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ĤΨ = EΨ

Ĥ

Ĥ = V̂ + T̂ + V̂

Ψ

Ψ = Ψ( 1, 2, 3, ..., N ).

T̂

T̂ = −1

2

N∑
i=1

∇2
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1

rij
,
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N∑
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ZA
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ri RA

ZA RA
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E|Ψ| =
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Ψ∗ĤΨdr ≡
〈
Ψ|Ĥ|Ψ

〉



|Ψ|
Ψ

Ψ0

E|Ψ| ≥ E0

Ψ Ψ

φ

ΨHF =
1√
N !

[φ1φ2φ3...φN ]

Ψ

E =

∫
φ∗
i ( )
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N∑
i

∇N
i + Vext
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∫
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i ( 1)φi( 1)φ

∗
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N∑
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∫
φ∗
i ( 1)φj( 1)φi( 2)φ

∗
j ( 2)

| i − j | d 1d 2

[
−1

2
∇2 + vext( ) +

∫
ρ( ′)
| − ′|d

′
]
φi( ) +

∫
vx( , ′)φi(

′)d ′ = εiφi( )

vx

∫
vx( , ′)φi(

′)d ′ = −
N∑
j

∫
φj( )φ∗

j (
′)

| − ′| φi(
′)d ′.



Ψ E0

δ

[
E[ρ]− μ(

∫
ρ( )d −N)

]
= 0.

E[ρ] = T [ρ] + Vext[ρ] + Vee[ρ],

Vext[ρ] =

∫
V̂extρ( )d .

Ts[ρ] = −1

2

N∑
i

〈
φi|∇2|φi

〉
.

ρ( ) =

N∑
i

|φi|2.

E[ρ] = Ts[ρ] + Vext[ρ] + VH [ρ] + Exc[ρ]



VH [ρ]

VH [ρ] =
1

2

∫
ρ( 1)ρ( 2)

| 1 − 2| d 1d 2

Exc[ρ]

Exc[ρ] = (T [ρ]− Ts[ρ]) + (Vee[ρ]− VH [ρ]).

Exc[ρ]

[
−1

2
∇2 + vext( ) +

∫
ρ( ′)
| − ′|d

′ + vxc( )

]
φi( ) = εiφi( ).

vxc( ) =
δExc[ρ]

δρ
.

Exc[ρ] = Ex[ρ] + Ec[ρ].

Exc



Ex [ρ] = −
∫

3

4

(
3

π

) 1
3

ρ
4
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(
3

π
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) 1
3

.

rs
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(
4πρ

3

)− 1
3

.
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vx = −
(

3

2π

) 2
3 1
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.

Exc

Exc =

∫
εxc [ρ( )]ρ( )d

εxc

εxc



E[ρ] = Ts + Exc[ρ].

εc = −1

2
co

[
(1 + Z3)

(
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1

Z

)
+

Z

2
− Z2 − 1

3

]

Z = rs/30

εc =
A

2

[
x

X(x)
+

2b

Q
−1 Q
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X(xo)
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2

X(x)
+

2(b+ 2xo)

Q
−1 Q

2x+ b

)]

x X Q

x = r1/2s , X(x) = x2 + bx+ c, Q = (4c− b2)1/2.

εc = −2aρ(1 + α1rs)

⎡
⎣1 + 1

2a
(
β1r

1/2
s + β2rs + β3r

3/2
s + β4r2s

)
⎤
⎦ .



Exc [ρ] =

∫
d εxc[ρ, |∇ρ|,∇2ρ]

εx = εx [ρ]

(
1 + 0.0864

s2

m
+ bs4 + cs6

)m

s =
|∇ρ|

(24π2)1/3ρ4/3
.

εc = εc [ρ] + e−ΦCc[ρ]
|∇ρ|2
ρ4/3

.

εx = εx [ρ]

[
1− β

21/3Ax

x2

1 + 6βx −1(x)

]

x = 2
1/3

|∇ρ|
ρ4/3 , Ax = (3/4)(3/π)1/3, β = 0.0042.

εc = −a
1

1 + dρ−1/3

{
ρ+ bρ−2/3

[
CFρ

5/3 − 2tw +
1

9

(
tw +

1

2
∇2ρ

)]
e−cρ−1/3

}

tw =
1

8

( |∇ρ|2
ρ

−∇2ρ

)
.

Exc =

∫
ρ(r)εxc(ρ, |∇ρ|,∇2ρ, τ)d



τ

τ =
1

2

∑
i

|∇ϕi|2.

λ

λ = 0

λ = 1

Exc ≈ aE + bExc

Exc = Exc + 0.2(Ex − Ex ) + 0.72ΔEx + 0.81ΔEc

ΔEx Ec



ρσ

xσ τσ xσ τσ

xσ =
|∇ρσ|
ρ
4/3
σ

τσ =
1

2

∑
i

|∇Ψiσ|2.

Ex =
∑
σ

∫ [
FXσ (ρσ,∇ρσ)f(wσ) + εXσ hX(xσ, zσ)

]
d

FXσ (ρσ,∇ρσ)

εXσ

Eαβ
c =

∫
eαβ [gαβ(xα, xβ) + hαβ(xαβ , zαβ)]d

Eσσ
c =

∫
eσσ [gσσ(xσ) + hσσ(xσ, zσ)]Dσd .

Ec = Eαβ
c + Eαα

c + Eββ
c .

Exc =
X

100
Ex +

(
1− X

100

)
Ex + Ec

Ex Ex Ec
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±0.1 0.02

±5◦

1◦

V (r,Kr) = Kr(r − rc)
2

V (θ,Kθ) = Kθ(θ − θc)
2

Kr Kθ rc θc



dx2−y2 p

σ

t U t/U

d p

t/U



N2Cu

N

S2

S1

N1

N

CYS

MET

HIS

HIS

N2Cu

N

O

S1

N1

N

CYS

GLN

HIS

HIS



 4.6

 4.7

 4.8

 4.9

 5

 5.1

 5.2

 5.3

 1.8  2  2.2  2.4  2.6  2.8  3  3.2

E
A

 (
V

)

Distance (Å)

Cu−N(His402)/M06
Cu−S(Cys459)/M06
Cu−N(His464)/M06
Cu−S(Met469)/M06

Cu−N(His402)/B3LYP
Cu−S(Cys459)/B3LYP
Cu−N(His464)/B3LYP
Cu−S(Met469)/B3LYP

λ

σ dx2−y2



N3Cu

N4

S2

S1

N1

N2

C1

C2

C3

C4

C5

C6
C7

C8
C9

N3Cu

N4

O

S1

N1

N2

C1

C2

C3

C4

C5

C6
C7

N5

C9



λ

λ

·

·

·

·



−3957.4160

−3957.4150

−3957.4140

−3957.4130

−3957.4120

−3957.4110

−3957.4100

−3957.4090

−3957.4080

 1.8  2  2.2  2.4  2.6  2.8  3  3.2  3.4

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His46)
Cu−N(His117)
Cu−S(Cys112)
Cu−S(Met121)

−3957.5960

−3957.5950

−3957.5940

−3957.5930

−3957.5920

−3957.5910

−3957.5900

 1.8  2  2.2  2.4  2.6  2.8  3  3.2  3.4  3.6

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His46)
Cu−N(His117)
Cu−S(Cys112)
Cu−S(Met121)

−3957.4550

−3957.4540

−3957.4530

−3957.4520

−3957.4510

−3957.4500

−3957.4490

−3957.4480

 1.8  1.9  2  2.1  2.2  2.3  2.4  2.5  2.6  2.7  2.8  2.9

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His37)
Cu−N(His87)
Cu−S(Cys84)
Cu−S(Met92)

−3957.6000

−3957.5980

−3957.5960

−3957.5940

−3957.5920

−3957.5900

−3957.5880

−3957.5860

−3957.5840

−3957.5820

 1.8  1.9  2  2.1  2.2  2.3  2.4  2.5  2.6  2.7  2.8

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His37)
Cu−N(His87)
Cu−S(Cys84)
Cu−S(Met92)

r rc Kr r rc Kr

r Kr
−1 −



−3688.6415

−3688.6410

−3688.6405

−3688.6400

−3688.6395

−3688.6390

−3688.6385

−3688.6380

−3688.6375

−3688.6370

 1.8  1.9  2  2.1  2.2  2.3  2.4

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His45)
Cu−N(His91)
Cu−S(Cys86)
Cu−O(Glu96)

−3688.8760

−3688.8750

−3688.8740

−3688.8730

−3688.8720

−3688.8710

−3688.8700

−3688.8690

 1.8  1.9  2  2.1  2.2  2.3  2.4  2.5  2.6

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His45)
Cu−N(His91)
Cu−S(Cys86)
Cu−O(Glu96)

−3957.4330

−3957.4320

−3957.4310

−3957.4300

−3957.4290

−3957.4280

−3957.4270

−3957.4260

−3957.4250

 1.8  2  2.2  2.4  2.6  2.8  3  3.2

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His402)
Cu−N(His464)
Cu−S(Cys459)
Cu−S(Met469)

−3957.6115

−3957.6110

−3957.6105

−3957.6100

−3957.6095

−3957.6090

−3957.6085

−3957.6080

 1.8  2  2.2  2.4  2.6  2.8  3  3.2  3.4

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His402)
Cu−N(His464)
Cu−S(Cys459)
Cu−S(Met469)

r rc Kr r rc Kr

r Kr
−1 −



−3958.5160

−3958.5150

−3958.5140

−3958.5130

−3958.5120

−3958.5110

−3958.5100

−3958.5090

 1.8  2  2.2  2.4  2.6  2.8  3  3.2  3.4  3.6  3.8

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His46)
Cu−N(His117)
Cu−S(Cys112)
Cu−S(Met121)

−3958.6895

−3958.6890

−3958.6885

−3958.6880

−3958.6875

−3958.6870

−3958.6865

−3958.6860

−3958.6855

−3958.6850

−3958.6845

 1.5  2  2.5  3  3.5  4

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His46)
Cu−N(His117)
Cu−S(Cys112)
Cu−S(Met121)

−3958.5545

−3958.5540

−3958.5535

−3958.5530

−3958.5525

−3958.5520

−3958.5515

−3958.5510

−3958.5505

 1.8  2  2.2  2.4  2.6  2.8  3  3.2

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His37)
Cu−N(His87)
Cu−S(Cys84)
Cu−S(Met92)

−3958.6890

−3958.6880

−3958.6870

−3958.6860

−3958.6850

−3958.6840

−3958.6830

−3958.6820

−3958.6810

−3958.6800

−3958.6790

 1.8  2  2.2  2.4  2.6  2.8  3

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His37)
Cu−N(His87)
Cu−S(Cys84)
Cu−S(Met92)

r rc Kr r rc Kr

r Kr
−1 −



−3689.7650

−3689.7645

−3689.7640

−3689.7635

−3689.7630

−3689.7625

−3689.7620

−3689.7615

−3689.7610

−3689.7605

−3689.7600

 1.8  1.9  2  2.1  2.2  2.3  2.4  2.5  2.6

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His45)
Cu−N(His91)
Cu−S(Cys86)
Cu−O(Glu96)

−3689.9960

−3689.9955

−3689.9950

−3689.9945

−3689.9940

−3689.9935

−3689.9930

−3689.9925

−3689.9920

−3689.9915

 1.8  2  2.2  2.4  2.6  2.8  3

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His45)
Cu−N(His91)
Cu−S(Cys86)
Cu−O(Glu96)

−3958.5400

−3958.5390

−3958.5380

−3958.5370

−3958.5360

−3958.5350

−3958.5340

 1.8  2  2.2  2.4  2.6  2.8  3  3.2  3.4

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His402)
Cu−N(His464)
Cu−S(Cys459)
Cu−S(Met469)

−3958.7135

−3958.7130

−3958.7125

−3958.7120

−3958.7115

−3958.7110

−3958.7105

−3958.7100

−3958.7095

 1.8  2  2.2  2.4  2.6  2.8  3  3.2  3.4  3.6  3.8

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His402)
Cu−N(His464)
Cu−S(Cys459)
Cu−S(Met469)

r rc Kr r rc Kr

r Kr
−1 −



−3957.4140

−3957.4120

−3957.4100

−3957.4080

−3957.4060

−3957.4040

−3957.4020

−3957.4000

−3957.3980

 60  70  80  90  100  110  120  130  140  150  160

E
ne

rg
y 

(a
.u

.)

Distance (Å)

N(His46)−Cu−N(His117)
N(His46)−Cu−S(Cys112)
N(His46)−Cu−S(Met121)

N(His117)−Cu−S(Cys112)
N(His117)−Cu−S(Met121)
S(Cys112)−Cu−S(Met121)

−3957.4120

−3957.4110

−3957.4100

−3957.4090

−3957.4080

−3957.4070

−3957.4060

−3957.4050

−3957.4040

 90  100  110  120  130  140  150

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His46)−Cε
Cu−N(His46)−Cγ

Cu−N(His117)−Cε
Cu−N(His117)−Cγ

Cu−S(Cys112)−Cβ
Cu−S(Met121)−Cε
Cu−S(Met121)−Cγ

−3957.5920

−3957.5910

−3957.5900

−3957.5890

−3957.5880

−3957.5870

−3957.5860

−3957.5850

−3957.5840

−3957.5830

−3957.5820

 60  70  80  90  100  110  120  130  140  150

E
ne

rg
y 

(a
.u

.)

Distance (Å)

N(His46)−Cu−N(His117)
N(His46)−Cu−S(Cys112)
N(His46)−Cu−S(Met121)

N(His117)−Cu−S(Cys112)
N(His117)−Cu−S(Met121)
S(Cys112)−Cu−S(Met121)

−3957.5930

−3957.5920

−3957.5910

−3957.5900

−3957.5890

−3957.5880

−3957.5870

−3957.5860

−3957.5850

−3957.5840

−3957.5830

 90  100  110  120  130  140  150

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His46)−Cε
Cu−N(His46)−Cγ

Cu−N(His117)−Cε
Cu−N(His117)−Cγ

Cu−S(Cys112)−Cβ
Cu−S(Met121)−Cε
Cu−S(Met121)−Cγ

θ θc Kθ θ θc Kθ

ε

γ

ε

γ

β

ε

γ

θ Kθ
◦ −1 −2



−3957.4530

−3957.4520

−3957.4510

−3957.4500

−3957.4490

−3957.4480

−3957.4470

−3957.4460

−3957.4450

−3957.4440

−3957.4430

 80  90  100  110  120  130  140

E
ne

rg
y 

(a
.u

.)

Distance (Å)

N(His37)−Cu−N(His87)
N(His37)−Cu−S(Cys84)
N(His37)−Cu−S(Met92)
N(His87)−Cu−S(Cys84)
N(His87)−Cu−S(Met92)
S(Cys84)−Cu−S(Met92)

−3957.4530

−3957.4520

−3957.4510

−3957.4500

−3957.4490

−3957.4480

−3957.4470

−3957.4460

−3957.4450

 95  100  105  110  115  120  125  130  135

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His37)−Cε
Cu−N(His37)−Cγ
Cu−N(His87)−Cε
Cu−N(His87)−Cγ

Cu−S(Cys84)−Cβ
Cu−S(Met92)−Cε
Cu−S(Met92)−Cγ

−3957.5870

−3957.5860

−3957.5850

−3957.5840

−3957.5830

−3957.5820

−3957.5810

−3957.5800

−3957.5790

−3957.5780

−3957.5770

−3957.5760

 80  90  100  110  120  130  140  150

E
ne

rg
y 

(a
.u

.)

Distance (Å)

N(His37)−Cu−N(His87)
N(His37)−Cu−S(Cys84)
N(His37)−Cu−S(Met92)
N(His87)−Cu−S(Cys84)
N(His87)−Cu−S(Met92)
S(Cys84)−Cu−S(Met92)

−3957.5890

−3957.5880

−3957.5870

−3957.5860

−3957.5850

−3957.5840

−3957.5830

−3957.5820

−3957.5810

−3957.5800

−3957.5790

−3957.5780

 90  95  100  105  110  115  120  125  130  135  140

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His37)−Cε
Cu−N(His37)−Cγ
Cu−N(His87)−Cε
Cu−N(His87)−Cγ

Cu−S(Cys84)−Cβ
Cu−S(Met92)−Cε
Cu−S(Met92)−Cγ

θ θc Kθ θ θc Kθ

ε

γ

ε

γ

β

ε

γ

θ Kθ
◦ −1 −2



−3688.6420

−3688.6400

−3688.6380

−3688.6360

−3688.6340

−3688.6320

−3688.6300

 80  90  100  110  120  130  140

E
ne

rg
y 

(a
.u

.)

Distance (Å)

N(His45)−Cu−N(His91)
N(His45)−Cu−S(Cys86)
N(His45)−Cu−O(Glu96)
N(His91)−Cu−S(Cys86)
N(His91)−Cu−O(Glu96)
S(Cys86)−Cu−O(Glu96)

−3688.6410

−3688.6400

−3688.6390

−3688.6380

−3688.6370

−3688.6360

−3688.6350

−3688.6340

−3688.6330

−3688.6320

−3688.6310

−3688.6300

 95  100  105  110  115  120  125  130  135

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His45)−Cε
Cu−N(His45)−Cγ
Cu−N(His91)−Cε
Cu−N(His91)−Cγ

Cu−S(Cys86)−Cβ
Cu−O(Glu96)−Cδ

−3688.8760

−3688.8740

−3688.8720

−3688.8700

−3688.8680

−3688.8660

−3688.8640

−3688.8620

 70  80  90  100  110  120  130  140  150

E
ne

rg
y 

(a
.u

.)

Distance (Å)

N(His45)−Cu−N(His91)
N(His45)−Cu−S(Cys86)
N(His45)−Cu−O(Glu96)
N(His91)−Cu−S(Cys86)
N(His91)−Cu−O(Glu96)
S(Cys86)−Cu−O(Glu96)

−3688.8720

−3688.8710

−3688.8700

−3688.8690

−3688.8680

−3688.8670

−3688.8660

−3688.8650

−3688.8640

−3688.8630

 95  100  105  110  115  120  125  130  135

E
ne

rg
y 

(a
.u

.)

Distance (Å)

Cu−N(His45)−Cε
Cu−N(His45)−Cγ
Cu−N(His91)−Cε
Cu−N(His91)−Cγ

Cu−S(Cys86)−Cβ
Cu−O(Glu96)−Cδ

θ θc Kθ θ θc Kθ

ε

γ

ε

γ

β

δ

θ Kθ
◦ −1 −2



−3957.4280

−3957.4270

−3957.4260

−3957.4250

−3957.4240

−3957.4230

−3957.4220

−3957.4210

−3957.4200

−3957.4190

−3957.4180

−3957.4170

 70  80  90  100  110  120  130  140

E
ne

rg
y 

(a
.u

.)

Distance (Å)

N(His402)−Cu−N(His464)
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Ŝ2
〉

〈
Ŝ2
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