
REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and 
Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person 
shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.  PLEASE DO NOT RETURN YOUR 
FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE (DD-MM-YYYY)
23 May 2016 

2. REPORT TYPE
Briefing Charts

3. DATES COVERED (From - To)
01 February 2016 – 23 May 2016

4. TITLE AND SUBTITLE
The atom in a molecule: Implications for molecular structure and properties 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S)
P. Langhoff, J. Mills, and J. Boatz 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 
Q188 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NO.

Air Force Research Laboratory (AFMC) 
AFRL/RQRP 
10 E. Saturn Blvd. 
Edwards AFB, CA 93524-7680 
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

Air Force Research Laboratory (AFMC) 
AFRL/RQR 11. SPONSOR/MONITOR’S REPORT

5 Pollux Drive NUMBER(S)

Edwards AFB, CA 93524-7048 AFRL-RQ-ED-VG-2016-028 

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited.  

13. SUPPLEMENTARY NOTES
For presentation at American Physical Society - Division of Atomic, Molecular, and Optical Physics (May 2016) 
PA Case Number: #16075; Clearance Date: #2/8/2016 

14. ABSTRACT
Viewgraph/Briefing Charts 

15. SUBJECT TERMS
N/A 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION
OF ABSTRACT 

18. NUMBER 
OF PAGES 

19a. NAME OF 
RESPONSIBLE PERSON

J. Boatz 

a. REPORT

Unclassified 

b. ABSTRACT

Unclassified

c. THIS PAGE

Unclassified
SAR 

23 19b. TELEPHONE NO 
(include area code) 

N/A 

Standard Form 
298 (Rev. 8-98) 
Prescribed by ANSI 
Std. 239.18



 1
 2

 3
 4

 5
 6 1

 2

 3

 4

 5

 6

-4

-2

 0

 2

 4

 6

 8

 10

Energy (eV)

R C--H (au)

R C--H(au)

Energy (eV)

 

 The Atom in a Molecule: Implications for Molecular
 Structures and Properties 

P. W. Langhoff, Chemistry & Biochemistry, UCSD

Co-Workers: J.D. Mills, J.A. Boatz
Air Force Research Laboratory 
Edwards AFB, CA

Presented at: 47th Annual 
Meeting of APS DAMOP
May 23-27 2016

Supported by: AFOSR, AFRL, 
 NAS-NRC, EOARD, ASEE, XSEDE

(planghoff@mail.ucsd.edu)

“Distribution A: approved for public release; distribution unlimited.  PA Clearance #16075”

mailto:planghoff@mail.ucsd.edu


Exact Atomic-Pair Theory of Molecular Hamiltonians
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“…	
  all	
  things	
  are	
  made	
  of	
  atoms…”	
  R.P.	
  Feynman	
  -­	
  1963

Electronic	
  charge	
  is	
  transferred	
  among	
  the	
  atoms	
  present…

When	
  atoms	
  come	
  together	
  their	
  orbitals	
  are	
  distorted	
  signi6icantly…

Even	
  inner	
  atomic	
  orbitals	
  are	
  affected	
  by	
  molecular	
  formation…

Can	
  we	
  perform	
  calculations	
  to	
  make	
  these	
  familiar	
  qualitative	
  
atomic	
  distortion	
  and	
  chemical	
  bonding	
  notions	
  quantitative…	
  

“…since	
  there	
  is	
  no	
  speci6ic	
  assignment	
  of	
  the	
  electrons	
  occurring	
  in	
  the	
  
system	
  to	
  the	
  nuclei	
  involved,	
  hence	
  there	
  are	
  no	
  atoms,	
  isomers,	
  	
  
conformations,	
  etc…”	
  -­‐	
  P.-­‐O.	
  Löwdin	
  -­‐	
  1988	
  

“A	
  quantum	
  system	
  always	
  has	
  a	
  Hamiltonian,…”	
  P.A.M.	
  Dirac	
  -­‐	
  1930	
  

What	
  is	
  the	
  Hamiltonian	
  operator	
  for	
  an	
  atom	
  in	
  a	
  molecule?

As a consequence, one way or another, “chemical bonds” are formed…
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Molecular Hamiltonian Operators

Fragment operators are not invariant to electron permutations.

If electron 1 and 7, say, are interchanged, the operators change.

Fragment operators do not commute with electron exchange.

Their expectation values with antisymmetric functions are ill defined.
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Atomic-Product Representations of Molecules

Employ “van der Waals” products of atomic states to represent molecules:

Following Eisenschitz and London, Z. Physik, 60, 491 (1930):

P.W. Langhoff, J. Phys. Chem. 100, 2974 (1996) - Karplus Festschrift

In this representation the electrons “stay home” with each nucleus.

Atomic fragment operators are well-defined over product representations. 

Expectation values of fragment operators are similarly well-defined.

So-called non-Pauli states must be eliminated from the development!
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Hamiltonian Matrix in the Atomic-Product Basis 

Technical Questions Addressed:  J. Chem. Phys. 121, 9323 (2004), 

Theor. Chem. Acc. 120,194 (2008),  J. Phys. Chem. 113 7687 (2009)

One-atom matrix elements:

Two-atom matrix elements:
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Universal Molecular Energy Expression

Atomic energy matrices:

Interaction energy matrices:
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H2 Electronic Energy Curves 

Nb=142=196 Nb=142=196

Nb= 862 = 7,396 Nb=862
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van der Waals Interaction in Triplet H2

R (Bohr)

N= 862=7,396

Nb=142=196
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Atomic Promotion Energies in H2

Nb=142

Nb=142 =196

Nb= 862 = 7,396
Nb= 862 = 7,396
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Atomic State Distribution in H2

R (Bohr)

1s

npns nd

Uk2
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Atomic State Distribution in H2

R (Bohr)

Uk2

2p

3d
2s3p
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Atomic Interaction Energies in H2

Nb= 862 = 7,396 Nb= 962 = 7,396

Nb=142
Nb=142 =196
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Charge Transfer in van der Waals Representations

Calculations of excited states in H2 and LiH employing  van der Waals representations
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Photodissociation Pathways to 
Atomic Entanglements in H3
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Symmetric Collinear H3 Molecule

Calculations of total and atomic energies in symmetric collinear H3
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Symmetric Collinear H3 Molecule

Calculations of total and atomic energies in symmetric collinear H3
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 Entanglement in Symmetric Collinear H3

Calculations of atomic entanglement in symmetric collinear H3
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Total Electronic Energies in Triangular H3

Calculations of total electronic energies in triangular H3

R (Bohr)

2E’
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Atomic Entanglement in Triangular H3

Calculations of atomic energies in triangular H3

R (Bohr)
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Summary Remarks

 Atomic product representations insure that atoms are well defined in molecules

 Atomic interaction energies are potentially measurable on an ultra-fast time scale

Electronic charge is distributed through promotion into excited bound atomic states 

Implementation is provided for calculations in conventional orbital basis sets

Total energy surfaces are partitioned into atomic and interaction-energy surfaces

Applications describe atomic promotion and interaction energies in H2/H3 molecules  

Atomic promotion and interaction energies “accommodate” in lowering total energies

“The chemical bond is not so simple as some people seem to think.” R.S. Mulliken

The anti-bonding state in H2 exhibits “attraction” to compensate significant atomic promotion

 Predicted atomic entanglements are measurable upon dissociation of molecular H3
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The most beautiful experience we can 
have is the mysterious. 

Albert Einstein 
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