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Summary of thesis contents

Electron paramagnetic resonance (EPR) spectroscopy is one of the most powerful tools for
investigating electronic and structural features of systems containing unpaired electrons, for
example, radicals or coordination compounds. There are two major parameters derived from EPR
spectra: hyperfine coupling constants (HFCCs) and g-tensors. While the HFCCs describe the
interaction between the electron spin and magnetic field created by a nuclear spin, the g-tensors
parameterize the interaction between the electron spin and homogeneous external magnetic field.
Thus, the HFCCs provide the information about the electron spin density in vicinity of the given
nuclei. On the other hand, the g-tensors are the property of an entire molecule. Beside
experimental measurements, theoretical interpretations are also quite important not only for
explaining what governs the observed spectra, but also for predicting parameters that are not
easy to measure in experiment.

This thesis begins with a general introduction in the Chapter 1 followed by the next four
chapters, which are central in my doctoral research, focusing on the prediction of molecular
HFCCs and g-tensors using ab initio quantum chemistry methods based on the density matrix
renormalization group (DMRG). It is worth emphasizing that the major purpose of this study is
not to practically calculate EPR parameters using available methods, but to develop and/or assess
the new methods for prediction of EPR parameters.

In the Chapter 2, I have assessed the performance of ab initio DMRG in combination with
complete active space (CAS) procedure, the CAS configuration interaction (CASCI), and the
CAS self-consistent field (CASSCF) for prediction of HFCCs of light radicals: BO, CO*, CN,
AlO, and C2Hs. I found that the DMRG-CASSCF calculation with sufficiently large active space
could provide the HFCCs in good agreement with experimental values, especially in the case of
AlO radical that seems to be formidable for conventional methods. In order to get insight into the
accuracy of DMRG calculations, the orbital contributions to the total spin were analyzed at a
given nucleus. I also assessed the performance of DMRG method by calculating HFCCs at
various numbers of renormalized states M. I found that the DMRG calculations with M = 512
were capable of giving the reliable HFCCs for my test cases.

In the Chapter 3, as a continuation of the Chapter 2, I have evaluated the HFCCs of
radicals containing a heavy element using DMRG including scalar relativistic effect. The
quasi-relativistic Douglas-Kroll-Hess (DKH) transformation has been applied to both
Hamiltonian and hyperfine coupling (hfc) operator. The DKH hfc operator was derived up to

third order (DKH3) using the direct transformation scheme recently proposed by Wolf and Reiher
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[J. Chem. Phys. 124, 064102 (2006)]. To best my knowledge, this study is the first to present the
HFCCs at the DKH3 level of scalar relativistic treatment, which was found crucial to obtain
converged results. As test cases, | applied my DMRG-CASSCF/DKH3 implementation to
evaluate HFCCs of 4d transition metals: Ag atom, Pd in PdH radical, and Rh in RhH> radical. My
calculated values were in good agreement with experimental values.

In the Chapter 4, the molecular g-tensors were evaluated using CASSCF method. To this
end, I employed two approaches. The first is the quasi-degenerate perturbation theory (QDPT).
The second is the analytical response theory based on coupled-perturbed (CP) equation. I have
made the comparison between the performance of CP- and QDPT-CASSCF approaches for some
heavy doublet radicals. Although the CP-CASSCF approach can include all excited states
expanded in active space, its limitation is to weak spin-orbit coupling (SOC) cases. The
QDPT-CASSCF approach with truncated state expansion, however, can be applied for systems
with strong SOC. Apart from perturbation approach, the SOC treatment is also important for the
accuracy of g-tensor calculations. In this work, I employed the flexible nuclear screening
spin-orbit (FNSSO) approximation, which has been very recently developed by Chalupsky and
Yanai [J. Chem. Phys. 139, 204106 (2013)]. I also compared the performance of FNSSO with
other SOC approximations, including screening nuclear spin-orbit (SNSO) and effective nuclear
charge (ENC). The g-tensor calculations of a test set including 20 small light radicals were first
performed. Next, I evaluated the g-tensor of 5 radicals including heavy atoms.

In the Chapter 5, a new approach for molecular g-tensors based on the analytical DMRG
method, referred to as CP-DMRG, was implemented. The CP-DMRG method has been recently
proposed by Dorando, Hachmann, and Chan [J. Chem. Phys 130, 184111 (2009)] for electric
field related properties. In this chapter, I will provide my formulation for the case of g-tensors.
The algorithm for implementation will be also provided.

In the Chapter 6, a mean-field (or one-particle) theory to represent electron correlation at
the level of the second-order Mgller-Plesset perturbation (MP2) theory has been formulated and
implemented. Orbitals and associated energy levels are given as eigenfunctions and eigenvalues
of the resulting one-body (or Fock-like) MP2 Hamiltonian, respectively. They are optimized in
the presence of MP2-level correlation with the self-consistent field procedure and used to update
the MP1 amplitudes including their denominators. Numerical performance was illustrated in
molecular applications for computing reaction energies, applying Koopmans’ theorem, and
examining the effects of dynamic correlation on energy levels of metal complexes.

Finally, the general conclusion will be provided in Chapter 7.
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Summary of the results of the doctoral thesis screening
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