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Introduction

Field

Computational and theoretical description of molecular processes induced
upon UV-visible light absorption and starting in electronic excited states

Methods

Quantum/semiclassical molecular dynamics (time evolution of the molecular
geometry governed by potential energy surfaces and non-adiabatic couplings)
and electronic structure (set of coupled excited states)

- both challenging compared to ground-state simulations

Objective
Simulation of time/energy-resolved processes at the molecular level from
the promotion to the excited electronic state, if possible to the formation of
products or regeneration of reactants back in the electronic ground state

Applications
Electronic spectroscopy (photoabsorption, photoionisation)
Photochemistry, photophysics, chemiluminescence [atto/femto]
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Introduction

=  Franck-Condon approximation
= Electric dipole approximation
=  Wavepacket evolution (time)

=  Absorption spectrum (energy)

Example: nn* benzene (vibrational progression in mode 1: totally symmetric breathing)
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Introduction

o Intramolecular vibrational redistribution
= |nternal conversion
=  Photostability vs. photoreactivity
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(photophysics): Jablonski diagram
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Radiative: Absorption, Fluorescence, Phosphorescence

Radiationless: Intramolecular Vibrational Redistribution, Internal Conversion, InterSystem Crossing
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Introduction

Structure (thermodynamics, spectroscopy) and reactivity (mechanism, kinetics)

Quantum chemistry Molecular dynamics

Electronic energy Nuclear motion
(at various positions of the (in the mean field of the

nuclei) electrons)
Vv
: TS :
—> Static approach : - Dynamical approach
= |\
R/
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Introduction

Electronic structure Molecular geometry

(D,Q0>—>

®;Q, +0Q)

V(Q)—V(Q +dQ)
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Introduction

otochemistry): reaction path

Non-adiabatic ! Adiabatic <
photochemical ! photochemical !
reaction FC reaction
TS*
N R*
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Coln TS
, v
P p
R

Reaction coordinate

Adiabatic reaction: radiative deactivation after excited-state product is formed

Non-adiabatic reaction: radiationless decay to ground-state product through conical intersection (Coln)
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Introduction

= The system does not start from around
an equilibrium geometry

» The slope on S, creates an initial driving —)
force (skiing rather than hiking)

= The system will develop momentum as it >
escapes the Franck-Condon region

= The trajectory can easily deviate from
the minimum energy path (bottom of the
valley connecting R to P through TS)

- molecular dynamics simulations

= State crossings are likely to happen
—> non-adiabatic (vibronic) effects
- quantum dynamics
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2. Beyond the Born-Oppenheimer
Approximation
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Beyond BOA

a. Adiabatic Electronic States

b. Adiabatic Partition of the Molecular Schrodinger Equation
c. Non-Adiabatic Couplings

d. Conical Intersections

e. Diabatic Electronic States
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Beyond BOA
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Beyond BOA

_olecular Hamiltonian

N hZ
=Y
=AM,
L n_ 2
= Non-relativistic _Z A
» Electrostatic = 2m, 7
. : NZ 7€’ 1
Electronic (r) and. +ZZ
nuclear (R) coordinates T k=g 4ne, R, —R,
n—-1 n ez 1
- Direct solution +> > —
extremely expensive i ey ATE H"j "kH

and rarely useful
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Beyond BOA

= Nuclei at least 1800 heavier than electrons
= Time scale separation

Electronic ~ 0.1 fs

Vibrational ~ 10 fs
= Energy scale separation

Electronic ~ 50 000 cm-?

Vibrational ~ 500 cm’

- Problem solved in two sequential steps
1) Electronic, relaxed at each geometry (quantum chemistry)
2) Nuclear, in the electronic mean field (molecular dynamics)
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_enheimer (BO) approximation

A

Hmol (aq’ q’ aQ’ Q) — 7ﬁnuc (aQ) —l_ I:Iel (aq’ q? Q)

vQ, Hy(0,,4:Q)®(q;Q) =E, (Q)®(q;Q)
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_enheimer (BO) approximation

A

A (04G99, Q) =T, (04) + A (8,,3:Q)

vQ, H,(0,,4:Q)®(q;Q) =E, (Q)®(q;Q)
/

vQ, E,(Q)=V(Q)

S—
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_penheimer (BO) approximation

A

A (040,99, Q) = T, (04) + A (0,,3:Q)

vQ, H,(0,,4:Q)®(q;Q) =E, (Q)®(q;Q)

vQ, E,(Q)=V(Q)
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Beyond BOA

_l dynamics: equations of motion

nuclear wavepacket

Lo v |wleb=mw@r

potential energy surface |

nuclear trajectory
ma;Q(t) =95V ()

localvforce
H transfer with tunnelling: non-classical behaviour

I—

Q)

X-H-Y

X-H-Y X-H-Y X~H-Y X-H-Y

X-H-Y
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Beyond BOA

O

vQ, E, (Q)| — sampling - O

O

O
Q

Summer School - Emie-Up - Aug. 2019



Beyond BOA

_ explicit function of Q

vQ, E, (Q)=V(Q)| — sampling and fitting
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Beyond BOA

-ce: explicit function of Q

vQ, E, (Q)=V(Q)| — sampling and fitting \/

Example: linear harmonic oscillator

Q
vV(Q)=V, +%k0 Q-Q)
Parameters: Q ,V, =V(Q,),k, = lacsz(Q)]Qo
—% 3(22 + V(Q) P, (Q) =E0, @, (Q) \‘\ //
BO
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Beyond BOA

-: many-(many!)-body expansion

= Unknown form (not 1/r,,) = sampling and fitting

= More than two-body terms: multidimensional integrals
<¢p|V|¢p>, not limited to (uv| |An)

= The very bottleneck in quantum dynamics!
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Beyond BOA

_lves radiationless decay

= Example: first step of the vision process:
retinal photoisomerisation - no fluorescence!

Internal conversion

Potential energy

Energy transfe>
cis

N
7

Isomerisation coordinate
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Beyond BOA

= When the Born-Oppenheimer approximation is no
longer valid

= Vibronic coupling between the electronic states and
the nuclear motion: non-adiabatic coupling

= Strong effect when the electronic energy separation is
small (-~ vibrational, so similar time scales)

= Explanation of internal conversion (if same spin)

= NB: intersystem crossing (if different spins) due to
spin-orbit coupling (relativistic origin)
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Beyond BOA

W (3:Qt) =y, (Q,t)D, (q;Q)= B0 approximation

J \\

nuc el

Beyond BO=W_ (q,Q,t) = Zqu (Q,t)d,(q; Q)

J \

n eYl
( \

or¥ (q, Q,) = L/?(Q,) dJ(q; Q,) “Exact factorisation”

J

Y
\ nuc el /

A

H, (8q,q; Q): no longer replaced by a single of its eigenvalues, V. (Q)

— matrix (ss’ indices) of "potential energies” wrt. Q

2
T (Q, 8Q) ~ _'f_m 07 acts on both y, (Q,t) and ®,(q; Q)

— non-adiabatic-coupling matrix (ss” indices) wrt. Q
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Beyond BOA

-ian vector derivative

{Us (x)} parametric orthonormal basis set (~rotating frame):
Vx) =DV (x)U(x), vi(x) =0 (x)-v(x)

/ / /
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Beyond BOA

_ing (general principle)

{

D; x>} parametric orthonormal basis set (~rotating frame):

W; x) :zsjqjs (X)| D x), W, (x)=(D,; x| W5 x)
W5 x) :Z:(qj;’(x) O,; x) + |2, (x)|DL; x) + g, (x)| DL x) ),
(@ x| W5 x) =gl (x) + Zzp:w; (X)(®,;x (D;;x>+zp:q,ls (X)(®,; x| D) x)
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Y (4Qt) =3, (Q,t)0,(q:Q)
vQ, H,(4:Q)®,(¢;:Q)=V,(Q)®,(q;Q)

A h2 ,
T (0,]=———0

nuc ( Q) Zm Q
Representation explicit with respect to Q

but implicit with respect to g (could be p = k)
?,(q;Q) —|0,;Q)

(%q; Q)—hA.(Q)
Ve Q1)) =20 (Q»t)

A

Q)

el

Summer Schoo

- Emie

-Up - Aug. 2019

Beyond BOA




R T A
F (Q) T om Jq| T He (Q)
I:Imol (Q) meol (Q’ t)> — ’hat meol (QJ t)>

Yoo (Q t)> = Zw (Q, t)
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Beyond BOA

-istry: a non-classical field

Radiationless decay mechanisms = the nuclei behave as
quantum-mechanically as the electrons (~AE, ~At)

o w (Q’t)- _7:(50 0 ||w, (Q’t) -/A\oo /A\m--qjo (Q’t)-
1ho, = n +lo .
W (Qt)] |0 HO|w(Qt)] |A, A,||w(Q)

= Nuclear wavepacket (Q,t) with two (or more)
components

P ()= [

SASK {Q}
= Vibronic non-adiabatic coupling (non-Born-Oppenheimer)
—> electronic population transfer

w,(Qt) dQ
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Beyond BOA

-an theorem (general principle)

F"(Db> :Eb\d)b>
A=
(®,|H=E, (0,
<(Da (Db> — 6ab

derivative with respect to an external parameter:

(®,|®,) =(0|®,)+(d,|®;) =0

a
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-man theorem (general principle)

<cDa ‘FI‘ (Db> =0,k

o

H

o

<Db> +<<Da

H

H

Beyond BOA




Beyond BOA

_n theorem (general principle)

a=b: E;:<CDGI:I’CDG>
a=b: (O, ®;><q::‘_1blrll::b>
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_turbation and response theories

H=H" +Hdx
felz) - v?| )
Al®,) =V, |®,)
V.=V°+ Vix +..
——
energy correction

OF) + | 0) (@ | ) O + ..
P

wavefunction response

0,)=

A | o))

(@]
;) = % “yo




v.(Q)-V,(Q))(®;Q 9oH. (Q)

0,9,:Q) +(®;;Q

(Dp; Q.> — dspanS (Q)

S=p. 8st (Q) — <®5;Q‘8Qﬁel (Q)

adiabatic gradient

CDS;Q>

(©,;Q|05A. (@) 0,;Q)
vp (Q> o vs (Q>

S=p: {@s;Q‘ﬁQq)p;Q} =

1st-order non-ac]iabatic coupling




Beyond BOA

<<DS;Q

9. Q)] 0,:Q) = [ ®;(9:Q)P, (4:Q) 9 Ve (4:Q)

{CI} —>transiti6n density —>Vext<q ;Q)

+6spannuc-nuc (Q)
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Beyond BOA

=
I

00 01- _ HOO —|_H11 1 O _I_ 2 01
o1 Hiy 2 0 1 H

11

| eigenvalues

2
H, +H H.—H 2
= i\/[ = ] ()
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Beyond BOA

Adiabatic
surfaces

— O x(2)

Degeneracy lifted at first order
along 2D branching space

x| | gradient of (H,, - Hy)/2
x2) || gradient of H,,
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Beyond BOA

divergence and cusp

(®,;Q]| vQI:Iel (Q)|®;Q)

V, <Q> Vo <Q>

> OO

_ 0+ (x(1) ,5Q)2 +(x(2) ,5Q)2 1.

gradient: ill-c]efined (cusp)
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Beyond BOA

-emistw around conical intersections

= Adiabatic representation
(BO states)

= Divergent non-adiabatic
coupling and cusp of the
potential energy surfaces
at the conical
intersection

= Problem for QD: integrals
require regular functions

of Q

Reactant
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Beyond BOA

= Diatom (one coordinate): crossing only if different
symmetry (Wigner non-crossing rule)

\ / _—

~ — 3
~ -
N~£’¢
) ~y
- * S

~—_

- N

-

= Jahn-Teller:
two degenerate electronic

states (E)
- two equivalent vibrations (E)
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Beyond BOA

= Symmetry-induced conical intersection: allowed crossing
between states of different symmetries (', and ),
coupling of I, ® ['; symmetry = non-zero when symmetry
gets broken (states mix)

(AlA,|A) (A|A,|B)
(8 B)

I

=
=)
XL

el el

= Accidental conical intersection: probable because large
number of degrees of freedom (often related to high-
symmetry Jahn-Teller prototype)
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Beyond BOA

= Unitary transformation minimising the non-adiabatic

coupling |
cCos@ —sing
sing  Cos@

U=

(0,;Q[0,9,;Q) — o0 (0;Q|0,95;Q) ~ 0

H=UVU'

= Electronic Hamiltonian matrix no longer diagonal

Hy Hol V,+V A’ —Ccos2¢p —sin2¢|
H, H, 2 2 |—sin2¢p cos2p
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Beyond BOA

= Rotation angle

2H,, (Q)
H,, (Q) — Hgo (Q>

» Condition to make the diabatic derivative coupling zero

(055Q[9,9,5Q) = (¥}; Q|99 Q) ~ 9,0 (Q)

= 0,0(Q)~ —<(DO;Q‘8Q<D1;Q>

= Never fully achieved in practice: various types of quasi-
diabatic states, all based on a smoothness condition of the
wavefunction or the energy, the dipole moment, etc.

tan2¢(Q) = —
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= [nfinite basis set required
(unless isolated Hilbert subspace)

00 (0y;Q|0,0,;Q)
<CDO; Q|0,D; Q> +(0,0,;Q
(0,5Q|020,;Q) + 3 (9,9:5Q

0,9 Q)
O;Q)(O,;

Q1

832@1;Q> - EOO:<(D0;Q

s=0

(®;Q

0,0,;Q)(®,;

Q1




Beyond BOA

diab
I
diag
é
diab
Working space Target subspace Model subspace
(N configurations) (n adiabatic states) (n diabatic states)

= Configuration contraction wrt. static correlation yielding
well-behaved model states equivalent to the target
states (n out of N)

- effective Hamiltonian
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Beyond BOA

_ooth Hamiltonian matrix

4
A

adiabatic

diabatic

= 5
"N )

= Electronic structure preserved wrt. geometry variation
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Beyond BOA

Diabatic Diabatic <:> Adiabatic
surfaces potential coupling surfaces
/‘

Degeneracy lifted at first order

2 .
V,—V, |[H,, —H,, by along 2D branching space
2 7| *{He)

x(M || gradient of H,, - Hy,
x@) || gradient of H,,
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Beyond BOA

= Walsh
correlation R
diagrams o

+
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Beyond BOA

_ GS multiple wells and crossings
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Beyond BOA

= Marcus theory of electron transfer reactions

\D-L—A

HAG®

= Valence bond: transition barriers as avoided crossings

ne o R..X = 2V4(R1|.X) — (R-}1.X)]

==X UISTANCE
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3. Non-adiabatic Processes
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Non-adiabatic
processes

a. Non-Adiabatic Quantum Dynamics

b. Radiationless Decay

c. Electronic State Crossings
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Non-adiabatic

processes

= Time-dependent molecular Schrodinger equation within
the Born-Oppenheimer approximation

in % w (R, t) — APy (R, t)
H =T, + v (R)
= Nuclear kinetic energy operator
and potential energy surface
= Wavepacket for the nuclear motion (R, t)
- amplitude of probability to be at geometry R at time ¢

Example: H transfer with tunnelling

X-H-Y X-H-Y X-H-Y X-H-Y X-H-Y
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Non-adiabatic
processes

= Time-dependent molecular Schrodinger equation for two
vibronically coupled singlet electronic states, S, and $,,

o |V (Re)| [ Ape® (R

5|0 (5 | "0 o | o0 (7
W (R,t) H; s |Y (R,t)

D Two-compohent wav'epacket for the nuclear motion (R, t)

= Non-adiabatic coupling terms (non-Born-Oppenheimer)

- transfer of electronic population
51

Example: photodissociation with >
internal conversion

Summer School - Emie-Up - Aug. 2019




Non-adiabatic

processes

- molecular Hamiltonian

=) = <s;R H_|s"; R> =70, +A +<S;R H,, (R) s'; R>
General form
O o F o] [A® A W, H
= Y DU B
7:2<1 O> 7:2<1 1> O T /\<1 O> /\<1 1> H1O H1 1
Adiabatic electronic states Zero
000 00 [ 1 [A(0) 20 1 potential
H H _ r o 4+ A A 4 v0 0 coupling (Hy,)
700 Ll o T A |0V b of
i i L . 5 d ) ) h 1
NB: diagonal scalar corrections A AU (Born-Huang approximation) chemistry
. . . Lero
D1al_3at1c electron_lc st_aAtes | Kinetic
® H T o] [H, H,]  couting e
— |+ > girswlaer;{gsr quantum
~(10 ~ (11
H< ) H< ) O T_ _H10 H11- (no singularity at conical

intersection
)




Non-adiabatic
processes

= Time-resolved population of each electronic state =
integral of the density within the electronic state

@' (ﬁ, t) 2 dt

= Normalisation condition

S P (t) =1

S

= Transfer of population due to non-adiabatic coupling

-0yt (7€) = A (Rt + A (R

conservation term

(Born-Oppenheimer) creation/dissipation terms

(non-adiabatic coupling)
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Non-adiabatic
processes

= [nternal conversion = population transfer between singlet

states s,
AN

5

S0

/\SO

= No light emission: vibronic (non-adiabatic) coupling

= Very efficient at or near conical intersections

<Oadia; ,_?) %ﬁﬁe[ (ﬁ) 1adia; R)>
v1adia (I__é) o voadia (I__?))

adia., p | o
(0*;R|V,

fadia. R’> _
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Non-adiabatic
processes

* |nternal conversion can regenerate the electronic ground
state in the reactant or product regions

Reaction coordinate
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Non-adiabatic
processes

pography

Sloped conical intersection

Peaked conical intersection
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Introduction

Potential energy

Energy transfer

cis
N
7

Isomerisation coordinate
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Potential energy

Locally
excited
state

Charge-transfer
state

Ground state

A\
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Proton transfer coordinate
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4. Methods
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Methods

a. Grid-Based Methods
“Exact” methods
MCTDH

b. Direct (on-the-Fly) Methods
Gaussian-Based Quantum Dynamics

Trajectory-Based Dynamics - cf. F. Agostini’s talk
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Grid-based quantum dynamics - electronic spectroscopy

Vibronic coupling Hamiltonian model (local expansion of the diabatic potential
surfaces and couplings)

= Benchmark: pyrazine: 10 atoms (24D) / 3 coupled electronic states
= Valid only for small amplitude motions
= Global potential energy surfaces on a large grid: difficult and expensive

Trajectory-based mixed dynamics = photochemistry
Swarm of classical trajectories + probability of electronic transfer

= Most applications up to date (not accurate but useful for mechanistic purposes)
= Approximate treatment of non-adiabatic events
= ‘On-the-fly’ calculation of the potential energy or force field

+ A more quantum strategy: direct quantum dynamics

= Moving Gaussian functions (centre follows a ‘quantum trajectory’)
= Approximate quantum dynamics with ‘on-the-fly’ potential energy surfaces
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Methods

ds

NA-MQC
Parameterized
GWPs Partial
Wigner
m L
5 transform
=
E D = Zr W, Born-Huang Saddle-point | Classical Modified | Unique
E S = %" || expansion approximation } trajectories  elect. density } trajectory
o
5 Multiple Surface
spawning hopping
Bi=iv Exact 1 PES + hops
Idr|y;[: =] factorization Average PES
Trajectories MNeglect
with quantum quantum
forces forces

NA-MQC : nonadiabatic mixed quantum-classical

approximations - trajectory-based methods
(courtesy: Mario Barbatti)
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_n

= [nitial condition = initial wavepacket
= Electric dipole + Franck-Condon approximation

- Heller picture: sudden projection on S, of the
vibrational ground state in S, \ /

vl =) - S ffe o]
s (ﬁ,t:o)chg>(/$)
@ (ﬁ,t:o)zo

= Possible to include t-dependent laser pulse
and R-dependent electric dipole

Summer School - Emie-Up - Aug. 2019



= Solution of the time-dependent Schrodinger equation
. 0 = ~ =
e (Rot]) = H w(Ree)

= The wavepacket evolves in time driven by the molecular
Hamiltonian (often in a diabatic representation)

H, :Z s;R> éss)<s’;R
= “Exact” propagator (numerical integration)
‘qj(ﬁ,t + At)> — e_ﬁ’HﬁAt L[J(f_?), t)>
= MCTDH (variational convergence)
~ ~ D -
<5L[J(R,t)‘7-lﬁ —lha‘qj(R,t»
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_r

Methods

= Example: split-operator (Fourier transform R-space/K-space)

Ml (ﬁ, t -+ At)

qjadia(1) ( i_?), £ At)

UT

Q

adia<—dia

0

Fler

R+—K

_%L}:vadia
e

(R)at

T(K) =

7 2M,

«

—iT(R)At

Tk
'qjadia(o) ( ﬁ, t)-

qjadia(1) ( R’, t)

U

dia<—adia

= QOther typical probagator: Chebyshev pol&/nomial expénsion
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_-Dependent Hartree (MCTDH)

= Nuclear coordinates - f internal degrees of freedom

.. R)—>Q={Q1,...,Qf}
= Similar to one-state case
Hartree product of SPF ~ configuration
SPF ~ molecular orbital
expansion of the SPF in a primitive basis set ~ LCAO

w(Q.t))= ZW (Qt)]s;:Q)

v(Q) =) - ZAh S O1Tes (@t

coefficient \ SPF
Hartree product

= Extra electronic degree of freedom (s) in the equations
of motion
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Methods

e ——

= Standard methods (equivalent to full Cl expansion)

primitive basis set (mathematical functions, equivalent to AOs):
Ny

(@) o @) e{f @)
0(2,0,Q,0=2 5254, (011 (@)1 (@)

coeff1c1ent conﬁguratlon

= Large basis set = N,N,N; configurations (3D functions)
and expansion coefficients
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Methods

= MCTDH method (equivalent to MCSCF)
single-particle functions (variational, equivalent to MOs):

(ol (@)} ofel @) efo) @)

‘V<Q1’Q2’Q3’ ) ZZZAkkzk3< ) :(:) (th)(P,(;) (Qz’tm/f) (th)

k=1 k,=1 k;=1"

coefficient configuration

0 (@)=Y C (057(Q) 5x=12,3

J =1

= Contraction scheme - n,n,n; << N,N,N; configurations
(3D functions) and expansion A-coefficients, but extra
“LCAO” C-coefficients
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Methods

= ML(multilayer)-MCTDH method (hierarchical contraction)

intermediate correlated functions (groups of coordinates):

(07 (@@t)] " ={el (@)

W(Q,Q,, Q) = ZZA%() @0 (Qr Q)9 (Qst)

kig=1k3=1"

3=1

coefficient first laerr {1,2}{3}

oL (QuQut) = 30 B (1)) (Qut)6 (Qut)

=1 L,=1"

coefficient second la;/er {11{2}

= Smaller vectors but more complicated equations of motion
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Methods

QD: rigorous and accurate but...
PES required as an analytical expression fitted to a grid of data points
- grid-based methods

Representing a multiD function is expensive
= Exponential scaling

Fitting procedures are complicated and system-dependent
= Constrained optimisation techniques

Much grid space is wasted
= High or far regions: seldom explored

- trajectory-based methods
PES calculated on-the-fly as in classical MD
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Methods

= The variational multiconfiguration Gaussian (vMCG) method
= Time-dependent Gaussian basis set (local around centres)

w(Qt)=2 A l(t)g (Q,)

-

= Coupled ‘quantum trajectories’: position, momentum, and
phase at centre of Gaussian functions

Equations of motion implemented in a
development version (QUANTICS,
London) of the Heidelberg MctoH

package
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5

= Diabatic picture for dynamics

/\50

» Adiabatic picture for on-the-fly quantum chemistry

7 HO [T o V.0
~ “ — A —|_Udia<—adia X Uldia<—dia
H<10> H(”) 0O 7T _O V1

= Diabatic transformation (U): Joo Mo

H1O H11
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_ linear vibronic-coupling model

= x(M and x® (branching space): lift degeneracy at a selected
conical intersection (Q'f)

kQ,=x"-(Q-Q*)
2Q, =x7.(Q-Q*)

1
X" = EVQ (H11 — Hoo)
x? = Vo Ho,
—kQ, AQ,
= Simplest diabatic Hamiltonian W(Q)= 1
Q) 3, kQ,
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Methods

-Hoo Ho1- —~U -VO 0 Ut \ V1/ .
H H dia<—adia O v adia«<dia |:>
" 710 11 i 1] /Vo \

= First-order expansion of the adiabatic energy difference
and rescaling

" A
Hy =T 1+ 2(Q)1+
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= Exact eigenvalues (adiabatic data) at any point

Vo <Q) 0 |_ (Q> (1) (1) 0
O v1 (Q) - z (Q)1 —l_ A(1) (Q) \Uadia<—dia (Q)1W Y(Q)Udi;ﬁ_adia (Q)
_A()(Q) 0
o alaq)

= Approximate rotation angle ¢V and non-adiabatic
coupling (first-order contribution inducing the singularity
around Qref)

V0" (Q)~ —(9,;Q|V,0,;Q)
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Local
Harmonic

“Q
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= Non-orthogonal basis set:
ambiguous attribution of
how much of the density
is given by each Gaussian
function

2

' (ﬁ, t)

k,Jj

=S AT () A7 (6) 9 (R.t)8) (R.t)
t

= Solution: Mulliken-like )
population (Cf. atomic "}

orbitals, not orthogonal) Ggp!® (t)=R>" AL (t) A§.$> (£) S, (t)
k

J

P (t)=>GGP (t) >SS GGPY () =1
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= Similar expansion as VMCG

\wm - L EAT (g (R

= Difference: quantum evolution for the coefficients but
classical equations of motion for the centres of the
Gaussian functions

= Drawback: convergence is slower (classical motion)

= Advantage: the basis set can increase (spawning) when
necessary - when the wavepacket reaches a conical
intersection
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_l (semiclassical) trajectories

= Statistical sampling (positions and velocities) of the
initial wavepacket

‘qj(ﬁ, t)> —{R¥ (), (t)}k

= Swarm of trajectories driven by Newton’s classical
equations of motion far from conical intersection

= Diabatic state-transfer probability when the energy gap
becomes small (surface hopping) calculated from
approximate quantum equations (e.g., Landau-Zener

formula
) (H 31 )§<’<>(t)

PY (t) = exp|— 2;:

V¥ (€)- V. (H,, — Hy ) "
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5. Examples of Application

/ >
S,/5¢
conical %
intersection
ersect S, CO + H,
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Examples of
Application

=  Franck-Condon approximation
= Electric dipole approximation

=  Wavepacket evolution
=  Absorption spectrum: Fourier transform of the autocorrelation function

T i[iw]t .... AN
G(a))ocwfe " JC(t)dt, where C(t):<kIJ(t:O)‘tIJ(t)>
E —o0 E E
“ s, s, 3
N S NS S
,;)\\\ - N ~ N =L
| S, S,
) -Q
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= Vibronic (non-adiabatic) coupling between S, and S,

= Intensity borrowed by dark state from bright state

=  Benchmark for MCTDH with vibronic coupling Hamiltonian model
10 atoms (24D) / 3 electronic states

S

()

Energy

51
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Intensity
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0 50 100 150 200
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Examples of
Application

= Quadratic vibronic coupling Hamiltonian model

'y dia h(l)i 02 1 O —A 0
25 [aQ.Z+Q"2]o 1170 2
a O] a, 0
i; ) bi_QiJri,JZe;Z 0 b, QQ,

0 c 0 c,
+) Qi+ D '|QQ,

o () i,jeG, | Cij O_

= Parameters fitted to ab initio calculations after
diagonalisation

= Four groups of coordinates (G, to G,) depending on
irreducible representations in D,,
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Using all 24 degrees of freedom
- spectrum converged vs. experiment

1.0 ¢

0.8 |

o
o

Intensity

o
~

o
\V)

O
o

220 240 260
wave length [nm]
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Examples of
Application

n with SO coupling (ML-MCTDH)

a 4o : . . . b
Q-band == Triplet-band <~ | a MLCT
:| nature_ { /¥ 08 MLCT ==  Quintet band == ] P : g"?f 4 :
COMMUNICATIONS - 1 A = hded,d,, } S e
5 os} : %t 4 g *
5 | . -
S 04t Photolysis _ - £
Article  OPEN Published: 29 October 2018 = 26 1s
0.2
Ultrafast carbon monoxide photolysis and 7. S
. . . . 0 100 200 300 400 500 Singlet-triplet
i 0 f
heme spin-crossover in myoglobin via Time (9 vaneion | 708
c T r -
nonadiabatic quantum dynamics _ Trlt-quintet
'% transition g
Konstantin Falahati, Hiroyuki Tamura, Irene Burghardtn& Migquel Huix-Rotllant = g 429 fs
%
Mature Communications 9, Article number: 4502 (2018) =~ Download Citation & g SMLCT ayLeT
& ks =
- =
. . . , 5 ++-l- & ++4-
- 0 100 200 300 400 500
6 O SMLCT Time (fs)
]
;>—\ 20
T d
= N MLCT =
> 401N 1 &
o R () states MLCI = % 9
[4h] il i H
o) 13 15
@ -
[ =
= s (3)
2 2.0 8" 8 8
@]
& o
-4
: : ® © 6 ¢ ¢ @ 06
2 8 g 2 8 g 8 g 2 8 g g z 8 =8
0.0 T T T T - T T T ::f
1.6 1.8 2.0 2.2 8 so| 48| 30| 30 0| 30| 20| 35| 30| 20| 30| so| 30| 30| >
3 (v |[vaz |[vas |[vaz J[vas | var )| vaa )| vas |[ vas |[ va7 [ vas | vaz | [ vas | vas |[vaz2]

Fe-C(O) distance (A)

179 el. states (5/T/Q), 15 vib. modes, 1 ps simulations




Examples of
Application

_dissociation (DD-vMCG)

= After S, photoexcitation (ng,m*5), formaldehyde dissociates to
H+ HCOorH,+CO

= At low energy, Fermi-Golden-Rule decay to S, (slow decay at large energy
gap) followed by ground-state reactivity

= At medium energy, involvement of the triplet T,

= At higher energy, possible to overcome the S, TS followed by direct decay to

So products through conical intersection
So H,CO — S, H,CO

S, vib.exc.

S, TS  S,H--HCO \ T, H+HCO
| i A W4
S,CO+H,  S,CO+H, S,H+HCO  S,H+HCOor S, H+HCO or
CO+H, CO+H,

>

Photoexcitation Energy
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Examples of
Application

_odissociation (DD-vMCG)

The S, TS is directly connected to the S,/S, conical intersection

87§

/ >
S,/S, *
conical ‘
Intersection S, CO + H,
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Examples of
Application

issociation (DD-vMCG)

Influence of initial conditions

raY
U T 1 r T T T 1 f T T T T 1

05 0 05 1(-05 0 05 1 1505 0 05 1 15 2(-05 05 15 25
R(CH,)-R(CH,)/ A R(CH,)-R(CH,)/A R(CH,)-R(CH,) /A R(CH,)-R(CH,)/ A

Initial geometry and momentum:

‘?" [pe/=0.1eV é"" [po|=0eV ?‘/ [pol=0.1eV F/ylpoho.zev
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Distribution of products (final geometry and electronic state)

100%

80%

60%
40%

20%

8, H,CO
S, H,CO
— S| HCO+H o

Initial geometry and momentum

p &e— y ¢\°
é*-‘ ﬁaﬂ I_—j/?
@ o

&
[po/=0.1eV [pol=0eV [py/=0.1eV Ipo/=0.2eV

S, CO+H,

Population
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Examples of
Application

-ses with new diabatisation (DD-vMCG)

= Butatriene cation

2/3/4-state 2-dimensional diabatic matrix (global): smooth
—> surfaces and populations depend on number of states

=  Formamidic acid

6-state 12-dimensional diabatic matrix (global): smooth
- 24 Gaussian functions: 80% dissociation (various fragments)

Trajectory Analysis

Product

No.

O-H break
HN-CO
N-CH-O
NH + CO
HNC-H-O

Popul stion

14
6

2
1
1

= (Ozone

8 Gaussian functions with CASPT2: spectrum in correct place
—> took a student only one week compared to one year for the

original work with grid-based quantum dynamics!
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6. Conclusions and Outlooks

Excited-state dynamics is still a growing field of theoretical and
physical chemistry (applications to laser-driven control, influence of
the environment in large systems or condensed matter...)

Developments are still required to treat photochemical reactivity with
as much accuracy as electronic spectroscopy (cheaper quantum
chemistry methods for excited states, general procedures to produce
accurate potential energy surfaces and couplings for large-amplitude
deformations of the geometry...)
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Conclusions
and Outlooks

-physics and attochemistry

SN

—4L— State 2

oWl State 1

0.000 fs

Neutral

1.306 fs

Summer School - Emie-Up - Aug. 2019



Conclusions

and Outlooks
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The Bom-Oppenheimer approximation constitutes a cornerstone of our under-
standing of molecules and their reactivity, partly because it introduces a some-
what simplified representation of the molecular wavefunction. However, when a
molecule absorbs light containing enough energy to trigger an electronic transi-
tion, the simplistic nature of the molecular wavefunction offered by the Born-
Oppenheimer approximation breaks down as a result of the now non-negligible
coupling between nuclear and electronic motion, often coined nonadiabaric cou-
plings. Hence, the description of nonadiabatic processes implies a change in our

s ion of the molecul function, leading ily to the design of
new theoretical tools to describe the fate of an el icalk ited molecule.
This Overview focuses on this quantity—the total molecul functi d
the diffs P hes proposed to describe theoretically this complicated

object in non-Bom-Oppenheimer conditions, namely the Born-Huang and Exact-
Factorization representations. The way each representation depicts the appearance
of nonadiabatic effects is then revealed by using a model of a coupled proton—
elecron ransfer reaction. Applying approximations to the formally exact equa-
tions of motion obtained within each representation leads to the derivation. or
proposition, of different strategies to simulate the nonadiabatic dynamics of mol-
ecules. Approaches like quantum dynamics with fixed and time-dependent grids.
waveling basis functions, or mixed gquanmm/classical like surface hopping.
Ehrenfest dynamics. or coupledtrajectory schemes are described in this
Overview.
This article is categorized under:

Theoretical and Physical Chemistry > Reaction Dynamics and Kinetics

Software > Simulation Methods

Theoretical and Physical Chemistry > Spectroscopy
KEYWORDS
Bom-{ppenheimer ap proximation, excited-stae dy i inhatic dy ics, I istry

1 | INTRODUCTION—NONADIABATIC DYNAMICS

A set of moving nuclei, held together by electrons—this can summarize a common and simple depiction of a molecule. This
vision, however, indirectly implies that nuclear motion can be somehow separated from the electronic one. and that electrons
quantum-mechanically glue the nuclei in a specific way. Both are direct consequences of invoking the so-called
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