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Comment & Reply @ JCP
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“…It is suggested that the chosen rotational term is not unique and is not 
valid over all regions of space.”

“…We have focused on the locality of the Gaussian functions, of which the 
orbital centers can approximately define the rigid-body rotator. It is possible to 
define the center of mass c.m., angular, and internal coordinates uniquely for 
the rigid-body rotator, …. Thus, the rotational operator has been expanded in 
Taylor series with respect to the displacement x based on the rigid-body 
rotator,….”



Seminar @ Waseda University
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 The 14th Quantum Chemistry Seminar

 Waseda University, October 24, 2007

 Title: “The Born-Oppenheimer Approximation 

- Foundations and Limitations”

 Lecturer: Prof. Brian Sutcliffe
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Congress @ Waseda University
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 The 7th Congress of the International Society of 
Theoretical Chemical Physics (ISTCP-VII)

 Waseda University, September 2-8, 2011
 Chair: Hiromi Nakai
 Participants: 431 scientists from 32 countries/regions
 One-day participation: 1 scientist ⇒ Prof. Brian Sutcliffe



80-Year-Old Celebration
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 ８ ⇒ 八

 １０ ⇒ 十

 ８０ ⇒ 八十 ⇒

 ⇒ 傘（Umbrella）

 80-Year-Old Celebration ⇒ 傘寿(San-Ju)
 Celebration of Umbrella

 Present to Prof. Sutcliffe

（Waseda Univ. Original)

八
十

八
十



88-Year-Old Celebration
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 ８ ⇒ 八

 １０ ⇒ 十

 ８８ ⇒ 八十八 ⇒

 ⇒ 米（Rice）

 88-Year-Old Celebration ⇒ 米寿(Bei-Ju)
 Celebration of Rice

八
十
八

八
十
八



99-Year-Old Celebration

9

 １００ ⇒ 百

 １ ⇒ 一

 ９９ （＝１００－１）⇒ 「百」ー「一」 ⇒ 白

 白（White）

 99-Year-Old Celebration ⇒ 白寿(Haku-Ju)
 Celebration of White

一
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 Introduction: Born-Oppenheimer Approximation

 What is NOMO?

 How to use NOMO?

 Summary and Perspective



Development of Quantum Theory
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 Quantum Mechanics
 1925 Heisenberg; matrix formula
 1926 Schrödinger; wave formula

⇒ Schrödinger equation

 Quantum Chemistry
 1927 Born-Oppenheimer; 

⇒ BO approximation
 1927 Heitler-London; 

⇒ valence bond (VB) method
 1927 Hund-Mulliken; 

⇒ molecular orbital (MO) method
 1930 Hartree-Fock equation
 1931 Hückel method



Adiabatic Approximation
 Time-dependent Schrödinger eq. (SE)

 Total Hamiltonian

 Time-independent electronic SE

 Expanding total wave function             in terms of eigen functions of  

 A set of couple differential eqs.

 Coupling constant

 Adiabatic approximation

 Time-dependent nuclear SE

 Total wave function
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Born-Oppenheimer Approximation
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 Time-dependent Schrödinger eq. (SE)

 Total Hamiltonian

 Time-independent electronic SE

 Expanding total wave function             in terms of eigen functions of  

 A set of couple differential eqs.

 Coupling constant

 Born-Oppenheimer approximation

 Time-dependent nuclear SE

 Total wavefunction

0mnc

   tHt
t

i ,,ˆ,, XxXx  



     XxRXxRr ;)(;;ˆ eeee
mmm EH  

     
m

mm tt ,,,, ne XXxXx 

          



n
nmnmmm tctETt

t
i ,,ˆ, nnenn XXRRX 

neneene ˆˆ12)(ˆ
PnPm

P A
nmmn M

Tc   R

               RrRRrrRrRRr ,ˆˆ,ˆˆˆˆˆ,ˆ enneeennen HTVVVTTH 

 t,,Rr eĤ
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Molecular Dynamics Simulation
 Time-dependent Schrödinger eq. (SE)

 Total Hamiltonian

 Time-independent electronic SE

 Expanding total wave function             in terms of eigen functions of  

 A set of couple differential eqs.

 Coupling constant

 Born-Oppenheimer approximation

 Newton’s equation-of-motion (EOM)
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MO & MD
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MD Simulation
 Solve nuclear EOM on PES

MO Calculation
 Solve electronic SE 

to obtain PES



Molecular Dynamics Simulation
 Time-dependent Schrödinger eq. (SE)

 Total Hamiltonian

 Time-independent electronic SE

 Expanding total wave function             in terms of eigen functions of  

 A set of couple differential eqs.

 Coupling constant

 Born-Oppenheimer approximation

 Newton’s equation-of-motion (EOM)
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Potential Energy Surface (PES)
 Equilibrium structure {Re}
 Transition state (TS)
 Intrinsic reaction coordinate (IRC)
 Vibrational normal mode {e}
 Reaction heat
 Activation barrier {Ea}
 Dissociation Energy {De}
 …

PES
BO surface
Adiabatic surface



Schrödinger Equation of H Atom
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 Hydrogen-like atom

 Hamiltonian

 Schrödinger equation

 Energy level

 Rydberg constant (BO)

 Reduced mass

 Rydberg constant (non-BO)
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 Introduction: Born-Oppenheimer Approximation

 What is NOMO?

 How to use NOMO?

 Summary and Perspective



What is NOMO?
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 Nuclear Orbital plus Molecular Orbital Method
 Solving Schrödinger equation of molecular systems 

without Born-Oppenheimer approximation
 Determining nuclear and electronic wave functions 

simultaneously
 Describing non-adiabatic effect, nuclear quantum effect, …



NOMO/HF Theory

21

 Total wave function

 Electronic WF

 Nuclear WF

 HF equation

 Fock operator

     XxXx n
0

e
00 ,  

       e
e

2
e

1
e

0 Nkji
e xxxx  

             nn
n

2
n

1
nn

2
n

1
nn

0 NKJINKJI XXXXXXX   

nnnnˆ
IIIf  

eeeeˆ
iiif  

 
elec

n
nuc

nnn ˆˆˆˆ
j

j
J

I JJtf

   
nuc

e
elec

eeee ˆˆˆˆˆ
J

I
j

jj JKJtf

        nnneen ,,,,,,,,,,,,,,,,,,, 221121221121 NNNNNN  RRRXXXXrrrxxxx  

Coupling term

 Extension from MO to NOMO is straightforward.
 NOMO/HF WF satisfies Koopmans theorem and Brillouin theorem.
 Various correlated methods developed within BOA are applicable to NOMO.



NOMO/HFR Method
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 Basis set expansion

 Molecular orbital (MO)

 Nuclear orbital (NO)

 Gaussian basis function

 EBF

 NBF

 HFR equation
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NOMO/FCI(exact) Theory
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 Full-CI wave function

 Excitation operator

 Creation/Annihilation operator
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 CI, MBPT, and CC have been developed based on NOMO.



Computational Cost of NOMO
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 MO/HF vs. NOMO/HF Calculations
 System : All-trans-retinal
 Basis function : 

 Electron … cc-pVDZ
 Nucleus [H, C, O] … (5s5p) primitive 

 Work station : Pentium4/2.8GHz
 NOMO is 

inexpensive in 
computational cost.

 NOMO does not 
need to prepare 
costly multi-
dimensional PES in 
order to get the 
nuclear (vibrational) 
wave function. 

C
O

CH3CH3CH3H3C

CH3

MO/HF NOMO/HF
AO 
Dimension 455 1,435

(980+455)

2P Integral 942,393,134
(14.72GB)

1,339,511,851
(20.93GB)

SCF [iter] 13.0 51.0 
CPU [sec] 1311.4 10352.8 

[sec/iter] 100.9 203.0 



What is NOMO?
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 Nuclear Orbital plus Molecular Orbital Method
 Solving Schrödinger equation of molecular systems 

without Born-Oppenheimer approximation
 Determining nuclear and electronic wave functions 

simultaneously
 Describing non-adiabatic effect, nuclear quantum effect, …

 But, …
 Introducing new problems:
 Electron-nucleus (e-n) and nucleus-nucleus (n-n) correlations

 Contaminations of translational and rotational motions



Translation & Rotation
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 Treatment of translational and rotational motions

Vibration

Translation

Rotation

good

poor

poor

Gaussian 
basis functionNuclear motion

Gaussian

Spherical 
harmonics

Exact 
wave function

Plane wave



TF- & TRF-NOMO Theory
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 Translational Hamiltonian

 Translation-free (TF) Hamiltonian

 Rotational Hamiltonian

 Translation-and-rotation-free (TRF) Hamiltonian
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Total Energy by NOMO
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 Total energies of H2, D2, & T2 by TRC-, TF-, & TRF-NOMO

  hartree164.1ECG E

H2

D2

T2

-1.04

-1.06

-1.08

-1.10

-1.12

-1.14

-1.16

To
ta

l e
ne

rg
y 

(h
ar

tr
ee

)

TRC

TF

TRF

TRC

TF

TRF

HF MP2



Accuracy of NOMO
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 Total Energy of H2: E(H2)
 TRC-NOMO/HF(MO,1s-opt) (CPL, 1998) -0.685947 au
 TRC-NOMO/HF(VB,1s-opt) (IJQC, 2002) -1.042012 au
 TRC-NOMO/HF (IJQC, 2002) -1.052371 au
 TF-NOMO/HF (IJQC, 2002) -1.074315 au
 TF-NOMO/MP2 (JCP, 2003) -1.131626 au
 TRF-NOMO/HF (JCP, 2005) -1.104088 au
 TRF-NOMO/MP2 (JCP, 2006) -1.143040 au 
 TR1F-NOMO/MP2 (JCTC, 2006) -1.143494 au

 …
 ECG (Adamowicz, 2003) -1.164025 au



ECG Theory
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 ECG Wave Function
 CI expansion

 ECG Basis Function
 Exponent

1-Particle Gaussian

2-Particle Gaussian



ECG-NOMO Theory
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 NOMO wave function

 Molecular orbital (MO)

 Nuclear orbital (NO)

 ECG-NOMO wave function

 Molecular orbital (MO)

 Nuclear orbital (NO)
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ECG-NOMO/HF Theory
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 NOMO/HF equation

 Fock operator

 ECG-NOMO/HF equation

 Fock operator
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ECG-NOMO/HFR Method
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 NOMO/HFR equation

 ECG-NOMO/HFR equation
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ECG-NOMO/MP2 & CCSD Methods
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 ECG-NOMO/MP2 energy

 ECG-NOMO/CCSD energy
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Accuracy of NOMO

35

 Total Energy of H2: E(H2)
 TRC-NOMO/HF(MO,1s-opt) (CPL, 1998) -0.685947 au
 TRC-NOMO/HF(VB,1s-opt) (IJQC, 2002) -1.042012 au
 TRC-NOMO/HF (IJQC, 2002) -1.052371 au
 TF-NOMO/HF (IJQC, 2002) -1.074315 au
 TF-NOMO/MP2 (JCP, 2003) -1.131626 au
 TRF-NOMO/HF (JCP, 2005) -1.104088 au
 TRF-NOMO/MP2 (JCP, 2006) -1.143040 au 
 TR1F-NOMO/MP2 (JCTC, 2006) -1.143494 au
 ECG-NOMO/HF (JCP, 2011) -1.112548 au
 ECG-NOMO/MP2 (CPL, 2012) -1.155409 au
 ECG-NOMO/CCSD (CPL, 2012) -1.160017 au
 …
 ECG (Adamowicz, 2003) -1.164025 au



Approach of ECG-NOMO
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Non-BO Theory

37Aguirre, Villarreal, Delgado-Barrio, Posada, Reyes, Biczysko, 
Mitrushchenkov, Lara-Castells, J. Chem. Phys. 138, 184113 (2013).

 Shigeta, Ozaki, Kodama, 
Nagao, Kawabe, Nishikawa, 
Int. J. Quantum Chem. 69, 
629 (1998).

 Shigeta, Takahashi, 
Yamanaka, Mitani, Nagao, 
Yamaguchi, Int. J. Quantum 
Chem. 70, 659 (1998).

 Shigeta, Nagao, Nishikawa, 
Yamaguchi, Int. J. Quantum 
Chem. 75, 875 (1999).

 Shigeta, Nagao, Nishikawa, 
Yamaguchi, J. Chem. Phys. 
111, 6171 (1999).

 Kreibich, Gross, Phys. Rev. 
Lett. 86, 2984 (2001).

 Bochevarov, Valeev, Sherrill,  
Mol. Phys. 102, 111 (2004).



 Free Complement (FC) Method by Nakatsuji et al.
 “Solving the electron-nuclear Schrodinger equations of helium atom and its 

isoelectronic ions with the free iterative-complement-interaction method”,  
Nakashima, Nakatsuji, J. Chem. Phys. 128, 154107 (2008).

 “Solving the electron and electron-nuclear Schrodinger equations for the excited 
states of helium atom with the free iterative-complement-interaction method”, 
Nakashima, Hijikata, Nakatsuji, J. Chem. Phys. 128, 154108 (2008).

 “Solving non-Born-Oppenheimer Schrodinger equation for hydrogen molecular ion 
and its isotopomers using the free complement method”, 
Hijikata, Nakashima, Nakatsuji, J. Chem. Phys. 130, 024102 (2009).

 “Accurate solutions of the Schrödinger and Dirac equations of H2
+, HD+, and HT+: 

With and without Born–Oppenheimer approximation and under magnetic field”, 
Ishikawa, Nakashima, Nakatsuji, Chem. Phys. 401, 62 (2012).

 “Solving the non-Born-Oppenheimer Schrödinger equation for hydrogen molecular 
ion with the free complement method II: Highly-accurate electronic, vibrational, 
and rotational excited states”, 
Nakashima, Hijikata, Nakatsuji, Astrophys. J. 770, 144 (2013).

 “Non-Born-Oppenheimer potential energy curve: Hydrogen molecular ion with 
highly accurate free complement method”, 
Nakashima, Nakatsuji, J. Chem. Phys. 139, 074105 (2013).

Exact Theory for Non-BO Problem
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 H2
+ (1S): Hijikata, Nakashima, Nakatsuji, J. Chem. Phys. 130, 024102 (2009).

Free Complement (FC) Method 
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 Hijikata, Nakashima, Nakatsuji, J. Chem. Phys. 130, 024102 (2009).

Free Complement (FC) Method 
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Full-CI by Quantum Computing
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 NOMO/qFCI

 IPEA (iterative phase estimation algorithm)



Accuracy of NOMO
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 Total Energy of H2: E(H2)
 TRC-NOMO/HF(MO,1s-opt) (CPL, 1998) -0.685947 au
 TRC-NOMO/HF(VB,1s-opt) (IJQC, 2002) -1.042012 au
 TRC-NOMO/HF (IJQC, 2002) -1.052371 au
 TF-NOMO/HF (IJQC, 2002) -1.074315 au
 TF-NOMO/MP2 (JCP, 2003) -1.131626 au
 TRF-NOMO/HF (JCP, 2005) -1.104088 au
 TRF-NOMO/MP2 (JCP, 2006) -1.143040 au 
 TR1F-NOMO/MP2 (JCTC, 2006) -1.143494 au
 ECG-NOMO/HF (JCP, 2011) -1.112548 au
 ECG-NOMO/MP2 (CPL, 2012) -1.155409 au
 ECG-NOMO/CCSD (CPL, 2012) -1.160017 au
 TRF-NOMO/qFCI (2016) -1.130346 au (?)
 ECG (Adamowicz, 2003) -1.164025 au
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 Introduction: Born-Oppenheimer Approximation

 What is NOMO?

 How to use NOMO?

 Summary and Perspective



How to use NOMO?
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 Non-adiabatic effect
 Diagonal Born-Oppenheimer correction (DBOC)
 Non-adiabatic transition
 …

 Nuclear quantum effect
 Zero point vibration
 Geometric isotope effect
 Kinetic isotope effect
 Proton tunneling
 …



Geometric Isotope Effect
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 Bond distances of H2 by TRC-, TF-, & TRF-NOMO

 Bond distances of H2, D2, & T2 by TRF-NOMO

D2

H2

T2

-1.15

-1.10

-1.05

-1.00

MO+ZPE

TRC-NOMO
TF-NOMO

-1.051
-1.074

-1.123
TRF-NOMO-1.104

-1.133

[Hartree] 

Calc Exptl
Re MO 0.7344 ( -0.0070 ) 0.7414 
R0 TRC-NOMO 0.7764 ( 0.0254 ) 0.7510 

TF-NOMO 0.7641 ( 0.0131 )
TRF-NOMO 0.7528 ( 0.0018 )

Calc Exptl
H2 TRF-NOMO 0.7528 ( 0.0018 ) 0.7510 
D2 TRF-NOMO 0.7475 ( -0.0008 ) 0.7483 
T2 TRF-NOMO 0.7453 ( -0.0016 ) 0.7469 

 TRF-NOMO can well describe averaged bond distance (< 0.01 Å).
 Geometric isotope effect (GIE) can be discussed.



Geometric Isotope Effect
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 GIE for hydrogen bond
 Intra-molecular X―H bond: R0(X―H) > R0(X―D)
 Inter-molecular X…H bond: R0(X…H) < R0(X…D) ← Ubbelohde effect

 GIE for dihydrogen bond
 XH…HY

LiH C H… 2 2.

Ha HbLi C C HHa Hb

NH BeH4 2.
+…

Ha Hb Be HH
H
H

N Ha Hb



Bond Distance (Å)

Intramolecular
Shrinkage

Intermolecular 
Elongation

System Bond H D 
Intramolecular HOX···OH2 R (OaX) 0.9657 0.9612 (-0.0045)
distance HOX···NH3 R (OX) 0.9713 0.9666 (-0.0047)

H2CNX···OH2 R (NX) 1.0227 1.0179 (-0.0047)
H2CNX···NH3 R (NaX) 1.0257 1.0206 (-0.0051)
HSX···OH2 R (SX) 1.3463 1.3349 (-0.0114)
HSX···NH3 R (SX) 1.3523 1.3409 (-0.0115)
H3CX···OH2 R (CX) 1.0978 1.0905 (-0.0073)
H3CX···NH3 R (CX) 1.0981 1.0908 (-0.0073)

Intermolecular HOX···OH2 R (X···Ob) 1.9517 1.9604 (0.0086)
distance HOX···NH3 R (X···N) 1.9731 1.9818 (0.0087)

H2CNX···OH2 R (X···O) 2.2254 2.2300 (0.0046)
H2CNX···NH3 R (X···Nb) 2.1983 2.2138 (0.0155)
HSX···OH2 R (X···Ob) 2.1983 2.2060 (0.0076)
HSX···NH3 R (X···N) 2.1909 2.1972 (0.0063)
H3CX···OH2 R (X···O) 2.6003 2.6073 (0.0070)
H3CX···NH3 R (X···N) 2.7464 2.7538 (0.0074)

 TRF-NOMO/MP2 can reproduce the GIE!

Geometric Isotope Effect
 GIE for hydrogen bond

47



Crystal structure of KDP

H-compound D-compound
KH2PO4 (KDP) 122 218 96
RbH2PO4 (RDP) 147 238 91
CsH2PO4  (CDP) 153 267 114
KH2AsO4 (KDA) 96 161 65
RbH2AsO4 (RDA) 100 173 73
CsH2AsO4 (CDA) 143 212 69
(NH4)H2PO4 (ADP) 147 242 95
(NH4)H2AsO4 (ADA) 216 304 88

Tc (K)
 Tc (K)

Ubbelohde Effect
 Elongation of hydrogen bond by D-substitution affects 

phase transition temperature in ferroelectric materials 
(e.g. KDP (KH2PO4)). 
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Kinetic Isotope Effect
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 hydrogen abstract reaction
 HO + HOR → HOH + OR

 Rate constant 






 


RT
EE

k
k aa

a

a
HD

D

H

exp

Reaction Barrier Rate Constant Exponent
R Ea

H Ea
D ka

H/ka
D αIS

H αTS
H αIS

D αTS
D

CH3 27.43 28.90 12.0 23.80 21.27 34.66 30.93 
H 29.61 30.49 4.4 ( 6.0 ± 2.0 ) 23.71 20.79 34.55 30.20 
CN 39.54 40.01 2.6 21.93 19.78 32.27 28.24 

 Kinetic isotope effect 
(KIE) should be carefully 
discussed.

H
D

-1.15

-1.10

-1.05

-1.00

MO+ZPE

TRC-NOMO

TF-NOMO

-1.051

-1.074

-1.123
TRF-NOMO-1.104

-1.133

[Hartree] 

H
D

*Ishimoto, Tachikawa, Nagashima, IJQC, 109, 2677 (2009). 
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 Non-adiabatic effect
 Diagonal Born-Oppenheimer correction (DBOC)
 Non-adiabatic transition
 …

 Nuclear quantum effect
 Zero point vibration
 Geometric isotope effect
 Kinetic isotope effect
 Vibrational wave function
 …

 Annihilation of nuclei (positively charge particles)
 Proton annihilation
 Positron annihilation
 …



Nuclear Orbital Energy
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 Correlation Energy Calculation

 Vibrational (Nuclear) Excited State Calculation

2
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Koopmans’ Theorem
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 Electronic Orbital Energy
 Energy difference based in the frozen orbital approximation

 Nuclear Orbital Energy
 Energy difference based in the frozen orbital approximation
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Proton Annihilation?

53

 Proton 
annihilation
 gaseous 

basicity
 proton affinity
 acidity

“A generalized any-particle propagator theory: Prediction of proton 
affinities and acidity properties with the proton propagator”
Díaz-Tinoco, Romero, Ortiz, Reyes, Flores-Moreno, 
J. Chem. Phys. 138, 194108 (2013).



Proton Propagator
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 Green function

 Dyson equation

G0 (r1,r2 , ) 
i (r1)i

*(r2 )
  Ii

 
a (r1)a
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
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 I (r1) I
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  II

 
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Proton Propagator
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 Dyson equation for nucleus (proton) 

 NOMO/PP2 method
 Second-order approximation for self-energy
 Diagonal approximation 
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Proton Propagator
 Accuracy of PP2 with NOMO method

 Basis sets: cc-pVTZ/7s7p7d

Mol. TRC-NOMO/HF
Koopmas

TF-NOMO/HF
Koopmas

TRF-NOMO/HF
Koopmas Exptl.

HF 22.95 (6.89) 23.02 (6.96) 24.16 (8.09) 16.06

DF 23.56 (7.42) 23.64 (7.51) 24.44 (8.30) 16.13

HCl 23.26 (8.84) 23.30 (8.89) 24.55 (10.13) 14.42

DCl 23.91 (9.43) 23.96 (9.49) 24.84 (10.37) 14.47

HCN 23.81 (8.65) 23.86 (8.70) 24.04 (8.88) 15.16

H2S 25.26 (10.08) 25.30 (10.12) 26.12 (10.94) 15.18

MAD 8.57 8.61 9.45

 AX → A- + H+
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Proton Propagator
 Accuracy of PP2 with NOMO method

 Basis sets: cc-pVTZ/7s7p7d

Mol. TRC-NOMO/PP2 TF-NOMO/PP2 TRF-NOMO/PP2 Exptl.

HF 16.05 (−0.01) 16.07 (−0.01) 16.29 (0.23) 16.06

DF 16.21 (0.07) 16.23 (0.09) 16.39 (0.26) 16.13

HCl 14.01 (−0.41) 14.02 (−0.40) 14.28 (−0.14) 14.42

DCl 14.17 (−0.31) 14.18 (−0.29) 14.37 (−0.11) 14.47

HCN 15.08 (−0.08) 15.09 (−0.07) 15.13 (−0.02) 15.16

H2S 15.54 (0.35) 15.55 (0.36) 15.74 (0.56) 15.18

MAD 0.21 0.22 0.22

 AX → A- + H+
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Proton Propagator
 Accuracy of PP2 with NOMO method

 Basis sets: cc-pVTZ/7s7p7d

Mol.
MO/HF

ΔSCF

NOMO/HF

ΔSCF

NOMO/HF

Koopmas
NOMO/PP2 Exptl.

HF 16.98 (0.92) 13.67 (−2.39) 22.97 (8.55) 16.06 (0.00) 16.06

DF 17.06 (0.93) 13.95 (−2.18) 23.58 (9.11) 16.21 (0.08) 16.13

HCl 14.59 (0.17) 16.09 (1.67) 23.28 (7.22) 14.02 (−0.40) 14.42

DCl 14.65 (0.18) 16.39 (1.92) 23.92 (7.79) 14.17 (−0.30) 14.47

HCN 15.28 (0.12) 16.09 (0.93) 23.81 (8.65) 15.07 (−0.09) 15.16

H2S 15.51 (0.33) 14.48 (−0.70) 25.27 (10.09) 15.54 (0.36) 15.18

MAD 0.44 1.63 8.57 0.21

 AX → A- + H+
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Divde-and-Conquer Correlation
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Subsystem

Central region Buffer region

Localization region
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S(): subsystem 
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, , , ,ij ab i a j b ij abt t t t    

MP2 [2] :

CCSD [3]:

 Total Correlation Energy

Subsystem Correlation Energy estimated 
by Energy Density Analysis (EDA)[1]

[1] H. Nakai, CPL 363, 73 (2002).
[2] M. Kobayashi, Y. Imamura, H. Nakai, JCP, 127, 074103 (2007). 
[3] M. Kobayashi , H. Nakai, JCP, 129, 044103 (2008). 



Combination of DC and PP2
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 NOMO/DC-PP2 Method
2 2

| |I a I i I i A a
P I

i a A P i aP a I i P i A a
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NOMO/DC-PP2 Calculation
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 (Gly)n peptide

n PP2 DC-PP2
4 15.9 6.1
6 47.1 9.9
8 110.6 20.3

10 219.0 28.8
12 408.9 34.4

 Accuracy  Efficiency



NOMO/DC-PP2 Calculation
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 Chignolin

N-terminal 

C-terminal 



Summary & Perspective
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 Accuracy & Cost
Energy Wave function Computational

cost

TRC-NOMO bad not good, 
physically correct inexpensive

TF-NOMO not good unphysical inexpensive

TRF-NOMO good unphysical inexpensive

ECG-NOMO accurate good expensive

ECG
(Adamowicz) ~exact ~exact extremely 

expensive

FC
(Nakatsuji) ~exact ~exact extremely 

expensive
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 How to correctly use NOMO is important!
 To describe non-adiabatic effect such as DBOC and non-adiabatic 

coupling, we need spectroscopic-accuracy methods.
 ECG & FC are promising. 
 ECG-NOMO might be applicable.

 To describe nuclear quantum effect such as zero point vibration, geometric & 
kinetic isotope effects, and vibrational wave function, we need chemical-
accuracy methods.
 TRF-NOMO is promising due to its accuracy and feasibility.
 For large systems in which contaminations of translation and rotation are 

not serious, TRC-NOMO is promising to describe the nuclear wave 
function.  

 To describe annihilation of nuclei (positively charge particles) such as proton 
affinity and positron annihilation , we need chemical-accuracy methods.
 NOMO/DC-PP2 is promising due to its accuracy and feasibility. 
 NOMO wave function is needed to describe the positron binding state.
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