
Potential energy surfaces and quantum vibrational 
calculations in high dimensionality

• Permutational symmetry for PESs in high 
dimensionality

• ‘MULTIMODE’ and new “high res” version

• H5+  (9 dofs)

• (H2O)n, Cl-(H2O)n  (huge no of dofs)

• Challenges 
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Strategies for High Dimensional
Ab initio Potential Energy Surfaces

• Global potentials that are invariant with 

respect to permutations of like atoms.

• The n-mode representation for use in 

vibrational “CI” calculations. (Discuss in the 

context of “MULTIMODE” code.)
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The PES as least-squares fits of ab initio energies.

X.-B. Zhang, S.-L. Zou, L. B. Harding, and J. M. Bowman, J. Phys. Chem. A 108, 8980  

(2004).

Early example: H2CO, ca 100 000 CCSD(T) and MRCI Energies 

!

Electronic energies were replicated,
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Monomial Symmetrization: H2CO Example
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Potential expressions/fits should be invariant 
wrt permutations of like atoms

• Silly approach - replicate data for fit.  Ok for H2CO but impractical for CH5+.

• Monomial Symmetrization - systematic approach http://www.mcs.anl.gov/msa

•  Use a fitting basis of primary [p(y)] and secondary [q(y)[ invariant polynomials 
obtained using symbolic algebra program “Magma”.   Library exists for up to ten 
atoms  http://iopenshell.usc.edu/downloads/ezpes/. 

  

• Many applications - CH5+ , H5+, (H2O)2, (H2O)3,  H+(H2O)2, CH4, H+CH4, C3H2, …
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PES Fitting Details

•  Ab initio calculations do not sample all minima 
and saddle points.

•  Better fits 

CH5
+

Supplement with many
other high energy configs
from MD and DMC - ca
30 000 CCSD(T)/avtz 
energies used in fit.

12 degrees of freedom, 15 variables in fit, S5= 5!=120

AIMD  MP2/aVdZ



roughly 100 000 CCSD(T)/aug-cc-pVTZ energies

De



The Potential Landscape - The Big Picture



The Potential Landscape - The Big Picture



Zero-point energies from Diffusion Monte Carlo
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Solve using Monte Carlo 
“Birth/Death” Method



H5
+ → H3

+ + H2

H3
+ + H2

H5
+

DMC result using PES: D0 = 6.33±.03 kcal/mol 

*Exp1 = 6.6 ±0.3, Exp2 = 7.0 ±0.1

Present De
 is low by 0.28 kcal/mol 

So, our estimate would be 6.6 kcal/mol
(HO Result is 5.57 kcal/mol)



Application of the PES (and dipole moment surface) 
to (low-res) spectroscopy  and new experiments

Major challenge for a rigorous method

• 9 degrees of freedom
• expected to highly fluxional
• very low D0

Our goal is “the best we can currently do” - 
realistic, predictive and interpretive.

We apply the code ‘MULTIMODE‘ to do this.



MULTIMODE BASICS !
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MULTIMODE BASICS !

n-mode representation of the potential (and µ) !

For example for a 3-mode molecule using a 2MR for V !
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Quadratures are 1,2,3,...,n-dimensional



H2O Tests, J = 0 and 3MR is exact)



H2O Tests (cont) J > 0





High Resolution “MULTIMODE”
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H2CS 4MR

J = 3
Exp

Theory



H2CS 4MR

J = 3
Exp

Theory



H2CO 4MR

PES: 
         DMS:  New fit to ca 14 000 dipole values CCSD(T)/aVTZ



Return to H5+ and D5+ IR Spectra

Some History
Ab initio force field, adiabatic treatment
of vibrations.  Proton fundamental 622 cm-1

Predissociation “action” spectroscopy  - low
resolution peaks at 3520, 3904, 4232 cm-1



The present theory and exp

• Exp by Mike Duncan UGA, still predissociation 
action spectra, but higher resolution and also 
new results for D5+.  (Very new exps also at 
Felix)

• New Dipole Moment Surface by us

• MM-RPH calculations

• Diffusion Monte Carlo with fixed node 
approximation for “shared” proton stretch

• Approximate “vibrational” spectra from 0 to 
5000 cm-1.



MULTIMODE “RPH/TORSION”

*Carter and Handy (2002), Miller, Handy, Adams (1988), Hougen, Bunker, Johns (1970) 

V (s, Q1, Q2, . . . , QN ) = V (s) +
�

i

V (2)
i (s, Qi) +

�

ij

V (3)
ij (s, Qi, Qj) + . . .

H = T + V (s, Q1, Q2, . . . , QN )
T is the very complex kinetic energy operator that 
contains
all the couplings between the large amplitude mode s 
and
the orthogonal normal modes. s can be and most often is 
a torsional angle.  

Begin, as usual, with a VSCF reference Hamiltonian. 



H5+ low energy stationary points

       160 cm-1
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Actually Two Large Amplitude Motions 

D2d





Benchmark DMC Calculations





Results







Comparison between Theory and Exp for ν  > D0



New Experiments at Felix

Exp: Knut Asmis, Torsten Wende, 
Allen Ricks, Mike Duncan



Approximate Quantum Models for 
Intramolecular Vibrations (Yimin Wang)

I.  Local mode approximation  

Twelve local modes - sample
all minima in principle, maybe
with MD, RPMD, CMD, IVR.



 Local Monomer Model (similar to Halonen and Kjaergaard )

Six perturbed monomers.  Do
standard normal mode analysis
for each.  Separate the 9-modes
into 6 hindered trans and rotation
and 3 intramolecular modes. 

Solve exact Sch. eq. in 3-modes
for each monomer m

Obviously more accurate than local-mode for 
stretches, also get bending modes.



Tests for the Water Trimer 



First Test: The Dimer 
 Energies (cm-1) and Intensities 

1589.62
1604.43
3144.32
3167.12
3549.07
3637.31
3701.07
3723.45

1594.53
1602.50
3152.80
3168.41
3550.07
3637.29
3700.52
3724.35

5.49
2.00
0.07
0.42

20.05
0.59
6.03
5.83

4.64
2.81
0.06
0.44

18.87
0.84
6.07
5.66

MM-4MR LMon MM-Int LMon-Int



Hydration of Ions (Eugene Kamarchik)
Using a new water potential (Yimin Wang)



Structures and Local Monomer Results



Local Monomer Energies





Challenges for the future

 “High Res” ab initio spectroscopy for floppy molecules

• Floppy means large amplitude motion
   Could also mean isomerization

• This requires extensive PES coverage 
    Extensive PES coverage is beyond the quartic force 
field

• Vibrational approach becomes far more difficult as 
    wavefunctions extend well beyond the global 
minimum.

• Spectroscopy means J > 0 so need ro-vibrational 
    wavefunctions. 
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