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&l Ozone formation cycle: Chapman's reactions Conclusion — Perspectives

Ozone is formed and destroyed in the atmosphere according to the Chapman'’s cycle’

UV Source
0, +hv —> 0+0 (R1)
0+0,+M —_— 0;+ M (R2) 55(';“(-?,52' o
05+ hv — & 0,+0 (3 —_ /(&\Q__'_}_\_‘ .
0;+0 ——  0,+0, (R4) ' & st @

0+0+M _— 0,+M (R5)

Besides those reactions, other catalytic reactions with ClIOx, NOx, HOx contribute to
the ozone depletion

!S. Chapman, Mem. R. Meteorol. Soc. 3, 103 (1930)
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S&l Motivations Conclusion — Perspectives

X Until recently, the best available Potential Energy Surfaces included a spurious reef
feature along the Mininum Energy Path for formation causing a large discrepancy
between observed and calculated rates of exchange and formation. Still no
experimental rovibrational spectra of ozone and its isotopologues exist for energies
beyond 8000 cm ™" above the ZPE.

= The highest lying bound states and resonances are thought to be an important part
of the still unexplained anomalous fractionation of heavier isotopologues. We expect
that our new accurate Potential Energy Surface without a reef feature will help
explain the spectroscopy, kinetics and dynamics.
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Motivations Conclusion — Perspectives

X For the past three decades, the ozone isotopic anomaly has been a major research
interest for various groups around the world.

= |ts description requires, amongst other things, an adequate account of the vibrational
states just below (bound) and above (resonances) the disssociation threshold.

% In particular, the thermal rate constants needed for the ozone exchange and
recombination rates can be expressed using the resonances positions and widths
from the formula?:

_ Th(w  —E,()/keT
Qr()krec(T|a) = X,(2J + l)an L r,,(J)e (1)

2T.C. Germann and W.H. Miller, J. Chem. Phys. 101, 6358 (1997)
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Previous calculations:
e Siebert, Schinke and Bitterova (SSB) PES in 2002 at the MRCI/VQZ from a one state
CASSCEF calculation using a (12e,90) active space.

e Ayouz and Babikov PES in 2013 for a one state CASSCF calculation using (12e,90) active
space at the MRCI/CBS limit.

e Tyuterev et al spectroscopic PES using a one-state Davidson corrected MRCI data with
full-valence (18e,120) CASSCF reference combining data from the AV5Z with extrapolated
CBS(5,6) data. A "Dawes correction” to remove the reef feature improved agreement with
experiment for the highest lying levels.

"New Calculation” (Dawes et al 2011, 2013):

e Full valence dynamically weighted state-averaged CASSCF (DW-SA-CASSCF) (20 singlet
states included)

e MRCI-F12/VQZ-F12 (explicitly correlated method) are used to produce data without CBS
extrapolation.

e The long-range (electrostatic) interaction model of Lepers et al used to describe the
long-range part of the PES.

e Spin-orbit coupling correction added to the surface.
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MISSOURI 03 Ground State PES

S&T Features

The "new" ozone PES, possesses 4 features
that makes it suitable for dynamics calculations:

o Excellent equilibrium structural parameters:
re = 2.4031 a.u., 6. = 116.84°
(Expt: 2.4052 a.u. and 116.75°)

e Good agreement with experimental
vibrational levels (as we will show later)

e Accurate dissociation energy
De = 9253 cm~! (Expt: 9219410.0 cm™1)

e Transition region with accurate topography
(without a spurious reef)

Energy (cm?)
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Potential Energy Surface
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Resonances

Conclusion — Perspectives
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MISSOURT \/ibrational Bound States of 160, Bound States
& Computation method oo Perspectives

The bound vibrational states of 1°0s3 up to dissociation have been computed with the
RTR3D and MCTDH codes.

RTR3D (One well and three wells calculations)
e Hamiltonian in Jacobi coordinates

e DVR calculations with symmetry adapted rovibrational basis functions using
(400x400) Sine or PO-DVR functions for the R and r direction, and 150 Legendre
or Shared-K functions for the 6 direction.

e Parallel symmetry adapted Lanczos diagonalisation were carried on a basis of up to
65 million functions in order to check convergence.

MCTDH (One well calculation)
e Hamiltonian written either in Valence or Jacobi coordinates

e DVR calculations using (256 x256) Sine DVR functions for the r's directions, and
128 Legendre or extended Legendre DVR functions for the 6 direction.

e Block improved relaxation (wavepacket propagation of a block of wavefunctions in
imaginary time) of 12 eigenstates on an optimized basis of about 60000 functions.
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Table: First 40 vibrational levels of 03 (J = 0) in cm ™.

NI (v1,v2,v3) Lanczos MCTDH O-L NI (v1,v2,v3) Lanczos MCTDH O-L

1A (0,00)  1451.49° 145140  -7.97 14A  (1,30) 315060 315060  23.33
2A (0,1,0) 695.17 695.18 576 8B (201) 318495 318495  1.87
1B (0,0,1) 1048.81 104880 -672 15A  (3,0,0)  3260.04 3260.04  20.89
3A (1,0,0) 1096.95  1096.95  6.19  16A  (0,2,2) 339333 330334  -2.41
4A (0,2,0) 1387.64  1387.64 11.63 17A  (0,50) 344440 344449 335
2B (0,1,1) 1727.98  1727.98  -124 OB (12,1) 344701 344701  7.01
5A (1,1,0) 178438  1784.38  11.87 18A  (2,2,0)  3544.02 354402  24.05
6A (0,0.2) 2060.27  2069.27 -11.38 10B  (0,1,3)  3700.88  3700.88  -11.12
7A (0,3,0) 2077.07  2077.07  17.92 19A  (1,1,2) 374280 374280  3.37
3B (1,0,1) 2111.72  2111.72 094 11B  (0,41) 374497 374497 15
8A (2,0,0) 2188.37 218837 1279 20A  (1,40) 382846 382846 305
4B (0,2,1) 240406 240406  3.88  12B  (2,1,1) 384377 384377  6.14
9A (1,2,0) 2468.96  2468.97  17.62 21A  (3,1,0)  3940.67  3940.67  26.02
10A  (0,1,2) 273335 273335  -7.24 22A  (0,04) 402020 402020  -18.89
1A (0,4,0) 2762.92 276292 250  13B  (1,0,3) 403500 403500  13.24
5B (1,1,1) 278170  2781.70 354  23A  (0,32) 404877  4048.77 2
124 (21,0 2867.64  2867.64 1854 14B  (1,3,1)  4100.88  4109.88  12.19
6B (0,0.3) 306111  3061.11  -15.02 24A  (0,6,0) 412243 412243 42
7B (03.1) 3076.31 307631 991  25A  (2,02)  4149.75  4149.75  -8.33
137 (1,0,2) 3000.44 309044  -6.74  26A  (2,3,0)  4217.23  4217.24 295

The RMSE for the first 40 states is 11.0 cm ' and 21.0 cm ™! for the first 120 (6500 cm ! above the ZPE).

3Zero Point Energy in cm™!
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G, E 2C3(z) 3o.(x2)
Ozone belongs to the Cs, (M) symmetry group. A; 1 1 1
However, in our calculations we apply G, Az 1 1 -1
symmetry operations to the wavefunctions. E 2 -1 0
This symmetry operation allows to discriminate GCo E CZ(Z) g'v(xz) gv(yz)
the eigenstates of the C,, symmetry which are Ay 1 1 11 11
. A1 - ,
equivalent to the A;, Az and E (doubly B, 1 1 1 1
degenerate) representations of the Gz, (M) group. B, 1 -1 -1 1
- \
it i
3
Q w ) =
0 o] =
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S&l Three Wells calculation: energies Conclusion — Perspectives

Al
/ Table: Last 40 Aj and 20 Ay states?PC.
Level A B A,

1 [C1451.46266 . 1451.46469 Aq states A states

NI Lanczos NI Lanczos NI Lanczos
2 451.464690| 2146.62959

E T2IA  8029.82  141A 846305 | 106B  8398.28
3 2146.62919 | 2500.2568. 122A  8053.95  142A  8479.68 | 107B  8416.10
4 2146.62959 £ 2500.2574 1238 8066.16  143A 849416 | 108B  8478.49
5 G3500.25728)] 2548.40380 124A 811671  144A 851502 | 109B  8488.62
125A  8138.68  145A 851840 | 110B  8516.00
6 2348.0044 | 2839.09063 126A 814118  146A  8533.91 111B 852248
7 2548.40380 | 3179.42685 127A 8149.74 147A 8540.11 112B 8530.97
8 2839.09063 | 3179.42712 128A  8179.33  148A 854356 | 113B  8536.33
120A  8189.67  149A  8560.71 114B  8539.32
2 283909156 [ 5235.82998 130A 822543  150A  8565.73 | 115B  8541.19
131A 823270  151A  8573.61 116B 855137
. 132A 825723  152A  8576.86 | 117B  8550.42
= Dp=8615cm ™ ". 133A 8309.86 153A 8584.42 1188 8567.87
134A  8317.19  154A  8580.17 | 119B  8575.78
=> 160 and 125 states of A; and Ay symmetry 135A  8357.42  155A  8593.93 | 120B  8583.92
respectively. 136A  8369.55  156A 850540 | 121B  8588.79
137A  8379.62  157A  8601.99 | 122B  8593.34
= Near numerical degeneracy of A and E 138A  8428.14  158A 860839 | 123B  8598.75
+ates close to the bott £ th Il lifted 130A  8439.06  159A 860856 | 124B  8603.77
states close to the bottom or the well, liTte 140A  8446.92  160A  8613.65 | 125B  8613.23

with increasing energy due to the tunneling.

=+ No Van der Waal states as observed in the
previous works :Grebenshchikov et al., J. Chem. Phys., 119, 6512 (2003).
Lee and Light, J. Chem. Phys., 120, 5859 (2004)

- . . . .
Close to dissociation we identify about 1 CBabikov et al., J. Chem. Phys., 119, 2577 (2003)

vibrational state every 3 cm ™!, We
converged several more bound states than
were found on the 2002 SSB PES.
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MISSOURL Potential Energy Surface

Resonances of 1605 Bound States
Sﬁ l Resonances

Computation methods Conclusion — Perspectives

There are 3 common methods to determine resonances positions and widths in quantum
systems:

=+ The complex coordinate rotation method and its variants (r — re’®)

=+ The stabilization method (box size Rpyax varied)

=> The complex absorbing potential (CAP) method (complex potential added to the
Hamiltonian): H = Hy — iAW(R).

We combined the stabilization and the CAP methods with the MCTDH package to
obtain our resonances.
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MISSOURI Resonances of 1603 Bound States
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S&l Calculations Conclusion ~ Perspectives

The calculation proceeds in two steps:

= First a Block Improved Relaxation with a blocking potential is done on a set (12
states) and converged states are identified.
The blocking potential simulate a change of the box size when his strength (slope is
varied).

= The second step consists in performing Improved relaxation calculation with a CAP,
starting from the selected stable and converged wavefunctions from the Block
Improved Relaxation. The wavefunctions shall then converge (or at least oscillate)
around the correct values.
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Resonances of 1605
S&l Some results

(viv2,v3) [ Position | Width [ Lifetime

(5.5.0) 86535 | 0588 56.7
(2.2.7) 8685.4 | 0.041 813.0
(7,2,0) 8760.3 | 0.076 438.6
?7,2,7) 8791.9 | 0.072 463.0
72,7 87953 | 0.416 80.1
7,2,7) 8805.6 | 0.246 135.5
(0,13,0) 8810.8 | 0.809 412
(0,0,10) 8835.3 | 1.227 27.2
7,2,7) 8900.6 | 0.282 118.2
2,2,7) 8947.7 | 1.246 26.8
(0,12,1) 8960.3 | 1.765 18.9
7,2.2) 0158.1 | 0.017 | 1960.8
72,7 9560.2 | 0.021 | 1587.3
2,2,7) 9562.4 | 20.282 11

Table: Resonances and widths of 03 (J = 0)

in cm ™!, lifetime in ps. Dp=8615 cm™ L

S. Ndengué (MS&T)

v (bohr)

rv (bohr)

E =8653cm !

r=0.588cm—!

E=8810cm !

r=0.809cm1
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Bound States
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Conclusion — Perspectives
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&‘l Conclusion — Perspectives

e We computed all the bound vibrational states of °O; for J =0 and J =1 (RTR3D
and MCTDH) in the one well and three wells cases.

e We are able to discriminate up to the dissociation A; and A, states.

e A method/process is built to compute resonances of O3 (and maybe other
polyatomic molecules) with MCTDH which proceeds by a stabilization and CAP
calculation.

e Results suggest that ozone possesses numerous resonances with lifetimes ranging
from the picosecond to the nanosecond.
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Further works:

% Calculation of resonances for higher J (work in progress) and other isotopologues in
order to characterize the isotopic exchange and recombination rates of ozone.

ww The MCTDH approach is a powerful method for higher dimensionality systems; the
technique presented for the calculation of resonances may be conveniently applied
for such systems.
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