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@ 1. A+ BC reactions

Atom-diatom collisions

Atom A colliding with molecule BC (in a given vibro-rotational
state v,j) with a certain velocity and impact parameter b



School on Open

I. In'ITOd UC1'IOF1 Science Cloud -

Quantum Dynamics |
1. A + BC reactions _
S Rampino

7 June 2017

@ 1. A+ BC reactions

Atom-diatom collisions

Atom A colliding with molecule BC (in a given vibro-rotational
state v,j) with a certain velocity and impact parameter b

Reaction cross section

R
o Ny

max /\]vj

oy = 7b
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2. Crossed mo|ecu|c1r beoms

Crossed-molecular-beam machine at Perugia (Prof. Casavecchia)
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3. Dynamics and
kinetics

Atom-diatom collisions

Atom A colliding with molecule BC (in a given vibro-rotational
state v,j) with a certain velocity and impact parameter b

Reaction cross section Thermal rate coefficient
NR AR
_ 2 . _ _ 81<BT 2 2
Ovj = ﬂ—bmax /\]i: ¢<Vri(T) - <\/>UVJ - T Wbmox /\]i:
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Il Potential energy surface

4. Born-Oppenheimer approximation

Schrsdinger equation for a molecular system
.0 5
Iha\p(g, 7L) = qu(sa TL)

where Eis the set of nuclear (q) and electronic Q) coordinates

Closed form solution for for very simple models only
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4. Born-Oppenheimer approximation

Born-Oppenheimer approximations: the grounds
Electrons are 1822 times ligher than the protons and
neutrons constituting the nuclei

Underlying assumption:

The electrons rearrange insfonfoneous|y around the
moving nuclei (electronically adiabatic approximation)
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Due to the Born-Oppenheimer approimation, expand ¥

4.
Born-Oppenheimer
approximation

¥(q,Q,1) an 9. 1)$.(Q; q)
and rewrite the Schrodinger equation

ih% > (@, 1)6,(Qsq) = [ﬁ, + V] PBRUCRLACL)

where H = Tq + \7
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Electronic structure: ¢'s eigensolution of
4.
" Born-Oppenheimer
\/qb” (O? q) — \/ﬂ (q)d)m (O7 q) approximation

Nuclear dynamics: B-O equation of motion

0 (a.0) = [Tala) + Via)] vl

where n = 0 (dynomics on the electronic ground state) has been dropped



Il Potential energy surface

4. Born-Oppenheimer approximation

Nuclei move on the Potential Energy Surface V(q)

ihgw(q,f) = [Ta(a) + V(@) | ¥(a, )

the ensemble of the values V,, (q) of the energy of
the nth electronic state at all nuclear geometries
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5. Analytic formulations
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Aguado-Paniagua global fitting scheme
V(r1,r2,7) = Vi (1) + VD (2) 4 VED (13) + V) (1,12, 73)
v () = co + Z c,(ref’y( )
5. Analytic

formulations
(3) A1y (10 o5 2 (o183 Y
VO (r1,r2,13) =D dy(re™ 1) (rge T2 2) (e ™75 13)
ik

itk AiA £k itjithksM

Many-body-expansion polynomial formulation
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5. Analytic formulations
Shepard interpolation scheme

N,

V(@) =D wil@)Ti(q)
i=1

v
Jq

Ng .
: LN
T(@)=Vi+ Y Aggor| + = AguAgy———
; 2! > £ 894095

1 Ngp,
wi = d/z Wi dr‘ =
i =1

Weighed sum of second-order Taylor expansions around a set of Ngy, electronic energies
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5. Analytic
formulations
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6. Representations

Many-body expansion
V(n,ro,r3) =

V() + V(1) + V2 (r5)+

VO (n,r9,13)

Configuration-space sampling
f=2

10-point SRBO grids

5-point angular grid

Ab initio
PC-NEVPT2/CASSCF

DKH Hamiltonian

ANO-RCC basis set

Fitting

775 ab initio energies
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6th-degree polynomial fit for two-body terms
7th-degree polynomial fit for three-body term
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[Il. Coordinates
7. Arrangement and process coordinates

Bond lengths (BL)

* the BC (reactant) internuclear distance rgc
* the AB (product) internuclear distance rag
* the angle formed by rgc and rag
Features

*“process" coordinates

* non orthogonal coordinates

* commonly employed in PES representations and inspection
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[Il. Coordinates
7. Arrangement and process coordinates

Reactant (and product) Jacobi coordinates
* the BC (reactant) internuclear distance r

* the A-BC distance R

* the angle © formed by R and r

Features

* "arrangement"' coordinates

* orthogonal coordinates

* used in wavepacket TD methods
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[1l. Coordinates

7. Arrangement and process coordinates

Delves hyperspherical coordinates
* p= /R2 + 2
* r
6, = arctan R
C)
Features
*“arrangement" coordinates
* orthogonal coordinates
* used in hyperspherical TI methods
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[Il. Coordinates
7. Arrangement and process coordinates

Bond Order (BL) coordinates

* pc = o~ Bec(rBc—reqpC)

" naB
* the angle formed by rag and rgc

— o Bas(raB—reqne)

Features
*“process" coordinates
* non orthogonal coordinates

* physico| space inverted and confined in a finite volume
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[Il. Coordinates

7. Arrangement and process coordinates

rc/ag
w £

N

BB Teqbi

npc

efabreqa
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[ll. Coordinates
8. PES representations

Many-body expansion
V(n,ro,r3) =

V() + V(1) + V2 (r5)+

VO (n,r9,13)

Configuration-space sampling
f=2

10-point SRBO grids

5-point angular grid

Ab initio
PC-NEVPT2/CASSCF

DKH Hamiltonian

ANO-RCC basis set

Fitting

775 ab initio energies
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6th-degree polynomial fit for two-body terms
7th-degree polynomial fit for three-body term



[ll. Coordinates
8. PES representations

Rectangular relaxed plot

reaction coordinate
n = arctan (rcH/rcc)

angular coordinate

& = CCH

overall-size coordinate
_ (2 2 \I/2
p = (rcy +rce)

RRX plot
min V(n, ®)
P

L Pacifici, M Pastore, E Garcia, A Lagana, S Rampino, A dynamics investigation of the C + CHt — C; +H
reaction on an ab initio bond-order like potential, The Journal of Physical Chemistry A 120, 5125-5135 (2016)
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[ll. Coordinates
8. PES representations

v IR (SR | R L
Dy

Reaction paths

path 1: collinear MEP

C+CHYT — CCHT = Cf +H
path 2: absolute MEP

C+CHt — CCHt — HCCt - H+Cf

L Pacifici, M Pastore, E Garcia, A Lagana, S Rampino, A dynamics investigation of the C + CHt — C; +H
reaction on an ab initio bond-order like potential, The Journal of Physical Chemistry A 120, 5125-5135 (2016)
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[ll. Coordinates
8. PES representations

= IR (SR | R L
(LR LRI

-4

T T T T
--- collinear MEP
— absolute MEP

1 /degree

1
20 30 40 50 60

90

L Pacifici, M Pastore, E Garcia, A Lagana, S Rampino, A dynamics investigation of the C + CHt = ¢ +H

reaction on an ab initio bond-order like potential, The Journal of Physical Chemistry A 120, 5125-5135 (2016)
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[ll. Coordinates
8. PES representations

V/ev

-6

-8 ! ! ! ! !

oM N M YA Ca+CaH'  CACeH' [ch ]' HCACS' Gt +H
Dy e

L Pacifici, M Pastore, E Garcia, A Lagana, S Rampino, A dynamics investigation of the C + CHt — C; +H
reaction on an ab initio bond-order like potential, The Journal of Physical Chemistry A 120, 5125-5135 (2016)
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[1l. Coordinates

9. Configuration-space sampling

VI
2D -
De
0 1 1
rmin re ’mox

S Rampino, Configuration-space sampling in potential energy surface fitting: a space-reduced
bond-order grid approach, The Journal of Physical Chemistry A 120, 4683-4692 (2016)

School on Open
Science Cloud -
Quantum Dynamics |

S Rampino
7 June 2017

9.
Configuration-space
sampling



[1l. Coordinates

9. Configuration-space sampling

T
VI
20, |- 1  op,
De B De
0 0
1 1
rmin re ,mQX
SRBO approach

School on Open
Science Cloud -
Quantum Dynamics |

S Rampino
7 June 2017

var=21
| n= e BT

f= attr./rep. spac

e ratio

S Rampino, Configuration-space sampling in potential energy surface fitting: a space-reduced
bond-order grid approach, The Journal of Physical Chemistry A 120, 4683-4692 (2016)

anX

e

9.
Configuration-space
sampling
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9. Configuration-space sampling
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T T T
4G
= o7 B-1o)
2D, - oD, | 7€ i
f= attr./rep. space ratio
De B De T
0 0
1 1 1 1
Irvin Te Ttnax Pin 1 Prnax e 9
Configuration-space
sampling
SRBO approach
b= o= Bl=re)

switch from BL to BO space

S Rampino, Configuration-space sampling in potential energy surface fitting: a space-reduced
bond-order grid approach, The Journal of Physical Chemistry A 120, 4683-4692 (2016)
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4G var=21
_ o -1
20, | - oD, | 7€ -

f= attr./rep. space ratio

Dg |- De N
0 0
1 1 1 1
Irvin Te Ttnax Pin 1 Prnax e 9

Configuration-space
sampling

SRBO approach

= o—Bl—r)
switch from BL to BO space
introduce space-reduction param f (_ 1m 1o Blmax—re)
T omax—1 T e Blmin—re) —1

S Rampino, Configuration-space sampling in potential energy surface fitting: a space-reduced
bond-order grid approach, The Journal of Physical Chemistry A 120, 4683-4692 (2016)
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4G var=21
_ o -1
20, | - oD, | 7€ -

f= attr./rep. space ratio

Dg |- De N
0 0
1 1 1 1
Irvin Te Ttnax Pin 1 Prnax e 9

Configuration-space
sampling

SRBO approach

= o—Bl—r)
switch from BL to BO space
introduce space-reduction param f (_ 1m 1o Blmax—re)
T omax—1 T e Blmin—re) —1

S Rampino, Configuration-space sampling in potential energy surface fitting: a space-reduced
bond-order grid approach, The Journal of Physical Chemistry A 120, 4683-4692 (2016)
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IV. Reaction dynamics

10. Quasi-classical trajectories

QCT calculations

Nuclei move classically on the PES
Quantization introcued at some degree

Trajectory

impact parameter b

collision energy Ey,

atom-diatom orientation angles

diatom's quantum-like internal states (v, j)

Ny, (Eir, b): total trajectories
/\/\'}J(En, b): reactive trajectories

Outcomes

opacity function

NR (Ew,b)
Pyi(Etr,b) = m

reactive probcbihfy

N (Ev)
Pu(Ev) = REED

cross section
R
o Ny

max N

oy = 7b,

thermal rate coefficient

ki(T) = (ov; =/ Z2lmb
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10. Quasi-classical
trajectories

R
o N

vij
max N,,;
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The nuclei Schrédinger equation
L0 o
he(a,) = [Tala) + V(@) |v(a. 1)
must have solution
11. Quantum

,lz)(q’ .I.) — O(.I.’ TO)¢(q; TO) time-dependent
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Time evolution operator
~ —iHAt
U(T, fo) =e h
Ground equation for TD methods
—ifAr 11. Quantum

w(qa 1-) =e h ‘w(q, fo) time-dependent
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Typical TD technique: the wavepacket method
» sef up a state selected reactant wp on a discrete grid
» evolve in time

> cmo|yze

Features

» initial value method

» makes use of discrete grids 11 Quantum

time-dependent
» 1 reactant state and a wide range of scattering energies per
run
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Wavepacket method

11. Quantum
time-dependent
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Wavepacket method

1. set up a (v, j) wavepacket

$(R,r,1o) = e HR=Ro)g=alR=Ro)® 4o ()

216
11. Quantum

214 + time-dependent

212

0.1
0.08
0.06
0.04
0.02




IV. Reaction dynamics

11. Quantum time-dependent

PY(R,rt) =

rH(f TO

0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

Wavepacket method

1. set up a (v, j) wavepacket
2. evolve in time

w(R ry f())

71
543
R’ /bohi

r’/bohr
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Wavepacket method
1. set up a (v, j) wavepacket
2. evolve in time
3. analyse far into the product region
1 oo IEt —iAt
ch’ov E)=— = f eh wcv’e h wov dt
o(E) (W |2 )(®E, 100 70 Wevle™ [¥a)
0.16
11. Quantum
014 time-dependent
012
01
0.08
0.06
0.04
0.02 1
2
0 43

5
R’ /bohi

r ' /bohr
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12. Quantum time-independent

Insert i
—iHAt
Y(q,1) =e "+ (q,to) M

in

.0 5

he(a,) = [Taa) + V(@) (a1 @
and get the ground equation for Tl methods

12. Quantum
A~ ?ime—indzpender\f

Hw(qaf()) = E¢(q,*0) (3)

time factored out
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A typical Tl approach: the hyperspherical method
» adopt p as a continuity variable
» divide p into sectors and expand 9 locally

» analyze ¢

Features

» not an initial value method

» expands in analytical basis functions
. 12. Quantum
» all reactant states and 1 scattering energy per run fime-independent
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Grand-challenge

Develop a complete model
for an interstellar cloud

Interstellar chemistry

low T (5-300 K)
low density (103101 cm3)

- Gas-phase barrierless 13. Astrochemistry
reactions involving
ions or radicals

- Heterogeneous or multiphase
processes involving dust
grains and icy mantles
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Processes

radiative association
associative detachment
dust-grain-catalysed reactions
photodissociation
colliaional dissociation
dissociative recombination
ion-neutral reactions
neutral-neutral reactions
charge-transfer reactions
13. Astrochemistry

Model setup

number densities of all species (hundreds)
physical conditions within the cloud

set of reactions (thousands)

reactions rates for all chemical processes
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Processes

radiative association
associative detachment
dust-grain-catalysed reactions
photodissociation

colliaional dissociation
dissociative recombination
ion-neutral reactions
neutral-neutral reactions

charge-transfer reactions
13. Astrochemistry

Model setup

reactions rates for all chemical processes
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Processes

radiative association
associative detachment
dust-grain-catalysed reactions
photodissociation

colliaional dissociation
dissociative recombination
ion-neutral reactions

neutral-neutral reactions

Y

13. Astrochemistry

charge-transfer reactions

Model setup Kinetic databases

KIDA
http://kida.obs.u-bordeauxl.fr/
UDfA

reactions rates for all chemical processes http://udfa.ajmarkwick.net/
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Processes

radiative association
associative detachment

dust-grain-catalysed reactions Many of the reactions in these databases

photodissociation need to be studied/revised
colliaional dissociation

dissociative recombination
ion-neutral reactions
neutral-neutral reactions

charge-transfer reactions
13. Astrochemistry

Model setup Kinetic databases

KIDA
http://kida.obs.u-bordeauxl.fr/
UDfA

reactions rates for all chemical processes http://udfa.ajmarkwick.net/
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13. Astrochemistry

x -8 L L L L L 14 C+CHT —
- m\.) . LT Ca+CgH"  CaCaH" [C:CB]* HCACs"  Cof+H C;’ + H: dynamics
du o 15.C+CHT —

C + Hs kinetics

L Pacifici, M Pastore, E Garcia, A Lagana, S Rampino, A dynamics investigation of the C + CHt = ¢l +H
reaction on an ab initio bond-order like potential, The Journal of Physical Chemistry A 120, 5125-5135 (2016)



V. Applications
4. C+CHT — C;‘ + H: dynamics

1.0 — —
L [ E,=0.0013 eV ]
| 'S 1
1:0 T T T 1T 1] :‘!_'_!_'_!- T 1 T T T T
r 10 [E=0.0390eV

Probability

E,=0.0260 eV

| | | | | |
Y0 2 4 6 8 10 12 0 30 60 90 120 150 180 04 08 12 16 20
Impact parameter /A Scaltering angle /degree  Product translational energy /eV

Opacity functions (10, 300, 2000 K)

capture-type mechanism at low collision energies
footprints of other mechanism showing up at higher collision energies

L Pacifici, M Pastore, E Garcia, A Lagana, S Rampino, A dynamics investigation of the C + CHt — C; +H
reaction on an ab initio bond-order like potential, The Journal of Physical Chemistry A 120, 5125-5135 (2016)
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13. Astrochemis

14.C+CHT —
C2+ + H: dynamics
15.C+CHT —

CF + H: kinetics
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1.8 T T T T T
1.6
1.4
1.2

Model vs dynamics

1.0
0.8
0.6 @
0.4
0.2
0.0

k(M x 10° fem®s™!

g
.- '

—-—-_Langevin -7 thermal

I I I I I

0 50 100 150 200 250 300
T/K

15.C+CHT —
C;’ + H: kinetics

S Rampino, M Pastore, E Garcia, L Pacifici, A Lagana, On the temperature dependence of the rate coefficient
of formation of C; from C + CH™T, Monthly Notices of the Royal Astronomical Society 460, 2368-2375 (2016)
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1.8 T T T T T
1.6
1.4
1.2

Model vs dynamics

factor two at low T

10 k(T) doubles in 5-300 K

0.8
0.6 @
0.4
0.2
0.0

sharp increase in 5-50 K

k(M x 10° fem®s™!

—e—

.- '
e Lor:qevin . —E—I Thermo!
0 50 100 150 200 250 300
T/K

15.C+CHT —
C;’ + H: kinetics

S Rampino, M Pastore, E Garcia, L Pacifici, A Lagana, On the temperature dependence of the rate coefficient
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