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２０１５年　１２月２２-２４日　	
統計数理研究所　数学協働プログラム　ワークショップ工学と現代数学の接点を求めて(1)　	

		
	

実験	
	
	
	
	
	
	

　　　　	
																		　　　　　　　　         　	

分子／原子	
に基づく物質の	
構造・反応・物性	

古典力学、統計力学、電磁気学、	
量子力学、場の量子論、．．．	
	

電子状態計算、	
分子動力学、	
量子ダイナミクス、…	

合成、測定、…	

理論	 計算	

化学における研究	
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内容	理論化学、計算化学とは？	

理論化学、計算化学：	
	
　　　理論（モデルや概念）の構築やその適用（計算手法の開発、数値計算、紙と鉛筆）　	
　　　⇄　既知の実験事実を説明、未知の物質の性質などを予言	
	
実験化学：	
　	
　　　多数の実験　⇄　その背後にある普遍的な理論を導く	
	

対象：　物質の構造、物質の性質、物質の反応	
小サイズの単分子	 	→ 	 	巨大分子、分子集合系	
弱電子相関系 	 	→ 	 	電子相関系	
基底状態 	 	 	→ 	 	励起状態	
時間無依存 	 	 	→ 	 	時間発展（ダイナミクス）	
量子系、古典系 	 	→ 	 	量子−古典ハイブッリド	
定常、平衡状態 	 	→ 	 	非定常、非平衡状態	
均一系 	 	 	 	→ 	 	不均一系	
温度無依存 	 	 	→ 	 	温度効果	
古典場 	 	 	 	→ 	 	量子場	
　　　．．．	

内容	

０．開殻分子系とは？	
	
１．非線形光学（NLO）効果	
	
２．開殻分子系の電子状態とNLO効果	
	
３．様々な開殻分子系のNLO効果	
	
４．まとめと今後の展望	

内容	
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内容	化学結合: ２原子分子	

hψi = εiψi １電子についてのSchrödinger	波動方程式	

ψi = cAiχA + cBiχB 分子軌道　　	
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軌道相関図	

結合性軌道	

反結合性軌道	

ψ1 =
1
2
(χA + χB)

ψ2 =
1
2
(χA − χB)

2 β

原子軌道	χA

原子軌道	χB

	結合　　　　　　　　中間結合　　　　　　　　　結合解離	
	
	閉殻　　　　　　　  中間開殻　　　　　　　　　完全開殻	
	
弱相関　　　　　　  中間相関　　　　　　　　　 強相関	

結合距離	

ポ
テ

ン
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ャ
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ル
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反結合性軌道(L)	
結合性軌道(H)	

H	

L	

Broken Symmetry MO	

Symmetry Adapted MO	

y ~ 0                   0 < y < 1                        y ~ 1	

7 7 7 7 7 7

開殻性とは？：例として二原子分子の解離過程	

開殻因子!
（ジラジカル因子）!

y (0≤ y ≤ 1)	

　中間ジラジカル領域 
 
 
　中間的な強さの結合 
電子状態が揺らぎやすい 
 
 
物理的・化学的な弱い外
部摂動により容易に電子
状態や物理化学的性質
を変化させることが可能	

特異な物理化学的性質、 
高い機能性、．．．	
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Diradical / Diradicaloid (= Diradical-like): 
 

 Two weakly interacting electrons with similar energy 
 
 
 ➔ Molecules with two nearly degenerate bonding and anti-

bonding MOs 
   

   ex.  H2 molecule (with different bond lengths), 
    Twisted ethylene (with different twisted angles)  

 
 ➔ Recent development in synthesis realizes various types of 

stable singlet diradicaloids/multi-radicaloids 
 

   ex. Diphenalenyl compounds,  Transition metal compounds, 
    Polycyclic aromatic hydrocarbons (PAHs),  etc.	

Open-Shell Singlet Molecular Systems 

C. Lambert, Angew. Chem. Int. Ed. 50, 1756 (2011).  
Z. Sun, J. Wu, J. Mater. Chem. 22, 4151 (2012). 	

L. Salem, C. Rowland, Angew. Chem. Int. Ed. 11, 92 (1972). 
W. T. Borden (Ed.), Diradicals, Wiely, New York, 1982.	

• Longer acenes possess a nonzero bandgap with a singlet open- 
  shell ground state followed by a triplet state a few kcal/mol  
  higher in energy. 
 
• High reactivity of the zigzag edges of the longer oligoacenes. 
 
• High charge carrier mobilities in the solid state. 
 
• Electronic states are characterized by “diradical character”. 
 
 
• Excitation energies and properties are strongly correlated to the  
  diradcial character in the ground state. 
 
 
• Diradcial character control of optical properties, e.g., nonlinear  
   optical responses, optical absorption, singlet fission, etc.  	

Unique Properties of Open-Shell Singlet Molecular Systems 

M. Nakano et al. Phys. Rev. Lett. 99, 033001 (2007)	

M. Bendikov et al. J. Am. Chem. Soc. 126, 7416 (2004).	

M. Nakano et al., J. Phys. Chem. A 109, 885 (2005); J. Chem. Phys. 133, 154302 (2010);  
T. Minami, M. Nakano, J. Phys. Chem. Lett.  3, 145 (2012).	

K. Yamaguchi, T. Fueno, H. Fukutome, Chem. Phys. Lett. 22, 461 (1973); in, Self-Consistent Field: 
Theory and Applications, R. Carbo et al. Eds.; Elsevier: Amsterdam, pp. 727 (1990). 	
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0 < y < 1 
(中間開殻)	

y = 0 
(閉殻)	

y = 1 
(完全開殻)	

開殻因子（ジラジカル因子 y）	

構造、物性、反応性	

新奇光機能性物質の理論先行型分子設計 
実験より先に、望みの機能をもつ物質の設計を行う！	

開殻因子に基づいた理論分子設計	

光応答物性	 一重項分裂!

Diradical Character (y0, y1) View�

Singlet Fission in Open-Shell Molecules�

y0�

y1
�

0.0� 1.0�
0.0�

0.2�

設計原理の構築　	

量子化学計算による分子設計と実験による検証	

M
L

L

L
L

M

L
L

L L

金属-金属多重結合	
グラフェンナノフレーク	

Mes

tBu

tButBu

Mes

tBu

フェナレニル	

Phys. Rev. Lett. 99, 033001 (2007);  J. Phys. Chem. Lett. 3, 145 (2012)!
	

Angew. Chem. Int. Ed., 46, 3544 (2007) 	

開殻性に基づく機能性物質の理論設計	

・ 中間ジラジカル性をもつ系における光非線形応答物性の著しい増大	
・ Singlet Fission実現条件：小さなジラジカル性とずっと小さなテトララジカル性	
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非線形光学効果	

Macroscopic polarization P and microscopic polarization p 

  

€ 

P = χ 1( )F + χ 2( )F 2 + χ 3( )F 3

  

€ 

p =αF +βF 2 +γF 3

Frequency of Fi ≠ Frequency of Fo 

Incident 
electric field 

Fi 

Microscopic 
polarization 

p 

Macroscopic 
polarization 

P 

Output  
electric field 

Fo 
NLO material 

χ(1), χ(2) , χ(3) :  linear, second-order and third order nonlinear susceptibilities 

α, β, γ :            polarizability, first hyperpolarizability,  second hyperpolarizability 

Nonlinear optical (NLO) process 

Fundamental factors for description and applications of NLO 



2015/12/23	

7	

Nonlinear optical (NLO) polarization 

€ 

p =αE+βEE+γEEE+ ...

ミクロ（原子・分子）レベル	

α：分極率、β：第一超分極率、γ：第二超分極率	

Nonlinear optical (NLO) effect!
光高調波発生、光混合、光パラメトリック効果	

	．．．	入射光と異なる周波数の出力光	
	 	 	レーザー光の波長変換	
	 	 	例．THG,	SHG,	和周波発生	

	
非線形屈折率変化（電場依存屈折率変化（電気光学効果））	

	．．．	媒質の屈折率が電場強度により変化	
	 	 	自己収束、自己位相変調（情報通信、	
	 	 	超高速スイッチ）、光双安定性（超高速スイッチ）	

	
多光子吸収，多光子放出	

	．．．	複数のフォトンを吸収、放出するコヒーレントな過程、	
	 	 	３次元メモリー、非線形分光、超微細加工技術、フォトダイナミック	
	 	 	セラピーなど応用は幅広い。	

	
外場（光）との相互作用によりあらゆる物質に現れる現象。科学と工学のテーマ	
・ 基底及び励起電子状態間の諸物性量（励起エネルギー、遷移モーメント）と環境	
			との相互作用による緩和により支配。	
・ 分子物性、分子間相互作用効果	
・ 外場の高次に比例する応答量	
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多光子吸収	

励起エネルギーΔE＝光子n個のエネルギー	
仮想準位を経た遷移	

吸収	
（一光子）	

準位差に一致するエネル
ギーを持つ光子のみが吸収	

光化学等量の法則	
(Stark-Einstein則) 

二光子	

仮想
準位	

三光子	
多光子吸収	

Applications (Third-Order NLO; TPA)!

B.H. Cumpston et al., Nature 
1999, 398, 53.	

S. Kawata et al., Chem. 
Rev. 2000, 100, 1777. 

L. Ventelon et al., Angew. Chem. 
Int. Ed., 2001, 40, 2098.	 and new applications...	

3D	microfabrica,on	 Op,cal	limi,ng	

3D	op,cal	data		
storage	 3D	fluorescence		

microscopy	

Photodynamic		
therapy	
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時間依存摂動論による超分極率
の定式化	

時間依存摂動論による応答量の解析式 

分極とは？	

€ 

pi ≡ µ tot
i −µ0

i = αijF
j

j
∑ + βijkF

jF k

j ,k
∑ + γ ijkF

jF kF l

j ,k ,l
∑ + ... (1)	

分極率	 第一超分極率	 第二超分極率	

時間に依存したSchrödinger方程式	

  

€ 

HΨ = i ∂
∂t
Ψ (2)	

€ 

H = H0 +H1(t)

€ 

H1(t) = er j
j
∑ ⋅Fcosωt = −µ ⋅Fcosωtここで、摂動ハミルトニアン	 (3)	

無摂動系でのSchrödinger方程式　→　解けているとする	

€ 

H0ψn
(0) = En

(0)ψn
(0)

  

€ 

Ψ (t) = cn (t)ψn
(0)(t)e−iEn

( 0 )t / 

n
∑式(2)の解	

	この展開係数を求める	

(5)	

(4)	
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時間依存摂動論による応答量の解析式 

  

€ 

α ij (−ω;ω) = 2 µ0l
i µ l0

j E l0

[El0
2 − (ω)2 ]l≠0

∑

0	 0	

l	

仮想遷移	

遷移双極子項	 共鳴項（重み）	

€ 

µ0l
i µl0

j ≡ 0 µ i l l µ j 0

仮想遷移パス	

＋…＝ 

�
�

�
�

�
�

＋ ＋ 

�
�

仮想準位 !

0�2�0! 0�3�0! 0�4�0! 0��0!€ 

l

€ 

l

€ 

l

時間依存摂動論による応答量の解析式 

(10)	

第二超分極率	

  

€ 

γ ijkl (−ωσ ;ω1,ω2 ,ω3) =
1
6
P(i, j,k,l;−ωσ ;ω1,ω2 ,ω3)

µ0m
i µ mn

j µnq
k µq0

l

(Em0 − ωσ )(En0 − ω2 − ω3)(Eq0 − ω3)q≠0
∑

n≠0
∑

m≠0
∑
( 
) 
* 

−
µ0m
i µ m0

j µ0n
k µn0

l

(Em0 − ωσ )(En0 − ω3)(En0 + ω2 )n≠0
∑

m≠0
∑

+ 
, 
- 

€ 

P(i, j,k,l;−ωσ ;ω1,ω2 ,ω3) 置換演算子　　すべてで２４項	

m	

0	 0	

m	

0	 0	

m	

n	

q	

0	 0	

m	

n	

m	

0	 0	

m	

n	

0	

	Type	I																															Type	II																																Type	III-1																												Type	III-2	

m	
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応答量の仮想遷移過程解析 

(13)	

静的第二超分極率	

γ iiii (0) = 4
(µ0m

i )2 (µmm
i )2

Em0
3

n≠0
∑
#
$
%

−
(µ0m

i )2 (µn0
i )2

Em0En0
2

n,m≠0
∑ +2 µ0m

i µmm
i µmn

i µn0
i

Em0
2 En0

+
µ0m
i µmn

i µnq
i µq0

i

Em0
2 En0m≠n

∑
m≠n
∑

'
(
)

*)

0	 0	

m	

n	

q	

0	 0	

m	

n	

m	

0	 0	

m	

n	

0	

	Type	I																															Type	II																																Type	III-1																												Type	III-2	

非対称系のみ	 非対称系のみ	

正の寄与	 負の寄与	 〜正の寄与	 〜正の寄与	

対称系ではType	I,	III-1の寄与が消え、正と負の寄与のバランスで全体の大きさと符号が決まる	

非共鳴で負の系は稀である（かけた電場の向きと逆向きに三次分極が生じる）	

m	

0	 0	

m	m	

開殻分子系の電子状態と	
非線形光学効果	
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VBおよびMO描像と対称性の破れた方法	

Symmetry adapted MOs … g(x)(bonding),  u(x)(antibonding)	

Localized natural orbitals (LNOs) … a(x),   b(x) 	

€ 

a(x) ≡ 1
2
g(x)+u(x)[ ] ≈ ϕA(x)

€ 

b(x) ≡ 1
2
g(x)− u(x)[ ] ≈ ϕB(x)
€ 

a b = 0

€ 

g(x) ≡ 1
2(1+SAB)

ϕA(x)+ϕB(x)[ ]

€ 

u(x) ≡ 1
2(1− SAB)

ϕA(x)−ϕB(x)[ ]

Singlet spin-unrestricted (broken symmetry) MO … χ(x), η(x)	

€ 

χ(x) = cos(θ /2)g(x)+ sin(θ /2)u(x),        η(x) = cos(θ /2)g(x)− sin(θ /2)u(x) 

€ 

χ(x) = cos(ω /2)a(x)+ sin(ω /2)b(x),       η(x) = cos(ω /2)b(x)+ sin(ω /2)a(x) 

(i) Weak	correla,on	limit	(MO	limit)			at	θ	=	0	(ω	=	π/2):	χ	=	η	=	g	
(ii) Strong	correla,on	limit	(VB	limit)	at	θ	=	π/2	(ω	=	0):	χ	=	a,	η	=	b	

UMOs can describe both weak and strong correlation limits (MO 
and VB limits) as well as intermediate correlation regime.	

Diradical character y!

UHF wavefunction	

€ 

ΨUHF (χη ) =
1
2
χ(1) χ(2)
η (1) η (2)

a, b : magnetic orbitals,   	
 	

€ 

φ1(HOMO − i),   φ2(LUMO + i)

€ 

χ = cosθ
2
φ1 + sinθ

2
φ2 ,   η = cosθ

2
φ1 − sinθ

2
φ2

: symmetry adapted MOs	

θ : mixing angle 	

€ 

ΨUHF (χη ) = cos2 θ
2
Ψ (1 1 )+ 2 sinθ

2
cosθ

2
[ 1

2
(Ψ (21 )−Ψ (12 ))]− sin2 θ

2
Ψ (22 )

Triplet	Singlet HF	 Singlet double	
excitation	

 The diradical character is defined by twice the weight of double 
excitation configuration of CASCI(2,2) (~ spin-projected UHF (PUHF)). 	

χ	

η	

€ 

0 ≤θ ≤ π / 2

Spin contamination	
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Electronic structure of two-electron system!

Two-dimensional coordinate for one-dimensional two-electron system	

A
B

β

A
B

α

electron 1

e
le

c
tr

o
n
 2

A B
β

A B
α

(a) (b)

A B

HOMO

A B

LUMO

A	 B	

Nakano et al.  J. Chem. Phys. 125, 074113 (2006)�

A
B

β

electron 1

e
le

c
tr

o
n
 2

A B
α

a

b

A B

A B

A B

A B

(a) Ground state (HF)

€ 

φH(1)φH(2)
€ 

ψg

HF

Covalent (or diradical)

Zwitterionic

UHF wavefunction !

€ 

ΨUHF (χη ) = cos2 θ
2
Ψ (11 )+ 2 sinθ

2
cosθ

2
[ 1

2
(Ψ (21 )−Ψ (12 ))]− sin2 θ

2
Ψ (22 )

Triplet (Spin contamination)	Singlet HF	
Singlet double!
excitation	

-	 =	

+	 =	

											UHF		
Broken	Symmetry	

Singlet	HF	+	double	excitaSon		 Single	excitaSon	(triplet)		

UHF	MO	
Spin	polariza,on	
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Variation in diradical character (y) for !
the dissociation of H2!

-32.0

-31.0

-30.0

-29.0

-28.0

-27.0

0.0

0.2

0.4

0.6

0.8

1.0

1.0 1.5 2.0 2.5 3.0 3.5 4.0

UHF total energy
CISD total energy
diradical character

To
ta

l e
ne

rg
y 

[e
V]

D
iradical character

Bond distance [Å]

€ 

yi = 1− 2Ti
1+Ti

2

€ 

χH−i = cos
θ
2

% 

& 
' 

( 

) 
* φH−i + sin

θ
2

% 

& 
' 

( 

) 
* φL+ i

€ 

ηH− i = cosθ
2

% 

& 
' 

( 

) 
* φH− i − sinθ

2
% 

& 
' 

( 

) 
* φL+ i

€ 

Ti =
nH−i − nL+i

2
€ 

φ :UNOs	

€ 

Ti :overlap between 	

and	

n :occupation number of UNO	
(Yamaguchi et al.  1975) 	

Diradical character	 0 ≤ y ≤ 1	

€ 

Ti = cosθ =
nH− i − nL+ i

2

y~0.0 0<y<1 y~1.0 

H	...	H	H	-	H	 H•			•H	

Two-site model A˙–B˙with two electrons in two orbitals: 
Valence configuration interaction (VCI) approach!

Symmetry adapted MOs … g(x), u(x)	

Localized natural orbitals (LNOs) … a(x), b(x) 	

€ 

a(x) ≡ 1
2
g(x) + u(x)[ ]

€ 

b(x) ≡ 1
2
g(x)− u(x)[ ]
€ 

a b = 0

Basis sets for Ms = 0 (singlet and triplet) states 	

€ 

ab (≡ core  ab ) , …�

CI matrix using LNOs 	
€ 

ab , ba , aa , bb { }

€ 

0 Kab tab tab
Kab 0 tab tab
tab tab U Kab

tab tab Kab U

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' € 

U ≡Uaa −Uab

€ 

K ab ≡ ab 1 r12 ba ≥ 0

€ 

tab ≡ a F b F: Fock operator	

,   where	
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Electronic states of two-site model A˙–B˙ (VCI)!

Using localized natural orbitals (LNOs)	

€ 

S2g = −η ab + ba ( ) +κ aa + bb ( )

€ 

S1u = aa − bb ( ) 2

€ 

T1u = ab − ba ( ) 2

€ 

S1g = κ ab + ba ( ) +η aa + bb ( )

€ 

κ >η > 0

€ 

κ >η > 0€ 

µS1g ,S1u
≡ − S1g ri

i

2

∑ S1u = 2ηRBA
€ 

µS2g ,S1u
≡ − S2g ri

i

2

∑ S1u = 2κRBA

Effective exchange integral J of Heisenberg Hamiltonian	

€ 

ˆ H HB = −2J ˆ S A ⋅ ˆ S B

€ 

2J=1E1g−
3E1u = 2Kab +

U − U 2 +16tab
2

2

covalent(diradical) �

covalent (diradical)	

ionic	

ionic�

ionic�

covalent (diradical)	

€ 

RBA ≡ (br1 b)− (a r1 a)€ 

1E2g = Kab +
U + U 2 +16tab

2

2

€ 

1E1g = Kab +
U − U 2 +16tab

2

2

€ 

1E1u =U −Kab

€ 

3E1u = −Kab

€ 

κ =
1
2
1+

U
U 2 +16tab

2

€ 

η =
2 tab

U + U 2 +16tab
2( ) U 2 +16tab

2

Two-site model A˙–B˙with two electrons in two orbitals: 
Molecular orbital configuration interaction (MOCI) approach!

Using symmetry adapted MOs	

€ 

µS1g ,S1u
≡ − S1g ri

i

2

∑ S1u = 2ηRBA
€ 

µS2g ,S1u
≡ − S2g ri

i

2

∑ S1u = 2κRBA

€ 

T1u =
1
2

gu − ug ( )

€ 

S1g =ξ gg −ζ uu 

€ 

S2g =ζ gg +ξ uu 

€ 

ξ = κ +η =
1
2

1+
U

U 2 +16tab
2

+
4 tab

U + U 2 +16tab
2( ) U 2 +16tab

2

% 

& 

' 
' 
' 

( 

) 

* 
* 
* 

€ 

ζ = κ −η =
1
2

1+
U

U 2 +16tab
2
−

4 tab
U + U 2 +16tab

2( ) U 2 +16tab
2

& 

' 

( 
( 
( 

) 

* 

+ 
+ 
+ 

€ 

S1u =
1
2

gu + ug ( )
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Diradical characters of two-site model A˙–B˙!

€ 

y ≡ 2ζ 2 =1−
4 tab

U 2 +16tab
2

=1− 4rt
1+16rt

2
=1−

2 rK − rJ( ) rK − rJ +1( )
1+ 2(rK − rJ )

Here	

Diradical character (0≤ y ≤1)	

€ 

rJ ≡
2J
U

,     rK ≡
2Kab

U
(≥ 0),    rt ≡

tab
U

(≥ 0)

€ 

rJ

€ 

rK

€ 

rK = rJ

0

Allowed region	

Forbidden region	

Nakano et al.  Phys. Rev. Lett. 99, 033001 (2007)	

€ 

rJ = rK +
1
2
1− 1+16rt2( )

Diradical characters of two-site model A˙–B˙!

€ 

y ≡ 2ζ 2 =1− 4 tab
U 2 +16tab

2
=1− 4rt

1+16rt
2

=1−
2 rK − rJ( ) rK − rJ +1( )

1+ 2(rK − rJ )

Diradical character (0≤ y ≤1)	

0.0

0.2

0.4

0.6

0.8

1.0

0.1 1.0 10.0 100.0 1000.0

D
ir
a
d
ic

a
l 
c
h
a
ra

c
te

r 
y

|U/t|

Localization →	

← Delocalization 	

q = 1- y :  Effective bond order	

q = 1	

q = 0	
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Relationships between transition properties and diradical character!

Transition properties	

€ 

(µS1g ,S1u
)2 = RBA

2 rK − rJ
1+2 rK − rJ( )

= RBA
2 1− 1− q2

2

€ 

(µS1u ,S2g
)2 =

RBA
2

2
1+

1
1+2 rK − rJ( )

# 

$ 
% 

& 

' 
( = RBA

2 1+ 1− q2

2

€ 

ES1u ,S1g ≡
1E1u−

1E1g =U 1− rJ( ) =
U
2
1− 2rK +

1
1− q 2

$ 

% 
& & 

' 

( 
) ) 

€ 

ES2g ,S1g ≡
1E2g−

1E1g =U 1+ 2 rK − rJ( )[ ] =
U
1− q 2

€ 

q ≡ 1− y : effective bond order	

€ 

S2g

€ 

S1u

€ 

T1u

€ 

S1g
€ 

µS1g ,S1u
€ 

µS1u ,S2g

€ 

ES1u ,S1g

€ 

ES2g ,S1g

Static second hyperpolarizability	

€ 

γ = γ II +γ III−2 = −4
(µS1g ,S1u

)4

(ES1u ,S1g
)3

+ 4
(µS1g ,S1u

)2 (µS1u ,S2g
)2

(ES1u ,S1g
)2ES2g ,S1g

€ 

rK = 0  (Kab <<  U )

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0 0.2 0.4 0.6 0.8 1.0

V
a
lu

e

Diradical character y

€ 

(µ
S1g ,S1u

)
2
RBA
2

€ 

(µ
S1u ,S2g

)
2
RBA
2

€ 

E
S2g ,S1g

U

€ 

E
S1u ,S1g

U
€ 

S2g

€ 

S1u

€ 

T1u

€ 

S1g

€ 

(µS1u ,S2g
)2 /RBA

2

€ 

(µS1u ,S1g
)2 /RBA

2

€ 

(µS1u ,S1g
)2 /RBA

2
€ 

(µS1u ,S2g
)2 /RBA

2

Increase of y (Ground-state diradical character)!
  First singlet excited state ! !： Pure ionic!
  Second singlet excited state !： Increase of ionic character	

Diradical Character Dependences of !
Excitation Energies and Transition Properties!

ES1u ,S1g
/U

ES2g,S1g
/U
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開殻分子系の静的第二超分極率	

Relationships between second hyperpolarizability and diradical character!

€ 

γ
RBA
4 U 3( )

= −
8q4

1+ 1− q2( )
2
1− 2rK +

1
1− q2

$ 

% 
& 

' 

( 
) 

3 +
4q2

1− 2rK +
1
1− q2

$ 

% 
& 

' 

( 
) 

2
1
1− q2

.

Case 	

€ 

rK = 0  (Kab  <<  U )

-0.1

0.0

0.1

0.2

0.3

0.0 0.2 0.4 0.6 0.8 1.0

V
a
lu

e

Diradical character y

€ 

γ III−2 R
BA

4
U
3( )

€ 

γ II R
BA

4
U
3( )

€ 

γ R
BA

4
U
3( )

€ 

ymax ≈ 1− 0.6414 = 0.3586

€ 

γmax RBA
4 U 3( ) ≈ 0.2025

Keeping y constant,                          increases with     as a function of                         .  

€ 

γ III-2 RBA
4 U 3( )

€ 

rK

€ 

1 const− 2rK( )2

€ 

q ≡1− y :  effectctive bond order

€ 

γ III-2 /(RBA
4 /U 3)

€ 

γ /(RBA
4 /U 3 )

€ 

γ II /(RBA
4 /U 3)

γ = γ II +γ III−2

= −4
(µS1g,S1u

)4

(ES1u ,S1g
)3
+ 4
(µS1g,S1u

)2 (µS1u ,S2g
)2

(ES1u ,S1g
)2ES2g,S1g
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Diradical character on rJ - rK plane!

€ 

y =1−
2 rK − rJ( ) rK − rJ +1( )

1+ 2(rK − rJ )

Antiferromagnetic	 Ferromagnetic	

€ 

rJ ≡
2J
U

,     rK ≡
2Kab

U
(≥ 0)

€ 

γ
RBA
4 U 3( )

= −
4 rK − rJ( )2

1+2 rK − rJ( )[ ]2 1− rJ( )3
+
4 1+ rK − rJ( ) rK − rJ( )
1+2 rK − rJ( )[ ]3 1− rJ( )2

(Anti)ferromagnetic interaction and second hyperpolarizability!

ConvenSonal	
closed-shell	

Intermediate		
singlet	diradical	
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Closed shell	

Open shell	

A: conventional systems	
     (ground state) γ > 0	
�
B: Singlet diradical	
     (ground state) γ > 0	
�
C: Singlet diradical	
     (excited state) γ > 0	
D: Singlet diradical	
     (ground/excited state)	
     Small U      γ < 0	

Off-resonant open-shell NLO: Static γ on rJ - rK plane!

Nakano et al.  Phys. Rev. Lett. 99, 033001 (2007)	
€ 

rJ ≡ 2J /U,    rK ≡ 2Kab /U

€ 

γ

RBA
4 U 3( )

= −
4 rK − rJ( )2

1+ 2 rK − rJ( )[ ]2 1− rJ( )3
+
4 1+ rK − rJ( ) rK − rJ( )
1+ 2 rK − rJ( )[ ]3 1− rJ( )2

AnSferromagneSc	 FerromagneSc	

Remarkable 
enhancement	

IDPL as-IDPL

€ 

rJ -0.061 -0.001

€ 

rK 0.004 0.007

€ 

rt 0.131 0.043

y 0.537 0.830

y (UNO) 0.770 0.923

€ 

γ /(R4 /U 3) 0.158 0.028

€ 

γ  (x 104 a.u.) 399 55

€ 

γ  (x 104 a.u.)

by UBHandHLYP

228 47

UNOCASCI(2,2)/6-31G* calculations for two 
polycyclic diphenalenyl radicals, IDPL and as-IDPL !

IDPL	

as-IDPL	
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　基底状態で一重項ジラジカル性をもつ分子系の探索!
　　　　　　　　!
!• フェナレニルジラジカル分子!
!      π-共役リンカー !
! ! !⇒ 芳香族性の制御 ⇒ ジラジカル因子の制御!
!• ナノグラフェン !
!• 遷移金属含有系!
! !周期、族、配位子によるジラジカル性制御!
!• 高周期典型元素含有系　etc.!

!
分子の幾何構造・サイズ・置換基、芳香族性、元素の種
類の変化!
　　　　　　!
ジラジカル因子の制御　　　　　非線形光学特性の制御!
!
!
!

一重項開殻性を持つ系の探索とその構造ー特性相関	

ジフェナレニル化合物	
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→  中間ジラジカル性が期待	

キノイド	
(閉殻)	

ベンゼノイド	
(開殻)	

ジフェナレニル化合物	

　Polycyclic diphenalenyl radicals: control of diradical character	
PERO y = 0.2620 α = 605 a.u. γ = 51 x 103 a.u.

PDPL y = 0.5833 α = 744 a.u. γ = 1255 x 103 a.u.

IDPL y = 0.7461 α = 896 a.u. γ = 2383 x 103 a.u.

NDPL y = 0.8317 α = 1115 a.u. γ = 3803 x 103 a.u.

ADPL y = 0.8821 α = 1380 a.u. γ = 5935 x 103 a.u.

Aromaticity of 	
middle rings	

Small	

Large	

Diradical character	

Small	

Large	
UBHandHLYP/6-31G*	
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Spin density plots of polycyclic aromatic hydrocarbons�

IDPL    y = 0.7461    γ = 2383 x 103 a.u.�

PDPL    y = 0.5833    γ = 1255 x 103 a.u. �

Iso-surface with 0.01 a.u. (UBHandHLYP/6-31G*)!

Yellow: α spin!
Blue:     β spin!

主要なスピン分極が両端のフェナレニル環の間で生じる	

ジフェナレニル化合物	

PY2    y = 0    γ = 194 x 103 a.u. �

IDPL    y = 0.7461    γ = 2383 x 103 a.u.�

PDPL    y = 0.5833    γ = 1255 x 103 a.u. �

中間ジラジカル系	

閉殻系	

Third derivative of density with respect to F  
Second hyperpolarizability (γ)  density�

€ 

γ ijkl = −
1
3!

r iρ jkl
(3)(r)dr∫

Field	

ジフェナレニル化合物：	
第二超分極率γへの電子の空間的寄与	
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Spin state dependence of γ !
for intermediate diradical molecules!

BPLA1 

y = 0.518 �Singlet state    γ =1889 [× 103 a.u.] 

Triplet state� γ =  687 [× 103 a.u.] 

UBHandHLYP/6-31G* 
	€ 

×
1
3

フェナレニル骨格をもつ分子系	

IDPL (y = 0.77, γ =  2284 x 103 a.u.)! BPLE (y = 0.65, γ = 1568 x 103 a.u.) !

TDPL (y = 0.77, γ = 1375 x 103 a.u.)!

PY2  (y = 0.0, γ = 194 x 103 a.u.)! BPRY (y = 0.19, γ = 360 x 103 a.u.)!

UBHandHLYP/6-31G*!
閉殻分子!

Zethrene (y = 0.63, γ = 1442 x 103 a.u.)!

一重項ジラジカロイド分子!

高精度量子化学計算による予測	

Chem. Phys. Lett., 418, 142 (2006) 	 J. Phys. Chem. A 111, 3633 (2007) 	

Computing Letters, 3, 333 (2007) 	

Chem. Phys. Lett., 418, 142 (2006) 	 J. Phys. Chem. A 111, 3633 (2007) 	

J. Phys. Chem. A, 111, 9102 (2007) 	
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Graphene Nanoflakes!

Localized radical on the zigzag edges → Open-shell singlet	

Graphene Nanoflakes (GNFs)!

Resonance structure	

A. Konishi et al., JACS (2010)	

R. Umeda et al., Org. Lett. (2009)	

Mes
tBu

tBu tBu
Mes

tBu C. D. Simpson et al., Chem.–Eur. 
J. (2002) 

M. Fujita et al., JPSJ (1996), J. Hachmann et al., JCP (2007), D.-E. Jiang et al., JCP (2008)	

Zigzag	

Ar
m
ch
ai
r	
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Square GNFs (γxxxx, γyyyy): Edge Dependence!

γyyyy =14.45×104 a.u.	

γxxxx = 3.412×104 a.u.	

×4.2	

y	

x	

Intermediate diradical (y = 0.510)	

Pure diradical (y = 0.989)	
γyyyy = 40.54×104 a.u.	

γxxxx = 49.95×104 a.u.	

Similar 

Intermediate diradical character Enhancement of γ	

Enhance γ along the 
spin polarization axis 

Chem. Phys. Lett. 467, 120 (2008) 	

Zigzag	

Ar
m
ch
ai
r	

Diradical Characters and γ of HGNFs 
Zigzag-edged HGNF	

Armchair-edged HGNF	

Diradical form	 Tetraradical form	Closed-shell form	

Closed-shell form	

The relative contribution of each resonance form is 
qualitatively predicted based on the Clar’s sextet rule, 
where the most important resonance structure has the 
most disjoint aromatic π-sextets, i.e., benzene-like 
moieties. 	
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Contour value = ±500 a.u. 

y0 = y1 = 0.410!

γ = 139 × 104 a.u. 

y0 = 0.0 

γ = 41.7 × 104 a.u. 

F	

× 3.3 

Diradical Characters and γ of HGNFs 
γ density distribution 

Intermediate tetraradical 	Closed-shell 

Armchair-edged-HGNF	 Zigzag-edged-HGNF	

Chem. Phys. Lett. 477, 355 (2009) 	

Measurement of two-photon absorption (TPA) of 
diphenalenyl radicals 

One of the largest TPA cross section �
in pure hydrocarbon systems !�

(Kamada et al.  Angew. Chem. Int. Ed., 2007) 

Experiments !
based on our theoretical prediction !

c.f.   TIPS-Pentacene (closed-shell) ~ 10 - 30 GM 

Kubo et al.	
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Experiment: two-photon absorption (TPA) spectrum	

K. Kamada et al., Angew. Chem. Int. Ed. (2007).!

IDPL	

σ (2) > 5450GM!

Closed-shell systems�
compound TPA λmax [nm] σ (2)  [GM] 

514 12 

730 995 

835 1940 
N

CN

NC

N

N

Butyl

N

Butyl

Butyl

Butyl

M. Albota et al., Science vol 281 (1998)!

σ (2) : TPA cross section �

a	:	R1	=	H		
					R2	=	tBu	

b	:	R1	=	Ph	
					R2	=	H	

● : IDPL a ▲ : IDPL b ○,△ : x 10 	

1GM = 10-50cm4sphoton-1molecule-1!

Experiments	
M. Ishida et al. J. Am. Chem. Soc. 2011, 133, 15533	 Y. Li et al. J. Am. Chem. Soc. 2012, 134, 14913	

Z. Zeng et al., J. Am. Chem. Soc. 2012, 134, 14513	 Z. Zeng et al., J. Am. Chem. Soc. 2013, 135, 6363	

Hexaphyrins	

Zethrenes	

Tetrabenzo-Chichibabin’s hydrocarobons	
Tetracyano-oligo(N-annulated 
perylene)quinodimethane	
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measurements of multiphoton-excited fluorescence, this
dehydrated compound (1a) was used for consistency.

Emission properties by one-photon excitation. The selective
encapsulation of highly emissive perylene32 and anthracene33 in 1
resulted in 2 and 3. These guest molecules have emissions in the
excitation region of 1, which makes FRET34 possible (Fig. 2).
Furthermore, these aromatic hydrocarbons were also reported to
have two-photon excitation fluorescence35.

The one-photon-excited photoluminescence studies were
carried out before probing the MEPL (Supplementary Fig. 6).

At 400-nm excitation, chloroform solution of An2Py displayed
fluorescence at 550 nm with quantum efficiency of 35.7%
(Supplementary Fig. 7), while H2SDC afford significantly lesser,
4.3%. The solid-state emission spectra of compound 1a revealed
higher quantum efficiency (17.3%) compared with powdered
An2Py (6.2 %) (Supplementary Fig. 7). This is due to the
increased rigidity sustained by the MOF that minimizes non-
radiative decay rate due to aggregation induced quenching of the
ligand, contributing to the enhanced fluorescence over the ligand
itself. Moreover, the MOF emission profile is similar to An2Py
(Supplementary Fig. 8). As the ultraviolet absorption of An2Py
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Excitation of 1a
Solution emission of perylene
Solid state emission of 2

Excitation of 1a

Solution emission of anthracene

Solid state emission of 3
1

0

1

a b

0

Figure 2 | Emission spectra of the guests and MOFs 2, 3 together with the excitation spectra parent MOF 1a showing the occurrence of FRET. (a) The
emission spectra of the perylene dye coincides with the excitation region of the parent 1a leading to an emission at 570 nm. The emission of perylene is not
observed in 2. (b) The emission spectra of the anthracene dye coincide with the excitation region of the parent 1a leading to an emission at 570 nm. The
emission of anthracene is not observed in 3.

Compound

Compound 1a

Compound 2

Compound 3

An2Py

H2SDC

800 nm 1,200 nm 1,500 nm

Anthracene Perylene

Resonance AnBP
N N

NN

a

d

b c

e

Figure 1 | Structures of 1–3, ligands and their fluorescence images. (a) A view of 1 showing without interpenetration. Solvents are omitted; (b) A view of
2 with encapsulated perylene (orange) guest; (c) a view of 3 with encapsulated anthracene (blue) guest; (d) Kekulé structures of anthracene, perylene and
An2Py (resonance showing possible stabilized biradical structure); and (e) luminescence photos of An2Py, 1a, 2, 3 at 800, 1200, and 1500 nm
femtosecond pulsed laser excitation.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8954 ARTICLE

NATURE COMMUNICATIONS | 6:7954 | DOI: 10.1038/ncomms8954 | www.nature.com/naturecommunications 3

& 2015 Macmillan Publishers Limited. All rights reserved.

Experiments	
H. Kishida et al. This Solid Films 2010, 1028-2030	 K. Kamada et al. J. Am. Chem. Soc. 2013, 135, 232-241	

Z. Sun et al., J. Am. Chem. Soc. 2012, 134, 14513	 H. S. Quah et al., Nature Communications 2015, 6, 7954	

Dibenzoheptazethrene isomers	

Multi-photon harvesting MOFs	

BDPI-2Y      χ(3) = 3.0 x 10-11 esu	

Comparable to those of π-conjugated polymer	 Redox change control of diradical character	

Multiradical Systems!
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One-Dimensional GNFs: !
Multiradical Effect on Size Dependence of γ	

Trigonal GNF unit 
(phenalenyl radical)	

… 	

One-dimensional GNF	

Multiradical character →  Multiple diradical characters yi  	

HONO	

LUNO	

LUNO+i	

HONO-i	

€ 

y0

€ 

yi

nHONO−i = 2− nLUNO+i

nLUNO+i
Occupation number  0 ≤ ni ≤ 2	

yi = nLUNO+i = 2− nHONO−i

Theoret. Chem. Acc. 130, 711 (2011) 	

0.0

0.2

0.4

0.6
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1.0

2 4 6 8 10

y
0

y
1

y
2

y
3

y
4

y i [-
]

N [-]

€ 

⋅ ⋅ ⋅

Alternately-linked (AL) systems   

€ 

⋅ ⋅ ⋅

N : Number of units 

0.0

0.2

0.4

0.6

0.8

1.0

2 4 6 8 10

y i [-
]

N [-]

Non-alternately-linked (NAL) systems 

Size Dependences of Diradical Characters !

Intermediate multiradical 
character 

Pure multiradical character 
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€ 

⋅ ⋅ ⋅

Alternately-linked (AL) systems   

€ 

⋅ ⋅ ⋅

Intermediate multiradical 
character 

Pure multiradical character 

Non-alternately-linked (NAL) systems 

Size Dependences of Diradical Characters !

γ x
xx

x 
 [1

04  a
.u

.]	

AL system	

NAL system	

× 34 

N	

With increasing the number of units, AL 
systems having intermediate open-
shell characters show more striking 
enhancement of γ than NAL systems. 　 

ChemPhysChem 12, 1697 (2011)	

Phenalenyl 
radical	

Phenalenyl radical is a good building block for open-shell molecular systems.	

Ph	

Ph	

Several dicadicaloids have been synthesized	

T. Kubo et al., Org. Lett. 
(2007)	

R. Umeda et al., Org. Lett. 
(2009)	

K. Nakasuji et al., JACS 
(1982)	

Open-shell nature             Diradical character  y 
3rd order NLO property      Second hyperpolarizability  

        γ (= γxxxx)　 x

We investigate the variation of open-shell natures 
and third-order NLO properties for phenalenyl 
aggregates with several interplanar distances.	

K. Yoneda, M. Nakano et al., Chem. Eur. J. 20, 11129 (2014). 	

One-Dimensional Open-Shell Aggregates!
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One-Dimensional Open-Shell Aggregates!

Dimerize in crystal 

 

Short intermolecular 
distance d~ 3.2 Å Covalent-like strong 

intermolecular interaction 

K. Goto, T. Kubo et al., J. Am. Chem. Soc. 121, 1619 (1999)	

Realistic one-dimensional multiradical GNF system 

Intermolecular distance (d) 
dependences of yi and γ for dimer 
and tetramer models	

…� …�
d d d

d ~ 3.2 Å 

d	

Aromaticity on the Pancake-Bonded Dimer of Neutral Phenalenyl Radical as
Studied by MS and NMR Spectroscopies and NICS Analysis

Shuichi Suzuki,† Yasushi Morita,*,†,§ Kozo Fukui,§ Kazunobu Sato,‡ Daisuke Shiomi,‡
Takeji Takui,*,‡ and Kazuhiro Nakasuji*,†

Department of Chemistry, Graduate School of Science, Osaka UniVersity, Toyonaka, Osaka 560-0043, Japan,
Departments of Chemistry and Materials Science, Graduate School of Science, Osaka City UniVersity,
Sumiyoshi-ku, Osaka 558-8585, Japan, and PRESTO, Japan Science and Technology Agency (JST),

Saitama 332-0012, Japan

Received December 10, 2005; E-mail: morita@chem.sci.osaka-u.ac.jp

The development of stable organic radicals has created a new
class of magnetic1 and conducting materials.2 Among them, certain
π-radicals were found to form unusual molecular aggregates in
crystals that raised a question on the nature of chemical bonds, as
seen in exceptionally long (g2.9 Å) C-C bonds3 or pancake
bonds4,5 between planar π-radicals. The phenomenon has also been
observed in liquid phase by ESR/UV-vis studies, showing
exothermic enthalpy changes of -6 to -10 kcal mol-1 upon
π-dimerization.3c Regardless of whether the radicals are ionic or
neutral, the attractive force may be dominated by effective π-π
interactions between singly occupied molecular orbitals (SOMOs).
However, the structural ambiguity in solution has prevented detailed
assessment of the electronic nature of the supramolecular π-com-
plexes.
Tri-tert-butylated phenalenyl (TBPLY) 1, synthesized and iso-

lated by our hands,6 has drawn attention as a good model of a
pancake-bonded dimer, showing a 12-center-2-electron cofacial
association with well-defined D3d symmetry (Figure 1).7 It is also
noted that 1 is a neutral hydrocarbon that is free from charges,
counterions, and heteroatoms. These features have facilitated the
quantum chemical analyses of such intermediate regions in chemical
bond formation.8 Furthermore, 1 is believed to form the same
π-dimer in solution as that in crystal, as indicated by a spectroscopic
study of Kochi’s group.9,10 In this report, we have probed into the
molecular and electronic structures of this dimeric π-complex in
solution by direct spectroscopic measurements and theoretical
analysis.
The compelling evidence of the dimeric entity of 1 in the

equilibrium state in solution was provided by cold-spray ionization
mass spectrometry (CSI-MS),11 where substances can be ionized
at much lower temperatures than conventional ESI-MS. The dimer
signal of 1 was clearly observed at m/z ) 666.5 (Figure 2). The
accompanying signals are reproduced by isotope pattern calculation.
A peak enhancement ratio, ICSI/IESI ) 25 at the main dimer signal
has demonstrated the advantage of CSI-MS for detecting molecular
aggregates in solution.
We examined NMR spectroscopy to identify the chemical entity

because a significant dimer concentration of 1 was suggested at
lower temperatures.9,10 In 1H NMR at 270 K (Figure 3), a broad
peak at 3.2 ppm is attributed to the tert-butyl protons of the
monomer 1, which undergoes a downfield shift due to the unpaired
electron density.6b With decreasing temperature, this peak shifted
upfield, and finally came to the normal region of alkyl protons (1.48
ppm) at 180 K. Also, a new peak emerged in the aromatic region

(6.47 ppm). The intensity ratio of these peaks was 27:6, giving a
sure proof of a highly symmetric structure of the dimer. Moreover,
four 13C signals appeared at 120-143 ppm, which meets the
symmetry requirement of D3d. It is noted that thermochromism12
is observed for 1 as seen in the solution color (Figure 3) and UV-
vis spectra,9,13 which coincided with the NMR spectral change.
Thus, the coloring process should be governed by the π-dimeriza-
tion. To our knowledge, this is the first solution NMR observation
of a pancake-bonded radical dimer.
The emergence of the NMR signals in the aromatic region has

provided a fascinating viewpoint of analysis. To reveal the local
environment of the dimer in terms of aromaticity, we first computed
NMR chemical shifts based on an optimized structure with D3d
symmetry,14 giving a satisfactory agreement with the experiment;
all the 1H and 13C peaks at 180 K were well reproduced (Figure
3). Next, we focused on nucleus-independent chemical shift (NICS),
a representative measure of aromaticity.15,16 As shown in Figure 4,
the ring center of the π-dimer became more aromatic (-7.1 ppm)
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Figure 1. (A) Schematic drawing of π-dimerization of TBPLY 1, and (B)
crystal packing diagram (tert-butyl groups are omitted).

Figure 2. (A) ESI-MS spectra ionized at 523 K and (B) CSI-MS spectra
ionized at 273 K of 1 in a 1:1 CH3CN-toluene solution.
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The development of stable organic radicals has created a new
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π-radicals were found to form unusual molecular aggregates in
crystals that raised a question on the nature of chemical bonds, as
seen in exceptionally long (g2.9 Å) C-C bonds3 or pancake
bonds4,5 between planar π-radicals. The phenomenon has also been
observed in liquid phase by ESR/UV-vis studies, showing
exothermic enthalpy changes of -6 to -10 kcal mol-1 upon
π-dimerization.3c Regardless of whether the radicals are ionic or
neutral, the attractive force may be dominated by effective π-π
interactions between singly occupied molecular orbitals (SOMOs).
However, the structural ambiguity in solution has prevented detailed
assessment of the electronic nature of the supramolecular π-com-
plexes.
Tri-tert-butylated phenalenyl (TBPLY) 1, synthesized and iso-

lated by our hands,6 has drawn attention as a good model of a
pancake-bonded dimer, showing a 12-center-2-electron cofacial
association with well-defined D3d symmetry (Figure 1).7 It is also
noted that 1 is a neutral hydrocarbon that is free from charges,
counterions, and heteroatoms. These features have facilitated the
quantum chemical analyses of such intermediate regions in chemical
bond formation.8 Furthermore, 1 is believed to form the same
π-dimer in solution as that in crystal, as indicated by a spectroscopic
study of Kochi’s group.9,10 In this report, we have probed into the
molecular and electronic structures of this dimeric π-complex in
solution by direct spectroscopic measurements and theoretical
analysis.
The compelling evidence of the dimeric entity of 1 in the

equilibrium state in solution was provided by cold-spray ionization
mass spectrometry (CSI-MS),11 where substances can be ionized
at much lower temperatures than conventional ESI-MS. The dimer
signal of 1 was clearly observed at m/z ) 666.5 (Figure 2). The
accompanying signals are reproduced by isotope pattern calculation.
A peak enhancement ratio, ICSI/IESI ) 25 at the main dimer signal
has demonstrated the advantage of CSI-MS for detecting molecular
aggregates in solution.
We examined NMR spectroscopy to identify the chemical entity

because a significant dimer concentration of 1 was suggested at
lower temperatures.9,10 In 1H NMR at 270 K (Figure 3), a broad
peak at 3.2 ppm is attributed to the tert-butyl protons of the
monomer 1, which undergoes a downfield shift due to the unpaired
electron density.6b With decreasing temperature, this peak shifted
upfield, and finally came to the normal region of alkyl protons (1.48
ppm) at 180 K. Also, a new peak emerged in the aromatic region

(6.47 ppm). The intensity ratio of these peaks was 27:6, giving a
sure proof of a highly symmetric structure of the dimer. Moreover,
four 13C signals appeared at 120-143 ppm, which meets the
symmetry requirement of D3d. It is noted that thermochromism12
is observed for 1 as seen in the solution color (Figure 3) and UV-
vis spectra,9,13 which coincided with the NMR spectral change.
Thus, the coloring process should be governed by the π-dimeriza-
tion. To our knowledge, this is the first solution NMR observation
of a pancake-bonded radical dimer.
The emergence of the NMR signals in the aromatic region has

provided a fascinating viewpoint of analysis. To reveal the local
environment of the dimer in terms of aromaticity, we first computed
NMR chemical shifts based on an optimized structure with D3d
symmetry,14 giving a satisfactory agreement with the experiment;
all the 1H and 13C peaks at 180 K were well reproduced (Figure
3). Next, we focused on nucleus-independent chemical shift (NICS),
a representative measure of aromaticity.15,16 As shown in Figure 4,
the ring center of the π-dimer became more aromatic (-7.1 ppm)
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Figure 1. (A) Schematic drawing of π-dimerization of TBPLY 1, and (B)
crystal packing diagram (tert-butyl groups are omitted).

Figure 2. (A) ESI-MS spectra ionized at 523 K and (B) CSI-MS spectra
ionized at 273 K of 1 in a 1:1 CH3CN-toluene solution.
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One-Dimensional Open-Shell Aggregates!
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(3.6467(4) !) between the molecules (Figure 5).[11] In the
1D chain, compound 1 c adopted an eclipsed (that is, fully
superimposed) stacking motif, in contrast to the staggered
stacking motif (that is, 608 rotated) found for the 2,5,8-tri-
tert-butyl phenalenyl dimer.[2] Each 1D chain was surround-
ed by six adjacent chains (Figure 5 c) and the linking be-
tween the chains was derived from weak C!H···F!C hydro-
gen-bonding interactions.[12] The C6F5 groups served as buf-

fers to keep neighboring radical moieties apart and, conse-
quently, magnetic interactions between the chains remained
minimal. Extended H"ckel molecular orbital (EHMO) band
structure calculations[13] supported this idea, because the cal-
culations on the crystal structure gave a relatively large dis-
persion for the SOMO bands along the stacking axis
(a axis), whereas there was no dispersion perpendicular to
the stacking axis (see the Supporting Information, Fig-
ure S4).

A 1D chain of organic radicals is prone to first-order
spin-Peierls transitions,[14] that is, intrinsic lattice instability
(dimerization) in spin-1/2 antiferromagnetic Heisenberg
chains. The high tolerance of compound 1 c to the first-order
spin-Peierls transition relies on two structural factors of the
C6F5 substituents: a slipped-stacking arrangement (Fig-
ure 6 b) and a twisted conformation with respect to the phe-
nalenyl ring (Figure 6 c). Polyfluorinated phenyl rings prefer
a slipped face-to-face overlap,[15] in which an attractive force
(electrostatic and dispersion) and a repulsive force (ex-
change repulsion) are well-balanced.[16] The C6F5 groups of
compound 1 c also stack in a slipped manner in the 1D chain
and the interplanar distances (d’; Figure 6 c) between the

Figure 2. a) Observed (g =2.0027, at RT) and b) simulated ESR spectra
of compound 1c. c) HFCCs (in mT) of compound 1c ; the HFCC of
meta-fluorine (Fm) could not be determined. HFCCs that were calculated
at the UBLYP/6-31G**//UB3LYP/6-31G** level of theory are given in
parentheses. d) Spin-density map, calculated at the UBLYP/6-31G**//
UB3LYP/6-31G** level of theory. Black and white surfaces represent
a and b spin densities, drawn at the 0.0005 eau!3 level, respectively.

Figure 3. 1H NMR spectrum (500 MHz) of compound 1 c in CDCl3

(5 mm) at 298 K. Assignment of the signals was based on NOESY and
COSY measurements (see the Supporting Information, Figure S3).

Figure 4. Stereoisomers of the s dimer of the phenalenyl moiety: meso
(left) and chiral forms (right). For the chiral form, only one of the enan-
tiomers is shown.

Figure 5. a,b) Two orthogonal views of the 1D chain of compound 1c.
c) Packing diagram of compound 1 c in the (100) (bc) plane. All of the
molecules were crystallographically equivalent and stacked along the
[100] direction (a axis).
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Dual Association Modes of the 2,5,8-Tris(pentafluorophenyl)phenalenyl
Radical

Kazuyuki Uchida,[a] Yasukazu Hirao,[a] Hiroyuki Kurata,[b] Takashi Kubo,*[a]

Sayaka Hatano,[c] and Katsuya Inoue[c]

Dedicated to Professor Ichiro Murata on the occasion of his 85th birthday

Introduction

Most organic free radicals are short-lived species and rapid-
ly decompose through dimerization, disproportionation, oxi-
dization, or hydrogen abstraction. Although s-bond-forma-
tion reactions have long been considered the most natural
means of dimerization, this point of view began to change
after the isolation of p dimers of the tetracyanoethylene
(TCNE) radical anion[1] and 2,5,8-tri-tert-butyl phenalenyl
(1 b).[2] This new mode of dimerization has invoked the term
“multicenter bonding”[3] (“pancake bonding”)[4] to describe
the structure, which is characterized by attractive interac-
tions that are derived from a covalent bonding interaction
between two unpaired electrons, as well as a dispersion
force.

Phenalenyl is a hydrocarbon radical that is thermodynam-
ically stabilized by the delocalization of an unpaired elec-
tron over six equivalent carbon atoms. However, the parent
phenalenyl (1 a) has not yet been isolated in its pure form

because of its kinetic instability. It is thought that compound
1 a forms a s bond (2 e/2 c bonding) to give a s dimer, based
on spectroscopic[5] and product analyses.[6] On the other
hand, the introduction of tert-butyl groups at the 2,5,8-posi-
tions (1 b) leads to another dimerization mode, a p dimer,[2,7]

in which unpaired electrons couple covalently by 2000 K (=
17 kJ mol!1)[8] through a twelve-center SOMO–SOMO over-
lap (2 e/12 c bonding). Thus, phenalenyl is a peculiar radical
that shows bimodal (s and p) dimerization modes.[9] This
property raises questions as to whether chemical modifica-
tion of the phenalenyl scaffold can lead to other association
modes; this is associated with a deeper understanding of the
chemical bonding interactions of organic radicals.

Herein, we report the synthesis and association modes of
a new phenalenyl radical that contains three pentafluoro-
phenyl (C6F5) groups at the 2,5,8-positions (1 c). In the solid
state, compound 1 c shows both s and p modes, as confirmed
by X-ray crystallographic analysis. The p mode is not con-
fined to dimerization, but extends into a 1D stack, in which
a relatively wide half-filled band is formally formed through
a consecutive multicenter bonding interaction. The C6F5

groups of compound 1 c effectively suppress excessive con-
tact between the spin-bearing moieties, which results in
a uniform stack of the radicals at temperatures down to
10 K.

Results and Discussion

Synthesis and Characterization of the s Dimer of
Compound 1 c

As shown in Scheme 1, the C6F5 substituents were attached
onto carbon atoms that are nodes in the SOMO and, there-
fore, the SOMO did not show electron delocalization over
the C6F5 groups. Our synthetic route to compound 1 c is
shown in Scheme 2. Target radical 1 c was synthesized from

Keywords: dimerization · hydrocar-
bons · pi interactions · radicals ·
stacking interactions

Abstract: The 2,5,8-tris(pentafluorophenyl)phenalenyl radical was obtained by
a straightforward synthesis in 11 steps from 2,7-dibromonaphthalene. This radical
crystallized as a s dimer from a solution in MeCN and as a p-stack from a melted
liquid. The p stack was not confined to dimerization, but extended into a uniform
1D stack with an interplanar distance of 3.503 !. This unique duality in association
mode arose from the thermodynamic stability of the phenalenyl moiety.
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C6F5 groups are quite short: 3.223, 3.241, and 3.291 ! (aver-
age: 3.252 !). The C6F5 groups are twisted by 33.25, 38.70,
and 42.448 (average: 38.138) with respect to the phenalenyl
ring, owing to steric repulsion between the ortho-fluorine
atoms and the hydrogen atoms. As shown in Figure 6 d, in
the case of the slipped stacking of the C6F5 groups, the inter-
planar distance (d ; Figure 6 c) between the phenalenyl rings
is identical to the d’ distance if the C6F5 groups adopt a par-
allel conformation, whereas twisting the C6F5 group leads to
d>d’ under the conditions of the same d’ value. The inter-
play of the C6F5 groups between the slipped stacking and
the twisted conformation suppresses excessive contact be-
tween phenalenyl rings. As a result, the phenalenyl rings
uniformly stack with an interplanar distance of d=3.503 !
in a space surrounded by three closely stacked C6F5 col-
umns. Thus, three C6F5 groups that are attached to the phe-
nalenyl ring play a crucial role in controlling the structure of
the 1D chain.

In the 1D chain, the SOMO of compound 1 c almost com-
pletely overlapped between neighboring molecules. This
large SOMO–SOMO overlap suggested that the electronic
structure of the 1D chain could be described by a delocalized
electron band that was based on a consecutive multicenter
covalent-bonding interaction. Indeed, a powdered sample of
compound 1 c showed a new intense absorption band at

777 nm, which was not found in the spectrum of the mono-
mer (see the Supporting Information, Figure S5). EHMO
(single zeta basis set) calculations gave a half-filled band
with a relatively large bandwidth of 0.29 eV in the stacking
direction (see above), thus suggesting potential metallic be-
havior. The electrical conductivity of a compressed pellet of
purple compound 1 c was measured by using a two-probe
method. However, the room-temperature conductivity was
less than 1 "10!10 Scm!1. A widely accepted criterion for
metallic behavior is U/W<1, where U represents the on-site
Coulomb repulsion energy and W is the bandwidth. We ob-
tained U= 1.66 eV and W= 0.29 eV from cyclic voltammetry
analysis (see the Supporting Information, Figure S6) and
EHMO band calculations, respectively. Owing to a large U/
W value, compound 1 c became a Mott–Hubbard insulator.

Magnetic Properties of the 1D p Stack

The magnetic properties of purple compound 1 c were mea-
sured on a SQUID magnetometer within the temperature
range 2–380 K. A plot of magnetic susceptibility (c) versus
T is shown in Figure 7. c continuously decreased upon cool-
ing from 380 K, reaching a minimum at 70 K. Below 70 K,
c rapidly increased with decreasing temperature, presumably
owing to the presence of paramagnetic impurities or chain

breaks induced by defects. We tried to fit the c curve to
a uniform antiferromagnetic spin-1/2 Heisenberg chain
model (namely, a Bonner–Fisher model)[17] that had been
modified with inter-chain magnetic interactions (zJ’) in the
framework of the mean-field approximation[18] and with
a finite-chain model as developed by Mila et al.[19] for the
treatment of paramagnetic species. In fact, the best fit was
obtained with the following parameters: J/kB =!279 K,[20]

zJ’/kB =++908 K, N0 (the average length of the finite chain)=
10.8 (for the fitted curve, see the Supporting Information,
Figure S7). However, the inter-chain magnetic interaction
(zJ’) was unrealistically large, because each 1D radical chain
was well-separated by the C6F5 groups, which had quite
small spin densities. We suspected that the 1D chain might

Figure 6. a) Electrostatic potential map of compound 1c, calculated at
the UB3LYP/6-31G** level of theory. b) Electrostatic interactions
(dashed orange lines) between C6F5 groups in the 1D chain of compound
1c ; some C6F5 groups and hydrogen atoms are omitted for clarity. c) In-
terplanar distances between the phenalenyl rings (d) and between the
C6F5 groups (d’) in the 1D chain; f represents the twist angle of the C6F5

group. d) Schematic representation of stacks of compound 1 c with differ-
ent f values. Green and black lines represent the C6F5 groups and the
phenalenyl rings, respectively: parallel (top) and twisted conformations
of the C6F5 rings (bottom).

Figure 7. Temperature dependence of c and cT for powdered compound
1c at 1 T. * and ~ denote the measured values of c and cT, respective-
ly.
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Diradical character y0	 d

A wide range variation of y0 
  

y , γ : LC-UBLYP/6-31G* 

Diradical model	

One-Dimensional Open-Shell Aggregates!
Chem. Eur. J. 20, 11129 (2014) 	
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Intermediate y region  
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y , γ : LC-UBLYP/6-31G* 

γ x
xx

x 
/2

 [1
04  a

.u
.]	

γxxxx/monomer	

Monomer 	

d = 3.0 Å, y0 = 0.299 
γxxxx = 2980 a.u. γxxxx/2 = 9.30×104 a.u. 

Dimer	

× 30 

x	

One-Dimensional Open-Shell Aggregates!
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γ per monomer (γ/2) 	

Monomer 	 Dimer (d = 3.0 Å) 	

γ = 0.40 × 104 a.u. γ/2 = 0.52 × 104 a.u. 

γ = 0.30 × 104 a.u. γ/2 = 9.35 × 104 a.u. 

Coronene 	

× 0.75! × 18!

The γ enhancement is not observed in the closed-shell aggregate.	

Closed-Shell (Coronene) vs. Open-Shell (Phenalenyl)	

Phenalenyl (open-shell)	

Coronene (closed-shell)	

Negligible d dependence	

d d d
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Diradical character (y0, y1) 	

One-Dimensional Open-Shell Aggregate: Tetramer model!
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γ = 2.96 × 104 a.u. 

Neutral singlet	

+� +�
y0 = 0.657 

γ = 131 × 104 a.u. 

y1 = 0.294 

γ = 1730 × 104 a.u. 
y0 = 0.597 
y1 = 0.012 

Neutral quintet	

Dicationic singlet	

d = 3.2 Å	

Pure tetraradical	

Intermediate diradical 
sandwiched between 
two holes	

Significant reduction	

Large enhancement	

Intermediate 
tetraradical	

Stacking distance	 Odd electron densities (Contour: 0.002 a.u.) 

Spin and Charge State Dependences !
Chem. Eur. J. 20, 11129 (2014) 	
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Enhanced in the intermediate diradical character (yA) region 	

Asymmetric Open-Shell Systems!
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Asymmetric Open-Shell Systems: !
Giant Field Application Effect on γ	
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Asymmetric Open-Shell Systems: !
Donor-Acceptor Substitution Effect on γ	

J. Phys. Chem. Lett. 2, 1094 (2011) 	
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Summary	
• Diradical character y (= Bond weakness = Electron correlation)  
  is correlated with the excitation energies and properties. 
  

• Open-shell singlet systems with intermediate diradical charcater 
exhibit enhanced second hyperpolarizaibilities (γ) as compared to 
conventional closed-shell and pure diradical systems. 

  

• Control of diradical character (in the ground state):  
   Relation to conventional chemical concepts and indices   
   - Edge shape, size, and architecture of graphene nanoflakes  
   - Quinoid (closed-shell) and benzenoid (open-shell) resonance structures 
   - Aromaticity, Multiple bond, Main group elements, … 
  

• Examples of diradical/multiradical 
   Diphenalenyl compounds, Geaphene nanoflakes,  
   Open-shell aggregates, etc. 
 

  These results demonstrate the high potential of open-shell 
singlet molecular systems for third-order NLO applications.!
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A New Types of Open-Shell Systems!
• Asymmetric open-shell systems 
   

 Extraordinary enhancement of hyperpolarizabilities and reduction of 
diradical character            M. Nakano et al. J. Chem. Phys. 138, 244306 (2013) 
 – External field application → NLO switch 
 – Donor/acceptor substitution to open-shell symmetric systems 

  – Asymmetric fused-ring systems such as azulene-like molecules 
 
• Open-shell aggregates  →  Open-shell NLO materials 
  

 − Equilibrium intermolecular distance = intermediate yi region 
 – Multi-radical character dependences 
 – Charge and spin-multiplicity dependences  →  Multifunctionality 
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まとめと今後の展望	

１．開殻性に基づく高機能、物性の発現機構の提案と具体的な分子設計	
	
２．分子間相互作用によるマルチラジカル性の制御：　開殻性を持つ凝縮系	
	
３．開殻性のダイナミクス：動的物性との関係	
	
４．緩和過程の及ぼす効果	
	
	
●　高周期典型元素や遷移金属からなる開殻系への展開	
	
●　開殻分子集合系、開殻超分子系	
	
●　外部レーザー場による系の開殻性の制御　−動的開殻因子の定義−	
	
●　一重項分裂(SF)：　分子間相互作用およびエキシトンダイナミクスの解明	
	
●　三重項−三重項消滅(TTA)とSFの制御：　新しいエキシトン移動・貯蔵・変換系の提案	
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フェナレニル化合物	

c. Super-benzene

遷移金属含有錯体	
金属−金属結合系	

b. Super-polyene

ne. Slipped stacking 1D chain

開殻超分子系,	開殻分子集合体	

N

N

N

N

N
N
N

N
N

N

ナノグラフェン,		ポリアセン	

BI2Y,	BT2Y	

Cr(II)	 Cr(II)	

1,3-dipole系	

ポルフィリン系	

Open-Shell Systems!
Unique High Functionalities!

Structures, Charge & Spin states!
Diradical character!

Multi-radical character!
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■日本語名称ロゴタイプ

■英語名称ロゴタイプ

■日本語および英語名称ロゴタイプセット

■英語略称ロゴタイプ

■シンボルマーク

■日本語および英語名称ロゴタイプ＋シンボルマークセット

■英語略称ロゴタイプ＋シンボルマークセット

! ! ! ! !
!
In!the!frame!of!a!scientific!cooperation!between!Osaka!University!and!the!University!
of!Namur!supported!by!the!JSPS!(Japan)!and!the!F.R.S.BFNRS!(Fédération!WallonieB
Bruxelles!of!Belgium)!on!“Quantum'chemical'design'of'open3shell'nonlinear'optical'
materials”,!we!are!pleased!to!invite!you!to!an!afternoon!of!seminars.!!!

18th'September'2014'–'Auditorium'CH42'3'UNamur'
13:00'''Introduction'
'
13:05313:25'
Masayoshi' NAKANO,' Theoretical! study! on! dynamic! second! hyperpolarizabilities! of! openBshell!
diradical!systems!
'
13:25313345'
Shin3ya'TAKANE,'A"computational"study"of"the"dimeric"structure"of"silver(I)"β8ketocarboxylates"
'
13:45314:05'
Aurélie'PLAQUET,"Design!and!characterization!of!molecular!nonlinear!optical!switches!
!
14:05314:25'
Kotaro'FUKUDA,' Intramolecular"charge"transfer"effects"on"the"diradical"character"and"the"second"
hyperpolarizabilities"of"open8shell"singlet"donor–π–donor"systems"
'
14:25314:45'
Marcelo' HIDALGO' CARDENUTO,' QM/MM" study" of" the" solute8solute" interactions" on" the" first"
hyperpolarizability"of"the"nitrobenzene"in"benzene"solution"
'
14:45315:05'
Hiroshi'MATSUI,'Relationship"between"diradical"character"and"second"hyperpolarizability"of"cyclic"
thiazyl"radical"dimers"
'
15:05315:25'
Soichi'ITO,'Molecular"vibrations"induce"efficient"singlet"fission"in"tetracene/pentacene"dimers"
'
15:25315:45'
Benoît' CHAMPAGNE,' QM/electrostatics" scheme" for" predicting" optical" properties" of" molecular"
crystals"

' ' '
!

Strategic Programs for Innovative Research (SPIRE), MEXT, 
and the Computational Materials Science Initiative (CMSI), 
Japan !
	


