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This thesis concerns the complex electronic structures of n-conjugated molecules with
quantum chemical analysis. Here, the “complex” electronic structure means that it
cannot be reduced into effective one-body problems. Several organic m-conjugated
systems exhibit such formidable multireference electronic structures. This makes
n-conjugated systems a treasure trove of intriguing phenomena, although they are one
of the most basic and well-known systems in chemistry. It is thus challenging even
now to theoretically and experimentally understand the complex electronic structures of
n-conjugated systems. The author studied their properties theoretically, applying the
state-of-the-art ab initio multireference methods to them. The thesis consists of the
following four studies.

The purpose of the first study is to investigate and assess the fluorescence spectra of
polyenes. The fluorescence spectroscopy is the representative experiment by which to
detect first singlet states of polyenes. It is well known that the first excited states of
polyenes cannot be observed by absorption spectroscopy and are called “dark states”.
The dark state plays an important role in photosynthesis and has thus been intensively
studied by many researchers. The author performed computational simulations of the
fluorescence spectra based on ab initio electronic structure calculations on all-trans
a,&~diphenylpolyenes with polyene double bond number (N) from 1to 7. The observed
spectra can be reproduced in a computationally efficient way by selecting effective C—C
and C = C stretching modes for the constructions of 1D vibrational Hamiltonians. The
electronic structure calculations were performed using multireference Moller—Plesset
perturbation theory with complete active space configuration interaction reference
functions. The results show excellent agreement with experimental spectra. He
found that the observed strong single C = C band consists of two major degenerate
vibrational C = C modes for the shorter diphenylpolyenes with N = 3 and 5. Further, the
relative intensities of the C—C stretching modes in the fluorescence spectra tend to be
larger than those of the C = C stretching modes for the systems with IV over 5.

In the next study, the author performed large-scale multireference calculations of
polycarbenes, using the ab initio density matrix renormalization group (DMRG) method.
Polycarbenes have been known as one of the most important organic magnetic
molecules since a molecule with two carbene-sites marked the beginning of the design of
very high-spin organic molecules. The object of this study is to examine the stability of
high-spin states of long-chain polycarbenes. The author found that the energy
differences between high-spin and low-spin states (spin-gaps) of polycarbenes decrease
with increasing the number of carbene sites (n). Furthermore, the striking discovery
was that this size-dependency of the spin-gaps is significantly different from those
yielded by single-reference methods. The wave function analysis shows that the
low-spin states are beyond the classical spin picture, namely, much of multireference
character, and thus are manifested as strongly correlated quantum states. In addition,
he pointed out that the size dependence of the spin-gaps involves an odd-even
oscillation, which cannot be explained by integer-spin Heisenberg models with a single
magnetic-coupling constant. It should be noted that the largest size of the active space
used in this work was CAS(46electrons, 46o0rbitals) with n = 5, which corresponds to 6.8
x 1025 determinant space and is regarded as one of the largest multireference
calculations at this moment.

The last m-conjugated system investigated in this thesis was zigzag-edge graphene
nanoribbons (ZGNRs). To examine the dependency of energy-gaps and edge-states of



ZGNRs on the width of armchair edge, the author performed ab initio DMRG
calculations on a kind of the graphene molecules that can be viewed as two fused
polyacenes and is called ZGNRs with “width = 2”. The natural orbital occupation
numbers obtained from the calculations indicate that ZGNRs have polyradical ground
electronic states like polyacenes. Additionally, the number of radical electrons
increases with respect to the length of the zigzag edge (length) more rapidly than that
known in polyacenes; Hachmann et. al. suggested that polyacene at least with length =

14 has a tetraradical ground state, while this study the ZGNRs with width = 2 and length
= 8 may have that .

Finally, the author presented an efficient approach to fully relativistic DFT
calculations, combining the DKS method with the dual-level approach proposed by
Nakajima and Hirao. This method has achieved 25 times speedup relative to high-level
4C-DFT methods in the large basis with small error. The dual-level method can be

used for constructing an accurate relativistic quantum chemistry for larger-size
molecules.

Through the research presented in this thesis, the importance and role of
multireference electronic structures has been revealed in the three systems, deepening
our understanding of mt-conjugated molecules.
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