Potential energy surfaces and quantum vibrational

calculations in high dimensionality

Stuart
Carter Braams
Kamarchik

o Permutational symmetry for PESs in high
dimensionality

« MULTIMODE’ and new “high res” version
e H- (9 dofs)
e (H2O)n, CI'(H20O)n (huge no of dofs)

e Challenges



Strategies for High Dimensional
Ab initio Potential Energy Surfaces

o Global potentials that are invariant with

respect to permutations of like atoms.

e 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.

Early example: H.CO, ca 100 000 CCSD(T) and MRCI Energies

Electronic energies were replicated,
data set size doubled and fit was done
using
N
i 2{: Cldwdef[y%2yﬁsyf4yg3y§4y§4k

m=0

Yij = exp(—rij/a)

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

(2004).



Monomial Symmetrization: H.CO Example
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Potential expressions/fits should be invariant
wrt permutations of like atoms

e Silly approach - replicate data for fit. Ok for H.CO but impractical for CH5*.

e Monomial Symmetlj*\ifation - systematic approach http://www.mcs.anl.gov/msa

Nili= Z Dabcdef...S[Q?lefgyﬁyg:aygzlyzsle--°]

==l

e 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/.

V(y) =) capoly,(p(y))da(y).

o Many applications = CH5+ 4 H5+, (Hzo)z, (H20)3, H+(H20)2, CH4, H+CH4, C3H2,
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PES Fitting Detail<CH:*

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

1500

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

Better fits

. . . " . -l -+
TABLE I. Comparison of harmonic vibrational frequencies (em™ ") of CHy |
g€ N - at the global munimum C . (I) geometry, at the C.(II) transition state geom-
1000 2000 30 : s(1) geometry (I :

etry, and at the C,,, transition state geometry, from ab inifio caleulations and
as determined from the PES.

Energy (cm’’)

C,(D C (1) i

AIMD MP2 / anZ Mode®  Ab initio® Ab initic° PES®  Ab initio®

3273 1279 3282 3284
3171 3134 3128 3168
3035 3077 3070 2910
t i HiHE 2719 2737 2731 2747

other high energy configs 2523 2499 2497 2682
from MD and DMC - ca 1581 77 1611 1607 1476
. 1499 1502 1504 1456

30 000 CCSD(T)/avtz 1474 1479 1477 1411
energies used in fit. 1301 1337 1390 13
1289 1146 1156 1252

749 944 941 471
245 3 216i 218i 584i

L O R
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THE JOURNAL OF CHEMICAL PHYSICS 122, 224307 (2005)

Ab initio global potential-energy surface for H;"—H;"+H,
Zhen Xie

Cherry L. Emerson Center of Scientific Computation and Department of Chemistry, Emory University,
Atlanta, Georgia 30322

Bastiaan J. Braams
Cherry L. Emerson Center of Scientific Computation and Department of Mathematics
and Computer Science, Emory University, Atlanta, Georgia 30322

Joel M. Bowman?
Cherry L. Emerson Center of Scientific Computation and Department of Chemistry, Emory University,
Atlanta, Georgia 30322

roughly 100 000 CCSD(T)/aug-cc-pVTZ energies
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The Potential Landscape - The Big Picture

0% o8




The Potential Landscape - The Big Picture

(f) 6-Cay

TABLE IV. Energy comparison for ten known stationary points among indicated ab initio calculations, current PES_ and a previously reported PES. The value
for 1-Cy, 1s the absolute global minimum energy in hartree. Other values are the energies in wave numbers relative to the global minimum.

Conformer I-CQU . 3-C2L.' 4-D2h S-sz 6-C2L' 7-C2L‘ S-CQU 9-C$ ].O-C~3,_I

CC-R12° -2.531794 : 96.6 1822

QCISD" —-2.530509 4. 955 1819 15436 22990 16722 26633 28345
CCSD(T)* -2.52799%4 48 - 96 4 1628 1526 8 22827 16539 26463 28732
PES* -2528015 2. 1030 1602 15659 2408 3 16772 24987 27125
Previous PES® -2518 215 27. 895 1465 19709 21252 19889 2496 8 28019

e -/

-




Zero-point energies from Diffusion Monte Carlo

W(t) = E<Xn ‘IP(O)>Xne_i(En _Eo)t; Hy, =EyXxn
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Solve using Monte Carlo
“Birth/Death” Method




' DMC Energ';y Pp—

DMC result using PES: D, = 6.33+.03 kcal/mol

Present D_is low by 0.28 kcal/mol
So, our estimate would be 6.6 kcal/mol
(HO Result is 5.57 keal /mol)

*Expl = 6.6 +0.3, Exp2 = 7.0 0.1
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Application of the PES (and dipole moment surface)
to (low-res) spectroscopy and new experiments

Major challenge for a rigorous method

e 9 degrees of freedom
e expected to highly fluxional
e very low Do

Our goal 1s “the best we can currently do” -
realistic, predictive and interpretive.

We apply the code ‘MULTIMODE' to do this.




MULTIMODE BASICS

NG
WS oy @000 = 000,

N D s AN

[T)+ < H(/)(’)IV+T | n(p(’) <l)]¢(’)(Q,)= 0,/=1,N

n
izl " [ =] /

qJVCI i IPVSCF i E CK, | 'IPVl'rtuc%ls
I 511D goee eI LN I 1D soeeel LN My D gyee e

|

|

N1 e AN




MULTIMODE BASICS

n-mode representation of the potential (and w)

V(Q,, Q) = 2V“><Q>+2v<2><Q 0)+ 2v<3><Q 0,0+ + EV 0,0,0,..)

feyieek)

For example for a 3-mode molecule using a 2MR for V

3

fitiil fir {1 VLling
<n1 n, 1N, ‘V‘ nln2n3> = E< >5n] 'nOn, ', <n1 2 s nlnz>‘§n3'n3 t

i,j, k=1

+<n1'n3"V1,(32)(1a n1n3>5n2'n2+<n2' V.5 (2, n2n3>6n1'n1

Quadratures are 1,2,3,...,n-dimensional




H.O Tests, J = 0 and 3MR 1is exact)

TABLE VI. Comparison of V-CI and exact (Ref. 14) vibrational energies (ecm™!) of H,O for J=0.

Ug

Up

Ug

V-CI

Exact

Us

Up

Uga

V-CI

Exact

0
0
0
1
0
1
0
1
2
0
0
1
2

0O O o= O = O = O O O

W O O lo &= = WO lvw = O

W O O o & = W O v = O

O OO IO OO OO0 O OO

N = LY S T R e e R e S T )

4 63797
159478
315163
365704
4 66681
523504
6 13434
677513
720156
744511
754730
827450
8761.71

375594
533121
6 871.50
7249 86
8 37391
8 807.05
983363
10 328.71
10 613 .62
1103256
1124317
11 81346

463797
159478
315163
365704
4 666.79
523503
6 13404
677510
720155
744512
754251
8 27405
8 761.66

375596
533122
6 871.50
7249 86
8 37390
8 807.04
983363
10 328.67
10 613 .40
1103246
11242778
1181323

W O o O k= = W O luv O = O O

— = O O W = O = o

O O 19 19 =] & =

) W 00 Wn

~ O 9 = O =

W O 1o

O o O O Ote O v OO O

8§ 913.80
9000.13
9730.15
10 290.19
10 284.19
10 521.83
10 600.13
10 869.15
11 14438
1174251
1177093
12 008 .26
12 140.13

12 151.72
12 56522
12 59335
13 258.70
1365323
13 834.68
13 86140
14 066.57
14 320.84
14 65593

8 87059

9000.11

972440
10 087.15
10 284 35
10 521.77
10 599 .68
10 868 .89
11 09924
1125440
1176752
1200792
12 13936

12 15132
1256501
12 586.33
13 256.25
1365246
13 83084
13 83585
14 066.21
14 318.75
14 648.19




H,O Tests (cont) J > 0

TABLE VII. Comparison of adiabatic rotation V-CI(AR) and exact (Ref. 14) rovibrational energies (em™!), relative to the zero-point energy, for H,O for
J=1.

K,=0 K.=1

Exact AR Exact AR Exact AR

c
[
<
<o
<
=
c
<

3714 3747
1634 .00 163576
3196 .09 319749
3693.28 3693.63
3791.74 379247
471747 471958
527421 527501
5369.72 537102
6194 80 6197 .67
6818.32 6819.79

4237 4237
1640 .54 1640.54
320191 320191
3698 48 3698 48
379701 3796.00
472354 472356
527973 527973
537531 537531
6201.08 6201.26
6824.13 6824.15

2379 2334
1618.59 1617.90
317544 317429
3680 44 367997
377953 3778.20
4690.58 468893
5258 46 5257774
535483 535314
615777 615598
6798.53 679738

0
0
0
1
0
0
1
0
0
1

IO & = = W O O v = O
O O = OO = 0O 0O OO
O O = O O = O O O
19 B = = O O v = O
O O = O 0O =00 OO
—_ 0O O = O O = O O O
1O o et e 0 O O 9 = O
O O = OO0 =OO0O OO




Molecular Physics e Taylor & Francis
Vol. 106, Nos. 16-18, 20 August-20 September 2008, 2145-2182 Taylor & Francis Group

INVITED TOPICAL REVIEW

Variational quantum approaches for computing vibrational energies of polyatomic molecules

Joel M. Bowman®*, Tucker Carrington® and Hans-Dieter Meyer®

Table 4. Comparison of SMR MULTIMODE rovibrational
energies of CHy (cm™) for J=1 with benchmark results
of [158].

State Benchmark MULTIMODE

Zero point 10.43 10.43
(00)(01) A2 1312.41 1312.50
(00)(01) F2 1317.25 1317.34
(00)(01) F1 1326.73 1326.82
(00)(01) E 1327.03 1327.12
(00)(10) F2 1543.79 1543.88
(00)(10) F1 1543.91 1544.01
(00)(02) F1 2600.02 2600.58
(00)(02) F1 2615.61 2616.36
(00)(02) E 2622.05 2622.82
(00)(02) F2 2626.64 2627.37
(00)(02) A2 2634.83 2635.61
(00)(02) F2 2641.58 2642.25
(00)(02) F1 2644.03 2644.68
(00)(11) E 2835.80 2836.67
(00)(11) F1 2837.85 2838.73
(00)(11) F2 2843.53 2844.39
(00)(11) A2 2848.87 2849.75
(00)(11) F2 2856.65 2857.36
(00)(11) E 2858.02 2858.73
' (00)(11) F1 2860.39 2861.11
3MR 4MR (00)(11) Al 2862.34 2863.06
Mode representation of V (10)(00) F1 2924.16 2924.32
(01)(00) A2 3022.81 3023.02

. . 01)(00) F2 3023.36 3023.58
Figure 1. Root mean square difference between nMR %03&)0% Fl 3024.50 302472

MULTIMODE energies and benchmark ones [158] versus (8(1))((2)8) El gggi.gg gggi.gg
n for roughly 50 energies 4500cm_1 above the ZerO‘pOint go()%zog F2 3075:80 3076:22

cnergy. (00)(20) FI1 3075.82 3076.50




High Resolution “MULTIMODE”

THE JOURNAL OF CHEMICAL PHYSICS 131, 224106 (2009)

Calculations of rovibrational energies and dipole transition intensities
for polyatomic molecules using MULTIMODE

Stuart Carter,' Amit R. Sharma,? Joel M. Bowman,>® Pavel Rosmus,
Riccardo Tarroni®

30 and

R =33 (WI™Q, 0, B, 7)™ (Q. 0, B, 7))

m m'

(2] 4+1)? .
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TABLE IIL J=0 vibrational wavenumbers (cm™!) for the fundamentals of TABLE IV. J=1 vibrational wavenumbers (cm™') for the fundamentals of
H,CS. H,CS.

State Symmetry MM RVIB4 State MM RVIB4"

=

o

ta

n

V| 2970.54 2970.72 Vo
v 1457.18 1457 .42 v,

1436 1.1436
1411 1.1436
1426 1.1438

1

1

1

-

v 1058.89 1058.87
vy 990.31 990.51
vs 3024.40 3024.59
Ve 990.73 990.95

L)

-

1366 1381
1436 1426
1416 1434
1.1414 1.1416
10.2961 10.2714
10.2767 10.1649
10.4065 10.3608
10.2835 10.2606
0.6336 0.6374
10.0851 10.1712
19.8654 19.8586
10.3309 10.3063
10.3119 10.2068
10.4412 10.3985
10.3180 10.2942
0.6329 0.6351
10.1209 10.2046
19.8709 19.8623

V3
vy
Vs

*Reference 43. Vg
Yo
1 V)

L)

0.8 |
V3

0.6 vy

04 Vs

Vg

Relative intensity (Expt.)

0.2 vy

0 LS|

02} V2

L&

04 | Theory v

0.6

Vs

0.8 Vg

Relative inte nsity ( MM)

l 1 L 1 1 1 1 L

a 4
1055 1056 1057 1058 10589 1060 1061 1062 1063 Reference 43.
wavenumber( cm")

J. M Flaud, W. J. Lafferty, A. Perrin, Y. S. Kim, H. Beckers, and H.
Willner, J. Quant. Spectrosc. Radiat. Transf. 109, 995 (2008).




Relative intensity (Expt.)

Relative intensity (MM)

1000 1100
wavenmbu'(cn'l)

FIG. 4. Comparison of H,CS experimental spectrum taken at 293 K with
MM synthetic spectra (J=20, at 2 cm~! resolution).




TABLE VII. Comparison of MM anharmonic fundamentals (cm™) for
H,CO (J=0) with rviB4 and experimentally observed band centers.

Mode number Symmeftry MM RVIB4' Band center

2781.3 2782.9 2782.4575"
1746.6 1747 4 1746.0089°
1500.0 1499.8 1500.1747¢
1166.7 1165.8 1167.2563¢
2842.7 2841.7 2843.9685"
1250.5 1249.9 1249.0947¢

Relative intensity (Hitran)

Relative intensity (MM)

*Reference 65. “References 67 and 68.
PReference 66. dReference 69.

2900

wavenumber wm'l‘l

FIG. 7. A portion of the spectrum showing the J=3 transitions of the
3.6 pm band (v, and »5 band) of H,CO.

50 A. Perrin, D. Jaéqueman. F. K. Tchana, and N. Lacome, J. Quant. Spec-
_ trosc. Radiat. Transf. 110, 700 (2009).

PES: S. Carter, N. C. Handy, and J. Demaison, Mol. Phys. 90, 729 (1997).

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




Return to Hs" and Ds* IR Spectra

THE JOURNAL OF

PrysicaL. CHEMISTRY
L e Z- te rS pubs.acs.org/JPCL

Shared-Proton Mode nghts up the Infrared Spectrum of
Fluxional Cations Hs" and D5 "

Timothy C. Cheng,"  Biswajit Bandyopadyay, [yimin Wang,| Stuart Carter,™*
Bastiaan . Braams,™ Joel M. Bowman,* ¥ andMichael A. Duncan*""

Some History

Kraemer, W. P.; Spirko, V.; Bludsky, O. Extended Ab-Initio AL ) . .
Study of the Vibrational Dynamics of Hs~ and D5~ Including Ab initio force fleld) adiabatic treatment

All Vibrational-Modes. [ Mol Spectrosc. 1994, 164,500-509.  of vibrations. Proton fundamental 622 ecm™

Okumura, M.; Yeh, L. I.; Lee, Y. T. Infrared Spectroscopy of the ~ Predissociation “action” spectroscopy - low
Cluster ions H'(Hg)n] Chem. Phyb 1988, 88, 79-81. resolution peaks at 3520, 3904, 4232 Cm—l




The present theory and exp

o Exp by Mike Duncan UGA, still predissociation
action spectra, but higher resolution and also

new results for Ds*. (Very new exps also at
Felix)

o New Dipole Moment Surtace by us
« MM-RPH calculations

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

o Approximate “vibrational” spectra from o to
5000 cm.




MULTIMODE “RPH/TORSION"

H=T+V(s,Q1,Q2,...,QnN)
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

+ZV(2) (5,Qs) +ZV<3) (5,Qs, Q

a torsmnal anéle
S Q17 Q27 .

Begin, as usual, with a VSCF reference Hamiltonian.

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




H:* low energy stationary points




Actually Two Large Amplitude Motions

|

H; - relaxed proton stretch potential

and ground state density
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Benchmark DMC Calculations

Diffusion Monte Carlo Calculations

In the present Diffusion Monte Carlo (DMC) calculations energies were obtained using
an ensemble of 20 000 Gaussian random “walkers”. After equilibrating, which typically
took 2 000 time steps, propagation continued for an additional 80 000 steps. The zero-

point energy is calculated using the standard expression

E (1) =<V » g N@D=NOI
N(O)

where N(t) is the number of "walkers" at (imaginary) time t, <V> is the average of the

potential over all walkers. The total number of walkers is kept approximately constant

by the feedback parameter a which is adjustable but which is essentially the inverse of

the time step. In the present calculations o equals 0.1 a.u.

Fixed-node DMC calculations were performed as above with the addition of a nodal
surface which forces a node in the wavefunction by eliminating walkers that cross the
surface. A standard re-crossing correction was also applied. In the present application
for the first excited proton-stretch state the node was placed (in Cartesian coordinates)

at the midpoint of a vector defined by the centers of mass of the two H> units, shown in




E,

E, with exchange node

200

1000 1500 2000 2500
1(10 a.u.)




Results

Hs*

DMC

MM-RPH

Zero-point

energy

7210

334

7244

382

66

28
1241

1821,1834




Fig. S2 Cuts of the dipole moment components along the D2, saddle point “IR active”

normal modes. Qi is the imaginary frequency proton-transfer mode.
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Comparison between Theory and Exp for v > Do

I 1
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New Experiments at Felix

Ho —>H, +H,

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

1402
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. : Bowman
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Approximate Quantum Models for
Intramolecular Vibrations (Yimin Wang)

|. Local mode approximation

ﬁ: (/: 5
[_,, I +\"",1'("1')_bn,-]ﬁbnl-(’}'):()
~Uu ([]'I-'

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
iInto 6 hindered trans and rotation
and 3 intramolecular modes.

Solve exact Sch. eq. in 3-modes

4 for each monomer m

[];11 + Unz (an) - Enm ]X"m (Qm) =0,

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




Tests for the Water Trimer

Water Trimer
B Local Monomer
[] Local Mode
B Anharm Normal Mode
! i !

0 |
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First Test: The Dimer
Energies (cm) and Intensities

MM-4MR

LMon

MM-Int

LMon-Int

15389.62
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




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

\.:.lll . I -oo.._) - R E \ - | \—:..' 1) T ‘1' ,‘~."'._.'.' '
. H>Os <H20 H.O Cl 3 1 —body | TH,0
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L higher order terms.

sodium/water potential

Uses the same N-body decomposition as the chloride/water potential.
6™ order invariant polynomial fit to 11,649 CCSD(T)/aVTZ points.

points are from 1-, 2-, and 3-dimensional cuts along normal modes + trajectories
on a lower order surface

rms of 11.5 cm’”




Structures and Local Monomer Results

optimized clusters
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Local Monomer Energies

(H20)3CI' local monomer frequencies




(H20)3Na* local monomer frequencies

BLE V: Local-monomer model VCT vibrational energies of the water monomers in (HO)gNa®.

three monomers are equivalent. All frequencies are in em 1.

Mode  LMM-VCI H30 LMM-VCI HyO
(2-hody | (2 and 3-body)

1650

3263




Challenges for the future

"High Res” ab initio spectroscopy for floppy molecules

e Floppy means large amplitude motion
Could also mean isomerization

e This requires extensive PES coverage

Extensive PES coverage is beyond the quartic force
field

e Vibrational approach becomes far more difficult as
wavefunctions extend well beyond the global
minimuim.

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