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Design and Synthesis of Molecular
Systems for Scalable Molecular-spin QC

Yasushi Morita, Osaka Univ.
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Tools: 9 Y
Targets:

- Stable organic open-shell molecules for electron spin qubits

- Triple-stranded helical metal complexes for Lloyd’s electron spin qubits

- Closed-shell molecules with periodical structure for Lloyd’s nuclear spin qubits
-Regioselectively isotope-labeled molecules for scalable spin amplification
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Synthetic organic spin chemistry for structurally

well-defined open-shell graphene fragments ‘

Yasushi Morita™, Shuichi Suzuki?, Kazunobu Sato? and Takeji Takui?*

Graph a two-di ional layer of sp>-hybridized carbon atoms, can be viewed as a sheet of b rlngs fused t

Three benzene rings can be combined in three different ways, to yield linear anth and | h where
the rings share two C-C bonds, and the phenalenyl structure where three C-C bonds are shared between the rings. Thls third
structure contains an uneven number of carbon atoms and, hence, in its | state, an ber of electrons — that
is, it is a radical. All three structures may be viewed as being sections of graph E ion of this leads to an entire

family of phenalenyl derivatives — ‘open-shell graphene fragments’ — that are of substantial interest from the standpoint of
fundamental science as well as in view of their potgntlal applications in materials chemistry, in particular quantum electronic
devices. Here we discuss current trends and challenges in this field.

Synthetic organic spin chemistry:

molecular design, bottom-up synthesis, and creation of
intriguing physical properties of structually well-defined
open-shell organic molecule
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Open-shell Graphene Fragment: Designed by
Trlangular Zlgzag type Cllpplng from Graphene

non-Kekulé
polynuclear

benzenoid &
phenalenyl &

triangulene

Stabilities and Spin-Delocalized Nature

extremely spin-delocalized system
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Thermochromism in an organic crystal

based on the coexistence of o- and
n-dimers 1£B92009-126954

Trioxotriangulene Neutral Radical
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one-order lower value of energy
gap between frontier orbitals with
a degenerate nature

very rare event in purely organic
molecular system

Organic tailored batteries materials using stable
open-shell molecules with degenerate

frontier orbitals
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degenerate MO induced
by topological symmetry

very narrow SOMO-
LUMO gap
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"Phenalenyls, Cyclopentadienyls, and
Other Carbon-Centered Radicals"

Morita, Y.; Nishida, S.
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chapter 4

"Curved n-Conjugated Stable Open-shell

Systems Possessing Three-dimensional

Molecular/Electronic-spin Structures"
Morita, Y.; Ueda, A.

reference: 69; Figure: 15; Scheme: 2
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Molecular Design of Molecular-spin
QC Model Compounds

Electron-nucleus qubit system

Air-stable monoradical
Various discriminable nuclear-spins coupled
with electronic spin of radical

Electron-electron qubit system

Air-stable oligo-radical
Weak exchange interaction between spins
g-engineering for discrimination of spins

DPNO Derivatives for Electron-
Nucleus Qubit Systems

designed for narrowing ESR linewidth and/or discriminating

nuclear-spins
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Fluorinated DPNOs as Synthetic

Bus Spin-Qubit Radicals
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Crystal Structure and Spin Desnity
Distribution of DPNO Biradical
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weak exchange interaction

localized nature at
each N-O moiety

. orthorhombic, Z = 8, Fdd2,
a=22.480(7)A, b=46.46(1)A
c=6.025(2)A, V=6292(3) A3
R; = 0.039, R, = 0.068

Pentacene-doped Single Crystal
for Triplet DNP

\ \ \ host molecule

* high polarization
O e low concentration
e long spin-lattice
relaxation time

naphthalene

4
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p-terphenyl
o fast polarization

¢ high concentration
e short spin-lattice relaxation time
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Helical Structure mirror

widely seen in nature

helical chirality
m) |eft- and right-handed helix

DNA

2 * a-helix:
7. left-handed helix

(© Laboratory of Molecular Biology, Chiba University)

(MAKE: Japan © O’Reilly Media, Inc.)

close and important relationship with life phenomena




DNA Duplex and Double-Stranded Helicate

: nucleobase polynucleotide
polynucleotide ) g
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Chemistry 1987 ]coordination bond
n—7 interaction Lehn, J.-M. 1987

complementary hydrogen bond

Oligo(imidazole)s

/\ two-directional H-bond and coordination ability
NVN\H O
imidazole  useful building block for molecular assemblies
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Triple-Stranded Helicate

@ metal ion

oligo(imidazole)

JACS 2010

universal building blocks unpublished

outward-directed H-bonds of amine functional groups

Magnetically Diluted Single Crystal

single-crystal
ESR spectroscopy: '
strong inter-helicate magnetic

interactions give a broad signal Zn(ll) complex Mn(ll) complex
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Occurrence of Targeted g-Engineering

angular-dependent Q-band ESR spectrum of

f R magnetically diluted crystal
180" rotation Obs. 15 K, rotation degree of 70°
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magnetic I ? a pair of six ||n<_e

field 2 resolved hyperfine

—_ structures
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Each six-line hyperfine structure
with a different g-value is attributed
to the Mn(ll) nuclear hyperfine in
the sextet state (S= 5/2) of
pseudo-octahedral symmetry
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Each Mn(ll) ion in Mn(ll) complex Magnetic Field / mT
is magnetically distinguishable

Addressable Electronic-spin in Metal lon
as Lloyd’s Electronic-spin Qubits

2 qubit
Mn(ll)

novel metal complex system

pulse-based electron magnetic resonance spin technology
JACS 2010 is expected to act as the first scalable qubit

Scalablllty ? challenge for
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Electronic-spin Quibits and Chirality

(optical-activation]

l

extraction of electronic-spin  right-handed left-handed
information by optical method

photon:
strong preservation of information and widely studied methodology

electronic-spin:
weaker preservation of information but high controllability

combination of electronic-spin qubits and photon qubits:
challenging issue in quantum information technology




Method for Chiral Separation

sample preparation

MeOH solution of racemic complex

Metal: Co(III), Ni(II)

JAIL: LC908
Recycling Preparative

separation wLc i

Co(III)

or
complex

eluant: Hex-EtOH-MeOH-TFA
(no chiral component)

left-handed helicate right-handed helicate
each enantiomer in a preparative scale

Optical Resolution by Chiral HPLC Column

chromatogram CD spectra————
Co(lll) complex — Peak 1
Peak 1 — Peak 2
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Ni(ll) complex
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ﬁ | Peak 2
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Isolation of Chiral Helicates

Peak 1 after concentration

neutralization with Et3N
before concentration

Peak 1 Peak 2
424-Qim-Ni(ll)
I 0 10 20 30 40 50 60
complex Time / min
Peak 2 after concentration
T

0 10 20 30 40
Time / min

10 20 30 40 50 60
Time / min

Eur. J. Inorg. Chem. 2011

From Molecular/Supramolecular Chemistry
to Quantum Electronics
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