Solid sate chemistry
ex.1) photochromic materials

Diarylethenes
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Solid sate chemistry
ex.1) photochromic materials

Reaction — structure relation
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Fig. 4. Diarylethene derivatives showing single-crystalline photochromism.



Solid sate chemistry
ex.2) photoresist

KPR (Kodak Co. Ltd.) ?

§ v G gwﬁ,

cross-linked polymers

lithography:

KIE

substrate

paint for masking

exposure

developing a photo

etching (positive/negative types)

wash



Solid sate chemistry
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Solid sate chemistry
ex.3) photo-polymerization

Table. The cell parameters of reactive DSPs

N weme Ty W T e,

LA a b c{/nm) _—EEESW

fea# ZME () 8 (P (/)  FEME/am

2,5-PAFINETV(DSP)*

(a 1)

monomer Pbeca 2.0638 0.9599 0.7655 0.3939

polymer 1.836 1.088 0.752

Li-7x= Vv I7 2V AF AT AT NV(PDAMe)**

monomer P1 0.7148  0.8382  0.5844  0.3957
_ (98.97) (116.85) (78.06)

polymer P1 0.782 0.742 0.604

(107.8) (106.0) (78.8)
B4 72T I7UNBY 7 2= A5 NV (PDAPH) **

monomer P2,/c 0.6917 1.8584 0.7557  0.3917
(101.87)

polymer  po/c 0750  1.73 0.750
(102.0)

a-phase distylylpyrazine (DSP) @_
*Dsp ©—cu=cn—<_ CH=CH—©
N
*¥PDAMe !  MeOOC-CH= CH—©—CH = CH - COOMe
(Ph)  (Ph) (Ph)

Explain why 2t + 2t cycloaddition reactions are allowed in photo-process
and forbidden in thermal-process.




Vitamin-D deficiency
rickets (<57#), 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
nutrition, a lack of
exposure to the sun, or

Solid sate chemistry

ex.2) vitamin D3
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Schmidt rule (0.4 nm rule)

Photoreaction requires “parallel arrayed double bonds” and “the
interatomic distance within 0.4 nm.”

G. M. J. Schmidt, Pure Appl. Chem. 1971, 27, 647.

Diarylethenes . .
: Diacetylenes (N
(intramolecular) , C
(intermolecular) —T ----- N
%
d R\ ‘7/,: \R
l N
- ____(_\l.
(\\(-
\ R

i)
o
> ; .
£ 0.6 «- reactive
2 08F O
E £ | o= NON-
o 06 x .
: .‘ . reactive
:'E 04r -"
3 - 1
§' 0.2 ]
E or 1 ] ] h 041
3.0 35 4.0 45 5.0 5.

Distance between the reacting carbons / A

v/ degrees



A summarized memo from organic chemistry textbook.

Pericyclic reactions (in polyenes)

A
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Conrotatory trans
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disrotatory

HOMO

cis

Selectivity

_—
numberof = 4 n therm. conrot. photo. disrot.
nt electrons ]
4 n+2 therm. disrot. photo. conrot.

Cycloaddition reactions (Diels-Alder reaction)

O H
DLy A s
O
O cis-junction )ro
O
Selectivity for i+j i electron systems HOMO

7t electrons .
4 n+2 therm. allowed photo. forbidden

Cnumber of = 4n therm. forbidden photo.allov@j




Motivation and
stepwise goals:

Run a Huckel MO
program in your PC.

Clarify the properties
and reactivities of
polyenes and
aromatics.

Explain the selectivity
in pericyclic reactions
and cycloadditions.

Predict properties of
C¢o and related
molecules.

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

31 *FRBAOHELHA
WE, VBV ERHICE>TED REFEAZF-TRES. EHAKD

1 AREFFICENDLSICL,26 DESEDF 3. TELERE
6 2
s J; B—EdbLELLICLT, ROEIIZ6HOFK 1 RENFERD
4 B3 5. linear simultaneous equations based

on the numbering of 2p, AOs ().

OGN = C2 + Cs

€A =1 + ¢

or =6+ & (2.20)

CA = ¢ + Cs

CsA = €4 + Cs

Ch = €1 + G c. is a coefficient of ); in LCAO MO ¢.

Z LT €y, CCs 13, RVEVORFEHE @ XRIREFRFOD 207 RFHED
1XEAT
@ = Xy + C2Xz 4 ereeee + ceXe @.21)
EEDLULLEEDERTHS. A KOV TIIHETEOERRELHICRED
T, TCTR—IEA=(E—a)/B LWVOETHHCELETELILTETI.
(2.20) AEFBEBATERELTR, LEAZ1IDREFIKOVTIEH ax &

L, Cnbfﬁ;ﬁ@E?@JE?@Lﬁ@ﬁ&ﬁ@ﬁiC% LWELT ax=czt+cs EWVD WIthOUt reason at

REMES. UTRARICLT, BOBEFRIAEZ IEET 2L, &ETFico> thisstage!
WTRLES TRBEONEHD, RVEVYDEAC)RSELLEELS
HBCLICIES.

2EITE RS, LCAOMO it BN TR 1 BFOER N NIV =T

viE h ETRE, HTFHE eitHTEITRIVF—ER
J;w¢df
I<P<pd‘r

cHEzoh, CORPD it Q2R ERAT B &

€ is an expected energy for ¢.
(2.23)

&

Substitute ¢ of (2.21) into (2.23).



a : Coulomb integral
p : resonance integral

S : overlap integral

X; is normalized.

Hlckel approximation on a.

Hickel approximation on .

Hickel approximation on {3 #2.

Hiickel approximation on S.

(cr20ts + Co2atz+ o+ + Cs*ts) +2(€1C2812+ €168 + )

& = (clz+czz+“.+csz)+2(6102812+C16'5813+"') 2.24)
L1 3. 72 LTCTT ar, Brs, Srs (2
Oy = jxthrdT
Bre'= J YrhXad (2.25)

See = [, (5215:8)
BABAZEDL, ThTh/s—v vES, HEES, EQORALFEIND
CER2HTHPLELBVTHS. 46, Q2OREHIE, FRERTHEN
BBl shTns e LT

[exedr = S =1 2.26)
EWNSIREBAEBEY, T B B Br CELVCEBFNTING, TRV EY
DRREBEFIRIRTEMTHI200, 7—0 YBHRTNTELL, »2K
%, REMOEHSBFELVLOOTRBESSFECMHEICIEZL LIIBEBICHERET
3. TRbL, choEsdehEh a B LEL &

O = Qg = eoe—ag = @

Biz = By = ==L = Bu = B
LB, LD a, BRRAVEVYFFILOVTOD 7 —a ViS5, HRES EFIT
NB3HDTHB* ThbENRFA—Z—RKLTZANVF—RRDLTOIREE
KEHCLLOERTH O, cOFik%k » &1 O Hickel ZlW 5.

T, C2ORFOREDLRWEFHEMOKKESILBLY/NELZED
T (EHSKECE-T), ¥l TbRRCRAEIBEEIRVES
3. ULlkhoT

@2.27)

Bis = By = Pay = +ereee =0 (2.28)
EL, SRERODBRSRITNTERTS. I8bb
Siz = Sis = Siu = Szs = Sog = +eveee =0 2.29)

LD ESGERZES &, (2.20)Rid



. . . e 2 24 ... 2 cee
(2.24) is simplified as: g = (altelt - dedat (e, tecst )
CEHCol 4 verne +cé?

LI > TRV HEIRICNE. 2HTRRILIIC, & BB/MEEE B
D&
Energy-minimizing conditions: —6257 =0 (r=1, 2,---6) (2.31)
TH2P0nNIDRD6HORBESNB.
Combining (2.30) and (2.31) ci{a—&) + B + ¢ = 0
gives: B + c(a—8&) + B =
B + ci(a—E&) + ¢cB =
B + c(a—&) + B =
+
+

2.30)

o

(2.32)

043 Cs(a—e) + Caﬁ =
C1B CsB + Cs(a—E) =

o o O o

INSOEADHE%: BTE-THETL &

E—a

Rectifying (2.32) gives: €+ 6= —F—0

¢ + ¢3 = Cz

»

€+ o = 2%, or in a matrix expression,

g (2.33)
C: + ¢s = Cs

6‘4+6‘s= Cs

¢ + ¢ =

S O O = O

1

E783. 2.3B)RXBOT (6—a)/B %2 A EBWNdDM (2. 20)RICIT IS
SV, FXARRKTORRNERDEEXBAI N Q2. 20KOEEN, T
BoZDEbho TG CEERS, 120 EEFEHELTH->AD

The meaning of A has been Bk&HO B -7-bFTHS. DFOABHBETILF— € %
clarified as:

E=a + A8 (2.34)

EVNIFREERDLULIEEXD BOBBICIE>TNBC ENDbHL S,

S OO = O =

S O = O = O
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O = O = O
—_ O = O O
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Jacobi method (computer-friendly diagonalization)

O(’E; (3 (CH g 2 . o
- G/ o eigenvalue (characteristic value) E#1

@dt,

( O(ér’z d?E > ( G ): (0) eigenvalue (characteristic value) E#2

(o 0
ST
he (Bl e e =ha B T g ad ems
(' A (3 (} ( Cn ) - ( : > stabilization or destabilization
- %W’ Cn - scaled by A with a unit of 3.

i WA M LY.
(] >+N'°,»J(€::)=(f)
w(ﬁ;» h(c)

A, is an eigenvalue of this matrix. The number of A’s is 2.

k‘—} e D~¥ Cz/ 3 //“ (’71

e >(6) (6)
The above 2 equations p b G\ Qi 4 9.04
are expressed as one. ‘5 ((,l L») 5 (’M(u NG

W LY



Jacobi meth%ul«’l : -
W A0 ek CR% L¥T
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From the textbook of the third-year exercise class.

e ETRAETF

7t MO of ethylene: CH,=CH,
TFLrDODala OMOIE, . ZENETNDRED xp, ET D&,
®» =@, =0.7071 x,—0.7071 x,
¢=@, =0.7071 ; +0.7071 ),
i i< LEDORBEL, avCa—X THiNED L EOEEHREELEZ R L,

(Eéﬁ) (ﬁﬁ%ﬁ)

() RAEZR (b) FfEphmmic & 2 &KH
handwriting way M1 T=FLoo x o B MO software way




For a benzene input file;

benzene i : Title (memo.)
6 6 The number of AOs; the number of electrons
A triangle (half) matrix, in which
in a diagonal, put O.
in a neighboring position, put 1.
otherwise, put O.

.00

1.00 .00

.00 1.00 .00

.00 .00 1.00 .0O

.00 .00 .00 1.00 .0O0
1.00 .00 .00 .00 1.00 .0O

Try
ethylene, 1,3-butadiene, 1,3,5-hexatriene, naphthalene,

anthracene, azulene, pyrene, benzyl radical/cation/anion,
fullerene[60], fullerene[70] etc.

Azulene

Homework:
HMO of C60.

C60 Schlegel diagram



Huckel MO on Linear Polyenes

CH,=CH-CH=CH-CH=CH,
CH,=CH, CH,=CH-CH=CH,

-

E=a Do it!

E=aip /ﬁ% a+0.66 % 4#
—-




Huckel MO on Linear Polyenes

CH,=CH-CH=CH-CH=CH
How to draw LUMO: ; ?

one C shift from HOMO! = EH=¢H 8 8 88 8_8 _
-

:

How to draw HOMO : Pairing!



Symmetry analysis of HMO on polyenes

CH,=CH-CH=CH-CH=CH-CH=CH,

CH,=CH- CH CH-CH=CH,

0 all antibonding
g% A 8_%8_8 S 8%_8% one C shift and ?airing
antisymmetric

[ . ity et
smmave Q00

Think of S-A regularity. all bonding




Symmetry analysis of HMO on polyenes

S-A alternation from bottom to top. :
HOMO S-A and LUMO A-S alternation as increasing C. a

moomﬁ\ WL U U

TR S
- §R00. cessienn,

CH,=CH,

57 a

5y S

T A
§TU008° $3333553¢

S

Tk
§0T8
1999, suttye: %8—8%%%—8—&
5TT0



Hiuckel MO general solution: Frost-Musulin’s method

Cyclic polyenes Linear polyenes
()7"
E; a-r 2/))(‘()5“);/ Il'l//';ze;}l;
n
w\,i Zl(‘“l(/)“ w,:‘lz;l(/j“¢“
, LS
‘ ] = a+2Bcos—2—
C = expl2xie/n] &;=a+2f3cos n+1
i/ JH7
n = oy
j=0, £1, £2, - , Cn=y 15 11
et J=1,2, 3, =y (REREHIEZE,
Draw an r = 23 circle EIRYAMTIoTF4T4Y)
AEat the ¢ = a center,
a— 28w,
F{¥e) o e O 1.618 ﬂ‘l[l‘)
N SFeLvIRTARTROVERS T ATNE B 4 R /ARG TS N o a — 0.618 fg,
—————————— ' '~ ———— O + 0.618 ﬂ(\y.)
a - ﬂ\w,»w
e /— -------- a + 1618 ﬁ(wl)
a - 2f3\8")
Draw an n polygon Draw a half 2(n+1) polygon
with a corner at the bottom. (5, (b) with a corner at the bottom

B 1-5 Frost & Musulin o fC LB _vEVETZL=V D5y (Woodward-Hoffman rule.
FHED = F L F —K "N.T. Anh. EFEFERIA)



A typical output file from molecular-orbital calculation softwares.

&Pb,’-(d (/wuj& ((/w; LeAD (w//(
N i R — Eigenvalue

|

- The sum of C;2 equals to unity.

hwl g\z(.vL C“Wl J&Tﬁm Jeus.'t}

k Coefficients for the ith eigenvalue

14 6“‘7“‘7-

| \OL {
L_\é’_ ; Y :
e g _\/;ﬂ“ / (T\VU\/\ XICVSJ%V : gv
The 7t bond order between atoms i and j. /)r;

To get “a chemical bond order”, add 1 due to the o bond.
ot 7

?rs et Z Cve Cs
o Calculated from the same loop.
?V e Z Cn‘



Reaction coefficients for electrophilic, nucleophilic, and radical reactions.

—

(F) —
v . > (CY HDMO)L /
) e 5 [ SAO
{Y (N A 2 (CVLUMO)L -
(R) AOMO § 2 ) .
[y - (CY\ oM ) = (CrlUM())
|~ e HOM
Only the frontier orbitals R
regulate reactivity. s
As for radicals, | Sfthn gs(cug.‘n((L ()r

No spin direction (o, ) in the Hickel level. The number of electron is 1 in SOMO.
o

= T




Selectivity of reactions of naphthalene -

Huckel results
ORBIT AL ENERGIES, OCCUPANCIES, AND LCAQ COEFFICIENTS

2.3028

2

-0.30086
-0.2307
-0.2307
—-0.3006
—-0.3006
-0.2307
-0.2307
—-0.3006
-04614
-04614

Pi BOND ORDER AND ELECTRON DENSITY

0.7246
0.0000
-0.3623
00345
0.0000
-01699
0.0000
05547
0.0000

16180

2

0.2629
04253
04253
02629
-0.2629
-04253
-04253
-0.2629
0.0000
0.0000

0.7246
06032
0.0000
0.0000
01560
0.0000
-01699
0.0000
-0.2409

1.3028

2

0.3996
01735
-01735
—-0.3996
—-0.3996
-01735
01735
0.3996
0.3470
-0.3470

0.0000
06032
0.7246
-01699
0.0000
01560
0.0000
-0.2409
0.0000

1 .0000

2

0.0000
04082
04082
0.0000
0.0000
04082
04082
0.0000
-0.4082
-0.4082

-0.3623
0.0000
07246
1.0000
0.0000

-01699
0.0000
00845
0.0000
05547

06180

2

-04253
-0.2629
02629
04253
-04253
-0.2629
02629
04253
0.0000
0.0000

00845
0.0000
-01699
0.0000
1 0000
07246
0.0000
-0.3623
0.0000
05547

-06180

0

04253
-0.2629
-0.2629

04253
-04253

02629

0.2629
-04253

0.0000

0.0000

0.0000
01560
0.0000
-016595
0.7246

06032
0.0000
-0.2409
0.0000

—1.0000

0

0.0000
-0.4082
04082
0.0000
0.0000
04082
-0.4082
0.0000
04082
-0.4082

P, is shown in a diagonal element.

-01699
0.0000
01560
0.0000
0.0000
06032
0.7246
0.0000

-0.2409

—-1.3028

0

-0.39596
01735
01735

—-0.3996

—-0.3996
01735
01735

—-0.3996
0.3470
0.3470

0.0000
-016599
0.0000
00845
-0.3623
0.0000
0.7246

05547
0.0000

-1 6180

0

-0.2629
04253
-04253
02629
-0.2629
04253
-04253
02629
0.0000
0.0000

05547
0.0000
-0.2409
0.0000
0.0000
-0.24089
0.0000
05547

05182

10

-2.3028

0

0.3006
-0.2307
02307
—0.3006
—0.3006
02307
-0.2307
0.3006
-04614
04614

0.0000
-0.2409
0.0000
05547
05547
0.0000
-0.24089
0.0000

05182 All
1 0000 u n|ty|



Reactions occur between a nucleophile and an electrophile.

Nu + EIl = Nu-El

In a naphthalene molecule, every carbon atom carries a completely
neutral charge, because 0 =1 appears at every carbon.

NO, NH;
()
*NO, 2B NH,
- S
electrophile nucleophile
l-nitronaphthalene l-aminonaphthalene

Both electrophilic and nucleophilic reagents are ready to bond at
the 1-(o-) position of naphthalene.

Charge is NOT a reason for the selectivity.



. ° . 9
Selectivity of reactions of naphthalene - ;
Hulckel results ; .
ORBIT AL ENERGIES, OCCUPANCIES, AND LCAO COEFFICIENTS 10 -

4
2.3028 16180 13028 1.0000 ’Ib‘o —r’E‘ -1 0000 -13028 -16180 -23028
7 2 T
FR(E) FR{N)
' 03618 3 ( 0.3618 .
01382 5 01382
01382 5 01382
03618 3 ( 0.3618
03618 3 0.3618
01382 9 01382
01382 9 01382
03618 b3 0.3618
0 po ( 0
opo 0

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

Electrophilic reaction coefficient (when a reagent is electrophilic)
E — 2
fr 1~ 2C1(HOMO)

Nucleophilic reaction coefficient (when a reagent is nucleophilic)
fr Nl = 2C1(LUMO)2 [from Fukui’s work]



