = 0 ). 

The basis states of an array of qubits are variously denoted by8 Equation (58). 

 

 
71 MAHESH, T. S. Quantum information processing by NMR. Resonance, v. 20, v. 11, p. 1053–1065, Nov. 

2015. 
72 JONES, J. A. Quantum computing and nuclear magnetic resonance. PhysChemComm, v. 4, n. 11, p. 49-56, 

2001. 
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|𝛿+⟩ ⊗ |𝛿,⟩ ⊗ …⊗ |𝛿4⟩ = |𝛿+⟩|𝛿,⟩⋯ |𝛿4⟩ = |𝛿+𝛿,⋯𝛿4⟩, (58) 

 

where 𝛿. ∈ {0,1}	(𝑛 = 1,… ,𝑁) and “⊗” denotes the tensor (or Kronecker) product (Equation 

(59)): 

 

(𝜓"|0⟩ + 𝜓+|1⟩ ⊗ (𝜓"′|0⟩ + 𝜓+′|1⟩  

= ¡𝜓"𝜓+
¢ ⊗ ³

𝜓]
"

𝜓]
+
´ =

⎣
⎢
⎢
⎡𝜓"𝜓"

]

𝜓"𝜓′+
𝜓+𝜓"]

𝜓+𝜓+] ⎦
⎥
⎥
⎤
. (59) 

 

It should be noted that the dimension of the tensor product space of N qubits grows 

exponentially as 2N.  

 

2.3.3 Single-spin control 

 

To accomplish the QIP, one needs to be able to perform arbitrary single spin 

manipulations, which is equivalent to arbitrary rotations on any axis. As an example, consider 

the application of a magnetic field 𝐵.⃗ + perpendicular to the 𝑧 axis which oscillates at the nuclear 

spin’s Larmor frequency16 (Equation (60)): 

 

𝐵.⃗ + = |𝐵.⃗ +|(cos(𝜔KD𝑡) 𝑥⃗ + sin	(𝜔KD𝑡)𝑦⃗, (60) 

 

where 𝜔KD = 2𝜋𝜈KD is the angular frequency of the field. In the rotating frame of the nucleus, 

i.e. the frame rotating at the same frequency as the spin, 𝐵.⃗ + appears as a constant field pointing 

along its rotating 𝑥 axis and the spin starts to precess about this axis. By adjusting the phase of 

the 𝐵.⃗ + field, it is possible to create a rotation about any axis in the 𝑥𝑦-plane; for example, 𝜔9𝑡 →

𝜔9𝑡 + 𝜙 will create a rotation around the 𝑥 axis making an angle 𝜙 with it. In the laboratory, 

such a rotating field can be applied by sending a RF pulse of a particular duration and phase to 

a conducting coil surrounding the sample, calculated according to the rotating wave 

approximation16.  
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To better comprehend this phenomenon from the perspective of quantum mechanics, in 

the rotating frame picture: suppose the spin in the state |𝜓(𝑡)⟩, and define the state in the 

rotating frame of the pulse with angular frequency 𝜔KD, as in Equation (61). 

 

|𝜓⟩I = 𝑅'(−𝜔KD𝑡)|𝜓(𝑡)⟩ 

= 𝑅'(−𝜔KD𝑡)𝑒6
-0
ℏ	C+,-|𝜓(0)⟩ 

= 𝑒6
-0
ℏ	_.

Z/$
, 0	𝑒6

-0
ℏ	C+,-|𝜓(0)⟩ 

(61) 

 

In Equation (61), |𝜓⟩I = |𝜓(0)⟩, for a single spin with 𝜔KD = 𝜔9. Applying a time 

derivative to Equation (61), the state |𝜓⟩I in the rotating frame evolves according to the 

Schrödinger equation with the new Hamiltonian16 (Equation (62)). 

 

𝐻I = 𝑅'(−𝜔KD𝑡)𝐻.20𝑅'(𝜔KD𝑡) −
𝜔KD

2 𝜎' (62) 

 

When an RF pulse with phase 𝜙 is applied to the spin, the laboratory frame Hamiltonian 

is16 (Equation (63)): 

 

𝐻 = Z#

,
𝜎' +

Z+0-

,
(𝑐𝑜𝑠(𝜔KD𝑡 + 𝜙)𝜎( + 𝑠𝑖𝑛(𝜔KD𝑡 + 𝜙)𝜎)), (63) 

 

where 𝜔.Y0 = 𝜋𝛾-|𝐵.⃗ +|. In the rotating frame this becomes (Equation (64)): 

 

𝐻I =
+
,
(𝜔9 − 𝜔KD)𝜎' +

+
,
𝜔.Y0(𝑐𝑜𝑠	𝜙𝜎( + 𝑠𝑖𝑛	𝜙𝜎)). (64) 

 

Thus, if the RF pulse is at the same frequency as the spin, the spin will see a constant 

field in the 𝑥𝑦 plane and will precess about it. The rotation angle 𝜃 is determine by the interval 

𝜏 during which the RF field is applied, according to 𝜃 = 𝜔.Y0𝜏.  

 

2.3.4 Two-spin control  
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It is also possible to independently control two spins with different Larmor frequencies. 

Applying a RF pulse at the frequency of the first spin, the rotating frame Hamiltonian is given 

by Equation (65). 

 

𝐻Ç.20 =
1
2𝜔+

.Y0𝜎(+ +
1
2𝜔,

.Y0𝜎(, +
1
2
(𝜔,9 − 𝜔+9)𝜎', +

𝜋
2 𝐽+,𝜎'

+𝜎', (65) 

 

Where we have set 𝜑	 = 	0 for simplicity. While the first spin undergoes a rotation 

around the 𝑥	axis, the second spin experiences a field with an additional non-zero 𝑧 component. 

This is called the off-resonance effect. If we consider the case where 𝜔,9 − 𝜔+9 ≫ 𝜔+.Y0 then the 

second spin rotation around the 𝑥	axis will average to zero during the time the first spin has 

completed its rotation. Typically, 𝜔.Y0 is smaller than 1 MHz, so this condition is automatically 

satisfied if the two nuclei belong to different species. If the spins are of the same species, this 

condition can also be satisfied if a very low amplitude pulse is used due to the small nutation 

frequency. In this case, one drawback is that the pulse will necessarily take much longer to 

achieve the same angle of rotation, and if the two spins have a significant coupling constant 𝐽+,, 

coupling effects might introduce significant errors and, therefore, limit the control.  

Fortunately, there are well-known techniques to address different nuclei of the same 

species with high precision. The most common technique is to control the spins using shaped 

pulses. The frequency response to the pulse will depend on the pulse shape (Fourier theorem) 

and so by applying the pulse with a time varying power we can control the power spectrum of 

the pulse. For example, if a Gaussian shaped pulse is applied at frequency 𝜔KD, then only spins 

within a Gaussian distribution of frequencies around 𝜔KD will respond to this RF field. 

Therefore, if the height and the length of the Gaussian pulse is carefully chosen, one spin can 

be “addressed”, causing negligible effects to others. This technique permits control of spin pairs 

with smaller chemical shift differences in shorter periods of time, hence allowing stronger 

coupling. The length of a Gaussian pulse is proportional to the inverse of the chemical shift 

between the spins. Therefore, in the limiting case of small chemical shift differences and large 

J-coupling values, control of the qubits is more difficult.  

For most liquid state experiments on a few spins, where chemical shifts are 

comparatively large and J-couplings are small, the use of Gaussian pulses is sufficient to 

achieve very high precision spin rotations. The situation becomes more complicated when there 

are more homonuclear spins (implying smaller chemical shift differences on average), or 

stronger coupling like in solid state or liquid crystal environments. It is still possible to 
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overcome these drawbacks by considering more complicated pulse shapes and phase 

modulation, which can implement any desired evolution by simulating the full quantum 

dynamics.  

The strength of NMR technology is the remarkable control that can be implemented in 

multi-qubit systems. Many decades of RF engineering improvements today provide sufficient 

control for implementing experimental benchmarks such as quantum error correcting codes and 

simulations of quantum physics systems, among many others16. 

Finding more complex molecules is a challenge for scaling up liquid-state NMR 

quantum computers, although NMR spectroscopy is routinely performed on complex molecules 

with hundreds to thousands of resolvable nuclear resonances11.  

 

2.4 Designing enhanced qubit molecules 

 

Nuclei like 1H or 13C are spin-1/2 quantum system and ideal qubits. The initial state of 

the system is obtained by allowing it to thermalize. By irradiating these nuclei at the appropriate 

frequency, it is possible to rotate their individual states one at a time leading to the so called 

single-qubit gates. Nuclei affect each other through interactions that can also be controlled, 

leading to two-qubit gates. By composing these two sets of gates we can reach any unitary 

transformation. This is known as universality73. After an algorithm consisting of a series of 

these gates, the final state can be observed by measuring the current induced by the rotating 

magnetic moments of the sample in a conducting coil. Algorithms should be performed on a 

timescale shorter than the characteristic decoherence time of the system, which is about 100 

times the gate time in liquid state NMR16. 

The advancement of the aimed NMR large-scale quantum processors depends mainly 

on two challenges; first, the accurate and efficient control of the quantum system states, and 

second, the construction of systems containing a large number of qubits2. The former has been 

augmented by the development of algorithms which are able to manipulate, with high fidelity, 

the quantum states of relatively large systems3. This is a technological issue and has been the 

focus of many articles to date74. Recently, Peterson, Sarthour and Laflamme4 have designed a 

fast and scalable algorithm for controlling the quantum states of systems containing 100 qubits.  

 
73 KAYE, P.; LAFLAMME, R.; MOSCA, M. An introduction to quantum computing, Oxford University 

Press, 2007. 
74 MAWHINNEY, Robert C.; SCHRECKENBACH, Georg. NMR quantum computing: applying theoretical 

methods to designing enhanced systems. Magnetic Resonance in Chemistry, v. 42, n. S1, p. S88-S98, May 
2004. 
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These recent algorithms combined with modern NMR equipments, and sophisticated 

theoretical techniques make possible the manipulation of the nuclear spin system states through 

magnetic RF pulses, which are used to implement quantum gates, the basic computational step4.  

Regarding the second challenge, chemistry can leverage the development of NMR 

large-scale quantum systems, once it depends especially on the design of a qubit molecule 

containing a large number of suitable spin-1/2 nuclei, which will act as the qubits. In this way, 

theoretical chemistry can speed up the sharpening and strengthening of the physical 

requirements necessary by any potential qubit molecule5, towards a specially synthesized 

system, giving resolvable spectra to the upcoming large-scale NMR quantum processor. 

Outlining these physical requirements, the qubit molecule should meet these general 

design criteria75,76,77: (1) Nuclei having spin magnetic moment I=1/2 with either a high natural 

abundance, or using labelled samples, and having a relatively large sensitivity (the most 

common nuclei are 1H, 13C, 15N, 19F and 31P); (2) compounds should be either soluble in some 

common NMR solvent or naturally found in a liquid state; (3) the differences in chemical shifts 

of the nuclei should be as large as possible (this is commonly achieved by using nuclei with a 

large range of chemical shifts, such as 13C and 19F, and/or heteronuclear spin systems since 

separate RF channels can be used for each nucleus); (4) spin-spin coupling between nuclei 

should be large; (5) the chosen nuclei, although not required to be mutually coupled, must form 

a contiguous network of couplings74 (Figure 3); (6) the chosen system must have sufficiently 

long relaxation times to limit decoherence in addition to allowing for the evolution of 

implemented gates (spin–spin relaxation times, T2, are typically shorter than spin-lattice 

relaxation times, T1, and so it is the limiting factor; T2 can be of the order of seconds, time 

enough for up to 1014 gates)78. 

 

 
75 GLASER, S. J. NMR Quantum Computing. Angewandte Chemie International, v. 40, n. 1, p. 147-149, Jan. 

2001. 
76 MADI, Z. L.; BRUSCHWEILER, R.; ERNST, R. R. One- and two-dimensional ensemble quantum computing 

in spin Liouville space. The Journal of Chemical Physics, v. 109, n, 24. p. 10603-10611, Dec. 1998. 
77 Cory D. G, et al. NMR based quantum information processing: achievements and prospects. Fortschritte der 

Physik, v. 48, n. 9-11, p. 875-907, 2000. 
78 VANDERSYPEN L, M. K.; CHUANG, I. NMR quantum computing: lessons for the future. Quantum 

Information and Computation, v. 1, n. 4, p. 134-142, Dec. 2001. 
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Figure 3 a) Schematic representation of a system consisting of N = 5 pairwise-coupled spins 

(qubits). b) A linear coupling network is sufficient to realize all possible logic operations 

between arbitrary spins (qubits) in an N-spin system76. 

 

Using NMR parameter predictions from computational chemistry, in this work we study 

some possibilities to overcome natural limitations concerning the development of large-scale 

NMR, we first explore the large through-space spin-spin coupling constant, which could face 

the need of long-time quantum gates implementations. In principle, the large coupling could be 

useful to overcome potential sources of quantum information loss, suggesting the use of 

relatively short pulse sequences and affording an efficient manner to control two-qubit 

operations. Under these circumstances, coherence could likely be preserved79.  

Secondly, we suggest the use of spin-1/2 nuclei, such as 113Cd, 199Hg, 125Te, and 77Se as 

qubits. Heteronuclear qubit molecules for NMR QIP could face the challenges in single qubit 

control and multiqubit operations. These nuclei exhibit a large chemical shift range, allowing 

qubit addressability and exceptionally large spin-spin couplings, which could reduce the time 

of quantum gate operations and likely preserve the coherence. Hence, assembled with the most 

common qubits used in NMR quantum computation experiments, these nuclei could leverage 

the prospective scalable quantum computer architectures, enabling many and heteronuclear 

qubits for NMR QIP implementations80.   

 
79 LINO, J. B. d. R; RAMALHO, T. C. Exploring through-space spin-spin couplings for quantum information 

processing: Facing the challenge of coherence time and control quantum states. The Journal of Physical 
Chemistry A, v 123, n. 7, p. 1372-1379, Jan. 2019. 

80 LINO, J. B. d. R.; SAUER, S. P. A. Enhancing NMR quantum computation by exploring heavy metal 
complexes as multiqubit systems: A Theoretical Investigation. The Journal of Physical Chemistry A, v 124, 
n. 24, p. 4946-4955, May. 2020. 
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For the calculated geometry coordinates, please go to J. Phys. Chem. A 2019, 123, 7, 

1372–1379. DOI: 10.1021/acs.jpca.8b09425. 
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For the calculated geometry coordinates, please go to J. Phys. Chem. A 2020, 124, 24, 4946–
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3 CONCLUSION  

 

NMR has emerged as one of the most promising experimental techniques for 

implementing quantum computing protocols. Precise and accurate control over the magnetic 

moments of nuclei provided the basis for NMR being used to manipulate information using the 

rules of quantum mechanics. The isolation of the nuclear spins and consequent long relaxation 

times, combined with RF pulses, led to important studies in the area. 

Over the last decade, quantum computer with up to 12 qubits have been developed via 

liquid-NMR. However, in order to increase this number of qubits in NMR quantum computing, 

the qubit molecule should meet conditions such as: a) Large and appropriately dispersed 

chemical shifts (𝛿), which allows logic gate implementations by RF pulses, applied in the 

system resonance frequencies, making of the qubit individual manipulations; b) appreciable 

coupling constant (𝐽) between the pair of spins, since this promotes the interaction between 

individual qubits in the QIP, and; c) a long relaxation time (𝑇), so that the coherence of 

superposed states is maintained during the quantum processing and the information is not 

destroyed.  

In this concern, exceptionally large "through space" spin-spin, TS J(31P,31P), coupling 

observed in 1,8-diphosphanaphthalenes (PPN) and in naphtho[1,8-cd]-1,2-dithiole 

phenylphosphines (NTP) were proposed and investigated to develop new promising molecules 

able to provide more accurate control in the large-scale QIP via NMR. The PPN structures were 

optimized was carried out employing the B3LYP functional among 6-311G(d,p), 6-31+G(d,p) 

or 6-31+G(3df,2pd) basis sets. B3LYP/6-311G(d,p) level has provided a good correlation 

between calculated and theoretical values. The spectroscopic properties of PPN and NTP 

derivatives, such as chemical shifts (𝛿) and TS spin-spin couplings were explored by theoretical 

strategies. The spectroscopic parameters (𝛿 and 𝐽) were calculated with different DFT 

functionals for P-1 and P-2 atoms in both molecules within the “locally dense basis sets” 

approach. For the PPM molecule, the B3LYP/aug-cc-pVTZ-J level showed better agreement 

with experimental data of 31P chemical shifts and PBE1PBE functional among pcJ-2 within the 

LDBS-1 scheme was the most accurate level for TS J(31P,31P) coupling. Differently, for the NTP 

dimer, PBE1PBE and pcJ-2 within the LDBS-2 scheme showed better agreement with the 

experimental data of 31P chemical shifts; otherwise, for the TS J(31P,31P) coupling, the most 

accurate methodology was using the PBE1PBE functional with the Def2-TZVP basis set within 

the LDBS-1 scheme. From our results, the derivatives PPNo-F, PPNo-ethyl and PPNo-NH2 were 
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the best candidates for quantum information processing via NMR, where the large TS J could 

circumvent the need of long-time quantum gate implementations. Which could, in principle, 

overcome natural limitations related to the development of large-scale NMR. 

A computational design strategy for prescreening recently synthesized complexes of 

cadmium, mercury, tellurium, selenium, and phosphorus, called MRE complexes, as suitable 

qubit molecules for NMR QIP was also reported. Assembled together with the most common 

qubits used in NMR quantum computation experiments, spin-1/2 nuclei, such as 113Cd, 199Hg, 
125Te, and 77Se, could leverage the prospective scalable quantum computer architectures, 

enabling many and heteronuclear qubits for NMR quantum information processing (QIP) 

implementations. Chemical shifts and spin−spin coupling constants in five MRE complexes 

were examined using the spin−orbit zeroth order regular approximation (ZORA) at the DFT 

level and the four-component relativistic Dirac−Kohn−Sham approach. In this work, we have 

investigated the influence of different conformers, basis sets, exchange−correlation functionals, 

and methods to treat the relativistic as well as solvent effects. The differences in the chemical 

shifts and SSCCs between different low energy conformers of the studied complexes were very 

small. The TZ2P basis set was found to be the optimum choice for the studied chemical shifts, 

while the TZ2P-J basis set was the best for the couplings studied. The PBE0 

exchange−correlation functional exhibited the best performance for the studied MRE 

complexes. The addition of solvent effects has not improved on the gas phase results in 

comparison to the experiment, except for the phosphorus chemical shift. Using MRE complexes 

as qubit molecules for NMR QIP could face the challenges in single qubit control and 

multiqubit operations. They exhibit chemical shifts appropriately dispersed, allowing qubit 

addressability and exceptionally large spin−spin couplings, which could reduce the time of 

quantum gate operations and likely preserve the coherence. 

Given the above, it is evident that the theoretical study of NMR parameters is a 

promising tool in the field of quantum computing. Thus, with respect to promising molecules 

for QIP via NMR, it is possible to optimize them as well as to propose new structures which 

meets the optimal conditions for a qubit molecule. Our work introduced those derivatives 

toward suitable qubits molecules as a kick-off for the construction of more complex derivatives, 

which can meet the challenge of large-scale NMR QIP. 
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