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Ab initio MO, DFT, and Dynamics

Non-relativistic and Relativistic 
(Two- and Four-component relativistic)( p )

CISD, CISDT, CISDTQ, 
CCSD, CCSDT, CCSDTQ,

MP2, MP3, and MP4, 

are implemented into UTChem.

http://utchem.qcl.t.u-tokyo.ac.jp/



Two Approaches to Molecular TheoryTwo Approaches to Molecular TheoryTwo Approaches to Molecular TheoryTwo Approaches to Molecular Theory

Wave Function Method
Huge and successful efforts in the last 30 years
State-of-the-art methodology

i i l iSystematic, Converging to exact solution
Accurate results for small systems
St N d d f th t ti l ff t

Density Method (Density Functional Theory)

Steep N dependence of the computational effort

Density Method (Density Functional Theory)
Not reached such a mature stage as wave function method
Not ab initio, but best semi-empirical, p
Simple and conceptual, Applicable to large systems
Accuracy depends on xc functionals 



Spectroscopic Constants of Diatomic Hydrides 

Main-group elements across the second- through fifth-period of the 
periodic table

BH CH NH OH FH

p
J.Chem.Phys. 120, 3297 (2004)

BH  CH NH OH FH
AlH  SiH   PH   SH   ClH 
GaH GeH AsH SeH BrHGaH GeH AsH  SeH BrH
InH SnH SbH TeH IH

DK3-CCSD, DK3-CCSDT, DK3-CCSDTQ
Re-contracted relativistic cc-pVnZ (n=2-5)
Extrapolation

DK3 is the third-order Douglas-Kroll approximationDK3 is the third order Douglas Kroll approximation. 



Spectroscopic Constants of CH and InH
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

12CH (2Π) 115InH(1Σ+)
Theory Exp Theory ExpTheory       Exp. Theory      Exp.

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
re  / Å 1.120 1.120 1.841 1.838 

År0 / Å 1.131 1.130 1.855 1.851
Be / cm-1 14.449      14.457 4.977 4.995 
B / cm-1 14 182 14 190 4 905 4 923B0 / cm 14.182      14.190 4.905        4.923
αe / cm-1 0.534     0.534 0.144        0.143
De / cm-1 0.00148   0.00145 0.000229  0.000223e
ωe / cm-1 2860  2859 1467         1476
xωe / cm-1 66          63 26  26

/ 1 1413 1413 727 732ν0 / cm-1 1413        1413 727       732
ν1 / cm-1 4141  4146 2142     2157
ν / cm-1 6743 6752 3510 3535ν2 / cm 6743        6752 3510     3535
D0

0 / eV 3.47        3.47 2.46        2.48
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯



( CC) i iTheory (DK3-CC) can predict the experimental

Bond lengths (r or r ) within 0 002 ÅBond lengths (re or r0)  within 0.002 Å
Rotational constants (Be or B0)  within 0.02 cm-1

Vibration-rotation constants (α ) within 0 01 cm-1Vibration-rotation constants (αe) within 0.01 cm
Centrifugal distortion constants (De) within 2 %
Harmonic vibrational constants (ωe) within 9 cm-1Harmonic vibrational constants (ωe)  within 9 cm
Anharmonic vibrational constants (χωe)  within 2 cm-1

Dissociation energies  (D0
0)  within 0.02 eV (0.4 kcal/mol)g ( 0 ) ( )

The theoretical best estimate will substitute for theThe theoretical best estimate will substitute for the 
missing experimental data for some fourth- and fifth-
row hydridesrow hydrides.



Spectroscopic constants of the 2Π state of 130TeH
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

Theory                 Exptl.
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

Åre  / Å 1.656 1.656a

r0 / Å 1.667 1.741b

B / cm-1 6 149Be / cm 1 6.149 
B0 / cm-1 6.067               5.56b

αe / cm-1 0.165               e 
De / cm-1 0.000200
ωe / cm-1 2144                (2137)a

1xωe / cm-1 39                    
ν0 / cm-1 1062                
ν / cm-1 3128ν1 / cm 3128                
ν2 / cm-1 5119                
D0

0 / eV 2.760
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯



Fermi Resonance of CO2
Y l J Ch Ph 126 124303 (2007)

A characterization of the spectroscopic properties of CO2 is 

Yagi et al, J.Chem.Phys. 126, 124303 (2007)

crucial for the understanding of chemistry of the 
seafloor, planetary atmospheres, and the greenhouse effect. 

CO2 has four normal modes of vibrations: 
( ) i hi d ( )(a) a symmetric stretching mode (ν1 ), 
(b) degenerate bending modes (ν2  ) 
( ) ti t i t t hi d ( )(c) an antisymmetric stretching mode (ν3). 

The accidental near degeneracy, ν1≈2ν2, results in a g y, 1 2,
significant anharmonic coupling between the two 
modes, which are pushed apart by the coupling.  This is the p p y p g
well known ν1-2ν2 Fermi resonance of CO2.



Low-lying vibrational energy levels (in cm-1) of CO2y g gy ( ) 2 
obtained with CCSD(T) and vibrational CI
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

Th E tlTheory                 Exptl.
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
ν2 (0110) 668.5 667.42 ( )
ν1 (1000) 1288.3 1285.4
ν2

2 (0220) 1338.2 1335.1
2 (0200) 1388 7 1388 2

Fermi doublet

F i d bl tν2
2 (0200) 1388.7 1388.2

ν1ν2 (1110) 1937.0 1932.5
ν2

3 (0330) 2009 6 2003 2

Fermi doublet
Fermi doublet

ν2 (03 0) 2009.6 2003.2
ν2

3 (0310) 2078.6 2076.9
ν3 (0001) 2349.2 2349.2

Fermi doublet

3
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
The accidental near degeneracy, ν1≈2ν2, results in a significant 
anharmonic coupling between the two modes ν -2ν Fermianharmonic coupling between the two modes, ν1-2ν2 Fermi 
resonance.



Computational Chemistry

There is always a trade-off in a calculation between the size of 
the molecule and the required accuracy. Owing to thethe molecule and the required accuracy. Owing to the 
theoretical developments and high-speed computers, quantum 
chemistry can now describe the properties of small moleculeschemistry can now describe the properties of small molecules 
with chemical accuracy (2 kcal/mol or 0.1eV) comparable to 
those of experiment using correlated ab initio method but forthose of experiment using correlated ab initio method but for 
biological/nano-scaled molecules we have to be content with 
cruder treatmentscruder treatments.



NanoNano--Bio SimulationBio Simulation
With the emergence of peta-scale computing platforms 
we are entering a new period of modeling The computerwe are entering a new period of modeling. The computer 
simulations can be carried out for larger, more 
complex and more realistic systems than ever before

BIO(Chaperones)BIO(Chaperones) SOFT(Li htSOFT(Li ht H ti LC)H ti LC) HARD(M )HARD(M )

complex, and more realistic systems than ever before.

BIO(Chaperones)BIO(Chaperones) SOFT(LightSOFT(Light--Harvesting LC) Harvesting LC) HARD(Mesoporous)HARD(Mesoporous)



Next Generation Supercomputer Project in Japan
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The bane of The bane of abab initio calculationsinitio calculationsff
Steep N dependence of the computational efforts on 
h i Nthe system size, N

200

O(N3)
The dependence is of order 
N3 for SCF Kohn-Sham

150

ｅ

O(N3)
Conventional 
SCF/DFTN for SCF, Kohn Sham,

and is of order N6 and higher 
for correlated methods 50

100

Ｔ
ｉｍ

ｅ

f
beyond MP2.

0
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O(N) Linear scaling

Method/algorithm to reduce N-dependence is required

ＳｙｓｔｅｍＳｉｚｅ (N )



Density Functional Theory (DFT)Density Functional Theory (DFT)

DFT may be the only tool that enables us to carry out 
i l i f l i haccurate simulations for larger systems with 

reasonable computational cost.  If practical DFT is 
d l d hi h h dl bi l l ddeveloped, which can handle biomolecules and 
nanomaterials, we can enlarge greatly the scope of 

i l h icomputational chemistry.



Topics

Fast Evaluation of Coulomb Integrals with Gaussian 
and Finite Element Coulomb Method

Kohn-Sham Method without SCF Procedure

Accurate Description of van der Waals Interactions



Gaussian and Finite Element 
Coulomb (GFC) ApproachCoulomb (GFC) Approach

YKurashige T Nakajima and K HiraoY.Kurashige, T.Nakajima, and K.Hirao,
J.Chem.Phys., 126, 144106 (2007)



Three time-consuming steps for DFT with GGA
Numerical integration of exchange-correlation (xc) part

can be implemented in linear scaling fashion using

g p

can be implemented in linear-scaling fashion using 
Becke’s weighting scheme

Coulomb part
is very often the most time consuming one, in particular y g , p
with GGA functionals

Diagonalization of Fock matrix
scales cubically but insignificant compared to that of 
the computation of either xc or Coulomb for systems 
with up to several thousands basis functions



M h ff t h b d t d l ffi i t th d i l ti f C l b
Fast Numerical Methods

Much effort has been made to develop efficient methods in evaluation of Coulomb 
integrals. Integral prescreening technique reduces the scaling from O(N4) to O(N2). 
Furthermore several efficient computational methods have been proposed.

Auxiliary functions
Gaussians Fast Multipole Moment Method (FMM), ~ O(NlogN).

Whit J h Gill H d G d JCP(1996)White, Johnson, Gill, Head-Gordon, JCP(1996)
Resolution of the Identity (RI) Approach, Vahtras, Almlof, Feyerisen, CPL(1993)

4c ERIs are decomposed into 3c and 2c ERIs.( ) ( ) ( )∑ ∑∑ ⎥
⎤

⎢
⎡

⎟
⎞

⎜
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= −
M N

rs

M

pq rsBDBAApqJ 1

Plane waves Mixed Basis Method, ERI with PW scales as ~ O(M).
Lippert Hunter Parrinello MP(1997) Fusti-Molnar Pulay JCP(2002)
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Gaussian and Finite Element Coulomb Approach

Coulomb integrals are given with Gaussians and Coulomb 
potentials

)'()'()'()'(')(

)()()(

rrDrrdrrv

rvrrdrJ qppq

∑∫

∫
==

=

χχρρ

χχ

We expand Coulomb potentials in terms of auxiliary 

)()()(,
'

)( rrDr
rr

drrv
rs
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−

= χχρ

p p y
functions, Gaussians and Finite Element Basis as

)()()( rfcrfcrv Gauss
i

Gauss
i

FE
i

FE
i ∑∑ +=

ii
∑∑

The atom-centered Gaussian functions represent the spherical core 
t ti l l hil if fi it l t f tipotential near a nucleus, while uniform finite-element functions, a 

tensor product of one-dimension Lagrange interpolate 
polynomials, represent the residual, which would be smooth acrosspolynomials, represent the residual, which would be smooth across 
the board.



Coulomb Integrals

Coulomb integrals can be evaluated by overlap integrals among 
two Gaussian basis functions and one auxiliary functiontwo Gaussian basis functions and one auxiliary function

)()()( rvrrdrJ qppq χχ∫=
)()()()()()(
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No four-center two-electron integrals 
Drastically reduces the computational costDrastically reduces the computational cost



Poisson’s Equationq

The expansion coefficients     can be obtained by solving  
P i ’ i hi h i l d l b i ll b h G l ki

{ }ic
Poisson’s equation, which is solved algebraically by the Galerkin 
method 

( ) ( )f r f r dr⎧ = ∇ ⋅∇⎪ ∫Aij

2

kinetic integral
auxiliary
functions

( ) ( )
0

( ) 4 ( ) ( ) ( )

i j

i i

f r f r dr

V r r r f r drπρ ρ

= ∇ ⋅∇⎪
⎪⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎪⎢ ⎥ ⎢ ⎥ ⎢ ⎥−∇ = ⎯⎯⎯⎯⎯⎯→ × = = ⋅⎨⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎪

∫

∫

A

A c b b
O M M

overlap integral
functions

0
( ) ( )

,
i i

i

V r f r

⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎪⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎪

⋅⎪
⎩

∫

∑c
O M M

;

The linear equation is solved by using CG method.
Th i A i i d d f d i l ki iThe matrix A is independent of and contains only kinetic-

like integrals. It is extremely sparse in the localized auxiliary
basis functions

)(rρ

basis functions.
Poisson’s equation scales as O(N).



PerformancePerformance

CPU：IBM Power 4 1 0GHz BLYP／SVPCPU：IBM Power 4  1.0GHz     BLYP／SVP

Analytical and FMM results are computed using GAMESS



0.0006 Å

0.0006 0.2 0.00042



Gaussian and FE Coulomb Approachpp

O(N2.9)
C O N HC180O61N60H302

5724 basis functions
3.1 hours on IBM 
P 4 (1 0GH )

O(N1.4)

Power 4 (1.0GHz)

O(N0.9)

1D Alanine α-helix chain/ SVP



Gaussian and FE Coulomb Approach

O(N3.1)

O(N2 5) C HO(N2.5) C385H220
6490 basis functions

3.9 hours on IBM 
P 4 (1 0GH )

O(N1 1)

Power 4 (1.0GHz)

O(N1.1)

3D diamond/ SVP



Gaussian and FE Coulomb ApproachGaussian and FE Coulomb Approach

Gaussian and FE Coulomb approach offers the best 
performance for evaluating Coulomb integrals without 
loss of accuracy. The algorithm is found to scale linearly 
with system size.

Gaussian and FE Coulomb 
approach makes the 
molecular quantum 
calculations affordable 
for very large systems 
involving several thousands 
of basis functions.



Hybrid GGA FunctionalsHybrid GGA Functionals

The success of Kohn-Sham DFT was the development of xc 
functionals depending on density gradients in addition to the 
d it it lf (GGA)density itself (GGA).  

A further advance is the mixing of a small fraction of exactly 
d HF h i h GGA h hcomputed HF exchange with GGA exchange such as 

B3LYP, LC-GGA, etc. 

Although hybrid GGA improves the accuracy, it also makes the 
calculation more expensive.



Exchange Integrals
Fast algorithms for Coulomb interaction cannot be employed for 

Exchange Integrals

HF exchange because its algebraic structure is not compatible 
with them. 
Only the pseudospectral method can be applied to HF exchange 
but it scales as O(N2M). 
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Friesner CPL(1985), Nakajima and Hirao, JCP(2004)
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The hybrid GGA is more accurate but less efficient
f l tfor large systems.



Dual-Level Approach

T f h b id GGA DFT l l i f l

Nakajima and Hirao, J.Chem.Phys., 124, 184108 (2006)

To perform hybrid GGA DFT calculations for large systems, we 
have developed the dual-level approach.  The approach is based on 
the low sensitivity of the density to the choice of the functionalthe low sensitivity of the density to the choice of the functional 
and the basis set.  The total electron density in the ground state can 
be well represented in terms of the density evaluated using the 
low-quality basis set and the low-cost 
xc functional.

The error is remedied by the second-
order perturbation theory.  



Dual Level DFTDual-Level DFT

Solve KS equation 
with low-quality basis set & low-level functional

d b i l d iand obtain a total density

Use a frozen density approximation 
and evaluate the total energy 

with high-quality basis set & high-level functional



Total Electronic EnergyTotal Electronic Energy

The reference energy of the KS total electronic energy is given byThe reference energy of the KS total electronic energy is given by 

( ) ( ) XCXC
L
PQpqEX

L
PQpqpqpqKS EtPqpQDDtPQpqDDhDE +−+= ∑∑∑∑∑ 22)0(

Si t ti b t i d d i t l bit l

( ) ( ) XCXC
pq PQ

PQpqEX
pq PQ

PQpqpq
pq

pqKS qpQQpq ∑∑∑∑∑

Since no rotations between occupied and virtual orbitals are 
allowed, Brillouin theorem is not satisfied.  The correction to the KS 
energy is evaluated perturbatively by

∑∑ −
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i

vir

a ai

ia
KS

F
E

εε

2
)1( 2

The KS total electronic energy is given by
i a ai

)1()0( EEE )1()0(
KSKSKS EEE +=



Timing of Dual-Level DFT

Timing of dual level DFT

Timing of Dual Level DFT

# of basis
functions

Lower
level

Higher
level Total cpu Total Energy

Timing of dual-level  DFT

(h:m:s) (h:m:s) (h:m:s) (au)
B3LYP 1944 ------ 925:47:11 925:47:11 -3794.9350
B3LYP:LDA 882 2:52:08 12:24:07 15:16:15 -3794.9509

60 6 times faster60.6 times faster
(38 days → 15 hours)

Valinomycin
(C54H90N6O18) 



B3LYP/
Calculated interaction energies (kcal/mol)

B3LYP/
6-31G**

B3LYP/
6-31G

LDA/
6-31G

B3LYP:
LDA

Cytosine–guanine pair
Cytosine -394.7170 -394.5888 -391.5696 -394.7204
Guanine -542.2618 -542.0766 -537.9595 -542.2675
Cytosine–guanine -937.0284 -936.7218 -929.6077 -937.0374
Interaction Energy 31.1 35.4 49.3 31.1
Adenine–thymine pair
Adenine -467.0603 -466.8967 -463.2617 -467.0635
Thymine -453.8940 -453.7501 -450.3102 -453.8996
Adenine–thymine -920.9806 -920.6786 -913.6204 -920.9894
Interaction Energy 16.5 19.9 30.4 16.5Interaction Energy 16.5 19.9 30.4 16.5

Cytosine-Guanine Thymine-Adenine 



Conclusions

The dual-level DFT approach works quite well and the 
large reduction of the computer resources can be ge educ o o e co pu e esou ces c be
achieved at an affordable 
loss of accuracy since theloss of accuracy since the
SCF procedure is avoided.
Hybrid functionals canHybrid functionals can 
now be applied to 
bi d/ l dbio- and/or nano-scaled 
molecules.



Hybrid GGA functional with correct 
long-range electron-electron interactionsg g

J.Chem.Phys., submitted.
Ch h 126 1 410 (200 )J. Chem.Phys., 126, 154105 (2007)

J.Chem.Phys., 120, 8425 (2004)
J Chem Phys 115 3540 (2001)J. Chem.Phys., 115, 3540 (2001)



Conventional GGA has problems

1. Barrier heights in chemical reactions g
underestimated.

2. Van der Waals interactions repulsive p
3. Excitations using time-dependent DFT for Rydberg 

and CT states underestimated
4. Band gaps of insulators too small
5. Optical response function too largep p g
6. And, and, and,…
Since
1.  xc potential decays as exp(-αr) rather than -1/r
2 self-exchange & self-Hartree potentials do not cancel2.  self exchange & self Hartree potentials do not cancel



’ ibl i h i b h i !It’s possible to improve the asymptotic behavior !

The failure arises from the wrong long range behavior 
due to the local character of the approximate xcpp
functionals. 

By splitting the Coulomb interaction into short-range 
and long-range components, we proposed a new hybrid g g p p p y
functional with correct long-range electron-electron 
interactions. 

P.Gill (1996), A.Savin (1996)



The key is the partitioning of 1/r12
for the exchange contribution

An Ewald partitioning
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μ is a parameter controlling 
the separation )47.0( =μ

Andreas Savin (1996)



Exchange functional with correct long-
range electron-electron interactions

long
x

short
xx EEE +=

Long-range: Hartree-Fock exchange 
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Hybrid exchange functionals
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Hybrid exchange functionals
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Response Properties
Excitation Energies,  MAE (eV)

27 valence excitations (N2, CO, H2CO, C2H4, C6H6)
Hyperpolarizabilities

B3LYP

BLYP       0.36 
B3LYP     0.37
LC-BLYP  0.32
SAC-CI      0.37

41 Rydberg excitations (N2, CO, H2CO, C2H4, C6H6)

BLYP       1.54 
MP2
LC-BOP
HF

B3LYP     0.89
LC-BLYP  0.41
SAC-CI      0.19

2.0
LC-BOP

Ch T f St t

HF

C2H4
C2F4

R1.5

BOP
AC-BOP
LC-PBEOP
PBEOP
LC-BLYP
BLYP(5

.0
Å

) (
eV

)

Charge Transfer States

2 4

ΔECT(eV)

BLYP 5.40
0.5

1.0
BLYP
B3LYP
SVWN
SAC-CI

ω
CT

(R
) -

 ω
CT

(

BLYP                5.40 
B3LYP              7.49
LC-BLYP        12.49
Exptl.               12.5

0.0

5 6 7 8 9 10

Intramolecule distance R  (Å)



Rydberg Excitations of Benzene in eV
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
State                              BLYP  B3LYP  LC-BLYP SAC-CI     Exp. 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
Valence excitationsValence excitations
1B2u     π→π* 5.15       5.34        5.38 5.16       4.90
1B1u     π→π* 5.85       6.00         6.20 6.37 6.20
1E π→π* 6 77 6 96 6 97 7 65 6 941E1u     π→π* 6.77       6.96        6.97 7.65 6.94
Rydberg excitations
1E1g π→3s 5.53       5.94       6.60 6.55 6.33         
1A2u π→3pσ 6.01       6.42         7.10 7.12 6.93
1E2u      π→3pσ 6.00       6.44        7.25 7.19 6.95
1E1u π→3pπ 6.28  6.67         7.43 7.11 7.411u      p
1B2g      π→3dσ 6.48       6.96        7.89 7.75 7.46
1E1g       π→3dδ 6.49 6.97 7.90 7.61 7.54
1E π→3pπ 6 73 7 19 8 07 7 94 7 811E2g      π→3pπ 6.73       7.19        8.07 7.94 7.81
Mean absolute deviations
Valence excitations         0.29       0.26        0.24 0.23 -
Rydberg excitations       1.00      0.55       0.28  0.20 -
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯



FreeFree--Base PorphyrinBase Porphyrin
Excitation energy in eV (Oscillator strength)

p yp y

State BLYP B3LYP LC-BLYP MRMP SAC-CI Exptl

1 B1u
2.16 

(0.0010)
2.28 

(0.0001)
1.96 

(0.005)
1.63 

(0.0026)
1.75 

(0.0001)
1.98-2.02 

(0.02)

1 B2u
2.30 

(0.0005)
2.44 

(0.0000)
2.28 

(0.002)
2.55 

(0.0143)
2.23 

(0.0006)
2.38-2.42 

(0.07)

2 B1u
2.99 

(0.11)
3.34 

(0.62)
3.59 

(2.85)
3.10 

(1.61)
3.56 

(1.03) 3.13-3.33
(1.15) 

2 B2u
3.03 

(0.03)
3.51 

(0.92)
3.71

(3.63) 
3.25 

(1.53)
3.75 

(1.73)



Charge Transfer (CT) Excitationsg f

C2F4

R Charge Transfer 
from HOMO of C2F4C2H4
from HOMO of C2F4 

to LUMO of C2H4

ΔECT(R) ≅ IPtfe – EAe – 1 / R～

IPtfe ： テトラフルオロエチレンのイオン化ポテンシャル
EAe ： エチレンの電子親和力

CTCT RERE +−=Δ−Δ
11)()( 0

～ the long-range behavior

etfeCT

CTCT

EAIPE
RR

−=∞Δ )(

)()(
0

0

at ∞=Rf at



Long-range CT excited states of C2H4-C2F4
2.0
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.1)(lim const
R

RCTR
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ω

0.5
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-1/R

ω
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) 

.2.0)(lim const
R

RCTR
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ω
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Conventional

5 6 7 8 9 10

Intramolecule distance R  (Å)
Comparison of the long-range behavior of the lowest CT state of the ethylene-p g g y
tetrafluoroethylene dimer along the internuclear distance coordinate. 



Optimized CT Excited State Geometry
4-cyano-(4’-methylthio)diphenylacetyleney ( y ) p y y

δδ++
δδ−−

J. Chem.Phys. 124, 144106 (2006)

LUMO C6C7 C14C15HOMO

Me

S N

C1

S1
C2

C3 C4

C5
C8 C9

C10

C11 C12
C13

C16 N1

Parameters BOP B3LYP LC-BOP

C1-S1 1.83 1.81 1.80 

S1-C2 1.77 1.74 1.75 

C1-S1-C2 106 105 104 

C5 C8 1 44 1 42 1 41

Adiabatic excitation energy (eV)

C5-C8 1.44 1.42 1.41 

C8-C9 1.27 1.28 1.32 

C9-C10 1.39 1.38 1.38 gy ( )
BOP 2.37
B3LYP 3.07

C5-C8-C9 137 136 130 

C8-C9-C10 168 168 154 

C13-C16 1 41 1 41 1 43 LC-BOP 4.02
CASPT2 4.59

C13 C16 1.41 1.41 1.43

C16-N1 1.19 1.17 1.16



Barrier heights (kcal/mol) of chemical reactions

C2H6+H→C2H5+H2 2.8 4.9 6.8 7.3
BOP       B3LYP   LC-BOP Exp.

NH3+H→NH2+H2 4.7 7.5 12.3 11.4
H2O+H→OH+H2 10.9 12.8 18.0 18.5
H O+OH→OH+H O 3 8 3 8 5 9 8 6H2O+OH→OH+H2O -3.8 3.8 5.9 8.6
CH3F+H→CH2F+H2 3.4 5.9 9.5 9.0
CH3F+H→CH3+HF 16.8 21.0 24.9 30.1
CH3Br+H→CH3+HBr 0.5 1.9 3.8 5.8
CH3Cl+Cl-→Cl-+CH3Cl -3.8 -2.1 3.8 2.9
CH3Br+Br-→Br-+CH3Br -5.5 -3.9 2.6 1.7CH3Br+Br→Br +CH3Br 5.5 3.9 2.6 1.7
1,2,3,4-C2N4H2→N2+2HCN 27.3 39.7 50.5 51.8
CH3Cl+H→CH3+HCl 3.4 5.2 8.0 10.4
CH3Cl+H→CH2Cl+H2 3.5 5.9 7.5 11.1
….
MAE (more than 100 reactions) 8 7 5 6 2 6MAE (more than 100 reactions) 8.7 5.6 2.6

J.Chem.Phys, 126, 15 4105 (2007)



Hyperpolarizability
α,ω-nitro aminopolyene (NH3(CH=CH)nNO2)

H

J.Chem.Phys, 122, 234111 (2005)

BOP

B3LYP O2N
NH2

H

B3LYP O2N

H n
Z

MP2CCSD
LC-BOP
RHF



Conclusions

Hybrid functionals can be improved through the 
i d i f E ld i i i f /1introduction of an Ewald partitioning of           .

H b id GGA f i l i h l

12/1 r

Hybrid GGA functional with correct long-range 
electron-electron interactions has good 

i d R db b h i d d CTenergetics, good Rydberg behavior and good CT 
predictions.



Accurate Description of vanAccurate Description of van derder WaalsWaalsAccurate Description of van Accurate Description of van derder Waals Waals 
Interactions Interactions 

J Chem Phys in press

Takeshi Sato 
J.Chem.Phys., in press.
J. Chem.Phys., 123, 104307 (2005)
Mol.Phys., 103, 1151 (2005)Mol.Phys., 103, 1151 (2005)
J. Chem.Phys., 117, 6010 (2002)



Van der Waals interactions
Van der Waals (dispersion) interactions play an important role 
in many chemical systems. They control the structure of DNA 
and proteins, the packing of crystals, the formation of 
aggregates, host-guest systems, the orientation of molecules on 
s rfaces or in molec lar films etcsurfaces or in molecular films, etc.

Unfortunately almost all GGA DFTs are unable to describeUnfortunately almost all GGA DFTs are unable to describe 
dispersive interactions. 

self-assemble

capsulation

self-assemble

capsulation

Host-Guest systemsBiomolecules Nanotubes



Potential Energy Curves of Ne-Ne
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DFT potential
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Van der Waals interactions

=Δ vdWE E (Pauli repulsion) - E (Dispersion attraction)

LDA predicts the binding character of vdW interactions.  
However LDA severely overestimates the binding energy andHowever, LDA severely overestimates the binding energy and 
yields a too short vdW bond. The GGA predicts repulsive vdW 
interactions.  Thus, none of the functionals account successfully 
for vdW interactions.

MP2 i ifi tl ti t th bi di i d MP2MP2 significantly overestimates the binding energies and MP2 
results have strong basis set dependence. 
Only CCSD(T) with a large basis set gives the accurateOnly CCSD(T) with a large basis set gives the accurate 
estimation.



Potential Energy Curves of Ne-Ne
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Applying the LC scheme to the exchange functionals 
l d t i il l i t ti lleads to similar repulsive potentials



Dispersion AttractionDispersion Attraction

Van der Waals functional (Andersson et al, PRL 1996)
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Potential Energy Curves of Rare-gas DimersPotential Energy Curves of Rare-gas Dimers

Basis set: aug-cc-pVTZ, BSSE-correctedg p ,
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Contour plot of the PES of FCl--He
T-shaped minimum: LC-BOP+ALL/aug-cc-pVQZ

He
46.53 cm-1

(Re=3.19Å,θe=70.0°)

g p Q

Ө
RCollinear minimum : -

76.43 cm-1

(Re = 3.41Å）

Antilinear minimum:

30.04 cm-1

Cl
(Re  3.41Å） 30.04 cm

(Re=3.91Å）F

T-shaped minimum:

41.09 cm-1

(Re=3.23Å,θe=70.1°)

CCSD(T)/aug-cc-pVQZ+BF(3s3p2d2f1g)

Antilinear minimum:

33 80 1

(Re 3.23 ,θe 70.1 )

Collinear minimum : -
41.09 

33.80 cm-1

(Re=3.95Å)
63.53 cm-1

(Re = 3.54Å）
-63.53 33.80

Mol.Phys.(Handy special issue), 103, 1151 (2005)



LC-BOP

LC-BOP+ALL
CCSD(T)

ALL

Component energies of FClHe in cm-1Component energies of FClHe in cm . 
Intermonomer distance (R) is fixed at 3.4 Å.

LC l j l i th d t i ti f dW l t tLC plays a major role in the determination of vdW complex structure.



Benzene Dimer

All i GGA DFT di d l i dW i i

J.Chem.Phys., 123, 104307 (2005)

All previous GGA-DFT predicted repulsive vdW interactions

Parallel                       T-Shape                   Slipped Parallel

The 75 point Euler Maclaurin quadrature and the 302 point Gauss LegendreThe 75-point Euler-Maclaurin quadrature and the 302-point Gauss-Legendre 
quadrature are used for radial and angular grids, respectively.



Benzene dimer

De=2.12 kcal/mol
R1 3 9 ÅR1=3.9 Å

Potential energy surface of benzene dimer

De (kcal/mol) R1 (Å) R2 (Å) 
Present/aug-cc-pVDZ 3.17 3.6 1.7
MP2/aug-cc-pVQZ 4.79 3.4 1.6g p Q
CCSD(T)/aug-cc-pVQZ 2.63 3.6 1.6



Naphthalene DimerNaphthalene Dimer
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Functional Dependence
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P ll l T hParallel T-shape
BLYP functional gives substantially deeper potentials due to a u ct o a g ves substa t a y deepe pote t a s due to a
different nature of the LYP correlation functional.



Basis set dependenceBasis set dependence
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Th l l t d lt h littl d d th b i tThe calculated results have little dependence on the basis set 
used.



Structures of calculated complexes, with the point group symmetries and the definition of 
intermolecular distances. 



Mean absolute percentage error (%)
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯

P B k MP2Present        Becke     MP2  
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
Binding energies g g
Dispersion 9.9 14.9         46.6
Dipole-induced dipole 5.6 11.8 8.6
Di l Di l 9 2 8 5 9 5Dipole-Dipole 9.2 8.5 9.5 
Hydrogen bonded 7.1 8.6 2.4
Overall 7.5 11.7 19.2

Separations 
Dispersion 0.11 0.08
Di l i d d di l 0 08 0 02Dipole-induced dipole 0.08 0.02
Dipole-Dipole 0.05 0.05
Hydrogen bonded 0.06 0.08Hydrogen bonded 0.06 0.08
Overall 0.08 0.06

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
Becke & Johnson, JCP (2005) ：the model requires the polarizability of each 
monomer.



Application to π-stacking energies
•Large planar aromatic systems (graphene sheets,
porphyrins, DNA bases) are attracted by a considerable p p y , ) y
dispersion force.

•The dimerization energy is difficult to measure because of 
decomposition
• In the limit of large parallel sheets, the dispersion force 
diminishes as 1/r4 not as 1/r6diminishes as 1/r , not as 1/r



π-stacking energiesg g
Coronene dimer (C48H24) & trimer (C72H36) Circumcoronene dimer (C108H36) & trimer (C162H54)
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Exfoliation energies per C-atom in polycyclic 
aromatic hydrocarbon dimers and trimersaromatic hydrocarbon dimers and trimers
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The proposed method is expected to be a promising

Van der Waals InteractionsVan der Waals Interactions

The proposed method is expected to be a promising 
alternative for calculating accurate van der Waals 
i t ti i l l l i thi th dinteractions in larger molecules, since this method 
requires much less 
computational cost 
compared to high-level 
ab initio wave function 
methods, such as ,
CCSD(T). 
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