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Tremendously useful insights for the design and development of nano-scale systems, e.g.
photovoltaics devices, can be gained from studying molecular process and reactions using ab
initio electronic dynamics, i.e. applying methods derived from the time-dependent Schoddinger
equation (TDSE) to describe movement of electrons. This work will examine how we can
optimize and adapt one such method, the time-dependent density functional theory (TD-DFT)
formalism, which has been proven to be efficient and relatively accurate, to complex and large
molecules such as polymeric structures. After the benefits and shortcomings of TD-DFT has be
thoroughly considered, we will present attempts — with varying degrees of success, at augmenting

and mitigating the deficiency of TD-DFT.
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Einstein's theory of relativity does a fantastic job for explaining
big things. Quantum mechanics is fantastic for the other end

of the spectrum — for small things.

Brian Greene

Introduction

Similar to other physical sciences, chemistry is the study of matter and its properties (as well as
interactions with other matter and with energy — but we’ll get to that later). However, chemistry
tends to focus more on reactions and processes that involve the electrons as most, if not all, of a
material’s properties depend heavily on its electronic structure. Unfortunately, the elusive nature
of the electrons often prevents the direct and/or reliable measurement of such properties.
Therefore, in principle, all properties of a given material can be determined IF somehow a
chemist know for the exact electronic structure of such material. Not only could static properties
be readily calculated, simulating how they change under certain condition is as simple as
iteratively updating the electronic structure and configuration of the nuclei.

In 1926, with his celebrated paper,* Edwin Schrodinger not only introduced the wave
mechanics of electrons but also the entire field of ab initio electronic structure theory. In a sense,
decades of research in the field of quantum mechanics since then have been to find approximate

solutions of the non-relativistic time-dependent Schrédinger equation (TDSE) for N electrons



and M nuclei:

H[Y) = E|¥) (1.1)
with
I:I = I:Inucl + I:Ielec (1'2‘)
M M M
A~ 1 N ZAZB
Hnuc1: _ZZMAVA+ZZ RAB (1.3)
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where atomic units have been used.

All chemical systems, regardless of sizes and types, always undergo some sort of process or
reaction, and almost every one these processes is driven by movement of the electrons. Obtaining
an accurate static electronic structure for a system is already challenging task, and much can be
learned from such static “snapshots,” we can never probe the immensely interesting
non-equilibrium dynamics underlying these processes.

Throughout my graduate study career, I have always been interested in using such
approximations of the TDSE such as time-dependent Hartreee-Fock (TDHF) or
time-dependent density-functional theory (TDDFT) to study experimentally relevant molecular
systems, e.g. semiconductor nanocrystals, organovoltaic polymers, peptides, etc.
Computationally, such interests mean dealing with relatively large molecules (20 or more atoms),
going beyond the first-row elements, and working with external driving forces such as
photoexcitation and solvent environments. Thus, a major area of research in my study was
efficient and realistic first-principles modeling of molecular systems.

This work will serve as journal documenting the progress I have made during my research
career. The successes have become published papers,># ¢ while failures are dearly treasured as
invaluable learning opportunities.

In Chapter 2, I will explain in reasonable details the principles and theories I have used,
including Hartree-Fock (HF) approximation, density functional theory (DFT), their
time-dependent equivalence TDHF and TDDFT. Chapter 3 should give readers a glimpse at my



typical research workflow: starting from experimental data, how I would deconstruct the task at
hands into computationally feasible simulations, then combine existing methods and techniques
into as realistic as possible a model for molecular system in questions. Chapter 3 also
demonstrates the type of molecular systems I often work with as well as pays due attention to
resonance photoelectric spectroscopy, a nascent yet powerful experimental technique. Since
most of my calculations are done in the DFT framework, Chapter 4 will address what is regarded
as the crux of DFT: choosing the exchange functionals. The experiment described in Chapter 3 is
an extension of the veteran X-ray absorption spectroscopy (XAS), and in Chapter 4 I will
investigate how well existing DFT functionals can reproduce experimental XAS spectra. Chapter
s will present the highlights of my research on the next step in solving a time-dependent problem:
a proposed numerical solution to the time-evolution with a time-dependent perturbation
component from the environment. And last but not least, Chapter 6 presents my preliminary
efforts in accelerating the propagation of the TDDFT equation using the Chebyshev polynomial
approach.



Protons give an atom its identity, electrons its personality.

Bill Bryson

Ele&ronic Structure of Molecules: the Basics

Similar to other physical sciences, chemistry is the study of matter and its properties (as well as
interactions with other matter and with energy — but we’ll get to that later). However, chemistry
tends to focus more on reactions and processes that involve the electrons as most, if not all, of a
material’s properties depend heavily on its electronic structure. Unfortunately, the elusive nature
of the electrons often prevents the direct and/or reliable measurement of such properties.
Therefore, in principle, all properties of a given material can be determined if somehow a chemist
know the exact electronic structure of such material. Not only could static properties be readily
calculated, simulating how they change under certain condition is as simple as iteratively updating
the electronic structure and configuration of the nuclei. However, solving for the exact electronic
structure for a given system is still a primary crux of quantum chemistry.

In general, the terms “electronic structure” and "electron density” both refers to a set of
probability distribution functions which provide the probability of finding an electron at a certain

point in time and space.



Since the nuclei are heavier than electrons by several orders of magnitude, their movement
consequently happen on a much slower timescale ; thus one can consider the electrons in a
molecule to be moving in the field of fixed nuclei. The nuclei structure can then be depicted as
point charges that are either static or have well defined trajectories. Within this approximation,
the kinetic energy term, the first term of H,is ignored while the nuclear repulsion, the second
term, is considered constant. This is the Born-Oppenheimer approximation. The remaining task
is then dealing with the electronic Hamiltonian.

The first two terms of Hyye., kinetic energy and nuclear-electron attraction, are sums of
single-electron operators and will be collectively denoted as h,, while the last term,

electron-electron interaction, acts on pairs of electrons, hence denoted as h,. From this point

forward:
N N Mo, N N
I:I%I:Ielecz—zzviz—ZZi—i-ZZ; (2.1)
i—1 i=1 A=1 " i=1 j>i y
=D hE) + DD h(E.E) (2.2)
i i i

unless stated otherwise. &; is now a generalized coordinate including both spatial and spin degrees

of freedoms.

2.1 THE HARTREE-FOCK (HF) APPROXIMATION

The HF method is a variational, wave-functioned based, many-body technique in a single-particle
picture, i.e. each electron occupies a single-particle orbital and feels the presence of other
electrons indirectly via an effective potential. Even though the HF method is no longer at the
cutting-edge of electronic structure theory and seldom used, its principles always hold true and
serves as the backbone for higher levels of theory.

HF suggests that a good starting ansatz for the variational wave function V is the direct

product of single-electron orbitals ¢,

Y%, ..., %) = 9,(%),(*) - ¢y(¥n) (2:3)



As the orbitals ¢s are wave functions themselves, they must be orthonormal, i.e

| eie = ale) = @i =5, (2.4)

This is known as the Hartree approximation. Because of the Pauli exclusion principle, the posited
many-electron wave function must also satisfy the anti-symmetry principle, i.e. changing sign

under odd permutations of coordinate variable X;:

—

\I,(D?l,...,Dzim,...,%n,...,Q_C)N) == —‘I’(fc’lr..,ﬁn,...,ﬁm,...,xN) (25)

Dr. John Slater” came up with a better ansatz using a determinant. For a system with N electrons,

the wave function is taken to be:

e, (%) 9,(%) ... ey(x)
Y(Z, ... &) ~ \/;V_' “"(_’“2) SDZ(.’“Z) ")N(.xz (2.6)
¢, (%n) ¢,(%N) P (Xn)

:|mn~~z> (2.7)

where the factor in the front ensures normalization. P; is a operator that generate the i
permutation of the electron labels 1,2, ..., N and p; is the number of interchanges required to
obtain this permutation. Various shorthand notations for Slater determinant are introduced and
will be used when appropriate.

According to the variational principle, the “best” orbital set would minimize the electronic

energy:

(YIH[Y) = (Y] Y W (Z)[0) + (¥ > hy(#,, %,)|¥) (2.8)

m n>m

First, we tackle the one-electron term. Because electrons are indistinguishable, the outcome of



h,(%,) will be identical to , (X, ), h,(Xy), etc; we can just arbitrarily choose the operator for

electron 1 to work with and write the term as:

N!

WS hEIY) =S (Vi (E))

n
N!'  N!

= S [ PRl )0, )+ gl

h(%)Pl9,,(%)9, (%) - on(Ew)} (2:9)
There are 2 types of integrals in eq. (2.9):
(9, (E)I(%)]0, (%)) = Sme (2.10)

) = S (2.11)

R

(¢, (%) e,(

Only when the electrons occupy the same spin orbitals in both permutations will we get a

non-zero result for eq. (2.9), i.e. we only need to keep track of one permutation:

(Y| Z h(%)|¥)

1

(N—1)!

3 P09, oy ) Vi (BP0 (R0, (2) -+ 0y()}  (212)

Electron 1 will occupy each orbital ¢, once, leaving (N — 1)! ways to arrange electrons 2, 3, ..., N.
Thus, among the N! permutations inside the sum, there are N integrals as in eq. (2.10) and
(N — 1)! occurrences of the integral in eq. (2.11), each of which integrates to 1. Equation (2.9)

then becomes:

(¥ Z ]:11<£n)|\1,> =

N
= (m|h,|m) (2.13)



Now we turn to the much, much more complicated two-electron term.

ZZ ‘I’|h Xy %) | ) = ZZ (¥Y|r, | (2.14)

m m>n m m>n

Similar to h,, each of the 7, term will give the same result for any pair of electrons, thus we can

replace it with a single operator r,,* and multiply by the possible number of pairs of electrons:

N N

SO ) = (M) e = ey = MY gy
2 2l(N —2)! 2

m m>n
(2.15)

N N!

=Y ZZ[—l (—0P P (9, (79, () - 9. (&)1}
2 Plle,E)e, ) 0@} (ae)

r,,* involves both electrons 1 and 2 (¢, ande; ). Ife; and e, occupy some arbitrary ¢, and ¢,

orbitals in the bra, i.e:

P{(p, ()9, (%) - 0. (B[} = (- o,(%) g, (%) - |
‘We have two choices for the ket:

- (X (%) - )

Bl ()9,5) 0. ()} = { o)

Let P,, be an operator that interchanges the coordinates of ¢ and ¢, i.e.:

Pl o@)e (%))} = e®)ey (&) ) (2.17)



Using the exchange operator notation, eq. (2.16) becomes:

N N

SN (Hlrly) = ,Z[ (9 (5) 0 (7) -+ 9. () [} 72

m m>n

(1 — B) B{Jg, (79, (%) 0. ()} (2.18)

where we have folded 2 choices of the ket into the (1 — P,,) factor. The negative sign comes from
the antisymmetry nature of Slater determinant, i.e. P, = —P_P,fora given ith permutation.
Similar to the one-electron case, the remaining electrons 3, 4, . . . , N will have to occupy the same
orbitals in the bra as in the ket; and there are (N — 2)! ways to arrange them, giving (N — 2)!
matching (¢, |@, ) = 1terms. Equation (2.16) can then be greatly simplified:

>0 () = S S Ge @ (1 Ba) IR0, R) G

m m>n m  n#m
L N N
= -2 (0. @)e, @ (l9,F)e, (%)) — lo,(%)e, (%))
m  n#m
1 N N
== (mnfmn) — (mn|nm) (2.20)
2
m  n#Em

We have introduced the double-bar integral notation in eq. (2.20); its exact definition is
eq. (2.19).
Putting together eq. (2.13) and eq. (2.20), we obtain the expectation value of the Hamiltonian

for the Slater determinant:

N
E, = (Y[H|Y) = Z (mlh,|m) + ZZ (mn|mn) — (mn|nm) (2.21)
m m  n#m

Notice that we still have no criteria for choosing a set of spin orbitals {¢, } except for
orthonormality. With that being the only constraint, if we systematically vary the {¢, } until the

energy E, reaches minimum. The resulting equations are a set of effective one-particle



eigenfunction and eigenvalue pairs:
(&) [9,, (%)) = &9, (%) (2.22)

where {,,} are energies of the spin orbitals and F is the Fock operator which is a version of

eq. (2.1) for individual spin orbitals:

F(%) = (%) +J(%) — K(x) (2.23)
E) = —iovi =3 2 (224)
LE) = {0, (&), (%) e, (%)) (2.25)
Ki(#) =) (9,(%)9, (%) ]9, (%)) (2.26)

As before, I is the one-electron operator. We have split the two-electron term into the Coulomb
operator ] and the exchange operator K.

The most common approach to solving eq. (2.22) is to further expand { ¢, } into linear
combinations of atomic orbitals (LCAQO), which themselves are composed of finite basis sets.
Essentially, the spatial component of the spin orbitals are expanded as a set of M atomic orbital

(AO) basis functions {y u(x;) }:

M
8= D Cunt, (%) (2.27)
u

{C,u} are known as molecular orbital (MO) coefficients and will play a key role later on.
Choosing an appropriate basis set for a given system is a non-trivial problem as most properties of
the system vary significantly depending on the choice of basis sets, and there are a multitude to
choose from. However, even if we manage to use a complete orbital basis set, the energy term
obtained from eq. (2.21), i.e. the HF total energy, is only an approximation of the true total

electronic energy. This is because the single-particle orbital picture of HF essentially allows each

10



electron to move freely against an average electron charge distribution. However, electrons repel
and must avoid each other, e.g. the presence and movement of an electron in dynamically
influenced by other nearby electrons — their movements have to be correlated. In other words, a
HF wavefunction overestimates the probability of finding two electrons close together, which in
turn causes the aforementioned discrepancy in total energy. This energy error is appropriately
called the total correlation energy. HF is thus usually known as an “uncorrelated” model, in
contrast to correlated ones such as Configuration Interaction or Coupled Cluster. When one
needs to work with large systems like metal-ligand complexes, polymers or quantum dots,

extremely high computational cost precludes the use of most correlated models, except for one:

2.2 DENsITY FUNCTIONAL THEORY (DFT)

DEFT is often considered the least computational intensive correlated model. In 1927, Thomas
and Fermi made the first attempts to use the electron density as a fundamental quantity for
calculating properties of a system. Their basic idea was replacing the complicated many-electron
wavefunction of 3N variables (where N is the number of electrons in the system) with the much
simpler 3-variable electron density p(7). The electron density is a probability distribution that
gives the chance of finding an electron in a particular region of space. Even in Hartree Fock
theory, the electron density is the primary quantity of interest. Formal justification for DFT are
warranted by Hohenberg-Kohn theorems,® upon which Kohn and Sham® developed the practical

implementation of DFT for real systems.

2.2.1 HOHENBERG-KOHN THEOREMS

The first Hohenberg-Kohn theorem states that the external potential v.,(7), and consequently the
total energy of a system, is a unique functional of the total charge density p(¥). Conversely, a
single charge density function cannot produce two different ground state energies, and therefore

uniquely determines the Hamiltonian operator and the ground state energy:

Eo(p(7)) = (Y[H|Y) (2.28)

11



Recall that the Hamiltonian consists of the kinetic energy T, the electron-electron interaction
potential V... The charge density thus also uniquely determine the kinetic energy and interaction
potential, i.e. T( p(¥)) and Vee (p(¥)) for any number of particles and any external potential. Such a
remarkable statement can in fact be straightforwardly proved using reductio ad absurdum:

If the theorem wasn't true, there would exist two external potentials vey (7) and v/, (¥) that give
rise to the same ground state density p_(7), which in turn result in two disctinct Halmiltonian H
and H'. Thus, the associated ground state wavefunctions ¥ and ¥’, and the ground state energies

E, and E] would also be different. Using the variational principle, we have:

B, = (Y{HY) < (¥)fY)
< P + v — i ()
Bt [ [l @] 7 (-29)
E, = (VI Y) < (¥]i]¥)
< Y+ ()~ ren(F)19)

<E,+ / () — vex(P)] po(P)F (2.30)

= E,+E, <E,+E, (2.31)

Equation (2.31), obtained by adding eq. (2.29) and eq. (2.30), is contradicting statement,
therefore there must only be one and only one external potential functional for a given ground
state charge density.

The second Hohenberg-Kohn theorem says that functional which maps charge densities to
energies yields the lowest energy if and only if the ground state density is used. This theorem can
also be trivially proved using the variational principle. It follows from the first theorem that a
given candidate charge density p’ would have its own Hamiltonian H’ and wavefunction ¥'. We

can then use this candidate ¥’ as the trial wavefunction for the true Hamiltonian

12



~

H: T"’V +vext(?)

(V|H[Y) = / D]+ Vaelp' ()] + ve(P)p! ()7
— E[¢/(7)] > (YIEY) = Ep(7) (2.32)

Note that these two theorems only tell us that a functional exists which maps the ground state
charge density to the ground state energy of a system — they do not provide any guidance on how

to find such functional.

2.2.2 THE KOHM-SHAM APPROACH

If the Hohenberg-Kohn theorems assure us of DFT’s validity, the Kohn-Sham approach tells us
how to actually apply DFT to electronic structure. Kohn and Sham?® were the first to realize that
earlier attempts to use functionals to map charge densities onto energies failed mostly because
they had not been able to accurately capture the contribution from the kinetic energy term.
Recall that Hartree Fock Approach was capable of calculating the kinetic energy of the
noninteracting electrons exactly. Therefore, Kohm and Sham proposed a hybrid method where
the starting “trial” charge density , whose orbitals are used to compute the kinetic energy
contribution as rigorously as possible; then use functionals to deal with the unknown exchange
and correlation effects in the real system.

Adapting directly from HF theory, the corresponding ground state wavefunction is given by a

determinant of non-interacting single-electron orbitals { ¢ }:

‘I’Ks =

\/;\T_! det [‘Pl(m%(’_’;) e ‘PN(FN>] (2.33)

Notably, the density of this non-interacting system is exactly the same as the density for the real

system:

prs(P) = Z o9, = p(7) (2.34)

13



Then, the Hamiltonian is partitioned into three terms:

~ ~ A

Hp()] = Tlp()] + Veelp(7)] = Tislp(7)] + Jp(7)] + Exc[p(7)] (2.35)

where the first two terms, which constitute the majority of the energy, are simply the kinetic and

Coulomb exchange energy terms from HF:

N

Teslp(@] = —= > (¥ V2|y,) (2.36)

o] =+ [ [ P (237

The third and much-smaller term is the difference between energies of the non-interacting system

and the real one, and is called the exchange-correlation energy:

~ A

Eulp(®) = (Tl — Tlp(®]) + (VeloP)] ~ J1p(7)) (238)

The total energy of the real interacting system is:

E.[p(#)] = / v ()7 + Tis[p @] + o) + Buclp(P)] (2.39)

Consequently, ground state energy can be obtained by varying the single-particles orbitals of the
Kohn-Sham wavefunction, analogous to the HF’s SCF procedure, except the one-particle Fock

operator has been replaced by the one-particle Kohn-Sham operator:

j:KS = _ivz + / PirZ) d’_}z + Vext(ﬁ) + ch(?l) (2'40)
. 0
ch(r1) = —Exc[P(?)] (2.41)

9p(r)

IfE,. [p(7)] is explicitly known, the true energy of this interacting system can be computed exactly.
Unfortunately in practice, only approximate functionals are available and currently no procedure
exists to systematically improve their accuracy. Although the contribution of E,. to a system’s

total energy is relatively small, its impact on other properties is quite dramatic and thus cannot be

14



ignored, as demonstrated in Chapter 4.

2.3 TIME-DEPENDENT HARTREE-FOCK/DENSITY FUNCTIONAL THEORY

The quantum mechanical treatment of any molecular process first starts with finding the initial
time-independent wavefunction to represent the system involved. Assuming this initial
wavefunction has been solved self-consistently to obtain the ground-state electronic
wavefunction, the system by itself would remain in such ground state indefinitely. The system
would only change in response to an external perturbation such as a laser or electric field, which
can be described as a time-dependent potential in the Hamiltonian. The direct approach to
calculate how the system behaves is to solve the time-dependent Schrédinger equation (TDSE).
Nevertheless, the exact solution of the full TDSE is prohibitively expensive and only applicable
for small systems. The time-dependent Hartree-Fock (TDHF), first proposed by Dirac in 1939, is
a much more manageable approximation to the TDSE. Analogous to the time-independent
counterpart, TDHF assumes that an N-electron system can always be represented by a single

Slater determinant composed of N time-dependent single-particle orthonormal orbitals

{o(7,t)}:

1

\I/(t) = \/ﬁ det [‘Pl(?l’ t)‘Pz(?zv t) T (F’N(?N? t)] (2-42)

Apply the Dirac-Frenkel time-dependent variational principle to this approximate wavefunction:
0.
<3‘I’|15 — Hy|Y) =o (2.43)
t
And we obtain the TDHF equation:

i 1) = () Ip) (244)

Taking the complex conjugate of the above equation, we have:

2 (g = (gl B (245

15



where we have taken advantaged of the fact that F(¢) is Hermitian. The one-particle density

operator is defined as:
occ

= Z l9,) (o] (2.46)

Combining eq. (2.44) and eq. (2.46), we can easily obtain:

2T () = B(OT () — () = [F(t), r(t)] (2.47)

If we expand the molecular orbitals into a set of M time-independent atomic orbital basis {|1) } :

lp) = Cul®) |A) (2.48)

The density matrix P in that same AO basis has elements of the form:

P)Lo‘ Z C?Lt (2’49)

eq. (2.46) could then be expressed as:

L) =27, Cu(C(b) (2.50)
=3 1.Pu(t) 2) (d] (2.51)

Substituting section 2.3 above into eq. (2.47), we have:
0 . .
iy ;P8 1) (ol = Y EOP(t) ) (o] = Y Paclt) [3) (ol F(1) (2.52)
Ao Ao Ao

Multiplying the above equation by (y| from the left and |v) from the right, we get:

0
ia—tpw(t)_;wp 1) Py, (¢) ZPW (o] E(t) |») (2.53)
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We can immediately recognize that (u| F(t) |1) is an element of the Fock matrix, F,; in the AO

basis,; and rewrite eq. (2.53) as:

_PM' Z Fylplv Z Pycr m/ (2'54)

0

Since atomic basis functions are typically not orthonormal, i.e. the overlap matrix § = (u|2) is
not the identity, we need to transform our density and Fock matrices into an orthonormal basis

by a transformation matrix V:
P = vpV’ F =V 'FVv (2.55)

using either Lowdin (V = $'/2) or Cholesky (VI'V = §) transformation. Once converted to this
orthonormal basis, the time propagation of the density matrix is governed by the TDHF

equation:

i(%P(t) = [F'(t),P'(t)] (2.56)

The TDDFT has the same form as the TDHF equation in eq. (2.56), except that the HF exchange
potential has been replaced by the xc potential.

Several methods exist to integrate and solve the TDHF equation as shown in eq. (2.56):
4™-order Runge-Kutta, unitary exponential midpoint, high-order Magus.*® Our implementation
of the TDHEF utilized a version of the unitary exponential midpoint method called the modified
midpoint and unitary transformation (MMUT).*"** Midpoint here refers to the computation of
the Fock matrix at the midpoint of the time step, hence any linear change in the density matrix
would be accounted for. If P’ is evolved over a time step Af small enough so that F' can be

assumed to remain constant, the formal solution for eq. (2.56) can be expressed as:

P'(t + At) = U(2A1)P'(t)
= exp (—i[F'(t) P/(t)]zAt) -P'(t) (2.57)
= exp (—iF'( )2At) P'(t) - exp ( ‘(¢ )2At) (2.58)

where we have introduced the time-evolution operator U(t) = exp (—iF'(t)zAt) and applied the
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Baker-Campbell-Hausdorff formula e"1Y = ¢XYe ™ to eq. (6.2) and obtained eq. (6.3) as our
principle working equation. U(t) can then be constructed from the eigenvectors of the Fock

matrix:

U(t) = C(t) exp [—izAte(t)] Ci(t) (2.59)
e(t) = C'(t) - F'(t) - C(t) (2.60)
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In relativity, movement is continuous, causally determinate
and well defined, while in quantum mechanics it is discontin-

uous, not causally determinate and not well defined.

David Bohm

Motivation: Resonant Photoelectric Spectroscopy

3.1 BACKGROUND

Of immense interest in quantum chemistry is the group of processes conjointly known as
electron or charge transfer (ET or CT). CT is a prototypical process in nature,"? the driving
mechanism behind a multitude of phenomena, ranging from the colors of gemstones or pigments
to photosynthesis and displays in electronic devices. Realistically, a major subset of CT processes
only involve the electrons and occur on the femtosecond timescale. These processes are ideal
candidates for electronic structure theory, since certain approximations, e.g. Born-Oppenheimer,
are only valid at this timescale, thus significantly alleviate the efforts to model these ultrafast
processes without a consequential decrease in accuracy. And last but not least, due to its direct
photovoltaic applications, ultrafast photoinduced CT has been propelled into the limelight of
recent energy and semiconductor research.'# % 617:18:19:20,21 However, the ultra-fast nature of

these processes also make them quite challenging to study experimentally. Resonance
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photoemission spectroscopy (RPES) is among the few techniques that can directly probe
ultrafast CT.

Resonant Auger is an extension of near-edge X-ray absorption fine structure (NEXAFS) and
possesses the same chemical and site specificity.***3 Resonant Auger spectroscopy is an
excitation-decay technique, where the core-hole lifetime serves as a delay (on the order of a few
femtoseconds for 1s of carbon, nitrogen and oxygen) during which the system relaxes. Provided
that the involved core orbitals have sufficient spatial overlap with the LUMO, the lowest energy
resonance in the NEXAFS maintains some analogy to an optical bandgap excitation for the
electron, with the notable exception that a localized atomic core hole is produced rather than a
delocalized valence hole. By evaluating the energy and intensity of the core-hole decay products,
resonant Auger spectroscopy can thus be used to probe the electronic structure of this excitation,

without the complexities of pump-probe techniques.

Photoemission

72,

-

Resonant Excitation

Ground State Photoemission
(Constant BE) Y
ValenceH T Incident +
— X-rays g
.o Part|C|pat0r
core . %‘ (Constant BE)
Core lonization )
_ I
%\H e +
o >
.4 + Spectator
*-—e- (Constant KE)
Auger Emission
(Constant KE)

Figure 3.1.1: Decay pathways for different types of X-ray excitations. Auger and spectator pathways emit electrons
at constant kinetic energy (KE), while photoemission and participator pathways emit at constant binding energy
(BE). Green represents the photo-excited electron and purple arrows represent Auger processes

Figure 3.1.1 shows the decay paths that appear in the photoemission spectrum for resonant
and non-resonant excitations. For resonant excitations (fig. 3.1.1’s right panel), the excited

electron can either participate in the Auger decay process (participator decay) or spectate the
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Auger decay process (spectator decay). The presence of the spectator electron in the spectator
Auger decay will shift the final state energy relative to the non-resonant Auger pathway, which is
reflected experimentally as a shift in the kinetic energy of the outgoing Auger electron (spectator
shift). The spectator shift is mainly associated with the screening of the double-hole Auger final
state by the excited electron and therefore provides a qualitative measure of the spatial overlap of
the excited state wavefunction with the excited atom. Initial inspection suggested that our RT
TD-DEFT approach should be able to capture the activity of the spectator electron and verify the

spectator shift inferred experimentally.

3.2  METHODOLOGY

We chose two donor/acceptor-type polymers with which to examine LUMO structure:
poly[2,1,3-benzothiadiazole-4,7-diyl[ 4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-
b’]dithiophene-2,6-diyl] ] (PCPDTBT, fig. 3.2.1a) and

poly[ [9-(1-octylnonyl)-gH-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-
diyl-2,5-thiophenediyl] (PCDTBT, fig. 3.2.1b). We chose these materials because both polymers
belong to the newer generation of materials being used in organic photovoltaics. They both have
alternating electron-donating (dithiophene or carbazole for PCPDBT and PCDTBT,
respectively) and electron-accepting (benzothiadiazole) units along the polymer backbone, and
are known to make efficient organic photovoltaic devices.***5 The internal quantum efficiency
(IQE) for PCDTBT devices has been reported to be nearly 100%,>* while the IQE for PCPDTBT
devices is more typically 70%.*® In spite of having such similar structures, PCDTBT and
PCPDTBT display such distinct charge transfer characteristics, making them prime candidates to
be compared via resonant Auger spectroscopy.

Since studying a full thin-film polymer is not yet computationally feasible, we approximate the
alkyl chains with methyl groups and first focused on the singly and doubly-repeat units, i.e.
“monomer” and “dimer” representation of these polymers. DFT is then used to optimize the
polymers for ground state structures and energies. Furthermore, Mulliken population analysis is
employed to screen for potential donor-acceptor MOs for the first resonant excitation. Al DFT

calculations were performed using the B3 LYP exchange correlation functional®”>®* and

21



(a) PCPDTBT (b) PCDTBT

Figure 3.2.1: Molecular structure of polymers

6-31G(d) basis set with the development version of the GAUSSIAN software suite.?°

3.2.1 FirsT TriaL: RT TD-DFT

For the both polymers, the core donor candidates are immediately identifiable as the only MOs
with virtually degenerate energies and electron density completely localized on the N atoms to
either side of the S atoms in the repeat unit (see the “hole” orbitals plotted on the optimized
geometry of the monomers in fig. 3.2.3). However, several candidates exist for the acceptor MOs:
not only does the LUMO but several orbitals directly following the LUMO also have electron
density delocalized over the benzothiadiazole unit, in which also lie the N atoms whose core 1s
electron would be excited. To simulate this initial excitation, we would promote the electron from
one of the core 1s orbitals to another unoccupied orbital. In both units, we choose the LUMO as
the accepting MOs since it has the most contribution from the N atoms’ atomic orbitals (= 30%).
Since the energy gap between the core 1s orbitals and most of the low-lying unoccupied ones is so
large (380-390 €V), having higher spatial overlap is likely to indicate higher correlation between
two MOs. So, at time ¢t = o, starting from the optimized ground state geometry, we prepare the
initial resonant excited state by promoting the core 1s electron of the N atom to LUMO, then let
the resulted coherent wave packet propagate and evolve in time via RT TD-DFT. To analyze the

electronic dynamics, the time-dependent density is projected on the ground state orbital space:

m(t;) = C(0)P(t;)Ci(o) (3.1)
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where Cy(0) is the k™ eigenvector of the initial (t = 0) Kohn-Sham matrix.* Section 3.2.1 shows
the time-evolution of the photoexcited LUMO electron and core hole in the PDPCTBT
monomer. The expected lifetime of the core hole is less than 6 fs, while the charge transfer of the
excited electron should happenin 1 - 3 fs. What we observed in the simulation was quite
contradictory: the core hole remained perfectly stable up until 30 fs while the excited electron
oscillated perpetually between the LUMO and LUMO+1 orbitals. The excessive energy only
causes the HOMO electron to dissipate slowly — there is absolutely interaction between the core
hole and the HOMO electron, or any other electron for that matter, as expected of the spectator
process. We also attempted another simulation by promoting the core 1s electron to the
LUMO+3 section 3.2.1 orbital due to its having the second highest contribution from the N’s
AOs but the result is largely the same: the excited electron also oscillates, albeit at a lower
frequency, to an unoccupied MO much higher in energy while the core hole remains stable. To be
thorough, simulations with core 1s to LUMO+1 and LUMO+2 swap were also carried out but to

no avail. It appears RT TD-DFT is unable to capture the spectator shift phenomenon.

3.2.2 SECOND TRriaL: ES LR TD-DFT

Still determined to understand the electronic characteristics for each polymer, we resorted to the
energy-specific linear response (ES LR) formalisms of TD-DFT?* where excited states are
generated by vertical excitations from the core orbitals (1s) of the N atoms in each PCPDTBT
and PCDTBT molecule (see next chapter for a brief overview of ES LR TD-DFT). The results
from ES LR TD-DEFT calculations for both polymer are compared against the experimental N
K-edge NEXAFS spectrum in fig. 3.2.3. At first glance, it seems the first X-ray resonance for both
PCPDTBT and PCDTBT is best described as a linear combination of multiple single-electron
excitations, weighted by their respective oscillator strengths. The LUMO of PCDTBT has similar
overlap with the N atoms in the benzothiadiazole unit when compared with PCPDTBT.
Subsequent frequency calculations were performed to verify the minima of the potential energy
surface. As aforementioned, the acceptor MOs are spread out over several atoms, including the
same N atom from which the 1s electron is excited. Thus the Mulliken population density
localized at the N atom site resolved from the excited state wavefunction is a reasonable

approximation of the spatial overlap between the wavefunction and excited N atom. To better
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visualize and interpret the excited state corresponding to the first resonance in the experimental
NEXAFS spectra, we utilize natural transition orbitals (NTOs),** which succinctly describe the
electronic transitions in terms of an expansion into single-particle orbitals (electron and hole).
The eigenvalues (1) obtained from diagonalizing the single-particle transition density matrix
reflect the contribution of the associated single particle-hole excitations to the NTO; typically
this value is 98 — 99%, indicating a single particle-hole transition dominates the excitation as
expected. The measured spectator shift for the first resonance of PCDTBT (1.6 £ 0.3 €V) is
within the range of values predicted by our TD-DFT calculations and the final-state effect
screening model (1.2 — 1.6 eV). The spectator shift is identical to that exhibited by PCPDTBT
(1.6 & 0.4 €V), which matched the predicted value of 1.8 — 1.9 €V. Using this experimental
technique, we have confirmed the similarities in the excited states of PCPDTBT and PCDTBT

predicted by theoretical calculations.

3.3 DiscussioN

N 1s X-ray absorption spectra (XAS) were calculated for PCDTBT and PCPDTBT using ES LR
TD-DFT and showed good agreement with the experimental NEXAFS spectra. The more
interesting question is why RT TD-DFT failed to describe the spectator shifts. We can only make
a few educated guesses as follow. The relaxation of the spectator electron might actually involve
two electrons explicitly, so the single-particle framework of DFT could not directly describe it.
Short of switching to a higher and more expensive level of theory such as Configuration
Interaction, little else can be done.

There are lower hanging fruits, however, such as changing the basis set and exchange
functionals. We did explore the use of the cc-pVDZ basis, which contains an additional set of
atomic orbitals for core levels. We found little improvement over 6-31G(d) to justify the increase
in computing time. However, since XAS probes core electron excitations, flexible basis sets with a
reasonable number of core functions, such as the cc-pCVTZ basis set, could potentially improve
the description of core orbital relaxation upon excitation.

We also repeated the ES LR TD-DFT calcutions for the single repeat unit of both polymers

using the BHandHLYP functional. The obtained spectra shown in section 3.3 not only are less
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red-shifted than those using B3LYP but the major peaks also match up better with experimental

data. Last but not least, experimentally these polymers are thin-film submerged
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In relativity, movement is continuous, causally determinate
and well defined, while in quantum mechanics it is discontin-

uous, not causally determinate and not well defined.

David Bohm

The Impact of Functionals in DFT Calculations

As alluded to earlier, before making any attempt at improving TD-DFT in studying ultrafast CT
processes, we need to address the colloquial “elephant in the room”: the arbitrary nature of
choosing a density functional in any DFT calculation.

As mentioned above, the RPES technique studied in Chapter 3 is an extension of NEXAFS,
which is particularly effective at elucidating structural information for individual atoms, by virtue
of their high sensitivity to oxidation state, local geometry, bonding characteristics, and especially
the ability to probe unoccupied electronic states. Such knowledge is integral to a solid
understanding of its macroscopic and microscopic behaviors.?»3+353¢ XAS in general studies
transitions of core electrons into bound or continuum states as excited by absorption of X-ray
photons. The resulted absorption spectra consist of pronounced fine features with sharp edges
similar to fig. 4.0.1, grouped and labeled according to which core orbital the electrons come from;
e.g K-edge, L,-edge, L,-edge for 1s, 2p, /,, 2p, , electrons, respectively.** Each of these fine

structures are divided into two regions: the narrow and intense peaks within 30-50 eV before (the
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Pre-Edge) and after the absorption edge constitute the Near Edge X-ray Absorption Fine
Structure (NEXAFS) or X-ray Absorption Near Edge Structure (XANES) region and correspond
to the excitations of a core electron to give a bound state below the ionization continuum. This
region is easier to measure, provides information about the unoccupied orbitals and bonding
chemistry of the donating atom. At higher energy are weak oscillations which correspond to
Extended X-ray Absorption Fine Structure (EXAFS) and arise from excitation to states above the
ionization continuum and subsequent scattering of the photoelectron by its environment.
Typically, EXAFS region is used with metal-containing system to determine metal-ligand bond
distances and coordination numbers, while the NEXAFS/XANES region is used to obtain
electronic structure information about a given species, i.e. a simple “fingerprint” to identify its

presence.

Figure 4.0.1: Sample XAS Spectrum*
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Given its widespread significance applicability, we would like to formally calibrate the
performance of TDDFT method for modeling NEXAFS with an emphasis on the dependence on
density functionals and basis sets. We will examine the different levels of theory to better
characterize the ability of standard density functionals to model NEXAFS. We calculate the
K-edge spectra of carbon, nitrogen, and oxygen and compare our results to available experimental
data. This will provide a dependable benchmark for TDDFT and highlight its utility for modeling

core excitations of light elements.

30



4.1  METHODOLOGY

In this study,® we utilized the linear response TDDFT approach, in which the excitation energies

w are obtained as solutions to the non-Hermitian eigenvalue equation:
A B X 1 o X
=w (4.1)
B A Y o —1 Y

with the matrices A & B are given by:
Aiajy = 88 (ea — &) + (ialjb) — (iblja) — a(iblja) + (ialfc|jb) (42)
Biaju = (ialjb) — a (ijlba) + (ialf.c|bj) (43)

We can calculate the first order electron density responses X and Y by solving the above system of
linear equations. In the two-electron integral terms, occupied and virtual molecular orbitals
(MO) are indexed by i, j and a, b respectively. The scaling factor a in front of the HF exchange
integral has value between o and 1 for hybrid DFT while becoming zero for pure kernels. The

response of the exchange-correlation (xc) kernel is given as:

g i) = [ [ 6100005 o) dr (44

Solving the system of linear equations as shown in eq. (4.1) yields the first order electron density
responses X and Y. For real orbitals, eq. (4.1) can be dimensionally reduced in half to a Hermitian

eigenvalue problem:

(A—B)"*(A+ B)(A — B)*T = &’T (4.5)
T=(A—-B)*(X+Y) (4.6)

Since A and B include all transitions between occupied and unoccupied orbitals, technically,
LR-TDDEFT can readily be used to study high-energy excitation such as those observed with
NEXAFS. However, every single excited state before those high-energy ones of interest must also

be solved. The size of these two matrices is roughly (No: X Nynoe)?, where Ny and Ny are
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numbers of occupied and unoccupied MOs, so such a catch-all approach can become too
computationally expensive, even for low-Z systems. We have previously introduced an
energy-specific approach to LR-TDDFT (ES LR-TDDFT),** which selectively solves for
solutions to the LR-TDDFT equations above a predefined energy threshold while maintaining
the orthogonality between excited states and the ground state. This is done by constructing and
expanding a fixed number of trial vectors above the energy threshold to be used during simple yet
effective Davidson-like diagonalizations.

The procedure is summarized as following. Let’s say we need to find M excited states with
energies above w,. We first project (A + B) and (A — B) onto a subspace of trial vectors
C = {b,, ..., b;} generated by sampling the Koopmans’ MO transitions. | = 4M trial vectors are
generated during the first step.

M* = C’(A+B)C (4.7)
M =C'(A-B)C (4.8)
M= (M)/*(M")(M)? (4.9)

then diagonalize M to get the eigenvalues w) & eigenvectors MT. The predefined requirement for
excitation energy wy = {@;|@; > w, } will help us narrow down the choices of the qualifying
candidates and their associated T}, as well as generate the transition densities and transform
them from this reduced space into approximate solutions in the full MO space (denoted by the

prime notation):

Wiy = By (4.10)
(X +Y)y=CX+Y)y (4.11)
(X' = Y)u=CX-Y)y (4.12)

When errors of these approximate solutions, which is the norm of the residual vectors:
WE = (A+B)(X + YY)y — 0y (X —Y)y (4.13)
WE = (A—B)(X' — Yy — w0 (X +Y)y (4.14)
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are below 10~ au, the associated exicited states are considered converged. We can then construct

new set of vectors for unconverged states, add them to C:
LR / —1garlR
Qi = (wy — Ae) "Wy (4.15)

And restart from eq. (4.7) until we have obtained M converged states. Because convergence is
tested in the full MO space, the solutions of the ES-TDDFT methods are exact within the
TDDFT framework.

4.2 RESULTS & DISCUSSION

A total of 30 K- edge transitions for carbon, nitrogen, and oxygen (CO, CH,0, C,H » N, NH,,
NO, ) were calculated using ES-TDDFT with different functional and basis set combinations.
Three family of electron basis sets were used: Pople 6-311+G(d,p),>”3® Ahlrichs
def2-TZVPD,3 4> 4>4* and Dunning aug-pV'TZ.#>** In order to investigate the effect of core
basis functions and diffuse functions, the singly and doubly augmented cc-pCVTZ basis sets have
also been included.*"#S Ground-state structures were optimized with the B3LYP functional and
the def2-TZVP basis set. In order to investigate the effect of core basis functions and diffuse
functions, the single and doubly augmented cc-pCV'TZ basis have also been used. The commonly
available functionals: BHandHLYP,*” B3LYP,*®+° PBE1PBE,* 5! and BP86;5* 53 and two
range-separated functionals: HSE06%+ 3556 and LC-wPBES” have been included in this study.
Comparisons are made based on various types of errors as listed in tables 4.2.1 and 4.2.2. There
are two group of error terms: absolute and shited. Because of inherent problems with DFT and
the neglect of relativistic effects, DeBeer George et al.’® have proposed that relative transition
energies are more chemically relevant quantities than absolute transition energies when modeling
core excitations. Therefore, we also apply a uniform shift to the calculated spectrum such that the
lowest energy peak perfectly matches the experimental value, as is done in other studies.s* *¢*
The shifted errors are then calculated for the remaining transitions. All calculations were carried
out using a development version of Gaussian®® and compared with experimental results obtained
from either gaseous XAS or inner-shell EELS.%% 4 65,66:67,68,69

Table 4.2.1 shows the error analysis of predicted K-edge spectra with the ES LR TD-DFT
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method. When absolute errors are considered, functionals with a larger percentage of HF
exchange result in transition energies much closer to experimental values. This is consistent with
trends seen in previous studies.’” 7> BHandHLYP has 50% HF exchange (the largest percentage
of HF exchange among all DFT kernels considered here) and consistently outperforms the other
functionals, in terms of absolute errors with respect to experimental results. The pure density
functional (BP86), with no HF exchange, significantly underestimates the K-edge excitation
energies by as much as ~26 eV, compared to only 2-4 eV error by BHandHLYP and 11-17 eV
error by B3LYP, PBE1PBE, and HSEo06. The performance of BHandHLYP is likely attributed to
the lower self-interaction error as compared to the other functionals,”* and error cancellations
arising from the fact that TDHF consistently overestimates the excitation energies by 1522 eV.
The two range-separated functionals tested, HSEo6 and LC-wPBE, are based oft of the PBE
functional and include short-range and long-range HF exchange, respectively. The HSEo6
functional has comparable absolute errors to PBE1PBE (11—15 €V), but LC-wPBE
underestimates K-edge excitation energies by 18—24 eV. The inclusion of exact short-range
exchange has been shown to reduce the self-interaction error and improve the description of core
excitation energies while long-range exchange appears to be less important for core
excitations.”" 7> Without the inclusion of short-range exchange, the transition energies calculated
with LC-wPBE are more similar to those calculated with the pure functional

Based on the shifted errors, all hybrid functionals are much improved. The pure functional is
less reliable with errors as large as ~4 V. Unlike absolute transition energies, the magnitude of
exact exchange among hybrid functionals does not appear to be the most important factor for
reproducing relative transition energies. For example, the PBE1PBE functional has the lowest
shifted errors (among the functionals that are not range-separated) for several of the basis sets
tested. The shifted results for TDHF are still very poor, indicating the importance of electron
correlation on core excitations. From the statistics of all K-edge excitations summarized in
table 4.2.1, BHandHLYP clearly shows the best agreement with experimental values when
absolute excitation energies are considered. When shifted results are used as in most
computational practices, all hybrid functionals considered here show similarly good performance
with HSEo6 being the best choice, in terms of mean average errors and standard derivation.
Table 4.2.1 also shows that absolute errors of K-edge excitations are less sensitive to the quality of

valence basis, compared to the shifted results. Among the three split valence basis sets considered
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in table 4.2.1, aug-cc-pVTZ results have a smaller standard deviation, compared to the other two
sets.

Table 4.2.2 compares K-edge excitations using different basis sets with a focus on the
importance of core and diftuse basis functions. The addition of more core functions seems to
have little effect for these light elements as the excitation energies shift only slightly toward the
experimental values. However, the average change due to these additional core functions does
increase with atomic number. This suggests that core functions will be more important for
heavier elements where the other functions in the set may not be capable of describing the core
relaxation well. The shifted results are virtually unchanged with the addition of more core
functions, differing by <o.01 eV. Diffuse functions have a slightly larger effect on the transition
energies. An extra set of diffuse functions slightly increases the absolute error for all functionals,
but is slightly reduced for TDHF. For the shifted spectra, the error is reduced for BHandHLYP
and TDHF, but increases for all other methods with <50% HF exchange. Without a large portion
of HF exchange, additional diffuse functions are not advantageous and lead to a worse description

of the relative transition energies.
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4.3 CONCLUSION

Six density functional kernels and various basis sets were used to evaluate the accuracy of
ES-TDDFT for describing K-edge transitions of carbon, nitrogen, and oxygen. The results of 30
different transitions were compared against experimental values in the gas phase. There is a
consistent improvement in the absolute values of the calculated excitation energies with
increasing HF exchange.**7° Particularly, short-range exchange was shown to be an important
component of any hybrid functional applied to core excitations. When shifted results are used, all
hybrid functionals considered here show similarly good performance, with HSEo6 being the best
choice, in terms of mean average errors and standard deviation. For K-edge excitations of light
elements, the choice of basis set does not appear to have a large effect on the absolute or shifted
errors of the transition energies, and these errors are mostly dominated by the choice of
functional. Although a second set of diffuse functions seems to increase the error of the shifted

spectra for all functionals with <s50% HF exchange
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Time and space are modes by which we think and not condi-

tions in which we live.

Albert Einstein

Time-Dependent Polarizable Continuum

5.1 INTRODUCTION

The group of processes conjointly known as charge transfer (CT) is among the most fundamental
and important in all disciplines of chemistry, as well as physics and biology.** The multitude of
reactions driven by CT, ranging from photosynthesis to ATP conversion and photovoltaics, has
put it at the forefront of scientific research for the past several decades and more to come. In
recent years, due to its direct photovoltaic applications, ultrafast photo-induced intramolecular
CT has been propelled into the limelight of energy and semiconductor

research.'# 5 1617:18,19:20,21 Tp thig special type of CT process, the excitation and electronic
response occur typically on the femtosecond timescale. Given how ultrafast photo-induced
intramolecular CT epitomizes the general mechanism of CT process, a meticulous elucidation on
its dynamics could potentially lead to a wealth of useful information.

In modeling CT, it is of immense interest to reasonably include the effect of solvent, since it
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typically involves a highly polar species in solution. The solute’s strong permanent dipole actively
interacts with the polar solvent, inducing intimate coupling between them. As often is the case
when there is an intermolecular charge separation, charge-transfer-prone species are extremely
sensitive to the dielectric response of the surrounding solvent, yielding substantial spectral shifts
going from non-polar to polar solvent. Such photochemical properties can be in principle
computed using any excited state electronic structure method with a solvation model: explicit
(using real solvent molecules) or implicit (using polarizable continuum models).

Of particular interest is the dynamics of an excited CT state in solution, where solvation effects
can change the fundamental CT process, and drastically modify the transfer rate. However,
intricate intertwining of nuclear and electronic degrees of freedom from both solute and solvent
renders probing the dynamics of solvated CT processes a challenge to experimentalists and
theoreticians alike. In this work, we extend our well-established real-time, time-dependent
density functional theory (RT-TDDFT), coupled with a time-dependent polarizable continuum
model (TDPCM) that includes a solvent dielectric relaxation approach. We will apply this new
method to study the dynamics of the intramolecular excited CT state of p-nitroaniline (pNA) in

acetonitrile.

r1_NH;

In vacuo:
R1=1.380 A
0 R2 R2=1.456 A

| | acetonitrile:
R1=1.365A
R2=1439 A

Figure 5.1.1: Molecular structure of ground state pNA.

pNA (fig. 5.1.1) is a classic model molecule for theoretical’>7+757¢ and experimental”” 7% 79

investigations of CT properties. With a donor group (NH, ) linked to an acceptor group (NO, ),
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pNA showcases properties associated with the CT process. Also, the large change in pNA's dipole
moment (Ay = 9.3 Debye in dioxane®®) upon photo-excitation renders it quite susceptible to a
solvent’s polarity, indicative by the 5000 cm ™" solvatochromatic shift.** Coupled with the
relatively small energy difference between the lower excited states,** pNA’s strong energy
dependence on the solvent polarity could potentially change the ordering of the lowest states,

leading to varied reaction pathways.

5.2 METHODOLOGY

The interaction between solute and solvent is modeled using the PCM method with
time-dependent solute electronic density.**> PCM approximates the solvent as a continuous
dielectric medium with an embedded cavity that hosts the solute.®* 35 The solute-solvent
interaction is obtained by solving the Poisson equation with the appropriate boundary conditions
and is expressed as a quantum mechanical self-consistent reaction field (SCRF). Such a reaction
field can be represented by an apparent surface charge (ASC) density placed on the surface cavity.
The ASC density can be determined using a variety of methods depending on which model of the
PCM family is being implemented. Practical applications of all PCM methods also require a
discrete representation of the ASC density over the solute-solvent interface. The integral equation
formalism PCM (IEF-PCM)?®%87:8%:89 and the continuous surface charge (CSC) formalism®® are
used in this work, but the implementation with RT-TDDFT can be generalized to any discrete
charge formalism. In the CSC method, the apparent surface charge density is represented in a
basis of spherical Gaussian functions {¢ } with the polarization charges {g} as the expansion
coefficients. Given the charge distribution defined by such a representation, the PCM reaction

potential, VP“™ enters the solute Hamiltonian as an instantaneous perturbation at time ¢,

K(t) = Ko(t) + V'(1) (5.1)

VM = Z//W -] 1) Frdr (5.2)

If the electronic density of the solute is expanded in an atomic orbital (AO) basis {y}, its
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electrostatic potential V; acting on the solvent can be expressed as (in atomic units),

Z/lfA—?RAl o ZP‘” // |r_rXV( >d3fd3f' (5:3)

where Z, and R, are solute nuclear charges and positions, and P, are matrix elements of the
time-dependent electronic density of the solute. With this time-dependent solute electrostatic
potential, the equilibrium state of the solvent polarization charges can be obtained by solving the
discretized PCM equations self-consistently with a given solvent dielectric permittivity ¢ (see
Refs. 91,90, 83,92 for detailed derivations). This approach (egs. (5.1) to (5.3)) will be referred to
as TDPCM throughout this paper. Note previous work on TDPCM,** %% 95 are related to the
response function formalism, while this work is strictly in the time-domain. The combined
TDDEFT electronic dynamics and TDPCM solvent dynamics is the foundation of the
first-principles solvated electronic dynamics presented herein. On one hand, the time-dependent
solute electronic density polarizes the PCM charge distribution. On the other, the
time-dependent solvent reaction field becomes an instantaneous perturbation to the solute
electronic motion.

In TDPCM, the solvent is modeled with a charge density characterized by the dielectric
constant, €, which is directly associated with the discretized ASC {q}, given a solute reaction
potential. There are two kinds of € considered in this work: the optical €, is the dynamical
contribution associated with the solvent electronic motion, whereas the bulk or static €, also
includes inertial or orientational contribution, related to its nuclear motion.*®°7 Solvent
electronic motion is assumed to equilibrate instantaneously to the solute reaction potential while
the response of solvent nuclear degrees of freedom takes place on a longer time-scale. The bulk
dielectric constant &, is sufficient for computing most thermodynamics or non-optical properties
such as heats of reaction and barrier heights. The optical dielectric constant is often used in
calculating vertical electronic excitations. However, when the solute electronic dynamics
following a photo-excitation is on the same time-scale of the solvent dielectric relaxation from
optical to bulk, representing the solvent by a single dielectric constant, either optical or bulk, is
obviously nonphysical, especially when the solute net dipole change Ay is significant.*®

In this work, we propose a relaxation model to account for the time-dependent solvent
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response transitioning from optical to bulk dielectric. Upon photo-excitation of the solute, the
solvent’s instantaneous response to the solute reaction potential takes on the optical dielectric
constant, ... As the solvated electronic dynamics proceeds, the solvent nuclear degrees of
freedom start to contribute to the solvent response, and therefore the dielectric constant will
gradually represent the bath-like behavior of the bulk medium, €,. Such time-dependent solvent
relaxation is modeled with eq. (5.9), that satisfies the boundary conditions, £(0) = £, and
lim; . £(t) = &,.

Following the notations and derivations used in Refs. 91 and 99, we start with a working

equation that relates PCM polarization charges g to the electric field generated by the solute,

€0+1 —1 *
(271 A —D)q: —E; (5.4)

€ — 1

where D* accounts for the electric field generated by {q} (see Ref. 99 for complete definition of
D), and E; are the normal components of the electric field generated by the solute on the cavity
surface. A represents the small areas {a} on the cavity surface where {q} are centered. Solving

eq. (5.4) iteratively, we then have:

a"” = {ai, [;ﬂiol +Zi(aj)] }_1 {—(EL)i +z [%(ﬂ_l)]} (5.5)

where z,-(aj) = Zj 4i Dja;and zf (qj) = Z]. 4i D;;qj. As the polarization charge g; serves as the

primary link between solvent and solute, we need to determine the dynamic response of g;.

(author?) [91] defined the variation of g; at time t as a response to the change in the electric field:
n k n—i Zi [a] n—i
Sq"[(AEL), 1 = gi(0) {—(Am +2 [8g } -2 (5.6)

Assuming the Debye model for the solvent relaxation, the time-dependent function g(¢) in

eq. (5.6) can be approximated as:®*

; Ae _
gt~ -2 (ie Bf+eo—1) (57)

4TE, \ €0
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1€
where Ac = ¢, — £, B = —/—0 and 7’ is the solvent response time.
T €00
Since the solvent response can be approximated with a simple relaxation from being optically
active to static, we propose an alternative to eq. (5.7) by assimilating all the time-dependency of

g(t) into the dielectric term € in eq. (5.4). Such a function can be constructed by comparing

g (t) ~ Li <%(_t)l)] : (s5.8)

In this expression, we introduce a time-dependent dielectric term £(t). Equations (5.7) and (s.8)

egs. (5.5) and (5.6), and we get:

are both approximations of the same physical behavior. By equating these two equations, the
PCM charge cavity representation a; can be completely eliminated, so is the dependency on any

specific PCM formulation. Finally we have:

€6 €oo
et) = —m— .
(t) = (5.9)
B=_% (5.10)
T s
€
7 = 1p— (5.11)
€o

where 7p is the solvent Debye relaxation time and Ae = €, — £.. 7’ is also known as the
time-constant of the response function of solvent reaction field.”% 95 °° At every time step, £ will
be updated according to eq. (5.9) together with the RT-TDDFT and TDPCM. An example of the
solvent dielectric relaxation profile modeled by eq. (5.9) is illustrated in fig. 5.2.1 and will be
discussed with computational example in the next section. Note when a different PCM model is
used, simple revision of this derivation will still generate the same time-dependent dielectric
relaxation model. For example, using eq. (5.8) without the tesserae area g; with the IEF-PCM

formulation®’ will result in the exact same expression for £(¢).
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Figure 5.2.1: Time-dependence of the dielectric for acetonitrile according to eq. (5.9) with 7, = 5.9 ps, &, = 35.7,
and €5 = 1.8

5.3 RESULT AND DISCUSSION

All calculations were carried out using the development version of the Gaussian software suite3®
with the addition of RT-TDDFT and TDPCM algorithms with solvent relaxation model
introduced in this work. The B3LYP exchange-correlation functional®”***® along with 6-31G(d)
basis set were used for geometry optimizations, linear response calculations, and solvated
electronic dynamics. The ground state of the pNA molecule was fully optimized in both vacuum
and acetonitrile PCM. The ground state equilibrium geometries obtained for both cases are very
similar with a few minor differences indicated on fig. 5.1.1. This is expected as the compactness of
the structure and the stabilizing effect of the benzene ring don’t allow for much deviation.*®*
Along with the structural changes, the molecular dipole moment of the ground state of pNA
increases from 7.12 Debye (exp. 6.87 Debye’®) in vacuum to 9.95 Debye in acetonitrile.

Table 5.3.1 lists the lowest three vertical excitation energies and characteristics of these excited

states, calculated using the linear response formalism of TDDFT.*°3 '+ 19%:1°¢ Excitations for
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Table 5.3.1: Calculated absorption spectrum and excited states properties of pNA.

Excited Dominant Excitation  Oscillator  Dipole
state  transition energy (eV) strength  (Debye)
in vacuo

1 HOMO -2 — LUMO 3.84 0.0000 4.9

2 HOMO — LUMO 4.1 0.3223 12.2

HOMO - 3 — LUMO 4.4 0.0001 5.2

acetonitrile
1 HOMO — LUMO 3.50 0.5720 15.8
2 HOMO -2 — LUMO 3.8 0.0000 7.0
HOMO -1 — LUMO
3 HOMO — LUMO+1 +4 0054 149

102

aExp: 4.24;°7 b Exp: 3.41%7

pNA in acetonitrile are computed using the optical dielectric constant €, of the solvent. Among
the lower lying excitations in the vacuum, only the second lowest excited state is transition-dipole
allowed. This state is associated with the electronic transition from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) (fig. 5.3.1),
which leads to an increase of the overall dipole moment by ~ 5.1 Debye. In contrast, vertical
excitations of pNA in acetonitrile show slightly different characteristics. The lowest excitation is
now the HOMO-LUMO transition with a larger transition dipole moment, a net dipole increase
of ~ 5.9 Debye and a red-shift of the excitation energy of ~ 0.6 V. These observations are
well-known results of polar solvent introduced stabilization of CT states, and are in very good
agreement with the equation-of-motion coupled cluster results of Kosenkov and Slipchenko,*°”
and molecular dynamics simulation by Moran et at.*°® Static calculations, such as those listed in
table 5.3.1, are informative about reaction energetics and photochemical properties. However,
studies of other important dynamical properties, such as solvent response and the lifetime of CT
state upon solvent perturbation, require dynamical simulations, presented in the following
sections.

Our real time solvated electronic dynamics start with the photo-excited CT states found via

the linear response calculations. For the vacuum case, the initial CT state is the second lowest
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J

Figure 5.3.1: Molecular orbitals for for HOMO (left) and LUMO (right).

excited state whereas it is the lowest excited state of pNA in acetonitrile. The initial electronic
density is prepared by promoting one electron from HOMO to LUMO as suggested by the linear
response calculations in table 5.3.1. Starting with the photo-excited CT state, solvated dynamics
is simulated using the RT-TDDFT method with TDPCM with solvent dielectric relaxation
model, introduced above. The solute dynamics presented in this work addresses pure electronic
relaxation because ultrafast dynamics (~100 fs) is usually dominated by the electronic degrees of
freedom. To analyze the electronic dynamics and compare it to linear response calculations, the

time-dependent density is projected on the ground state orbital space:
m(t;) = C(0)P(t;)Ci(o) (s5.12)

where C;(0) is the k' eigenvector of the initial (t = 0) Kohn-Sham matrix.’* The

time-dependent dipole moment, u(t), is computed using the time-dependent electronic density,
y{x,y,z} (t) - Z ZaRa,{xby,z} - Tr[d{xv%z} ’ P(t>] (5'13)

where Z; and R, ., .} are the nuclear charge and coordinates of the a'" atom, and d{.,-) is the

dipole matrix. We use the isotropic time-dependent dipole, u(t) = \/ wx(t) + u, (t) + w2(t), in
the following analysis.
Figures 5.3.2a and §.3.2b show the time-evolution of the photoexcited electron/hole and

solute dipole moment in vacuum. The electronic dynamics shows that the CT excited state
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quickly relaxes to the ground state within ~ 10 fs via coherent LUMO—HOMO transition.
Because there is no energy dissipation for the solute electronic degrees of freedom in vacuum,
coherent oscillation continues after the initial relaxation. The time-dependent dipole (fig. 5.3.2b)
suggests that the LUMO — HOMO transition is associated with back CT thatleads to a
reduction of the net dipole moment from ~12 to ~7 Debye, in good agreement with the
prediction from linear response calculations. The oscillations in the orbital occupation numbers
die down after about 5o fs. To model the solvent relaxation, we use the experimental Debye
relaxation constant for acetonitrile 7p = 5.9 ps.**® The time-dependent solvent dielectric
constant, plotted in fig. 5.2.1 using eq. (5.9), shows the increase of the effective solvent dielectric
constant, starting with €., = 1.8 Debye at t = o and approaching the bulk value of 35.7 Debye
near 150 fs. Table 5.3.1 suggests that the static electronic characteristics of excited states in solvent
is rather different from those in vacuum. As shown in figs. 5.3.3a and 5.3.3b, the electronic
dynamics of pNA in acetonitrile also exhibits very different physical chemistry compared to those
in figs. 5.3.2a and 5.3.2b. The solute excited CT state is stabilized by the acetonitrile, showing a
much longer lifetime (~10 fs — ~140 fs). In the propagation scheme developed in this work,
the PCM charge distributions are brought to self-consistency to the time-dependent solute
electrostatic potential described in eq. (5.3 ). In other words, the solvent charge distribution is in
instantaneous equilibrium with the time-dependent solvent potential. This procedure can be
considered as the PCM dissipates excessive energy with the solvent acting as a thermal bath when
the solute gradually relaxes from the excited CT state to the ground state. As a result, the coherent
oscillation seen in the vacuum case is absent in fig. 5.3.3a. Accompanied with the LUMO —
HOMO transition, the solute dipole moment decreases from ~19 Debye of the excited CT state
to ~10 Debye of the ground state. The CT lifetime of pNA in acetonitrile was found to be 140 fs,
in good agreement with experimental observations using the transient absorption spectra by
Kovalenko et al.***

In order to illustrate the importance of solvent dielectric relaxation on the CT lifetime, we have
carried out simulations without time-dependent dielectric model, and instead using a fixed
optical or bulk dielectric constant. These simulations show a much longer lifetime (> 3500 fs) of
excited state CT state of the solute. In a separate set of simulations, we tested the effect of Debye

relaxation time of a solvent on the CT process of the solute. We have carried out multiple

48



simulations using the solvent dielectric relaxation model introduced here with 7 € [0.1,100] ps.
We noticed that when 7p is too small (e.g. ~ 0.1 ps) or too large (~ 100 ps), the solvent dielectric
property can be considered constant during the lifetime of the excited CT state. In this case, the
excited CT state is “over-stabilized”, i.e. with a lifetime that is much longer than experimental
observation. These observations suggest that the solvent dielectric relaxation is a crucial

perturbation that leads to the relaxation of excited solute CT state.

5.4 CONCLUSION

In this work, we introduced a TDPCM method with a dielectric relaxation model to simulate
solvated first-principles electronic dynamics. We posit that the complex solvent response can be
adequately approximated with two processes. First, the direct interaction between solvent and
solute is explicitly described and propagated in time by coupling the solvent reaction field to the
time-dependent electronic density of solute. Second, as the solute relaxes from being vertically
excited, the solvent also undergoes its own relaxation, from being optically active to a bath-like
bulk medium, modeled by a dielectric relaxation model introduced in this paper. This
time-dependent solvation model with RT-TDDFT satisfactorily demonstrates the effects of
solvent on the CT process, yielding consistent results, i.e. CT lifetime, with expectation based on
experimental data.

Note that a better yet much more difficult approach is to propagate the solvent charge
distribution in the time-domain instead of solving the PCM equation to self-consistency at every
time step. In light of the recent development of a variational PCM method,**® a complete
solvent-solute dynamics can be propagated on the same footing. In other words, the subtle
retardation of the solvent response can be addressed in near future.

This method holds the potential to model a broad range of excited state dynamics in solvent.
For instance, the prediction of a CT process lifetime in different solvents is crucial to the
establishment of excitons in solar energy harvesting and storage. Also, the solvent-specific
reorganization of electronic states can potentially open up reaction pathways that are inaccessible
in gas phase or other solvents. An accurate description of the solvated excited state chemical
dynamics afforded by this tool would offer important insights into the dynamical interplay

between solvent and solute.

49



0.8 b
b
E
s 06 HOMO-1 —— |
= HOMO ——
.% LUMO ——
2 g4l LUMO+1 —— |
3
=)
0.2 b
0 ] 1 1
0 10 20 30 40 50 60 70 80
Time (fs)
(a)
20 T T T T T T T
pNA ——
o 15} i
>
=
D
S)
]
2
a2 10 T
-]
£
n
3
&~ 5r b
0 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80
Time (fs)

(b)

Figure 5.3.2: Time evolution of the photoexcited pNA following the HOMO—LUMO excitation attimet = oin
vacuum. (a) Time-dependent electronic density projected on the ground state molecular orbital space computed at
t = o. (b) Time-dependent isotropic dipole moment.
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t = o. (b) Time-dependent isotropic dipole moment.
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Chebyshev Expansion

Having demonstrated the importance of the time-dependence perturbation potential in the
Hamiltonian, we shall now focus on the other aspect of the time-dependent method: the
propagation of the electronic density in time, i.e. evaluating the time evolution operator U from
22, There are numerous methods to evaluate U, such as numerical integration like Runge-Kutta,
the split-operator method or the direct evaluation of the exponential function like MMUT. As
shown in 22 and eq. (2.59), MMUT requires direct diagonalization of the
Hamiltonian/Kohn-Sham matrix. Our recent interest in photovoltaic devices necessitates the
dynamic simulations of large systems such as organic solar cell polymers and quantum dots.
However, the sheer size of these systems has drastically increased the cost of using RT-TDDFT,
prompting us to look for alternatives. Formally scaling as O(N?) where N is the number of basis
functions, matrix diagonalization is the obvious limiting factor besides the computation of the

Hamiltonian itself. We propose an alternative to the MMUT step in RT TD-DFT that avoid
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matrix diagonalization completely by a polynomial expansion of the time-evolution operator U.

(t) = exp (—iftt) ¥(0) = 3 P, (H) ¥ (o) (6.1)
Polynomials methods can be divided into two groups: those that choose the type of polynomial
in advance (Newton, Chebyshev, Fabor) and those that do not (the Short Iterative
Lanczos/Arnoldi scheme using the Krylov space). Chebyshev polynomials have been shown’ to
have high numerical stability and accuracy while being efficient with memory.”* The rest of this
paper will present the framework for how to propagate a TD-DFT electronic density in time
using the Chebyshev polynomial expansion scheme.

We first start with the more generalized version of 22:

P(t+ At) = exp (—i[K(t), P(t)]At) - P(t) (6.2)
= exp (—iK(t)At) -P(t) - exp (iK(t)At) (6.3)
_A,_/ 5,1——/

given a At small enough so that K can be assumed to remain constant. Using the complex version

of Chebyshev polynomials of the first kind, which are defined as:
¢, (w) =i"T,(w), w € [—i, i] (6.4)

The generating equations for Chebyshev polynomials are:

. (w) =1
o (w) =w
9,1, (@) =200 (&) + o, () (6.5)
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Any exponential function such as U can thus be expanded as:

—ix) (6.6)

ay(a) = exp(iax)g, (x) o — { Jo(a), n=o (67)

i 1—a? 2J,(a), n>o
M =Y (5) ez (65)

where ], (a) are the Bessel functions of the first kind as defined in eq. (6.8). Before expanding the
first exponential term in eq. (6.3 ), the values of —iK have to be mapped onto the domain of the

Chebyshev polynomials [—i, i]:

K — AE/> +E,,,
_ / (69)

AE/2
KAE AE
= K= + _+Emin (6'10)
2 2

where AE = 2(E,,;y — E,5iy) is the twice the range of eigenvalues of K i.e. the MO energies which
can be extract from the ground state static molecule. The range of MO energies has been doubled
to ensure that the expanded function doesn’t misbehave during the course of the dynamics. We

can now generate the Chebyshev polynomials iteratively and obtain the full expansion of U as:

¢, = —2iKo _(—iK)+¢  (—iK)

exp (—iKAt) = exp [—i (a + Eyy) A] [Z a,(a)p (—iK) (6.11)
AE - At

2
complex conjugate U' can be trivially computed. Finally, we can assemble everything: U, U' and

. The matrix obtained from eq. (6.11) is the fully expanded U, from which the

where a =
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P(t) asin eq. (6.3) to arrive at the electronic density matrix P(f + At) propagated over a small
time step At.

Figure 6.0.1: Ground state structure of the PCPDTBT monomer unit used in benchmark calculation. Yellow spheres
represent sulfur atoms

Each iteration of the Chebyshev polynomial only requires the storage of the two immediately
previous terms, so the memory footprint of the propagation remains constant for the entire
procedure. Also, each iteration requires at most one matrix-matrix multiplication and one
matrix-matrix addition, so the total number of matrix operations depends linearly on n - the
number of iterations, which is arbitrarily fixed at 20 in the current implementation. The initial
benchmark results of the Chebyshev propagator are very encouraging. table 6.0.1 compares the
total running time of 100-step RI-TDDFT simulations using MMUT scheme against those using
the Chebyshev for pNA, fullerene, and PCPDTBT - an organic polymer used in solar cells whose
single unit structure is shown in fig. 6.0.1. The systems were propagated at two different time

steps, 0.05 and 0.1 au. At the smaller time step, both schemes of propagation converse the system

6 —6

energy up to10” ° —10 7 Hartrees. The energy conservation slightly degraded to 10™° — 10
when switching to the larger time with MMUT, yet remained steady at 10 ¢ if Chebyshev was
used. All simulations were done on a workstation using 8 cores out of 16 from the Intel Xeon
Es-2660 processor. The current implementation of the Chebyshev scheme is still at very early
stage, with plenty of bugs and issues remained. For instance, rather than fixing the number of
iteration at 20, it would be more efficient if the expansion stops when the difference between two

successive iterations gets below a certain threshold. The main appeal of the Chebyshev method is
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Table 6.0.1: Preliminary benchmark results comparing running times of MMUT and Chebyshev propagation
schemes.

System Basis fuctions MMUT (s) Chebyshev (s)
At = o0.05au
PNA 162 42 38
PCPDTBT monomer 366 621 593
Cqo 540 2101 1913
PCPDTBT dimer 728 4561 4178
At = o.1au
pPNA 162 2§ 20
PCPDTBT monomer 366 323 295
Céo 540 978 814
PCPDTBT dimer 728 1923 1785

contingent on how well a finite set of simple matrix operations performs compared to another
much more complex matrix operation. Although the running time of NxN square matrices
multiplication also formally scales as O(N?), extensive works have been done to fine-tune the
procedure. Ready-to-use, free and commercial math libraries such as BLAS or Intel MKL are
already performing matrix multiplication with optimized algorithms while also taking advantage
of modern parallel computing hardware. Advances in technology such as general-purposed GPU
will only make matrix-matrix multiplication even more efficient. The molecules used in this
benchmark are still relatively small so we are actively working to improve the code and run more
tests on much larger systems (2000 basis functions more more). The results shown here are more
than enough proofs that Chebyshev propagation is a solid concept and deserves further

investigation.
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