
open	form	(solid	line)	
cross-conjuga5on	

M.	Irie	et	al.,	
Bull.	Chem.	Soc.	Jpn.,		
2004,	77,	195.	

closed	form	(broken	line)	
through-conjuga5on	

Solid	sate	chemistry	
ex.1)	photochromic	materials	

Diarylethenes	



Solid	sate	chemistry	
ex.1)	photochromic	materials	

Reac5on	–	structure	rela5on	

M.	Irie	et	al.,	
Bull.	Chem.	Soc.	Jpn.,		
2004,	77,	195.	



Solid	sate	chemistry	
ex.2)	photoresist	

cross-linked	polymers	

KPR	(Kodak	Co.	Ltd.)	

lithography:		

paint	for	masking	

exposure	

substrate	

developing	a	photo	

etching	(posi5ve/nega5ve	types)	

wash	



実線より下が　Schmidt則を満たす領域	

“Molecular	Crystals”	by	J.D.Wright	

Crystal	structure	
of	diacetylenes	

Reac5ve		
carbon		
atoms	

Hydrogen	bonding	helps	molecular	arrangement	
suitable	for	photo-polymeriza5on	

C	
O	
H	
hydrogen	bonds	
C-C	bods	to	come	

reac5ve	
non-	
reac5ve	

degrees	

		reac5on	scheme	
Schmidt	rule		
boundary	

Reac5vity	–	geometry	rela5onship	

Solid	sate	chemistry	
ex.3)	photo-polymeriza5on	



Explain	why	2π	+	2π	cycloaddi5on	reac5ons	are	allowed	in	photo-process	
and	forbidden	in	thermal-process.	

Solid	sate	chemistry	
ex.3)	photo-polymeriza5on	

		α-phase	distylylpyrazine	(DSP)	

		Table.	The	cell	parameters	of	reac5ve	DSPs	

monomer	
polymer	

monomer	
	
polymer	

monomer	
	
polymer	



Solid	sate	chemistry	
ex.2)	vitamin	D3	

Vitamin-D	deficiency	
rickets	(くる病),	a	disorder	
that	becomes	apparent	
during	infancy	or	
childhood,	is	the	result	of	
insufficient	amounts	of	
vitamin	D	in	the	body.	
The	deficiency	of	vitamin	
D	may	be	caused	by	poor	
nutri5on,	a	lack	of	
exposure	to	the	sun,	or	
….	
	



Schmidt	rule	(0.4	nm	rule)	
	
Photoreac5on	requires	“parallel	arrayed	double	bonds”	and	“the	
interatomic	distance	within	0.4	nm.”	
	
			 	G.	M.	J.	Schmidt,	Pure	Appl.	Chem.	1971,	27,	647.	

Diarylethenes		
(intramolecular)	 Diacetylenes	

	(intermolecular)	

reac5ve	
non-	
reac5ve	

degrees	



A	summarized	memo	from	organic	chemistry	textbook.			

Pericyclic	reac5ons	(in	polyenes)	

Selec5vity	

conrotatory	

disrotatory	

number	of	
π	electrons	

therm.	conrot.	
therm.	disrot.	

photo.	disrot.	
photo.	conrot.	

cis-junc5on	

Cycloaddi5on	reac5ons	(Diels-Alder	reac5on)	

Selec5vity	for	i+j	π	electron	systems	
number	of	
π	electrons	 therm.	forbidden	

therm.	allowed	

photo.	allowed	

photo.	forbidden	
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Mo5va5on	and	
stepwise	goals:		
	
Run	a	Hückel	MO	
program	in	your	PC.	
	
Clarify	the	proper5es	
and	reac5vi5es	of	
polyenes	and	
aroma5cs.		
	
Explain	the	selec5vity	
in	pericyclic	reac5ons	
and	cycloaddi5ons.	
	
Predict	proper5es	of	
C60	and	related	
molecules.	

How	to	make	a	secular	equa5on	(a	case	study	on	benzene)	

linear	simultaneous	equa5ons	based	
on	the	numbering	of	2pz	AOs	(χi).	

ci	is	a	coefficient	of	χi	in	LCAO	MO	φ.	

without	reason	at	
this	stage	!	

ε	is	an	expected	energy	for	φ.	

Subs5tute	φ	of	(2.21)	into	(2.23).	
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α	:	Coulomb	integral	

β	:	resonance	integral	

S	:	overlap	integral	

χi	is	normalized.		

Hückel	approxima5on	on	α.		

Hückel	approxima5on	on	β.		

Hückel	approxima5on	on	β	#2.	

Hückel	approxima5on	on	S.	
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(量子化学入門、米沢貞治郎、化学同人)
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Azulene

C60 C60 Schlegel diagram

米沢貞治郎、	
「量子化学入門」	
（化学同人）	

(2.24)	is	simplified	as:	

Energy-minimizing	condi5ons:	

Combining	(2.30)	and	(2.31)	
gives:	

Rec5fying	(2.32)	gives:	

The	meaning	of	λ	has	been	
clarified	as:	

or	in	a	matrix	expression,		

0 1 0 0 0 1
1 0 1 0 0 0
0 1 0 1 0 0
0 0 1 0 1 0
0 0 0 1 0 1
1 0 0 0 1 0

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟

c1
c2
c3
c4
c5
c6

⎛

⎝

⎜
⎜
⎜
⎜
⎜
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⎜

⎞

⎠

⎟
⎟
⎟
⎟
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= λ
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c2
c3
c4
c5
c6

⎛

⎝
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⎜
⎜
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⎜
⎜
⎜

⎞

⎠

⎟
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⎟



Jacobi	method（computer-friendly	diagonaliza5on）	

eigenvalue	(characteris5c	value)	E#1	

eigenvalue	(characteris5c	value)	E#2	

stabiliza5on	or	destabiliza5on		
scaled	by	λi	with	a	unit	of	β.	

λ1	is	an	eigenvalue	of	this	matrix.	The	number	of	λ’s	is	2.		

The	above	2	equa5ons	
are	expressed	as	one.	



Calcula5on	of	λ	(=	C-1HC)	is	
the	job	for	a	computer	to	do.	
So,	we	have	to	learn	only	how	
to	make	H.		

Jacobi	method	



From	the	textbook	of	the	third-year	exercise	class.		

π	MO	of	ethylene:	CH2=CH2	

handwri5ng	way	 MO	solware	way	



 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 

 
 

 

(量子化学入門、米沢貞治郎、化学同人)
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Azulene

C60 C60 Schlegel diagram

Title	(memo.)	
The	number	of	AOs;	the	number	of	electrons	
A	triangle	(half)	matrix,	in	which		
			in	a	diagonal,	put	0.		
			in	a	neighboring	posi5on,	put	1.		
			otherwise,	put	0.	

Try	
ethylene,	1,3-butadiene,	1,3,5-hexatriene,	naphthalene,	
anthracene,	azulene,	pyrene,	benzyl	radical/ca5on/anion,	
fullerene[60],	fullerene[70]	etc.	

For	a	benzene	input	file;	

Homework:		
HMO	of	C60.	



CH2=CH2 	

E = α	

E = α-β	

E = α+β	

CH2=CH-CH=CH2 	
CH2=CH-CH=CH-CH=CH2  	

α-0.6β	

α-1.6β	

α+1.6β	

α+0.6β	

Do it!	

Hückel MO on Linear Polyenes	



CH2=CH2 	

E = α	

E = α-β	

E = α+β	

CH2=CH-CH=CH2 	
CH2=CH-CH=CH-CH=CH2  	

α-0.6β	

α-1.6β	

α+1.6β	

α+0.6β	
HOMO	

LUMO	

How to draw HOMO： Pairing!	

How to draw LUMO:  
one C shift from HOMO! 	

Hückel MO on Linear Polyenes	



CH2=CH2 	

mirror	

antisymmetric	

鏡	

symmetric	

A	

S	

S	

A	

A	

S	

Think of S-A regularity.	

all antibonding	

all bonding	

pairing	

one C shift and pairing	

CH2=CH-CH=CH2 	

CH2=CH-CH=CH-CH=CH2  	
CH2=CH-CH=CH-CH=CH-CH=CH2  	

Symmetry analysis of HMO on polyenes	



CH2=CH2 	

A	

S	

S	

A	

A	

S	

A	

S	

S	

A	

S	

A	

A	

S	

S	

A	

S	

A	

A	

S	

CH2=CH-CH=CH2 	

CH2=CH-CH=CH-CH=CH2  	
CH2=CH-CH=CH-CH=CH-CH=CH2  	S-A	alterna5on	from	bopom	to	top.		

HOMO	S-A	and	LUMO	A-S	alterna5on	as	increasing	C.	

Symmetry analysis of HMO on polyenes	



Hückel	MO	general	solu5on:		Frost-Musulin’s	method	

（大学院有機化学上、	
講談社サイエンティフィク）	

（Woodward-Hoffman	rule、	
N.T.	Anh、東京化学同人）	

Draw	a	half	2(n+1)	polygon		
with	a	corner	at	the	bopom	

Cyclic	polyenes	 Linear	polyenes	

Draw	an	n	polygon		
with	a	corner	at	the	bopom.	

Draw	an	r	=	2β	circle		
at	the	ε	=	α	center.	



A	typical	output	file	from	molecular-orbital	calcula5on	solwares.		

Eigenvalue	

Coefficients	for	the	ith	eigenvalue	

The	sum	of	Cij2	equals	to	unity.	

The	π	bond	order	between	atoms	i	and	j.		

Calculated	from	the	same	loop.			

To	get	“a	chemical	bond	order”,	add	1	due	to	the	σ	bond.			



Reac5on	coefficients	for	electrophilic,	nucleophilic,	and	radical	reac5ons.			

Only	the	fron5er	orbitals	
regulate	reac5vity.	

As	for	radicals,	

No	spin	direc5on	(α,	β)	in	the	Hückel	level.	The	number	of	electron	is	1	in	SOMO.	



Selec5vity	of	reac5ons	of	naphthalene	
Hückel	results	

ρπ	is	shown	in	a	diagonal	element.	

All	
unity!	



In	a	naphthalene	molecule,	every	carbon	atom	carries	a	completely	
neutral	charge,	because	ρπ	=	1	appears	at	every	carbon.		

Both	electrophilic	and	nucleophilic	reagents	are	ready	to	bond	at	
the	1-(α-)	posi5on	of	naphthalene.			
	
　　　　　　Charge	is	NOT	a	reason	for	the	selec5vity.		

Reac5ons	occur	between	a	nucleophile	and	an	electrophile.	

Nu				+				El				à					Nu-El	



Hückel	results	

Fron5er	electron	densisty	(orbital	density)	
	　“Look	at	the	fron5er	(HOMO	and	LUMO)	only.”	

 

Electrophilic reaction coefficient （when a reagent is electrophilic） 
　　fr E1	=	2C1(HOMO)

2　　　　	
 

Nucleophilic reaction coefficient （when a reagent is nucleophilic） 
　　fr N1	=	2C1(LUMO)

2　　　　	

	　	
	
	

【from	Fukui’s	work】	

Selec5vity	of	reac5ons	of	naphthalene	


