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Open-shell systems
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Quantum coding
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A theorem is proven for quantum information theory that is analogous to the noiseless coding
theorem of classical information theory. In the quantum result, the von Neumann entropy 5 of the den-
sity operator describing an ensemble of pure quantum signal states is equal to the number of spin»% EVIES
tems (“quantum bits” or “qubits™) necessary to represent the signal faithfully. The theorem holds
whether or not the signal states are orthogonal. Related results are also presented about the fidelity of
quantum coding and about representing entangled quantum states.
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Open-shell systems

Tarucha, S. et al. Phys. Rev. Lett. 1996, 77, 3613-3616

Tunneling through Quantum Dot in Singlet-Triplet transition
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At a critical value of A the ground state changes



Particular candidates for open-shell systems
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Electronic structure calculations

Density Functional Theory (DFT)

Kohn, W. Rev. Mod. Phys. 1999, 71, 1253-1266 (Nobel lecture)
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I. INTRODUCTION

The citation for my share of the 1998 Nobel Prize in

In the intervening more than six decades enormous
progress has been made in finding approximate solutions
of Schrodinger’s wave equation for systems with several
electrons, decisively aided by modern electronic com-
puters. The outstanding contributions of my Nobel Prize
co-winner John Pople are in this area. The main objec-
tive of the present account is to explicate DFT, which is
an alternative approach to the theory of electronic struc-
ture, in which the electron density distribution n(r),
rather than the many-electron wave function, plays a
central role. I felt that it would be useful to do this in a
comparative context; hence the wording “Wave Func-
tions and Density Functionals™ in the title.

In my view DFT makes two kinds of contribution to
the science of multiparticle quantum systems, including
problems of electronic structure of molecules and of
condensed matter.

The first is in the area of fundamental understanding.
Theoretical chemists and physicists, following the path
of the Schrodinger equation, have become accustomed
to think in terms of a truncated Hilbert space of single-
particle orbitals. The spectacular advances achieved in
this way attest to the fruitfulness of this perspective.
However, when high accuracy is required. so many
Slater determinants are required (in some calculations
up to 10°!) that comprehension becomes difficult. DFT

,W. Kohn and J. A. Pople: Winners of the 1998 Nobel Prize*

This text is the lecture of the Prof. Kohn‘s address on the occasion of the award.



Electronic structure calculations

Density Functional Theory (DFT)

. A function depends on a set of variables.
y=7f(x)
E.g., wave function depend on electron coordinates.

. A functional depends on a functions, which in turn depends on a set of variables.
y=F[f(x)]
E.g., depends on the wave function, which depends on electron coordinates.

Kohn, W. Rev. Mod. Phys. 1999, 71, 1253-1266 (Nobel lecture)



Electronic structure calculations

Density Functional Theory (DFT)

. A function depends on a set of variables.
y=7f(x)
E.g., wave function depend on electron coordinates.

. A functional depends on a functions, which in turn depends on a set of variables.
y=F[f(x)]
E.g., energy depends on the , which depends on electron coordinates.

Schrodinger wave functions: few versus, many electrons
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Electronic structure calculations

Density Functional Theory (DFT)

® X
E=F[@x)]

Hop, = ¢,0,

E.g., energy depends on the , which depends on electron coordinates.



Electronic structure calculations

Density Functional Theory (DFT)

® X

E.g., energy depends on the wave function, which depends on electron coordinates.

E=F[yx)]
- H n =gn n
in DFT: 5 s p¢
.. energy depends on the , which depends on electron coordinates.
: _ X
For calculating the Energy, E=F[p(x)]

If we knows electron density, we can bypass the wave function ! p(F):Z<l//;(F)wJ(F)>=Zni |, (F) ]
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Singlet Triplet
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Electronic structure calculations
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Substituent Efects
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|. Substituent Efects
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N-bonded EWG's decrease the AEg;'s effectively

C-bonded EDG's decrease the AEg;'s mildly
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|. Substituent Efects

%AN S0

X/v W\/

YIONANYIN YN N Ny
Hexaazaanthracenes (X=CH) M Iv
show smaller AEg;'s than X=N,CH

hexaazaacridines (X=N) ¥ = Li, OCHy, CHy, NMe,, NH,, H, SiHs, CF,, CCly, CBr,
C(O)CH,, CN, C(O)H, NO,, C(O)Cl, BH,, F, Cl, Br

B3LYP/6-31G(d,p) ground state total dipole moments (y,) and excited state total dipole moments (u,) [D]
for unsubstituted hexaazaanthracene and hexaazaacridine, as parent systems

X My Mo
CH 5.05 4.58
N 7.00 6.87

smaller zwitterionic character _ smaller AE4;

Singlet Triplet
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|. Substituent Efects

The computed frontier orbitals «
for unsubstituted
hexaazaacridines (left)

and

hexaazaanthracenes (right)
at B3LYP/6-31G(d,p) level of theory.
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’/\/\/\, '/\/\/\, ’) ?
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n Iv N-bonded substituents
X=N,CH show a particular effect
Y = Lil OCH3| CHSl NMez, NHQ. H. SiHs, CFs, CCIs, CBrs, on AEST S

C(O)CH,, CN, C(O)H, NO,, C(O)CI, BH,, F, Cl, Br



|. Substituent Efects

B3LYP/6-31G(d,p)

tetraphenylanthracene |

Ay = 75.5 keal mol-
HOMO LUMO
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N-bonded EWG's decrease the AEg's effectively

C-bonded EDG's decrease the AEg;'s mildly



. Substituent Efects

X=N,CH

Y = Li, OCH,, CHa, NMe,, NH,, H, SiHs, CF5, CCls, CBr,
C(O)CH,, CN, C(O)H, NO,, C(O)CI, BH,, F, Cl, Br

|.I. Inductive substituent effect

|.1l. Mesomeric substituent effect

|.Ill. Effect of push-pull Substitution

7?7

N-bonded EWG's decrease the AEg's effectively
C-bonded EDG's decrease the AEg;'s mildly
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Substituent Efects CY Yy U
l.I. Inductive substituent effect he ’."“"" he 1D
CY T T
YN TN YN e N
[ _— v
B3LYP/6-31G(d,p) Rationalization of inductive substituent effect on the AEg; [kcal mol~"]
for hexaazaanthracene derivatives (configuration i).2 ISE = inductive substituent effect (+I)
Y —Lib -OCH;  —CH, -NMe, -NH, -H —SiH, —CF,
AEg; -19.7 -19.5 -19.0 -18.7 -18.7 -18.8 -14.9 -14.9
Aqc® (NBO)  —0.011 -0.002 —-0.003 -0.001  +0.002 +0.000 +0.004 +0.011
ISE - - - = + - + +
Y —CCl, —CBr, —-C(O)CH; -CN -C(O)H -NO, -C(O)Cl  -BH,
AEg; -11.1 -11.2 -10.2 -11.3 -9.3 -9.3 -7.0 -5.2
Aqc® (NBO)® +0.012 +0.013 +0.015 +0.025  +0.017 +0.019  +0.023 +0.052
ISE + + + + + + + +

@ Negative value indicates that the singlet state is more stable.
b i displays n2-coordination upon optimization.
¢ Relative local natural charge on carbon atom meso-C® ISE relative to —H; the natural charge for —H is —0.315.

7?7

N-bonded EWG's decrease the AEg's effectively
C-bonded EDG's decrease the AEg;'s mildly



Substituent Efects A P PN
l.I. Inductive substituent effect e >;‘v

i o s
v

¥ =L, CCH,, CH,, NMey, NH,, H, GH:-GFa-OCh
C{O)CH,, CN, T{CH, NO, C(D)CI, BH,, F, GE

B3LYP/6-31G(d,p) Rationalization of inductive substituent effect on the AEg; [kcal mol~"]
for hexaazaanthracene derivatives (configuration i).2 ISE = inductive substituent effect (+I)

Y —Lib —OCH, -CH, ~NMe, —NH, -H —SiH, —CF,
AEg; 197  -195  -19.0 187  -187 ~188  -14.9 ~14.9
Aqc (NBOY 0011 —0.002  —0.003 ~0.001 +0.002  +0.000 +0.004  +0.011
ISE - - - - +1 - +1 +

Y -cCl, —CBr,  -C(O)CH, -CN —C(O)H -NO, -C(O)Cl -BH,
AEg; -11.1 112  -10.2 113  -9.3 -9.3 7.0 5.2
AqS (NBO)  +0.012  +0.013  +0.015 +0.025 +0.017  +0.019 +0.023  +0.052
ISE +1 + +1 +1 +1 + +1 +

@ Negative value indicates that the singlet state is more stable.
b i displays n2-coordination upon optimization.
¢ Relative local natural charge on carbon atom meso-C® ISE relative to —H; the natural charge for —H is —0.315.

by N-bonded o-acceptor substituents
> 27 C-bonded o-donor substituents

: smaller AEg's
N-bonded EWG's decrease the AEg's effectively
C-bonded EDG's decrease the AEg;'s mildly
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¥ =L, GCH,, CHy, NN, NH;, H, 8iH,, ©Fy, CCly, CBry,
NICS,,(1 @ C{O)CHs, CN, COJH, NO, C{OIC), BH,, F, G, Br

Trends in NICS,,(1) at B3LYP/6-311G(d,p)//B3LYP/6-31G(d,p) in substituted hexaazaanthracene derivatives with
configurations i (substituents with strong positive resonance effect cause smaller AEg;'s) and
Iv (the resonance effect shows no regular influence on AE4;'s)

20 1 configuration i (X=C) 207 configuration iv (X=C) I
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| O NICSzz(1) for outer rings containing -Y
B NICSzz(1) for inner rings

0O NICSzz(1) for outer rings containing -Y
m NICSzz(1) for inner rings

12 -

7?7

N-bonded EWG's decrease the AEg;'s effectively
C-bonded EDG's decrease the AEg;'s mildly

Chen, Z.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P. v. R. Chem. Rev. 2005, 105, 3842—-3888.
Corminboeuf, C.; Heine, T.; Seifert, G.; Schleyer, P. R.; Weber, J. Phys. Chem. Chem. Phys. 2004, 6, 273-276.
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NICS,,(1 @ C{O)CHs, CN, COJH, NO, C{OIC), BH,, F, G, Br

Trends in NICS,,(1) at B3LYP/6-311G(d,p)//B3LYP/6-31G(d,p) in substituted hexaazaanthracene derivatives with
configurations i (substituents with strong positive resonance effect cause smaller AEg;'s) and

Iv (the resonance effect shows no regular influence on AE4;'s)

20 1 configuration i (X=C) 207 configuration iv (X=C) I
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77
N-bonded EWG's decrease the AEg;'s effectively by N-bonded Tr-acceptor substituents
C-bonded EDG's decrease the AEg;'s mildly smaller AEST‘S

Chen, Z.; Wannere, C. S.; Corminboeuf, C.; Puchta, R.; Schleyer, P. v. R. Chem. Rev. 2005, 105, 3842—-3888.
Corminboeuf, C.; Heine, T.; Seifert, G.; Schleyer, P. R.; Weber, J. Phys. Chem. Chem. Phys. 2004, 6, 273-276.



|.Ill. Effects of push-pull Substitution

|. Substituent Efects
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Il. 1T-delocalization extention
B3LYP/6-31G(d,p)

The effect of m-delocalization extension on reduction of the AEg;’s [kcal mol]

Twisted topology Twisted topology
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MO has a node on C MO has a nhode on C

B, &~ Singlet State
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