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Frequently Used Mathematical Notations

The following indices are used throughout the thesis unless otherwise noted.

K, A, 1,V AOQOs

i, Jk occupied MOs
a,b,c virtual MOs
P,q,r general MOs

A,B,C,D atoms

1,J,K,L,M valence shells

¢,n,0,& adiabatic states
s subsystems in the DC framework
o, T spins

A matrix or a vector is denoted in a bold Roman character (e.g., A), and its elements are
indicated in non-bold italics (e.g., A,,). In the spin-dependent context, an upper line is added
to an MO index to indicate a S-spin MOs (e.g., p), and an MO index with a hat (e.g., p) is used
when the spin is not specified, and an MO index with neither an upper line nor a hat (e.g., p)

indicates an a-spin MO. In addition, wavefunctions are denoted according to the following rule.

¢ one-electron wavefunction
® Slater determinant

Y adiabatic-state many-electron wavefunction

X






Chapter 1

General Introduction

When the Born—Oppenheimer approximation is valid, chemical dynamics can be understood
as atomic motions on a single adiabatic PES, which associates the atomic coordinates with po-
tential energy of an adiabatic state. On the contrary, dynamics that involve multiple PESs, i.e.,
nonadiabatic dynamics, often play a critical role, especially in excited-state phenomena. Be-
cause nonadiabatic dynamics are, in general, ultrafast and yet microscopic phenomena, quan-
tum chemistry-based computational simulations are essential tools for studying them, as well as
the state-of-the-art spectroscopic techniques. NA-MD, which simulates nonadiabatic dynamics
within an MD-like framework by decomposing the electronic and nuclear DOFs into quantum-
and classical-mechanical problems, is the most widely used class of computational techniques
for nonadiabatic dynamics.

However, while the computational cost of NA-MD is lower than that of other typical nonadi-
abatic dynamics simulation techniques, e.g., multiconfigurational TD Hartree method, NA-MD
is still significantly expensive, limiting its application to relatively simple systems. There are
three major contributors to the high computational cost of NA-MD. First, to describe multiple
PESs, NA-MD requires excited-state calculations, which consume substantially larger com-
putational time than ground-state calculations. Second, nonadiabaticity is incorporated via
NACs among the adiabatic states, whose calculations require additional computational efforts.

Third, statistically meaningful results cannot be obtained without simulating a sufficiently large



number of trajectories to approximate the exact nuclear dynamics. For these reasons, con-
ventional quantum chemical approaches have difficulties to study nonadiabatic dynamics in
high-complexity systems.

This thesis presents development of computationally efficient NA-MD techniques capable
of simulating nonadiabatic dynamics in complicated systems based on the DFTB framework,
which is a low-cost semiempirical formulation of DFT. In addition, the methods are applied
to tackle several important problems in real systems where such dynamics play a key role.
Specifically, the thesis focuses on two cases that are crucial from both fundamental and practi-
cal viewpoints: nonradiative relaxation processes of excited molecules and photoexcited-state

dynamics of solar cell materials.
The remainder of this thesis is organized as follows.

Chapter 2 reviews the theoretical background of this thesis, i.e., outline of NA-MD methods,

and details of DFTB approaches to ground- and excited-state calculations.

Chapter 3 describes novel computational methods for nonadiabatic dynamics in compli-
cated systems. Section 3.1 presents the implementation of the NA-MD method employed
throughout this thesis, i.e., FSSH, combined with an excited-state calculation framework based
on DFTB, i.e., TD-DFTB. The routine was incorporated into the developmental version of
Dcorremp code, and the techniques described in Sections 3.2—3.4 were built on this implementa-
tion platform. Section 3.2 extends the TD-DFTB/FSSH technique to enable simulations in large
systems within a reasonable computational cost by employing a spatial-fragmentation-based
linear-scaling framework called the DC technique. Numerical tests show that the developed
DC-TD-DFTB/FSSH technique can simulate nonadiabatic dynamics in systems with thousands
of atoms, such as in the case of solutions, without a significant increase in computational cost
compared with the conventional TD-DFTB/FSSH method. Section 3.3 describes the improve-
ment of the TD-DFTB/FSSH to a different direction; to treat nonadiabatic dynamics involving
S1/S¢p CXs, which are crucial for nonradiative relaxation processes and cannot be correctly de-

scribed by the conventional TD-DFTB technique, the SF approach is introduced. The developed
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method, i.e., SF-TD-DFTB/FSSH, was tested on photoisomerization reactions, and its accuracy
was comparable with that of expensive ab initio approaches. Section 3.4, the final section of
Chapter 3, combines the approaches developed in Sections 3.2 (DC-TD-DFTB/FSSH) and 3.3
(SF-TD-DFTB/FSSH) to enable nonradiative relaxation dynamics simulations in condensed

phases.

Chapters 4 and 5 discuss the first target of the practical application, i.e., nonradiative relax-
ation of excited molecules. In Chapter 4, as a case study, the SF-TD-DFTB/FSSH technique
is applied to investigate the effects of molecular structure on nonradiative relaxation dynamics
in tetraphenylethylene and its derivative. The simulations reproduced experimentally observed
molecular-structure dependence of excited-state lifetimes. Moreover, the mechanism of the
structure dependence was elucidated via combined analyses of NA-MD trajectories, MECX

structures, and adiabatic PESs.

Then, Chapter 5 focuses on the effect of the environment on nonradiative relaxation. Using
the DC-SF-TD-DFTB/FSSH technique, NA-MD simulations are conducted for the nonradiative
relaxation of trans-azobenzene in solutions. The trend of excited-state lifetimes vs. the solvents
was consistent with experimental results. In addition, the mechanism of solvent dependence is

discussed focusing on the solvent viscosity.

Chapters 6 and 7 focus on the second target, i.e., exciton and charge carrier dynamics of
solar cell materials. Chapter 6 presents TD-DFTB/FSSH simulations of the photoexcited-state
dynamics of LHPs, which are of key importance as materials for a class of solar cells, namely,
the perovskite solar cells. The results show that the electronic and nuclear dynamics are strongly
coupled with each other in the conversion processes from the photogenerated exciton to band-

edge charge carriers, i.e., exciton dissociation, hot carrier cooling, and polaron formation.

Chapter 7 focuses on band-edge carriers, which are generated after the series of nonadia-
batic processes discussed in Chapter 6. Previous studies suggest that, at this stage, the polarons,
1.e., the carriers, are associated with nanometer-scale structural deformation. In addition, be-

cause the most typical LHP, MAPDI;, includes methylammonium cations (MA™s) as structural



components, the effect of the dipolar orientation of MA*s on polaron formation has been a long-
standing question. Using the DC-based DFTB technique, quantum mechanical MD simulations
were conducted for the polarons in MAPDI, to elucidate the characteristics of the structural
deformation. Moreover, based on the energy contribution, the role of the MA* rotation is dis-
cussed.

Chapter 8 concludes the thesis by summarizing the contribution of this work to the field of

nonadiabatic dynamics studies and future perspectives.



Chapter 2

Theoretical Backgrounds

2.1 NA-MD Framework

In the nonrelativistic limit, the total many-body wavefunction ¥ of a system composed of elec-
trons and nuclei is governed by the TD Schrédinger equation:

¥ (r,R
l.h(? (r,R,1)

o =H@r R)Y(,R,1), (2.1.1)

where r and R denote the coordinates of all electrons and nuclei, respectively. The spin DOFs

are omitted for simplicity. The Hamiltonian A is described as

Hx,R) =T,+H.(r,R), (2.1.2)
where
7= - Z 1 (2.1.3)
8 " 2mA R4 o
. 1
H (r,R)=——V?+V(,R) (2.1.4)
2m



Here, m and m, denote the masses of electrons and the nucleus of the atom A, respectively. The

potential V includes electron—electron, nuclei—electron, and nuclei—nuclei interaction parts.

NA-MD is a general term for methods based on the mixed quantum—classical concept, where
the faster, i.e., electronic, and slower, i.e., nuclear, DOFs are treated separately with quantum
and classical EOMs, respectively. As such a decomposition is not unique, a variety of NA-
MD techniques have been developed.!”” Among them, this section focuses on the trajectory
surface hopping approach, which is the most typical class of methods and is extensively used
throughout this thesis. Prior to the description of trajectory surface hopping, the mean-field
approach, which is also important as a practical method and as a background to the trajectory

surface hopping, is summarized.

2.1.1 Mean-Field Approach

The mean-field-type NA-MD method, a.k.a. Ehrenfest dynamics, assumes that electrons and
nuclei move in the mean fields created by each other. In this ansatz, the total wavefunction ¥

can be factorized as
Y@, R,0)=xyR,DE(r,1), (2.1.5)

where y and = denote nuclear and electronic wavefunctions, respectively. As several routes of

further derivation have been proposed,’™ here, only their essence are summarized. By taking the

classical limit for the nuclear wavefunction and its governing EOM, one obtains the classical,

Newton-like EOM for the nuclei:
2

d°R 1

= = —m—AVRC <E (r,1; R%) | H, (r;R°) | E(r, 1 RC))

(2.1.6)

r

Note that R was replaced with R, because it is no longer the nuclear coordinate as quantum

DOFs but it 1s the position of classical nuclei. For the same reason, &, which was independent
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of R, now depends on R° in a parametric manner. The EOM for the electronic part is derived
from the TD Schrodinger equation for the electronic wavefunction:

i 0= (r,t; R (1))

o = H.(r;R° (1) E(r, ;R (7)) . (2.1.7)

Using an orthonormal many-electron basis set, which is here chosen to be adiabatic states, =

can be expanded as follows:

E(r R (M) = ) ¢y (0, (R (1), (2.1.8)

n

Using Eqgs. 2.1.7 and 2.1.8, one obtains the EOM for the electronic part, i.e., for the expansion

coeflicients:

dc, (1)
ot

in = E, (0 ¢, (1) = ih ) 0y (D) ¢ (1). (2.1.9)
6

Here, o is called TDNAC and is described as

O (1) = <wn (r; R (1) ‘ ‘M@(r;—?c(t))>r ) (2.1.10)
Note that TDNAC has another common expression:
7 0 = dyy - . @.1.11)
using the NAC vector d,j:
dyg (1) = ( (13 RS () | Vrethy (1R (1)) (2.1.12)



2.1.2 Trajectory Surface Hopping Approach

In the field of molecular science, branching of nuclear wave packets is often crucial, for ex-
ample, to discuss the yields of multiple products of a photochemical reaction. However, as
the mean-field approach assumes a completely localized (delta-function) nuclear wave packet,
branching is not allowed. Among several mixed quantum—classical methods that overcome
this limitation, which include the multiple spawning technique by Multinez and co-workers,!°
the trajectory surface hopping method is the most popular one owing to its conceptual simplic-
ity, relatively straightforward implementation, and suitable compromise between computational
burden and accuracy.

Unlike in the mean-field scheme, in the trajectory surface hopping method,!! the classical
nuclear coordinates are propagated on a specific PES, where hopping to another surface is al-
lowed to take nonadiabaticity into account. Conceptually, the probability distribution of the
exact nuclear wave packet is approximated by the ensemble of trajectories, where branching is
naturally allowed. For the quantum part, the EOM of the same form as the mean-field approach
(Eq. 2.1.9) is typically used.

Tully pointed out that the trajectory surface hopping EOMs can be obtained through essen-
tially the same route as the mean-field approach (Subsection 2.1.1) by starting from a multistate

ansatz:

YR, = > xy RDY, (1 R), (2.1.13)
n

instead of the mean-field ansatz (Eq. 2.1.5).°
The most widely used trajectory surface hopping algorithm may be the fewest-switches
approach,'? where the hopping probability is calculated such that the number of hopping events

i1s minimized, i.e., according to the following concept:

population transmission from state { to state 6

Py = : (2.1.14)

population of of state



where { is the index of the currently active state. This leads to the following expression of the

probability.

itzaw% (czcg)] (2.1.15)

Pr—o = max |0,
e

2.2 DFTB-Based Approaches to Ground-State Calculations

2.2.1 DFTB'

DFTB is a well-established semiempirical quantum chemical calculation scheme, which has
been adopted for a wide range of systems, as briefly reviewed elsewhere.!* The theoretical
framework is grounded on the Taylor expansion of Kohn—Sham equations with respect to
charge density fluctuation dp around reference density py, which is a superposition of the un-
perturbed atomic charge density. There are three major types of DFTB: DFTB1,'>1® DFTB2,"
and DFTB3.!8 In the studies described in this thesis, DFTB2 was employed. In the framework

of DFTB2, the total energy E is expressed as'”!

Nshell

M
1
= Z bi |Ho|¢ "‘ Y Z AqiAq 1YL

i

N
Z Z parPar War + Erep, (2.2.1)
A

LL’€eA

\S] |

where the first, second, third, and fourth terms correspond to the one-electron component;
charge density fluctuation contribution, including long-range Coulomb interaction; contribu-
tion from spin polarization; and inter-nuclear repulsion plus some ad hoc collection to the total
energy, respectively. n; and ¢; are the occupation number and single-particle wavefunction for
the i-th MO, respectively. Nyo and Ny, are the number of MOs and electron shells included in
the calculation, respectively. Ag; is the fluctuation in the Mulliken charge of shell I referenced

to that of the neutral isolated atoms. vy,; is a function of interatomic distance R and the Hubbard

TReproduced from Ref. [13] with permission from the Phys. Chem. Chem. Phys. Owner Societies.

9



parameters for shells I and J (U; and Uy, respectively). The Hubbard parameters are given as
derivatives of orbital energies with respect to their occupation numbers in free atoms. In the
limit of R — oo, y;; approaches 1/R, i.e., bare Coulomb interaction. When R = 0, i.e., shells
I and J belong to the same atom, vy;; is represented with U; (and Uy), and the second term
in Eq. 2.2.1 represents the atomic energy variation originating from the partial electron attach-
ment on (detachment from) the atom, which is related to the chemical hardness. The explicit
form of y;; is found elsewhere.!” p,; denotes the spin population of shell L in atom A, which
is the difference between the Mulliken populations for up and down spins. The parameter that
represents the energetical contribution of spin polarization, Wy, is computed from the deriva-
tive of orbital energies of a free atom with respect to the occupation numbers for up and down
spins. E\, is a repulsive potential, which is described as a function of interatomic distance and

conceptually includes nuclear repulsion and the other corrections for electronic energy.

¢; is expanded by a set of pseudo-AOs, ¢,, which is obtained by solving a Kohn—Sham-like

equation for an isolated atom:

|+ Verlpal + Veont| 04 = €100 (2.2.2)

where T and V.g[p4] denote the kinetic operator and the exchange—correlation potential with
respect to the atomic charge density p4 calculated with the PBE formulation of the GGA (GGA-
PBE),? respectively. Artificial atom-centered potentials (confinement potentials) VC“'Onf and Vot
are applied for the calculations of charge density p4 and pseudo-AO ¢, respectively, to mimic
the localized electronic states of the atoms in molecules or solids. In general, the shape of Vi qu¢

is optimized for each element in an empirical manner.

Through the variational principles, the set of MO coefficients, ¢, is obtained by solving the

following generalized eigenvalue problem:

Fc = Sce™©, (2.2.3)

10



where the diagonal elements of €™© are the MO energy levels. The Fock matrix element F,,,
is given as

Nihell

1
vao- = H[Sy + ESIW Z (YIK + 7JK) AqK
K

1
+ ES v Z (Warrr + Warrr) parr), (2.24)

L7€A

where the plus and minus signs correspond to a-spin and S-spin, respectively. Note that the
AOs u and v belong to the shells / and J, respectively. The third term of Eq. 2.2.4 can be
nonzero only if the AOs ¢ and v belong to the same atom A, and in this case, they are included
in shells L and L’, respectively. Eq. 2.2.4 is solved self-consistently until Mulliken charge Ag,

is converged; this procedure is called SCC cycles.

Elements of Hy and S matrices are described as

S = (ulev) (2.2.5)

63 ifu=v

HSV - <¢;4 | T + Verlpa + psl ¢V> ifA+#B&u+v (2.2.6)

0 otherwise,

respectively, where eg denotes the orbital energy eigenvalue of the corresponding AO in the
neutral isolated atom without the confinement potential. In actual calculations, Hgv and S, are
obtained from a pre-computed table through Slater—Koster transformation.?! In the table, which
is called Slater—Koster parameter and given for each element pair, Hgv and S, values for o-,
n-, and o-type interactions are tabulated as functions of interatomic distance. In addition, the
repulsive potential E., is also a parametric component; E,., is commonly expressed by a set of

spline functions of interatomic distance for each element pair.

11



2.2.2 DC-DFTB'

The computational bottleneck of the DFTB method is solving the generalized eigenvalue prob-
lem (Eq. 2.2.3), whose computational time scales approximately as O (N 3). While the DFTB
is a computationally efficient method, this scaling still limits the accessible system size to ap-
proximately 10>~10° atoms. With this background, an O (N) type DFTB method, DC-DFTB,
has been developed to extend the DFTB applications to huge systems. DC?72% is a class

of fragmentation-based approaches for large-scale quantum chemical calculations,?’—°

among
which the fragment MO method®'~** has been interfaced with DFTB.** In addition, the “modi-
fied divide-and-conquer” approach, which is also a linear-scaling method based on fragmenta-
tion, has been integrated with DFTB and successfully applied to condensed-phase systems.>’
The DC technique has been combined with a wide range of techniques including spin-restricted
and unrestricted Hartree—Fock,*3° Mgller—Plesset perturbation theory,***! coupled-cluster,*>+?
and DFTB.* In the DC framework, delocalized electronic states over multiple fragments can
be described. Moreover, the DC scheme is capable of treating chemical reactions that exceed
the boundary of fragments. Taking advantage of these features, the ground-state DC-DFTB
has been applied to a variety of problems, where fully quantum mechanical treatment of the

whole system is necessary, such as nonlocal proton and hydroxide anion transport in bulk wa-

ter,45:46

carrier diffusion in electrolyte solutions for alkali-metal ion batteries,*”*® chemical CO,
absorption in amine solutions,* polaron formation in a perovskite solar cell material,'® and
proton transfer in bacteriorhodopsin.*®

In the DC scheme, the target system is spatially divided into mutually exclusive subsets of
atoms called subsystems. The subsystem is expressed as S¥, where s is the index that specifies
the subsystem. The division is arbitrary; each subsystem can be, for example, a single atom,
chemically well-defined atom group (e.g., one amino acid in a protein), or can be automatically

defined by a spatial mesh with a constant interval. For each subsystem s, the Hamiltonian

matrix and the corresponding MOs are expanded by a set of AOs included in the corresponding

TReproduced from Ref. [22], with the permission of AIP Publishing.
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localization region £°, which incorporates S* and the neighboring subsystems called the buffer
region, $B°, which is composed of subsystems within the given distance (buffer radius) r, from
S°. Namely,

L=8U8g. (2.2.7)

For each localization region £*, S° is sometimes called the central region, to distinguish it from
the buffer region B°. For each subsystem s, the generalized eigenvalue problem corresponding
to Eq. 2.2.3, 1.e.,

Fc¢’ = S’c’e’, (2.2.8)

is solved. The occupation number f, of each MO in £* is determined using the Fermi-Dirac

distribution function

%
exp [,8 (el‘, - eF)] +1

where v = 2 for the spin-restricted case. e is a Fermi level that is common to all subsystems,

£ = (2.2.9)

which is determined to conserve the total number of electrons in the overall system. The inverse
temperature 3 is given as a controllable parameter. The density matrix for each subsystem s,

D°, is obtained as:

Dy, = > fei,c (2.2.10)

p

The density matrix for the overall system DPC is obtained by merging the subsystem density

matrices while avoiding double counting

C s
Dpf = PuD,, (2.2.11)

13



where D;,, is the element of the density matrix for subsystem s, and P, is defined as:

1 nueS AveS*

12 eSS AveS
P,uv = . (2.2.12)

12 u¢S AveS*

0 UES ANve¢S*
The total number of electrons N in the overall system is obtained as:

N =) DS, (2.2.13)
uv

The error arising from the division into the subsystems is controlled by r; the error decreases

as r, increases, in general.

2.3 DFTB-Based Approaches to Excited-State Calculations

2.3.1 TD-DFTBf

Linear-response formulation of TD-DFTB is an extension of its ground-state counterpart,
DFTB, to excited-state calculations. In the TD-DFTB, the 7-th excitation energy and response
properties are obtained by solving the following non-Hermitian eigenvalue problem, which is

called Casida’s equation.”!

= w, . (2.3.1)

TReproduced from Ref. [22], with the permission of AIP Publishing.
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where w,, is the n-th excitation energy, and the elements of the matrices A and B are defined as:

Aiajp = 0ij0up (€ — €) + Kig jis (2.3.2)

Biajp = Kiapjs (2.3.3)

where spin indices are omitted. Kj, j, and Kj,;; are coupling matrices. The explicit form of
the coupling matrices in the case of the TD-DFTB is found elsewhere.’?> X7 and Y” are the
excitation and de-excitation amplitudes, respectively. For numerical convenience, Eq. 2.3.1 is

solved after conversion to the following Hermitian eigenvalue problem:
(A-B)>(A+B)(A-B)*F' = wF", (2.3.4)

where

F'=(A-B)?X"+Y"). (2.3.5)

The resulting eigenvectors are normalized to satisfy the biorthogonality condition:
DXL+ YL (XE - YE) = 6. (2.3.6)

The corresponding adabatic electronic wavefunction i, is expressed in a form similar to that in

CIS>!

Uy =) CLOY. 2.3.7)

Here, @ is the Slater determinant corresponding to the i — a excitation configuration. Accord-
ing to the Casida’s ansatz,’!

Cl =X +Y (2.3.8)
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2.3.2 DC-TD-DFTB'

DC-TD-DFTB is an extension of DC-DFTB* for excited-state calculations, in the same
context that TD-DFTB is an extension of DFTB. Two distinct approaches have been em-
ployed for the excited-state calculations in the DC framework, i.e., dynamical-polarizability-
based®>>* and eigenvalue-problem-based> = approaches. It should be noted that the dynamical-
polarizability-based approach can treat nonlocal excitations such as charge-transfer excitation
and transitions among delocalized orbitals.’*** Because of the effectiveness in the case of local
excitation, the eigenvalue-problem-based approach has been combined with DFTB and applied
to MD calculations in excited states.>>7 In the eigenvalue-based DC-TD-DFTB approach, the
excited-state properties are obtained by solving Casida’s equation (Eq. 2.3.1) for the subsystem
s that includes the excitation center:
A* B° X 1 0 [|X57
= Wy, , (2.3.9)
B A™||Y*7 0 -1||Y*"
where A* and B* are the counterparts of A and B, respectively. Here, the MOs are substituted
with those obtained from Eq. 2.2.8 for the subsystem s. Similar to the case of TD-DFTB,

Eq. 2.3.9 is solved in the form:
(As _ BS)l/2 (AY + BS) (AS _ BS)l/Z Fs,]] — (,(),2]FSJ], (2310)

where

F = (A® — BS)—]/2 (X5 + Y5 (2.3.11)

The resulting eigenvectors are normalized according to:

Do) (x5 - i) = b (2.3.12)

ia

TReproduced from Ref. [22], with the permission of AIP Publishing.
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The corresponding adiabatic wavefunction is described as:
vy = Crlo, (2.3.13)

where @°f is the Slater determinant for the i — a excitation configuration within the localization
region L’, and

Cil = X 4 Y3, (2.3.14)

ua 1

2.3.3 SF-TD-DFTB'

In the framework of spin-polarized DFTB,' «/B-spin Fock matrices are described by a point-

charge-based representation:

a/f _ 0
F,'=H,
1
+ ES“V Z (yix + vix) Mgk
K

1
+ ES“V Z (marrr + mappr) parr- (2.3.15)

L"eA

Here, the one-electron Hamiltonian matrix element Hﬁv and the AO overlap matrix element S,
are computed from pre-calculated tables, which are externally given as a parameter set. The
second term on the RHS describes the spin-independent component of the electron-electron
interaction with y;x and Agg, which are 1/R-like functions of the interatomic distance!” and the
Mulliken charge of the shell K referenced to that of the isolated neutral atom, respectively. The
third term on the RHS of the Eq. 2.3.15 is the spin-dependent part, whose sign is + and — for «
and S spins, respectively. pa;~ represents the spin polarization, i.e., the a-spin Mulliken charge
minus the B-spin one, of shell L” in atom A. The short-range nature of the electron-electron
magnetic interaction allows the spin constant m,;; to be considered nonzero only for intra-

atomic interactions. myy ;- is pre-calculated via Kohn—Sham DFT calculations of an isolated

TReprinted with permission from Ref. [58]. Copyright 2020 American Chemical Society.
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neutral atom by infinitesimally varying the « and § occupation numbers of shell L', i.e., nf, and

"

1,» respectively:

MaLy = 1 Oc; - 6—62 (2.3.16)
2\0ng, o,

Here, € is the a-spin Kohn—Sham orbital energy level corresponding to the highest occupied
valence shell of the atom. The MO coeflicients ¢ are obtained by solving the generalized eigen-

value problem:
Fc = Sce. (2.3.17)

In principle, the Fock matrix in Eq. 2.3.17 can be either F*/# themselves, i.e., the spin-
unrestricted form, or constructed from them in the restricted open-shell fashion. In this study,
the spin-unrestricted-type expression is employed to achieve better convergence of the SCC

process.

The SF-TD-DFTB is derived as a DFTB-style approximation to the SF-TD-DFT,*° which
is a modified linear-response TD-DFT where only spin-flipping, i.e., « — [, excitations are
allowed. In the SF-TD-DFT/DFTB approach, adiabatic states with the desired spin multiplicity
are obtained via spin-flipping excitations from a reference state of higher spin multiplicity,
which is chosen to be triplet when focusing on singlet states. Within the TDA,®' the excitation

energy w, and the response matrix X" for the state r7 are obtained as
ZAia,jEXZ}; = a),,Xl."a, (2318)
jb

where

Aiajs = FL30i; = Fia + Kajp. (2.3.19)
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Here, the coupling matrix K is represented in the point-charge-approximated form:
Kajs =2 ) dimagy. (2.3.20)
A

The transition Mulliken charge for the shell K, q‘,ﬁ(q, is defined as

Qf(q = % Z Z (CvizS vaCay + C/uaSAvaq) ) (2.3.21)

veA A

and that for the atom A, qiq, is the sum of qiq over the shells belonging to the atom A:

¢ = Z 7. (2.3.22)

KeA

The atom-wise spin constant m, is equal to the m4; ;. for the outermost occupied valence of the
atom A.

For each state 7, the adiabatic wavefunction y, is expressed in a form similar to that in the

CIS:
Wy = Z ClLo7. (2.3.23)

Here, ®? is the Slater determinant for the i — a excitation configuration. Under the TDA, one

n o_ yn
canset C. = X
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Chapter 3

Development of NA-MD Methods for

Complicated Systems

Simulations of nonadiabatic dynamics in complicated systems, e.g., carrier dynamics in solar
cell materials and structure-/environment-dependent nonradiative relaxation processes of ex-
cited molecules, request sizable model systems to include the details of systems and sufficiently
large number of trajectory samples to obtain the statistically reliable outcome. With this back-
ground, this chapter presents development of NA-MD methods to satisfy such requirements
within the reasonable computational resources. Results of numerical validation for the accu-
racy and computational cost are also shown.

Section 3.1 describes the implementation of the FSSH technique with the use of TD-DFTB
method, which is a low-cost semiempirical excited-state calculation technique. In Section 3.2,
by adoption of the DC framework, the TD-DFTB/FSSH technique is further extended to treat
huge systems including solutions. Section 3.3 presents the combination of the TD-DFTB/FSSH
with the SF approach to obtain the correct description of S;/S, CXs, which play an important
role in excited- to ground-state transitions, i.e., nonradiative relaxation phenomena. Section
3.4 describes the combined approach of the techniques presented in Sections 3.2 and 3.3 to
simulate the nonradiative relaxation dynamics of excited molecules with including the effects

of environments, e.g., solvents.
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3.1 Implementation of DFTB-Based NA-MD Method into

Dcprremp Program’

3.1.1 FSSH Algorithm

In the FSSH technique, the electronic wavefunction is propagated quantum mechanically, while
the nuclear dynamics is treated classically. For each independent classical trajectory, the TD
electronic wavefunction = is expressed as a linear combination of a set of adiabatic electronic

wavefunctions:

E,;R@) = Z (DY, (r; R(1)) , (3.1.1)

n

where ¢, r, and R are the time, electronic coordinates, and nuclear coordinates, respectively.
According to the TD Schrodinger equation, propagation of the electronic wavefunction is de-

scribed as:

cy(1)
ot

JR (t)

8
in = E,(1)c, (1) — if Z d, (1) - ——c4(D). (3.1.2)

Here, E, (1) is the potential energy of the adiabatic state 1 at the time ¢, and d,4(7) is the NAC

vector, defined as:

dy(t) = (U (1) | V(D)) , (3.1.3)

where V indicates the gradient with respect to the nuclear coordinates. The NAC can be simpli-

fied as the time-derivative form.

oR()
e <%o\

(3.1.4)

0o
o) = d(t) - %m>

oe(t) is termed TDNAC. In the standard approach, o-,(?) is calculated by using the numerical
derivative. For CIS type wavefunctions, the numerical evaluation may be performed via either
of two distinct methods, i.e., the WO approach? or OD approach.?> While the latter is computa-

tionally more efficient in general, the importance of the former should not be overlooked. For

TReproduced from Ref. [1], with the permission of AIP Publishing.
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example, in the electronic wavefunction propagation scheme called local diabatization,* which
has excellent numerical stability in the case where trivial crossings among adiabatic PESs are

present, the wavefunction overlap is directly used instead of the TDNAC.

As in adiabatic MD simulations, the nuclear coordinates R are propagated according to

Newton’s equation using the atomic force on the active adiabatic state &:

2R 1 (8 E
A ( we 0 0), (3.1.5)

=—— +
d?  mu\OR: " OR"

where R (u = x, y, z) is the coordinate of atom A for the axis u, and m, is the mass of atom A.

Quantum decoherence is not included in the time propagation according to Egs. 3.1.2 and
3.1.4. The simplified decay of mixing® approach is a straightforward and widely used correction
scheme for the decoherence. In this approach, the population of the non-active state 6 is damped

with the time constant of 74, which is calculated as:

h o
Toe = 1+ . (3.1.6)
* |E9 - E$| ( Ekin)

Here, « is a constant parameter, the typical value of which is set to 0.1 hartree. Ey;, is the nuclear

kinetic energy.

For each time step of the electronic wavefunction propagation, the probability of hopping

from the current active state £ to another state 6, ps_,, is computed as:°

20t N
Pé—p = Max [0, —oxR (cfcg)] , (3.1.7)
Ce

where 6t is the time step for propagating the electronic wavefunction. Based on the hopping
probability, the active state at the next step is determined using a uniform random number,

which ranges from O to 1.
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3.1.2 NAC Calculation Algorithms
WO Approach

In the WO approach, TDNAC is approximately computed on the basis of the overlap between

the adiabatic state wavefunctions at the subsequent time steps:

St 1) = (1) | Y6(12)) (3.1.8)

where 1, = t; + At. At is the time step for propagation of the nuclear coordinates. TDNAC is
obtained using the finite difference approximation,>’ which, for example, takes the following

form:

At 1
O o (f1 + ?) vV [Sne(h,fz) - San(l‘l,lz)] : (3.1.9)

For CIS type wavefunctions (Eq. 2.3.7), the wavefunction overlap §,,(t;, ;) is expressed as:

St 1) = . ChE)CY(1) (@4(r) | @(22)) (3.1.10)

ia, jb

where the overlap between the Slater determinants on the RHS is calculated using the following
relation®?

(©2(11) | ©%12)) = det (Zlia, jb)). G.1.11)

Here, X[ia, jb] is the overlap matrix among the spin orbitals that constitute the Slater determi-

nants ®?(¢;) and (Dif(tz). Assuming a—a excitation, X[ia, jb] is written as:

| ztias ey etia, )
Slia. b] = , (3.1.12)
Baxii, jb]  PPYii, jj]
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where

7Xlip, jql =

GG 1Ty . {5t [N (@17 . (i) | o)) (o T)

-

(6 |a1) (1T . (Bt | d)) (T 1T) ... {(Bp(t)) | b)) (o |

Buo )| D1 (T 1T) o {Gaot) [ $gDY(T 1T . {Buo(t1) | by (22)) (| T)

(3.1.13)

in the spin-restricted case. o~ and 7 are spin indices, which take either @ or 5. The i-th row and
the j-th column are underlined and overlined, respectively. Each matrix element in Eq. 3.1.13

is calculated as:

(6011 | 64(2)) = D cupt)eng(t) (e | (1)) (3.1.14)
uv
1 o=1
(o|7) = ) (3.1.15)
0 o#7

where ¢,,;, is the MO coeflicient of the AO basis function y, in the MO p. Because the overlap
between spin functions (o | 7) vanishes when o # 7, X[ia, jb] is block diagonal with respect to

the spin.

™=l 10
Xlia, jb] = . (3.1.16)

0 AL, jjl

Hence, the determinant is given as:

det (Zlia, jb]) = det (*"Zlia, jb]) x det (*£lii, jjl). (3.1.17)
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It should be noted that Mitri¢ and co-workers derived a rigorous formulation for overlap be-

tween spin-adapted CSFs for singlet excited states'®!!

(o | ohw) =
det (77 Xlia, jb]) x det ("7 X[ii, jj1)

+ det (“"X[ia, jj]) x det ("TX[ii, jb]) . (3.1.18)

For a sufficiently small nuclear time step Af where the finite difference approximation (Eq. 3.1.9)
is valid, the mutual orthogonality of the occupied and virtual spaces should be approximately

conserved between the subsequent time steps, resulting in

det (“"X[ia, jj]) ~ O, (3.1.19)

det (“7X[ii, jb]) = 0. (3.1.20)

From this observation, the “bare” Slater determinant overlap (Eq. 3.1.11) and the CSF overlap

(Eq. 3.1.18) are considered to give essentially the same results.

The adiabatic wavefunctions have the arbitrariness to the extent of the phase factor e
which takes 1 or —1 in the real-valued case. The uncertainty in the phase (sign) of the adiabatic
wavefunctions affects the sign of TDNAC and introduces severe error in the propagation of the
total electronic wavefunction Z. For this reason, the sign of ,(1,) is flipped when S, (1, 1,) is
negative, to keep the sign of the adiabatic wavefunctions at adjacent time steps consistent with

each other.”!2
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OD Approach

Another approach called the OD method was developed by Ryabinkin and co-workers.? Using

Eqgs. 2.3.7 and 3.1.4, TDNAC is formally expressed as:

0

acCt (1)
OEDY [Cz,u)a’—i CHGILHON

iajb
8CDb(t)
>J (3.1.21)

+C; (t)C (1) <d>“(t)

where the first term on the RHS can be non-zero only if i = j A a = b according to the Slater—

Condon rule. Using the following conditions for real-valued orbitals,

<¢p( ) 00,0 )> 0, (3.1.22)

(60| 64(0)) = 6, (3.1.23)

one obtains:

D" (1) 9
= >— ,,<¢a<)‘ ¢”(’)>

0pi (t)>

<<I>“(t)

7)1]6017 <¢j(t) ’ (3124)

Here, the factor #;; arises from the arbitrariness in the ordering convention selected for the or-
bitals constituting the Slater determinants. #;; = 1 in the present case, where an occupied orbital

i is substituted by a virtual orbital a without changing the ordering for each Slater determinant
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of i — a excitation configuration. Using Eq. 3.1.24, TDNAC is further rewritten as

. ﬁl( 1)
(t) = Z Cl () ——
+ ) CLOCh D) <¢a<t> ¢b(t)>
iab
= PLCnOCh 1) <¢](t) ‘ 0¢: (t)> . (3.1.25)

ija

Finally, TDNAC is numerically computed by applying the finite difference approximation to the

derivatives in Eq. 3.1.25 as

acLm 1, ,
2= = = (Citt + An) = C(0). (3.1.26)
0 1
<¢,,()| ¢"()> - E<¢p(l‘)|¢q(l+At)>. (3.1.27)

Note that the phase (sign) of each orbital wavefunction is arbitrary, and the order of the orbital
energy levels, on which the orbital indices are based, may change in association with the time
propagation of the nuclear coordinates. To keep the sign of the orbitals constant and to track the
appropriate orbital, Ref. [3] proposed the use of a permutation matrix O, the elements of which
are defined as:

L (60| gt + AD) > 05

Opg =\=1 (8,()]dyt + AD)) < =0.5 - (3.1.28)

0 otherwise

The sign and order of the orbitals are permutated based on O, and the CIS coefficients are

corrected accordingly, prior to numerical differentiation (Eqgs. 3.1.26 and 3.1.27).
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3.2 Large-Scale NA-MD Technique with DC Type Excited-

State Calculations’

3.2.1 Introduction

In the condensed phase, dynamics of nonadiabatic systems is inevitably affected by interactions
with the environment, such as solvent molecules or ligands. The nonadiabatic dynamics is mod-
ulated by exchange of energy and electrons with the environment. For instance, Marcus theory
compactly illustrates that the rate of an electron transfer reaction is controlled by the probability
of the nonadiabatic transition and how it is affected by the interaction with the solvent.!* Atoms
(chemical species) are also exchanged if chemical reactions, e.g., proton transfer, are involved.
This background strongly suggests the importance of techniques for simulating nonadiabatic
dynamics capable of simultaneously treating not only the active site, but also the environment,
which is still challenging because of the severe computational cost arising from the system size.

The trajectory surface hopping method' is a widely accepted approach for simulating nona-
diabatic dynamics, in which the nuclear dynamics involving multiple PESs is approximated in a
statistical manner based on a set of classical trajectories. Propagation of each classical nuclear
trajectory is performed according to the atomic force calculated from the energy derivative at the
current active state, which stochastically hops to another state. Because of its computational ef-
ficiency and compatibility with well-established electronic structure methods for excited states
such as linear response TD-DFT,!>"!° The trajectory surface hopping is extensively utilized to
treat nonadiabatic dynamics in the context of quantum chemistry. There are several variations
of trajectory surface hopping techniques, including decoherence-induced-surface hopping?’ and
Zhu—Nakamura theory approach.?'* Among them, the FSSH method, proposed by Tully, is
the most widely used method owing to the suitable compromise between the accuracy and
cost.?>26 The name of the technique originates from its characteristics, where the probability of

hopping is calculated to minimize the number of hopping events.

TReproduced from Ref. [1], with the permission of AIP Publishing.
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Typically, there are two computational bottlenecks in the FSSH. The first is the calculation of
the adiabatic excited-state energy, energy gradient, and the corresponding wavefunctions. The
second is the calculation of the NAC terms, which is required to propagate the electronic (quan-
tum) DOFs. In recent years, the available system size of the FSSH has been extended by combi-
nation with TD-DFTB method.'%!!?728 TD-DFTB? is a low-cost semi-empirical excited-state
calculation technique that is based on the ground-state counterpart, i.e., the DFTB method.?-3?
Successful application of the TD-DFTB-based FSSH has been reported for a variety of tar-

3435 adenine in a water cluster,'?

gets, including cycloparaphenylene,?® polyacene derivatives,
and silver nanorods.*¢

This section presents a large-scale NA-MD methodology, in which DC-TD-DFTB is com-
bined with the FSSH method. The rest of this section is organized as follows: Subsection 3.2.2
describes the theoretical aspects, focusing on the formulation of the NAC calculation algorithms
in the framework of DC-TD-DFTB. The results of the numerical tests are reported in Subsec-
tion 3.2.3. Subsection 3.2.3 describes the details of the computational setup. Subsection 3.2.3
compares the DC-TD-DFTB-based NAC value with that from the conventional (TD-DFTB-
based) calculation, and evaluate the accuracy of the proposed method. The advantages of the
developed approach for enhancing the numerical stability is also discussed. Moreover, as a pilot
application, DC-TD-DFTB-based FSSH simulations are performed for a thymine molecule in
acetonitrile solution. Subsection 3.2.3 compares the computational time required for the DC-

TD-DFTB-based method versus the conventional method. Subsection 3.2.4 summarizes the

study.

3.2.2 Theory

The scope of the theory described in this subsection is limited to singlet excited states with spin-
restricted reference. In the present DC-TD-DFTB/FSSH approach, FSSH simulations (Subsec-
tion 3.1.1) are conducted using the adiabatic potential energies, adiabatic wavefunctions, and

TDNAC:Ss, obtained in the framework of DC-TD-DFTB. The DC-TD-DFTB calculations of adi-
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abatic potential energies and wavefunctions were described in Subsection 2.3.2. Here, TDNAC

calculation algorithms with DC-TD-DFTB are presented.

TDNAC Calculation in DC Scheme: WO Approach

For TD-DFTB without DC (Subsection 3.1.2), the wavefunction overlap is obtained on the basis
of the overlap between the Slater determinants for the excitation configurations, which is equal
to det (X[ia, jb]) (Eq. 3.1.11). In the case of DC-TD-DFTB, the analogue of the matrix X[ia, jb]

can be defined as:

o *“Epclia, jb] PEpclia, jj]
Xpclia, jb] = , (3.2.1)

Pagoclii, jb] - APEpclii, jj

where

" Enclip, jql =

A1) g1 o |T) ... <¢1(t1)|¢q(t2)> (Tlr)y oo {1t | Prow)(t)) (o | T)

(o)1) @17y ... (Bt b)) (T 1T (1) | o)) | T

-

¢no(fz)(t2)> <O- | T>
(3.2.2)

Buoen ) | 1N 1T {(Baon () | (YT 1T .. (Bugien(t1)

regarding the localization region £L°, which includes the excitation center. Note that ng is time-
dependent in the DC scheme, because the buffer region around the excitation center is re-defined
for each nuclear time step based on the current atomic coordinates, as schematically shown in
Fig. 3.1. In Fig. 3.1(a), the subsystem represented by the red-colored circle is included in L*
at #; and remains included in it at #,. Fig. 3.1(b) shows the case in which the subsystem is not
included at #;, but is newly included at #,. On the other hand, in Fig. 3.1(c), the subsystem is
included at #;, but not at #,. In the following discussion, the situations corresponding to Figs.

3.1(a), 3.1(b), and 3.1(c) are called in-in, out-in, and in-out, respectively.
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Fig. 3.1: Schematic illustration of buffer region update in the DC scheme. White and red circles indicate subsys-
tems; the area marked as EC is the central region corresponding to the excitation center. Green-colored region is
the buffer region with a buffer radius of r,. (a) Red-colored subsystem is included in the buffer region at #;, and
remains included at #, (in-in). (b) Red-colored subsystem is not included in the buffer region at #;, but is newly

included at #, (out-in). (c) Red-colored subsystem is included in the buffer region at 7, but is not included at 1,
(in-out).

When L°(t;) # L%(t,), i.e., out-in or in-out subsystems exist, the wavefunction overlap
calculations become problematic. In this case, Xpclia, jb] is not squared in general; thus,
det (Xpclia, jb]) cannot be defined. Even if Xpc[ia, jb] becomes squared by coincidence, it
is effectively not a regular matrix, i.e., det (Xpc[ia, jb]) is essentially zero. This is because the
orbitals arising from in-out(out-in) subsystems at #,(#,) do not overlap significantly with any
orbitals at #,(¢;); in other words, all the elements in the rows(columns) of Xpc[ia, jb] corre-

sponding to these orbitals are approximately zero.

From another perspective, X[ia, jb] or Xpc[ia, jb] can be seen as a transformation matrix
from the space spanned by the orbitals that constitute d)f.(tz) to the space spanned by the com-
ponent orbitals of ®¢(#;) (Fig. 3.2). In the case of TD-DFTB without DC, det (X[ia, jb]) is
always well-defined and generally non-zero because the transformation is one-to-one corre-
spondence. However, in the case of DC-TD-DFTB, the transformation is no longer one-to-one
correspondence when L°(¢;) # L°(t;). The orbitals arising from the out-in subsystems at z,
do not correspond to any orbitals at #;. In the case of the in-out subsystems, the opposite is
true. Therefore, det (Xpc[ia, jb]) is either essentially zero, which is physically meaningless, or

undefined.
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Fig. 3.2: Schematic illustration of the relationship between the orbital space regarding ®¢ at #; and d)? at . (a)
Without DC, the transformation between the #; and #, orbital spaces (X[ia, jb]) can be one-to-one correspondence.
(b) With DC, the one-to-one correspondence can be maintained only within the subspace indicated by the blue-
colored region. Orbitals in the red-colored region at #,(;) are not mapped to any orbital at #,(z;).

Here, one can construct a subspace in which the one-to-one correspondence character of
the transformation Xpc[ia, jb] can be maintained, where the subspace is called common space,
and its complement is called uncommon space, by the following procedure. Let X° and XV
be the MO overlap matrices for the occupied and virtual spaces, respectively, where the matrix

elements are defined as:

50 = {00 |91}, EY, = (Bult) | 94(12)) (3.2.3)
SVD of the occupied or virtual MO overlap matrices
OV = UOVAOVYONE, (3.2.4)

produces sets of orbitals at #, and t,, which are represented by the matrices U°/Y and V°/V,
respectively, in the canonical MO basis. The obtained orbitals are hereafter called SOs. Each
set of orbitals is orthonormal, and spans the same space as spanned by the corresponding (either
occupied or virtual, at either #; or #,) set of MOs. Note that the SVD is performed for the
occupied and virtual spaces separately. The matrix A°/V contains the set of corresponding
singular values

o/v

/lp p=q A p< n’O v
AONY = / (3.2.5)

Pq ’
0 otherwise
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where ng Vo= min {no,v(t;), no/v(t2)}. The singular values are sorted in descending order:
AL>hL> > /l"b/v' Here, one can define a new set of SOs that contain only the SOs having

singular values close to unity

F10/V
oY = (u?/v uzO/V . ug/V)’ (3.2.6)
oy
OV
VOV — (Vlo/V VzO/V o Vg/V), (3.2.7)
oV
where u)V and v’V are the p-th column vectors in the matrices U%V and VO/V, respectively,

and represent the p-th SOs at 7, and 1,, respectively. 7, y, is the number of singular values that
satisfy A)/" > A%resh where A% is a given threshold constant. The common space is defined

as the space expanded by the new set of SOs, i.e., U%/Y or VO/V,

On the basis of the common/uncommon spaces, the CIS state overlap in the case of DC-TD-
DFTB can be calculated as follows. The CIS coeflicient matrices at #; and t, can be represented

using the SOs at each time as:

C(t;) = U°C"(1,)UVT, (3.2.8)

C%t) = VOC1,)V'T, (3.2.9)

respectively. Note that C(¢) is an no(f) X ny(f) matrix, where ny(f) is the number of virtual

orbitals at the time ¢. Therefore, the adiabatic wavefunctions at ¢ are represented as:

U = D CRO @), (3.2.10)

where @’{(¢) is the Slater determinant for the single excitation configuration from the i-th oc-
cupied SO to the a-th virtual SO. Note that the uncommon space arises from the incorporation
of out-in or in-out subsystems. The out-in and in-out subsystems cross over the outer bound-
ary of the buffer region around the excitation center in the time step of Az. This fact indicates

that these subsystems are located near the outer boundary, which is expected to be apart from

38



the excitation center; thus, their contribution to the excitation energy and excitation amplitude
can be neglected. Therefore, it can be safely assumed that the excitation character is described
within the common space and the uncommon space has negligible contribution. ¥, (), which is

the approximate expression of i, (¢) within the common space, is defined as
(1) = Z ClHnHd¢ (), (3.2.11)

where C‘;Z(t) = C;Z(t) but the range of orbital indices is restricted to the 1 < i < 7 and
1 <a <7, ie, C’(¢) is an figy, X iy, matrix. (i)’f(t) is the Slater determinant corresponding
to the single excitation configuration from the i-th occupied SO to the a-th virtual SO, where
the reference configuration @’(¢) is constituted by the set of fi, occupied SOs, which spans the
occupied common space at r. The wavefunction overlap in DC-TD-DFTB can be defined as the

wavefunction overlap calculated within the common space, namely

SOt 1) = (Iy(0) | Fe(12)) (3.2.12)
= Cln)Chn)
ia,jb
X (®4(11) | D(12)) (3.2.13)

where the overlap between the Slater determinants is calculated as:
(0() | (1)) = det (£'[ia, jb]). (3.2.14)
The matrix ¥'[ia, jb] is an analogue of X[ia, jb], and is defined as

. ¥/ (ia, jb] PL'[ia, jj]
Y/ [ia, jb] = , (3.2.15)
Beslii, jb) - PR, jj]
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where

O'Ti/[l-p’ ]q] —

(B |1 @)l o (B | ) (ol . <¢;<n> ¢;,6<r2>><a|r>

G ) Xk SR A A CI )RR <¢;,<r1)

(9@ 8y, @) (17 |

H@) D (g, |g@) el (g 00|e0) @l

(3.2.16)

(¢,

Note that X'[ia, jb] is a 2i1, X 2ifig, squared matrix of rank 27i;. The matrix elements in

7T¥/[ip, jg] can be calculated as

(0,0 |#,(1)) = > udlVON (p,(11) 164(12)) (3.2.17)
1l o=1

(o|T) = , (3.2.18)
0 o#71

where the superscript O/V over u), takes O or V when the ¢/,(#,) is an occupied or a virtual SO,
respectively. The same convention is applied for the superscript over v, depending on whether
¢7,(12) is occupied or virtual. Because the - and S~ parts vanish, Y[ia, jb] becomes block

diagonal and the determinant in Eq. 3.2.14 can be calculated as:
det (£'[ia, jb]) = det (“"E'[ia, jb]) x det (YE'[ii, jj1). (3.2.19)

Finally, as done in the case of TD-DFTB (Subsection 3.1.2), TDNAC can be obtained from the

wavefunction overlap through the finite difference approximation (Eq. 3.1.9).

In principle, the CPU time for calculation of § %c according to Eq. 3.2.13 scales as
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0([716]5 [ﬁ;}]z)’ because the scaling for the numerical computation of each det ():T]’)C[ia, jb])
s O ([ﬁar) The scaling of the power of seven suggests severe computational burden even if
the DC method is applied. Here, the efficient computation scheme proposed by Sapunar and
co-workers®’ for this type of wavefunction overlap, which is based on the NTO concept,® is
employed. NTOs are orbitals obtained by SVD of the CIS coefficient matrix. For the approx-
imate CIS coefficient matrix within the common space, C7, the corresponding set of NTOs is
obtained as:

C = YAV (3.2.20)

where U” and V" contain the occupied and virtual NTOs, respectively, which are represented

by the SOs within the common space, and

. A p=qgAp<h
A" = , (3.2.21)

Pq
0  otherwise

where 71 is the number of NTOs, and here # = min {ﬁg), ﬁ{,} The adiabatic wavefunction is

represented as:

Jy(t) = ) 1, (3.2.22)
p

where (I)Z is the Slater determinant corresponding to the single excitation configuration from
the p-th occupied NTO to the p-th virtual NTO at the state . Using the NTO representation,

the wavefunction overlap is rewritten as:

Shs(r,0) = > W(e)A(n)
P4

X (®1(1) | D)(£2)) . (3.2.23)

Here, the overlap between the Slater determinants on the RHS is calculated in a manner similar

to that used in Eq. 3.2.14, i.e., computing the determinant of the overlap matrix between the
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NTOs that constitute (bp(tl) and qu(tz). Therefore, the scaling becomes O (1‘12 [ﬁbr), which is a
significant cut of the computational cost. Note that a set of NTOs is defined for each adiabatic
state, i.e., the overall computational cost increases by the square of the number of adiabatic
states of interest. Because the number of states is normally significantly smaller than that of
the occupied or virtual orbitals, this shortcoming does not obviate the advantage of the NTO-
based approach in terms of computational efficiency. The calculation can be further accelerated
by neglecting the configurations with small absolute values of the coefficient A" »(1) based on a

threshold value Cthresh,

TDNAC Calculation in DC Scheme: OD Approach

For essentially the same reason as that discussed in the case of the WO approach, it is obvious
that the OD method cannot be directly applied to the DC-TD-DFTB when L*(t;) # L°(#).

Alternatively, TDNAC is calculated within the common space for the case of DC-TD-DFTB.

(3.2.24)

0
B = <wn(r> ‘”"(”>

Using a procedure similar to that used for the transformation from Eq. 3.1.21 to Eq. 3.1.25, U'SHC
can be expressed in the similar form to Eq. 3.1.25, where the CIS coeflicients and orbitals are

replaced by their counterparts in the common space formalism

v ,’3()
P = Zcmo

+ ), Gl <¢ (0

iab

= > PuCan <¢ (1)

ija

0¢),(1 )>

(3.2.25)

¢()>
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The derivatives of the CIS coefficients and orbitals in Eq. 3.2.25 are numerically calculated

using the analogues of Eqs. 3.1.26 and 3.1.27, respectively.

86:20) 1 ~r6 ~r6
o = (Gl + 2 - CHl). (3.2.26)
¢, (1) 1
<¢;(r) ;t > vy CAGIEAGRNE (3.2.27)

3.2.3 Numerical Tests

Computational Details

The TDNAC calculation algorithms and FSSH routine with TD-DFTB and DC-TD-DFTB
methods were implemented in the developmental version of Dcprremp code.? Benchmark cal-
culations were performed using acetonitrile solutions of thymine (Fig. 3.3) as target systems.
Cubic simulation cells were used with application of the periodic boundary condition, where
the electrostatic interaction among the atomic Mulliken charges were treated with Ewald sum-
mation.*’ Because the calculations were conducted with several different numbers of solvent
molecules, hereinafter, the model systems are specified as thymine + n CH,CN, where n is the
number of acetonitrile molecules in the system. For each model system, n was determined to
adjust the density to that of pure acetonitrile based on the given volume of the cell; the resulting

density was in the range of 0.7829 to 0.7868 gcm™.

Initial equilibration was conducted for
2.0ns or longer with classical MD, followed by an equilibration run with (DC-)DFTB-MD for
2.0 ps. Both equilibration steps were conducted with the NVT ensemble using the time step of
0.5 fs. The classical MD simulations were conducted using GROMACS code*! with the general
AMBER force field.** For the DC-(TD-)DFTB calculations, each single molecule was treated
as a subsystem, and the thymine molecule was chosen as the excitation center. According to
a previous study,*® the buffer radius r, was set to 6.0 A, and all DFTB calculations including

excited-state calculations, with or without DC, were performed at the DFTB2 level* using the

30B parameter set.* In the excited-state calculations, the two lowest singlet excited states were
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solved. The threshold for singular values, Athresh wag set to 0.99.

(@) (b)
v

Fig. 3.3: Chemical structures of (a) thymine and (b) acetonitrile molecules. The white, cyan, blue, and red spheres
indicate H, C, N, and O, respectively. (c) Snapshot of thymine acetonitrile solution system obtained in DFTB-MD
run with NVT ensemble. The system contains one thymine molecule (magenta) and 89 acetonitrile molecules
(light green) in the 2 nm X 2 nm X 2 nm periodic box, indicated by blue solid lines.

Accuracy of DC-based Treatment

For the thymine + 89 CH;CN system, the time course change of the TDNAC calculated using
TD-DFTB and DC-TD-DFTB are compared in Fig. 3.4 for the WO and OD methods. The
WO-based TDNAC calculations were performed in the NTO representation with or without
the DC scheme.?” The threshold for the absolute value of the CIS coefficients, C™*"  was set
to 1.0 x 1072, For the OD-based TDNAC calculations, the SO representation was used for
both DC-TD-DFTB and TD-DFTB. The nuclear trajectory was pre-determined and externally
given, and thus was exactly the same in all of the four (TD-DFTB or DC-TD-DFTB, and WO
or OD) aforementioned conditions. The trajectory was obtained by a ground-state DFTB-MD
simulation using the NVT ensemble with a time step of 0.5fs. Note that this treatment was
only applied to the numerical validation of TDNAC itself; in the FSSH simulations, which
are reported later in this subsection, the nuclear coordinates were propagated according to the
atomic force on the PES of the active state at each nuclear time step. In Fig. 3.4, the TD-
DFTB result (blue, solid line) and the DC-TD-DFTB result (orange, dotted line) overlap with
each other, indicating satisfactory agreement of these two results. Hence, it can be concluded
that the TDNAC determined with DC-TD-DFTB is sufficiently accurate compared with that
obtained using TD-DFTB. In addition, from Fig. 3.4, it can be deduced that the WO and OD

results are consistent with each other. Note that the common-space-based method can treat
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the case of L°(t;) # L*(t,) in DC-TD-DFTB calculations, where the conventional TDNAC
calculation method cannot be applied. In the DC-TD-DFTB calculation, this situation arose
147 times within the simulation time of 500 fs for the given trajectory, as illustrated in Fig. 3.5,

suggesting the importance of the present treatment of TDNAC.

(a) WO-based TDNAC (b) OD-based TDNAC
0.3 A 0.3 A
—— w/o DC — w/o DC
0.2 1 w/ DC 0.2 w/ DC
0.1 1 0.1 1
TU] TU)
“\; 0.0 i “\; 0.0
S S
-0.1 A -0.1 A
-0.2 4 MaxAD = 0.005374 fs~?! .0.2 4 MaxAD = 0.005446 fs~!
RMSD = 0.000350 fs~1 RMSD = 0.000346 fs~1
-0.3 A T T T T -0.3 A T T T T
0 100 200 300 400 500 0 100 200 300 400 500
t/fs t/fs

Fig. 3.4: Time course change of 0 calculated using TD-DFTB (blue, solid) and DC-TD-DFTB (orange, dotted),
using (a) WO method and (b) OD method, along with pre-determined nuclear trajectory. The MaxAD and RMSD
of the DC-TD-DFTB results versus the TD-DFTB results are also shown.

Hﬂﬂ [

1
0 100 200 300 400 500
t/fs

Fig. 3.5: Times at which £*(t) # L°(t,) are indicated by red vertical lines.

FSSH simulations for the thymine+89 CH;CN system were performed using TD-DFTB and
DC-TD-DFTB, without a thermostat. The initial state was chosen to be S,, and the simplified
decay of mixing method was employed for decoherence correction with @ = 0.1 hartree. The
nuclear time step At was set to 0.5 fs. The simulations were conducted by using the TDNAC cal-
culated by each of the WO and OD methods. 1740 independent trajectories were simulated for
each condition. The set of initial geometries and velocities was collected from the ground-state
DFTB-MD or DC-DFTB-MD, for the TD-DFTB-based and DC-TD-DFTB-based simulations,
respectively, using the NVT ensemble. The interval between each initial condition was 50 fs or
longer. The time course change of the fraction of S; and S, is shown in Fig. 3.6. According

to a previous study,® the 95% confidence interval was obtained by using the bootstrap method.
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In the bootstrap method, the original data set is resampled N-times with replacement. The un-
certainty of a statistical quantity Q can be measured based on a set of N different values of Q
obtained from the resampled data sets. In this work, the number of resampling, N, was set to
10*. As shown in Fig. 3.6, the agreement of the TD-DFTB (solid lines) and DC-TD-DFTB
(dashed lines) results was reasonably good for both WO and OD cases. In addition, Fig. 3.7
presents the time course change of potential energy and total (potential plus kinetic) energy for
a representative trajectory with DC. Fig. 3.7(a) demonstrates that the DC-TD-DFTB trajectory
yields the smooth potential energy, and Fig. 3.7(b) indicates conservation of the total energy at

the acceptable level.

(a) FSSH with WO-based TDNAC

1.0 1.0
0.8 e, e I N 0.8 1
< ',J{/X—‘*d —— S; w/o DC
5 0-6 — s;wobc | 967
E] S; w/ DC
204 1w/ 0.4
a
0.2 |
;”
0.0 : . , ; 0.0 .
0 100 200 300 400 500 O 25 50
t/fs t/fs
(b) FSSH with OD-based TDNAC
1.0 1.0
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o041 L
0.2 0.2 |
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Fig. 3.6: Time course change of S| and S, populations in FSSH simulations with TD-DFTB (solid) and DC-TD-
DFTB (dashed), averaged over 1740 trajectories. Error bars indicate 95% confidence interval obtained with the
bootstrap method with resampling of 10* times (left). Enlarged views for 0-50 fs are also shown (right). Results
obtained with WO method (a) and OD method (b) are indicated.
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Fig. 3.7: Time course change of (a) potential energy and (b) total energy in a representative trajectory with DC.
The potential energy is referenced to that of S; state at # = 0. The total energy is referenced to the value at 7 = 0.

Efficacy of Singular Orbitals for OD-based TDNAC Calculations

For the OD-based TDNAC calculations, the permutation matrix (O) plays a critical role; for
each orbital p at 71, a corresponding orbital g at £, must be uniquely assigned by the permutation
matrix. This condition is satisfied if and only if the determinant of the permutation matrix is 1
or -1. For the thymine + 89 CH;CN system and using TD-DFTB without DC, the determinants
of the permutation matrix were calculated in the conventional (canonical MO) representation
and in the SO representation for various sizes of the time step Az. The results are listed in
Table 3.1, where “Success” indicates that the determinant was 1 or -1; otherwise “Fail” is
indicated. The SOs were calculated for TD-DFTB by using the same procedure as used for the
DC-TD-DFTB. Table 3.1 indicates that the canonical-MO-based permutation matrix collapses
at At = 2.0x107* fs, suggesting that an impossibly small time step is required in the conventional
approach. This is because many canonical MOs are found within a very narrow energy window
in large systems such as thymine + 89 CH,CN. This pseudo-degeneracy entails strong mixing

among the canonical MOs, even due to the small perturbation originating from the nuclear
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displacement in the time step A¢. On the other hand, Table 3.1 shows that the singular-orbital-
based permutation matrix is stable up to At = 2.0 fs, which suggests that the construction of the
permutation matrix is no longer the factor limiting the size of Az. In contrast with the canonical
MOs, the character of each SO is maintained as long as the orbital space is not drastically
changed. Therefore, the present singular-orbital-based approach not only enables the TDNAC
calculations in the DC-TD-DFTB, but also overcomes the problem of tracking canonical MOs.
In other words, even without the DC scheme, the SO approach is beneficial for OD-based
TDNAC calculations, in the sense that Az can be significantly increased without loss of the

numerical stability.

Table 3.1: TD-DFTB results for orbital permutation matrix construction for thymine + 89 CH;CN system with
varying At.

At/ fs 50 canonical MO

(conventional)

5% 10~ Success Success
1x10™* Success Success
2x10™ Success Fail
5x107* Success Fail
1 x 1073 Success Fail
2x 1073 Success Fail
5% 1073  Success Fail
1 x 107 Success Fail
2x 1072 Success Fail
5x 1072 Success Fail
1x 107" Success Fail
2x 107"  Success Fail
5% 107"  Success Fail

1 Success Fail

2 Success Fail

5 Fail Fail

Computational Time

The CPU time per nuclear time step for the excitation energy and energy gradient, WO-based
TDNAC, and OD-based TDNAC were measured with varying the number of solvent molecules
n; the results are shown in Fig. 3.8. The calculations were performed on Intel Xeon Gold 6154

processors. Each data point is the average of the results of eleven runs. Note that the excitation
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Fig. 3.8: (a) CPU time per nuclear time step for excitation energy and gradient, WO-based TDNAC and OD-based
TDNAC are indicated by blue, orange, and green, respectively. TD-DFTB and DC-TD-DFTB results are indicated
by circles with solid lines and lozenges with dashed lines, respectively. (b) Enlarged view for the CPU time range
of 0 to 0.9 sec.

energy and gradient are always necessary, while one can choose either the WO or OD ap-
proach for the TDNAC calculations. The TD-DFTB results are indicated by circles with solid
lines. The corresponding DC-TD-DFTB results are indicated by lozenges with dashed lines.
As shown in Fig. 3.8, the CPU time for the DC-TD-DFTB calculations is significantly less than
that for the TD-DFTB calculations. In addition, while the CPU time in the case of TD-DFTB
increases sharply with n, in the case of DC-TD-DFTB the CPU time is constant irrespective of
n, suggesting that DC-TD-DFTB can treat excited states and TDNAC in large systems without
increasing the computational cost. Note that in the case of DC-TD-DFTB, the ground-state
energy and energy gradient are obtained with DC-DFTB, where the computational cost scales
linearly with the system size. In addition, the DC-DFTB algorithm is efficient for massively
parallelized computations because each subsystem is solved separately.>*¢ Therefore, it is sug-
gested that the DC-TD-DFTB-based FSSH simulations can be applied to huge systems with

manageable computational cost.

3.2.4 Conclusion

The DC-TD-DFTB method, which is an extension of the TD-DFTB method for the DC frame-
work, enables large-scale excited-state calculation with low computational cost. In the present
study, algorithms for TDNAC calculations with the DC-TD-DFTB method were developed,

based on the concept of common/uncommon orbital spaces constructed using SVD of the over-
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lap matrix among MOs in the subsequent time steps. The DC-TD-DFTB-based TDNAC cal-
culation algorithm was presented for each of WO and OD approaches. Sufficient accuracy was
obtained compared to the corresponding results obtained with the conventional method, i.e.,
TD-DFTB, in both cases. Moreover, it was found that the SVD-based approach improves the
numerical stability of the OD-based TDNAC calculations in the circumstances where the canon-
ical MOs are pseudo-degenerated, which commonly occurs in medium-sized or larger systems;
this benefit is relevant not only for the DC-based scheme but also for conventional, non-DC
calculations. The developed DC-TD-DFTB-based TDNAC calculation algorithms were com-
bined with the FSSH technique. DC-TD-DFTB-based FSSH simulations of the excited-state
dynamics of the thymine molecule in acetonitrile solutions were conducted, and reasonable re-
sults were obtained. The benchmark calculation results indicate that the CPU time required by
the DC-TD-DFTB-based approach is drastically less than that of the conventional TD-DFTB,
and does not increase when the system size is extended. Hence, it can be concluded that the
DC-TD-DFTB-based approach enables huge-scale FSSH simulations, which incorporates not
only an excitation center but also its environment, within affordable computational resources

without loss of accuracy.
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3.3 Efficient NA-MD Scheme Capable of Simulating Nonra-

diative Relaxation Processes via SF-TD-DFTB Method '

3.3.1 Introduction

The nonadiabatic dynamics of photoexcited chemical species play a key role in multifarious
systems from fundamental and/or pragmatic points of view, e.g., photoactive proteins,*® solar
cells,* and molecular machines.’® NA-MD methods,?® in which trajectory surface hopping!'+%’
may be the most popular example in the field of molecular science, provide practical ways to
study nonadiabatic phenomena in such highly complex chemical systems via computational
simulations. The NA-MD techniques are based on mixed quantum—classical approach, which
decomposes problems of electronic and nuclear DOFs into quantum mechanical and classi-
cal mechanical hierarchies, respectively. The quantum mechanical, i.e., electronic, part can
be treated with a variety of electronic structure calculation methods developed in the field of
quantum chemistry, which include multiconfigurational self-consistent field, multireference ClI,
and ADC(2).°!? In particular, linear-response TD-DFT, which is considered a standard tool
for excited-state calculations, is important also as an option for the electronic structure tech-
nique to combine with NA-MD.!3:19:4553:54 Notably, the tight-binding formulation of DFT with
semiempirical parametrization, DFTB,**3*3 and its TD extension, TD-DFTB,* have been es-
tablished as efficient quantum chemical calculation techniques with accuracies comparable with
that of (TD-)DFT. Owing to the low computational cost, adoption of the TD-DFTB method has
extended the size of target systems in NA-MD simulations within affordable computational
resources, 11:27,28,34,35,57-59

It 1s widely recognized that single-reference methods, e.g., TD-DFT and ADC(2), present
difficulties in situations where multireference character is pronounced, such as S;/S, CXs,3?

which, in particular, play a critical role in nonradiative relaxation processes of photoexcited

species. The TD-DFTB, as a single-reference method derived from the TD-DFT, has similar

TReprinted with permission from Ref. [47]. Copyright 2020 American Chemical Society.
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limitations.?8-8

To solve this problem, the SF approach®!®? is one of the well-established meth-
ods. The SF version of the TD-DFT, SF-TD-DFT,* utilizes a high-spin reference state, which
is triplet if the singlet states are of interest. The eigenstates of the desired spin multiplicity are
obtained via the spin-flipping excitation from the reference state, which yields not only single-
excitation configurations, but also double-excitation configurations. Because the SF-TD-DFT

can conveniently include the multireference character within minor modifications to the theoret-

ical and programmatic infrastructures of the normal TD-DFT, the SF-TD-DFT has been widely

64-70 71-76

used to search for CX structures and perform (nonadiabatic) dynamics simulations, as
an alternative to single-reference methods in situations where they do not provide the correct
description.

This section presents a computationally efficient NA-MD method capable of describing dy-
namics that involve S;/Sy CXs. To this end, the semiempirically approximated version of the
SF-TD-DFT, i.e., SF-TD-DFTB, which has been introduced as the DFTB-counterpart of the
SF-TD-DFT,”” was combined with the FSSH technique. The remainder of this section is or-
ganized as follows. Subsection 3.3.2 describes the theoretical aspects of the proposed method,
i.e., NA-MD based on the SF-TD-DFTB. Subsection 4.3 discusses the results of numerical

tests. The accuracy of the proposed technique is discussed therein via comparisons with results

of previous studies. Subsection 3.3.4 summarizes the study.

3.3.2 Theory

Analytical Energy Gradient

In the SF-TD-DFTB/FSSH technique, the nuclear coordinates are propagated according to the
atomic force obtained from the reference-state and excitation energy gradients. Because the
reference-state gradient is nothing but the ordinary open-shell SCC-DFTB gradient, of which
the analytical implementation is already available in the Dcorremp program,® this section only

presents the formulation of the excitation energy gradient. Because the derivation is lengthy, the
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details are described in Appendix A.1, and only the final results are presented below. Although
only the spin-unrestricted case is discussed, the derivation of the gradient in the restricted open-

h’8%7° enables one to obtain

shell case is also shown in Appendix A.2. The Lagrangian approac
the analytical gradient of the excitation energy w (the adiabatic state index 7 is omitted here-
inafter for simplicity) avoiding explicit calculations of the derivatives of MO coefficients with

respect to the nuclear coordinates, which are extremely costly. The Lagrangian L for the SF-

TD-DFTB with the spin-unrestricted reference is defined as

L [X w,C, Z“,ZB,W“,WB] = G[X, w]

+ Z ZoFs = ) We (S5, = )

P=q

+ Y L = W (S5, = 65a). (3.3.1)

P=q

where L and G are variational with respect to the quantities in the square brackets. The second
and fourth terms on the RHS denote the condition that the - and S-spin MOs are variational
for the reference state, respectively. The third and fifth terms are the orthonormal conditions for

the a- and S-spin MOs, respectively. The energy functional G is

GIX,wl = ) XA X5 - w (Z X Xia — 1] . (3.3.2)

ia, jb

Prior to further explanation, the coupling-like matrices are defined as

ZCII YIJCIJ ) (3.3.3)

Pq s Z Z Z qL mALL’qLu (3.3.4)
LeA L’eA

K3oss = ZCIA mady (33.5)
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In addition, the following notations are introduced:

pqu [)qu

Hig V] = ) (2K 5 + 2K35 54) Vs,

7§

HP[V] = Z(ZKC —2KP ) Vis.

pqu pqu

7(1761 Z 2K157fq ig<}ias

(3.3.6)

(3.3.7)

(3.3.8)

where V is an arbitrary vector. The stationary condition of L with respect to the MO coeflicients:

oL
Ocyp

=0.

leads to the Z-vector equation to obtain Z% and ZF:

J(m erﬁ 7. | O

N L IV /4 v

where the orbital Hessian matrix elements are

aa m
J: b = = (€, — €) 0;j0q + 2K}, bt 2K;, b

a,B _ _ m
Jia,j'l_; - 2Kza .jb 2Kza b’

JPY —oKS K™

ia,jb ia,jb ia,jb’
SV = (€ = €) 675055 + 2K, o + 2K
ia,jb a i) YijYab ia,jb

The RHS of Eq. 3.3.10 is expressed as

Ug, = Hi [T+ H [TP] + sz,b%ab,

UL = H [TP] + HP [T+ ) 2X 0K
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(3.3.9)

(3.3.10)

(3.3.11)
(3.3.12)
(3.3.13)

(3.3.14)

(3.3.15)

(3.3.16)



Here, the unrelaxed difference density matrices for the a-spin and S8-spin were defined as

_ZEI XiﬁXjZl (p’ C[) = (l’ ])
T = , (3.3.17)

0 otherwise

5 ZiXiaXiB (p.q) = (a, 13)
T, = , (3.3.18)

0 otherwise

respectively. From TP and Z*/#, the relaxed difference density matrices, P8 are obtained as

P =T"+Z°, (3.3.19)

PP =TF + 7P, (3.3.20)
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where Z7 is zero unless (p, q)

calculated as

1
Wi = g |H P+ T[]

2> XieX;e = 20T},
We = Hi" [P+ H, |P]

a“—ia

+ e€2Z% + Z ZX,-[,'](a[,,
b

o= L[ [P] + 1P ().

1

+ i
H”[]+HwP”

+ eﬂZﬂ + Z 2X 2K,
WE =
1
B _ B a _
W(_II_J = 1 T 6;]— szﬁB + 2 ; Gk XkﬁXkb .
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(i,a), and qu is zero unless (p,q) = (i,a). W and W” are

(3.3.21)

(3.3.22)

(3.3.23)
(3.3.24)

(3.3.25)

(3.3.26)

(3.3.27)

(3.3.28)



Derivative of the Lagrangian (Eq. 3.3.1) with respect to nuclear coordinates gives the explicit

form of the gradient:

P
das,,
_ Z(W”Vd_lg

ds ds ..
ENEURES

uvAk

X (ma0ac + mpdap + mpdpc + Mpdpp)

X Xqu/lK'

Here, the following “AQO representation” was employed.

@ _ E
va - C#PquCWI’
Pq
Pﬁv = E Cﬂﬁpfaqcm’
Pq

_ « B
Wy = Z CupWyCvg + Z cﬂl—,Wﬁqcvq,
rq 127,

va = Z CuiXiEthZl~

ia
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(3.3.30)

(3.3.31)

(3.3.32)
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As H® and H* represent the spin-independent and spin-dependent parts of the Fock matrix,

respectively, their derivatives are calculated as

dH/‘jv _ ldsf”
dR 2 dR

1 dyin  dymm
=S, A
Tl ( dR ' R )°M

Z Yim +Yim) Agu
i

1
+ =S Z (Yim + Yim)

2 M
dS M
X Dgﬂ
dH;, 1dS, ( )
= — " + 1y ’”
JR 2 4R ) maLL map ) P

+ S,uv Z (Mappy + mappr)

L"€eA
% ;; Z D5 = D) g

TDNAC

(3.3.34)

(3.3.35)

The TDNAC calculation algorithm is developed on the basis of the OD approach of Ryabinkin

et al.,’ with some modification to improve the numerical stability. The OD approach is based on

the analytical time-derivative expression of TDNAC under the CIS type wavefunction ansatz,

which is expressed using the time-derivative coupling of MOs. Using the same derivation ap-

proach as that described in Ref. [3], a similar formula for the SF-CIS type wavefunctions can

be obtained:

CY (1
aw>2%o’w

+Z%mﬁm@mﬂ%m>

iab

%Z@mﬁm@m

ija

9¢; (1)
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where the phase factor #;; depends on the choice of ordering rule in the Slater determinants for
single-excitation configurations. In the present case, an a-spin occupied orbital i is replaced
by a S-spin virtual orbital @ without reordering to construct an i — a excitation configuration

Slater determinant, namely

Of = |1+ Bio1Padivt - - Snebi - - B (3.3.37)

In this case, P;; = 1, regardless of i and j. The value of TDNAC is obtained by calculating the
derivative of CIS coefficients and the time-derivative coupling of MOs by applying the following

finite-difference approximations on the analytical derivative coupling terms in Eq. 3.3.36.

aCp (0 1
o=~ 1 (Ch+ A0 - CL (), (3.3.38)

¢4 1
<¢ﬁ (t)I ¢;t(f)> o E<¢f’ (1) 3 (¢ + AD)) . (3.3.39)

Although the analytical form of TDNAC (Eq. 3.3.36) is invariant with respect to orbital rota-
tion within the occupied or virtual spaces for each spin, the numerical behavior does change
upon rotation because of the finite-difference approximations (Eqgs. 3.3.38 and 3.3.39). In the
CO expression, signs and energetic ordering of orbitals may change with the nuclear dynamics
and must be corrected to keep tracking the orbital with the same character; this is not neces-
sarily a trivial task and may limit the size of the time step, especially when the COs are quasi-
degenerate. The approach in the present study, which is hereafter called the SVD-OD method,
has been previously introduced in the context of fragmentation-based NA-MD calculations.'

The SVD-OD approach utilizes a set of unitary-transformed MOs called SOs {(;52 }, instead of

COs {¢S}.

S 0= ¢S OUL W, (3.3.40)
j

630 =) ¢S UL (1), (3.3.41)
b
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The transformation matrices to convert the COs to the SOs, U*°/AV (), are constructed for each

nuclear time step via SVD:

YO (1.1 + Af) = U () A% (1,1 + A U (1 + Ar)', (3.3.42)

YVt + A = U ()N (41 + AU (t + Ar) (3.3.43)

where the matrices A% (t,1 + At) and APV (¢,t + At) contain the p-th singular values as their
(p, p) elements. X (t,¢ + Ar) and XV (¢, + Ar) are the overlap matrices between the COs at ¢

and those at 7 + At, i.e.,

0 (1,1 + Ar) = (¢ ()] 6 (¢ + AD)), (3.3.44)

T (6,1 + A0 = (85 ()| ¢5 (1 + AD). (3.3.45)

In the present case, where the number of occupied and virtual MOs does not change with time,
the SVD is equivalent to the diagonalization. The CO-based CIS coefficient matrix for each

state 17, C7C (¢), is also transformed into the SO-based expression:
C™S (1) = U () 'C"C () U (1) . (3.3.46)

The TDNAC values are obtained via Eq. 3.3.36 using the SO-based CIS coefficients C™S (f)
and the SOs {¢§}. Because the construction of SOs (Eqgs. 3.3.42 and 3.3.43) is performed for
each time step, the characters of SOs qSISa (1) and ¢1§ (t + Ar) are kept similar to each other without
suffering from the sign flips, reordering, and intermixing of COs. As discussed in Ref. [1], the
use of SOs avoids the tracking problem of COs and allows one to safely employ a comparable-
sized nuclear time step to that typically used in adiabatic MD simulations, i.e., 0.25-0.5 fs, even

with the presence of quasi-degenerate COs.

It should be noted that there exists another method to obtain the TDNAC, called the WO

approach, which is based on the finite-difference approximation using the overlap between the
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adiabatic many-electron wavefunctions®-3-80

a0 (1) zi ((wn O] o (e + Ar))

—(ws ) |y (1 + AD))). (3.3.47)

While the WO approach was also implemented, the SVD-OD approach is used for the calcula-

tions presented later because of its computational efficiency.

Identification of Target States

In SF-based dynamics simulations, the adiabatic states of interest must be identified carefully.
In general, adiabatic states obtained via the SF approach are spin-contaminated because the SF
excitation does not necessarily generate a complete set of configurations to make a spin-pure
configuration state function.®!®* Note that this origin of spin contamination is independent of
the spin contamination in the reference state introduced by the spin-unrestricted approach, and
thus cannot be eliminated even if one uses the restricted open-shell instead. Because the singlet
(<S 2> = 0) and triplet (<S 2> = 2) states in the SF approach are occasionally mixed with each
other because of the spin contamination, it is difficult to find the desired states, i.e., Sy and Sy,
on the basis of only <S 2>. In the present study, the Tsg-index method proposed by Maeda et
al.,®® was employed. The Tsg-index method has been successfully applied to CX searches,%77
ab initio MD,”"7> and FSSH simulations.”>’¢ The Tsr value is calculated for each state as the
sum of <S 2> and the squared CIS coefficients for the four excitation configurations among the
SOMOs. From the lowest three roots, the one with the largest Tsg value is characterized as

triplet (T,), and the remaining two are picked up as Sy and S;. Only the Sy and S; states are

considered in the FSSH algorithm.
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3.3.3 Numerical Tests

Computational Cost

The CPU time required to calculate the SF excitation energy and its analytical gradient was
measured for the SF-TD-DFT and SF-TD-DFTB using phenyl-substituted ethylenes as the tar-
get molecules with increasing the number of phenyl rings from zero to four (Fig. 3.9(a)). The
ethylenic double bonds of the molecules were twisted with a dihedral angle of 60° to mimic
the intermediate situations between the stable geometries at Sy and the S;/Sy CXs. In both
SF-TD-DFTB and SF-TD-DFT calculations, the lowest 10 roots were solved, and the gradi-
ent was calculated for the lowest one. The SF-TD-DFT calculations were conducted on the
GAMESS program3**° using 6-31G(d,p) and STO-3G basis sets with BHHLYP exchange—
correlation functional,®® which is typically combined with SF-TD-DFT calculations. The re-
sults are presented in Fig. 3.9(b), indicating that the SF-TD-DFTB (green solid line with cross
marks) is 10?-10° and 103-10* times faster than the SF-TD-DFT calculations with STO-3G (or-
ange solid line with circles) and 6-31G(d,p) (blue solid line with lozenges), respectively. In
addition, Fig. 3.9(b) shows the CPU time for calculating the TDNAC using the SF-TD-DFTB
with the SVD-OD approach (black dashed line with cross marks). The CPU time is approxi-
mately one order of magnitude lower than that of the excitation energy and gradient (green solid
line with cross marks), suggesting that the TDNAC calculation with the SVD-OD approach is

not the computational bottleneck for SF-TD-DFTB-based NA-MD simulations.
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CPU time [sec.]

Number of phenyl substitutions (n)
—— Ex. en. + grad. [BHHLYP/6-31G(d,p)]
Ex. en. + grad. [BHHLYP/STO-3G]
—— Ex. en. + grad. [DFTB]
-%- TDNAC [DFTBI]

Fig. 3.9: (a) Ethylene derivatives with n phenyl substitutions. (b) CPU time for calculating SF excitation energy
and gradient vs n using BHHLYP/6-31G(d,p) (blue solid line with lozenges), BHHLYP/STO-3G (orange solid line
with circles), and DFTB (green solid lines with cross marks). CPU time for TDNAC calculation using DFTB with
SVD-OD approach is also shown by black dashed lines with cross marks.

cis < trans Photoisomerization of Azobenzene

The proposed method was tested on the photoexcitation-invoked ultrafast cis <> trans isomer-
ization reactions of azobenzene, which are prototypical targets of nonadiabatic chemical dy-
namics studies with respect to both experiments and computational simulations. Azobenzene

molecules undergo both cis — trans and trans — cis isomerization after being excited to Sy,
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which has the n — 7* character.®’

The populations of HOMO — LUMO excitation configurations at S; calculated with the SF-
TD-DFTB were 99.98% and 99.80% for cis-azobenzene and trans-azobenzene, respectively,
on the optimized geometries at Sg. The HOMOs and the LUMOs, i.e., the lower and higher
SOMOs in the triplet reference states, respectively, are visualized in Fig. 3.10. Only the a-spin
MOs are shown because the shapes of the S-spin MOs did not substantially differ from the a-
spin ones. Fig. 3.10 shows that the HOMOs and the LUMOs have the N-lone-pair character and
the * character, respectively, indicating that the SF-TD-DFTB correctly captured the excitation

character of S; for cis- and trans-azobenzene.

Fig. 3.10: HOMO of cis-azobenzene (upper left), LUMO of cis-azobenzene (upper right), HOMO of trans-
azobenzene (lower left), and LUMO of trans-azobenzene (lower, right) are indicated by purple and green iso-
surfaces. H, C, and N atoms are represented by white, gray, and blue sticks, respectively. Rendered using the
visualization software VESTA®® with an isosurface level of 0.04.

Fig. 3.11 presents the time-course change of the S; population in the FSSH simulation
starting from each isomer. The 95% confidence interval obtained using the bootstrap method is

also shown.
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Fig. 3.11: Time-course changes of S; populations for trans-azobenzene (blue) and cis-azobenzene (red). Error
bars indicate 95% confidence interval.

Tables 3.2 and 3.3 show the calculated photoisomerization quantum yields and excited-state
lifetimes for cis- and trans-azobenzene, respectively, with previous computational and exper-
imental results for comparison. The cis and frans products were distinguished based on the
dihedral angle of the N=N bond at the final geometry of each trajectory. The dihedral angle was
defined in the range from 0° to 180°. The trajectories that ended up with > 90° were classified
as trans products, and the rest were treated as cis products. The S, lifetimes were estimated
via single-exponential fitting of the decay curves in Fig. 3.11. For cis-azobenzene (Table 3.2),
the photoisomerization quantum yield obtained by the present simulations (41.5%) is reason-
able compared with the experimental value (41%-58%). This result is also comparable with
the previous ab initio results, i.e., from 34 + 10% to 65%. In addition, the S; lifetime obtained
by the present simulations (54.1 fs) is consistent with the previous simulation results, which
vary from 52.7 + 0.6 to 121 fs. Table 3.3 indicates that the quantum yield for trans-azobenzene
(32.6%) is reasonable compared with the experimental results (23%-35%) and the previous ab
initio computational results (from 11%-16% to 33 + 5%), as well as the semiempirical results
(from 17% to 46 + 8%). The S, lifetime of trans-azobenzene obtained from the present calcu-
lations is 0.380 ps. While this is a shorter estimation than the previous ab initio results, which

range from 0.81 + 0.10 to 2.218 + 0.010 ps, the present result falls within the experimentally
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Table 3.2: Quantum yields of photoisomerization and excited-state lifetimes of cis-azobenzene upon Sy — S
excitation.

Electronic structure Dynamics cis — trans o
Ref. method method quantum yield (%) S lifetime (fs)
This work SE-TD-DFTB FSSH 41.5 54.1

[89] SAS5-CASSCF(6e,40) FSSH 45 6 x 10!
[23] SA2-CASSCF(6e,60) ZN¢ 39+4 53.1+£3.0
[90] SA3-CASSCF(10e,80) FSSH 65 67
[74] SE-TD-DFT(BHHLYP) FSSH 34+ 10 52.7+0.6
[74] SE-TD-DFT(BHHLYP) ZN¢ 43 +7 63.1 £ 0.1
[74] TD-DFT(BHHLYP) ZN¢ 34+9 62.0+0.9
[54] TD-DFT(BLYP) FSSH 58 121

Semiempirical(AM1)/ .
[91] CASCl(4e.60) FSSH 61 +3 N/A

Semiempirical(AM1)/ .
[91] CASCl(4e.60) FMS? 68 + 11 N/A

Semiempirical(OM2)/
[92] MRCI FSSH 58 60-116
[87] Experiment 41-584 N/A¢
[93] Experiment N/AC 170

“Surface hopping with Zhu—Nakamura-theory-based hopping probability.
bFull multiple spawning.
“No data available.

4Depending on solvents.

observed range (0.26-2.02 ps). Notably, the previous studies, computational or experimental,
consistently result in lower photoisomerization quantum yield and longer S, lifetime for cis-
azobenzene (Table 3.2) compared with those of trans-azobenzene (Table 3.3). The results in

the present study also follow this trend.

3.3.4 Conclusion

This section presented an approach that combined the FSSH algorithm and the approximate SF-
TD-DFT in the DFTB framework, i.e., the SF-TD-DFTB. The analytical gradient of excited-
state energy was derived, and the TDNAC calculation algorithm was presented as the SF version
of the SVD-OD approach. The computational time of the SF-TD-DFTB was approximately 10?-
10% and 10°-10* times lower than that of the SF-TD-DFT with 6-31G(d,p) and STO-3G basis

sets, respectively, demonstrating the computational efficiency of the present approach. In addi-
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Table 3.3: Quantum yields of photoisomerization and excited-state lifetimes of trans-azobenzene upon Sy — S
excitation.

Ref Electronic structure Dynamics trans — cis S, lifetime (ps)
' method method quantum yield (%) ! P
This work SF-TD-DFTB FSSH 32.6 0.380
[89] SA5-CASSCF(6e,40) FSSH 28 + 14 1.86
[23] SA2-CASSCF(6e,60) ZN¢ 33+5 0.81 £0.10
[74] SF-TD-DFT(BHHLYP) ZN¢ 11-16 2.218 £ 0.010
[74] TD-DFT(BHHLYP) ZN? 13+16 1.039 + 0.009
Semiempirical(AM1)/ .
[91] CASCl(4e.60) FSSH 33+3 N/A
Semiempirical(AM1)/ b .
[91] CASCl(4e.60) FMS 46 + 8 N/A
Semiempirical( OM2)/
[94] MRCI FSSH 17 0.258
[87] Experiment 23-35 N/AC
[95] Experiment N/AC 0.26-2.02¢

“Surface hopping with Zhu—Nakamura-theory-based hopping probability.
Full multiple spawning.
“No data available.

4Depending on solvents and pump/probe wavelengths. For each condition, the original literature presents multiple
time constants with their relative weights obtained via multiexponential fitting. The average lifetimes, i.e., the

weighted-average values, are indicated in this table.

tion, as a test of numerical performance, FSSH simulations were conducted for the cis < trans
photoisomerization reactions of azobenzene. The S; lifetime and the quantum yield of the
product for the cis — trans reaction were estimated to be 41.5% and 54.1 fs, respectively.
The results for the trans — cis reaction were 32.6% and 0.380 ps, respectively. Agreement of
these results with the experimental values was at the comparable level with that of the previ-
ous ab-initio-based NA-MD results, suggesting that the use of the simplified method, i.e., the

SEF-TD-DFTB, does not significantly deteriorate the accuracy of NA-MD simulations.
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3.4 NA-MD Method with Combined DC and SF-TD-DFTB
Approach for Condensed-Phase Nonradiative Relaxation

Phenomena

3.4.1 Introduction

Nonradiative relaxation, in which excited species decay to the ground state via internal conver-
sion without emitting photons, holds the key to various photochemistry-related problems that
are interested in both fundamental and industrial contexts. For example, nonradiative relaxation
is one of the factors controlling aggregation-induced emission phenomena,”® the luminescence
quantum yield of OLEDs,”” and the photoelectric conversion efficiency of solar cells.”® Im-
portantly, many of the nonradiative-relaxation-related phenomena of interest occur in the con-
densed phase. For instance, spectroscopic experiments are typically conducted in the liquid or
solid phase. Moreover, most commercial photoelectronic devices consist of condensed matter;
for example, the core components of OLEDs are amorphous organic layers, which are mixtures

of electron-/hole-transporting molecules (host materials) and luminescent molecules.”

The importance of the nonradiative relaxation dynamics motivates the research commu-
nity toward a microscopic understanding, where computational approaches should play a key
role. In particular, hybrid approaches of quantum mechanical treatment of electrons and clas-
sical treatment of nuclei, i.e., NA-MD methods,?® including trajectory surface hopping,5!4%°
are established as efficient and yet reasonably accurate tools to explore nonadiabatic dynam-
ics. However, computational simulations of condensed-phase nonradiative relaxation dynam-
ics are challenging for two reasons. First, nonradiative relaxation involves S;/Sy CXs, which
have a strong multireference character and cannot be correctly described with ordinary single-
reference excited-state calculation techniques such as linear-response TD-DFT.>%% Second, in

general, chemical phenomena in condensed phases are strongly affected by the environment,

e.g., by solvent molecules; explicit consideration of the environment imposes a very high com-
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putational cost, which makes it difficult or even impossible.

Regarding the first problem, to mitigate the drawbacks of single-reference methods while
retaining their advantages, i.e., simplicity of formulation and low computational cost, SF ap-
proach®6? is widely accepted. The SF method in effect incorporates a multireference character
into the single-reference framework by using spin-flipping excitation from a high-spin refer-
ence state. TD-DFT in the SF framework (SF-TD-DFT)® is a standard tool for exploring S, /S
CXs%7 and dynamics involving them.”!~’® Notably, a tight-binding approximated version of
SF-TD-DFT, i.e., SF-TD-DFTB, was proposed recently. Its accuracy is reportedly comparable
to that of conventional ab initio electronic structure methods (including SF-TD-DFT), but its

computational cost is several orders of magnitude lower.*”7

The root of the second difficulty, i.e., the high computational cost, is the high-order scaling
of the computational time required for typical excited-state calculation methods with system

100-103 ¢ o the fragment MO method, % are fre-

size. Fragmentation-based frameworks,
quently used for calculations of large systems because the cost scales only linearly. Among
them, the DC technique!®'!> has been successful in practical applications. Because the DC
method naturally allows interfragment exchange of electrons and atoms, DC-based approaches
have been used to investigate multifaceted chemical problems that involve 103~10* atoms: the

16117 and in a protein,''® ion diffusion in

proton and hydroxide ion transfer dynamics in water
electrolyte solutions for batteries,'!” and polaron formation in a perovskite solar cell material.'?°
Furthermore, the DC method has been extended to excited-state (adiabatic and nonadiabatic)

MD simulations. -#3-121,122

This section proposes an efficient trajectory surface hopping approach suitable for treating
condensed-phase nonradiative relaxation dynamics by combining the SF-TD-DFTB and DC

techniques.
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3.4.2 Theory
Method Overview

Tully’s FSSH (Subsection 3.1.1)® was employed as the NA-MD framework. In the FSSH
scheme, the electronic and nuclear DOFs are simultaneously propagated according to the TD
Schrodinger equation and the classical EOM, respectively. The adiabatic-state wavefunctions,
energies, and energy gradients were obtained on the fly using the DC-SF-TD-DFTB method,
which is described below. The TDNACs among the adiabatic states were calculated using an

OD approach based on SVD, called SVD-OD method, which is also presented in this section.

DC-SF-TD-DFTB

Here, the DC-based SF-TD-DFTB calculation method, DC-SF-TD-DFTB, is presented. The
method of excited-state calculations based on SF-TD-DFTB technique was described in Sub-
section 2.3.3. Two strategies for DC-based excited-state calculations have been reported: the

dynamical polarizability approach for nonlocal excitation!?*12>

and the EC approach for lo-
cal excitation.*>!13:121.122 Here  the latter, which has been adopted in excited-state MD simu-
lations, was employed. In the DC-SF-TD-DFTB approach, the SF-TD-DFTB eigenequation
(Eq. 2.3.18) is solved for a specific localization region that includes the EC, which is referred
to hereafter as the ECL region. Other localization regions are treated in the same way as in the
ground-state DC-DFTB method. To adapt the EC approach to the SF(-TD-DFTB) method, the
ECL region must have the spin multiplicity that is appropriate as the reference state. Therefore,

an additional approximation is made in the proposed approach; a shifted Fermi level €7, is

adopted for the ECL region, and the other localization regions share the common Fermi level

g

€pou @S 10 the conventional DC scheme. The Fermi levels of the ECL region and the other

regions are related to each other through the shift quantity A:

€ EcL = Enou £ A (3.4.1)
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where + is + and — for o = @ and o = 3, respectively. For each SCC iteration, A is determined
on the fly to satisfy both of the following conditions.

1. Ng,

B _
o — Niop = AN, where N

L 1s the number of o-spin electrons in the ECL region, and

AN is the expected difference in the number of a- and S-spin electrons for the desired

spin multiplicity; for example, AN = 2 for triplet.
2. N9 =NJ.

Note that the value of A is uniquely determined from the above conditions, because the numbers
of a- and B-spin electrons in each subsystem are monotonic with respect to the a- and S-spin

Fermi levels, respectively.

TDNAC Calculation: SVD-OD Approach

The TDNAC calculation method for the DC-SF-TD-DFTB approach is presented in the follow-
ing. The method is based on the SVD-OD algorithm, which was originally developed for the
DC-TD-DFTB technique,! but is rewritten as the SF version according to the author’s previous
study.*” A major obstacle to TDNAC calculations in the DC framework is that atoms may enter
or exit the buffer region of the ECL region because of changes in the atomic coordinates with
time; such events change the dimensionality of the adiabatic wavefunctions in the ECL region
(Eq. 2.3.23), making the TDNAC values meaningless or undefined.! In the SVD-OD method,
which has been introduced to avoid this problem, SOs {gbf’} are constructed by the unitary trans-

formation of the MOs {¢;}:

SO =) 6OV, (34.2)
J

O (t+ AN =) ¢j(t+ AU (1 + A, (3.4.3)
J
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where the transformation matrices U (¢) and U (¢ + Ar) are obtained by SVD:
Ttt+A)=UOAEt+A)U@E+ A . (3.4.4)

Here, the element (k, k) of the matrix A (z, ¢+ Ar) is the singular value A (¢,t+ Ar) (0 <
A (t,t + At) < 1) corresponding to the k-th singular vector. The singular values and singu-
lar vectors are sorted in descending order, i.e., 4; > A, > ---. The matrix X (¢, + At) is the MO

overlap matrix between the times 7 and ¢ + At:

%ij (.t + A = (¢ (0| ¢; (¢ + AD)) . (3.4.5)

Note that SOs are separately constructed for the a-occupied, a-virtual, -occupied, and S-virtual
spaces, although here only the a-occupied case is shown as an example. As the singular value
A (t,t + Ar) measures the similarity of the SOs ¢,§ (1) and ¢,§ (t + Atr), the SOs with singular
values close to unity, i.e., larger than a threshold value Agsy, are picked up to expand the
common space; the other SOs are discarded. The adiabatic wavefunctions are re-expressed

within the common space as

v WP
No My

AOESIIEICLHGY (3.4.6)
Here, 2" is an SO-based expression of the response matrix XZB:

210 =) Uy OXT (U] (0. (3.4.7)

jb

Ng and N’f, are the numbers of a-spin occupied and S-spin virtual SOs that expand the common

space, respectively. (i)? is the SO-based Slater determinant of the i — a excitation configuration
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and is expressed within the common space:

OF = |97 L1 8abir - i Py (3.4.8)

On the basis of this expression, the TDNAC is calculated using the analytical time-derivative

form for CIS type wavefunctions:?

v N
No My

N
ana(n:ZZ%"()M 0

i

No My

B N€
I ZLCEXG <¢a 0]
i b

a

n a */f
- Py Z Z Z Y0¥ A0 <¢ 0]

¢S()>

S
%, ()>. (3.4.9)

Here, the phase factor #;; is unity when the SOs in the Slater determinants are ordered as
described in Eq. 3.4.8, i.e., when ¢ in the reference configuration is replaced by ¢; (without
reordering) to construct the Slater determinant for the i — a configuration. The time derivatives

in Eq. 3.4.9 are calculated using the finite-difference approximation:

a2 (0 1, ., )
S~ (20 ¢+ A - 20 (1), (3.4.10)
G
<¢ ()‘ > AULAGIONE (3.4.11)

Adiabatic State Tracking

The SF approach generally does not yield the spin-complete set of configurations. In particular,
when the singlet states are of interest, i.e., the reference state is triplet, a spin-complete de-
scription can be obtained only within the two-electron—four-orbital space among the « HOMO,
a LUMO, g HOMO, and g LUMO; all the other excitations lack some of the configurations
needed to make the spin eigenfunctions.?!™% As a result, the adiabatic states in the SF frame-

work are spin-contaminated, and a large number of unphysical mixed singlet—triplet states, 1.e.,
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<S 2> ~ 1 states, are found. Hence, it is a nontrivial task to identify the correct singlet states
from the obtained roots. The Tsg index method,%® which is typically used for this purpose, is
based on the T'sg value calculated from the <S 2> and CIS coefficients, where Tsg ~ O for sin-
glet states and T'sg =~ 2 for triplet states in general. Although the 7sr index method is a robust
approach when the desired states are expected to be found in lowest a few roots, this is not nec-
essarily the case when the DC-SF-TD-DFTB approach is used because the environment, e.g.,
solvent molecules, is explicitly included. Alternatively, the procedure illustrated in Fig. 3.12
was employed. Fig. 3.12 shows a flowchart for determining the indices of the roots, 6, (¢), cor-
responding to the correct S, states at time ¢. The present scheme uses <S 2> as the criterion if
possible. When <S 2>-based selection becomes problematic, the scheme identifies the states of
the next time step so that they are energetically close to, and have a large TDNAC with, the
states of the current time step, to maintain the state characters. The routine is repeated for every

nuclear time step.

3.4.3 Numerical Tests

This subsection presents and discusses the results of benchmark calculations using the devel-
oped method. The method was implemented in the development version of the DcprrBMD
code,* and all the DFTB calculations were performed using this program with the 30B pa-

rameter set.** Dispersion correction was included via Grimme’s D3 scheme!?¢

using Becke—
Johnson damping.'?’ Time steps for integrating the TD Schrédinger equation (Eq. 3.1.2) and
the Newton’s equation (Eq. 3.1.5) were set to 0.01 and 0.5 fs, respectively. For the DC-based
calculations, i, = 4.0 A and Z = 800 hartree™! were employed, and each molecule was treated
as a subsystem. The threshold for singular values in the SVD-OD method (Agyesn) Was set to

0.95. Classical MD calculations for preliminary equilibration were performed using the GRO-

MACS code.*!
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¢ 6.(t) )
'

Find 7, that (52), (¢ + At) < (S2)max
(Elnol < Elm] <)

N[{ni}] 2 ntarget?

[E[6,(D)](t + At)

YeS " ZElnd(t +a0)]

A
Find n, that
(52),7y(t + At) < (S?)g, 0y (t + AL)
and
st(:)r,y(f) > Omin

Set 0, (t + At) « 1y

Set 0, (t + At) < 1y
for lowset
(Sz)ny(t + At)

No

Set 0, (t + At) « 0,(t)

»lg
Ll

A 4

C 0, (t + At) )

Fig. 3.12: Flowchart of singlet state identification scheme. 6, (f) is the index of the root corresponding to the

S, state at time f. 7ureer is the number of adiabatic states of interest. <S 2>md , AE ., and oy, are threshold
ax
parameters.

Accuracy of DC Approach

The accuracy of the DC-SF-TD-DFTB approach is compared with that of the SF-TD-DFTB ap-
proach without the DC scheme. The target system is an acetonitrile solution of thymine, which
is composed of one thymine molecule and 89 acetonitrile molecules within a2 nmX2 nmx2 nm
periodic box. The time-course changes in the TDNAC between the S; and S states were calcu-
lated using SF-TD-DFTB and DC-SF-TD-DFTB over the same predetermined nuclear trajec-
tory constructed using a DFTB-MD run. The DFTB-MD simulation was conducted under the
NVT ensemble at T = 298.15 K using an Andersen thermostat'?® after an equilibration run of

2.0 ps following pre-equilibration by a classical MD simulation. Figure 3.13 shows the SF-TD-
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DFTB (blue solid line) and DC-SF-TD-DFTB results (orange dotted line), which agree well
with each other. The results suggest that the error originating from fragmentation is negligibly

small in the context of nonadiabatic dynamics simulations.

0.03 4
0.02 A

0.01,

-0.01 1

-0.02 1 — w/o DC x
w/ DC

-0.03 -

0 100 200 300 400 500
t/fs

Fig. 3.13: Time-course changes in TDNAC between S; and Sy states (c71¢) for a predetermined nuclear trajectory
of a thymine + 89 acetonitrile system, calculated using SF-TD-DFTB without DC (blue solid line) and DC-SF-TD-
DFTB (orange dotted line).

Computational Cost

Figure 3.14 shows the measured CPU times for the (DC-)SF-TD-DFTB calculations of the
excitation energy, excitation energy gradient, and TDNAC for acetonitrile solution models of
thymine with various numbers of solvent molecules, n. Each data point in Fig. 3.14 represents
the averaged result of 11 trials. The SF-TD-DFTB results (solid lines with circles) show a
rapid increase with n. By contrast, the DC-SF-TD-DFTB results (dashed lines with lozenges)
are essentially constant as n is increased, suggesting that the DC-SF-TD-DFTB approach can
simulate systems with hundreds of molecules without a significant increase in the computational

burden.

3.4.4 Conclusion

The SF-TD-DFTB/FSSH technique has been established as an efficient NA-MD technique ca-

pable of treating the nonradiative relaxation processes of excited molecules.*’ In the present
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Fig. 3.14: CPU time required to calculate excitation energy and its gradient (blue) and TDNAC (orange) versus
the number of solvent molecules () for acetonitrile solutions of thymine. Results with and without the use of DC
are shown by dashed lines with lozenges and solid lines with circles, respectively.

study, this strategy was extended to simulations of condensed-phase nonradiative relaxation
processes by introducing the DC fragmentation scheme, which enables the explicit quantum-
mechanical treatment of entire systems including environmental species, without a prohibitively
high computational cost. Numerical tests using acetonitrile solutions of thymine showed that
the S; /Sy TDNACS obtained using the DC-SF-TD-DFTB method and the conventional method,
i.e., SF-TD-DFTB, were in good agreement, indicating that the proposed approach is reasonably
accurate. In addition, although the CPU time required for the SF-TD-DFTB method increased
sharply with increasing number of solvent molecules, that required for the DC-SF-TD-DFTB
calculations remained constant at a manageable level even when the system contained several

hundreds of molecules.
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Chapter 4

Structure Dependence of Nonradiative
Relaxation Mechanism of Excited
Molecules: Case Studies on

Tetraphenylethylene and Its Derivative'

4.1 Introduction

TPE and its derivative (20TPE) (Fig. 4.1), which were experimentally studied by Shi et al.?
while exploring the mechanism of the AIE, illustratively exemplify the molecular-structure de-
pendence of nonradiative relaxation dynamics. The term AIE denotes a class of phenomena, in
which some types of molecules that are not fluorescent in the solution phase exhibit substan-
tially strong fluorescence in aggregate form.> From the general perspective, the AIE phenomena
are ascribed to the hindrance of specific intramolecular DOFs that lead to nonradiative decay
from the excited state. In particular, the RIR has been proposed as one of the typical mecha-
nisms.* The RIR concept is based on the viewpoint that the propeller-like rotation of aromatic

rings around the single bond plays a critical role in nonradiative decay; in the aggregate form,

TReprinted with permission from Ref. [1]. Copyright 2020 American Chemical Society.
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the rotation should be sterically hindered by the presence of surrounding molecules, resulting in
an excited-state lifetime that is long enough for fluorescence to be observed. The TPE molecule
(Fig. 4.1, left) has torsional DOFs about the four single bonds between the phenyl rings and the
ethylene unit. Conversely, in the 20TPE molecule (Fig. 4.1, right), the geminal phenyl rings
are bridged with O atoms, so that the propeller-like rotation of these rings is prohibited. They
reported that TPE is not fluorescent in the solution phase but exhibits fluorescence in the crystal
phase. On the contrary, 20TPE has substantial FQY in both solution and crystal. From the
phenomenological point of view, this result suggests that locking the torsional rotation about
the phenyl—ethylene single bonds elongates the excited-state lifetime of this class of molecules,
in line with the RIR concept. However, thus far, limited knowledge is available regarding the
detailed pathway of the nonradiative decay of these molecules (in particular, 20TPE) and the

manner in which the restriction of phenyl ring rotation affects it.

In this chapter, using the SF-TD-DFTB/FSSH technique, which was described in Section
3.3, the nonradiative decay processes of TPE and 20TPE are simulated in the gas phase. The
obtained excited-state lifetime for 20TPE is longer than that for TPE in several orders of mag-
nitude, being consistent with the abovementioned experimental results on FQY. In addition, the
underlying mechanism of the difference in the excited-state lifetimes between TPE and 20TPE
is discussed in detail from the points of view of NA-MD trajectories, MECX structures, and

potential energy landscapes.

TPE 20TPE

Q0 QO

WO WO

Fig. 4.1: Structures of TPE (left) and 20TPE (right).?
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4.2 Computational Details

All the DFTB calculations were performed using Dcorremp code® with the 30B parameter set.®
SF-TD-DFTB/FSSH simulations were started from the S; state and performed without a ther-
mostat. For each target system, 2000 independent trajectories were collected to obtain statistical
convergence. These trajectories differ from each other with respect to the initial geometry, ini-
tial velocity, and the seed for random numbers. Time steps of 0.25 and 0.01 fs were adopted for
numerical integration of the EOM for the nuclei (Eq. 3.1.5) and the TD electronic Schrodinger
equation (Eq. 3.1.2), respectively. The dispersion correction was included using Grimme’s D3
scheme’ with Becke-Johnson damping.® The initial structures and velocities for FSSH simu-
lations were sampled from closed-shell DFTB-MD trajectories in the Sy state under the NVT
ensemble with the temperature controlled to 298.15 K using the Andersen thermostat,’ follow-
ing equilibration runs of 50 ps. The intervals between subsequent samplings were 250fs or

longer.

4.3 Results and Discussion

Figure 4.2 shows the time trace of S; populations obtained by the FSSH simulations for TPE and
20TPE, indicating that the S; — S, decay of TPE (magenta) occurred on a subpicosecond time
scale, while that of 20TPE (black) was significantly slower. The S, lifetimes of TPE and 20TPE
estimated by single-exponential fitting were 0.742 and 119 ps, respectively. These results are
qualitatively consistent with the experimentally observed FQY of these molecules in solution
(Table 4.1). Note that the FQY of a molecule is determined in general by the competition
between the spontaneous emission and other nonradiative decay channels; in other words, the

slower nonradiative relaxation suggests the higher FQY.
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Table 4.1: FQY (%) of TPE and 20TPE in solution and in crystal. Data taken from Ref. [2].

Solution  Crystal
TPE ~ 04 24.6  “Not detected.
20TPE 30.1 30.8

=
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oo
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o
o

0 1000 2000 3000 4000 5000
t/fs

Fig. 4.2: Time-course changes of S| populations for TPE (magenta) and 20TPE (black). Error bars indicate 95%
confidence interval.

Typically, nonradiative decay pathways are understood in a schematic picture whereby the
molecules move through the MECXs from the excited state(s) to the ground state. Figure 4.3
shows the MECX structures of TPE and 20TPE optimized with the combined use of the SF-
TD-DFTB and the branching-plane updating method.'® The optimized structures at S, are also
shown for comparison. There has been a debate on the principal pathway of the S; — Sy decay
of TPE. On the one hand, it has been suggested that the decay involves a twist of the ethylenic
C=C bond by approximately 90°.!!=15 On the other hand, some researchers have proposed a
different path via quasi C—C bond formation between the vicinal phenyl rings.!®"'® Another path
has been proposed, where the propeller-like torsion of phenyl rings around the ethylene-phenyl
single bonds plays a key role.'*?® Two MECXs for TPE, which are hereafter termed twist-
type and cycle-type MECXs (Figs. 4.3(c) and 4.3(d), respectively), were found. The similar
twist- and cycle-type MECX structures were also recognized for 20TPE (Figs. 4.3(e) and 4.3(f),

respectively). Figure 4.3 indicates the two DOFs that characterize the twist and cycle MECXs,
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i.e., the twisting angle of the C=C bond (¢, 0° < ¢ < 90°) and the minimum distance between
the vicinal phenyl rings (d), respectively. In Fig. 4.3, the twist-type and cycle-type MECXs
have twisted ethylenic C=C bonds with ¢ ~ 90° and closely contacted vicinal phenyl rings
d ~ 1.7A), respectively, suggesting that the twist-type and cycle-type MECXs correspond to

the abovementioned “C=C bond twisting” path and the “quasi C—C bond formation” paths,

respectively.
20TPE
(b)
S, opt.
¢
d
p=0
d=289A
(d)
MECX
(twist) 4
@ =90
(f) ] (
MECX
(cycle)
-~ S
d d
d=1724A d=1714A

Fig. 4.3: (a), (b): Sy stable geometry of TPE and 20TPE, respectively. (c), (d): twist-type MECX of TPE and
20TPE, respectively. (e), (f): cycle-type MECX of TPE and 20TPE, respectively. Optimized with SF-TD-DFTB.
C, H, and O atoms are represented by gray, white, and red sticks, respectively. Twisting angle of ethylenic C=C
bond (¢) and minimum distance between vicinal phenyl rings (d) are also shown.

For each FSSH trajectory, ¢ and d at the moment of the S; — S transition are indicated as
acircle in Fig. 4.4. The S;/S, energy gap is also represented by the color of the circle. For TPE
(Fig. 4.4(a)), most of the S; — S transitions occurred with a significant twist of the C=C bond
(¢ > 60°) and a narrow S;/S, energy gap (< 1.0eV), suggesting that the twist-MECX route is

dominant for the nonradiative decay of TPE. In the case of 20TPE (Fig. 4.4(b)), the number
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of trajectories passing through the twist-MECX route, which is characterized by ¢ ~ 90°, is
significantly decreased compared with that for TPE. The plot also indicates that the S; — S,
transitions of 20TPE mostly occurred in the region of ¢ < 30° and 2.5A < d < 3.0 A, where
the S; /S gap is substantially large (> 1.0eV). This result suggests that the structural dynamics
toward the twist-MECX is hindered in the case of 20TPE, resulting in its long S; lifetime.
Notably, the cycle-MECX route did not become the main pathway while the twist-MECX route

was impeded.

4.5 2.0 4.5 2.0
(a) TPE (b) 20TPE
4.0 4.0 -
15 1.5
3.5 - 3 3.5 - ; 3
<L Q oL Q
S 3.0 105 33304, 1.0 8
2.5 1 o 25+ " Y
0.5 0.5
204 . 2.0
1.5 T T T T T 0.0 1.5 T T T T T 0-0
0 15 30 45 60 75 90 0 15 30 45 60 75 90
¢/deg. ¢/deg.

Fig. 4.4: Distribution of ¢, d, and the S| /S, energy gap at the S; — Sy transitions, obtained from FSSH simulations
for TPE (a) and 20TPE (b). ¢ and d are represented by positions of circles, and the S; /Sy energy gap is indicated
by their colors.

S potential energy profiles with respect to ¢ and d are shown in Fig. 4.5. Each data point
in the profiles was obtained by structural relaxation on the S; PES with fixing the DOF corre-
sponding to the horizontal axis, i.e., ¢ or d. The potential profiles for d (Figs. 4.5(c) and 4.5(d)
for TPE and 20TPE, respectively) suggest that there are large (1.50 and 0.51 eV for TPE and
20TPE, respectively) energy barriers in the pathways from the FC-like point (d = 3.08 A and
d = 2.89 A for TPE and 20TPE, respectively) to the cycle-type MECXs (d = 1.7 A), which
explains the reason why the cycle-MECXs were not the main routes for S; — S, decay in the
present FSSH simulations.

Conversely, in Fig. 4.5(a), it is clear that the C=C bond twisting of TPE is driven from
the FC-like point (¢ = 11°) toward the twist-MECX (¢ = 89°). Because the potential energy

difference between the starting point (¢ = 11°) and the S; minimum (¢ = 52°) is approximately
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0.3 eV, this energetically downhill process may provide the molecule with sufficient kinetic
energy to overcome the small barrier at ¢ = 85° (0.057eV). The rapid S; — S, decay of TPE

and the dominant role of the twist-type MECX route can be understood from this result.

For the C=C bond twisting of 20TPE (Fig. 4.5(b)), two different potential energy profiles
were obtained, depending on the conformations shown in Fig. 4.6, which are hereafter called
the louver-type and seesaw-type. In the louver-type conformation, the two Ph—O—Ph units
are in parallel, like slats in a louver window. The seesaw-type conformation has a staggered
arrangement of the two Ph—O—Ph units. The S, stable geometry of 20TPE (Fig. 4.3(b)) has
the louver-type conformation, and this has also been experimentally confirmed in Ref. [2] by
X-ray diffraction measurements. The twist-type and cycle-type MECXs (Figs. 4.3(d) and 4.3(f),
respectively) have the seesaw-type and louver-type conformations, respectively. Note that such
conformational isomers are not present for TPE, in which the phenyl rings are allowed to rotate
around the ethylene-phenyl single bonds. The potential energy profiles about the twisting angle
¢ for louver- and seesaw-type conformations of 20TPE are shown in Fig. 4.5(b) with blue and
orange lines, respectively. The plot for louver breaks off at ¢ = 44° because louver-type energy
minima were not found for ¢ > 44°. The potential energy profiles indicate that the C=C bond
twisting of 20TPE from the FC-like point (¢ = 0° with the louver-type conformation) is an
energetically uphill process, which may be ascribed to the steric repulsion between the two
Ph—O—-Ph units. In addition, because the molecule has the louver-type conformation at the
FC point, the twist-type MECX cannot be accessed without transformation to the seesaw-type
conformation, which may need to overcome some additional energy barriers. The infrequency
of the S; — S decay via the twist-type MECX for 20TPE (Fig. 4.4(b)) can be understood from
this point of view, suggesting that the effect of locking phenyl rings on the excited-state lifetime
is indirect, in the sense that it blocks the twisting motion of the ethylenic C=C bond, which is

the main nonradiative decay pathway of TPE.
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Fig. 4.5: Potential energy profiles on S; obtained using constrained geometry optimization. (a), (b): Scanned with
¢ for TPE and 20TPE, respectively. (c), (d): Scanned with d for TPE and 20TPE, respectively.

louver seesaw
Fig. 4.6: Structures of louver (left) and seesaw (right) conformers of 20TPE at ¢ = 25°.

Figure 4.7 presents the time trace of potential energies, ¢, and d for representative FSSH
trajectories. In the twist-type MECX route for TPE (Fig. 4.7(a)), ¢ increased in an essentially
monotonic manner from ¢ = 0, accompanied by a decrease in the S; potential energy. Fi-
nally, the molecule underwent the S; — S transition at the CX with ¢ ~ 90° (r = 621 fs).
Conversely, Fig. 4.7(b) shows an example of the S; — Sy decay trajectory of 20TPE with-
out passing through any CXs, which was the main nonradiative relaxation route in the present

FSSH simulations. The S; — S, transition (at t = 966 fs) occurred jumping over the large en-
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ergy gap (1.61eV). It can also be seen that the time-course changes of ¢ and d do not show any
characteristic behavior other than thermal fluctuations, suggesting that this type of nonradiative
relaxation process may not be linked to a specific mode of structural dynamics. In addition, an
example of the twist-type MECX route for 20TPE, which was the minor pathway, is also shown
(Fig. 4.7(c)). Figure 4.7(c) indicates that ¢ tended to increase with time until # = 1000 fs. On the
contrary, the S; potential energy did not substantially change until # ~ 600 fs, indicating a lack
of driving force, but started to decrease at ¢ ~ 600 fs. This result contrasts with the case of TPE
(Fig. 4.7(a)), where the increase in ¢ toward the twist-type MECX and the decrease in the S,
potential energy were synchronized. The molecular structures around ¢ = 600 fs are visualized
in Fig. 4.8, in which the molecule initially had the louver conformation but transformed to the
seesaw conformation at # = 600 fs. Keeping in mind the S; potential energy profile (Fig. 4.5(b)),
where the C=C bond twisting of 20TPE is slightly unfavorable in the louver conformation but is
favorable in the seesaw conformation, it can be concluded that the change in the tendency of the

S| potential energy in Fig. 4.7(c) at t = 600 fs is a result of the louver — seesaw transformation.
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Fig. 4.7: Time trace of potential energies, ¢, and d for representative trajectories that exhibited S; — Sy transitions.
(a) TPE, via twist-type MECX. (b) 20TPE, via twist-type MECX. (c) 20TPE, not passing through CXs. Sy
potential energy at ¢ = 0 is set to zero. Red circles indicate S; — Sy transitions.
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Fig. 4.8: Snapshots of 20TPE molecular structures in the example trajectory presented in Fig. 4.7(c). C, H, and O

atoms are represented by gray, white, and red sticks, respectively.
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4.4 Conclusion

This chapter reported a practical application of the developed SF-TD-DFTB/FSSH method, tar-
geting the nonradiative relaxation processes of the photoexcited TPE and its derivative where
the phenyl rings are bridged with O atoms (20TPE), in the context of exploring the essence of
the RIR mechanism of AIE. The present FSSH simulations estimated the excited-state lifetimes
of TPE and 20TPE at subpicoseconds and > 100 ps, respectively, in agreement with the ten-
dency of the experimental FQY in solution. The simulations also clarified that the main pathway
of the nonradiative decay of TPE is characterized by the twist of the C=C bond, while the non-
radiative decay via this route was barely observed in the case of 20TPE. This is because locking
the phenyl rings makes a significant difference in the S; potential energy landscape of 20TPE
from that of TPE. For TPE, the twisting motion around the C=C bond is energetically favorable
in S;. Conversely, because the Sy stable structure of 20TPE has a conformation in which the
two Ph—O—Ph units are arranged in parallel, the twisting motion around the C=C bond in S,

becomes energetically uphill because of the steric repulsion between the two Ph—O—Ph units.
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Chapter 5

Environment Dependence of Nonradiative
Relaxation Mechanism of Excited
Molecules: Case Studies on

trans-Azobenzene Solutions

5.1 Introduction

Solvent dependence of nonradiative relaxation processes of frans-azobenzene is an illustrative
example of the importance of the environment for nonadiabatic dynamics. Upon photoexcita-
tion to the S| (n — x*) state, trans-azobenzene undergoes nonradiative relaxation associated
with an isomerization reaction to the cis isomer, which passes through S;/Sy CXs. Two paths
for this reaction have been proposed: rotation and inversion mechanisms, whose key DOFs are
the C—N=N-C torsional angle and N=N—-C bond angle, respectively.'* Using fluorescence
anisotropy measurements, Chang and co-workers® proposed that the isomerization route de-
pends on the solvent viscosity. The rotation mechanism is dominant in low-viscosity solvents,

e.g., hexane, but it is hindered in high-viscosity solvents, e.g., ethylene glycol, and the inversion
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route makes a significant contribution in such situations.

With this background, in this chapter, DC-SF-TD-DFTB/FSSH simulations are conducted
for the nonradiative relaxation processes of n — n* excited trans-azobenzene in hexane, in
ethylene glycol, and in the gas phase. Tendency in the resulting excited-state lifetimes, which
depend on the solvents, is consistent with the experimental results. The solvent dependence of

the results is discussed from the viewpoint of viscosity of the solvents.

5.2 Computational Details

All the DFTB calculations were performed using the Dcprremp code* with the 30B parame-
ter set.’ Dispersion correction was included via Grimme’s D3 scheme® using Becke—Johnson
damping.” Time steps for integrating the TD Schrodinger equation (Eq. 3.1.2) and Newton’s
equation (Eq. 3.1.5) were set to 0.01 and 0.5 fs, respectively. For the DC-based calculations,
Fouf = 4.0A and Z = 800 hartree™! were employed, and each molecule was treated as a sub-
system. The threshold for singular values in the SVD-OD method (Ayesn) Was set to 0.95.
Classical MD calculations for preliminary equilibration were performed using the GROMACS
code.® Each solution model (Fig. 5.1) was a 3nm X 3nm X 3 nm periodic box containing a
trans-azobenzene molecule as the solute with 122 hexane molecules or 289 ethylene glycol
molecules as the solvent, where the trans-azobenzene molecule was treated as the EC (Fig. 5.1).
The number of solvent molecules was determined to reproduce the room-temperature density
of pure solvents, i.e., 0.66 and 1.11 gmL~' for hexane and ethylene glycol, respectively. In
the gas-phase model, which was an isolated trans-azobenzene molecule, the periodic boundary
condition was not applied. The initial geometries and velocities for the FSSH simulations were
sampled from ground-state DFTB-MD trajectories under the NVT ensemble at 7 = 298.15 K
using an Andersen thermostat,” which followed 10 ps of equilibration runs. The solution mod-
els were pre-equilibrated using classical MD before the DFTB-MD equilibration. The interval

between sampling was at least 100fs. The FSSH simulations were started from the S; state,
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— 3 nm

Fig. 5.1: Snapshot of 3nm X 3nm X 3 nm periodic model structure (ethylene glycol solution). Solute (trans-
azobenzene) and solvent molecules are represented by red and gray, respectively.

which has been characterized as n — 7* in SF-TD-DFTB calculations of trans-azobenzene,'”
and were conducted without any thermostats or barostats. The threshold values for state track-
ing, i.e., <Sz>max, AE ax, and opin, Were set to 0.5, 1.0 x 1072 hartree, and 5.0 x 107 a.u.,
respectively. Excluding trajectories that resulted in convergence failure, 2000 valid trajectories
were obtained for each of the hexane solution, ethylene glycol solution, and gas-phase model,

out of 5637, 2405, and 2000 trials, respectively.

5.3 Results and Discussion

Figure 5.2 shows the time-course changes in the excited-state population under each condition,
which indicates that the S; — Sy decay is slower in solution than in the gas phase. Table 5.1
summarizes the excited-state lifetimes of trans-azobenzene in the solutions as estimated exper-
imentally® and calculated in the present FSSH simulations. The experimental values are the
weighted-averaged lifetimes of multiple decay components. The FSSH lifetimes were calcu-
lated by single-exponential fitting of the decay curves in Fig. 5.2. As indicated in Table 5.1,
the experimentally observed excited-state lifetimes in hexane are shorter than those in ethylene
glycol. The present FSSH results are also consistent with this trend.

For further analysis of the nonradiative relaxation pathways, here, the C—N=N-C torsional
angle (6) and the N=N-C bond angle (¢), are defined as shown in Figs. 5.3(a) and 5.3(b),

respectively. Because two N=N-C angles can be defined for each azobenzene molecule, ¢
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Fig. 5.2: Time-course changes in excited-state populations of trans-azobenzene in hexane (orange), in ethylene
glycol (blue), and without a solvent (black). Error bars indicate 95% confidence intervals.

Table 5.1: Experimental and calculated excited-state lifetimes of trans-azobenzene.

Experiment (Ref. [3]) FSSH (present)
Solvent Ex. [nm]* FL [nm]® 7../ps¢ 7/ps!
400 600 0.56
440 520 0.26
440 600 0.63 .
hexane 430 600 047 0.98 +£0.05
440 680 0.89
480 680 1.10
440 680 1.88 .
Ethylene glycol 430 630 200 1.29 + 0.08
None (gas phase) - - - 0.38 £ 0.01¢

#Excitation wavelength.

"Fluorescence wavelength.

“Weighted average of multiple decay components.

dObtained from single-exponential fitting of excited-state population decay curves (Fig. 5.2).

€95% confidence interval.
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Fig. 5.3: (a) Illustration of C—N=N-C torsional angle, 6, where the N=N bond is perpendicular to the screen.
(b) Hlustration of N=N-C bond angle, ¢. Red arrows in (a) and (b) indicate rotation and inversion channels,
respectively. Gray, white, and blue spheres represent C, H, and N atoms, respectively.

is defined as their average. The values of 6 and ¢ at the S; — Sy transitions are plotted in
Figs. 5.4(a), 5.4(b), and 5.4(c) for the hexane solution, ethylene glycol solution, and gas-phase
results, respectively. The time of the transition (#,,,) for each trajectory is indicated by the color
of the circle, and the green circles indicate € and ¢ at + = 0, i.e., the values taken from the
ground-state NVT ensembles. The blue crosses represent 6 and ¢ for the S, stable structure,
the MECX corresponding to inversion, and the MECX corresponding to rotation (Figs. 5.5(a),
5.5(b), and 5.5(c), respectively) of gas-phase trans-azobenzene from SF-TD-DFTB calculations
combined with the branching-plane updating method.!!

Figures 5.4(a), 5.4(b), and 5.4(c) indicate that S; — S transitions are associated with in-
creases in both 6 and ¢ compared with the ¢+ = 0 values, which are distributed around the
Sy stable geometry (Sy min.). The values of 8 and ¢ at the S; — S transitions are broadly
dispersed, suggesting that the inversion channel, i.e., So min. — MECX (inversion), and the
rotation channel, i.e., Sy min. - MECX (rotation), are not clearly distinguished, and thus each
trajectory has a mixture of the characteristics of these two channels. For convenience in the
following qualitative discussion, the transitions with 6 < 135° are classified as rotation and the
other transitions are classified as inversion.

Table 5.2 summarizes the contribution of each channel, i.e.,

[the number of transitions classified as each channel]

5.3.1
[total number of trajectories] ( )
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Fig. 5.4: Each black, red, or yellow circle indicates 8 and ¢ at the S| — S transition for each trajectory, where the
color represents the time of transition (#y0p). 6 and ¢ at ¢t = 0 for each trajectory are also plotted as green circles.
Blue crosses indicate 6 and ¢ at Sp min. or MECXs. Results (a) in hexane, (b) in ethylene glycol, and (c) without
a solvent.

(a) Sy min. (b) MECX (rotation)  (c) MECX (inversion)

9 = 180° 0 = 95° 0 = 161°
¢ = 115° ¢ = 122° ¢ = 141°

Fig. 5.5: (a) Sy stable geometry, (b) S;/So MECX corresponding to rotation, and (c) S;/S¢o MECX corresponding
to inversion, optimized using SF-TD-DFTB.
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Table 5.2: Fractions of rotation and inversion channels among all (2000) trajectories, with 95% confidence inter-
vals.

Solvent rotation inversion

hexane 484 +22% 20.5+1.8%
Ethylene glycol | 454 +2.2% 14.8 +1.6%
None (gas phase) | 93.1+1.1% 6.7+1.1%

Note that the denominator is the fotal number of trajectories, i.e., 2000, regardless of whether
they underwent S; — S, transitions within 1 ps. Table 5.2 indicates that the contribution of
the rotation channel follows the order ethylene glycol solution (45.4 £ 2.2%) < hexane solution
(48.4 £ 2.2%) < gas phase (93.1 + 1.1%), where the error ranges indicated by + are the 95%
confidence intervals obtained via the bootstrap method. This result clarifies that rotation is
hindered by the presence of solvents and suggests that this effect is stronger in the high-viscosity
solvent (ethylene glycol) than in the low-viscosity one (hexane). In addition, Table 5.2 shows
that the contributions of the inversion path in the ethylene glycol solution (14.8 + 1.6%) and
in the hexane solution (20.5 + 1.8%) are larger than that in the gas phase (6.7 + 1.1%), which
implies that the suppression of rotation by the solvents increased the relative importance of
the inversion channel. The smaller contribution of inversion in the ethylene glycol solution
(14.8 + 1.6%) compared to that in the hexane solution (20.5 + 1.8%) suggests that not only the

rotation channel but also the inversion channel depends on the solvent viscosity.

5.4 Conclusion

The DC-SF-TD-DFTB/FSSH simulations showed that the presence of solvents elongates the
excited-state lifetime of frans-azobenzene compared with that in the gas phase. In addition,
the lifetime in ethylene glycol, a high-viscosity solvent, was longer than that in hexane, a low-
viscosity solvent, which is consistent with previous experimental results.> The longer excited-
state lifetime in solutions compared to that in the gas phase was found to be ascribed to sup-
pression of the rotation mechanism (twisting of the N=N bond) by the presence of solvents.

In addition, the results suggested that the difference between the lifetimes in the hexane and
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ethylene glycol solutions results from the solvent viscosity dependence of both the rotation and

inversion (rotation around the N=N—-C angle) channels.
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Chapter 6

Coupled Structural-Electronic Dynamics

of Photoexcited Lead Iodide Perovskites'

6.1 Introduction

The opto-electronic properties of LHPs have drawn attention in the context of solar-cell appli-
cations.”™ Nowadays, the usage of LHPs has been widened to include not only solar cells but
also, for example, light-emitting devices.’ As a basis for rational material design, the excited-
state dynamics of this class of materials must be understood from a fundamental point of view.
Driven by this motivation, experimental evidences have been accumulated to characterize the
behavior of the photoexcited LHPs, mostly by means of time-resolved spectroscopy techniques.
It has been revealed that the excitons promptly dissociates into free carriers with the small en-
ergy barrier comparable to the thermal energy at the room temperature.’ In addition, hot carrier
cooling process in LHPs has interested many physical chemists, because of the possibility of
surpassing Schockley—Queisser limit of the efficiency by harvesting the hot carriers.!*"'® Char-
acter of polarons in LHPs, which may involve the charge carrier properties, has been also deeply
discussed.!1?

As well as the experiments, quantum-chemistry-based simulations are powerful tools, which

TReprinted with permission from Ref. [1]. Copyright 2020 American Chemical Society.
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are especially advantageous to gain microscopic insights. In LHPs, photogenerated charge car-
riers cause structural deformation in their surroundings, which acts back on the electronic state,
resulting in polaron formation.!”!® Polaron formation has been mainly studied using adiabatic
ground-state quantum chemical calculations, including MD. For instance, Neukirch and co-
workers investigated the character of polarons in LHPs based on structures optimized at the
Kohn—Sham DFT level.?>?! Quantum mechanical MD simulations of the polaron formation
process have also been reported.?>2* In these studies, the relationship between the charge dis-

tribution and the structural deformation was discussed within the adiabatic regime.

The other aspect of charge carrier dynamics involves nonadiabatic processes, where elec-
tronic dynamics must be explicitly treated. Hot carrier cooling is such a phenomenon; the
charge carriers relax to the band edge by dissipating the excess energy via electron—phonon
interactions.!® In addition, treatment of non-radiative recombination of positive and negative
charge carriers also requires a nonadiabatic framework.? In typical computational approaches
for problems of this type, the electronic dynamics are simulated under the CPA%® because of
its efficiency. CPA assumes that the nuclear dynamics are governed purely by the thermal ki-
netic energy and not affected by the electronic dynamics. In practical computations, the nuclear
trajectories are generated using adiabatic MD simulations, and the electronic wavefunction is
propagated on the pre-determined nuclear trajectories. Based on this approach, Long, Prezhdo,
and co-workers conducted a series of studies covering a wide range of situations including the

30,31

presence of grain boundaries,?’ doped chlorine,?® defects,? A-site cation substitution,**3! and

oxygen species.’?> Some of these studies are summarized in their review papers.?>=* Madjet et

al. focused on the dependence of the hot carrier cooling rate on the A-site cation species.*

Kilin and co-workers investigated the electronic dynamics in LHP nanoclusters from the view-

t,35 36,37

point of quantum confinement,> spin—orbit coupling, and polaron excited states.’® Wang

and co-workers elucidated the effect of interstitial iodine on hot carrier cooling.*
In real situations, the electronic and structural DOFs should be coupled with each other.

The nuclear motion modulates the propagation of the electronic wavefunction, and the change
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in the electronic wavefunction affects the atomic motion through the force acting on the nuclei.
However, the adiabatic MD and the CPA approaches ignore the former and the latter effects,
respectively. For this reason, to the best of the author’s knowledge, the interplay between these
two dynamics has not been fully investigated to date. In this work, the nonadiabatic dynamics
of photogenerated charge carriers in LHPs was simulated by incorporating the two-way inter-
action between the electronic and structural DOFs by means of FSSH*’ without CPA. To make
the simulations practical with the realistic quantity of computational resources, the excitation
energy, excited state wavefunctions, and force acting on the nuclei were obtained using the

LR-TD-DFTB method,*' which is a parametrically approximate analogue of LR-TD-DFT.

6.2 Computational Details

LR-TD-DFTB is an extension of the DFTB method**** to excited-state calculations in the same
way as DFT has been extended to LR-TD-DFT. DFTB is a computational method to treat the
electronic structure and atomic dynamics at low computational cost but comparable accuracy
to that of DFT by introducing some empirical parametrization. In particular, the efficacy of
DFTB to describe the electronic character and structural dynamics of LHPs has been estab-
lished by previous studies.?*** The nonadiabatic dynamics were treated by the FSSH technique.
For each FSSH trajectory, the electronic wavefunction was described as a linear combination of
adiabatic wavefunctions, and the nuclear dynamics were approximated as a classical trajectory.
The electronic wavefunction and nuclear geometry were propagated simultaneously according
to TD Schrodinger equation and Newton’s equation, respectively. The force acting on the nu-
clei was calculated on-the-fly at the active adiabatic state, which stochastically hops to another
state according to the population variation in the electronic wavefunction. The fully quantum
electronic—nuclear dynamics were approximated by a swarm of independent FSSH trajectories.

All DFTB and LR-TD-DFTB calculations were performed at the closed-shell SCC-DFTB

(DFTB2) level* under periodic boundary conditions. Only singlet excited states were solved in
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the LR-TD-DFTB calculations. The developmental version of the DcprremMD code,® in which
the TD-DFTB/FSSH technique was implemented, was used for all DFTB calculations unless

otherwise noted. For visualization, VESTA software was utilized.*®

The parameters for DFTB are composed of two parts: the electronic part defined for each
element and the repulsive part given for each pair of elements. The parameter set was newly
constructed for I, Pb, Cs, and the element pairs regarding them using ADPT program package.*’

For other elements and element pairs, the 30B parameter set*34°

was employed. Further details
of the parameter optimization are described in Appendix B. As shown in Appendix B, the band
gap and vibrational spectra of lead iodide perovskites calculated by DFTB with the constructed
parameter set agreed well with the DFT results obtained using the PBE exchange—correlation
functional.”® Because previous studies, e.g., Refs. [25, 27-34, 39] have established that PBE
provides reasonable results for the nonadiabatic dynamics of LHPs, PBE is considered to be a
suitable reference to evaluate the accuracy of the DFTB parametrization in the context of the
present study. While the effect of SOC on the rate of hot carrier cooling and non-radiative

36,37.51,52 the SOC was not consid-

recombination has been discussed in several previous studies,
ered in the present calculations. It is widely recognized that PBE reproduces the experimental
band gap of the lead iodide perovskites well when the SOC is not included. This is because
of the cancellation of the neglect of SOC and the self-interaction error inherent in the gener-
alized gradient approximation. It should be noted that PBE has been used without including

the SOC for the nonadiabatic dynamics in Refs. [25, 27-34, 39], of which the results were not

unreasonable.

In this study, 2 x2 x 2 supercells of tetragonal CsPbl; and MAPbI; (MA = CH;NHj;), which
are composed of 160 and 384 atoms, respectively, were constructed and utilized as model sys-
tems. These structures are depicted in Fig. 6.1. In the FSSH simulations, the propagation of
the electronic wavefunction was performed using the LD method.’* Because the LD method
requires the calculation of the overlap between the adiabatic wavefunctions at adjacent nuclear

time steps, the OD approach was employed for this purpose.’* The decoherence effect was
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Fig. 6.1: Tetragonal 2 x 2 x 2 supercell structures employed for calculations as model systems. Simulation cells
of CsPbl; and MAPbI, systems are composed of 160 and 384 atoms, respectively. The gray, purple, green, brown,
blue, and pink spheres represent Pb, I, Cs, C, N, and H atoms, respectively. The cell boundary is indicated by blue
solid lines.

Table 6.1: Number of solved adiabatic states (N ).

System  Ejy; Nytate
CsPbl, E, 10
CsPbl; Ep+0.4eV 100
MAPDL, E, 15

MAPbL, E,+04eV 90

approximately included with the simplified decay of mixing technique, which is typically
combined with LR-TD-DFTB-based FSSH.3®>" The initial conditions (nuclear geometries and
velocities) for FSSH simulations were sampled from the ground-state DFTB-MD trajectory in
the NVE ensemble, which was followed by a thermalization run of 4 ps with the temperature
adjusted to 298.15K by rescaling the velocity every 200 fs. The interval between the subse-
quent sampling was at least 100 fs. A nuclear time step of 0.05 fs was employed for the FSSH
simulations. The initial adiabatic states for the FSSH were chosen on the basis of the initial
excitation energy, E;,i;. To compare the band-edge and hot carrier dynamics, two different ini-
tial conditions were considered: Ei, = Eo, and Eiy; = Eg + 0.4eV. Ej is the lowest excitation
energy averaged over the initial geometries, and their values are 1.83 and 1.70eV for CsPbl,
and MAPbI,, respectively. The conditions of Eiy; = Ey and Ejniy = Ey + 0.4eV correspond to
the band-edge and hot carriers, respectively. For each condition, 201 or more FSSH trajectories
were collected and the results were averaged to obtain reasonable statistical convergence. The

number of solved adiabatic states are listed in Table 6.1. Each FSSH trajectory ran for 500 fs.
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6.3 Results and Discussion

6.3.1 Exciton Dissociation and Charge Localization

The population of positive and negative charge carriers are described in density-matrices-like

forms:

IN"=X+Y)X+Y), (6.3.1)

Ir=X+Y)'X+Y), (6.3.2)

respectively. Here, X and Y are the excitation and de-excitation amplitudes, respectively. The
dimension of both X and Y is Ny X Nyir, where N, and N,;, are the numbers of occupied and
virtual MOs, respectively. Using Mulliken charge analysis, the atomic population of positive

and negative charge carriers can be obtained as

q;" =) (D7"s) . (6.33)

HEA

Here, S is the overlap matrix of AOs. A and y are the indices of atoms and AOs. +/— takes +
and — for the value regarding positive and negative charge carriers, which are calculated from
I'" and I'", respectively, and this usage is hereafter used in this chapter. D* and D~ are defined

as

D' = COr*C°", (6.3.4)

D =C'r CV', (6.3.5)

where C° and CV are the MO coefficient matrices for occupied and virtual orbitals, respectively.

The charge separation can be measured from the spatial overlap between the positive and

negative charge carriers. Here, the amount of spatial overlap was quantified as the inner product
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of the atomic population of positive and negative charge carriers, s:

s = Z qhda- (6.3.6)
A

The calculated time-course changes of s are presented in Fig. 6.2(a). The decay patterns of
s suggest that the time scale of the exciton dissociation is around 10'-10? fs, which seems
consistent with the experimental result (ca. 50 fs).° The visualized spatial distribution of charge
carriers is shown in Fig. 6.2(b) for a representative trajectory of CsPbl, in the case of Ejy; =
Ey+0.4eV. Att = 0fs, the positive (red) and negative (blue) charge carriers are delocalized

and overlapped each other, whereas the carriers are dissociated at ¢t = 300 fs.

Spatial delocalization of the charge carriers was quantified by index d*/~, which is defined

3.824

dv- = [Z (q,;/—)zl_1 . (6.3.7)

A

d*/~ can be interpreted as the number of atoms that characterizes the locality of the charge car-
rier density. Fig. 6.2(c) shows the time-course change of d*/~. d*/~ rapidly decreases within the
characteristic time in the order of 10'—10? fs, which is similar to the time scale of the decrease
in s, indicating that the charge carriers are localized concurrently with the exciton dissocia-
tion. This result implies that exciton dissociation and polaron formation are mutually coupled

processes.

6.3.2 Energetics of Charge Carriers

The energies of the positive and negative charge carriers are obtained from the excitation energy

decomposition as follows. In LR-TD-DFTB, the excitation energy, E, is described as

E=X+Y|(A+B)|X+Y), (6.3.8)
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Fig. 6.2: (a) Time-course changes of the averaged spatial overlap, s, between positive and negative charge carriers.
Error bars indicate the 95% confidence interval. (b) Snapshots of the spatial charge carrier distribution for a
representative trajectory of CsPbl; with Ejy; = Eo + 0.4eV. Positive and negative charge carriers are represented
by red and blue isosurfaces, respectively. (c) Time-course changes of averaged charge delocalization indices d*
(for positive charge carrier) and d~ (for negative charge carrier). Error bars indicate the 95% confidence interval.

where

(A+ B)igjp = 0ij0uy (€, — &) + (Kia,jb + Kia,bj) :

(6.3.9)

Here, (i, j) and (a, b) are the indices of occupied and virtual MOs, respectively. €, is the energy

level of the p-th MO. K;, j» and K,;; are the coupling matrices, whose explicit form in the

case of LR-TD-DFTB can be found elsewhere.*! Using Egs. 6.3.1, 6.3.2, 6.3.8, and 6.3.9, the

excitation energy can be decomposed into three terms:

where

E=E*+E +F,

lz-F

+
- &l
i
D €l

a

E =
E = <X +Y ' (Kia,jb + Kia,bj)
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Fig. 6.3: Time-course changes of averaged E*, E~, and E’. Energy decay rates for the time range of Ofs < 7 <
150 fs are also shown with the corresponding colors. Error bars indicate the 95% confidence interval.

The time-course changes of E*, E~, and E’ are plotted in Fig. 6.3. Note that, in Fig. 6.3,
the unit of E’ is the milielectronvolt (meV), whereas the unit of E* and E~ is the electronvolt
(eV). Figure 6.3 suggests that the third term, E’, is negligibly small in absolute value compared
to those of E* and E~. Because E* arises from the occupied orbital energy and occupation
(Eq. 6.3.11) and E~ from the virtual orbital energy and occupation (Eq. 6.3.12), E* and E~
can be interpreted as the energies of the positive and the negative charge carriers, respectively.
Figure 6.3 also presents the initial energy decay rates measured for the time range from ¢ = Ofs
tot = 150fs, where the decay patterns are quasi-linear. The calculated initial energy decay rates
fall within the range of 1.7 to 5.5 meV / fs, which is reasonable compared to the experimental

results (3.0 and 4.6 meV / fs for CsPbl; and MAPbI;, respectively'®).

Figure 6.4(a) shows the averaged time-course changes of the orbital occupations with posi-
. . . . . _ .
tive and negative charge carriers. Here, the occupations are defined as I';, and I' ,, respectively,

where p is the MO index. In the case of band-edge carriers (E;,;; = Ej), the orbital occupations

are dominated by the HOMO and the LUMO, and the occupations of the remaining orbitals are
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approximately zero. On the other hand, in the case of hot carriers (Ei, = Eo + 0.4¢eV), the sit-
uation changes. At ¢ = Ofs, the occupations are distributed over multiple MOs including those
deeper than the HOMO and shallower than LUMO. As time ¢, the occupations gradually cumu-
late to the HOMO and LUMO, indicating the relaxation of hot carriers. In addition, Fig. 6.4(b)
shows the averaged time-course changes of the orbital energies around the band edge, which re-
flect the structural deformation in response to the existence of carriers, i.e., polaron formation.
The occupied/virtual orbitals become shallower/deeper, resulting in the stabilization of posi-
tive/negative carriers. Overall, the change in the orbital occupation (Fig. 6.4(a)) and the orbital
energies (Fig. 6.4(b)) suggest that hot carrier cooling and polaron formation simultaneously
involve the decay of the carrier energy (Fig. 6.3).

Time-course changes of the adiabatic potential energy for representative trajectories are
presented in Fig. 6.4(c). Nonadiabatic transitions are not observed in the case of Ej, = Eo,
suggesting that band edge carriers behave adiabatically. This result supports the validity of
the previous treatment of band-edge carriers with adiabatic MD simulations.?** On the other
hand, the dynamics in the case of Ey = Eo + 0.4¢€V, 1.e., hot carriers, features a large number

of nonadiabatic transitions.

6.3.3 Structural Deformation

According to the previous study,?* the structural deformation associated with the polaron for-

mation can be measured using the following index,

oA qz/_ZA

Zi- = Z
2A C];/

, (6.3.14)

where Z, is an arbitrary structural quantity of interest, e.g., bond length, regarding the atom
A. Z,,_, which is the weighted average of Z, about q;/ ~, represents the value of Z, in the
region where the positive/negative charge carrier is localized. Because most of the positive and

negative charge carrier populations are located on I and Pb atoms, respectively, the index A in
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Fig. 6.4: (a) Time-course changes of averaged orbital population of positive (red) and negative (blue) charge
carriers. (b) Time-course changes of averaged orbital energies. Magenta and green lines indicate occupied and
virtual orbital energies, respectively. (c) Time-course changes of adiabatic potential energy for representative
trajectories of CsPbl,.
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Eq. 6.3.14 runs over I and Pb atoms for negative and positive charge carriers, respectively.

The time-course change of the Pb—I bond length was calculated in the region where the
charge carriers are localized. In other words, Z,,_ in Eq. 6.3.14 was computed by substituting
the Pb-I distance rpy| for Z,. The definition of rpy,  is illustrated in Fig. 6.5(a). The results
are shown in Fig. 6.5(b). For both positive and negative charge carriers, the Pb—I bond length
increases with time. This result can be qualitatively understood from an electrostatic point of
view. Whereas Pb and I are partially cationic and anionic, respectively, the positive and negative
charge carriers are located on I and Pb atoms, respectively. Thus, the Pb—I bond elongation
reduces the Coulombic repulsion between the negative charge carriers and I atoms, and between

the positive charge carriers and Pb atoms.

The structural motion of another component of LHPs, i.e., the A-site cations, were analyzed
using a similar approach utilizing Eq. 6.3.14. Fig. 6.5(c) shows the time-course changes of
ra(rpp_a), Which are the distances between the A-site cation and I(Pb) in the region where the
charge carriers populate, as depicted in Fig. 6.5(a). Note that the position of each MA cation is
defined as its centroid. In the case of positive charge carriers, the distance between the A-site
cations and I atoms increases with time, reflecting the Coulombic interaction between the A-site
cations and the positive charge carrier. The same explanation can be applied to the decrease in
the distance between the A-site cations and Pb atoms in the case of negative charge carriers. In
addition, Fig. 6.5(d) indicates the time-course change of angle 6 of the MA cations (in MAPbIL,).
As depicted in Fig. 6.5(a), 6 is defined as the angle between the I(Pb) — MA vector and the
dipole moment vector p of the MA cation. 6 increases and decreases in the case of positive
and negative charge carriers, respectively, suggesting that the MA cations rotate in a direction

favorable in terms of the electrostatic charge—dipole interactions.

Notably, the sub-picoseconds time scales of the structural deformation shown in
Figs. 6.5(b)-6.5(d) are consistent with the experimentally observed characteristic time of the

polaron formation (ca. 400 fs').
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Fig. 6.5: (a) Schematic illustration of the definition of structural quantities under discussion. Atoms on which
positive and negative charge carriers populate are indicated as red and blue circles, respectively. Orange spheres
represent A-site cations. p is the electric dipole moment vector of MA cation. The red arrows are vectors con-
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Pb-I bond length, (c) distance between A-site cation and I (for positive charge carrier) or Pb (for negative charge
carrier), and (d) angle 6 of MA cations.
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6.4 Conclusion

In summary, the excited-state dynamics of two representative LHPs, CsPbl, and MAPbI,, were
simulated using the LR-TD-DFTB-based FSSH technique. The mutual dependence of elec-
tronic and nuclear dynamics was incorporated in the simulations. Exciton dissociation, decay
of the carrier energy, and polaron formation were observed at similar time scales. In addition,
these time scales are in reasonable agreement with the experimental results. The calculation
results suggest that two factors simultaneously involve the decay of the carrier energy: the
relaxation of positive/negative carriers to the HOMO/LUMO and the variation of the orbital en-
ergy invoked by the structural deformation. The systems behave adiabatically when the initial
excitation energy is at its lowest (Ej, = Ej), 1.e., band-edge carriers, whereas a large num-
ber of nonadiabatic transitions were observed in the case of hot carriers (E;,; = Eo + 0.4eV).
The structural deformation was observed in both the inorganic framework (Pb and I) and A-site
cations (Cs™ or MA™). Regarding the inorganic framework, the Pb—I bond length increased for
both positive and negative charge carriers. For A-site cations, the distance between the A-site
cation and Pb, where the negative charge carriers populate, decreased with time. On the other
hand, the distance between the A-site cation and I, i.e., the center of positive charge carrier,
increased. In addition, the rotational dynamics of dipolar MA™ were observed in the direction
that reduces the electrostatic charge—dipole interaction between MA™ and the charge carriers.
These behaviors suggest that the structural deformation associated with polaron formation is
mainly governed by the interatomic electrostatic interaction. The results reported herein shed
light on the importance of coupling between the structural and the electronic dynamics in the

photoexcited states of LHPs.
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Chapter 7

Nanometer-Scale Polaron Formation in
Methylammonium Lead Iodide

Perovskite '

7.1 Introduction

The opto-electronic applicability of LHP materials was first recognized in the context of uti-
lization for photovoltaics, called PSCs, which realized an exceptionally high photoconversion
efficiency.>® Recently, the field of LHP application has grown to include other types of devices,
such as light-emitting diodes* and phototransistors.” LHPs have the general formula APbX,
where A and X denote monovalent cations and halide anions, respectively. The most typi-
cal and first LHP used in PSCs is methylammonium lead iodide perovskite (MAPbIL;), where
an organic molecular cation—methylammonium (CH;NH;*, MA*)—is chosen as cation A.?
From structural viewpoint, LHP has two components. One is an inorganic framework, which
is formally PbX,~, composed of corner-sharing PbX, octahedra. Because the DOS around the
VBM and CBM is dominated by the PbX,~ framework, the charge carriers are located on this

structural part. The other is a sublattice constructed by the A cations, which fill the vacancies

TReproduced from Ref. [1] with permission from the Phys. Chem. Chem. Phys. Owner Socieries.
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and compensate for the net negative charge of the PbX,~ framework. While the A cations have
no significant contribution to DOS around the band edge, their indirect effect on the electronic

structure through their electrostatic or structural role has been recognized.®

The unique properties of charge carriers in LHPs, such as long diffusion length, long life-
time, and low electron—hole recombination rate,”'? have been considered to be key to the re-
markable performance of LHP-based opto-electronic devices such as PSCs. Therefore, the
physics underlying these properties, particularly polarons, i.e., charges wearing structural defor-
mation caused by the polarization potential,'® has been extensively studied experimentally and
theoretically. The polaron formation process, which is a structural motion responding the addi-
tional (negative or positive) charge coupled with its electronic state, is a fundamental knowledge
needed to unveil the abovementioned charge carrier properties. However, the understanding in
this regard is still limited. In particular, some researchers have proposed the importance of rota-
tional motion of organic molecular cations such as MA*,'*!® while others have focused on the

role of structural deformation in the PbX,~ frameworks!®~2!

rather than the organic molecular
cations. This issue has been focused on in conjunction with the recent progress in the opto-

electronic applications of LHPs using various cations such as formamidinium (FA™), Cs™, and

Rb+ .22—24

A commonly used model of polarons was proposed by Frolich.? In this picture, the lattice
is polarized by the Coulomb potential of the charge carrier to produce the polarization poten-
tial. This polarization potential acts back on the charge carrier toward self-consistency. Zheng
and Wang?® constructed a model Hamiltonian, which includes the polarization potential as the
screened Coulomb potential, as well as the effects of the thermal disorder of the MA™ and
the Pbl; " lattice as artificial stochastic potential fluctuation. An electronic wavefunction was
propagated based on this Hamiltonian. Their simulations were performed with a sufficiently
large spatial scale to describe the whole electronic wavefunctions of polarons, whose radii are
estimated to be several nanometres.?'*” The simulations indicated that not only the polariza-

tion potential but also the thermal disorder significantly affect the spatial distribution of the
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wavefunction, the polaron binding energy, and the transport properties. Note that their model
Hamiltonian approach cannot describe atomic motions, although nanoscale simulations can be

performed.

In contrast, from the atomistic viewpoint, the mechanism of polaron formation has been in-
vestigated for several years using first-principles DFT calculations, which are frequently com-
bined with MD simulations. Neukirch et al.?® compared the stable geometries of MAPbI; and
CsPbl, between neutral and charged states, using zero-dimensional cluster models. Yin et al.?’
used DFT-based MD simulations to analyse the structural dynamics of LHP clusters, which are
monomers or dimers of PbX, octahedral units, with the existence of charge carriers. For bulk
LHPs, Miyata et al.?! compared their time-resolved spectroscopy measurements with DFT cal-
culations in the negatively or positively charged state. In addition, DFT-based MD simulations
in the presence of charge carriers were reported by Ambrosio et al.>**! These studies?!-?-3!
clarified the relationship between charge localization and explicit atomic motions: for example,

modulations in Pb—X bond length and the rotation of MA™.

In the present study, the polaron formation mechanism was studied from both nanoscale and
atomistic viewpoints. To capture both real atomic motions and spatial size of the polarons simul-
taneously, QM-MD simulations were performed for the polaron formation process in MAPbI,
with large model systems, which is beyond the reach of the conventional DFT technique. To
overcome the computational burden arising from the system size, this study employed a com-
bined approach of DC method**=° and DFTB method,*** referred to as DC-DFTB,*¢ which
is a linear scaling QM technique. Its parallelized implementation, that is, DcpFrBmD code,*®
can perform QM-MD simulations of systems containing thousands of atoms by using parallel

computation resources.

The rest of this chapter is organized as follows. Section 7.2 explains the numerical details
of the simulations. The results are reported and discussed in Section 7.3. On the basis of
the simulations, the extent of charge localization is evaluated (Subsection 7.3.1). Next, the

relationship between charge localization and structural deformation is discussed (Subsection
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7.3.2). Moreover, the process of structural deformation is discussed in detail by focusing on
the early stage of polaron formation (Subsection 7.3.3). From the energetical viewpoint, the
importance of the role of Pbl;~ framework and MA cations is discussed (Subsection 7.3.4).

Finally, the conclusion is presented in Section 7.4.

7.2 Computational Details

7.2.1 Details of Parameter Fitting

In the DFTB parametrization process, the shape of Vs (Eq. 2.2.2) is subjected to optimization

for each element. For the MAPbI, system, H, Pb, C, I, and N are needed to be parametrized.

47,48

For H, C, N, and I, the Vo, proposed in the previous studies was employed. V., for Pb

was newly constructed. The modified Woods—Saxon potential*® was employed:

W

Veout (1) = 7 exp [—a(r — )]’

(7.2.1)

where the parameters W, a, and ry were subjected to optimization. These parameters were tuned
to reproduce the band structure of the Pb pure metal obtained by DFT calculations with the PBE
formulation of the GGA (GGA-PBE).”® The obtained set of parameters are listed in Appendix
C.2. In the calculations, 5d, 6s, and 6p shells were included for Pb; 5s and Sp for I; and 2s and
2p for H, C, and N. Regarding Pb and I, the Hubbard parameters were calculated for each of the
s, p, and d (for Pb) shells, and these shell-dependent values were used. For the other elements,
the common Hubbard parameters for s and p shells, which are only dependent on the type of
element, were used as described in the literature.*’

In addition, the repulsive potential E,., was parametrized. E., is defined for each element
pair as a function of interatomic distance, which is typically described by a set of spline func-
tions. As done for V¢, the previously reported E,., was used for element pairs among H, C,

N, and 1.#*® For the Pb-I pair, a new repulsive potential was constructed. In this study, the
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fourth-order spline function form was adopted. The function is piecewisely defined as

co + c1(R — Ro) + c2(R — Ry)? + c3(R — Ry)* + ca(R — Rp)*, (7.2.2)

for each distance range that starts from R, and ends at the starting point of the next range or at a
sufficiently far cutoff point. In a region shorter than the first starting point, the exponential form

was used with adjustable parameters a;, a,, and as.

exp [-a1R + a3] + a;. (723)

The values of the parameters defining the set of functions were fitted to reproduce the atomic
forces calculated by GGA-PBE for a set of disordered structures. Note that the repulsive po-
tentials for Pb—(H, Pb, C, N) pairs were omitted because repulsive potentials are only necessary
only for a short interatomic distance within the bonding regions; throughout the simulations, for
these element pairs such as Pb—C, interatomic distances are so long that the repulsive potential

is not meaningful.

To obtain the set of optimized parameters and solve Eq. 2.2.2, the ADPT program pack-
age’! was utilized. All reference GGA-PBE calculations were conducted with VASP code,’?™°

treating the core electrons by using the projector augmented-wave method.>

Using the obtained parameter set, the VDOS was calculated and is shown in Fig. 7.1, with
the GGA-PBE result as a comparison. The VDOS was obtained by the Fourier transform of ve-
locity autocorrelation functions calculated from MD runs. The DFTB-MD and GGA-PBE-MD
runs for VDOS calculations were performed for 15 ps with a time step of 0.25 fs without any
geometrical constraint, using 2 X 2 X 2 supercells, whose building block is the optimized tetrag-
onal cell with each method. Prior to the production runs, the equilibration runs were performed
at room temperature in the reported scheme.?’ Note that these computational conditions were
employed only for VDOS calculations and not for the polaron formation simulations described

in detail in the next section. Figure 7.1 shows that the VDOS calculated with DFTB (blue)
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agrees with that obtained using GGA-PBE (grey), indicating that DFTB calculations with the

constructed parameter set well-reproduce the GGA-PBE results in terms of structural dynamics.

—— PBE
—— DFTB

VDOS [arb. units]

T T 4TA’~I'

0 500 1000 1500 2000 2500 3000 3500

frequency [cm™!]

Fig. 7.1: Calculated VDOS from unconstrained NVE-MD runs. GGA-PBE and DFTB results are shown by grey
and blue lines, respectively.

7.2.2 Calculation Setup

All DFTB calculations, with or without the DC technique, were performed in the orbitally
resolved DFTB2* level under the periodic boundary condition, using the abovementioned pa-
rameter set, unless otherwise noted. As the building block of the simulation cell, the tetragonal
unit cell of MAPbI,, which includes four formula units (48 atoms), was optimized with DFTB
without DC, as implemented in DFTB+ code®’ using the I'-centered 6 X 6 X 6 k-point mesh. In
this process, both the atomic coordinates and cell parameters were optimized. A slight deviation
from the perfect tetragonal unit cell shape was eliminated in the reported manner,?’ which essen-
tially does not affect the cell length (change in the length was smaller than 0.001 A). The sim-
ulation cells were constructed by repeating the optimized unit cell of MAPbI, four times along
each dimension. They contained 3072 atoms and had lattice parameters of a = b = 36.83 A,
c=5379A, anda = B =y = 90°.

DC-DFTB-MD calculations were conducted using the DcprreMp program.*—4¢ To adopt
the DC technique, each unit cell was treated as a subsystem; one simulation cell contained
64 subsystems. For each subsystem, the neighboring subsystems within 8 A were included as
buffer regions. Figure 7.2 compares the averaged wall clock time for one SCC cycle with and

without DC in this system in the neutral state. Using the sufficiently large number of CPU
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cores, DC-DFTB has the advantage of the order of magnitude compared to DFTB without DC,

enabling MD simulations of this system within a feasible computation time.

250
w/ DC
200 H —»— w/o DC

150 o
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wall clock time for one SCC cycle [s]
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Fig. 7.2: Averaged wall clock time for one SCC cycle with (orange) and without (blue) DC technique on Intel
Xeon Gold 6148 (40 cores per computation node). Calculations without DC were parallelized with OpenMP. DC
calculations were performed with MPI/OpenMP hybrid parallelization, where five OpenMP threads and #cores/5S
MPI processes were used.

Prior to the simulations of the polaron formation process, the system was equilibrated in
the charge-neutral state with an NVT run of over 6 ps at 298.15 K, followed by an NVE run of
over 2 ps. Then, the polaron formation process for a negative (positive) charge was initiated by
resetting the net system charge -1 (+1) and restarting an NVE run. Spin-polarized calculations
were conducted in the charged systems. Time steps of 2 and 4 fs were adopted for the NVE
and NVT runs, respectively, with constraints of C—H and N-H bond lengths using the RATTLE

method.>8

7.3 Results and Discussion

7.3.1 Spatial Distribution of Charge Carriers

Throughout this section, the atomic spin population for each atom is defined as its @-spin Mul-
liken charge minus S-spin one; here, the number of a-spin electrons is larger than that of S-spin
ones. The atomic spin population obtained for a snapshot, as depicted in Fig. 7.3, shows that

the negative (positive) charge is located on Pb (I) atoms. The results are consistent with the
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orbital nature of VBM and CBM, where the p-orbitals of I atoms and those of Pb atoms have a

dominant contribution, respectively.

92 B4 31

b~ &
g -
negative gs Ly aPuTags
% l\: * Vf w\

> W WA &

h o A

o =@ -

& o] o g

Ay :

., . xb % ‘:‘
pOSltlve P N 2 D¢ P 2
L 8. &, 378 ¢ % 8
s N 32 38 38 3K 2L

Fig. 7.3: Atomic spin population corresponding to a negative (positive) charge is shown as a yellow iso-surface
for a snapshot. For visualization, the atomic spin population values are converted into density at each spatial grid
point by multiplying the atom-centered Slater functions. The pink, grey, brown, purple, and blue spheres indicate
H, Pb, C, I, and N atoms, respectively.

The radius of the charge carrier was estimated as follows. The number of atoms d, over

which an electron or a hole is delocalized, was evaluated as

1

d=—,
ZAPA

(7.3.1)

where p, is the spin population on the atom A. In Eq. 7.3.1, the index A runs over all atoms (re-
gardless of their type) in the cell. Once d was obtained, the volume V of the negative (positive)
charge carrier was estimated as

V= Vceud/l’l, (732)

where Vi = 1.14nm is the volume of a tetragonal unit cell of MAPbI; and n = 4 (n = 12)
is the number of Pb (I) atoms in the unit cell. Finally, the radius of the charge carrier rgeoc
was evaluated as that of a sphere of volume V. Figure 7.4 shows the time-course change in the
radii of negative and positive charge densities. The averaged radii were estimated as 1.1 and

0.9 nm for the negative and positive charge carriers, respectively. Note that the estimated radii
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are smaller than the estimation by Frolich model.?! This is attributable to the structural disorder
arising from the thermal motion, which is not considered in the Frolich model; the effect of the

thermal motion will be more deeply discussed later.
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Fig. 7.4: Time course change of negative (blue) and positive (red) charge carrier radii. Averaged values are shown
with dashed lines.

7.3.2 Structural Dynamics

Figure 7.5(a) and 7.5(b) show a comparison of the time-course changes in the averaged Pb-I
bond lengths in the region where the charge is localized (charged region) and the rest (non-

charged region). The averaged values in the charged and non-charged regions are defined as

X
Xcharged = %, (7.3.3)
X
Xnon-charged = Z}i] A, (734)
A

respectively, where p, is the spin population on the atom A. The index A runs over all Pb
atoms in the case of the negative excess charge and all I atoms in the case of the positive excess
charge. X, is a structural quantity, which is the target of comparison between the charged and
non-charged regions, defined for the atom A (e.g., averaged length of bonds involving the atom

A).
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In Fig. 7.5(a), X4 is defined as the average length of six Pb—I bonds around the atom A,
which is a Pb atom (Fig. 7.6(a)). In Fig. 7.5(b), the average length of two I-Pb bonds around
the atom A, which is an I atom (Fig. 7.6(b)), is used as X,. From Figs. 7.5(a) and 7.5(b), a longer
Pb-I bond length is observed in the charged region compared to that in the non-charged region.
From the electrostatic viewpoint, the elongation of Pb-I distance, which is observed in both
cases of negative and positive excess charges, can be considered as the result of Coulombic
repulsion between the negative (positive) excess charge and I~ (Pb>"). In addition, because
CBM has antibonding nature between the AOs of Pb and 1,°° the CBM energy level is deepened

with the Pb-I distance, stabilizing the negative excess charge.

In the case of the positive excess charge, the distance between I atom and its nearest-
neighbor I atom is shorter in the charged region than that in the non-charged region (Fig. 7.5(c)).
Here, X, is defined as the distance between the atom A, which is an I atom, and its nearest-
neighbor I atom (Fig. 7.6(c)). This behaviour is considered to originate from the antibonding
interaction between the p-orbitals of these I atoms, which raises the valence bands near the

VBM.

Figure 7.5(d) shows the time-course change of the averaged Pb—MA distance in the case of
negative excess charge, where X, is defined as the averaged distance between the atom A, which
is a Pb atom, and the neighboring eight MA cations (Fig. 7.6(d)). The position of an MA cation
is defined as the geometrical center. As indicated in Fig. 7.5(d), the Pb—MA distance in the
charged region is shorter than that in the non-charged region. Similarly, Fig. 7.5(e) shows the
averaged [-MA distance in the case of positive excess charge, where X, is the averaged distance
between the atom A, which is an I atom, and the neighboring four MA cations (Fig. 7.6(e)).
Figure 7.5(e) indicates that the longer [-MA distance tends to be observed in the charged region
compared to the non-charged region. Because the excess negative (positive) charge is located
on the Pb (I) atoms, these tendencies are suggested to originate from the Coulombic interaction

between the excess negative (positive) charge and MA cations.
Figure 7.5(f) (7.5(g)) compares the angle 8 of MA cations in charged and non-charged re-
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gions for the case of excess negative (positive) charge. The angle 8, which is used as X, here, is
defined as the averaged angle between the MA — Pb (MA — 1) vectors and the C — N vectors
in the corresponding MA cations (Figs. 7.6(f) and 7.6(g)). Note that the direction of C — N
vector is approximately equal to that of the electric dipole moment of the MA cation. The
average is taken over the nearest eight (four) MA cations around the Pb (I) atom. In the pres-
ence of negative excess charge (Fig. 7.5(f)), 6 in the charged region is smaller than that in the
non-charged region. Hence, in the charged region, the MA cations tend to direct their electric
dipole moment to the neighboring Pb atom, on which the negative excess charge is populated.
On the other hand, in the case of positive excess charge (Fig. 7.5(g)), a larger 6 is observed in
the charged region compared to the non-charged region. These tendencies can be interpreted
as the minimization of charge—dipole interaction energy between the excess negative (positive)
charge and the electric dipole moment of the MA cations. Therefore, the dipolar rotation of the

MA cations is suggested to occur in the polaron formation process.
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Fig. 7.5: Time course changes of (a) Pb-I distance for negative charge, (b) Pb-I distance for positive charge, (c)
I-nearest I distance for positive charge, (d) Pb—-MA distance for negative charge, (e) [-MA distance for positive
charge, (f) angle of MA cations 6 for negative charge, (g) angle of MA cations for positive charge. 6 is defined as
the angle between C—N vector and MA—Pb/I vector. Orange and blue lines indicate the values in charged and
non-charged regions, respectively. Averaged values are shown in dashed lines.
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Fig. 7.6: Schematic illustration of the definition of structural quantities under discussion. (a),(b): Pb-I distance in
the case of negative and positive charges, respectively. (c): [-nearest I distance in the case of positive charge. The
iodine atom indicated by green circle is the closest one to the iodine atom indicated by red circle, in each snapshot.
(d): Pb—MA distance in the case of negative charge. (e) [-MA distance in the case of positive charge. (f),(g):
Angle of MA cation 6 in the case of negative and positive charges, respectively. p is the C—N vector of the MA
cation, which approximates the electrostatic dipole moment of the MA cation.

7.3.3 Early Stage of Polaron Formation: Disorder and Relaxation Effects

Figure 7.7(a)-7.7(g) show the structural deformation in the early stage (until 100 fs from the
charge injection) of polaron formation; for one-hundred 100-fs trajectories, in other words,
the 100- fs trajectories starting from one-hundred different initial snapshots, the same analyses
as that conducted in the previous subsection were performed and the results were averaged.

These initial snapshots were obtained from the neutral NVE run, which is described in the
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computational details (Subsection 7.2.2). The first initial snapshot was obtained at 500 fs from
the beginning of the NVE run, and the others were subsequently sampled every 100fs. For

example, the Pb—I bond length shown in Figs. 7.7(a) and 7.7(b) has the followings tendencies.

1. Att = 0, that is, the time of the excess negative (positive) charge injection, the Pb—I bond

length in the charged region is larger than that in the non-charged region.

2. The Pb-I bond length in the charged region further increases as the time ¢ passes (while

the Pb—I bond length in the non-charged region does not change significantly).

The former (1) suggests that the excess charge is localized by thermal fluctuation in the struc-
ture; the injected charge localizes in the region where Pb-I bond length is already long. On the
other hand, the latter (2) indicates that the excess charge affects the lattice structure, resulting
in further elongation of Pb—I bonds at # > 0. Similar tendencies are found for the I-nearest I
distance (Fig. 7.7(c)), the Pb(I)-MA distance (Figs. 7.7(d) and 7.7(e)), and the angle of MA
(Figs. 7.7f and 7.7(g)). These results suggest that, in the polaron formation process, the charge
carriers are first localized by the thermal structural fluctuation, and after that, further structural
deformation is caused by the relaxation of the charge carriers. Hereafter, the former (1) effect
and the latter (2) effect are called as disorder effect and relaxation effect, respectively. Note that
this finding, obtained from the QM-MD simulations, is consistent with that of a model Hamilto-
nian study by Zheng and Wang.?¢ In their Hamiltonian, the effects of the rotation of MA cations
and the lattice vibration of the Pbl,~ framework were mimicked by artificial potential fluctua-
tions and the polarization potential was described by screened Coulomb potential. In the Flolich
Hamiltonian, which is commonly used to model the polarons in LHPs,?! the former (thermal
fluctuation) effect is neglected and only the latter (polarization potential) is considered. They
compared the resulting wavefunction and its time evolution with turning on and off each (ther-
mal fluctuation and polarization potential) effect, and concluded that both effects are relevant to

polaron formation.
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Fig. 7.7: Averaged time course changes of (a) Pb-I distance for negative charge, (b) Pb-I distance for positive
charge, (c) I-nearest I distance for positive charge, (d) Pb—MA distance for negative charge, (¢) [-MA distance
for positive charge, (f) angle of MA cations 6 for negative charge, (g) angle of MA cations for positive charge. 6
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charged and non-charged regions, respectively.
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7.3.4 Energetic Contribution for Polaron Formation: Pbl;~ Framework

versus MA Cations

This subsection discusses the importance of each structural part, i.e., the Pbl;,~ framework and
the MA cations, regarding polaron formation, from the energetical viewpoint. Because the
polaron formation was showed to be understood as a process involving two effects, that is,

disorder and relaxation, in what follows, these effects are discussed separately.

Disorder Effect

The stabilization energy of the charge carriers by the disorder effect, E?, is described as

E¢ = (Ecmief(R)> — ESmen (R, (7.3.5)

neutral

where E@°"(R) is the energy of the charge carrier, defined as the total energy of the charged
state with geometry R minus the total energy of the neutral state with the same geometry R. The
average (.. .)qeural 1 taken over the NV E trajectory at neutral state to separate out the relaxation
effect. Ry is the geometry without any thermal fluctuation. Because the model system is initially
constructed as a 4 X 4 x 4 supercell of the optimized unit cell of the tetragonal MAPbI,, here,
this initial supercell structure is defined as Ry. The sample points used to calculate the average
(.. neurras are the same as the initial snapshots obtained as described in the previous subsection
(7.3.3). E? = =235 + 4 and —267 + 5 meV (95% confidence interval) are obtained in case of the
negative and positive charges, respectively.

To separately evaluate the contribution of the Pbl;~ framework and the MA cations for
E“, the atomic decomposition scheme of the total energy in the spirit of the energy density
analysis® was utilized. The first term in the energy expression (Eq. 2.2.1), which corresponds

to the orbital interaction contribution, can be decomposed into the atomic contribution (£ f{“):

Ef =" (HyS),,, (7.3.6)

UEA
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where A and u are the indices of atoms and AOs, respectively. The second term, which arises

from the charge fluctuation, can also be re-written in the atom-decomposed fashion:

Nghelt

1
EfoCC = 5 Z Z AqiAq 1. (7.3.7)

IeA J

Next, the third, spin-polarization term, can be decomposed straightforwardly.

spin 1
EY" = 5 Z paiPar W (7.3.3)
LI'eA

Because the fourth term, E,, only depends on the geometry, it does not contribute to E“.
Therefore, the atomic energy contribution can be evaluated as the sum of E%°, ESCC, and Ezpin.
Tables 7.1 and 7.2 show the contribution of the Pbl,~ framework and MA cations with respect
to each term, indicating that Ef" contribution of the Pbl;~ framework is the largest. This result

implies that the disorder effect is mainly attributed to orbital interaction in the Pbl;~ framework.

Table 7.1: Component of E¢ for negative charge carrier (95% confidence interval).

HO scc spin
EA EA EA

Pbl,~ 102.7+2.1% -259+22% 2.0+0.1%

MA®  3.0+0.4% 182+1.6% 0.0+0.0%

Table 7.2: Component of E¢ for positive charge carrier (95% confidence interval).

HO Nee spin
E A E p E 4

Pbl,” 503+21% 53+26% 14+0.1%

MA® 9.0+£05% 340+19% 0.0+0.0%

Relaxation Effect

For the relaxation effect, the contribution of the Pbl;~ framework and MA cations for the inter-

nal reorganization energy in the Marcus theory,®' which measures the energy variation resulting
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from the structural relaxation in response to the addition or subtraction of an electron, is eval-
uated in the following scheme. The contribution of the atom A (Aw,(¢)) for the reorganization

energy is defined as follows.

R(7)
Awy(t) = f [FS(R) - F4(R)] - dR, (7.3.9)
R(1)

where F4(R) and F}}(R) are the atomic forces acting on the atom A in the charged and neutral
states, respectively, at the geometry R. The integration is performed along an MD trajectory
from ¢, to ¢. Note that the ordinary expression of reorganization energy is obtained by integrating
the RHS of Eq. 7.3.9 from a neutral optimized geometry to a charged optimized geometry and
summing over A. In this sense, Aw,(f) can be considered as the atomic contribution for the
reorganization energy. Here, one can compare Aw, with respect to the Pbl,~ framework and
MA cations, that is, Aw, summed over the Pbl,~ framework and MA cations, respectively. Awy
is calculated with the MD trajectories of the polaron formation process initiated at 7, and run for
100 fs. The obtained Aw is averaged over the 100 trajectories, and the averaged value ((Aw,)) is
shown in Fig. 7.8, which indicates that the contribution from the Pbl,~ framework is dominant,
while that from the MA cations is small. This result suggests that the polaron stabilization by
the relaxation effect is mainly ascribed to the structural deformation of the Pbl;~ frameworks,
and that the contribution of motion of MA cations is not the most important component. To
understand this result, note that the MA cations are composed of much lighter elements than Pb
and I, and thus, the change in dynamics of the MA cations can be pronounced even if the acting

force is small.
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Fig. 7.8: (Aw) of the Pbl;~ framework (magenta) and MA cations (green) in the case of (a) negative and (b)
positive charge carriers. The error bars indicate 95% confidence interval.

7.4 Conclusion

Using the DC-DFTB scheme, the full-QM-level MD simulations were performed for the po-
laron formation process in MAPbI; with 3072 atom supercells. The simulations provided
comparable results with a nanoscale model Hamiltonian study,?® and also gave atomic-scale

information as well as the first-principles studies.?"-?$-3°

The structural dynamics of both Pbl;,~ framework and MA cations were found to involve
the polaron formation process in MAPbI;. For the Pbl,~ framework, elongation of Pb—I bonds
was observed. Particularly in the case of positive polarons, the distances between I atoms and
their nearest-neighbor I atoms decreased. For the MA cations, both translational and rotational
motions were observed. With respect to translational motion, the distance between Pb (I) atom
and the neighboring MA cation increased (decreased) in the case of negative (positive) polaron
formation. The rotational motion was characterized by a change in the angle between the dipole
moment of an MA cation and the corresponding MA—Pb (MA—I) vector. In the case of
negative polaron, the angle decreased, indicating that the dipole moment was directed towards
the Pb atoms, where the excess negative charge was located. On the other hand, in the case of
positive polaron, the angle increased, indicating that the dipole moment reoriented to avoid the

I atoms, on which the excess positive charge was populated.
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In addition, this chapter clarified that the polaron formation process, which is characterized
by the abovementioned structural deformations, underwent two steps. The first step, called
the disorder effect, was the charge localization and its stabilization by thermal motion of the
structure. The second one, called relaxation effect, was the further structural deformation caused
by the injected charge.

For each of these two steps, the energetical contribution of the Pbl,~ framework and MA
cations was evaluated. These analyses were performed with the atomic energy decomposition
scheme and the decomposition of the reorganization energy into the work that each atom does,
for the disorder effect and relaxation effect, respectively. The results suggested that for both
effects, the Pbl;~ framework had the primary contribution, implying that the nature of polarons
in LHPs is, to a significant extent, determined by the inorganic frameworks. This conclusion
can be one possible explanation of the reason why the carrier diffusion length, carrier lifetime,
and electron-hole recombination rate are not significantly dependent on the cation species,®

while the dipolar rotation of MA cations themselves is actually observed in this study.
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Chapter 8

General Conclusion

This thesis described computationally efficient NA-MD methods capable of simulating nonadi-
abatic dynamics in complicated systems, and applications of the methods to challenging real-
world problems.

The methodological development was described in detail in Chapter 3. Based on the TD-
DFTB/FSSH approach, three extended methods were proposed: DC-TD-DFTB/FSSH, SF-
TD-DFTB/FSSH, and DC-SF-TD-DFTB/FSSH. The computational efficiency of the developed
methods extends the capability of the NA-MD approach in two aspects. First, the available size
of model systems is significantly increased such that the nonadiabatic dynamics center, e.g.,
the chromophore, and the environment, e.g., solvent molecules, can be treated on equal foot-
ing. This characteristic enables realistic modeling of the target systems. Second, reduction of
the cost for running each NA-MD trajectory means that one can sample trajectories of larger
number within the same quantity of computational resources. This point is particularly impor-
tant from the perspective of the resolution and credibility of NA-MD results because NA-MD
is a statistical approach to approximate the exact wave-packet dynamics; while the use of the
semiempirical method, i.e., DFTB, may more or less sacrifice the accuracy, it has a significant
advantage in terms of precision. The author hopes that this achievement will produce paradigm
shift in nonadiabatic dynamics studies; the NA-MD approach is no longer a supplementary tool

that provides complementary information to experiments, but can be considered as a class of
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“observation techniques” on the same plane as the spectroscopic methods.

This concept was proven by the practical applications described in Chapters 4—7, where
the developed methods were applied to investigate nonadiabatic dynamics in real, complicated

systems, which have been difficult to be accessed by conventional NA-MD approaches.

Chapters 4 and 5 demonstrated the way the present methods can be used to elucidate the
molecular-structure and environment dependence of the nonradiative relaxation dynamics of
excited molecules. Nonradiative relaxation is of general importance in the energy-conversion
processes associated with the emission or absorption of light, which are key functions of, for
example, light-emitting diodes, solar cells, and light-driven molecular machines. Although the
fundamental physics underlying the functionalities of these materials are simple and conve-
niently understood by “toy models,” such approaches are not always appropriate for practical
material design, where fine tuning of the properties via structural and environmental modifica-
tions is required. The developed methods, which enable to incorporate the details of the systems
into NA-MD simulations, may pave the way to tune the properties computationally. In addi-
tion, material design, that is, finding materials that exhibit the desired properties, is an inverse
problem, which requires trial and error to obtain the appropriate solutions. At present, the most
robust strategy for this class of problems is simply increasing the number of trials, which can be
achieved by the computational efficiency of the proposed methods, whereas informatics-based

approaches may be promising future solutions.

Chapter 6 presented the first coupled structural-electronic dynamics simulations in pho-
toexcited lead iodide perovskite systems, which are of interest in the context of photovoltaic
applications. The results clarified the crucial role of the mutual dependence of the structural
and electronic dynamics, suggesting that the simulations, which were realized by the TD-
DFTB/FSSH approach, are an important step in understanding the photoexcited-state dynamics
of this class of materials. The presented computational scheme and the results may enable a
critical appraisal of conventional theoretical and computational approaches to this class of ma-

terials, where the mutual dependence of electronic and nuclear dynamics is ignored for ease
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of treatment. Finally, in Chapter 7, the DC-DFTB-MD simulations probed nanoscale polarons
in the methylammonium lead iodide perovskite material, which are formed after the series of
nonadiabatic processes studied in Chapter 6. The MD simulations provided complementary in-
formation to the NA-MD calculations in terms of spatial and time scales. The study illustrates
how the combined use of the NA-MD and MD approaches can help unravel the entire picture
of the excited-state dynamics of complicated chemical systems.

Note that this thesis implies some remaining issues. First, at present the applicability of the
DC-based excited-state dynamics methods is limited to local excitations, where the excitation
is localized and its the position can be identified trivially. Hence, a further algorithmic break-
through is needed to cover phenomena involving spatially nonlocal excitations, for example,
the entire process from photoexcitation to the generation of completely dissociated band-edge
carriers in semiconductors. Second, the thesis only focused on the internal conversion among
singlet states. Additional methodological effort is required to extend the methods to discuss
higher spin states and intersystem-crossing-mediated phenomena, e.g., thermally activated de-
layed fluorescence. Third, as the methods proposed and used in this thesis are based on the
DFTB, their performance is limited in principle by that of DFTB. Although the applicability of
DFTB has been extensively examined in recent years, it is, at least in part, an open question.
In particular, heavy-element compounds may be challenging targets. Because the (DC-based)
NA-MD itself is a class of general frameworks in the sense that the computational method for
the electronic part can be chosen arbitrarily, the numerical performance of DFTB in the NA-
MD context is worth comparing with a variety of first-principles or semiempirical electronic
structure methods.

The author believes that the works described in this thesis will help the research community

pioneer the unexplored frontiers of nonadiabatic dynamics.
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Appendices

A Derivation of Analytical Energy Gradient for SF-TD-

DFTB

A.1 Spin-Unrestricted Case

The energy functional G is defined as

G[X,w] = Z XiaAia,jBX jp—w

ia, jb

Z XiuXia — 1] . (A1)
Here, the matrix A is written as
Ajs = FLi01 = Fiidas + K s (A2)

The excitation energy w and the response matrix X are obtained by variational minimization of

G, which leads to the following eigenvalue problem.

AX = wX. (A3)
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The Lagrangian L for the spin-unrestricted case has the following form:

L [X w,C, Z“,ZB,W“,Wﬁ] = G[X, w]

+ Z ZoFG = ) Wo (S5, = )

P=q

- S A - Y W (5% 0.

P=q

As L is variational with respect to the MO coefficients, one obtains

In addition, the following matrix Q is defined.

oG
Qpq = Z 9 Cua
up

7

For convenience in further derivation, the following relations for F* should be noted.

aF;'lS (03 (03 C m
3o, Cug = 6,,F + 6”F + 2Klq s T 2Klq reo
OF' e . m

acﬂi Cug = 2K7q,rs - 2Kf(7,rs’

u
Za;ﬁ = 60 F2 + 6, FC
- acﬂa ug — Yar rq’
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For F?, the spin-inverted counterparts of these equations hold. In addition, the following nota-

tions are introduced, as in Section 3.3.

pq 7s Zq] YIJqJ s (All)
qrs ZZZQL Mmarr qua (A12)

LeA L’eA
K3ois Z a\'mad’y, (A13)
Hgg [V] = Z (ZKICJL] 7s + ZK;nq rs) Vﬁ’ (A14)
HP[V] = Z (2K5, 50— 2K ) Vs, (A15)
Kpg = Z 2K 2 X (A16)

where V is an arbitrary vector.

One can derive explicit forms of Eqs. A5 and A6 by exploiting the relations of Eqs. A7-A10
and the condition of Eq. A3.

In the (P, ¢) = (i, j) case,

1 (04 a

W= s 5 (Q,] + Hj* (2] + H,f [Zﬂ]) (A17)
Qij = —2wT}; -2 Z EXieXje + Hi [T+ HP [T7]. (A18)

In the (p, §) = (i, a) case,
We = Qi+ €Z, + Hy [2°] + H;Y 2], (A19)
Qi = H [T°) + HP [TF] + Z 2X;5 5K, (A20)

In the (p, §) = (a,i) case,
Wi = Qu + 623, (A21)
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Q.i = 0. (A22)

In the (p, ¢) = (a, b) case,
1

W = —— Qu, A23
o= T35 Qo (A23)
Qu = 0. (A24)

In the (p, §) = (i, j) case,

B _ - +B rgpa +a [gpB
WE = - s (05 + H 2] + H; |27]). (A25)
. _ B o o [

0;; = HY [T°] + H; |T°]. (A26)

In the (p, g) = (i,a) case,
WE = O + &aZs + H:P [2°] + Hi" | 2P, (A27)
O = HI" | T°| + HP [T7]. (A28)

In the (p, §) = (a, i) case,
We, = Qa + &2, (A29)
Qi = ) 2X;iK;: (A30)

J
In the (p,§) = (@, b) case,
1
W= ——0y A31
O (A31)
Qup = 20T". +2 Z € XiaX 5. (A32)
k

Thus, W% WA, and Q can be obtained.

By eliminating W from Eqgs. A19 and A21, one can derive the a part of the Z-vector
equation:
(€0 — &) Z, + H (2] + HP [ 2] = = (Qua = Qui). (A33)
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Similarly, by eliminating WZ from Eqgs. A27 and A29, one can derive the S part:
(€ — &) Z + HP (2] + H" | 2] = = (O — Qa) - (A34)

The set of Z-vector equations (Eqs. A33 and A34) can be rewritten as a single matrix equation:

Jaa Jaﬁ 7. | O
= — , (A35)
Jee  JPB |\ 2P U#
where
J2 = (€, — €)6,6a + 2KE, ;, + 2K, (A36)
(l/ﬂ _ C m
= 2K = 2K (A37)
Ba c m
Jia,jb =2K; b 2K, b’ (A38)
B8 _ c m
Ji&,j‘B = (& — ) 03705 + 2Kf{z,]‘l} + 2K?51»J_'5’ (A39)
and
Ug, = Hi [T+ HP [T+ ) 2X Ko, (A40)
b
US = H;* [T°] + B [1°] - Z 2X 7K (A41)
J
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The geometric derivative of the Lagrangian gives the excitation energy gradient:

wo_ i
OR AR
dHO H dH*
_ 07 HY 7
Z( )(P +Pﬁ) Z dR (Puv_PﬁV)
uv
yv
PR
ds ,, AP
+3 Z ( LS e+ /Jvd_li) (mabac + mpdap + mpdpc + mpopp) XXy, (A42)
uvak

where P%ﬁ , Wy, and X, are “AO-based” representations of the relaxed difference density

matrices P/#, the energy-weighted difference density matrix W, and the response matrix X,

respectively:

P = Py (A43)
pPq

PE, = CunPrgcn (A44)
pq

Wi = ) €upWgCog, (A45)
pPq

X,uv = Z CinianEr (A46)

ia

Here, in the spin-unrestricted case, P*/# and W are defined as follows.

P* =T" + Z°, (A47)
PP =T +7F, (A48)
W= W* + WA, (A49)

A.2 Restricted Open-Shell Case

In the restricted open-shell formulation, @-spin and S-spin MOs share common spatial one-

electron functions. According to the occupation numbers, the MOs are grouped into three
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sets: called core (C), open (O), and virt (V), which are doubly occupied, singly occupied, and
unoccupied, respectively, where the total wavefunction is invariant with respect to the orbital
rotation within each group. In this section, distinct indices are used for the core, open, and virt

MOs:

core: i, j, k, [

open: X, y, Z, w

virt: a, b, ¢, d

general MOs: p, g, r, s

The set of MOs is given as the solution of the generalized eigenvalue problem with respect to

the effective Fock matrix F, which is defined as follows in the MO-based representation.

AccF. + BecFY ¥, (ng + Fﬁv) /2
F= Fgc AooF‘éO + BooFgo F ?)v ’ (A50)
(F‘\’,C + F'f,c) /2 Fe, AWFS + By Y

Here, F¢, is the XY (X and Y stand for C, O, or V) block of the MO-based Fock matrix for
the spin 0. Axx and Bxx are arbitrary parameters satisfying Axx + Bxx = 1. The nondiagonal

blocks of F vanish when the MOs satisfy the variational principle. Hence, the Lagrangian L is

defined as!

LIX,0,C.ZW =G X wl+ Y ZOF+ Y ZVF.+ Y ZFie = ) Wy (Sy=6y0).
kz zc ke rs,r<s

(AS51)
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For clarity, the definitions of the energy functional G and unrelaxed difference density matrices

T%/# are rewritten as follows in the context of restricted open-shell.

08V Ce0 08V Ca0
G=>" > XpgApgriXes = w(Z D XpgXpg — 1|, (A52)
qs pr q p
- Z(q)ew XpeXq (p,r)eC®O
T, = , (A53)
0 otherwise
S0 XX, (g.5) €0V
6, = . (A54)
0 otherwise

In addition, as the a- and B-spin MOs are identical under the restricted open-shell formulation,

the relations of Eqs. A7-A10 become

F;J:S‘ a o o
> e = SprF, + 6, F + HO ., (A55)
u

4Kicq,rs (p = l)
2K, s +2Ky,s (p=xAho=a)

HY,, = : (A56)
2[(;%” - 2[(;‘;” (p=xNo=p)
0 (p=a)

Furthermore, the total unrelaxed difference density matrix

T =T"+T (A57)
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the total Z-vector

Z5°%  (p,g) = (i,x)
zZ% (p.q) = (x,a)
Zpy = ’
ZSV (p,g) = (i,a)

0 otherwise

and the following notation
— a B
H) [V1=H, [V]1+H] V],

are defined.

The explicit forms of Eqs. A5 and A6 are obtained as follows.

In the (p, g) = (i, j) case,

OV
Qi = Hj[T1 =2 )" XiyFh X, = 20T},

In the (p, g) = (x,y) case,

W = 5 +16xy (Qxy + HP|2°°| + Hi [2°V] + %H;y [ZCV]),
oV Ca0
Q. = H [T°] + H | TF] -2 Z Xy, +2 Z X, F& X,y + 20TP, - 20T,
In the (p, q) = (a, b) case,
Wap = 1 +1 5 Oub,

Ca0
Ou = 20T +2 Z X,aFC, X .
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In the (p, q) = (i, x) case,

+ CO 8 CV 8
Wic = Qi+ H}, [Z]+Zz Fl+ 222 Fl,

OV

Qi = HY[T] - Z XigFB X s — 20T,

In the (p, g) = (x,i) case,

Wi = Qu+ HP |2 + Hy |2%] + H+ (2] + Z ZCOFF 4 Z 70V Fe

cr’

Ce0 OoaV

Qu =H [T°] + HY [ TF] +2 Z i +2 D XKy
q
$2 Y TUFE+2 ) ToFy+2 Z T FP.
k z

In the (p, g) = (x, a) case,

Wia = Qua + HIE [2°] + HiZ [2°V] + H* e Z ZOFF 4 Z 70V Fe

ca’

OV Ce0O

Q = H+a [Ta] + H+ﬁ Tﬁ + 2 Z qu«qa +2 Z prF;rXVa +2 Z T)(clkFl(clu + szfa'
k

In the (p, ¢) = (a, x) case,

Wea = Qux + Z ZOFL + 5 Z ZVFL

CeO OaV

Qux =2 ) XpuKis +2 Z TS FE..
p
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(A69)

(A70)

(AT1)

(A72)
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In the (p, q) = (i, a) case,

= 0 + CO 8 CV @ B
W,a—Q,a+H,-a[Z]+ZZ P8+ 222 (Fa, + F2). (A74)
OV
Qia = Hiy[T1+2 ) Xy Ko +2 > THFE, (A75)
q k

In the (p, g) = (a,i) case,

Wie = Qui+ ) ZOF5 + Z z8Y (Fg + ), (A76)
Z
Ca0
Ou =2 XKy +2 ) | TLFY, (AT7)
p

From Egs. A66 and A68, the Z-vector equation for the (core, open) part is obtained as

1 (07
Zz: Zl_(ZZOFﬂ Z F Z]Sxo 5 ZC: Zi(c:'Vfo _ Z Z)?CVFL-,-
+ H;ca [ZCO] + H:Cﬁ [ZOV] + lH; [ZCV] = —(Qi— 0.). (A78)

2

In a similar manner, Eqs. A70 and A72 yield the Z-vector equation for the (open, virt) part, that

18,

ZzovF(Y Z FZzZanV Z Fﬁ Zco _ 2 Z Fe, ch
+5 CO +a oV 1 + CV
+ HP|2°°| + Hi2 2%V + SH, 1Z<V] = = (Qu - Qu).- (A79)
Finally, the Z-vector equation for the (core, virt) part is obtained from Eqs. A74 and A76 as
1 1
Z 2 (Fi+ FL) - > S (Fi+ FL) 0 + Z ZEOFP - Z Fezo
k

+ Hl-:, [Z] = - (Qia - Qai) . (A80)
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Eqgs. A78-A80 can be rewritten as

JCO,CO JCO’OV JCO,CV ZCO UCO
JOV,CO JOV,OV JOV,CV ZOV = — UOV , (A8 1)
JCV,CO JCV,OV JCV,CV ZCV UCV

where the orbital Hessian matrix is defined as

TS0 = FlLou — Fide +2K5 , + 2KD,., (A82)
JoN = —Fi5.. +2K5, .. — 2K ., (A83)
UN %Fffcc%k + 2K (A84)
Tl = Flde + 2K5, . = 2K (A85)
Tl = Fob = Fba + 2K5, o+ 2K3, ., (A86)
SO = SR+ 2K (A87)
Tkt = %ngéik + 2K e (A88)
S\ = —%F?;éac + 2K}, .. (A89)
JONEY = % (Fo. + F2.) ou - % (Fi + F7) Ouc + 2K (A90)

The orbital Hessian matrix is found to be symmetric under the condition that the nondiagonal
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blocks of the effective Fock matrix (Eq. A50) vanish. The RHS of Eq. A81 is described as

CeO OaV

USC = HP [T°] + H* [T°] - 2 Z X, K — 2 Z X, K,

OV

~2 ) XigFb Xy =2 ) ToF =2 Z TEFS =2 ) ToF: - 2wTy, (A91)
qs X k

ooV CeO

U = Hy [T°] + H [T + 2 Z X Kya =2 Z X,aKa

Ca0O OV
+2 Z XpoFoXpa +2 ) T4 Fg, =2 Z T8 FE + 20T%, (A92)
k
OV Ca0
Ucy = —H* [T] + Z X, Ko — Z 2K + > ToFy, - Z T FP. (A93)
k

By differentiating the Lagrangian (Eq. A51) with the nuclear coordinates, one can obtain the
same expression for the excitation energy gradient as in the spin-unrestricted case (Eq. A42),
whereas the definitions of relaxed difference density matrices P*/#, which are described as fol-

lows, are different from those in the spin-unrestricted case.

1

P* =T+ 2% + SZ7, (A94)
1

PP=TF +Z% + EZCV. (A95)
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B Details of DFTB Parametrization in Chapter 6

B.1 Overview

In DFTB, the ground-state total energy E is expressed as

Ey=FE,;+ Vrep- (Bl)

Here, E, is the energy component depending on the electronic structure, and Vi, is a repul-
sive potential, which is a function of interatomic distance. The DFTB parameter set consists
of the electronic part and the repulsive part, which are regarding E, and Vy,, respectively.
The electronic and repulsive parts are defined for each element and each element pair, respec-
tively. As summarized in Tables B1 and B2, new parameters were constructed for Pb, I, and
Cs and the related element pairs. For other elements or element pairs, the 30B parameter set>?
was employed. Table B1 also describes the included basis set shells for each element. Note
that the repulsive part is essential only when the interatomic distance is within the bonding
region. Hence, the repulsive potential were omitted for element pairs whose interatomic dis-
tance does not fall within the bonding region. For parameter construction, the ADPT program
was used.* The reference DFT calculations including DFT-MD were performed using the PBE
exchange—correlation functional® and projector augmented-wave method® as implemented in

VASP program package.’'°

Table B1: Electronic part for each element. new and 3OB indicate that the electronic parameter was newly
constructed and that the 30B parameter® was adopted, respectively.

element parameter shells

Pb new S,p
| new S,p
Cs new S
H 30B S
N 30B S,p
C 30B s,p
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Table B2: Repulsive part for each element pair. The labels new and 30B indicate that the repulsive potential
parameter was newly constructed and that the 30B parameter®® was adopted, respectively. @ indicates element
pairs where the repulsive potential was not imposed.

Pb I Cs H N C

Pb| @ new @ @ @ @

I - 30B new 30B 30B 30B
Cs | - - new @ @ @
H | - - -  30B 30B 30B
N | - - - - 30B 30B
C | - - - - - 30B

B.2 Construction of the Electronic Part

The closed-shell DFTB2 Hamiltonian is described as

Nshell

1
H/JV = HSV + ES#V Z (7{1§ + y,&f) Aq{f’ (BZ)
&
where

Sy = (| #v) (B3)
eg u=v

H,Bv: <¢#|T+Veﬂf[pA+pB]|¢y> AiB/\,uiv (B4)
0 otherwise

¢, denotes u-th AO basis function that expands the MOs. v,z depends on the interatomic dis-
tance and the Hubbard parameter (chemical hardness, U) of the atoms to which shells @ and 8
belong. U is calculated as a derivative of the energy level of highest occupied AO in the isolated
atom with respect to its occupation number. eﬁ is the orbital energy of the u-th AO calculated
in the isolated single atom. The calculated values of e/? and U for the atoms whose electronic
part was newly constructed, i.e., Pb, I, and Cs, are listed in Table C1. For other elements,
these values were taken from ref. S8. 7" is the kinetic energy operator with respect to electrons.

Verr [pa + pg] is the Kohn—Sham potential according to the superposition of atomic electron den-
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sities, pa + pp. In this work, V. was calculated using the PBE exchange—correlation potential.
The AO wavefunction, ¢,, is obtained by solving the following Kohn—Sham-like equation for

an isolated atom:

[’f + Ve [pA] + Vconf] ¢/1 = G,u(b/n (B5)

where the confining potential V¢ is imposed to mimic the environment of the atoms in com-
pounds. V.t is optimized in an empirical manner for each element and shell. For Pb, I, and Cs,

the modified Woods—Saxon type confining potential*!! was employed:

/4

Veont(R) = l+exp[-a(R-7r)]

(B6)

where W, a, and r are the parameters to be optimized, and R is the distance from the nucleus.
The parameters for Pb and Cs were optimized to reproduce the band structures of pure metals
calculated with PBE. Regarding I, the parameters were fitted to the set of PBE-calculated band
gaps of CsPbl; with various cell parameters. The optimized parameters are listed in Table C2.
The parameters for the s and p shells are specified by the subscripts s and p, respectively. The
parameters for the calculation of the atomic electron density (p,4) is indicated by the subscript
“den.” Regarding other elements, namely, H, N, and C, the settings of 30B parameter set> was

employed, where the confining potential is expressed as a quadratic form:

2

Veut®) = (%) (B7)

The optimized values of the parameter r are listed in ref. S8. The band gaps of cubic CsPbl,
calculated using DFTB with the optimized parameter are compared in Fig. B1 with the reference
PBE results. The horizontal axis indicates the cell parameter referenced to that relaxed with
PBE. In the PBE-optimized structure, which is indicated by “100” at the horizontal axis, the
DFTB band gap is in excellent agreement with the PBE result. Fig. B1 also shows that the

discrepancy between the DFTB and PBE results are within an acceptable level when the cell
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parameters are expanded or shrunk by 5%, suggesting that the constructed parameter set can

cover the deformed structures in the dynamics simulations.

2.00

1.75 A
1.50 -

eV]

© 1.25 -
© 1.00 -
0.75 -
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band

0.50 -
—%— PBE

0.25 + —x— DFTB
0.00 1 1 1 1 1
96 98 100 102 104

cell length scale [%]

Fig. B1: Calculated band gaps of cubic CsPbl; with DFTB (blue) and PBE (black) on varying the cell length. The
cell length (horizontal axis) is indicated as ratio to the optimized value with PBE.

B.3 Construction of the Repulsive Part

The combined exponential and spline forms of the repulsive potentials, which is a piecewise-

defined function, were employed:

exp [—aid +a] +a; d<d
Vo) =1 ¥7, c(d - d,) dy<d<dyy An<N- (BS)

0 dy<d

Here, the spline order Z is 4 or 3, and d is the distance between the atom A and atom B. d,
di,..., dy are the positions of spline knots, where dy < d; < ... < dy. The parameters a;
(k=1,2,3),¢,(l=1,...,2),and d,,, (m = 1,...,N) are determined in such a way that the function
VAB(d) becomes continuous and smooth at arbitrary d. For the newly constructed repulsive

rep

potentials (Table B2), Z = 4 is used. The constructed [-Pb (Pb-I), I-Cs (Cs-I), and Cs—Cs
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repulsive potential parameters are listed in the Tables C3, C4, and CS5, respectively. For the
element pairs where the 30B parameters were adopted (Table B2), the spline order was set to
3 (Z = 3) following the original literature.>* The optimized cell parameters of cubic CsPbl,,
where the cell parameter is @, and tetragonal MAPbI,, where the cell is an @ X a X 8 cuboid, are
listed in Table B3. Table B3 compares the DFTB and PBE results, revealing that the deviation
is around 1%, which suggests satisfactory agreement. In addition, Fig. B2 shows the VDOS
via Fourier transformation of velocity autocorrelation functions obtained from DFTB-MD runs
(blue), with comparison to the corresponding DFT-MD results (black). The MD simulations
were conducted under the NVE ensemble with a time step of 0.25 fs after thermalization runs
at 298.15 K with velocity rescaling. Fig. B2(a) indicates that the DFTB result was consistent
with the DFT result in the case of CsPbl;. For MAPbI, (Fig. B2(b)), while the intensity of the
DFTB result is somewhat deviated from that of the DFT result, the positions and shape of the
peaks are consistent. Hence, it can be concluded that the constructed parameter set reproduces

the structural dynamics with reasonable quality.

Table B3: Optimized cell parameters with DFTB and PBE.

crystal a/A a/A B/A B/ A
system  (DFTB)  (PBE) 9V (%) dev. (%)

compound (DFTB) (PBE)

CsPbl, cubic 6.4743 6.3977 1.2 - - -
MAPbDI;  tetragonal  9.0073 8.9326 0.8 13.1117  13.1103 0.01

176



m (a) CsPbl, — DFT
= —— DFTB
)
e
5,
(Vp)]
o)
D ] |
> 0 100 200
0 500 1000 1500 2000 2500 3000 3500
frequency [cm™!]
7 (b) MAPDI, — DFT
= —— DFTB
>
e
S
(V)]
o)
= 0 100 200
1 A&I‘ J\JLAA‘ T T ,Sla_jgd_\x T
0 500 1000 1500 2000 2500 3000 3500

frequency [cm™1]

Fig. B2: VDOS of (a) CsPbl; and (b) MAPbI, obtained from DFTB-MD (blue) and DFT-MD (black). Enlarged
views of the low-frequency range are shown in the insets.
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C Tables of DFTB Parameters

C.1 For Chapter 6

Table C1: Calculated AO energy values, € and eg , for s and p shells, respectively, and Hubbard parameters (U, in
Hartree atomic units). The subscripts s and p indicate that the value is regarding s-shell and p-shell, respectively.

Pb 1 Cs
€ -0.44019521 -0.63889433 -0.07666100
eg -0.13254749 -0.26128390 -
U 0.210323662338  0.284106077922  0.120564649351

Table C2: Optimized electronic parameters (in Hartree atomic units except dimensionless quantities).

parameter Pb I Cs
T 4.5159813652382921  4.7328576867979359 7.0652390787826107

as 10.479037924020117  16.226632944172614 6.1164101159663158

Ws 14.578966029615868  19.924746482182726 5.1165651133884182

Tp 4.7393160961205529  5.3930212738958705 -

ap 14.200977710672456  4.7313131571249842 -

Wp 12.804412006327981  7.5979906375433588 -
Tden 5.6718184437141685  5.7860785683446556 8.9467680558691178
Aden 5.0127951382518257  9.1806798848075744 6.8343175057981425
Wden 9.3173909273039293  5.4381510083721301  0.45554964026034445

Table C3: Optimized I-Pb (Pb-I) repulsive parameters (in Hartree atomic units except dimensionless quantities).

ai

a

a3

1.895029E+00

5.867450E+00

-2.454019E-02

d

cl

cl

A

ol

B

0NNk WD~ O

n
4.400000
6.100000
6.300000
6.500000
6.700000
7.000000
7.300000
7.600000
7.900000

5.998730438 165E-02
2.163940000845E-03
2.859845283657E-03
3.231152717956E-03
3.260147889048E-03
2.695987409293E-03
1.214432729776E-03
9.823033650729E-05

1
-1.601820622742E-01
4.192528891709E-03
2.724048483356E-03
9.721227416100E-04
-6.478085443323E-04
-3.327606301654E-03
-5.714533836237E-03
-1.309737820097E-03

2
1.517748332588E-01
-3.452306729325E-03
-4.089438525205E-03
-4.342985295594E-03
-3.827548000079E-03
-5.970997809672E-03
2.377912779242E-03
6.548689100486E-03

-6.080821 739680 1E-02
-6.517026263925E-05
-2.058602390292E-03
1.213446488996E-03
5.046778293849E-04
-5.267899628479E-03
2.382103427051E-02
-1.455264244552E-02

4
8.932801133142E-03
-2.491790159566E-03
4.090061099110E-03
-8.859608245139E-04
-4.810481214887E-03
2.424077824916E-02
-3.197806393003E-02
1.212720203794E-02
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Table C4: Optimized I-Cs (Cs-I) repulsive parameters (in Hartree atomic units except dimensionless quantities).

al

a

a3

5.904081E-01

1.136443E+00

-9.435844E-02

dn

c}‘l

c}‘l

cﬂ

o

Cn

O 01NN W~ OIS

4.000000
4.500000
5.000000
5.500000
6.000000
6.500000
7.000000
7.500000
8.000000
8.500000

0
1.993436555017E-01
1.247991994171E-01
7.201031085266E-02
3.713721549105E-02
1.633950824505E-02
5.775519488781E-03
1.655769212260E-03
3.978046949709E-04
2.786724603045E-05

1
-1.734041003186E-01
-1.260534490325E-01
-8.638204902363E-02
-5.439026669509E-02
-3.008289611621E-02
-1.343646486705E-02
-4.284062869968E-03
-1.398933813818E-03
-2.229379682436E-04

2
5.118959450787E-02
4.351124443361E-02
3.583158164247E-02
2.815197600873E-02
2.045797304488E-02
1.287753729589E-02
5.428377510316E-03
1.521545822532E-03
6.688139047309E-04

3
-5.117972788196E-03
-5.119827310823E-03
-5.119723077367E-03
-5.119751100950E-03
-5.138919517515E-03
-4.968328147809E-03
-4.963884899619E-03
-2.452240174265E-04
-8.917518729745E-04

4
-9.272613132359E-07
5.211672798013E-08
-1.401179155146E-08
-9.584208282441E-06
8.529568485306E-05
2.221624094918E-06
2.359330441096E-03
-3.232639277740E-04
4.458759364873E-04

Table C5: Optimized Cs—Cs repulsive parameters (in Hartree atomic units except dimensionless quantities).

a] a

a3

9.23887

74.9819

-0.00107706

dy

ol

M

ol

o

ol

N WD —=OS

8.70000
8.80000
8.90000
9.05000
9.25000
9.40000
9.60000
10.00000

0
3.456565616244E-03
9.129371295643E-04
5.010950028433E-04
4.984532208385E-04
4.532096991429E-04
5.632680870100E-04
1.436805437167E-04

1
-4.188560129835E-02
-1.188642839859E-02

7.842670805199E-04
-2.216419614575E-03
2.344205433290E-03
-1.566925039320E-03
-1.436805437167E-03

2
1.934877639489E-01
1.065039650487E-01
2.054440153929E-02

-7.394173940541E-03
1.309141594528E-03
-1.249415395730E-02
5.388020389378E-03

3
-2.899459963340E-01
-2.899459963340E-01
-2.831177603955E-01

1.589463138185E-01
-1.299352620349E-01
6.858728180456E-02
-8.980033982296E-03

4
0.000000000000E+00
1.707058984628E-02
7.367734570233E-01
-3.611019698167E-01
3.308709063991E-01
-9.695914473357E-02
5.612521238935E-03
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C.2

For Chapter 7

Table C6: Electronic parameters for Pb (in atomic units).

orbital type a )
s 6.76254  5.60847  4.54346
p 533981  9.14422  4.42425
d 458160 5.96026 4.80418
f 240562  2.83573  5.82248
density 7.01658  5.55764  4.23132

Table C7: Pb-I repulsive potential parameters (in atomic units).

ai

az as

2.067509E+00

5.616456E+00

-7.032404E-03

Ro

€0

C1

€2

3

C4

4.300000
4.609800
4.826300
4.831400
5.622500
5.898700
6.171900
6.572200
6.778900
7.166000
*7.431500

3.082860992619E-02
1.345202267925E-02
7.676232444769E-03
7.585671363570E-03
4.072295874378E-03
3.494087064850E-03
2.569449999077E-03
1.240538476683E-03
7.236369074490E-04
1.611817555858E-04
2.001209625241E-05

-7.827799356081E-02
-3.678065883753E-02
-1.793104068906E-02
-1.758383384233E-02
-1.089048277048E-03
-3.022546521069E-03
-3.515425857717E-03
-2.903436228347E-03
-2.081734329285E-03
-8.928732587616E-04
-2.172276391035E-04

8.092023408549E-02
5.303839964651E-02
3.425313895081E-02
3.382664390428E-02
-3.301260240250E-03
-2.483481779939E-03
5.275477906474E-05
1.706883001333E-03
1.943399762789E-03
1.411649413755E-03
8.842373369206E-04

-3.003160069907E-02
-2.996804302586E-02
-2.787725549823E-02
-2.787373097675E-02
-3.414268133792E-03
5.388148076612E-03
8.008137559991E-04
1.954000503753E-03
-1.191166246519E-03
2.753816102771E-04
-1.599705720345E-03

5.128927793232E-05
2.414304304420E-03
1.727706606781E-04
7.729573645229E-03
7.967429589431E-03
-4.197780308028E-03
7.202015661719E-04
-3.804023645709E-03
9.471375980340E-04
-1.765618955388E-03
1.085282035512E-03

*The last distance range ends at 7.800000 a.u..
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