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Any standard method can be used in the integration of the Newton’s
equations.

A good one is the Velocity Verlet

1
For each nucleus m: RS (t + At) = R¢ (¢) + V¢, (£) At +5acm (H)At>

At 1
Vilt+— |=vo()+—a‘ (H)AtL
m( 2) (1) > ' (2)

a’ (1) = —MLVRE[R; (t+A) |

m

Vi (t+AH) =V (t +%) +%a; (1 + At)At

* Swope et al. J. Chem. Phys. 76, 637 (1982)
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Table 1 Some typical vibrational modes®
Wavelength of Absorption
absorption [cm_l] frequency [';_1] Period [f3]
Vibrational mode (1/4) (v=c/h) (1/v) Peniod/m [f5]
O—H stretch 3200-3600 1.0 x 10" @ 3.1
N—H stretch
C—H stretch 3000 9.0 % 1053 11.1 3.5
O—C—0 asymmetric stretch 2400 72 % 1013 13.9 45
C=C. C=N stretch 2100 6.3 » 105 15.9 5.1
C=0 (carbonyl) stretch 1700 5.1 % 1013 19.6 6.2
C=C stretch
H—O—H bend 1600 4.8 % 1013 20.8 6.4
C—N—H bend 1500 45 % 108 222 71
H—N—H bend
C=C (aromatic) stretch
C—N stretch (amines) 1250 3.8 % 1013 26.2 84
Water Libration 800 2.4 % 1013 41.7 13
(rocking)
O—C—0 bending 700 21 % 108 47.6 15

C=C—H bending (alkenes)
C=C—H bending (aromatic)
A1l values are approximate; a range is associated with each motion depending on the system. The value of ¢ =

3.00 x 10' cm s~'. The last column indicates the timestep limit for leap-frog stability for a harmenic oscillator:
Af = 2few=2/(2mv).

* Schlick, Barth and Mandziuk, Annu. Rev. Biophys. Struct. 26, 181 (1997)
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Table 1 Some typical vibrational modes®

Wavelength of Absorption

absorption [cm_l] frequency [';_1] Period [f3]

Vibrational mode (1/4) (v=c/h) (1/v) Peniod/m [f5]
O—H stretch 3200-3600 1.0 x 10 @ 31
N—H stretch -
C—H stretch 3000 9.0 x 10%° 111 35

Time step should not be larger than 1 fs (1/10v).

At = 0.5 fs assures a good level of conservation of energy.

Exceptions:

e Dynamics close to the conical intersection may require 0.25 fs
e Dissociation processes may require even smaller time steps
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ih—%+>"(~Hj +iiF;-v')c,=0  SC-TDSE

The SC-TDSE is solved with standard methods
(Unitary Propagator, Adams Moulton 6t"-order, Butcher 5t"-oder)

0'7'_ At=0.5fs; ms =1
0.6- A A. —— Runge-Kutta
. 5_' —— Adams Moulton
s U. Propagator
~  04- — Butcher
S ja3- \
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Time-step for the SC-TDSL? T

h[z +A{1 -iDh(mi(h(t +Afh(t) (n=1l.m, -1)
m

m

N S

/] At=0.5 fs

34
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Surface hopping propagation

Reaction coordinate

* Tully, Preston, JCP 55, 562 (1971)
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Hop probability: fewest-sw{t;}tes -

_ Population increment in & due to flux from / during Az

B—)k - P .
opulation of /
P (t) = CICZ
2At c ¢ e
B = maX{O, ,O_(h 1 Im(sz) Hy, _Re(pkl) Ey-v )}
Il

* Tully, J Chem Phys 93, 1061 (1990)
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Hopping algorithm

A hopping will take place if two conditions are satisfied:

1) A uniformly selected random number r, in the [0, 1] interval is such that

—1 k

B, (1)< <2 B, (1)

[—>n
n=l1

b

S
I
e

2) The energy gap between the final and initial states satisfies
Nat 2
(van F,fl’"]

N, 5
2> M, (F,;;m)

Vo (RE(0)) =V (R (1)) <

12
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Frustrated hopping

/Forbidden hop

v

How to treat such situations:

» Reject all classically forbidden hop and keep the momentum

» Reject all classically forbidden hop and invert the momentum

» Use the time uncertainty principle to search for a point where the hop is allowed

e Jasper, Stechmann, Truhlar, J. Chem. Phys. 116, 5424 (2002)

13
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After hop, what are the new nuclear velocities?

» Redistribute the energy excess equally among all degrees
» Adjust velocities components in the direction of the nonadiabatic coupling h,,
» Adjust velocities components in the direction of the difference gradient vector g,,

* Pechukas, Phys. Rev. 181, 174 (1969)

* Fabiano, Keal, Thiel, Chem. Phys. 349, 334 (2008)
14
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Solve SE for R¢
H®, (r;R )=V, &, (r:R°)=V,,VV,,F, =(,|V|D,)

. Step 1is the
Solve Newton’s equation on one surface computational
d°R¢ V V© bottleneck
S+ =0
dt M

m

Integrate the SC-TDSE

ih dc, +Z(_ch5]g_ + il .Vc) ¢, =0 * If it hops, then adjust momentum
J

dt * Repeat procedure until the end of
Compute transition probability the trajectory
* Compute many trajectories
—2At A\ ame o
13]—)]{ = maX[O, —2Re(CkCl ) Fkl -V :|
¢

Decide surface for next time step
k—1 k
ZPZ% (1)<r, < ZP,% (¢), r,=random|0,1]
n=1 n=1

15
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Surface hopping: overview. -

16
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Surface hopping: advantage;.‘..

Simple implementation

* Propagation in Cartesian coordinates

e Trivial connection to different quantum chemical methods,
including QM/MM (regarding these methods can provide excited
state energies, energy gradients and nonadiabatic couplings)

e Independent trajectories: trivial parallelization

e No need of precomputing multidimensional potential energy
surfaces

e Straightforward on-the-fly implementation
e All nuclear degrees of freedom are propagated

17
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Simple implementation

e High computational costs in the on-the fly approach

_

e Inconsistent treatment of zero point energy
e No treatment of tunneling effects
e Wrong coherence between states

18
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Comparison to other methods

e Cattaneo and Persico, J. Phys. Chem. A 101, 3454 (1997)
e Worth, Hunt, Robb, J. Phys. Chem. A 107, 621 (2003)

Comparison between hopping algorithms

e Zhu, A. W. Jasper, and D. G. Truhlar, JCTC 1, 527 (2005)
Fabiano, Groenhof, Thiel, Chem. Phys. 351, 111 (2008)

Herman, J. Chem. Phys. 103, 8081 (1995)

Schwartz, Bittner, Prezhdo, Rossky, J. Chem. Phys. 104, 5942 (1996)
Tully, Faraday Discuss. 110, 407 (1998)

Schmidt, Parandekar, Tully, J. Chem. Phys. 129, 044104 (2008)

9 L C 0J0]0 2 CVvVIEW
-

e Doltsinis, NIC series, 2002
e Barbatti, WIREs: Comp. Mol. Sci. 1, 620 (2011)

19
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Surface hopping applications *

|
e classical

treatment e quantum
treatment
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Atomic and molecular collision reactions

Molecular photochemistry and photophysics

onaensed phase aynamics

See References in:

* Barbatti, WIREs: Comp. Mol. Sci. 1, 620 (2011) 20
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Surface hopping generalization
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e classical
treatment e quantum
treatment
Slow degrees Y,
of freedom * Tully, Faraday Discuss. 110, 407 (1998)

* Herman, J. Chem. Phys. 103, 8081 (1995)

Singlet-triplet transitions

e Carbogno, Behler, Reuter, Gross, Phys. Rev. B 81, 035410 (2010)

Electric field interactions

e Mitric, Petersen, Bonacic-Koutecky, Phys. Rev. A 79, 053416 (2009)

e Hammes-Schiffer, Tully, J. Chem. Phys. 101, 4657 (1994)

21
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Energy

Yield

Nuclear Displacement

Supposing that the excitation probability is constant between
Ruin @nd Ry ax @and 0 otherwise.

23
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More realistic case

However, excitation probability depends on the population (how many
molecules) and on the oscillator strength (transition intensity).

1
1
~
~
~
~

1
S1'50

>

»
~
~

E

Energy

) Yield

——— -

Nuclear Displécement

PopuIationI

Oscillator \
strength

24
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If we know:

1. The population distribution {R}

2. The excitation energies as a function of the coordinates AE(R)
3. And the oscillator strength as a function of the coordinates f(R)

Then the spectrum is given by:
NP
o(E)x Y AE(R))f(R,)g(E-AE(R,),5,)
l

where g is a line-shape function (Gaussian, Lorentzian).

If f is assumed constant and equal f(R,), we have the Condon approximation.

25
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With the constants and summing over all electronic states:

Ny

(B 3 B (R) (R e E-AE(R).0)

2mcg nkE

In Sl units, o is in m2/molecule

26



faUGHTANd\

MOLECULES

Step-by-step

1. Compute the distribution {R}
(Ensemble of molecules with different geometries R,)

2. For each R, in {R} compute AE and f
(This is the conventional quantum chemical calculation)

3. Compute the cross section
Nﬁ

o) 3 B (R) (R e E-AE(R .0

2mcg nkE

4. Compare to experiments

o =10°In(10)—

27
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Pros and Cons

Pros:

* Easy to use

* Absolute heights

* Absolute widths

* Post-Condon Approximation:
v Dark vibronic bands

Cons:
* No info on excited-state wave function:
v" No vibrational resolution
v" No nonadiabatic effects
* One arbitrary parameter
* It costs about 200-500 single point calculations

28
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After a long time (~1 ns), the distribution of points will reflect the probability of
finding the molecule with each R.

Pick up ~500 points from the trajectories to compute c.

Velocities are available too.

30
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If we know the nuclear wave function 7y,,(R) in the ground state,
we can sample {R} from the distribution |y,,(R)|?.

RVA

It is particularly simple to use this method if we suppose that the nuclei
vibrate harmonically along the normal modes q

,  3N-6 ,
‘Zoo (q)‘ x H eXp(_/uia)i% /h)
i=1

Velocities are not available.
31
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Still Method 2: Wigner Distributions.:

According to Wigner, a quantum density can be projected
on the classical phase space by

P, (R,P)=(7h)"" [dny"(R+n)y(R-mn)exp(2in-P/h)

For a molecule represented as 3N,,-6 quantum harmonic oscillators
in the vibrational ground state, P, is:

e

pi
2 _ h 2 _ h/uiwi
T 2ue, " 2

Velocities are available.

e Schinke, Photodissocition Dynamics, Cambridge, 1993. .
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/ 0.015- 0.3+ 31

— —— Simulated
‘O [ ooeeee Expt. Bolovinos et al. 1982
3
Q@ .
o ] : i
g 0.010 : 2
c 3¢
ko) 3¢
S 0.005 . 3 1-
n T s %
n L T
% 1 s oo
o 3
O :0...0 ..o °®
0.000 .... T T 2ot I. N . T N T T T T T T T 1 O N T N 1 N .I T T T T 1
4.5 5.0 55 5.6 5.8 6.0 6.2 6.4 45 50 55 60 65 70
\ Energy (eV) Energy (eV) Energy (eV) /

* Crespo-Otero, Barbatti, Theor Chem Acc 131, 1237 (2012) 9y



Dark bands,
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Szalay, Aquino, Barbatti, Lischka, Chem Phys 380, 9 (2011)

azomethane
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Tautomeric
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Lan, Nonell, Barbatti, J Phys Chem A 116, 3366 (2012) Porphycene



Fluorescence eV NN e
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—— Simulation (Gas phase)
Experiment (Dioxane)

m—

1 ' 2 ' 3 ' 4 ' 5
k Energy (eV) /

* Cardozo, Aquino, Barbatti, Borges Jr., Lischka, J Phys Chem A 119, 1787 (2015)
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Photoelectron spectra
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~

—_— Experh'nmn [6] | r | ’ \
—— Spherical waves H
—— Coulomb waves
7 DO norms N
-g (
- \
E N
~ 1+
= o
B imidazole
7 14

\ E, [eV] /

* Arbelo-Gonzalez, Crespo-Otero, Barbatti, in preparation (2015) .,
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Nuclear Ensemble Appmach

Formal Aspects




Absorption cross sections

\

First order of the time-dependent perturbation theory

O'( Z”AEOOnk Zoo )<¢o‘ﬂ(r:R) n>r X nk (R)

3hcgon E 5(AE00J1’€ (R)- E)dR

AE

00,nk

=E,, —Ey+AL,

The problem can be recast in the time domain:

1 +Egy )t
o(E)=—7— EZRejAEj (R)| [ 50 (R) 2, (R,£)e"* " s laR
0" r n
MOn (R):<¢O ﬂe (r’R) n>r AE'O,n z<AE'00,I1/€>k

2,(0))=¢"" | 1)

Sakurai (1994) Modern Quantum Mechanics

Tannor, Heller, J Chem Phys 77, 202 (1982) 2o

/,,/"/ I\".\‘I\\
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The core of the method is to compute the overlap
o(Rt)= 7, (R) 7, (R.?)
needed to integrate
o(E)= 1 ZReIAEg’ UZOO ) 2. (R,1) (E+E°°)”hdt]dR

6h’cen E 5

Tannor and Heller proposed an analytical solution based on harmonic
oscillators ]

g 2 i

J

41
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But we want to go beyond the Condon approximation.

Starting from Tannor-Heller equation:

X, (t)> = eXp|:Z£§ij (1 _e ) B ia;ij + ;AEg’nt}

J

<Zoo

The expansion to second order is

Zn(t)>zexp{—i(;Z(A2 +1)o, +a)0th——[ZAn] Jj }

J

<Zoo

This motivates to introduce the following functional:

2 ] ] ] |
(R,?) exp| ——AE, (R)t——st——E t——=35°t°
)(ooﬂfn ‘Zoo ‘ p[ 7 O,n( ) 5 ont T Pt g2 O :l

* Crespo-Otero, Barbatti, Theor Chem Acc 131, 1237 (2012) p



Koo & (R’t) - ‘ZOO (R)‘z CXP[_%AEO’H (R)t _%g"t _%Eoot _8?5’12t2:|

l

o(E)=—s o ZH:Re [aE;, (R)| [ 200 (R) 2, (R,£)e"* 5" s laR
o(E) 2mcgon > Zﬂzoo (R) /;, (R) g (E—AE, ,(R)—¢,(R),5,)dR
1 ~(E-AE,,(R)~¢,)
s | E — AL, (R) T&, (R)’én = 72 €XP ’ 2
( ) (22(,/2)) { 2(5,/2) }

43



\
\
P \
P 1\
/_., \ \
\
{ )

o(E)

2|l (R) Ay, (R) £, (R) g (£~ A, ,(R) -, (R)., )R

2mce nkE

If we have a ground-state distribution of poinb’bo(Rz)‘2

We can integrate the cross section by Monte-Carlo and get:

Ny

o(E)=—Z¢T > Nz R,) /. (R)g(E-AE(R,).5,)

2mc<9 nkE

44
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To make spectrum and select initial conditions for excited state dynamics,
we need an ensemble of geometries and velocities representing the
ground state distribution.

How much different is to sample them either with a Quantum distribution
(Wigner) or with a Thermal distribution (trajectory)?

Let’s check that for pyrrole.

H
z N 5
Y

* Barbatti and Sen, Int ] Quantum Chem (2015)
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\SVQ = hol/2
>
S
8
L Thermal amplitudes at 300 K are
e =KT much smaller than quantum
~ amplitudes with zero-point energy.
ar aq Q
0.8 - 0 QV QV
T=300K
06 This difference is specially important
%’o> ' for large wavenumbers.
|_"'-~.
o >
C 04-
02 T T T 4 T ! |
1000 2000 3000 4000

Wavenumber (cm'1)
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Tx0 Ground-state energies m\ the ensemble :

— — T 1 | — T v
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

l . .
Kinetic Energy (eV)
l
3N KT/2|

!

0 T v T v T L ! Y
00 05 10 15 20 25 30 35 40
Total Energy (eV)
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ANG HT AN DI\
MOLECULES

The ground state energy
distribution in a Q ensemble and in
a T ensemble are completely
different.

We could raise the temperature
until it matches ZPE. For pyrrole,
this happens at ~900 K. The
distribution looks good.

48



- 3683 cm’™’

1.2
1100 cm’™
1212 cm™
1.2 13 1.4 15 16
Q CN Distance (A) 650 cm
30

CNCC Dihedral (°)

The Q distribution of geometries
is much broader than the T.

The effect is larger for bigger
wavenumbers.

The 900 K distribution has
artifacts for small and large
wavenumbers.

49
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Tx0Q Spectrum
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The spectrum is qualitatively wrong

—Q forT.
0.4- T
300
L It is much better for Q.
....... o,

900 K is not bad.

. 2 -1
Cross Section (A".molecule )
o
N
[

0.0

5.2 54 5.6 5.8 6.0 6.2 6.4

50
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TxQ Dynamics

H-path (%)— —la
T, ualitatively, the results are
R-path (%) O Bt el
()
— However, T dynamics is slower
7 (fS) than Q.
. (fs)—
¢ — The distribution of paths is also
%, (fS) different.
:, (fs)—
Q matches better the
T, (8) | | | experiments.

0 25 50 75 100 125 150
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Semiclassical Dynamics

To initiate the simulation of a trajectory we need initial coordinates and initial
velocities of the nuclei.

To get them, we may use the same methods that we have discussed for spectrum
simulations.

Using either trajectories or quantum distributions, we can build an ensemble of {R,P}
points.

53



Simulations of excited-state trajectories have a very clear starting point:
The photo excitation, which is taken as instantaneous and defining t = 0.

S1
S1 - SO
>
o
()
C
LLJ
S0
NucleariDisplacement
PopuIationI

54
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Monochromatic excitation | v«
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A monochromatic excitation may be set by accepting only (R,P) points for which
e—0¢€ < AE < g+d¢

Sl
S;- o\ T
581 Laser energy €
>
)
| -
O
5 >
Yield

Nuclear Displacement

95
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Initial state

We should take care of state crossings.
In this example, geometry R, should start in S,, while R, should start in S,.

f=0f=1

Energy

Nuclear Displacement

56



Example: Pyrrole

. o 2 -1
Cross section (A"molecule )

MOLECULES

Number of trajectories starting in each state
and in each energy window.

Window A Window B Window C
State 490-5.10eV 5.75-595eV 6.33-6.53 eV

0.8 -
j I Mullen 69 (eXp) Sl 15 O O
0.64 ~~ - Palmer 98 (exp) S, 0 > 0
| — Simulation S, 0 6 0
0.4 S, 0 31 0
] S 0 13 2
024 S¢ 0 0 8
| S, 0 0 8
S¢ 0 0 15
oo . 8.0 So 0 0 12
Sy 0 0 1
AL (eV) Total 15 55 46

Barbatti, Pittner, Pederzoli, Werner, Mitric, Bonacic-Koutecky, Lischka,

Chem Phys 375, 26 (2010) 57
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Key points

« Surface hopping is one of the most used approach for
nonadiabatic dynamics simulations of molecules.

* It describes internal conversion well.

* It fails for global quantum effects.
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