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Model SystemsModel Systems
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Hydrogen bonded base pairs. Structures I‐VIII correspond 
to A‐T, H‐C, mA‐mT,  aA‐T, G‐C, mG‐mC,  8oG‐C,  and  C‐C, 
respectively.  Abreviation  used:  A=adenine,  C=cytosine, 
G=guanine,  H=hypoxantine,  T=thymine,  m=methyl,  and 
a=amino.



Born‐Oppenheimer Molecular Dynamics (MD) simulations –TERACHEM package 
Molecular Dynamics Simulations ‐ NAMD2 package
force field – AMBER99ff
initial geometries  ‐ B3LYP/6‐31G(d) level of theory
charge distribution – Mulliken charges
time step – 1 fs
time – 10 ps

. 

Computational DetailsComputational Details



-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

O

N

H

 y = x
 y = 0.94x

         R
2
 = 0.9937

C
S
A

M PA

C

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

−
−

=

⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜

⎝

⎛

−
−

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

0

0

00††

00††
00
00

B

A

B

A

B

A

eq
B

eq
A

BBBABB

ABAAAA

BA

BA

q
q

χ
χ

q
q

ηη10
ηη01
10
01

χ
χ

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

−
−

⎟⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜

⎝

⎛

−−
−−

−−
−−

=

⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜

⎝

⎛

−
−

0

0

††

††

B

A

B

A

BBBABBBA

ABAAABAA

BBBABBBA

ABAAABAA

B

A

eq
B

eq
A

q
q

χ
χ

ββff
ββff
ff
ff

q
q

ηη
ηη

χ
χ

Charge ReorganizationCharge Reorganization



0 2000 4000 6000 8000 10000
-0.9

-0.8

-0.7

-0.6

-0.5

0.2

0.3

0.4

0.5d

H6’(A)

N6(A)

O 4(T)

q
C
S
A

t [fs]

H6(A)

0 2000 4000 6000 8000 10000
-0.9

-0.8

-0.7

-0.6

-0.5

0.2

0.3

0.4

0.5c

H6’(A)

N6(A)

O 4(T)q
M
P
A

t [fs]

H6(A)

Charge ReorganizationCharge Reorganization

0 2000 4000 6000 8000 10000
-0.9

-0.8

-0.7

-0.6

-0.5

0.2

0.3

0.4

0.5b

N3(T)

N1(A)

q
C
S
A

t [fs]

H3(T)

0 2000 4000 6000 8000 10000
-0.9

-0.8

-0.7

-0.6

-0.5

0.2

0.3

0.4

0.5

N3(T)

N1(A)q
M
P
A

t [fs]

H3(T)a



1

2

3

4

5

r H
3
(T
)-
N
1
(A
)

100

120

140

160

180a
α
N
3
(T
)-
H
3
(T
)-
N
1
(A
)

0 2000 4000 6000 8000 10000
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

f iX
,X

t [fs]

b

0 2000 4000 6000 8000 10000
-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10  N3(T)
 N1(A)
 H3(T)

f iX
,Y

t [fs]

c

0 2000 4000 6000 8000 10000
0.00

0.05

0.10

0.15

0.20

0.25
f iC

T

t [fs]

d

)](...,),(),(,...,,,[
2121

rvrvrvNNNEE
nn MMMMMM
rrr

=

( )
( )

},{),(

},{,,

)(

)()(

jkNrvMM

ikvNMMMM

kM
ji

kM
ijji

Nr

rvrf

≠

≠

∂∂=

=

r
r

rr

ρ

δδµ

( )
},{,, jkNMMMM

k
jiji

N
≠

∂∂=
v

Nf

Fukui Function ProfilesFukui Function Profiles



)](...,),(),(,...,,,[
2121

rvrvrvNNNEE
nn MMMMMM
rrr

=

( )
( )

},{),(

},{,,

)(

)()(

jkNrvMM

ikvNMMMM

kM
ji

kM
ijji

Nr

rvrf

≠

≠

∂∂=

=

r
r

rr

ρ

δδµ

( )
},{,, jkNMMMM

k
jiji

N
≠

∂∂=
v

Nf

Fukui Function ProfilesFukui Function Profiles

0 2000 4000 6000 8000 10000
0.00

0.05

0.10

0.15

0.20

0.25
f iC

T

t [fs]

d

0 2000 4000 6000 8000 10000
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

f iX
,X

t [fs]

b

0 2000 4000 6000 8000 10000
-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10  O 4(T)
 H6’(A)
 N6(A)
 H6(A)

f iX
,Y

t [fs]

c

1

2

3

4

5

r H
6
(A
)-
O
4
(T
)

100

120

140

160

180a
α
O
4
(T
)-
H
6
(A
)-
N
6
(A
)



1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

b
N1(A),H3(T)

b
i,
j

r [A]

b
b
N1(A),N3(T)

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

b
H6(A),O 4(T)

b
i,
j

r [A]

d
b
N6(A),O 4(T)

0 2000 4000 6000 8000 10000
-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

b
N3(T),H3(T)

b
N1(A),H3(T)

b
i,
j

t [fs]

a b
N1(A),N3(T)

0 2000 4000 6000 8000 10000
-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

b
N6(A),H6(A)

b
H6(A),O 4(T)

b
i,
j

t [fs]

c b
N6(A),O 4(T)

Polarization ProfilesPolarization Profiles
( ) ( )

},{,},{,, ikNMMjkNMMMM
kM

ij
kM

jiji ≠≠
∂=∂=

vv
vNvNβ δδ



1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

b
H2(A),O 2(T)

b
i,
j

r [A]

f

b
C2(A),O 2(T)

0 2000 4000 6000 8000 10000
-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

b
C2(A),H2(A)

b
H2(A),O 4(T)

b
i,
j

t [fs]

e b
C2(A),O 4(T)

Polarization ProfilesPolarization Profiles
( ) ( )

},{,},{,, ikNMMjkNMMMM
kM

ij
kM

jiji ≠≠
∂=∂=

vv
vNvNβ δδ



0 2000 4000 6000 8000 10000
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

ηA,T

η
eq

ηT,T

η 
[e
V
/e

2
]

t [fs]

ηA,A

Hardness ProfilesHardness Profiles

( ) ( ) ( )
)()()(

2
, rvMMrvMMrvMMMM ijjijiji

NNNNE rrr ∂∂=∂∂=∂∂∂= µµη

( ) ( ) )()(
)(

22
rvrv

rv
NNNE rr

r
∂∂−=∂∂=⎟

⎠
⎞⎜

⎝
⎛ ∂∂= χµη



CSA formalism correctly reproduced charge reorganization 
accompanying hydrogen bond formation. 
Fukui function indices and polarization matrix elements are good 
bond detectors. 

ConclusionsConclusions



Financial support: National Science Center, Project No 
UMO-2011/01/B/ST4/00636

CSA calculations: computer cluster purchased with 
the financial support from the European Regional 
Development Fund in the framework of the Polish 
Innovation Economy Operational Program (Contract 
No. POIG.02.01.00-12-023/08). 

TeraChem calculations: ACK CYFRONET. 


