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ABSTRACT OF THE DISSERTATION

Development and Application of a Spin-symmetry Breaking Algorithm for Ab Initio
Non-adiabatic Molecular Dynamics Simulations

By

Jordan C. Vincent

Doctor of Philosophy in Chemistry

University of California, Irvine, 2016

Professor Filipp Furche, Chair

Fast photochemical processes are central to a number of problems challenging chemists

today. Such problems include atmospheric air pollution driven by solar radiation2, de-

velopment of photocatalysts for clean energy sources3 and photodynamic therapies for

treatment of diseases such as cancer1, and light-driven biological phenomena such as vi-

sion1 and vitamin D photosynthesis4. Continued improvement of computational methods

which can describe and predict such photochemical processes is thus essential. Accord-

ingly, this thesis focuses on two main topics: 1) The development of a spin-symmetry

breaking algorithm which for the first time enables homolytic bond cleavage in ’on the fly’

density functional non-adiabatic molecular dynamics simulations, and 2) a benchmarking

application of the spin-symmetry breaking algorithm to acetaldehyde photochemistry.

Following a brief overview of the challenges inherent within this work, chapter 2 intro-

duces fast photochemical processes and the theoretical foundations of ab inito non-adiabatic

molecular dynamics methods. In Chapter 3, a new algorithm for breaking spin-symmetry

within linear response time-dependent density functional theory is derived and imple-

mented in the quantum-chemical software suite Turbomole5. H2 is used to illustrate the

key features of the algorithm, which are: 1) Stability analysis is used to identify critical

xii



points on the PES, 2) tight convergence thresholds are used only near triplet instabilities,

and 3) adaptive time stepping in the vicinity of triplet instabilities is employed to conserve

total energy.

An application of the spin-symmetry breaking algorithm to acetaldehyde photochem-

istry is then discussed in Chapter 4. Ensembles of approximately 400 trajectories in the

ground state and 400 trajectories initialized in the excited state are simulated. Compared

to experiment, the spin-symmetry breaking algorithm yields qualitative accuracy for

computed branching ratios and total kinetic energy probability distributions. Addition-

ally, two dissociation mechanisms are identified and discussed: The non-transition state

theory, “roaming”, mechanism and new triple-fragmentation mechanisms. Finally, the

spin-symmetry breaking algorithm reveals that an improved description of acetaldehyde

photodissociation mechanisms may require inclusion of excited state dynamics.

xiii



BO-SBA Spin-symmetry breaking algorithm for direct ground state dynamics
CCSD Coupled-cluster singles and doubles
CF Coulson-Fischer point
COM Center of mass
DFT Density Functional Theory
FSSH Tully’s fewest switches surface hopping algorithm
IC Internal conversion
KS Kohn-Sham Density Functional Theory
LR-TDDFT-SH Linear response time-dependent density functional theory with surface hopping
MO Molecular orbital
NACV Non-adiabatic coupling vector
NMD Non-adiabatic molecular dynamics
PBE Exchange-correlation functional of Perdew, Burke, and Ernzerhof
PBE0 PBE with 25% exact exchange
PES Potential energy surface
RHF Restricted Hartree-Fock
RKS Restricted Kohn-Sham
SCF Self-consistent field
SE Schrödinger equation
SH-SBA Spin-symmetry breaking algorithm with Tully’s fewest switches surface hopping
TDA Tamm-Dancoff Approximation
TKER Total kinetic energy release of momentum-matched pairs
TST Transition state theory
TS Transition state
UHF Unrestricted Hartree-Fock
UKS Unrestricted Kohn-Sham
ZPE Zero-point energy

Table 1: Abbreviations used heavily throughout this thesis
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Chapter 1

Overview

Homolytic bond breaking is important in photochemistry, however single-reference meth-

ods are known to produce high energies for dissociation fragments6 oftentimes leading to

bound states in ab initio molecular dynamics simulations. For this reason multi-reference

methods such as the complete active space self-consistent field (CASSCF) method and

multi-reference configuration interaction have been employed to describe such bond break-

ing7–9. However, these methods scale exponentially with system size and thus make it

difficult to simulate full dimensional ’on the fly’ dynamics on systems larger than 10 atoms.

A more practical approach is to use single-reference density functional methods with

spin-symmetry breaking. This approach has been utilized in the ground state in recent

simulations of electron impact mass spectrometry on organic polyradicals with much

success10. In this thesis a method is developed which takes advantage of the good scaling

and description of homolytic bond cleavage in spin-symmetry broken single-reference

methods. For the first time, I demonstrate that ground state spin-symmetry breaking may

be augmented with efficient time-dependent density functional theory to describe excited

state and non-adiabatic processes to produce homolytic bond cleavage in an application to

acetaldehyde photochemistry.
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Chapter 2

Background

Portions of Section 2.4 follow arguments and notation from Domke, Yarkony, and Koppel,

ed.11. In Section 2.5 the Hartree-Fock Method is summarized akin to the derivation by

Szabo and Ostlund12 and Density Functional Theory is summarized in the spirit of Koch

and Holthausen13. Sections 2.5.3, 2.6, and 2.6.3 follow portions of Tapavicza, Bellchambers,

Vincent, and Furche14. Additionally, the latter section follows arguments by Tully15.

3



2.1 Introduction

In this chapter fast photodissociation dynamics is defined and introduced. Then, the-

oretical background for a spin-symmetry breaking algorithm (SBA) is introduced and

fundamental relations are defined and formulated. In Section 2.4 the Born-Oppenheimer

BO approximation is formulated. Atomic units are used throughout. Next, two general

methods for computing the PES are presented in Section 2.5: 1) Wave function based

methods in Section 2.5.1, and 2) density functional methods in Section 2.5.3. Then, efficient

linear response time-dependent density functional theory (LR-TDDFT) methods for com-

puting excited states, gradients, and derivative couplings are presented in Section 2.5.3.

Direct non-adiabatic molecular dynamics is then presented in Section 2.6. Tully’s FSSH

(Section 2.6.3) is then introduced as means for incorporating non-adiabatic effects in direct

BO dynamics in large molecular systems. Finally, in Section 2.5.4 the Coulson-Fischer (CF)

point16 is identified as a crucial location on the potential energy surface (PES), beyond

which open-shell and radical intermediates and products are formed in single reference

wavefunction and density functional methods. In the event of homolytic bond cleavage,

the PES in the vicinity of the CF point is sensitive to movement of the molecular phase

point. Thus, a proper understanding of the PES in the neighborhood of the CF point is

needed for a robust SBA; this constitutes the crux of the problems addressed in this thesis

and is further discussed in Chapter 3.

2.2 Fast Photodissociation Dynamics

All photochemical processes ultimately begin with the absorption of light, which causes

virtually instantaneous (< 10−15 s) excitation of molecular systems from low energy

rovibrational states into higher rovibrational states, as depicted in Fig. (2.1). After light

4



Process Time scale (s)
Absorption < 10−15

IC 10−15 − 10−9

Bond cleavage 10−11

Fluorescence 10−12 − 10−6

Spin-orbit coupling/ISC 10−10

Phosphorescence 10−6 − 10

Table 2.1: Light-induced processes, and their time scales1.

absorption, a number of different processes may occur. Table (2.1) shows the time scale

of major photoprocesses in molecules. “Fast” processes compete on the 10−12 s time scale

and include internal conversion (IC), fluorescence, and dissociation. “Slow” processes,

which compete on the 10−6 s time scale, include inter-system crossing (ISC), emission of

light (phosphorescence), or further internal conversion and dissociation. Slow processes

are beyond the scope of this work.

For many systems, excitations beyond the first excited state, Sn (n>1), will result in fast

internal conversion to the first excited state, S1. This fast IC is attributed to Kasha who

stated “... the emitting level of a given multiplicity is the lowest excited level of that

multiplicity”19; this is known as “Kasha’s rule.” Internal conversion processes usually

take place on a timescale 104 times faster than spontaneous Sn (n>1) emission. Thus, most

photodissociation, ISC, and fluorescence occur from the first excited state and essentially

all photochemical activity occurs between the first singlet and triplet excited states and the

ground state.

5



Figure 2.1: Schematic of some fast photochemical processes considered in this thesis. (1)
Upon absorption of radiation with energy hv at the Franck-Condon point17,18 a molecule is
excited from the ground vibrational and electronic state E1 into an excited vibrational state
of electronic state E2. (2) Vibrational relaxition to the ground level of E2 state is followed
by, (3), fluorescence. Fluorescence releases light with energy hv’, and the molecule is
de-excited to the ground electronic state. (4) If fluorescence does not occur then the
nuclear wave packet evolves in the excited state and passes by, (5), an avoided crossing
where the wave packet splits. The nuclear wave packet may encounter, (6), a conical
intersection where states E2 and E1 cross. (7) After internal conversion to the ground
electronic state the trajectory evolves along a dissocative mode. Near avoided crossings,
(5), and conical intersections, (6), the Born-Oppenheimer approximation breaks down due
to strong coupling between E1 and E2.

6



The fast photochemical processes considered in this thesis may be summarized as follows:

ABC + hν→ ABC∗ → AB + C (2.1)

→ ABC∗′ + hν′. (2.2)

ABC is a molecular system which upon absorption of light, with frequency ν, becomes

internally excited to ABC∗ followed by either dissociation to products AB and C, or to

internally excited ABC∗′ along with emitted light of frequency ν′. The primed variables

indicate a different internal energy from the intermediate and different emission frequency

from the excitation in Eq. (2.1), respectively. Eq. (2.1) is directly computed and charac-

terized with the methods developed and applied in this thesis. Process 2.2, while not

characterized here, may be described using dynamical calculations employed herein. Eq.

(2.1) is general and could represent, for example, the dissociation of gas phase species

important in atmospheric processes, or may be the initialization step in a polymeriza-

tion reaction. This type of chemistry may be understood theoretically, starting with the

molecular Schrödinger equation, introduced in the following section.

2.3 Electronic Structure Methods

The time-dependent Schrödinger equation (SE)20 for electrons and nuclei,

i
∂

∂t
Ψ(R, r, t) = HΨ(R, r, t), (2.3)

governs all molecular photodissociation dynamics. In Eq. (2.3), H is the molecular

Hamiltonian, R = {R1, R2, .., RK} and r = {r1, r2, .., rN} are the nuclear and electronic

7



coordinates, respectively. Rα is the three-dimensional coordinate vector for nucleus α,

where the index α runs over all K nuclei. r j is the coordinate vector for electron j, where the

index j runs over all N electrons. Exact solution to Eq. (2.3) is impossible for molecules with

more than a few atoms and thus approximations are necessary. The Born-Oppenheimer

(BO) approximation21 separates the electronic and nuclear motions, enabling solution to

the electronic and nuclear problems.

A consequence of the BO approximation is the molecular potential energy surface (PES),

which is a fundamental notion in chemical reactivity theory22,23. One of the most popular

tools for describing chemical reactivity is transition state theory (TST)24. The central entity

in TST is the activated complex transition state (TS), which is the molecular configuration

connecting reactants and products through a minimum energy pathway. Armed with

knowledge of the activated complex potential energy, local reactant and product minima,

etc. on the PES25,26, TST provides reaction rates and branching ratios, making it a powerful

descriptive and predictive tool26. Yet there are several problems which require treatments

beyond TST25.: 1) The complexity of the PES grows exponentially with system size, making

it difficult or impossible to identify reaction mechanisms in large molecular systems a

priori14, 2) nuclear motion drives (a) trajectory bifurcation for reaction pathways sharing

the same TS27 and b) coupling between potential energy surfaces which is a dominant

process in photochemistry23, and finally, 3) recently identified mechanisms, such as the

“roaming” mechanism25,28, do not have a well-defined TS.

The above stated problems have been addressed using a variety of approaches. For

molecules with many degrees of freedom, ’on the fly’ or direct dynamics methods enables

step-by-step integration of the electronic and nuclear degrees of freedom along a trajectory.

In this way, sampling of the PES can be done in an unbiased way, bifurcation events

are addressed by including nuclear motion29, and trajectories evolving through non-TS

mechanisms are readily identified30. In the following sections theoretical foundations of

8



ab initio molecular dynamics methods are overviewed.

2.4 The Born-Oppenheimer Approximation

Eq. (2.3) trivially separates into time-dependent and time-independent parts. Solving the

time-independent molecular Schrödinger equation,

HΦ(R, r) = EΦ(R, r), (2.4)

constitutes the major theoretical challenge to describing molecular photochemistry. In Eq.

(2.4) Φ(R, r) is the time-independent molecular wavefunction, and E is the energy. The

non-relativistic Hamiltonian,

H = −1
2 ∑

α

∇2
α

Mα

+

(
1
2 ∑

α 6=β

ZαZβ

|Rα − Rβ|
+−1

2 ∑
i
∇2

i −
1
2 ∑

αj

Zα

|Rα − r j|
+

1
2 ∑

i 6=j

1
|ri − r j|

+ Vext

)
,

(2.5)

fully describes fast photodynamic processes. The {α, β} run over all K nuclei and {i, j} run

over all N electrons. The first term in Eq. (2.5) is the nuclear kinetic energy where the

αth nucleus has mass, Mα. The terms enclosed within parentheses collectively define the

electronic Hamiltonian, Hel,

Hel ≡ −
1
2 ∑

i
∇2

i −
1
2 ∑

αj

Zα

|Rα − r j|
+

1
2 ∑

ij

1
|ri − r j|

+
1
2 ∑

α 6=β

ZαZβ

|Rα − Rβ|
+ Vext(t). (2.6)

In Eq. (2.6) the first term is the total electronic kinetic energy, the second term is the

attractive electron-nucleus Coulomb potential between the jth electron and the αth nucleus,
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the third term is the electron-electron repulsion, the fourth term is the nuclear-nuclear

Coulomb repulsion between nuclei α and β with charges Zα and Zβ, respectively and

Vext(t) is the time-dependent external potential. In the systems considered for this thesis,

the external potential is set to zero.

2.4.1 Separating Electronic and Nuclear Motions

Φ(R, r) =
∞

∑
i=1

φi(r; R)ζi(R) (2.7)

is an exact expansion of the molecular wavefunction, where the φi(r; R) depend paramet-

rically on the nuclear coordinates and satisfy the electronic Schrödinger equation,

Helφj(r; R) = Eel
j φj(r; R). (2.8)

Eel
j defines the potential energy surface, and the spin-functions are assumed to be absorbed

into the electronic and nuclear parts of Eq. (2.7). Insertion of Eq. (2.7) into Eq. (2.4) and

left multiplication of φj(r; R) followed by integration over all electronic coordinates yields

the coupled eigenvalue equation for nuclei,

[Tn + Eel
j (R)]ζ j(R)−∑

i
Λjiζi(R) = Eζ j(R). (2.9)

Tn is the nuclear kinetic energy operator given in Eq. (2.5). The coupling term in Eq. (2.9),

Λji, is given by

Λji =
N

∑
A=1

1
2MA

[2~FA
ji · ∇A + GA

ji ] (2.10)
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where

~FA
ji (R) = 〈φj|∇Aφi〉 (2.11)

is the first-order derivative coupling between BO states j and i along nuclear coordinate A,

and

GA
ji (R) = 〈φj|∇2

A|φi〉 (2.12)

is the second-order derivative coupling. Setting Λji = 0 for all {i, j} gives rise to the BO

adiabatic approximation which effectively separates the nuclear and electronic degrees of

freedom11,31. The BO approximation is thus equivalent to viewing the electronic motion

instantaneously responding to changes in the nuclear coordinates. Thus the intractable

time-independent molecular Schrödinger equation (Eq. (2.4)) reduces to two tractable

Schrödinger equations for the electrons (Eq. (2.8)) and nuclei,

[Tn + Eel
j (R)]ζ j(R) = Eζ j(R). (2.13)

Hence, molecular dynamics may be viewed as a nuclear wave packet, ζ, evolving in the

potential of electrons and nuclear-nuclear repulsion,Ej. This construction is illustrated

in Fig. (2.1), where the nuclear wave packet evolves on multiple electronic PESs. For

quantum nuclei solution of Eq. (2.13) yields the rotational, vibrational, etc. states of the

nuclear wavefunction.

2.5 Calculating the Potential Energy Surface

Calculating the PES for the ground and excited states remains the computational bottleneck

for ab initio methods. Two broad categories of ab initio methods exist: 1) Wavefunction
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based methods and, 2) density functional methods. The Hartree-Fock (HF) approximation

is foundational to almost all molecular wavefunction methods and provides many of the

concepts used in both wavefunction and density functional methods. HF is introduced in

Section 2.5.1. Kohn-Sham Density Functional Theory (KS-DFT) is the most widely used

density functional method and provides the starting point for computing ground and

excited states in an efficient manner; KS-DFT is introduced in Section 2.5.3.

2.5.1 Hartree-Fock Method

In the Hartree-Fock (HF) method the molecular wavefunction is approximated as a single

Slater determinant composed of one electron spin-orbitals, χ(x).

φ̃0(x1, x2, .., xN) = (N!)−1/2

∣∣∣∣∣∣∣∣∣∣∣∣∣

χi(x1) χj(x1) · · · χk(x1)

χi(x2) χj(x2) · · · χk(x2)

...
... . . . ...

χi(xN) χj(xN) · · · χk(xN)

∣∣∣∣∣∣∣∣∣∣∣∣∣
(2.14)

where each spin-orbital χi is a function of the spatial and spin-coordinates of the jth

electron, xj = {r j, ωj}. r j = {rx
j , ry

j , rz
j } is in cartesian coordinates, and ωj is the spin-

coordinate. The N electrons occupy a subset of the K spin-orbitals, {χi, χj, .., χk}, where

K is the basis set size. Spin-orbitals are composed of a spatial part, ψ(r), and a spin part,

α(ω) or β(ω):
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χi(x) =



ψj(r)α(ω),

or

ψj(r)β(ω).

(2.15)

When both α and β electrons are constrained to the same spatial function (molecular

orbital), ψj, the resulting spin-orbitals are “restricted” and the subsequent treatment is

restricted Hartree-Fock (RHF). The optimal molecular orbitals are determined via the

Variational Principle,

∫
dKxφ̃∗0(x)Helφ̃0(x)∫

dKxφ̃∗0(x)φ̃0(x)
≥ E0. (2.16)

The best approximation to the exact ground state of Eq. (2.4), φ0(x), with exact ground

state energy, E0, minimizes the left-hand side of Eq. (2.16). φ̃0(x) is the approximate

molecular wavefunction, where the parametric dependence on the nuclear coordinates, R,

has been dropped.

The restricted treatment typically describes well closed-shell molecules near their equi-

librium geometry12. But to describe closed-shell molecules away from their equilibrium

geometry or open-shell systems in general, spatially unrestricted spin-orbitals must be
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allowed,

χ
α/β
i (x) =



ψα
j (r)α(ω),

or

ψ
β
j (r)β(ω).

(2.17)

ψα
j (r) is the spatial orbital for electron with α spin-function, and it is allowed to differ from

the spatial orbital, ψα
j (r), corresponding to the β spin-function. Relaxing the constraint on

the spatial orbitals leads to the unrestricted Hartree-Fock (UHF) method. An example of

the results of RHF and UHF are given in application to H2 bond dissocation, shown in Fig.

(2.2). It is clear that away from the equilibrium bond distance, UHF describes H2 better

than RHF.

Near the equilibrium geometry of closed-shell molecules, the RHF and UHF methods will

converge to the same solution. However, as the molecule moves away from its equilibrium

geometry, as is the case in stretching the H2 bond, the UHF solution will diverge from the

RHF one. The locus of divergence is known as the Coulson-Fischer point16, and it is there

where the spin-symmetry “breaks.”
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Figure 2.2: H2 dissociation using RHF (red), UHF (green), RKS (black), UKS (blue), and
exact CCSD (dotted) solutions. The Coulson-Fischer point is the bond length at which the
UHF diverges from the RHF, and the UKS diverges from the RKS solutions. All calculations
are performed in Turbomole5 with def2-SV(P)32 basis and DFT calculations use the PBE033

exchange-correlation functional.

2.5.2 Correlation Energy

The difference in energy between the UHF/RHF solutions and the exact solution, illus-

trated in Fig. (2.2), is the correlation energy,

Ecorr
0 = Ẽ0 − E0, (2.18)

where Ẽ0 is the ground state energy for the Hartree-Fock solution in the basis set limit, and

E0 is the exact ground state energy. In general, methods which can capture the correlation

energy are necessary to predict quantitative energies, bond dissocation curves, etc. In

density functional methods, however, correlation is captured more readily even within a

single determinant approximation to the ground state. Density functional methods are

discussed in the following section.
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2.5.3 Density Functional Methods

According to the Hohenberg-Kohn Theorem34, the exact ground state energy,

E[ρ] = Te[ρ] + Eee[ρ] + Een[ρ, R], (2.19)

is a functional of the electron density,

ρ = K
∫

...
∫
|Ψ(x1, ..., xK)|2dx1...dxK. (2.20)

In Eq. (2.19) Te is the kinetic energy functional, Eee contains all two-electron contributions,

and Een contains the electron-nucleus terms. All coordinates but r1 are integrated out in

Eq. (2.20). This is the foundation for density functional (DF) methods discussed below.

Ground State Properties from Kohn-Sham DFT

Kohn and Sham35 sought to solve the many-body problem by mapping the interacting

system onto a fictitious non-interacting system. This mapping is done by solving Kohn-

Sham (KS) equations,

(
−1

2
∇2 + Ve f f

)
φi = εiφi, (2.21)

for the KS orbitals, φi. Ve f f is the non-interacting potential and it follows directly from the

KS construction and the Hohenberg-Kohn Theorem34,

Ve f f (r1) =
∫

ρ(r2)

r12
dr2 + VXC(r1)−

N

∑
A

ZA

r1A
. (2.22)
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VXC = δEXC/δρ is the exchange-correlation potential which is the functional derivative of

the exchange-correlation energy, EXC. In the KS picture, the energy functional is written as

E[ρ] = TKS[ρ] + J[ρ] + EXC[ρ] + Een[ρ]

= −1
2

K

∑
i
〈φi|∇2|φi〉+

1
2

∫ ∫
dr1dr2

ρ(r1)ρ(r2)

r12
+ EXC[ρ] +

∫
drVenρ(r).

(2.23)

TKS is the kinetic energy of the KS orbitals and J is the Hartree potential. EXC and its

potential VXC have an unknown form, and are chosen within the Kohn-Sham picture so as

to reproduce the exact ground state density of the real interacting system. EXC contains all

exchange, self-interaction, correlation, and residual kinetic energy not captured by TKS.

Since the exact EXC functional is unknown current approximate functionals are limited

in their ability to properly describe bond dissociation13,36. An improved description of

homolytic bond dissociation, in analogy to the Hartree-Fock method, occurs when the KS

orbitals are allowed to be unrestricted (UKS). A comparison of the RKS and UKS solutions

for H2 bond dissocation are illustrated in Fig. (2.2). Similar to HF, RKS describes the

ground state energy well near the equilibrium bond length, however as the bond stretches

the UKS and RKS solutions diverge with UKS yielding a better description for homolytic

bond cleavage beyond the Coulson-Fischer point. Both UKS and RKS do better than the

respective UHF and RHF, this is largely due to the inclusion of electron correlation through

the EXC functional.
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Excited State Properties From Time-Dependent Density Functional Theory

The excited state PESs are computed from the excitation frequencies, Ωi, found by solving

the time-dependent Kohn-Sham eigenvalue problem37–40:


A B

B A

−Ωn

1 0

0 −1



Xn

Yn

 = 0, (2.24)

where Xn and Yn are the transition density vectors, Ωn is the ground→ nth state excitation,

and matrices A and B are the orbital rotation Hessians are14,

(A + B)iaσ,jbτ = δστδijδab(εaσ − εiσ) (2.25)

+ 2(iaσ|jbτ) + 2 f XC
iaσjbτ − cxδστ[(jaσ|ibσ) + (abσ|ijσ)], (2.26)

and

(A− B)iaσ,jbτ = δστδijδab(εaσ − εiσ) + cxδστ[(jaσ|ibσ)− (abσ|ijσ)] (2.27)

where (iaσ|jbτ) is the Mulliken notation for the two-electron repulsion integral, cx is the

hybrid mixing coefficient, and f XC
iaσjbτ is the matrix element of the exchange-correlation

kernal. In the adiabatic approximation

f XC
iaσjbτ =

∫
d3rd3r′φ∗kσ(r)φlσ(r)

(
δ2EXC

δρσ(r)δρτ(r′)

)
φ∗nτ(r)φmτ(r). (2.28)

where the second order functional derivative is evaluated at the ground state density. φkσ(r)

are the ground state KS orbitals, i, j and a, b represent the occupied and virtual orbitals,

respectively. σ = α, β is the spin variable, and k, l, m and n indicate general orbitals. Due

to algorithms which scale with system size N as O(N2), TDDFT response theory methods

are efficient and relatively accurate and are thus the methods of choice for computing
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excitation energies, non-adiabatic couplings, and gradients for direct dynamics14,41.

2.5.4 Stability Analysis

The Coulson-Fischer point may be located by performing a stability analysis. There exists

an unrestricted KS solution when the ground state energy of the RKS solution becomes

unstable with respect to variation of the molecular orbitals,

d2

dx2 E(x) =
d2

dx2 〈φ̃0|U†(x)HelU(x)|φ̃0〉 < 0, (2.29)

where x is a parameter corresponding to orbital rotations through the unitary transforma-

tion, U(x), and its conjugate transpose, U†(x). Eq. (2.29) is satisfied when the eigenvalues

of the super matrix,

A B

B A

 , (2.30)

are all positive38. The A and B matrices were defined in the previous section. When

the lowest eigenvalue of Eq. (2.30) is negative, an instability occurs. When negative,

eigenvalues correspond to rotations of triplet excitation character, and there exists a triplet

instability, else the eigennvalues corresponds to rotations of singlet excitation character

and is called a singlet instability.
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2.6 Ab initio Non-adiabatic Molecular Dynamics

2.6.1 Classical Nuclei

In ab initio direct molecular dynamics the electrons evolve according to the time-dependent

electronic Schrödinger equation,

i
∂

∂t
Φ(r, t; R) = HelΦ(r, t; R), (2.31)

and Eq. (2.31) is solved at each nuclear configuration, R. The nuclei are treated classically

according to Newton’s equations of motion,

Fi = −
dEel

j (R)

dRi

= MαR̈i

(2.32)

where Mα is the mass, Ri is the coordinate along the ith degree of freedom, and R̈i is the

second order time derivative of the ith nuclear coordinate. Ab initio molecular dynamics

integrated on a single PES is valid when it is well separated in energy from other PESs.

However, in regions of strong coupling between two or more PESs, the BO approximation

breaks down and non-adiabatic molecular dynamics (NMD) methods are required14.

2.6.2 Breakdown of the Born-Oppenheimer Approximation

With the Hellmann-Feynman Theorem42,43 and the conditions,

〈φj|∇φi〉 = 〈φj∇|φi〉, (2.33)
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and

〈φj|φi〉 = δji, (2.34)

the first-order derivative couplings may be written as

Fji = 〈φj|∇φi〉 (2.35)

=
〈φj|∇Hel|φi〉

Ei − Ej
. (2.36)

Eq. (2.35) implies the derivative couplings becomes large near avoided crossings and

thus cannot be neglected in Eqs. (2.9) and (2.10). This constitutes a breakdown in the

BO approximation and therefore derivative couplings must be considered near avoided

crossings and conical intersection (see Fig. (2.1)). In photodissociation dynamics regions

of strong coupling between PESs account for internal conversion.

One of the most widely used NMD methods for incorporating non-adiabicity is Tully’s

fewest switches surface hopping (FSSH). FSSH maintains the BO picture of the PES and

incorpores non-adiabatic effects by including the first-order non-adiabatic derivative

couplings15.
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2.6.3 Fewest Switches Surface Hopping

Figure 2.3: Schematic representation of Tully’s fewest switches surface hopping algorithm.
Wave packet dynamics are modelled by ensembles of mixed quantum-classical trajectories
hopping between potential energy surfaces. The dashed lines represent two different
trajectories: One begins in the ground state and encounters a region of strong coupling
and subsequently hops back and forth between the excited and ground state. In a similar
way another trajectory starts in the excited state in hops in region of strong coupling.

One of the most popular methods for incorporating non-adiabatic effects in ab initio

molecular dynamics simulations is Tully’s fewest switches surface hopping algorithm14,15.

In this approach classical nuclei are propagated on single PESs and non-adiabatic effects are

accounted for by stochastic hopping of the trajectory between PESs near regions of strong

coupling (see Fig. (2.3)). To see this, first the time-dependent electronic wavefunction is

expanded in a BO basis, φj(r; R),

Ψ(r, t; R) = ∑
j

cj(t)φj(r; R) (2.37)

22



and the time-dependent wavefunction is inserted into Eq. (2.31). This leads to the coupled

differential equations for the state coefficient column vector, c,

iċ = (H − iQ)c. (2.38)

The elements of c are the time dependent state coefficients cj(t) from Eq. (2.37). ċ is the

time-derivative of the state coeffecient vector, H is the electronic Hamiltonian matrix, and

Q is defined as

Qmn = 〈φm|
∂

∂t
φn〉

= Ṙ · Fmn

(2.39)

where Ṙ is the nuclear velocity and Fmn is the non-adiabatic derivative coupling between

PESs m and n. The off-diagonal cic∗j , i 6= j, are referred to as the coherences and while the

diagonal elements are the state populations. The matrix elements of Eq. (2.38) are

i
d
dt

cic∗j = ∑
l

(
cic∗j [Hil − iQil]− cic∗l [Hl j − iQl j]

)
, (2.40)

and the diagonal elements of Eq. (2.40) represent the change in state population. The

diagonals may be expressed as

d
dt

cic∗i = ∑
l 6=i

bil, (2.41)

where

bil = 2=cic∗l [Hil − iQil]− 2<[cic∗l iQil]. (2.42)

In a BO basis the off-diagonal element of H are zero, and Eq. (2.42) becomes a function of

the derivative couplings and nuclear velocities only. Thus, changes in state population are
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driven only through the derivative couplings. Tully15 argued that the transition probability

from state i → j for a two state system may be expressed in terms of the change in state

populations, Eq. (2.41), as

gij =
bji∆t
cic∗i

, (2.43)

for sufficiently small time step ∆t. When the probability gij is greater than a random

number ∈ [0, 1] then a trajectory “hops” from state i→ j and dynamics continues on PES j.

When a hop occurs, the nuclear momenta are scaled along the direction of the non-adiabatic

coupling vector Fmn in order to conserve total energy44–47. In this way, the nuclear wave-

packet is modelled as an ensemble of classical trajectories which stochastically hop between

PESs. FSSH preserves several desirable attributes of ab initio molecular dynamics: 1) The

electronic state populations, ci, are accurately reproduced in an ensemble of trajectories,

2) trajectory splitting occurs in regions of strong coupling, 3) total energy conservation

is satisfied, and 4) detailed balance is approximately satisfied14. More accurate methods

such as Multiple Spawning48 include quantum nuclei and require significantly more com-

putational resources. The FSSH algorithm allows incorporating nonadiabaticity without

loss of the Born-Oppenheimer picture and the PES. For photochemistry, this means that

internal conversion and intersystem crossing occur via hopping between states.
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Chapter 3

Spin-symmetry Breaking Algorithm

Portions of this chapter from J.C. Vincent, M. Muuronen, K.C. Pearce, L.N. Mohanam, E.

Tapavicza, and F. Furche, That Little Extra Kick: Non-adiabatic Effects in Acetaldehyde

Photodissociation. Reproduced in part with permission from Journal of Physical Chemistry

Letters, submitted for publication. Unpublished work copyright 2016 American Chemical

Society.

Section 3.3 contains excerpts reprinted with permission from Michael J. G. Peach, Matthew

J. Williamson, David J. Tozer, Influence of Triplet Instabilities in TDDFT. Journal of Chemical

Theory and Computation. Copyright 2011 American Chemical Society.

The material in this chapter is based upon work supported by the Department of Energy

under Award DE-SC0008694 and the National Science Foundation under award CHE-

0909227.
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3.1 Introduction

In this chapter an algorithm is developed which enables for the first time homolytic bond

cleavage within linear-response time-dependent density functional theory with Tully’s15

fewest switches surface hopping (LR-TDDFT-SH). Near critical points on the potential

energy surface (PES) a number of obstacles are encountered with spin-restricted simulation

methods. A spin-symmetry breaking algorithm (SBA) is developed to overcome these

limitations. The key features of the SBA are: 1) Stability analysis for identifying critical

points, also known as Coulson-Fischer (CF) points, on the PES; 2) adaptive time stepping

near the CF point for energy conservation; 3) tightened convergence thresholds near the

CF point for energy conservation, and 4) forced spin-symmetry breaking beyond the CF

point.

The SBA has been developed specifically for LR-TDDFT-SH within the Tamm-Dancoff

approximation (TDA) and has been implemented in Turbomole5. A recent implementation

by Spörkel and Thiel49 uses adaptive time-stepping for surface hopping simulations with

multi-reference wave function methods. However, to the author’s knowledge the SBA

is the first to treat homolytic bond breaking in single-reference surface hopping direct

dynamics. The implementation presented here is predicated upon the LR-TDDFT-SH im-

plementation by Tapavicza et al.4,50 which has described well spin-restricted photochemical

processes.

The presentation in this chapter is as follows: H2 is considered as a simple model to

highlight key features of the method. The plausibility for using a spin-symmetry broken

reference in surface hopping simulations is discussed. This is followed by an overview

of the performance of DFT/TDDFT methods for describing H2 bond cleavage. Then,

obstacles which are overcome by the SBA are analyzed, starting with the characterization

and identification of the CF point. Forced spin-symmetry breaking is then employed
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beyond the CF point. Constant integration time steps for propagation of the nuclei are

found to incur instabilities near the CF point. This is overcome by adaptive time stepping.

Additionally, convergence thresholds are required near the CF point to ensure energy

conservation. Finally, the SBA is summarized with a flowchart. Unless stated otherwise all

calculations are performed using Turbomole5. The SBA is then benchmarked in Chapter 4.

3.2 H2 model

3.2.1 Plausibility of Broken Spin-symmetry and Surface Hopping

Giesbertz and Baerends51 point out that TDDFT fails to describe homolytic bond breaking

in the first singlet excited state. However, as shown in the lower left panel of Fig. (3.1),

this failure only arises for spin-restricted TDDFT, while the TDA52 results are consistent

with the exact results shown in Fig. (3.2). Li et al.53 assert that excitation energies from

spin-symmetry broken reference states are meaningless within LR-TDDFT. However, the

upper left and lower right panels of Fig. (3.1) and the left panel of Fig. (3.2) suggest

excited states from a spin-symmetry broken reference yield qualitative accuracy for the

excited state PES. Furthermore, my results presented in the following chapter suggest

that spin-symmetry broken ground and excited states perform reasonably well in surface

hopping dynamics.

3.2.2 Performance of DFT Methods

Performance of two exchange-correlation functionals are compared in Fig. (3.1). The

general gradient approximation PBE54 functional and the PBE with 25% exact exchange,

PBE033, are compared. Both restricted Kohn-Sham (RKS) and UKS, rPBE and uPBE,
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respectively, and rPBE0/uPBE0 functionals are compared to each other in the upper and

lower right panels of Fig. (3.1). Excitations are computed within the Tamm-Dancoff

approximation (TDA)41. In the ground state, while rPBE performs slightly better in the

asymptotic region, the difference between it and rPBE0 is small, with a maximum difference

of approximately 0.02 Hartree at a bond length of 9 au. The difference in performance

between the two is even less for the first singlet excitations from a restricted reference, with

a maximum difference of approximately 0.01 Hartree at a bond length of 5 au. uPBE and

uPBE0 are virtually indistiguishable in the lower right panel of Fig. (3.1). However, both

uTDA/PBE and uTDA/PBE0 diverge from the rTDA calculation beyond the CF point,

which is indicated by a vertical red line. u/rTDA and u/rTDDFT are compared in the

upper and lower left panels of Fig. (3.1). rTDDFT/PBE0 fails in accord with Giesbertz and

Baerend51, however uTDDFT/PBE0 describes the first excited state with similar accuracy

as the uTDA/PBE0 (upper left panel). Furthermore, the uTDDFT/PBE0 is relatively

unnaffected at the CF point. However, due to known instabilites in TDDFT41, the TDA is

used throughout this thesis.
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Figure 3.1: Comparisons of ground and excited state PESs for H2 within TDA/TDDFT
and PBE/PBE0. The vertical line indicates the CF point in the PBE0 ground state. Upper
left: uTDDFT/PBE0 (solid black) and uTDA/PBE0 (solid red) are compared. The uPBE0
reference is the black dashed curve. Lower left: TDDFT (solid red) and TDA (solid
black) with spin-restricted reference (dashed) are compared. Upper right: r/TDA/PBE0
(red solid/dashed) and r/TDA/PBE (black solid/dashed) are compared. Lower right:
u/TDA/PBE0 (red solid/dashed) and u/TDA/PBE (black solid/dashed) are compared.
All calculations are performed with a def2-SV(P) basis.

Fig. (3.2) shows that the rTDA/PBE0 describes the excited state well when compared

to the exact result, however when compared to the CCSD excitatation it over binds by

approximately 0.01 Hartree near the equilibrium geometry. uTDA/PBE0 performs very

well for ground state energies, and similar to rTDA/PBE0 in the excited state near the

equilibrium geometry, but diverges abruptly from the CCSD and rTDA/PBE0 beyond
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Figure 3.2: Left: Ground and excited state PESs for H2 with UKS/PBE0 (red) with TDA
unrestricted excitation and CCSD (black). The vertical line indicates the CF point. Beyond
the CF the ’S1’ UKS/PBE0 state diverges significantly from the exact result. Right: Ground
and excited state PESs for H2 with RKS/PBE0 (red) with TDA and CCSD (black). The verti-
cal line indicates the CF point. Beyond the CF the S1 RKS/PBE0 state remains qualitatively
similar to exact result.

the CF point. Additionally, uTDA/PBE0 and uTDA/PBE present a double minimum, the

second of which occurs directly beyond the CF point.

Since it describes the ground state very well and reasonably well near the excited state

equilibrium point, uTDA/PBE0 is used for the remainder of this chapter. However, due

to the undesirable double minimum in the uTDA/PBE0 PES beyond the CF point, it

remains to be tested how significant excited state artifacts might be: 1) If dynamics are

dominated by ground state processes, then certainly uTDA/PBE0 is a reasonable method

for computed PESs and their gradients. 2) If dynamics in the excited states are dominated

by motion near the excited state minimum, then the double minimum character beyond

the CF point will be irrelevant. The CF point is discussed further in the following section.
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3.3 SCF Procedures

3.3.1 Identification of the Coulson-Fischer Point and the Triplet Insta-

bility

In the vicinity of the Coulson-Fischer (CF) point the PES becomes unstable. These instabili-

ties are mitigated by a number of techniques discussed in the following sections. Here,

the procedure for identifying the CF point is discussed. At each classical time step along a

trajectory while the molecule is in a spin-restricted state, a stability analysis is performed.

A stability analysis yields eigenvalue of the orbital rotation Hessian, considered here to be

a “stability measure.” When the stability measure becomes negative, a triplet instability56

is identified, which occurs when the first triplet TDDFT excitation crosses zero. This is

highlighted by Casida et al.57 and, for time-dependent HF by Peach et al.55, is illustrated in

Fig. (3.3). Additionally, the stability parameter can be used to gauge proximity to the triplet

instability, which as we will see is useful for developing an adaptive time-stepping scheme.

The procedure for breaking spin-symmetry is shown in Algorithm 1. Next, currently

available self-consistent field (SCF) procedures are discussed. Particularly, they do not

properly break spin-symmetry at the CF point leading to energy conservation violation.

CF point and triplet instability are used interchangeably in the rest of this chapter.

3.3.2 Failure to Break Spin-symmetry

Current SCF procedures58 do not necessarily break spin-symmetry at the Coulson-Fischer

point, even when UKS orbitals are used. This is illustrated in Fig. (3.4). In both the

upper and lower panels of Fig. (3.4) H2 trajectories are given the same total energy which

is sufficient for bond dissociation (Etot > −1 Hartree). However, unless spin-symmetry

31



Figure 3.3: (a) Hartree-Fock (HF) electronic energy, and (b) HF triplet stability measure for
H2 as a function of bond length R, using the d-aug-cc-pVTZ basis set. A triplet instability
occurs when the first TDHF triplet excitation is zero. Reprinted with permission from
Ref.55, Copyright 2011. American Chemical Society.
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Figure 3.4: Comparison of H2 trajectories with and without spin-symmetry breaking;
both trajectories have identical initial conditions. Potential energy (blue) and total energy
(green) are plotted versus time (au). Trajectory (A) does not undergo stability analysis and
no spin-symmetry breaking is enforced; the trajectory does not dissociate. Trajectory (B)
undergoes stability analysis at each step. This leads to identification of triplet instabilities,
followed by forced spin-symmetry breaking. While this trajectory does dissociate, energy
conservation is violated. UKS calculations are performed with def2-SV(P) basis32, PBE054

exchange-correlation functional. Equations of motion integrated with the Leapfrog Verlet
algorithm with constant time step of 20au.
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breaking is explicitly enforced, as in panel (B), H2 will not dissociate, as in panel (A).

Failure to break spin-symmetry leads to unphysical bound states. Identification of the CF

point and spin-symmetry breaking are implemented according to Algorithm (1).

while spin-symmetry is not broken do

Perform stability analysis;

if Triplet instability then

1. Force UKS triplet occupation

2. Perform SCF calculation

3. Use converged triplet MOs as start MOs for SCF calculation with UKS singlet

occupation

if Trajectory in excited state then
Proceed to excited state gradient calculation with new broken

spin-symmetry reference

else
Proceed to ground state gradient calculation with new broken

spin-symmetry reference

end

end

end
Algorithm 1: Algorithm for detection of Coulson-Fischer point and enforced spin-

symmetry breaking. This algorithm is implemented in the trip_instab function of the

v1.6_jobex script in a local working version of TURBOMOLE.
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3.4 Adaptive Time Stepping

Energy conservation is volatile near the CF point and is sensitive to the classical integration

time step chosen. Smaller integration time steps, as depicted in Fig. (3.5), improve energy

conservation in dynamics calculations in general; however, when a triplet instability is

not detected quick enough, there is an unphysical increase in the potential energy which

occurs near the triplet instability. Therefore, energy conservation is violated when crossing

a triplet instability. This is illustrated in Fig. (3.4). As demonstrated in panel (B), there is a

sudden increase in the potential energy when the ground state switches from RKS to UKS

MOs. While the PES shows good behavior well beyond the triplet instability, an increase

in the kinetic energy occurs following the transition from RKS to UKS reference.

For simulating long trajectories, large classical integration time steps are desirable. In the

adaptive time stepping scheme presented here, the time step is allowed to become large

far from the CF point. As the trajectory approaches a triplet instability, the time step is

scaled according to

∆ti = αλ, (3.1)

where ∆ti is the current time step, α is the proportionality constant, which may be system

dependent, and λ is the stability parameter. Energy conservation is the primary criterion

for determining optimal integration time step scaling, in accordance with Eq. (3.1). The

adaptive time stepping scheme developed is illustrated in Fig. (3.6), and implemented in

Algorithms (2) and (3).

The specific time steps represented in Algorithm 2 (15au, 3au, and 30au) were empirically

shown to improve energy conservation in acetaldehyde dynamics, which is further dis-

cussed in Chapter 4. In particular, it was found that the excitated state PES was more
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Figure 3.5: Three different time step scaling schemes for H2 trajectories with identical initial
conditions and default $scfconv and $denconv. Potential energy (green), total energy (blue),
and initial total energy (dashed red) for H2 trajectories with spin-symmetry breaking, with
three different time step scaling schemes. In all three panels the potential energy jumps
at the triplet instability, where 〈S2〉 = 1, and then drops back to the expected PES when
〈S2〉 = 0.75. Lower panel minimum time step is 20 au, middle panel time step scales to
minimum 10au, and upper panel time step scales to minimum 1au. H2 dissociates in all
three trajectories. UKS (TD)DFT calculations performed with UKS (TD)DFT with PBE0
exchange-correlation functional in SV(P) basis. EOM integrated with Leapfrog Verlet59

with variable time step scaling method.
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Figure 3.6: Schematic for Leapfrog Verlet algorithm (A) and for adjusted Leapfrog Verlet
with scaled time steps (B). (A) shows typical progression for time and half-time steps with
constant ∆t. In schematic (B) when going from larger ∆t (in gray) to smaller ∆t (in blue)
the half-time step is shifted forward in time so that ti− 1

2
is equidistant from ti+ 1

2
where

i indicates the current step. When going from smaller ∆t to larger ∆t (blue to gray) the
half-time step is shifted backward in time so that ti− 1

2
is equidistant from ti+ 1

2
, where i

indicates the current step.

if λ < 0.015 then
if Trajectory in excited state then

∆tnextstep = 3au
Set $scfconv = 1d-9 and $denconv = 1d-12

else
∆tnextstep = 15au

end
else

if Trajectory in ground state then
∆tnextstep = 3au
Set $scfconv = 1d-9 and $denconv = 1d-12

else
∆tnextstep = original time step

end
end

Algorithm 2: Variable time step and convergence threshold scheme. λ is the stability
parameter. This is implemented in the trip_instab function in the v1.6_jobex script in a
local working version of TURBOMOLE.
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for i..N do
if ∆ti−1 6= ∆ti then

vi− 1
2
= vi− 1

2
+ ai

1
2(∆ti−1 − ∆ti)

end
else

continue Leapfrog Verlet with constant ∆t
end

end
Algorithm 3: Time step scaling algorithm implemented leap.f in the froglib library of
Turbomole. Refer to Fig. (3.6) for schematic of this algorithm. This is implemented in the
leap.f subroutine in the frog library.

sensitive to the time step, and hence the smaller time step employed for excited state

dynamics in Algorithm (2). Peach et al.55 identify the relationship between the stability

parameter and proximity to the triplet instability, shown in panel (b) of Fig. (3.3).

3.5 Sensitivity to Convergence Thresholds

At the CF point, the PES is sensitive to SCF and density convergence thresholds. This is

illustrated for H2 dynamics in Fig. (3.7). Remarkably, the delicacy of the PES near the

CF point is coincident with an abrupt change in the character of the excited state (see Fig.

(3.2)). To ensure energy conservation, tighter convergence thresholds are employed as a

trajectory approaches a triplet instability, as shown in Algorithm (2)
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Figure 3.7: H2 trajectories with constant time step and with spin-symmetry breaking. (A)
the default SCF and density onvergence thresholds . Trajectory (B) is calculated with
tighter convergence criteria. Both trajectories are integrated with 20au time step and given
-0.9955 Hartree total initial energy for free dynamics. Only near the triplet instability are
higher convergence thresholds required.
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3.6 The Spin-symmetry Breaking Algorithm

The method for breaking spin-symmetry along ab initio dynamics trajectories is summa-

rized in Fig. (3.8).

Figure 3.8: Implementation of a spin-symmetry breaking algorithm. Individual modules
are elaborated upon in Algorithms 1 through 3. The trip_instab() function in the v1.6_jobex
script performs stability analysis by calling define, dscf, and escf. Time steps are rescaled
in the leap.f program in the froglib library in a local working version of Turbomole.
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Chapter 4

Acetaldehyde Photodissociation

Dynamics

Portions of this chapter from J.C. Vincent, M. Muuronen, K.C. Pearce, L.N. Mohanam, E.

Tapavicza, and F. Furche, That Little Extra Kick: Non-adiabatic Effects in Acetaldehyde

Photodissociation. Reproduced in part with permission from Journal of Physical Chemistry

Letters, submitted for publication. Unpublished work copyright 2016 American Chemical

Society.

The material in this chapter is based upon work supported by the Department of Energy

under Award DE-SC0008694 and the National Science Foundation under award CHE-

0909227.
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4.1 Introduction

Acetaldehyde is an abundant pollutant in the atmosphere60,61 and serves as a model for

carbonyl photochemistry62. Due to its small size and rich photochemistry as presented in

the literature, acetaldehyde is an ideal computational benchmarking system. To describe

the competing photochemical processes computationally, i.e. non-adiabatic transitions

between excited states and breaking sigma-bonds both hetero- and homolytically, one

has to account for spin-symmetry breaking in single reference methods. Therefore, the

spin-symmetry breaking algorithm (SBA) with Tully-type surface hopping (SH-SBA) and

the ground state Born-Oppenheimer SBA (BO-SBA), which were derived and implemented

in Chapter 3, are evaluated here by application to acetaldehyde photochemistry.

Since 193363 acetaldehyde has been the subject of hundreds of studies, with many the-

oretical64–72 and experimental73–87 investigations occurring within the last two decades.

Recently discovered roaming mechanisms88–91 make acetaldehyde also an interesting

molecule for exploring non-transition state (TS) dissociation mechanisms25. Several stud-

ies by Bowman et al. investigate roaming in acetaldehyde by simulating dynamics on

a global S0 potential energy surface (PES)30,92–94; they find that roaming constitutes the

major mechanism forming CH4 and CO when acetaldehyde is photoexcited between

308nm - 230nm. However, a number of questions still remain regarding acetaldehyde

photodissociation dynamics: 1) How important are excited states for predicting accurate

branching ratios, i.e. how does non-adiabatic molecular dynamics (NMD) compare to BO

dynamics? 2) In surface hopping calculations, what role do non-adiabatic coupling vectors

(NACV) play in dissociation mechanisms and branching? Lastly, 3) how well do single

reference quantum chemical methods (DFT/TDDFT) describe radical intermediates and

open-shell products?

To investigate these questions I simulated recent jet-cooled molecular beam experiments95
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of acetaldehyde photoexcited at 157 nm are simulated using SH- and BO- SBA direct

dynamics calculations. Branching ratios show qualitative agreement between experiment

and both the SH- and BO-SBAs. However, divergence between the two methods is illus-

trated in dissociation mechanisms, and further with total kinetic energy (TKER) probability

distributions, where SH-SBA improves the latter significantly. Furthermore, my results

suggest BO simulation methods may overestimate the role of roaming dynamics in the

formation of closed-shell CO + CH4. Disparity between the TKER probability distribu-

tions, and a detailed examination of the role played by NACVs in dissociating trajectories,

motivate a rationale for the divergence between the two methods. The improvements

in the SH-SBA are proposed to arise from two main processes, which are depicted in

Fig. (4.1): 1) Nuclear momentum is redistributed along NACVs into dissociating modes

upon a surface hop from S1 → S0; these are referred to as type-1 processes. 2) Excited

state dynamics bias product formation by direct funneling of trajectories into dissociating

regions of the ground state PES; these are referred to as type-2 processes. Lastly, two new

concerted triple-fragmentation dissociation mechanisms are identified and discussed.

4.2 Computational Details

Ensembles with constant number, energy, and volume (NVE) of 440 SH-SBA and 400

BO-SBA direct dynamics simulations were performed. 71 SH-SBA and 211 BO-SBA tra-

jectories violated energy conservation and are not considered in data analysis. Excited

state PESs were computed using linear response time dependent density functional the-

ory14,37,50 within the Tamm-Dancoff Approximation (TDA)41(LR-TDDFT-TDA). Known

deficiencies associated with TDDFT PESs96 near conical intersections were avoided by

enforcing a surface hop from S1→ S0 whenever the excitation energy was within 0.5 eV4.

Unrestricted and restricted Kohn-Sham reference MOs were computed using the PBE0
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Figure 4.1: Three possible trajectory pathways coupling excited PES to ground PES in
surface hopping dynamics: 1) Momentum rescaling along the non-adiabatic coupling
vector upon a surface hop biases trajectory toward dissociation (type-1 process), 2) surface
hop from S1 → S0 directly into a dissociating region of the ground state PES (type-2
process) or 3) surface hop to a non-dissociating region of ground state PES, with subsequent
dynamics similar to those of trajectories initialized in the ground state (type-3 process). The
length of the bold black arrows represent the strength and direction of the non-adiabatic
coupling vector.

exchange-correlation functional33. A Gaussian basis set implementation of DFT58 and

TDDFT97 in Turbomole5 was used. While smaller basis sets are known to blue-shift excita-

tion spectra4 good agreement existed between the def2-SV(P)98 through def2-QZVPP99

bases for the S0 and S1 PES gradients and thus def2-SV(P) basis set were employed. Non-

adiabatic effects were simulated using an implementation of Tully’s Fewest Switches

Surface Hopping (FSSH) algorithm15. NACVs are computed using the implementation by

Send and Furche100. Nuclear forces were computed from analytical ground state101 and

excited state gradients102. Classical nuclear equations of motion were integrated using

an adaptive time stepping scheme which was described in Chapter 3, and is predicated

upon the velocity Verlet59 implementation in the FROG103 module in Turbomole. Classical

integration was performed over approximately 10,000 steps, resulting in total simulation

times of approximately 4 ps.
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Figure 4.2: Schematic representation of initial conditions employed in the SH- and BO-SBA
ensembles. Left: A vertical excitation into Rydberg states follows absorption of 157 nm
light from the zero-point global S0 minimum structure of acetaldehyde, denoted by R0.
Evib,0 is the zero-point energy which is added to the excitation energy. Upper right: (A)
Initial conditions for the SH-SBA ensemble. Ultra-fast internal conversion from Rydberg
states to S1 occurs in accordance with Kasha’s rule. (B) After internal conversion into
S1 the trajectory begins to evolve in the excited state. Lower right: Initial conditions for
BO-SBA ensemble. (A) Direct internal conversion from Rydberg states to high vibrational
level of S0 is assumed so that BO-SBA ensemble is initialized with total energy equivalent
to the SH-SBA ensemble. (B) After internal conversion to S0 the trajectory begins to evolve
in the ground state. In both the lower left and right panels motion along a general second
coordinate B is assumed to be negligible.
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4.2.1 Initial Conditions

Prior to excitation, jet-cooled molecular beams95 yield cold acetaldehyde molecules in their

zero-point vibrational level. The single molecule zero-point energy (ZPE), Evib,0 = 34.95

kcal/mol, is computed within the harmonic approximation at the def2-SV(P)/PBE0 level.

In the ZP vibrational level, the most probable geometry will be at the global PES minimum

in the ground state, S0. As depicted in Fig. (4.2), 157 nm (181.415 kcal/mol) light95

incurs a vertical excitation from the ground state zero-point level to the Rydberg states.

Subsequently, acetaldehyde is assumed to undergo ultra-fast internal conversion to S1

(Kasha’s rule19). Trajectory calculations are initialized in the S1 excited state with a total

kinetic energy, KEi
S1

, corresponding to contribution from the photon, S1 energy at the

Franck-Condon point and the ZP energy in the ground state:

KEi
S1

= E(157nm) + Evib,0 − ES1 . (4.1)

ES1 is the potential energy of the S1 state at the Franck-Condon point (101.552 kcal/mol).

For comparison, BO-SBA trajectories are given a total energy equal to that of the SH-SBA

trajectories (Etot = 216.37 kcal/mol), which corresponds to the following initial kinetic

energy in the ground state, KES0 :

KEi
S0

= E(157nm) + Evib,0. (4.2)

Nuclear velocities are assigned randomly about a Gaussian distribution centered at KE =

1
2 kBT ∗ DOF with variance σ2

i = kT/mi, i.e. the velocity squared, v2
i , for the ith atom.

Here, KE is the initial kinetic energy of the trajectory, which is either KEi
S1

or KEi
S0

, kB is
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Boltzmann’s constant, T is the temperature and DOF is the internal degrees of freedom.

Each atomic velocity is then scaled to ensure the total kinetic energy, KE, is fixed.

4.2.2 Constructing TKER Probability Distributions

TKER probability distributions, P(Et), for the H-loss channel were generated by: 1) Com-

puting total translational kinetic energy, Et, of momentum-matched products for each

trajectory, and 2) binning the Et to generate normalized distributions over a finite set of

bins. Et is computed as follows:

Et =
1
2

mR1(1 +
mR1

mR2

)(
d12

t
)2 (4.3)

where mR1 and mR2 are the masses of momentum-matched products 1 and 2, respectively,

d12 is the center-of-mass (COM) distance between products 1 and 2, and t is the time

traveled in distance d12. In units of kcal/mol, Et values are discretized as follows:

El
t = 5(l − 1) + 2.5, if − ∆Et

2
< Et − 5(l − 1) + 2.5 <

∆Et

2
, (4.4)

where the index l = {1, .., 40}, and ∆Et ≡ 5kcal/mol is the bin size. The probability, Pl,

that Et is in bin, El
t, is given by

Pl =
Nγ

l

α ∑40
j=1 Nγ

j

, (4.5)
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where γ refers to either H-loss or CH3+CO channel, Nγ
l is the number of trajectories in

bin El
t for dissociation channel γ, ∑40

i=1 Nγ
i is the total number trajectories which dissociate

along channel γ, and α = ∆Et is the normalization constant so that

40

∑
l=1

Pl∆Et = 1. (4.6)

Smooth approximate probability distributions of the discrete pairs (El
t,P

l) were generated

using acsplines in Gnuplot 4.6104.

4.2.3 Calculating Branching Ratios

Dissociation is defined as having occurred when a minimum bond length of 6Å exists

between any two nuclei, at which point a simulation resulting in total simulation time less

than 4 ps. Branching ratios, φγ, along dissociation pathway γ is computed as follows:

φγ =
Nγ

i

∑40
j=1 Nγ

j

. (4.7)

We developed a screening tool which determined product formation based upon an

interatomic distance metric; scans over hundreds trajectory files efficiently counted product

formation.
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4.2.4 Calculating Approximate Rotational and Vibrational Quantum Num-

bers

Rotational quantum numbers, J, and vibrational quantum numbers, ν, are computed for

CO dissociation fragments. These quantum numbers are approximated from classical

nuclei by binning the classical counterparts. The rotational energy levels are determined

as follows: The classical rotational kinetic energy, KEclass
rot is computed,

KEclass
rot =

1
2

LIL, (4.8)

where L is the angular momentum, and I is the moment of inertia tensor. KEclass
rot is

computed over several classical integration steps and then averaged and set equal to the

quantum rotational energy for a diatomic,

〈KE〉class
rot =

J(J + 1)
2I

, (4.9)

where I = µr2 is the moment of inertia for a diatomic with reduced mass µ and r is the CO

bond distance. Eq. (4.9) is solved for rotational quantum number J and then rounded to

the nearest whole number. In a similar manner the vibrational quantum numbers for CO,

ν, are computed. The classical vibrational energy in a harmonic potential is set equal to

the quantum harmonic oscillator energy:

Eclass
vib =

1
2

∂2U
∂r2 (r2

max), (4.10)

=
1
2

k(r2
max), (4.11)

= h̄(ν +
1
2
)

√
k
µ

. (4.12)
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rmax is the bond length at the classical turning point, and the force constant, k, is computed

from the potential energy surface (at the global minimum). The quantum number, ν, is

rounded to the nearest whole number.

4.2.5 Calculating the Period of Rotation

Triple-fragmentation dissociations of the type,

ABC + hν
t0−→ ABC∗

t1−→ AB∗ + C
t2−→ A + B + C, (4.13)

are defined as synchronous concerted, asynchronous concerted, or step-wise by the follow-

ing criteria105:

t2 − t1

τrot
=


0 ,then synchronous concerted,

≤ 1 ,then asynchronous concerted,

≥ 1 ,then step-wise.

Above, τrot = 2πω−1 (where ω is the rotational velocity) is the rotational period of AB∗,

and t1 and t2 are the times at which the second two dissociation steps in Eq. (4.13) occur.

For analysis, t1 and t2 are measured directly by tracking the time step at which dissociation

1 and 2 occur, respectively.

The period of rotation is computed as follows: 1) The principle axes of rotation, {Uα, Uβ, Uγ},

and principle moments of inertia, {Iα, Iβ, Iγ} are determined as the eigenvectors and eigen-
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values, respectively, of the moment of inertia tensor, I,

IU =


Iα 0 0

0 Iβ 0

0 0 Iγ

U (4.14)

where

U = (Uα, Uβ, Uγ). (4.15)

Here the bold elements of U represent column vectors containing the vector coordinates

for each of the respective principle axes. 2) The projection of the total angular momentum

vector, L = {Lx, Ly, Lz} (which is centered about the center-of-mass, COM), about each

principle axis, ξ = {α, β, γ}, is

Lξ =
L ·Uξ

UT
ξ ·Uξ

. (4.16)

3) The rotational velocity about principle axis ξ, ωξ , is then computed as

ωξ = Lξ/Iα, (4.17)

and finally, 4) the period of rotation is computed:

τξ = 2πω−1
ξ . (4.18)
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4.3 Results and Discussion

Lee95 observes nine dissociation channels listed in Table (4.1). These same dissociation

channels were observed in my simulations. In particular, channels (2) and (6) are observed

to branch along differing mechanisms when simulated with the SH- or BO-SBA. A brief

analysis of branching ratios will be followed by an in-depth examination of the mechanisms

for channels (2) and (6). The reader is referred to several studies investigating channels

(1),(3),(4), and (5) through (9)30,64–72,92–94.

4.3.1 Branching Ratios

Dissociation

channel SH-SBA BO-SBA Experiment

(1) CH3 CO + H 0.03 0.06 0.01

(2) CH3 + CO + H 0.37 0.62 0.50

(3) CH2 CO + H + H 0.05 0.05 0.24

(4) CH2 CO + H2 0.03 0.10 0.14

(5) CH3 + CHO

(6) CH4 + CO

(7) CH2 + CH2O 0.09 0.09 0.10

(8) CH2CH + OH

(9) CHCH + H2O

No dissociation 0.44 0.08

Table 4.1: SH-SBA and BO-SBA raw branching ratios for nine dissociation pathways
in acetaldehyde at 157 nm. Empirical branching ratios are also reported from Lee95.
Raw values are calculated from trajectories which dissociated within the 10,000 classical
integration steps.
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Table (4.1) shows qualitative agreement between the SH- and BO-SBA calculations and

the molecular beam experiments of Lee95; small discrepancies between the methods are

discussed here. 44% of the SH-SBA and 8% of the BO-SBA trajectories did not dissociate

within the 10,000 integration steps. The large difference in non-dissociating branching

ratios indicates SH-SBA calculations increase the lifetime of acetaldehyde compared to

BO-SBA. This result is expected due to sequestration of internal energy into electronic

potential energy in the excited state, which occurs only for trajectories in the SH-SBA

simulations.

For channel (1), Lee95 observes that the dominant contribution to single H-loss is due to

hot dissociation along the first triplet state. This observation is consistent with my results:

Internal energy calculations of almost all CH3CO fragments indicates there is sufficient

energy in vibrational modes to overcome the CC bond dissociation barrier of 26.4 kcal/mol.

Therefore, given additional simulation time both SBAs are expected to yield a branching

ratio of zero for channel (1). Furthermore, since the triplet state is not explicitly computed

in the SBAs, low yield along triplet state dissociations is expected. Along channel (3), both

the SBAs exhibit relatively low yields. This may also be due to the missing triplet state

dynamics, and may explain why this and channel (1) both have low calculated yields.

Lastly, the disparity in branching between the SH- and BO-SBA along channel (4) is not

entirely clear. It may also be due to undissociated trajectories in the SH-SBA. Though

low yield along channel (4) was also observed in ground state calculations by Han et al.94,

albeit at lower excitation energy of 308nm.

For both the SH- and BO-SBA channel (2) dominates all others, which is consistent with

the experiment95. However, the BO-SBA branches considerably more along channel (2)

than does SH-SBA. Since branching is relatively consistent between the SH- and BO-SBA

along all the other channels it is hypothesized that the low branching along channel (2) in

SH-SBA is largely due to undissociated trajectories.
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4.3.2 Mechanisms: SH-SBA vs BO-SBA

While branching ratios show qualitative agreement between both the SH- and BO-SBA and

experiment, mechanisms show notable differences between the two methods. In particular,

the roaming formation of CH4 and CO, and two new concerted triple-fragmentation

dissociations to products CH3, CO, and H are analyzed below.

Roaming

As illustrated in Fig. (4.3), “Roaming” occurs when CH3CHO dissociates homolytically

along the C-C bond creating CH3 and CO intermediates. Following homolytic bond

cleavage, a period of approximately 150fs passes where the CH3 and CHO intermediates

“roam” about the other. Then, the CH3 fragment abstracts the hydrogen from the CHO

fragment and subsequently forms vibrationally hot CH4 and rotationally cold CO. At the

point of H-abstraction the C-C bond distance is 3.4 Å, which is consistent with calculations

by Shepler et al93. A similar mechanism has been observed in previous studies by Houston

and Kable88, Heazlewood et al.30, and Rubio-Lago et al.90,91. The roaming mechanism is

observed in the CH4+CO channel in both the BO-SBA and SH-SBA ensembles, and an

example trajectory is depicted in Fig. (4.3).
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Figure 4.3: Example BO-SBA trajectory dissociating to products CH4+CO via a roaming
mechanism. The CH3+ CHO fragment at 499 fs followed by H-abstraction at 566 fs. C-C
bond distance at H-abstraction is 3.36 Å.

SH-SBA BO-SBA

J ν Et J ν Et

Mean 47.09 1.27 28.37 34 0.14 25.92

Std Dev 11.58 1.10 8.83 14.74 0.40 18.66

Spread 39 3 29.67 38 1 44.93

Table 4.2: Mean, standard deviation, and distribution spread for rotational and vibrational
quantum number for CO in CH4+CO channel for the SH-SBA and BO-SBA. There are 11
data points for SH-SBA adn 7 data points for the BO-SBA. The Et are in unites of kcal/mol.

In the SH-SBA ensemble 11 trajectories dissociated along the CH4+CO channel, and of

those only two dissociated via a roaming mechanism. Dissociation along this pathway

occurs immediately after the trajectory hop from S1 → S0, within an average of 2.25 fs

(σ =0.9 fs) since a hop. For the BO-SBA 7 trajectories dissociated along the CH4+CO

channel where all but 2 dissociated via a roaming mechanism. Table 4.2 displays the
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mean, standard deviation, and spread of the rotational and vibrational quantum numbers

for the CO fragment for both SH-SBA and BO-SBA. The SH-SBA CO products have

an average rotational and vibrational constant of 47.09 and 1.27, respectively, with a

maximum vibrational level of ν =3 while BO-SBA has relatively cold rotational and

vibrational constants of 34 and 0.14, respectively, with a maximum ν =1. Roaming is the

dominant mechanism for methane formation in the BO-SBA, consistent with the prevailing

interpretation in previous experiments and ground state computational observations30,88,93.

However, the hot rotational and vibrational signatures in my SH-SBA simulations, in

addition to the immediate dissociation along this channel following a surface hop, suggest

that excited state dynamics may play an important role in suppressing the roaming channel.

Concerted Triple-Fragmentation

The triple-fragmentation dissociation, channel (2), dominates all others with 37% and 62%

of all SH- and BO-SBA trajectories, respectively, dissociating through it. This observation

is in qualitative agreement with Lee’s molecular beam experiments95 and calculations by

Han et al.94. These triple-fragmentations were observed to occur through three distinct

dissociation pathways:

CH3CHO + hν
t0−→ CH3CHO∗

t1−→ CH3CO∗ + H
t2−→ CH3 + CO + H, (4.19)

t1−→ CH4
∗ + CO

t2−→ CH3 + CO + H, (4.20)

and

t1−→ CHO∗ + CH3
t2−→ CH3 + CO + H. (4.21)
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Reaction 4.19 representing primary dissociation through homolytic C-H bond (96kcal/mol)

cleavage, is the most prevalent one for the limited simulation times studied here. An

approximately equal amount of dissociations of reaction type 4.21 are possible. Due to the

longer simulation times required to break the C-C bond (100kcal/mol) in the formation of

CH3 and CHO (Equation 4.21), secondary CHO→H+CO formation was limited by the

10,000 time steps simulated here. Additionally, reaction 4.21 is known to occur primarily

through a dissociative T1 pathway94, as discussed in Section 4.3.1. The minor reaction

4.20 is observed solely in the BO-SBA simulations, and has been observed by Han et

al.94; the reader is referred there for further discussion on this pathway. Thus, only

triple-fragmentation dissociations in reaction 4.19 are further considered below.

Lee95 suggests the primary mechanism producing triple-fragmentations are sequential.

However, 42% of the BO-SBA and 35% of SH-SBA dissociate through either a synchronous

or an asynchronous concerted mechanism. An example trajectory of the synchronous

concerted dissociation pathway in acetaldehyde is shown in Fig. (4.4).
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Figure 4.4: Concerted tertiary dissociation of acetaldehyde to H + CO + CH3. Yellow
background indicates trajectory is in excited S1 state, and white indicates trajectory is in S0
ground state.

Table 4.3 shows the fraction of triple-fragmentation dissociations which occur through

synchronous and asynchronous concerted mechanisms, as well as the average minimal

period of rotation for the CH3CO∗ intermediate. 23% and 19% of BO-SBA dissocations

occur through synchronous and asynchronous mechanisms, respectively. This diverges

from the 3.5% and 32% of the respective dissociations in the SH-SBA simulations. One

reason for the differences between the two methods is the higher rotational frequencies

of the CH3CO intermediates in the SH-SBA simulations, effectively driving the defining

(t2-t1)/(τmin) ratio toward larger values. This effect is later rationalized as a direct result of

energy redistribution along the NACV.
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BO-SBA SH-SBA

f 〈τmin〉 σ f 〈τmin〉 σ

Synchronous 0.23 2 3 0.035 0.15 0.20

Asychronous 0.19 0.15 0.2 0.32 0.15 0.18

Step-wise 0.58 0.10 0.08 0.65 0.04 0.04

Table 4.3: Synchronous, asynchronous, or step-wise concerted dissociations of type Equa-
tion 4.19. f is the fraction of trajectories dissociating along CH3CO → CO+CH3 with
either synchronous or asynchronous concerted or step-wise dissociations, 〈τmin〉 is the
mean of the minimal period of rotation for CH3CO about its principal rotation axes in
picoseconds, and σ is the standard deviation of the τmin distribution in picoseconds.

4.3.3 TKER Probability Distributions

SH- and BO-SBA provide differenct mechanisms. To understand and justify the cor-

rect mechanism, we can further compare TKER probability distributions of the selected

pathways to experimental values.

H-loss Channels

Several primary and secondary dissociation processes account for the channel (1) TKER

probability distributions depicted in Fig. (4.5):

Primary

CH3CHO→ H + CH3CO (4.22)

→ H + CH3 + CO (4.23)
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Secondary

CH3CO→ H + CH2CO (4.24)

HCO→ H + CO (4.25)

CH4 → H + CH3 (4.26)
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Figure 4.5: H-loss channel TKER probability distributions for experiment95 (blue), SH-SBA
(red), and BO-SBA (gray). Distributions are computed from 166 SH-SBA and 151 BO-SBA
trajectories which dissociated along the H-loss channels.

Averages, standard deviations, and the mode for the distributions plotted in Fig. (4.5) are

given in Table (4.4). The mode of the BO-SBA distribution is shifted by approximately +4

kcal/mol with respect to the experimental distribution, while the SH-SBA is shifted by

+11 kcal/mol. With respect to the mode, the BO-SBA gives a result in closer accord with

the experimental value. The SH-SBA has an average Et ≈20 kcal/mol which is shifted by
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-3 kcal/mol with respect to the experimental value, while the average Et for the BO-SBA

is approximately 15 kcal/mol which is shiftedby 8 kcal/mol. The spread in the SH-SBA

distribution is approximately 11.5 kcal/mol, which is less than that of the experiment by

about 7 kcal/mol, whereas the BO-SBA is 9.5 kcal/mol less than that of the experiment. In

both the average and the spread of the distributions SH-SBA gives a result in closer accord

with the experimental distribution than does the BO-SBA.

Table 4.4: Mean, standard deviation, and mode for SH-SBA, BO-SBA, and experiment
TKER probability distributions for the H-loss channel. All numbers are in units of kcal/-
mol.

〈Et〉 σ mode

Experiment 23.02 18.67 7.5

SH-SBA 20.03 11.47 17.5

BO-SBA 15.00 9.09 12.5

The BO-SBA TKER probability distributions, depicted in Fig. (4.5) and (??), are strongly

peaked about the mode with a relatively small standard deviation. This is in contrast to

the SH-SBA distributions, which show a broadening of the TKER energies. Additionally,

the SH-SBA distributions better simulate the molecular beam distributions. These results

suggest that the excited state dynamics play a pivotal role in the redistribution of internal

energy in the ground state, which effectively spreads out the distributions in the SH-SBA.
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Figure 4.6: Expected TKER versus integration time step for the H-loss channel. Upon a
surface hop, the SH-SBA trajectories (black) commence integration in the ground state.
The radius of the circles are directly proportional to the frequency with which trajectories
dissociate at that step. The maximum expected Et occurs immediately after a surface
hop, within 50 fs. The BO-SBA (blue) curve provides a background reference for expected
TKER.

Type-1 processes, depicted in Fig. (4.1), provide a rationale for this redistribution of

kinetic energy: Hot dissociation occurs via direct transfer of excited state potential energy

into dissociating modes. This happens when the NACV has a large projection along the

dissociating mode. This effect is demonstrated in Fig. (4.6), where high energy H-loss is

shown to occur most frequently within 50 fs following a surface hop. An example of an

H-loss dissociation occurring along the NACV is shown in Fig. (4.7). It is clear that upon a

surface hop, the subsequent H-loss occurs along the NACV. This is contrasted with the

BO-SBA background where there is no clear biasing of H-loss TKER with respect to the

integration time-step. This is remarkable as it shows direct evidence of the influence of the
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surface hop on dissociation TKER, and explains why the distributions in Fig. (4.5) and (??)

tend toward higher average TKER and standard deviations in the SH-BOA simulations.

Figure 4.7: The influence of the NACV on surface hopping trajectories. H-loss dissociates
along the NACV following a surface hop from S1 (yellow) to S0 (white).

4.4 Conclusions

Molecular beam experiments of acetaldehyde photoexcited with 157 nm light were sim-

ulated using the SH- and BO-SBAs. All nine dissociation channels were observed, and

branching ratios for both the SH- and BO-SBAs were in qualitative agreement with ex-

periment. However, discrepancy between the SH- and BO-SBA are indicated in analysis

of mechanisms and TKER probability distributions. In particular, the formation of CH4

is found to follow roaming-type dissociation predominately in the BO-SBA simulations

whereas in the SH-SBA it follows a tight TS dissociation mechanism. Furthermore, the

NACVs play a critical role in non-adiabatic dynamics. This influence of the NACVs is

rationalized as a manifestation of the type-1 process depicted in Fig. (4.1). Finally, two new

concerted triple-fragmentation dissociations to products H+CO+CH3 were identified.
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Notably, the SH-SBA and BO-SBA give near equal amounts of concerted fragmentations,

however the former shows a suppression of the synchronous concerted dissociation due

to faster rotational velocities of the excited intermediate. It is proposed that further di-

vergences between non-adiabatic and BO dynamics will occur due to type-2 processes,

suggesting once again the importance of non-adiabatic effects for predicting branching

and mechanisms in photodissociation processes.
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Chapter 5

Outlook

For the first time ever homolytic bond cleavage events are now described using single

reference density functional surface hopping methods with the spin-symmetry breaking

algorithm developed in this thesis. Although homolytic bond cleavage has been simulated

with promising results there are still a number of challenges for this project going forward.

Nearly half of the BO-SBA simulations resulted in a violation of energy conservation and

were thus not included in the above analyses. The causes of these violations should be fur-

ther investigated so as to produce a more robust method with nominal losses. Benchmark

studies on acetaldehyde show that this method yields semi-quantitative accuracy when

compared to experiments, which is encouraging. Finally, since density functional methods

scale well with system size it is now feasable to model photochemistry of large systems (>

100 atoms) at reasonable cost.
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