(Quantum Chemistry) (Quan-
tum Mechanics)
"Yes"
1.1
N2
N2 N N
N>
N> N
N
N
N
F R
F=F(R) (1.1)
F N> N
F
F E
_ . dE(R)
FR) =i~ (12)
E R E R
E R E
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1.1: Sn2
A
>
RICER
1.2: SN2
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Y 12 Y, 67
E(R)=42 = P = 1.3
R) = i3 (1.3)
1.1 Sn2
1.2
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2
2.1
Ha=g=a (2.1)
A
2 a2
A= i% i Tzor (2.2)
(2.2)
L h
T
m
¢ =r?
02 02 02
02 ey? 022
e
3 %0 -
r= x*+y?+z?
r=(xy;z)

2.2



14

i€

J1 Q2

01

2.2

2
Px = 1 I~@_X
P = (px; Py; Pz)
p2
T 2m
Vv
p =mv
%mv2
©) +e
ZFC
—_ . 02
Fc =
7 Vayzr?
g1 Q2
c = 4102
4Y20r
gz
(x;y;2)
A=a=g=a

Ve)

Px

(2.3)

(2.4)

(2.5)

(2.6)

2.7)

(2.8)
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2.3

h _ i
= a—-—ga
'2m¢

2 d2

i T A= a
2m dx?

A = exp(jikx)

a = exp(jikr)

r=(x;y;z)
K = (kx; Ky; kz)
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(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)
(2.15)
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2.12
~Kk2
E= pT™
2.12
~k? .
™ exp(ikx)
~Kk?
E=_—
E
Z
E= =a°fag,
il
Z 4 '
E=  a"Aag
il
exp( i ikx)
Z, _ h 2 i
E= , exp(ikx) 155k
exp( i ikx)

exp(ip) = cosp + isiny

exp(ikx) = cos(kx) + isin(kx)

sinkx coskx

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)
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3.2

h i
i ~_2d_2 i ? a—ga
2m dx? 4Y,20jX]

3.1
3.2
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(3.1)

(3.2)
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1
05
§90¢‘_3 0 2’.’.’.

405 *
«re

15
20

25 L

3.1:
V4
D ———
0 L
3.2:
V
0 L

3.3:



3.3.

2(L)=0
X=0 X=L
Ha=g=a
2 d2
= —
A ' Omadx?
0-x-1L V=0

3.3
exp( i ikx) = cos(kx) j isin(kx)
cos(kx) sin(kx)
A(x) = Asin(kx) + B cos(kx)
3.2) 3.3)
B 0
Asin(kL) =0
sin(kL) =0
kL = n%
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(3.3)

(3.4)

(3.5)

exp(jikx)

(3.6)

(3.7)

(3.8)

3.9
ax)=o0

(3.10)
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3.4

3
. NY,
a(x) = Asm(%x) (3.11)
3.11
~2 (2 h ., NnY% ! ~2 n21/42h . NY% !
15 2 Asm(fx) =om 12 Asm(Tx) (3.12)
3.4
2 n21/42
A
A a
afagy =1 (3.14)
il
1
=0 X
X =0 1
X <0 X > L
Z
atagyx =1 (3.15)
0
3.11
Ak =4 (3.16)
2
r_
A = 2 (3.17)
= - _
A

2() i (%)
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~=h=2%
3.4
sin
sin
k
k >
3.18 k
n=1

3.5

Y
3.19

"2 Y,
2= = sin(%x)

2 n21/42

E=— —
2m L2

h2n2
© 8mL2

3.18

A(x) = Asin(kx)

0-x-1L

Yy
Yy

3.19
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(3.18)

(3.19)

(3.20)

(3.21)






4.1

ri = (Xi;Yi; zi) |

Rv = Xm;:Ym;Zm) M

2 = 3A(frg; TRQ)
frg

A=a=g=2

A Z_ﬁe+-ﬁn+\l)ee+\l)nn+\l)en

2= Ce(NGn(R)
©e(r) ©n(R)

Fe©e = Ec©e

fRg
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(4.1)

(4.2)

(4.3)

(4.4)

(4.5)
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4.5
Ae = T + Ve + Vi (4.6)
Ee
Onn Ee
Ue = Ep + Ve 4.7)
(4.4) 4.2
h i
Te + T + Yee + Vi + Yen ©e(rN©n(R) = EGe(r)©n(R) (4.8)
©3(n) 4.5
4.7
h i
-|An +Ue On(R) = EOn(R) (4.9)
4.2
N
(BN i 5)
Q
4.9
h 2 2 i
i 2_1d—Qz +Ue(Q) ©y(Q) = ESy(Q) (4.10)
1 M1
Mo 111
=t (4.11)
4.10

Ue(Q) Q
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0.03
3
5 0.02
©
=
>, 0.01
2
)
C
W -0.01
o
5
= -0.02
o
-0.03
4.1.
4.3
Ue(Q) 4.1 Q Ue(Q)
1. A2
Ue(Q) = EkQ (4.12)
Kk
Q
F(Q) = ikQ (4.13)
Taylor leading term
Qo Taylor
3 - 3 -
dUe 1 dte 2
u = U + — i + = i
«(Q) e:()’QO) e Q=Q0(Q i Qo) 02 Q=Q0(Q i Qo)
17 d%Ue 3
3 d0° Q=Q0(Q i Qo)” +te¢ (4.14)
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4.4

h o 2

i
i+ 74 GUQ) ZEQQ)

©,(Q) = NyH,(®72Q) exp(i ®@Q*=2)
Ny
1 C@ 1
W) %
3 1’ =
® = % 1=2
Hy v=0j2
Ho(») =1
Hi(») = 2»
Ho(») = 4»° 2

Ev 3 -

1

v=20;1;2;0¢¢ v=_0

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)
(4.20)
(4.21)

(4.22)

(4.23)
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©e

1:1800

©n

A2 =00
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Born-Oppenheimer

(5.1)
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Me(Q)©:(Q) = Ec(Q)©(Q) (5.2)
|qe(Q) = Te + Vee + Ven(Q) + Vnn(Q) (5.3)
A Q
Ee Q
5.2
5.2.1
N
3N-6 3N-5
(Q1;Q2;¢t¢;Qm)
E =E(Q1;Q2;¢¢¢Qm) (5.4)
52.2
global minimum local minimum
A X
AX I A+ X (5.5)

AX A X
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AX AX global min-
imum AX  local minimum
K ¢cG
¢G= jRTInK (5.6)
5.5 ¢cG
n o
¢G = ¢CG(A)+ ¢G(X) jiCG(AX) (5.7)
¢cG <0 (5.8)
AX
¢G>0 (5.9
kT
200kJ/mol AX
h i
@E
— = 5.10
0Qi Q=Qo (5.10)
Q
haoe i
@<E
— 5.11
@Q.2 Q=Qo ( )
k

(5.12)
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(transition
state)
(activation energy)
(saddle point)
5.3
©e ©e
5.3.1
©e
(5.1)
yA +1
E, = ©e @ Ne©pd;; (5.13)
il
Ee
G G
G=U;TS (5.14)



5.3.

Er Ev

Ee

U=E;+E, +E, +E¢+pV

Et Er

Ee

5.3.2

- Au(r)  Au(r)
1 2 Ay(ry) Ayx(rp)

©Ce = P—-
CTUNIS ete o ge

An(r1) An(r)

tee
tee
tee
tee

C: (15)*(25)*(2p)°

1s

A = (1s)®

Av(rn)
Ax(rn)
tee
An(rn)

1s 2s

(1s)
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(5.15)

(5.16)

Ee

(5.17)

(5.18)
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®
5.3.3
=
(X; X + dx) 2% dx N
3N
3N 3
27 (BN-3)
272 7,4
Y = tee 242 dxadyodz; ¢ ¢ ¢ dxn dyn dzn
il
3 (x,y,2)
Ik
272 7,4
te¢ 22 dxqdy1dz1dxody,dz, ¢ ¢ ¢ dxyn dyn dzy = 1
il
%
222,4
W(x;y; z)dxdydz = 1
il
% 3 1 N
N%(x;y; z)
(<0>)
o)
27 7,4
<O >= tee aGagx, dy; dz; dxady,dz, ¢ ¢ ¢ dxn dyn dzn
il
N K =N
27 Z.,4
<N >= ¢ee aNtadx, dy;dz;dxody,dzs ¢ 6 ¢ dxndyndzy =N

il

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)



5.3. 33

+q ig

1=gqr (5.29)

1, = ¢ee an I’adX]_dyle]_dXQdydeQ 0¢edxy dyN dzn (5.25)
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Hartree-Fock

Ai(r) Ai(rp) eee Ag(rn)

1 2 Ax(rr) Ax(ry) tee Ay(rn)
©Ce = P— 6.1
¢ NT- (6 (ee  cee oee ©6.1)
An(ry) An(rz) ttt An(rn)
A
Hartree-Fock
A
FA=2A (6.2)
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A A
- x<
Ai(r) = GCaiAa(r)
a
r
Combination of Atomic Orbitals)

LCAO
C
C
6.2
LCAO
N
(1)%(2s)(2p)®
1s
N2
N> N
2px 2py 2p;
N
N> LCAO
N 2px 2pPx

2pPx

atomic orbital)

(6.3)

LCAO(Linear

N>
(6.4)
2s 2p
2p
N 2p

2p;



6.2.

2px
AL A,
A
A= ClAl + C2A2
(C1;C2)
A
A
A
AA = 2A
2
(6.5)
D :, E
At Ay =0
K
(]
D - E 241
A]__Az = AiAzd(,
il
(6.5) 6.6)
C]_PIA;L + CZPIAZ = ZC]_A]_ + 2C2A2
Al
D,::,E D,::,E D,:,E D,:,E
C1 Al_ﬁ_A]_ + C Al_ﬁ_Al = 2C; ATA; +2C, ATTA
A,
D,::,E D,::,E D,:,E D':,E
C1 Az_ﬁ_Al +C, Az_ﬁ_Al = 2C; Ay AL +2C, Ao A
D -- E
ARA = ®
D -- E
ARA, =~
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(6.5)

(6.6)

(6.7)

(6.8)

(6.9)

(6.10)

(6.11)

(6.12)

(6.13)
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6.10
f
6.14
6.19
6.19
6.19
6.18

Ag_ﬁ_Al = Al_ﬁ_Ag

Al_ﬁ_Al = Az_ﬁ_Az =®

(6.14)

(6.15)

(6.16)

(6.17)

(6.18)

(6.19)

(6.20)

(6.21)

(6.22)



6.2.
2, =0
2 A
C2 = Cl
Co
2=
Cy
A
Ci+C5=
3 - 3
P p-
C1;C, = 1= 2:1= 2)
2 A,
3 - 3
C.;C = 1=p2; i1=p2)
- 1 . 1 .
AL = pzA1 + P=A,
2 2
" 1 . 1
Az = pEAl i P=A2
AL A N, Yy 1,
Ay

Ya

6.22

(6.14)
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(6.23)

(6.24)

(6.25)

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

I+



6.3
HF CO
A 1A 1 A
®1 Cl =2
- ® C Co
D :Z’ E
AhA = &
D -- E
ARA, = @
¢=®2|®1 b=2i®l 617
A 1A 1
i. B Ci
¢, C,
pi—
_¢8 ¢2+472
. 2

p —
2:(®1+®2)§ (®1i®2)2+42

2
s
C, ¢ ¢ 2
Ci 2 2
(02
=il
21<22

(C1;C2) = (1;0:414)

(C1;C2) = (1; j2:414)

(C1; Cy) = (0:924;0:383)

6.14

(6.31)

(6.32)

(6.33)

(6.34)

(6.35)

(6.36)

(6.37)

(6.38)

(6.39)

(6.40)

(6.41)
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(C1;Cy) = (0:383; j0:924) (6.42)
Ay
A,
¢>0 <0 A]_ A]_ Ag Ag
¢>0 ®;<® Ar
A]_ A2
A;
aufbaum)
Pauli Pauli
A]_ A]_ AZ
Ay
A, Ay
A, A,
c -
A (1E)
EA)
" =+
a=JE+EA (6.43)
2
N E(N) IE EA
IE = E(NjliE(N) (6.44)

EA = E(N)jE(N +1) (6.45)
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HOMO:highest occupied molecular orbital)
LUMO:lowest unoccupied molecular orbital

IE i?Homo EA i2Lumo
A 2 =2
A = j HOMO 2I LUMO (646)
EA IE A IE
N =2
A=1HOMO H;“"O (6.47)
HOMO A
6.4
ab initio )
CNDO

MNDO AM1 PM3 ZINDO

Density Functional Theory:DFT)



6.4.

DFT

DFT

DFT

MP2

MP4

CASPT2

coupled-cluster
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7.1

A=a=E=a

~2h@2 @2 @2i @2

= om o T ave 22 Vaer

2m @x oy @z 4y,2r
r=(x;y;z)

r=jrj=

X2 +y2 + 72

45

(7.1)

(7.2)

(7.3)

(7.4)
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7.2
r
(x;y:2)
(1 A)
(r;p; A)
a W

[

7
ao 16 e et
12 0x2 " @y2  @z2 'r
(x;y;2)
1
(riA)
X = rsinpcosA
y = rsinpsinA
z = rcosA
2
2
2_ 07 20 1.
r _@r2+r@r+r2u
3 Y 2
n2- _1 207  cosp@ 07
sing @A2  sinp@u  @u?
r2
h 2 i
it el 0l s azgre

15 or? or
r oA

(7.5)

(x;y:2)

(7.6)
7.7)
(7.8)

(7.9)

(7.10)

(7.11)



7.3. Y (W A)

©
© = R(r)Y (4 A)
R(r)
h A2 i
1 2 1
i % " F% +5Y* R(r) = ER(n)
Y (1; A)
a2y (1; A) = y2Y (1; A)
y )
R(r) , Y (1;A)
Y (i A) y*
R(r)
7.3 Y (L A)
Y (1;A)
a2y (1 A) = y2Y (1, A)
L C1 "2 g2 Lcosp@ 0
~ sing @A sinp@p @p2
§ Y
y2

y2=1(1+1)

2?Y (1 A) = 11+ 1)Y (1; A)

1=0;1;2;0¢¢,(n il
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(7.12)

(7.13)

(7.14)

(7.15)

(7.16)

(7.17)

(7.18)

(7.19)
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E

(7.18)

7
I =0 S
= 1 p
= 2 d
3 f
n
=1 S
2 S p
= 3 S p d
= 4 S p d
= 5 S p g
m m
m=jl;i(li1);¢¢¢ §1;0;2;¢¢¢;(lj§ 1)l (7.20)
I m 21+1
m I
21+1
Il = 0
1 3
2 5
3 7
= 4 9
oA
H
sin

(7.18)



7.4. © 49

h 52 @ ., @2 i ,
e + cospsin p@—u +sin p@—uz Y =y°Y (7.22)
A u
Y
Y (1, A) = £(WO(A) (7.22)
T .
h 2 1
cospu @ @ 5
W@_H+@—F12 £=y°£ (7.23)
@2
W© = moO (7.24)
7.4 ©
(7.24) ©
©%) = ©(0) (7.25)
©(A) = sinmA (7.26)
m=jl;i(li1;e¢¢; §1;0;2;¢¢¢;(lj 1)l (7.27)
m
7.5 £
£ h 2 i
cospu @ @ 5
m@_u+@—uz £=y°£ (7.28)
£(2%) = £(0) (7.29)

y2=1(1+1) (7.30)
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£

Eo() = 1 (7.31)
£1(p) = cosi _ (7.32)
£o(p) = % 3cospjl (7.33)

|

Y (1; A) 7:22 £ ©
I m Y (1;A)
YA
Y (i AP
(7.34)
Y(wAy = 1 (7.35)
(7.36)
Y (AP = cosp (7.37)
YA = sinpel (7.38)
Y (@AY = sinpeiA (7.39)
7.6 R(r)
R(r)
h 52 i
i% % + %% + r—lzy2 R(r) = ER(r) (7.40)
L
hop i
— plair=napg; 21+1 ﬂ

Rni(r) =r'e Lot nag (7.41)
n=11=0: Lix) = i1 (7.42)
n=21=0 LIx) = 22 x) (7.43)
n=21=1 L3x) = i3 (7.44)



7.6. R(r)
En = iL(n =1;2;0¢¢)
2apn?
MKSA
En=i &
8%:2pagn?
ao

e
0=
me?
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(7.45)

(7.46)

(7.47)



