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DynEMol
(Dynamics of Electrons in Molecules)

« Motivation

 Self-Consistent Quantum-Classic Method for excited-state

dynamics of Molecular and Extended Systems

 Applications

 Intramolecular Vibration Relaxation (IVR)

Photoinduced Isomerization

Photoinduced Proton Transfer

Interfacial Electron Transfer

Spin Dynamics Effects 3



Theoretical Method and Models

Our goal:

Modelling electron quantum dynamics in large molecular systems

< 102 atoms 102 — 104 atoms > 104 atoms
small to medium size large size Very large size
First principles Quantum & Classical Classical Dynamics
Quantum Mechanics regimes
Molecular Dynamics T > 102 picoseconds
T < 102 picoseconds
T < few picoseconds

2> Combines:

Molecular Mechanics and tight-binding semi-empirical methods

> Wavepacket propagation of charge excitation
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Nonadiabatic Excited-State Dynamics with Dynemol

JPC-C 2016, 120, 27688.
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on DNA strands

JPC-L, 2015, 6, 4927.
JPC-C, 2019,123, 5692.



Methodologies of Non-adiabatic Molecular Dynamics
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Electronic Enargy
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CSDM = Coherent Switches with Decay of Mixing

Electronic Energies

J. Chem. Theory Comput. 2020, 16, 3464-3475
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Coherent switching with decay of mixing: An improved treatment
of electronic coherence for non-Born—Oppenheimer trajectories

Chaoyuan Zhu, Shikha Nangia, Ahren W. Jasper, and Donald G. Truhlar
Department of Chemistry and Supercomputing Institute, University of Minnesota, Minneapolis,
Minnesota 55455-0431

Implementation of Coherent Switching with Decay of Mixing into
the SHARC Program

Yinan Shu,* Linyao Zhalng,l Sebastian Mai, Shaozeng Sun,* Leticia Gonzalez,” and Donald G. Truhlar*

Cite This: J. Chem. Theory Comput. 2020, 16, 34643475 E Read Online

CSDM = Coherent Switches with Decay of Mixing

Electronic Energies




Trajectory-Based Dynemol Method

Hybrid Quantum-Classical Dynamics:

ihg\P(rRt)— h—2V2—|—h—2V2—|—V(r R)| ¥(r, R,t)
ot 777 |om " 2M B ! Y

=» Coherent quantum dynamics for the electrons:

zh% U (r; R, t)) = Hoy(R()) |¥(r; R,t)) , U(r;R,t) = electronic wavepacket
4
‘o C a Le Ch =0 (| L) =R -d

=» Classical dynamics for the nuclei:

}?N — PN/MN7
PN — _VNU[Rv\IJ(Tﬂ



Classical Nuclear Dynamics in the ES

Ehrenfest Method: MR = —Vg(¥(r;R, )|V (r,R)|¥(r;R, 1)),

unoccupied
E
- —
A (U (2 R, 4)[V (e, R) U5 R, 1)) 2 VT 4 VM [ (1), 0 ()]
-0—0-
: : occupied
00O
-0

VEF = Y Ky(R-R.)*+ > Ko0—0,)>+ > S‘C (cosg)"

bonds angles torsions n=0
12
2 : Uz Uz Z : d;4;
: dme, R

i,J 71 i,J 71
“In this case we keep the charges ¢; and ¢; fixed.




Classical Nuclear Dynamics in the GS

Molecular Mechanics-Quantum Mechanics

MR=-VzVEF —vg, VY

bonds angles torszons n= O

454
+ Z 47T60Rij

“In this case we keep the charges ¢; and ¢; fixed.



Quantum-Classical Coupling
From Ve%M (vt (1), 9" ()] = Tr [p*"H] = Zgnpn};:b
th — _VRA VG%M

Total force (AD + NA) between atom pair A and B,

in the Extended Hiickel formalism, is

Fap=-2) > (flVfa) x {Zp (Xab — &n) Qy Q1

acAbEB

+ Z R (p22) [(xXab — Em) QLAY + (Xba — En) Q?QZ”]}

the extended Hiickel hamiltonian is given by Hyp = XapSab 5

with Yap = Kab fia ; hb, Adiabatic states: HQ,, = £,50,

JPCC 2016, 120, 27688.




Coherent Switches with Decay of Mixing (CSDM)

Hybrid quantum-classical hamiltonian:

H=T+ {VE + (T H"W)} =T+ V5 4 yeM

Adiabatic representation: H®"|¢) = ¢|¢) , |¥) =>, Cildi)

Electronic density matrix: P = V) (V|

VeM — Ty [pHeh}
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Coherent Switches with Decay of Mixing (CSDM)

VQM — V’Coh + V‘Dech — ZPMEZ T Z'OZZEZ
Z{p“‘(}oh—l_p”‘Dech}E —I—me
— ZIOZZ‘C hE +meE —i_zp”‘Dech

-~

Coh Dech

* Conservation of energy for the hybrid hamiltonian: H=T + V =0
H - ZﬁN (ﬁN’Coh+ﬁN‘Dech> +VGS+V}Coh+V‘DeCh:O

- {Z,UN . ﬁN‘Coh +VGS + V‘Coh} + {ZﬁN . ﬁN‘Dech +V{Dech} =0

N N
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Mean-Field Ehrenfest Method

* Coherent electronic dynamics:

VCoh - ZpiiEi+Zlbii}CohEi U:ZE’N-VNU
i i N

= ZﬁN -4 Pii VNE; — Z 2R [py] EzJ;]\;
N 7]

 Ehrenfest Mean-Field Force

ﬁff)hrenfest — _vaQM — _,OzzvNEz i Z 7R [,Ozj] EILC{;};
Grad]

« Energy conservation:

S v { Fulogy + Va VS + v, v L =
N

= . GS QM
FN‘coh__vNV — V'V 15



Fewest Switches Surface Hopping (FSSH)

Surface Hopping Force

FESSH — v, (o Hlox) = =V, Be({R})

Energy

F,=-V VS _V_E.R)

* Fewest Switches transition probability: Time (fs)

% = — 2R [py] (ZUNC@> =D _ b

ik N

)ik dt
Pr_.;, = max (O, _ Pik )
Pkk

* Nuclear velocity rescaling due to transition £ — 1

—»2 —»/2

P P
2 gap TEOR) =D gpp T E(9)

N N




Coherent Switches with Decay of Mixing (CSDM)

* Decoherence effect on the electronic dynamics:

; : h C
E N - P +V =0 ik = ]
~ UN N‘Dech ‘Dech Tik |Ez — Ek;| ( + Ek:zn)

* Define Pointer State “k” , so that

C; — Cie_At/(QTik)’ 1 ;é k

’O.i’iDech — _pii<0’ Z#k
1/2 » Tik
: Pis
= Bii >0
C Ci 1—E C2 Prk | Dech Z.> ’
ST z;ék' ‘ ik

Decay of Mixing

* Pointer State switch (analogous to FSSH):

s dt . L
N

Pii
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Coherent Switches with Decay of Mixing (CSDM)

* Decoherence effect on the electronic dynamics:

ZﬁN . ﬁN‘Dech + V‘Dech
N

 Decoherent force:

 Total force on atom N:

Dech

=0 ’ ZﬁN.ﬁN‘Dech:
N 1#k

‘Dech — Z ’O.ii‘DechEi

- Zpii‘DechEi + pkk’DechE

= N LB - Ey)

itk Tik
F } ,0” E Ek) AN
N Dech = Tik ZN UN - S ) ik
F, =F,|o, +Fy =V, VS v VM L F

18
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Nonadiabatic Molecular Mechanics with Charge
Transfer and Excitation Dynamics

Push-Pull AZO compounds and Dye Sensitizers

]
1

i
mj .

e —— ]

JPC Lett., 2018, 9, 5926.
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Nonadiabatic Molecular Mechanics with Charge Transfer and
Excitation Dynamics
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Nonadiabatic Molecular Mechanics with Charge
Transfer and Excitation Dynamics
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Nonadiabatic Molecular Mechanics with Charge
Transfer and Excitation Dynamics
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Nonadiabatic Molecular Mechanics with Charge Transfer and
Excitation Dynamics
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Nonadiabatic Molecular Mechanics with Charge Transfer and
Excitation Dynamics
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nature Vol 442|24 August 2006|doi:10.1038/nature05037

Dependence of single-molecule junction
conductance on molecular conformation

Latha Venkataraman'*?, Jennifer E. Klare**, Colin Nuckolls**, Mark S. Hybertsen>* & Michael L. Steigerwald”
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Nonadiabatic Molecular Mechanics with Charge Transfer and
Excitation Dynamics
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Nonadiabatic Molecular Mechanics with Charge Transfer and
Excitation Dynamics
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Nonadiabatic Molecular Mechanics with Charge Transfer and
Excitation Dynamics
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Nonadiabatic Molecular Mechanics with Charge Transfer and
Excitation Dynamics
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Summary: Coherent Switches with Decay of Mixing (CSDM)

Advantages of the CSDM method:

CSDM combines Mean-Field Ehrenfest and Fewest Switches Surface Hopping;

No discontinuities in nuclear momentum (due to non-adiabatic hops);

Total energy is naturally conserved;

Includes electronic decoherence effects in Mean-Field Ehrenfest:

Decoherence is weaker at strong coupling regions, allowing for vibronic effects.
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Nonadiabatic Molecular Mechanics with Charge
Transfer and Excitation Dynamics

Frontier Orbitals DFT/B3LYP/6-31G(d) DynEMol-EHT
LUMO - HOMO 14 2.97
HOMO - [HOM(-1] 0.81 0.67
8 LUMO - [HOMO-1] 378 3.63
('D [LUMO+1] - LUMO 1.70 1.81
A A
- X X
\.
B ] r
“ )'/ g.\‘ \1"’ L J
s M !
L 4 . ¢
HOMO-1 HOMO LUMO LUMO+1 LUMO+2 . .
F(m,7") F(n,7")
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Extended Huckel Tight-binding

Extended Huckel theory to account for the chemical bonding:.

he +h
HﬂHT = Kap Sab _2|_ °

Atomic Orbitals: Slater-type orbitals (STO)

1
1/2 —
JETO(F = Ra(t) = (Ca)" P exp [~Car] Yim (6, ¢)
(2n)!
Sab = dab ) A=1B
Overlap Matrix:
Sav(t) = ( fa(Ra(t)) | fo(RB(1)) ) A# B
Sensitive to molecular geometry, short range couplings: cutoff = 12 A,
Y,y = Spherical Harmonics;
K., = Wolfsberg-Helmholz coupling parameter
ha,hy = Valence State lonization Potentials (VSIPs)
( = constant related to the effective charge of the nucleus

*Optimize EHT semiempirical parameters



Azobenzene In Methanol solution

CNNC dihedral angle
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DynEMol Method

Dynamics of Electrons in Molecules
A Semi-empirical MO method for Large Scale Electronic Quantum
Dynamics

O

self-consistent

energy

so{@©

0 time (ps) 1

DynEMol: tools for studying Dynamics of Electrons in Molecules.
https://github.com/lgcrego/Dynemol
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Benzene — Intramolecular Vibrational Relaxation (IVR)

e

self-consistent

energy

S04

J. Phys. Chem. C 2016, 120, 27688
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Benzene: Energy balance in Vibrational Relaxation
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Benzene — Intramolecular Vibrational Relaxation (IVR)

Energy (eV)

Energy (eV)

Check: comparisson with high-level theory
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J. Phys. Chem. C 2016, 120, 27688



Azobenzene — Photoinduced Isomerization
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Energy (eV)
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Azobenzene — Photoinduced Isomerization

Check: comparisson with high-level theory

el A

B P22

(@ ::*
U»MW\W
by  —

0O 02 04 06 08 1 12 14

Time (ps)

— EHT-MM-Ehrenfest

ot = 0.005fs
run time ~ 12h on a 16 core CPU

— CASSCF(14,12)/6-31G*
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