DynEMol Method

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

\Qf/m N Zar-A

DynEMol: tools for studying Dynamics of Electrons in Molecules.
https://sourceforge.net/projects/charge-transfer/
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DynEMol Method

Quantum-Classical separation in the spirit of Ehrenfest Dynamics:
0 A
zha (W(r; R, t)) = He (R(t)) |W(r; R, t)) , W(r;R,t) = electronic wavepacket

P = —Vg(U(r;:R,)|V(r,R)|¥(r;R,t)), ,

H «1(R(t)) is a hamiltonian on the electronic coordinates, which depends
parametrically on the time-dependent nuclear positions.

A

Hel(R(t)> — HEHT + HEl/HI 4+ HPol + [ Solvent

HFHT = extended Hiickel theory
HEVHL = glectron-hole coupling
HP°' = intramolecular polarization
HSoWent = Solvent

short range (SR: EHT) + long range (LR: ElHI, Pol, Solvent) interactions:

A

Ho(R(t)) = HSE 4+ ALR



DynEMol Method
Extended Hiickel theory to account for the chemical bonding:

—

HEHT(R(t) = 3Kij (hi+hy) Sij(Ry(t), Ry(t))
{i} = {o, n} designates the orbital & on the n™ atom located at R,

Atomic Orbitals: Slater-type orbitals (STO)

_ " 1 .
JETO = R() = ()" =t exp [~Gir] Yim (6, 0)
(2n)!
Sij = 0ij p=q
Overlap Matrix:
= [ il = Bp(1)) f;(F — Ry(t)) dr, p#q
Y,,.u = Spherical Harmonics;
K;; = Wollsberg-Helmoholz coupling parameter
hi,h; = Valence State lonization Potentials (VSIPs)
( = constant related to the effective charge of the nucleus

Sensitive to molecular geometry, short range couplings: cutoff = 10 A.



DynEMol Method

Diabatic <— Adiabatic representation of the electronic wavefunctoin ¥(r; R, t)

Diabatic (Atomic Orbital, AO) localized basis:

V()= )70 R() = ) _eit) [i(t)

Adiabatic (Molecular Orbital, MO) delocalized basis:

=) Cy(t)[s(t))
)

He(Ry) |9(Re)) = eo(Re) |9(Ry)) -

In the STO basis, the time-independent Schrodinger eigenvalue equation is

H(Rt)Qy(Rt) = €p(Re)S(Rt)Qy(Rt)

= ZQw (1))

Diabatic (AO) +— Adiabatic (MO) ba81s transformation:

M—ZE (ilg) (o] = Z%'

with,

with,



DynEMol Method

The time-dependent Schrodinger Equation (TDSE) in the Adiabatic (MO) basis set:

ih%\l!(r;R, t) = HaU(r: R, 1) . with W) = Y Cy(t) [6(t))

Multiplying on the left by (v(¢)| and integrating over r yields the electronic TDSE
—C¢ ZC §b| )+ C¢E¢ =0.

To solve the TDSE numerically, the time variable is discretized: t — ¢,

|[A0) ~ |A0W)  |A0W) ~ |A0P)
— - —

- - > AO(t)

PT(0)  P(O)|||P'1)  P@)||[PT(2)

\ 0 \ 1 \j 2

= ——> MO(t)

0 0(0)(&:) ot 0(1)(61:) 261: U(2)(6t)

: : | > tn
Lo 51 5)




DynEMol Method

1

d d
E% + ;Cms@w + hC¢E¢ =0.

A0 ~ [A0MY  |AOWY ~ |A0@)
Nonadiabatic | >_,,| ) | >_J )

- - > AO(t)

PT(0)  P(O)||[PT(1)  P(1)||[P"(2)

\/ 0 \/ 1 \/ 2’ MO
Adiabatic - > - > T L
0 U(O)((St) (St U(l)((S[) 261: U(2)(6t)

The overall time propagator can be written as

(Ut 4 6t)) = Una(8t)Uap(6)|T(¢))
- S(n+1)] " D\ a1y ) | pn) o [prrD)] Ao
where Unya = [P } Z|] WSTH) (M | P z{P } P
(%]

Uap = exp [—%ﬁndt] : with ﬁel(tn) |6(tn)) = €p(tn) |0(tn))



DynEMol Method

The nonadiabatic passage E |
|AO™)Y) ~ |40+
— > AO(f)
P(m) || [PT(n+1)
n \/ n+1
= > MO(t
0m(s1) OeD(t) ®* R
— > ¢
t=0
Tt +20t)) = ULy (6t) Uyalot) USH(6t) [9(2))

- A T -
= exp [—%Hn-H(St] {P(n+1>} P™ exp [—%Hn&] W (t))



DynEMol Method

The quasi-static approx. in the Diabatic basis: ‘AO(”)> ~ AO("+1)>

P AO™M) ~ |AOM D))
A0ty T 0

P P(n)|| [PT(n+1)
AO(n+1) . . n \/ n+1 \
‘ > AN 4 \ / > ~ MO(’[)

) Uo(60) O (s1)
dR
|i("+1)> ~ |7;(n)> + — VR|7J(”)>5t

~ i) + (96t) - Vg[it™)
Consider a spherical STO, fi(n) (7 — E) — Ne—¢I7—R]

(7 — R)
7 — R

i) & i) + (f < ) i) = A+ 1)

[ = 5t is the nuclei displacement in the time-slice 6t ~ 0.05 fs — < 1A

Cs 1 A_l — ZC L] = |i(”+1)> ~ |i(”)>



DynEMol Method: step-by-step

‘AO(”)>Q
A
(T (t+0t)) = exp [—%ﬁn&] [T (0)) P(n)
= > Cy(0t)]6™) LI
¢ O®(st)

= D _Co(8t)P™g™)
¢

— y‘ (Y Q(”>C(n)> (M) = ZAZ(n)|Z-(n)>

with, AEM — (Z Q(’”)C(n)>



DynEMol Method: step-by-step

‘AO(”)> ~ |AO(”+1)>
—>

A

(T (t+0t)) = exp [—%ﬁn&] [T (0)) P(n)

= S Cy(s0)|6™) —
@

O®(61)

= D _Co(8t)P™g™)
¢

=2 (Y @<”>0<”>> i) = 3 A

with, A" = (Z Q(”)C(”)>

The quasi-static approx. in the Diabatic basis:

W (t 4 6t)) ZA|Z<H> =) At



DynEMol Method: step-by-step

‘AO(”)> ~ |AO(”+1)>

with, A(”) (Z Q(")C(n)> A_b > AO(t)
P(n) || [P*(n+1)
n \/ n+1 \
W(t+ot)) = Z A [p<n+1)}T|Z_(n+1)> S0 > + MO(t
— ZAW Z (1)) (”+1)< (n+1) | (n+1)y
_ ZA(n) Q("H)S |¢(n+1)>
0,5
)
= ) T QY S @E?} CiM |t D) Q= > QU 5;Q
¢\ ]

= > 2 ﬂmcgm} g D) =3 oyt
¢

¢

where C’g(bnﬂ) = Z QMCS?’) and 2, = <¢(n+1)|7(n>>
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The nonadiabatic scattering operator {24 :
ZQ&Z*”S (M) — (D) )y
so that C'q(bnﬂ) ZQMC(TL) "1

If the nuclei were fixed or barely moving (R — 0),
then Q(n+1> = Q(n) and ng"}’ — 5¢,7,
with the adiabatic coefficients H,,Q™ = (™ §(m Q)

As the velocity of the nuclei increase, nonadiabatic transitions become possible:

(@I ™) & by + 30 (9 My ™) ot

Thus we solve the TDSE for the electronic wavepacket

d d 7
—Co+ ;cwmm +5CsBy =0 .
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DynEMol Method: charge transfer
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DynEMol Method: electron-nuclei coupling

Quantum-Classical separation in the spirit of Ehrenfest Dynamics:
0 A
iz V(i R, 1)) = Ha(R(2)) [¥(r; B, 1))
Y
d i

d
= Co +;Cv<¢|m> + +CoEs =0

For the classical dynamics equations for the nuclei:

P = —Vg(¥(r;R,t)|V(r,R)|¥(r;R,t)), ,



DynEMol Method: electron-nuclei coupling

MR — _VR<qj(T; Rv t)|V(T7 R)|\I](T; Rv t)>7“

unoccupied

(U(r; ROV (r, )| (r; R, 1)), = Vas" + Ver [T°(t), ¥"(1)]

occupied

ST KWR-Ro)+ Y Ko(0 -0+ > > Culcosd)”

bonds angles torsions n=0
12
2 : Uz O'z 2 : 454
+ 4513 J T ? + /
dme, R

N 1,J 71
with the GS-FF parameters: K, Rg, K¢, 00,Ch,€ij,0:5,q




DynEMol Method: electron-nuclei coupling
(U(r; R, )|V (r, R)|Y(r; R, 1)), ~ VAL + Ve [U(t), U (t)]

Ven [\Ifel (1), ¥"(t)] is a functional of the excited electron-hole wavefunction:

Ver [U(t), UM ()] = Tr [pPHH] = ZEWW,

where we define the electron-hole density matrix as pw = ,0?5@ — pgfp

with,

OO = BoBile) (o] = pi,le) (0]
eP

WYUM= " AL AGIe) (¢l = pliLle) (9
pP

The Hellmann-Feynman-Pulay force for the extended Hiickel hamiltonian:

Fy =-VnVer [T9(R,1), V" (R,1)]



DynEMol Method

Deriving the nonadiabatic forces for the extended Hiickel hamiltonian:
F, = —VnVey [V (R, 1), V"(R,1)]
with the electron and hole wavepackets given by |W(t) Z Cy(t)

The time-dependent Schrodinger equation (TDSE) in the ad1abat1c basis is

. . —1
Co+ > _ Culdlg) = — EeCo
%

In this case E = (U|H({R})|¥) is no longer the variational energy. Therefore
dE dC
2 Y9 ¢
= 3ol e + S e (e Co+ Cie )

The first term on the r.h.s. is the adiabatic component of the force whereas the
second term yields the nonadiabatic component of the force.



DynEMol Method

The adiabatic component of the force is calculated as follows:

For the time-independent Schrodinger equation, Z H;; Q;-b = Z E4Si; Q;b :
- :

The matrix elements of the extended Huckel hamiltonian are given by H;; = &;;5;;

with &;; = K;j(h; + h;)/2. They are independent of the coordinates Ry .

Thus, making use of V(¢|¢) = 0 and ZHaBQg = ZEd)SaBQg, we get
B B

0Ey _ O (ote. g 0% — L 6 (9% ) 50
E_;E<Qi€wswcgj) _Z(gw E¢)Qz (8R;)Q”

1,J

The adiabatic component of the force acting on each atom is therefore

2dE¢ _ 28<¢’ﬁ|¢> _ 2 o qbasw o
;m —%jl%l AR _%]C(b'izj@” Eg) Q) 50




DynEMol Method

For the nonadiabatic component of the force we make use of the TDSE

h
PFp

ZR ZE¢VN|C¢\ = ZRN Z@ E,)d},

and therefore
qub dFp N
ZE¢ (dRN dRN) chb — Ep)dyy

where dgogb = (¢|VR, ) is the nonadiabatic coupling term. But we can also write

: . —1
Co+ Y Coldld) = —EyCy
to get v

6|V n H|p) Zaﬁeﬁczwwmm

N
oo = E,—E, E,— E, !
dC* dC¢ dFp
ZE¢ ( dRN) Z C3Co(¢IV N Hlp)

with (a|VNH|B) = VNHas — (Vyal|H|B) — (a|HIVNE) .



DynEMol Method

The Extended Hiickel Hamiltonian operator is written as
H=> 1)) S; HuS;'(j
ij ki
so that (a|H|B) = Hag = €43543 . Therefore

S QLQ5IVNALS) = 3 QLQEVNHap

apf af
— > Q2Q5> {8 HaplilVNa) + HaaSy (i V) }
af ia

The generalized eigenvalue equation can be used to simplify the terms above
HQ, = E,SQ,
ST'HQ, = E,Q,
Z Si;lHaBQg = E,Q7
so that @

D QLQaIVNHIB) = ) Y {QHQ% (¢na — Ep) + QLQE (San — Eg) } (Vv fn)
af

neN Vo
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The nonadiabatic component of the force can now be written in the analytical form

Y EyVa, 1Csl* = ) 2R(C3C,)
¢ >
Z Z {Qng (fna - E‘P) + Qﬁ@ﬁ (gom - E¢)} <Oé‘Van> .
neN Va

Using the notation:

{a} ={a,A}: fo = fo(r — Ry), for the atomic orbital a centered at atom A

{v} ={n,N}: f, = fn(r — Ry), for the atomic orbital n centered at atom N

The total (AD + NA) on atom N, as due to ¥(r, R,t), is

neN Yo

Fy = 2zz<fa(rRA)Van(rRN)>{ZC¢2(SWEqs)QﬁiQ?i
¢

+ Z R C¢ Q Q (gna - Ego) T Qi@ﬁ (fom — E(b)] } '

P>



DynEMol Method

For the electron-hole excitation energy
Vi [\Ifel (t), \Ijhl(tﬂ EHH Z E(ppwp ’
with the electron-hole density matrix as pfbjf = pjfso — pgﬁo

we write the complete Hellmann-Feynman-Pulay nonadiabtic force on atom N
for the extended Hiickel thoery (EHT) as

FR7T = =23 3 (falr = Ra) |V fu(r — Ry)) Zp (éna — Ep) QLQ5

neN Yo

+ Z R qugo Q¢Q¢ (€na — cp) + Qﬁ@qf (Ean — ECb)}

P>




DynEMol Method: Benzene NATre

photoexcitation from the ground state planar minimum
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Torsion Angle (m rads)

DynEMol Method: photoisomerization of Stilbene

Concerted TRANS-CIS isomerization:

the trans—cis torsion of the HC=CH dihedral drives

the C-C=C-C isomerization of the molecule of T :
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DynEMol Method: photoisomerization of Azobenzene
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DynEMol Method: photoisomerization of Azobenzene
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DynEMol Method:
Time-Dependent Self-Consistent Mean Field

Let us consider the direct electron-hole coupling.
The hamiltonian of the e-h system is given by

H = HEHT (7)) + HPHT (75) 4 Vig (71, 72)

HFHET = extended Hiickel theory

Our ansatz is: WU(ry,re,t) = ¢1(r1,t)x2(r2,t) exp {%a(t)]
¢
where a(t) = / e(t')dt’ is an arbitrary phase factor
0
and e(t') is a function of time with dimensions of energy.

The total wavefunction satisfies the TDSE:

5 )
2w — AU
Yo



DynEMol Method:
Time-Dependent Self-Consistent Mean Field

Solving for the wavepacket ¢; we get
ihi|1) = {<ﬁ2>2 +e— ih(Xz\Xzﬂ 1) + {ﬁl + <‘712>2} 1)
Solving for the wavepacket yo we get
ih|x2) = [<ﬁ1>1 +e— i7i<¢1\€251>} x2) + {Fb + <‘A/12>J X2)
Either of the above equations yield the contraint equation
ih{é1|01) 4+ ih{xa|X2) —e = E = constant

where E is the total energy

b= (), + (1), + (7))

The gauge parameters (é1]¢1) , (xz2|¥2) and € can be specified arbitrarily.

We chose them so that equations (1) and (2) are symmetric.



DynEMol Method:

Time-Dependent Self-Consistent Mean Field

Defining;: 1h<¢1|¢1> = <I:.71>1 + e,
yields for equation (2)

ih|x2)

() +e—in(ildn)] xo) + [Bo+ (Vo) | Ixo)

4 (1) | o

and for the constraint equation

ih(1]¢1) + ih(xalX2) —€ = <ﬁ1>1 T <ﬁ2>2 + <<V12>>

ih(xalxX2) = <g2>2+<<v12>>

Thus, equation (1) becomes

il o1)

(i) +2 —intxalia)] 160) + [+ (V52 ] lo)

:8 — <<V12>> |01) + [ﬁl + <V12>2} |$1)
s (5, b

if we finally define: & = <<V12>> .



DynEMol Method:
Time-Dependent Self-Consistent Mean Field

Therefore, in summary, we have:

Vriorat) = 61000l t) e[ 7o) L a0 = [ et
iflds) = [+ (Vi) | o)
ihlx2) = ffz + <‘A/12>1 1x2)
0 = ()
Tel()) = 32, CF (D)i(t)) WhL()) = 32, CRL(H) |i(1))
(Via), = [GiCI" Y IR (] il
kl
(Via), = (G201 Y (CEC" Gkl il
kl
<<‘A/12>> = Z e, Z (Crey™ (k] 7 i@' 70)

i kl



DynEMol Method

Intramolecular Polarization Dynamics:

1
Charge-Induced polarization coupling ~ —
r
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