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Semiclassical Dynamics for Vibrational Frequency Calculations
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Semiclassical Dynamics for Vibrational Frequency Calculations
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Herman-Kluk (HK) propagator
Semiclassical Initial Value Representation (SCIVR)
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Semiclassical Dynamics for Vibrational Frequency Calculations

Vibrational spectral density as Fourier-transform of the survival amplitude of an
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Herman-Kluk (HK) propagator
Semiclassical Initial Value Representation (SCIVR)
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Semiclassical Dynamics for Vibrational Frequency Calculations

Vibrational spectral density as Fourier-transform of the survival amplitude of an
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Required Advances

1) Accurate Results based on Few Classical Trajectories

2) Sensible Spectroscopic Signal for High Dimensional Systems
Time Averaged SCIVR Working Formula
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0

A. L. Kaledin, and W. H. Miller J. Chem. Phys. 118, 7174 (2003); J. Chem. Phys. 119, 3078 (2003).



Further Reducing the Computational Effort

De Leon and Heller:
Accurate Semiclassical Eigenvalues and Eigefunctions with A Single Trajectory

with Correct Energy

1) Classical Trajectories with Tailored Energy
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“On-the-fly” Application to Glycine

 ._ Presence in interstellar medium

Used in bio-nanodevices and }
basic constituent of proteins
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“On-the-fly” Application to Glycine
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Mid frequency Low frequency

High frequency

? F. Gabas, R. Conte, and M. Ceotto J. Chem. Theory Comput. 13, 2378 (2017).

“On-the-fly” Application to Glycine

2 3 4 5 6 7 8 9 10
Harmonic | 208 | 249 | 458 | 510 | 629 | 647 816 908 911
MC-SCIVR2| 180 | 275 | 470 | 485 | 625 | 600 795 845 900
VPT2b 203 | 255 | 461 | 494 | 633 | 603 802 907 863
EXxp°® 204 | 250 | 458 | 500 | 615 | 619 801 907 883
11 12 13 14 15 16 17 18 19
Harmonic | 1120 | 1158 | 1175 1294 | 1371 | 1384 1438 1656 1804
MC-SCIVR2 | 1090 | 1120 | 1165 1300 | 1330 | 1375 1410 1625 1785
VPT2b 1103 | 1144 | 1164 1286 | 1353 | 1387 1435 1612 1774
EXxp°¢ 1101 | 1136 | 1166 1297 | 1340 | 1405 1429 1608 1779
zpe = 17160 cm™* MAE ~ 20 cm'
20 21 22 23 24
Harmonic | 3051 | 3089 | 3495 | 3568 | 3735
MC-SCIVR2 | 2885 | 2920 | 3395 | 3390 | 3565
VPT2b 2947 | 2961 | 3367 | 3418 | 3575
Exp°® 2943 | 2969 [ 3359 | 3410 | 3585

®V. Barone, M. Biczysko, J. Bloino, and C. Puzzarini J. Chem. Theory Comput. 9, 1533 (2013).

¢S. G. Stepanian et al. J. Phys. Chem. A 102, 1041 (1998).




Mid frequency Low frequency

High frequency

? F. Gabas, R. Conte, and M. Ceotto J. Chem. Theory Comput. 13, 2378 (2017).

“On-the-fly” Application to Glycine

2 3 4 5 6 7 8 9 10
Harmonic | 208 | 249 | 458 | 510 | 629 | 647 816 908 911
MC-SCIVR? | 180 | 275 | 470 | 485 | 625 | 600 795 845 900
VPT2P 203 | 255 | 461 | 494 | 633 | 603 802 907 863
Exp°© 204 | 250 | 458 | 500 | 615 | 619 801 907 883
11 12 13 14 15 16 17 18 19
Harmonic | 1120 | 1158 | 1175 | 1294 | 1371 | 1384 1438 1656 1804
MC-SCIVR2 | 1090 | 1120 | 1165 | 1300 | 1330 | 1375 1410 1625 1785
VPT2P 1103 | 1144 | 1164 | 1286 | 1353 | 1387 1435 1612 1774
EXxp°¢ 1101 | 1136 | 1166 | 1297 | 1340 | 1405 1429 1608 1779
zpe = 17160 cm™* MAE ~ 20 cm*
20 21 22 23 24 DFT/B3LYP/aVDZ level of theory
Harmonic | 3051 | 3089 | 3495 | 3568 | 3735
MC-SCIVR?2 | 2885 | 2920 | 3395 | 3390 | 3565 | Semiclassical Approximation
VPT2P 2947 | 2961 | 3367 | 3418 | 3575
Exp° 5943 | 2969 | 3359 | 3410 | 3585 | | Multiwell / Multireference Effect

®V. Barone, M. Biczysko, J. Bloino, and C. Puzzarini J. Chem. Theory Comput. 9, 1533 (2013).

¢S. G. Stepanian et al. J. Phys. Chem. A 102, 1041 (1998).




Semiclassical Dynamics in High Dimensionality
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M. Ceotto, G. Di Liberto, and R. Conte Phys. Rev. Lett. 119, 010401 (2017).



Semiclassical Dynamics in High Dimensionality
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Subspace Partition

1. Evaluation of the averaged Hessian elements (a)
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2. Set-up of the coarse grain threshold

3. Arrange the Hessian in sub-blocks



Subspace Partition

1. Evaluation of the averaged Hessian elements

1 Nsteps
steps k—1

2. Set-up of the coarse grain threshold ﬁij > €

3. Arrange the Hessian in sub-blocks
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G. Di Liberto, R. Conte, and M. Ceotto J. Chem. Phys. 148, 014307 (2018).



Divide-and-Conquer Semiclassical Initial Value Representation (DC SCIVR)

Mode | Exact TA SCIVR|DC SCIVR|DC SCIVR Harmonic
(Jacobi) | (Hessian)
1, 1313 1300 1296 1300 1345
2, 1535 1529 1530 1532 1570
12, 2836 2825 2830 2834 2915
3, 2949 2948 2960 2964 3036
2, 3067 3048 3060 3050 3140
4, 3053 3048 3056 3044 3157
MAE 9 9 10 61




Divide-and-Conquer Semiclassical Initial Value Representation (DC SCIVR)

M. Ceotto, G. Di Liberto, and R. Conte Phys. Rev. Lett.
119, 010401 (2017).

Mode Exact TA SCIVRDC SCIVR DC SCIVR|Harmonic
(Jacobi) | (Hessian)
1, 1313 1300 1296 1300 1345
2, 1535 1529 1530 1532 1570
12 | 2836 2825 2830 2834 2915
3, 2949 2948 2960 2964 3036
2, 3067 3048 3060 3050 3140
4 3053 3048 3056 3044 3157
MAE 9 9 10 61 |
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H - tagging of Protonated Glycine
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A. Masson, E. R. Williams, T. R. Rizzo, J. Chem. Phys. 143, 104313, (2015).



H - tagging of Protonated Glycine
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H - tagging of Protonated Glycine
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H - tagging of Protonated Glycine
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H, - tagging of Protonated Glycine

a) GlyH + H,
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Protonated Glycine Dimer

Wu and Mc Mahon:

1000-2000 cm™ region. Scaled Harmonic (0.985)
points to C_| as the dominant conformer.

[

C_I

R. Wu and T. Mc Mahon J. Am. Chem. Soc. 129, 4864 (2007).

Mc Lafferty:

High Frequency region (> 3000 cm™).
Scaled Harmonic (0.97) points to C_I.

C I

F. Mc Lafferty et al. J. Am. Chem. Soc. 127, 4076 (2005).



Protonated Glycine Dimer
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Protonated Glycine Dimer

MAE
Exp 1191 1439 1523 1757 1808 3372 3585
DC SCIVR 1172 1450 1511 1756 1804 3375 3618 12
(Cs )
DC SCIVR 1155 1466 1598 1771 1761 3362 3615 35
(Cs )
Scaled HO 1174 1439 1546 1730 1784 3448 3674 37
(0.985)
Scaled HO 1144 1403 1507 1686 1739 3360 3581 37
(0.96)
(™
O [




Summary and Perspectives

Semiclassical Dynamics is a Powerful Tool for Molecular Spectroscopy.
It may be adopted also for Large Molecular and Supra-Molecular Systems.

Semiclassical Dynamics correctly describes Quantum Anharmonicities.
Ability to interpret and explain Experimental Findings.

»
Vibrational Spectroscopy of Water Clusters } .........

»

2

b Protonated / Zwitterionic Glycine Solvated by Water
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Semiclassical Dynamics in High Dimensionality
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Importance of Multiple Coherent Sampling
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