
A Protocol for the Calculation of  

Vibrationally Averaged Long 

Range Forces



Motivation

 Observe vibrational frequency shift of  CO2

in (He)n cluster

 Two groups generated approx equal quality

PES‟s and used PIMC simulations to 

predict shifts

 Hui Li PES incorporated “true” long-range

dispersion coefficients

 Ran + Xie‟s PES did not

He-CO2Vibrational Frequency Shifts 

With Increasing No. Helium Atoms

Li H., Blinov N., Roy P.-N., LeRoy R., J. Chem. Phys. 130, 144305 (2009)

Experimental ν0=2349.143 cm-1



How CO-He Potential 

Changes with Structure

Peterson K., McBane G., J. Chem. Phys. 123, 084314 (2005)



Potential Energy Surfaces

 „Short-Range‟ Portion

 From Ab Initio electronic structure calculations

 Very accurate in „bound region‟

 Our focus is the „Long-Range‟ Portion

 Need to calculate accurate long range coefficients

 Including angular dependence

 Including vibrational averaging for each monomer

...
)()()(

),(
10

10

8

8

6

6 
r

C

r

C

r

C
rV






The Goal

 To compute molecule – molecule (atom) dispersion energy 
coefficients

 Use vibrational averaging to get differential dispersion 
coefficients for each individual vibrational state

 Develop protocol for a generic chromophore with He (or H2)

 For example CO chromophore with He (solvent)

 3 co-ordinates needed to specify interaction

 Also need He + He interactions

 Construct potentials for simple 2-body systems (CO-He, He-He)

 Assume potential for complex n-body system is sum of  pairwise
interactions
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Calculate Frequency Shift

 Perturbation Theory Method

 Solve for ψvfor CO

 Evaluate : 

This term allows us to find change in vibrational frequency!

 Can evaluate this by numerical integration over n orientations 
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Protocol

 For Each Monomer A and B

 Calculate harmonic vibrational frequencies

 Calculate quartic 2D potential for ≥ triatomics

 Solve for vibrational wavefunctions

(using quartic Potential)

 Calculate weights and points for vibrational averaging

 Calculate static multipoles and dynamic polarizabilities

(at selected geometries)

 Accumulate A + B

 Calculate vibrationally averaged, orientationally dependent 

long range coefficients

 Merge with short range portion of  intermolecular potential



 Calculate Static + Dynamic Multipole Moments

 Calculation : EOM-CC

 Method : CCSD(T)

Sum over all electronic excited states

Implicitly solved as a linear equation

Long Range Forces



Why EOM-CCSD/CCSD(T)?

 CCSD(T)

 Very accurate for good “Hartree Fock molecules”

 Requires a large basis set

 Ex. AUG-CC-PVQZ

 Potential Energy Surface calculated using CCSD(T)

 Static Multipole moments calculated using CCSD(T)

 EOM-CCSD

 Dynamic Polarizabilities at imaginary frequencies

 Good accuracy for electronic excited states

 Computationally feasible for many perturbations

(up to octupole moments)



Results

 Vibrational Averaging in 1 or 2 Dimensions                                                                         

using quartic potentials

 Calculate quartic potential at CCSD(T) / AUG-CC-PVQZ

 Solve for vibrational wavefunctions

 Yields points and weights used for vibrational averaging

 Dynamic Polarizability calculations using EOM-CCSD and 

Static Multipole Moments using CCSD(T)

 Monomers under consideration:

 CO2, N2O, OCS, CO, He, H2



Dynamic Polarizability Calculation



Dynamic Polarizability Calculation



Static Multipoles Calculation



Static Multipoles Calculation



Still To Do
Longer Term

 Angular Momentum Coupling using modified SAPT 

code (Bukowski, Wormer, Szalewicz, et al.) 

 ConstructFull Potential

 Merging long-range with short-range seamlessly

 Perform Simulations to obtain vibrational shifts

 Compare Results withexperimental data
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