
  

Semiclassical Dynamics: A Viable Route to Molecular Spectroscopy

Reliable molecular spectroscopy simulations require an accurate quantum description of nuclear motion. Since purely quantum mechanical 
approaches are not affordable when dealing with high dimensional systems, an alternative path must be followed. Semiclassical methods have 
been demonstrated to provide a viable route to obtain quantum features starting from classical trajectories. Based on the time-averaged version 
of Miller’s semiclassical initial value representation, we have developed new semiclassical techniques able to yield accurate vibrational spectra 
upon classical evolution of just a handful of trajectories. Our techniques can be interfaced to ab initio on-the-fly dynamics and can tackle 
problems involving hundreds of degrees of freedom by means of a divide-and-conquer strategy. We present some relevant applications that 
cover a large dimensionality range, going from ammonia (with tunneling splitting detection), to glycine (with a potential energy surface 
characterized by multiple shallow wells) and C

60
 fullerene (a system made of 174 degrees of freedom).
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Glycine and GlycineH+ Vibrational Frequencies via on-the-fly DC-SCIVR

P
A
S
T

P
R
E
S
E
N
T

F
U
T
U
R
E

B3LYP/aVDZ 
(kcal/mol)

Conf I 0.00

Conf II 0.49

Conf III 1.63

Conf IV 1.31

TS 1-4 1.44

TS 1-3 2.21

TS 2-3 13.62

q

q

V(q)

I(
E

) p

M. Ceotto, S. Atahan, S. Shim, G.F. Tantardini, and A. Aspuru-Guzik PCCP 11, 3861 (2009).
M. Ceotto, S. Atahan, G.F. Tantardini, and A. Aspuru-Guzik JCP 130, 234113 (2009). 
M. Ceotto, D. Dell'Angelo, and G.F. Tantardini JCP 133, 054701 (2010). 
M. Ceotto, S. Valleau, and G.F. Tantardini, A. Aspuru-Guzik JCP 134, 234103 (2011). 
M. Ceotto, G.F. Tantardini, and A. Aspuru-Guzik JCP 135, 214108 (2011). 
M. Ceotto, Y. Zhuang, and W.L. Hase JCP 138, 054116 (2013). 
R. Conte, A. Aspuru-Guzik, and M. Ceotto JPCL 4, 3407 (2013).
D. Tamascelli, F.S. Dambrosio, R. Conte, and M. Ceotto JCP 140, 174109 (2014).

3. Tailored Reference State

2. Classical Trajectories

1. Harmonic Frequencies

Classical “Eigentrajectories”

VPT2a MCb EXPc VPT2a MCb EXPc

v24 85 v12 1164 1165 1166

v23 203 220 204 v11 1286 1300 1297

v22 255 260 250 v10 1353 1345 1340

v21 461 460 458 v9 1387 1375 1405

v20 494 490 500 v8 1435 1410 1429

v19 633 625 615 v7 1612 1625 1608

v18 603 645 619 v6 1774 1785 1779

v17 802 795 801 v5 2947 2920 2943

v16 907 875 907 v4 2961 2920 2969

v15 863 900 883 v3 3367 3395 3359

v14 1103 1100 1101 v2 3418 3395 3410

v13 1144 1120 1136 v1 3575 3565 3560

zpe 17160 HWHM 24
a V. Barone et al. J. Chem. Theory Comput. 9, 1533 (2013). b This work..
c S. G. Stepanian J. Phys. Chem. A 102, 1041 (1998).  

 Easy but Unfit Exact but Hard

Feynman Quantum 
Path Integration

Classical Trajectories 
Propagation

Semiclassical Dynamics

State Harm MCa QMb

2
1

+ 1109 1014 1018.3

2
1

- 1109 1100 1030.3

4
1

+ 1688 1630 1639.5

4
1

- 1688 1630 1639.8

1
1

+ 3473 3380 3369.8

1
1

- 3473 3380 3370.4

3
1

+ 3597 3490 3474.9

3
1

- 3597 3490 3474.9

2
1
4

1

+ 2797 2648 2645.7

2
1
4

1

- 2797 2724 2661.8

zpe 7576 7442 7460.9
aThis work. bF. Gatti, C. Iung, C. Leforestier, 
 X. Chapuisat J. Chem. Phys. 111, 7236 (1999).

Quantum Mechanical Spectral Density

Herman-Kluk (HK) Semiclassical Propagator

Time-Averaged Semiclassical Initial Value Representation (TA-SCIVR)

State Harm DC State Harm DC State Harm DC State Harm DC

1
1

255 254 11
1

601 572 18
1

863 872 27
1

1225 1218

2
1

318 352 2
2

636 706 19
1

890 911 12
2

1296 1254

3
1

359 346 12
1

648 626 20
1

905 880 29
1

1310 1264

4
1

404 432 13
1

657 651 21
1

962 971 13
2

1314 1303

5
1

404 403 3
2

718 693 8
2

988 957 31
1

1457 1434

6
1

484 483 14
1

770 767 22
1

1000 998 2
1
31

1
1775 1782

7
1

488 547 15
1

775 766 23
1

1014 1015 43
1

2027 1866

8
1

494 478 16
1

781 777 25
1

1052 1075 2
2
31

1
2093 2136

1
2

510 506 4
2

808 863 26
1

1091 1060 2
1
43

1
2345 2218

9
1

546 546 5
2

808 807 9
2

1092 1091 2
2
43

1
2663 2570

10
1

568 610 17
1

816 774 10
2

1136 1220 31
2

2914 2875

Hessian Partition

H=

Threshold Dependence

DC-SCIVR (white) and classical (orange) 
spectra for a 3-dimensional subspace. 
Harmonic frequencies are in dashed blue lines.

DC-SCIVR spectra of Fullerenes with different 
symmetries: modified model with 3 heavier nuclei 
(orange) and standard model (white). The vertical 
dashed lines indicate the harmonic frequencies.

Vibrational Frequencies of Water Clusters H
2
- tagged Protonated Glycine

Semiclassical investigation of the effect of Inter-molecular
hydrogen bonding on vibrational frequencies. Comparison 
to Bowman's MULTIMODE results.

Effect of local molecular-hydrogen tagging on high
frequency O-H and N-H stretches.
Comparison to experimental results by Thomas Rizzo.

Semiclassical Rotational Spectra

Rotational spectra of H
3

+ and CH
5

+.

Advance of Heller's pioneering work on rigid rotors.

DCa MCb DCa MCb

v24 80 85 v12 1160 1165

v23 200 220 v11 1290 1300

v22 250 260 v10 1350 1345

v21 450 460 v9 1380 1375

v20 490 490 v8 1400 1410

v19 620 625 v7 1660 1625

v18 660 645 v6 1780 1785

v17 800 795 v5 2900 2920

v16 880 875 v4 2900 2920

v15 900 900 v3 3380 3395

v14 1100 1100 v2 3360 3395

v13 1120 1120 v1 3640 3565

zpe 17086 17160 HWHM 33 24

Glycine Conf I
B3LYP/aVDZ

 

aDivide-and-Conquer 
 results wih maximum
 subspace dim = 18.
bFull-dimensional
 semiclassical results. 

DCa DCa EXPb

v27 90 v13 1260

v26 230 v12 1400

v25 280 v11 1390

v24 470 v10 1460

v23 590 v9 1570

v22 630 v8 1580

v21 640 v7 1800

v20 820 v6 2890

v19 910 v5 2950

v18 950 v4 3060

v17 1070 v3 3270 3311

v16 1090 v2 3360 3355

v15 1150 v1 3600 3546

v14 1270 zpe 19880

Protonated Glycine
B3LYP/aVDZ

 

aDivide-and-Conquer results wih maximum subspace 
 dimensionality = 17.
bExperimental results from A. Masson, E.R. Williams, 
 T.R. Rizzo J. Chem. Phys. 143, 104313 (2015). 

The system has 174 vibrational degrees of freedom. We employed a force field that takes
into account stretching, bending and torsional contributions, but neglects bond coupling
terms and van der Waals interactions. D. Holec et al. Phys. Rev. B 81, 235403 (2010).. 

Exact but HardExact but Hard

Pictures of Newton and Schroedinger's cat from The Nobel Prize in Chemistry 2013 – The Royal Swedish Academy of Sciences.  

Exact but HardExact but HardExact but Hard

Vectors and matrices that appear in the semiclassical expression for the spectral density
can be projected into subspaces by means of a singular value decomposition procedure.

The external field λ(t) accounts for the non separability of the 
potential. It is chosen in a way that the projected potential is 
exact in the separable limit.

For instance provides the projected Gaussian
width matrix. is the singular-value decomposition matrix.
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