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At a critical value of Δ the ground state changes

Δ

Local Spin State in the dot is Singlet
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Tunneling through Quantum Dot in Singlet-Triplet transition

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

Local Spin State in the dot is Triplet
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Open-shell systems



Oligoacenes

Particular candidates for open-shell systems
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Blundell, S. J.; Pratt, F. L.. J, Phys.: Condens. Matter, 2004, 16, R771; Wudl, F.; Bendikov, M. Chem. Rev. 2004, 104, 4891; Houk, K. N. et al.; J. 
Org. Chem. 2001, 66, 5517; Langer, P.; Schreiner; P. R. Angew. Chem. 2005, 117, 5389; Houk, K. N.; Winkler; M. JACS, 2007 published on web



Houk, K. N.; Lee, P. S.; Nendel, M. J. Org. Chem. 2001, 66, 5517-5521.

Oligoacenes



Oligoazaacenes

Winkler, M.; Houk, K. N. J. Am. Chem. Soc. 2007, 129, 1805-1815. 
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(a) Winkler, M.; Houk, K. N. J. Am. Chem. Soc. 2007, 129, 1805-1815.  (b) Langer, P.; Schreiner; P. R. et al. Angew. Chem. 2005, 117, 5389-5393.
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No. X Ar1 Ar2

Singlet Triplet

3a N Ph Ph 286.1 292.5 –20.8

3b N Ph p-CH3C6H4 320.4 319.4 –21.0

3c N p-CH3C6H4 Ph 320.4 292.6 –20.7

3d N p-ClC6H4 Ph 273.9 272.9 –21.0

3e N p-ClC6H4 p-CH3C6H4 308.2 307.2 –21.1

3f N p-NO2C6H4 Ph 289.2 288.1 –21.5

3g N p-NO2C6H4 p-CH3C6H4 323.5 322.5 –21.6

3h N Naphth-2-yl Ph 344.8 343.7 –21.2

3i N Pyrid-4-yl Ph 271.2 270.2 –21.0

4a C Ph Ph 293.5 292.6 –16.3

4b C p-CH3C6H4 Ph 327.8 292.5 –16.2

∆EST 
a

a Negative value indicates a ground state singlet.
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Electronic structure calculations

„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. 

Density Functional Theory (DFT)

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



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

• A function depends on a set of variables.
y = f (x)

• A functional depends on a functions, which in turn depends on a set of variables. 
y = F [ f (x) ]

E.g., wave function depend on electron coordinates.

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

Density Functional Theory (DFT)

Electronic structure calculations



Density Functional Theory (DFT)

• A function depends on a set of variables.
y = f (x)

E.g., wave function depend on electron coordinates.

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

Schrödinger wave functions: few versus, many electrons

• A functional depends on a functions, which in turn depends on a set of variables. 
y = F [ f (x) ]

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

Electronic structure calculations



Density Functional Theory (DFT)

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

ψ

E = F [ ψ(x) ]
nnnH ϕεϕ =

Electronic structure calculations



...  energy depends on the electron density, which depends on electron coordinates.
☺

Density Functional Theory (DFT)

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

in DFT:
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For calculating the Energy, 

If we knows electron density, we can bypass the wave function !
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E = F [ ψ(x) ]
nnnH ϕεϕ =

Electronic structure calculations
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III.  UV-Vis Spectra (λmax.)

II.  NMR Spectra (13C and 1H δ)

I.  Stractural parameters
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Langer, P.; Schreiner; P. R. et al. Angew. Chem. 2005, 117, 5389-5393.



Electronic structure calculations

X = CH, N

Y2Y2

Y1 Y1X

Y = Li, OCH3, CH3, NMe2, NH2, H, SiH3, CF3, CCl3, CBr3, C(O)CH3, CN, C(O)H, NO2, C(O)Cl, BH2, F, Cl, Br 

II.  π-delocalization extention

X

Y2
Y2

Y1Y1

X

Y2
Y2

Y1Y1

∆EST > 0 ?

I.  Substituent Effects



I.  Substituent Efects Electronic structure calculations
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show smaller ∆EST‘s than
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show smaller ∆EST‘s than
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N-bonded substituents
show a particular effect
on ∆EST‘s

N-bonded EWG‘s decrease the ∆EST‘s effectively
C-bonded EDG‘s decrease the ∆EST‘s mildly

Hexaazaanthracenes (X=CH) 
show smaller ∆EST‘s than
hexaazaacridines (X=N)

B3LYP/6-31G(d,p)
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Hexaazaanthracenes (X=CH) 
show smaller ∆EST‘s than
hexaazaacridines (X=N)
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N-bonded EWG‘s decrease the ∆EST‘s effectively
C-bonded EDG‘s decrease the ∆EST‘s mildly

N-bonded substituents
show a particular effect
on ∆EST‘s

B3LYP/6-31G(d,p)
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Hexaazaanthracenes (X=CH) 
show smaller ∆EST‘s than
hexaazaacridines (X=N)
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Hexaazaanthracenes (X=CH) 
show smaller ∆EST‘s than
hexaazaacridines (X=N)

?

X μg μe

CH 5.05 4.58

6.87N 7.00

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

smaller zwitterionic character ~ smaller ∆EST
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N-bonded substituents
show a particular effect
on ∆EST‘s
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The computed frontier orbitals
for unsubstituted

hexaazaacridines (left)
and 

hexaazaanthracenes (right)
at B3LYP/6–31G(d,p) level of theory.

N-bonded substituents
show a particular effect
on ∆EST‘s

??
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B3LYP/6-31G(d,p)
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N-bonded EWG‘s decrease the ∆EST‘s effectively
C-bonded EDG‘s decrease the ∆EST‘s mildly

???

I.  Substituent Efects Electronic structure calculations



I.I.  Inductive substituent effect

I.II.  Mesomeric substituent effect

I.III.  Effect of push-pull Substitution

N-bonded EWG‘s decrease the ∆EST‘s effectively
C-bonded EDG‘s decrease the ∆EST‘s mildly

???

I.  Substituent Efects



I.I.  Inductive substituent effect

B3LYP/6-31G(d,p) Rationalization of inductive substituent effect on the ∆EST [kcal mol–1] 
for hexaazaanthracene derivatives (configuration i).a ISE = inductive substituent effect (±I)

Y –Lib –OCH3 –CH3 –NMe2 –NH2 –H –SiH3 –CF3

∆EST –19.7 –19.5 –19.0 –18.7 –18.7 –18.8 –14.9 –14.9

∆qC
6 (NBO)c –0.011 –0.002 –0.003 –0.001 +0.002 ±0.000 +0.004 +0.011

ISE –I –I –I –I +I – +I +I

Y –CCl3 –CBr3 –C(O)CH3 –CN –C(O)H –NO2 –C(O)Cl –BH2

∆EST –11.1 –11.2 –10.2 –11.3 –9.3 –9.3 –7.0 –5.2

∆qC
6 (NBO)c +0.012 +0.013 +0.015 +0.025 +0.017 +0.019 +0.023 +0.052

ISE +I +I +I +I +I +I +I +I

a Negative value indicates that the singlet state is more stable. 
b Li displays η2-coordination upon optimization.  
c Relative local natural charge on carbon atom meso-C6 ISE relative to –H; the natural charge for –H is –0.315.

N-bonded EWG‘s decrease the ∆EST‘s effectively
C-bonded EDG‘s decrease the ∆EST‘s mildly

???

I.  Substituent Efects



by N-bonded σ-acceptor substituents
C-bonded σ-donor substituents

smaller ∆EST‘s

I.I.  Inductive substituent effect

B3LYP/6-31G(d,p) Rationalization of inductive substituent effect on the ∆EST [kcal mol–1] 
for hexaazaanthracene derivatives (configuration i).a ISE = inductive substituent effect (±I)

Y –Lib –OCH3 –CH3 –NMe2 –NH2 –H –SiH3 –CF3

∆EST –19.7 –19.5 –19.0 –18.7 –18.7 –18.8 –14.9 –14.9

∆qC
6 (NBO)c –0.011 –0.002 –0.003 –0.001 +0.002 ±0.000 +0.004 +0.011

ISE –I –I –I –I +I – +I +I

Y –CCl3 –CBr3 –C(O)CH3 –CN –C(O)H –NO2 –C(O)Cl –BH2

∆EST –11.1 –11.2 –10.2 –11.3 –9.3 –9.3 –7.0 –5.2

∆qC
6 (NBO)c +0.012 +0.013 +0.015 +0.025 +0.017 +0.019 +0.023 +0.052

ISE +I +I +I +I +I +I +I +I

a Negative value indicates that the singlet state is more stable. 
b Li displays η2-coordination upon optimization.  
c Relative local natural charge on carbon atom meso-C6 ISE relative to –H; the natural charge for –H is –0.315.

N-bonded EWG‘s decrease the ∆EST‘s effectively
C-bonded EDG‘s decrease the ∆EST‘s mildly

???

I.  Substituent Efects



I.II.  Mesomeric substituent effect

configuration i (X=C)
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configuration iv (X=C)
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configurations i (substituents with strong positive resonance effect cause smaller ∆EST’s) and 
iv (the resonance effect shows no regular influence on ∆EST’s)

N-bonded EWG‘s decrease the ∆EST‘s effectively
C-bonded EDG‘s decrease the ∆EST‘s mildly
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I.  Substituent Efects

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.



I.II.  Mesomeric substituent effect

configuration i (X=C)
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configuration iv (X=C)
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I.  Substituent Efects

by N-bonded π-acceptor substituents
smaller ∆EST‘s

N-bonded EWG‘s decrease the ∆EST‘s effectively
C-bonded EDG‘s decrease the ∆EST‘s mildly

???

Trends in NICSzz(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 ∆EST’s) and 
iv (the resonance effect shows no regular influence on ∆EST’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.



I.III.  Effects of push-pull Substitution
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Push-pull systems with 

fixed N-bonded σ- and π-acceptor NO2-substituent(s)

I.  Substituent Efects

B3LYP/6-31G(d,p)



II.  π-delocalization extention
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