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Abstract

Femtosecond vacuum-ultraviolet (VUV) laser pulses enable the interrogation of

molecules in their electronically excited states on the timescale of nuclear motion.

The present study focuses on the simulation of these experiments using electronic

structure calculations and nuclear wavepacket dynamics propagations. The simu-

lation of the evolution of the wavepacket enables a calculation of spectroscopic ob-

servables using rigorous quantum mechanical approaches. This approach has been

applied to simulate the VUV time-resolved photoelectron spectroscopy (TRPES)

spectra of cyclopropane (C3H6) and nitromethane (CH3NO2).
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Chapter 1

Introduction

1.1 Motivation

The absorption of light by a molecule causes structural and electronic changes that

promote chemical processes such as isomerization and bond breaking. The ability

to discern the dynamics that immediately follow the absorption of light requires

the interrogation of molecule on the inherent vibrational timescales. For exam-

ple, photochemical bond breaking and bond formation can occur on a femtosecond

(10−15 s) timescale, where few vibrational periods occur before the photochemi-

cal processes has completed. Accordingly, femtosecond laser pulses are required to

study molecules in their electronically excited states on a timescale sensitive to their

motion.

The objective of studying ultrafast excited state processes in a time-resolved

fashion is to discern the coupled electronic-vibrational dynamics (i.e. mechanisms)

that underlie photochemical reactions. Time-independent experimental techniques

can accurately determine branching ratios but cannot elucidate the vibronic mecha-

nisms that lead to the outcome of a reaction. In these experiments the reactants and

products of a reaction can be characterized, however, a mechanism must be inferred.

The use of femtosecond light pulses allows for the study of a molecular wavepacket

that can be probed as a function of time, yielding a spectral signal that corresponds

to dynamics occurring on the excited state. If the photon energy of the laser pulse

involves ultraviolet radiation, this will generally correspond to the energy separation

between electronic states in organic molecules. Furthermore, since excited states will

exist within a manifold, the ensuing molecular dynamics will generally involve multi-

ple electronic states. Time-dependent experimental signals are complex and involve
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the coupling of vibrational and electronic degrees of freedom and thus the resulting

experimental observable is difficult to interpret without theoretical modelling and

simulation.

The present work concerns the study of photoinduced processes and the reaction

mechanisms that lead to their decay. In order to study these reaction mechanisms,

we employ ab initio simulations informed by multi-reference electronic structure

theory to calculate. The results are coupled with time-resolved photoelectron spec-

troscopy (TRPES) measurements in order to understand the molecular dynamics

occurring on the excited state. The first chapter pertains to the relevant theory that

is necessary to describe the calculations contained in the subsequent chapters. The

second chapter pertains to the photodissociation of the smallest ring, cyclopropane

(C3H6). The third chapter pertains to the photodissociation and photoisomerization

of the smallest nitro-substituted hydrocarbon, nitromethane (CH3NO2).

1.2 Theory

1.2.1 The Schrödinger Equation

In a molecular system, the electronic and nuclear degrees of freedom are described

by the full molecular Hamiltonian acting on a wavefunction via the Schrödinger

equation:

ĤΨ(r,R) = EΨ(r,R) (1.1)

where r are the electronic coordinates, R are the nuclear coordinates and Ĥ

corresponds to the full molecular Hamiltonian that describes the interactions of the

particles in the system. The Schrödinger equation is an eigenvalue equation that

returns an energy E following the operation of the molecular Hamiltonian on the

total molecular wavefunction, Ψ(r,R). The molecular Hamiltonian takes the form:

Ĥ = T̂N + T̂e + ÛeN + Ûee + ÛNN (1.2)

where the kinetic energy of the nuclei T̂N and electrons T̂e and the Coulombic

attraction of the nuclei and electrons ÛeN , the electron-electron Ûee and nuclear-

nuclear ÛNN repulsion are described. The wavefunction ansatz is taken as a product

of nuclear and electronic wavefunctions via the Born-Huang expansion[1]:
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Ψ(r,R) =
∑
i

ψi(r;R)χi(R) (1.3)

The electronic wavefunctions are not arbitrary and are in fact eigenfunctions of

the electronic Schrödinger equation:

Ĥeψj(r;R) = Ej(R)ψj(r;R) (1.4)

where Ĥe is the electronic Hamiltonian takes the form:

Ĥe = T̂e + ÛeN + Ûee + ÛNN . (1.5)

Here the nuclear kinetic operator T̂N is excluded, meaning that the electronic

motion is uncoupled from the nuclear motion but parametrically depends on the

nuclear coordinates. The insertion of the total wavefunction into the Schrödinger

equation, followed by multiplication by ψ∗j (r;R) and integration over the electronic

coordinates leads to the following equation for the nuclear wavefunctions:

[Ej(R) + T̂N ]χi(R)−
∑
i

Λjiχi(R) = Eχj(R) (1.6)

Here the Ej(R) are the electronic potential energy surfaces that arise from the

operation of the electronic Hamiltonian acting on the wavefunction. Additionally,

the Λji are the non-adiabatic coupling terms that couple the electronic and nuclear

degrees of freedom. These terms take the form,

Λji =
1

2M
[2Fji · ∇+Gji] (1.7)

where M is the nuclear mass, and Fji and Gji are the derivative and scalar

couplings, respectively. The setting of the non-adiabatic coupling terms to zero re-

sults in the Born-Oppenheimer approximation (BOA)[2], where the electronic and

nuclear degrees of freedom are completely un-coupled. The exclusion of these terms

gives rise to the concept of nuclear wavefunctions evolving on single potential energy

surfaces, Ej(R). In regions where the difference between potential energy surfaces

is small, the coupling terms Λji become large and the BOA breaks down. In the de-

scription of electronically excited states, often the coupling of nuclear and electronic

degrees of freedom is necessary and therefore the coupling terms must be included.

3



1.3 Electronic Structure Theory

1.3.1 Hartree-Fock Theory and the Self-Consistent Field

Method

The Pauli exclusion principle[3] states that two electrons cannot occupy the same

quantum state i.e. the same space and spin and the exchange of any two electrons

should result in the change of sign of the wavefunction. To address this, the elec-

tronic wavefunction can be represented as a linear combination of Hartree products

(a wavefunction taken as a product of one-electron functions) via a Slater determi-

nant:

Φ =
1√
N

∣∣∣∣∣∣∣∣
φi(x1) . . . φk(x1)

...
. . .

...

φi(xN) . . . φk(xN)

∣∣∣∣∣∣∣∣ (1.8)

Here, the rows denote the electrons and the columns denote the orbitals and

where xi = {ri, ω} are the electronic coordinates (ri) with an associated spin func-

tion (ω). The representation of the wavefunction as a single Slater determinant is

convenient for addressing the requirement that the wavefunction should be anti-

symmetric with respect to the exchange of any two electrons, because the sign of a

determinant changes if any two columns are exchanged.

A convenient starting point for the description of electronic structure is with

the Hartree-Fock (HF) method[4], which takes the electronic wavefunction as a

single Slater determinant. The optimization of the spin-orbital energies follows a

the variational theorem which gives the optimized energies that are an upper bound

to the exact energy. This follows a self-consisten field (SCF) method[5], whereby the

solutions of the optimization depend on the orbitals and thus a trial wavefunction

is required. The HF equations consist of an eigenvalue problem,

f(xa)φi(xa) = εiφi(xa) (1.9)

where the equations are simply the algebraic solution to the insertion of the single

Slater determinant into the electronic Schrödinger equation. Here, f(xa) is the the

Fock operator acting on the ith spin-orbital and where where εi is the associated

orbital energy. The Fock operator,

4



f(xa) = h(xa) +
∑
i

Ji(xa)−Ki(xa) (1.10)

consists of the core-Hamiltonian h(xa), Coulomb Ji(xa) and exchange Ki(xa)
operators. The core-Hamiltonian,

h(xa) = −1

2
∇2
a +

∑
A

ZA
raA

(1.11)

is taken as a sum of the kinetic energy of the ath electron and the interaction

of the ath electron with the Ath nucleus. The Coulomb and exchange operators are

defined as

Ji(xa) = 〈φi(xb)| r−1
ab |φi(xb)〉 (1.12)

and

Ki(xa)φj(xa) = 〈φi(xb)| r−1
ab |φi(xb)〉φj(xa) (1.13)

The Coulomb operator (Ji(xa)) accounts for the interaction of an electron with

an average potential given by all other electrons. The exchange operator (Ki(xa))
has no classical analogue and is the result of the wavefunction ansatz. The HF

wavefunction provides a good zeroth-order description of the ground state potential

energy surface, particularly in the region of equilibrium geometry of a molecule. In

systems involving large amplitude motion such as bond-breaking or bond-formation,

the HF wavefunction fails to describe the potential energy surfaces, where the de-

scription of open-shell (unpaired electron) molecules is not described by a single

Slater determinant. Additionally, HF can describe the correlation of same spin elec-

trons, however, it can not account for correlations between opposite spin electrons.

This lack of electron correlation leads to an error in the HF energy.

1.3.2 Electron Correlation

The difference between the HF energy EHF and the exact energy EExact is called

electron correlation energy:

Ecorr = EExact − EHF (1.14)
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Electron correlation is comprised of exchange, dynamic and static correlation.

The HF wavefunction accounts for exchange correlation via the Pauli exclusion prin-

ciple, where the probability of occupying same point in space is zero. It does not

account for dynamic correlation which arises due to the instantaneous Coulombic

repulsion of electrons of opposite spin. To address this, the HF wavefunction can be

expanded as a sum of N-tuple excitations from the HF reference space in a method

called configuration interaction (CI):

|ψ〉 = c0 |Φ0〉+
∑
ia

cai |Φa
i 〉+

∑
i<j,a<b

cabij
∣∣Φab

ij

〉
+

∑
i<j<k,a<b<c

cabij
∣∣Φabc

ijk

〉
+ . . . (1.15)

Here, the upper bound to the summation is the total number of occupied elec-

trons. Including all possible excitations, a numerically exact result is obtained by

doing full configuration interaction (FCI). The expansion of the reference determi-

nant into a sum of N-tuply excited determinants scales factorially with the number

of electrons and orbitals in a molecule and is computationally intractable. By trun-

cating the full expansion to single (CIS) or double (CISD) excitations, this provides

the wavefunction with a degree of dynamic correlation that correlates electrons of

opposite spins, while being computationally feasible.

1.3.3 Multireference Electronic Structure

The last type of electron correlation is static correlation which arises from the neces-

sity to include nearly degenerate determinants in the description of the wavefunction.

This is particularly important in cases where the zeroeth order approximation that

the wavefunction can be represented by a single Slater determinant breaks down,

specifically in the description of the formation and breaking of bonds. Here, at least

two references are required to describe the two fragments of a molecule following

the formation and cleavage of a bond, respectively. In the most simple case of the

homolytic bond breaking of H2, the HF wavefunction fails to describe the correct

dissociation energy. This is because the bonding and anti-bonding orbitals become

degenerate and a single electronic configuration fails to provide a reasonable descrip-

tion of both fragments. A method of generating multiple determinants is through

the selection of an orbital subspace, called an active space, where full configuration

interaction is performed. The process by which the wavefunction is optimized is
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through the complete active-space self-consistent field (CASSCF) method[6] which

has the wavefunction ansatz:

∣∣ψCASSCF〉 =
∑
I

CI |ΦI〉 (1.16)

where CI are the coefficients multiplying the Slater determinants, ΦI . The

CASSCF procedure simultaneously optimizes the orbital energies and the coeffi-

cients on each determinant subject to the averaging over a select number of elec-

tronic states. By including additional orbital subspaces, the restricted active-space

self-consistent field (RASSCF) method[7] can be defined. Here the CASSCF or-

bital subspace is denoted RAS2, while additional occupied and virutal orbital sub-

spaces are denoted RAS1 and RAS3, respectively. Excitations are performed out

of RAS1 into RAS2 and RAS3, while excitations are also performed out of RAS2

into RAS3. While N-electron excitations can be considered in RAS2, excitations

involving RAS1 and RAS3 are truncated to low order (i.e. Nexc = 1, 2, 3). These ad-

ditional orbital subspaces allow for additional configurations to be generated, while

also including additional orbitals in the description of the wavefunction. Using the

CASSCF/RASSCF wavefunction as as a starting guess to perform all possible single

excitations from results in a first-order multi-reference CI wavefunction:

∣∣ψMRCI
〉

=
∑
I

CI |ΦI〉+
∑
I

∑
a,r

Êr
a |ΦI〉 (1.17)

Here Êr
a is an operator which singly excites electrons in each determinant taken

from the CASSCF/RASSCF reference wavefunction. The result is a wavefunction

that can provide an excellent description of bond-breaking in electronically excited

molecules. In general, the simulation of excited state dynamics occurring on mul-

tiple electronic states will require multi-reference electronic structure methods that

account for static and dynamic correlation.

1.4 Quantum Dynamics

Excited state dynamics are characterized by potential energy surfaces that are com-

plex and involve strong nonadiabatic coupling. This is the case at points of strong

nonadiabatic coupling between excited states, called conical intersections, which

mediate the localized transfer of population between excited states.
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The treatment of the nuclear and electronic degrees of freedom by a method of

simulation can either be fully quantum mechanical or a mixed quantum/classical.

Mixed quantum/classical methods such as fewest-switches surface hopping (FSSH)[8]

or Ehrenfest trajectory dynamics[9] treat the nuclear degrees of freedom classically.

In FSSH, the classical trajectories stochastically hop from one electronic excited

state to another by satisfying the conditions of a hopping probability that is de-

termined from an electronic structure calculation[10]. In Ehrenfest dynamics, the

equations of motion are entirely classical, where the trajectories evolved on an av-

erage of all electronic states with the forces on the nuclei being calculated from

an electronic wavefunction or density matrix[11, 12]. The mixed quantum/classical

methods have known pathological problems that make them less ideal for the de-

scription of excited state dynamics. In FSSH an individual trajectory propagates

independently from all other trajectories and therefore a large number of trajec-

tories are needed for statistical convergence. FSSH also suffers from de-coherence

problems whereby the trajectories on different states are not able to separate. In

Ehrenfest dynamics, the average potentials provide a poor description of the dynam-

ics when surfaces that diverge, which does not allow the wavepacket to bifurcate.

In both cases, the result is un-physical branching ratios in photochemical reactions

and incorrect timescales for decay.

A quantum mechanical treatment of both the nuclear and electronic degrees of

freedom is challenging. The treatment of the nuclear degrees of freedom can be

done by expanding the nuclear wavefunction as a sum of frozen (fixed width) Gaus-

sian basis functions[13, 14]. The variational multiconfigurational Gaussian (vMCG)

method treats the nuclear wavefunction as a sum of frozen Gaussain basis func-

tions, treating all parameters fully quantum mechanically. The equations-of-motion

in vMCG are determined variationally by solving the time-dependent Schrödinger

equation, however, issues in vMCG arise from the integration of the equations of

motion and the presence of singularities in the equations of motion.

The ab initio multiple spawning (AIMS) method[15–17] makes use of an adaptive

set of basis functions that are subject to increase as the nuclear wavefunction is

evolved. The Gaussian basis functions follow the classical equations of motion with

time-dependent coefficients multiplying the individual basis functions. At each time-

step, the simultaneous solution of the nuclear Schrödinger equation is solved to

evolve the coefficients multiplying the basis functions. The quantities required to

solve the equations of motion are calculated on-the-fly as the nuclear trajectories
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are propagated forward in time. The principle of the adaptive basis is akin to

FSSH, but rather than stochastically hopping from one electronic state to another,

the basis functions spawn basis functions on the other electronic states with an

associated position, momentum and amplitude that is determined from an overlap

with the parent basis function. The result is that AIMS can provide an accurate

description of lifetimes and branching ratios as the nuclear wavefunction evolves on

the electronically excited state potential energy surfaces.

1.4.1 Ab initio multiple spawning

In the framework of the total nuclear wavefunction expansion and the BOA, the

solution of the potential energy surfaces (Ej) is computed via electronic structure

methods. The nuclear basis functions are evaluated via classical equations of motion

where the forces on the nuclei are taken from the gradients computed by electronic

structure theory. The ab initio multiple spawning (AIMS) wavefunction ansatz takes

the following form:

χI(R, t) =

NI(t)∑
j=1

cIj (t)χ
I
j (R; R̄I

j (t), P̄
I
j (t), γIj (t), α

I
j ) (1.18)

Here, the nuclear wavefunction for each electronic state is taken as a sum of multi-

dimensional frozen Gaussian basis functions with time-dependent coefficients (cIj (t)).

The individual nuclear basis functions are taken as a product of one-dimensional

Gaussian basis functions:

χIj (R; R̄I
j (t), P̄

I
j (t), γIj (t), α

I
j ) = eiγ

I
j (t)t

3N∏
ρ=1

χIρj(R; R̄I
ρj
, P̄ I

ρj
, αIρj) (1.19)

χIρj(Rρj ; R̄
I
ρj
, P̄ I

ρj
, αIρj) =

(
2αIρj
π

) 1
4 3N∏
ρ=1

exp[−αIρj(Rρj − R̄I
ρj

(t))2 (1.20)

+ iP̄ I
ρj

(t)(Rρj − R̄I
ρj

(t))] (1.21)

Here the indices j indicate the nuclear basis function, while the superscript I

indicates the electronic state that the basis functions is propagating in. The time-

dependent total number of basis functions denoted by NI(t), is indicative of the

spawning of new basis functions and is subject to change as the nuclear trajectory
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is generated. Each basis function is paramaterized with a time-independent width

(αIρj) and a time-dependent position R̄I
ρj

(t), momentum R̄I
ρj

(t) and phase γIj (t).

The evolution of each Gaussian basis function is governed by classical equations-of-

motion:

∂R̄I
ρj

(t)

∂t
=
P̄ I
ρj

(t)

mρ

(1.22)

∂P̄ I
ρj

(t)

∂t
= −VI(R)

∂Rρj

∣∣∣∣∣
R̄Iρj (t)

(1.23)

Here, VII(R) is the potential energy for the Ith electronic state, evaluated at the

center of the Gaussian basis function.

In AIMS, the nuclear wavefunction is informed by electronic structure calcula-

tions on-the-fly. In order to determine the forces acting on the nuclei, gradients

of the electronic potential energy surfaces are computed. Throughout the propaga-

tions, non-adiabatic coupling calculations are performed between the state that the

trajectory propagates on and all other electronic states. The sampling of the initial

position and momenta are taken from a ground state Wigner distribution where

initially the set of sampled trajectories are all coupled via the coefficients multi-

plying them. An approximation can be made such that all parent basis functions

are decoupled, the so-called initial first generation (IFG) approximation. This is

possible because the initially sampled basis functions rapidly spread out from the

initial region of sampling, thus de-coupling from each-other. The IFG thus restricts

all spawned basis functions to be only coupled to parent basis functions, negating

the need to propagate the entire basis in concert.

1.5 Simulation of Time-resolved Photoelectron Spec-

troscopy (TRPES)

The previous section demonstrated how the time-evolution of a wavepacket can be

simulated, however, a time-evolving wavepacket is not an experimental observable.

A wavepacket is a coherent superposition of states by which the molecular system

can be represented and which is prepared by a coherent laser pulse. Experimentally,

a femtosecond laser prepares a molecular wavepacket which can be interrogated

and provide useful information about the molecule following photoexcitation. Here,
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the focus will be on time-resolved experiments where the vibrational and electronic

degrees of freedom of an evolving wavepacket are probed.

A typical time-resolved experiment employs a pump-probe scheme whereby an

initial pump laser pulse prepares the excited state wavepacket and is followed by

a time-delayed probe pulse which gives rise to the time-evolving signal. There ex-

ist many methods that employ a pump-probe scheme where the distinction can be

made on the observable that is produced. In methods such as transient absorption

spectroscopy (TAS)[18], the pump-probe observable is a photon that correlates to

the measured absorption of light or transmittance by the sample as a function of

time. The method that pertains to this body of work is time-resolved photoelectron

spectroscopy (TRPES)[19] where the observable is an outgoing photoelectron pro-

duced by a probe laser pulse. Photoelectron spectroscopy is used as a probe for a

few important reasons. There exist relaxed selection rules for photoionization and

therefore ionization of a molecule is almost always an allowed process. The outgo-

ing electron has an associated angular momentum and kinetic energy that can be

detected, with the intensity of the observable corresponding to the overlap between

the initial neutral and final cationic states. Additionally, the cationic states that are

produced by the probe pulse have been well studied for a variety of molecules and

molecular fragments[20].

1.5.1 Time-resolved photoelectron spectroscopy (TRPES)

A molecule in its ground electronic state (S0) is excited to a manifold of electronic

states (Sn, n=1,2...) via a pump laser pulse at an initial time (t0). Following some

time delay (∆t), the molecule undergoes vibrational motion and is interrogated by

the probe pulse at time t0 + ∆t, ionizing the molecule and producing photoelectrons

with a time-dependent kinetic energy spectrum, σ(E, t).

To calculate a TRPES spectrum from AIMS data, ionization is considered from a

manifold of N-electron states ψI(r;R) to a set of (N-1)-electron states ψα(r;R). At

a given time, the total photoelectron signal, σ(E, t) is approximated by taking a sum

of of the probabilities of ionization W1α evaluated at the centers of each trajectory

Gaussian basis function (R̄I
ρj

):

σ(E, t) =

n0
s∑

I=1

n+
s∑

α=1

NI∑
j=1

|CI
j (t)|2 ×W1α(R̄I

ρj
)δ(E − (ω −∆Eα

I (R̄I
ρj

(t)))) (1.24)
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The CI
j (t) terms are taken from the AIMS basis functions, where the AIMS

densities |CI
j (t)|2 are used to construct the observable. The bounds on the first two

summations dictate the number of neutral (n0
s) and cationic (n+

s ) states respectively,

while the final summation has bound over the total number of electronic states. Here

ω denotes the energy of the laser pulse and ∆Eα
I is the energy difference between the

neutral and cationic state. It has been demonstrated previously that the relative

probability of ionization WIα is proportional to the squares of the norms of the

Dyson orbital φDIα[21]:

φDIα =
√
N 〈ψI(r;R)|ψα(r;R)〉 (1.25)

The Dyson orbitals correspond to the projection of an N-electron wavefunction

on to an (N-1)-electron wavefunction that produces a function consisting of one

electron.

The individual calculated spectra are convoluted in the time-domain with a

Gaussian function whose full width at half maximum (FWHM) corresponds to the

experimental cross-correlation between the pump and probe laser pulses. To ac-

count for the resolution of the experimental spectra, the calculated spectrum is

convoluted in the energy domain using a Gaussian function with a FWHM on the

order of 0.05-0.15 eV.
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Chapter 2

Cyclopropane

2.1 Preamble

The results of this study have been summarized in and adapted from the following

paper Coates, M. R.; Larsen, M. A. B.; Forbes, R.; Neville, S. P.; Boguslavskiy,

A. E.; Wilkinson, I.; Sølling, T. I.; Lausten, R.; Stolow, A.; Schuurman, M. S.

“Vacuum ultraviolet excited state dynamics of the smallest ring, cyclopropane. II.

Time-resolved photoelectron spectroscopy and ab initio dynamics.” J. Chem. Phys.,

2018, 149 (14), 144311. in conjunction with Part I: Neville, S. P.; Stolow, A.;

Schuurman, M. S. “Vacuum ultraviolet excited state dynamics of the smallest ring,

cyclopropane. I. A reinterpretation of the electronic spectrum and the effect of in-

tensity borrowing.“ J. Chem. Phys. 2018, 149 (14), 144310.

The contributions that I made to the paper were the calculation and simulation

of a theoretical results and the organization, writing and submission of the paper.

In what follows, all experimental results were collected by M. A. B. Larsen and R.

Forbes. The initial populations that guided the trajectories were taken from the work

done by S. P. Neville in Part I of the study. The contributions to the development

of the experimental setup were noted and given to A. E. Boguslavskiy, I. Wilkinson

and R Lausten. The supervision of the experimental work was conducted by A.

Stolow and T. I. Sølling, while the theoretical supervision was conducted by M. S.

Schuurman.
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2.2 Abstract

The vacuum-ultraviolet (VUV) photoinduced dynamics of cyclopropane (C3H6) were

studied using time-resolved photoelectron spectroscopy (TRPES) in conjunction

with ab initio quantum dynamics simulations. Following excitation at 160.8 nm,

and subsequent probing via photoionization at 266.45 nm, the initially prepared

wavepacket is found to exhibit a fast decay (<100 fs) that is attributed to the rapid

dissociation of C3H6 to ethylene (C2H4) and methylene (CH2). The photodisso-

ciation process proceeds via a concerted ring opening and C-C bond cleavage in

the excited state. Ab initio multiple spawning (AIMS) simulations indicate that

ring-opening occurs prior to dissociation. The dynamics simulations were subse-

quently employed to simulate a TRPES spectrum, which was found to be in excel-

lent agreement with the experimental result. On the basis of this agreement, the

(i) fitted time constants of 35 ± 20 and 57 ± 35 fs were assigned to prompt disso-

ciation on the lowest-lying excited state, prepared directly by the pump pulse, and

(ii) non-adiabatic relaxation from higher-lying excited states that lead to delayed

dissociation, respectively.

2.3 Introduction

The photochemistry of cyclopropane and its substituted derivatives has been studied

extensively for its use in synthetic organic chemistry[22–24]. This moiety is often

bonded to larger chromophores in organic synthesis and facilitated isomerization

and ring-expansion[22] upon irradiation with deep-ultraviolet radiation (up to 6.7

eV)[25–28]. As the smallest organic ring, the excited states of cyclopropane and

the cyclopropane radical cation have been of interest for many years, with previous

studies focusing on vibronic coupling in the lowest-energy excited states[29–31].

This is especially true of the cyclopropyl radical cation, which has been a subject

of study for more than 45 years[32–35]. Despite the extensive literature describing

the photochemistry of cyclopropane, to our knowledge there exist no time-resolved

studies of the excited state dynamics of this molecule.

Previous gas phase studies have shown that photolysis of cyclopropane occurs

in the VUV for excitation energies ranging from 7.6-10.0 eV[36–39]. These reports

highlight that branching between numerous reaction pathways can result, including

the dissociation of cyclopropane to yield ethylene and the methylene radical:
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c-C3H6
hν−→ C2H4 + CH2 (2.1)

In one study, this pathway was found to account for 69% of the photoproducts fol-

lowing excitation at 163.4 nm[38]. The three remaining pathways observed are CH3

+ C2H3 (17%), H-loss (14%) and H2 formation (1%). Here we consider excitation

with 160.8 nm (7.71 eV) photons that populate a range of electronically excited

states well above the C2H4+CH2 dissociation threshold that is estimated to occur

at 3.72 eV[39].

The ground state electronic configuration of cyclopropane is given by:

[core](2a′1)2(2e′)4(1a′′2)2(3a′1)2(1e′′)4(3e′)4

where the highest occupied molecular orbital (HOMO), 3e′, is a C-C σ-bonding

orbital, and the lowest energy virtual orbitals are of 3s(a′1), 3pz(a
′′
2), and 3px/y(e′)

Rydberg character. For the sake of brevity, here and in the following, the label

3px/y is used as a shorthand for 3px/3py. The identity of the E′σ(3s) state as

the lowest-lying state was confirmed by one- and two-photon absorption measure-

ments[40]. While transition to the σ3s Rydberg state is dipole-allowed, the low

oscillator strength of the transition has made experimental characterization of this

state challenging. This transition has been observed in the 6.5-6.8 eV region both

by direct absorption[40, 41] and by resonance enhanced multi-photon ionization[31,

40], but with low intensity.

The two lowest-lying dipole allowed absorption bands with significant oscilla-

tor strength have their onset at 7.1 eV and exhibit broad maxima centered at 7.9

and 8.6 eV[42, 43]. These two bands were attributed to the two Jahn-Teller (JT)

split components of the E′(σ3px/y) state. Previous assignments of the absorption

spectrum have, however, neglected the effects of vibronic coupling. In a companion

publication to this article[44], new calculations of the absorption spectrum, which

explicitly include the effects of vibronic coupling between the excited states, are

presented. There it is conclusively demonstrated that intensity borrowing from the

optically bright E′(σ3px/y) ← S0 transition by the dipole-forbidden A′1(σ3px/y) ←
S0 and A′2(σ3px/y)← S0 transitions gives rise to the majority of the intensity in the

first two bands of the absorption spectrum. As discussed below, this new assign-

ment of the spectrum has important implications for the analysis of the electronic

character of the wavepacket prepared following photoexcitation.
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In the following, we present a joint experimental and theoretical study of the

dynamics of cyclopropane following photoexcitation at 160.8 nm and using time-

resolved photoelectron spectroscopy (TRPES)[19] to probe the evolution of the ex-

cited state wave packet. Ab initio multiple spawning (AIMS) computations are

employed to both elucidate the underlying vibronic dynamics as well as simulate

the TRPES spectrum.

2.4 Experimental and Theoretical Methods

2.4.1 Experimental

The femtosecond VUV pulse generation scheme employed in these experiments was

described in detail previously[45]. In short, the laser system (Coherent Legend Elite

Duo) employed throughout these experiments delivered 7.5 mJ pulses at 1 kHz, with

a central frequency of 800 nm. A 3.25 mJ component of the total laser output was

split to generate the pump and probe arms. The probe arm was frequency tripled by

sum frequency mixing in two consecutive BBO crystals, allowing for energies of 1 µJ

per pulse. The pump was generated by four-wave mixing in Ar gas[46]. Specifically,

the pump arm is split into two paths; one part was frequency tripled to 266 nm by

a pair of consecutive BBO crystals and the other part is left as the fundamental

at 800 nm. The resulting beams were focused and overlapped in a non-collinear

fashion in an Ar gas cell, held at 43 mBar, to generate the 160.8 nm pump pulse

and yield an energy per pulse close to 0.5 µJ. A set of dichroic mirrors having high

reflectivity at 160 nm and high transmission at 266.45 nm and 800 nm were used to

separate the residual driving beams in the wave mixing process and for subsequent

recombination of the pump and probe laser pulses.

The pump and probe beams were mildly focused and collinearly combined along

the optical axis of a velocity map imaging (VMI)[47]. Along this axis, the beams

passed through a set of input baffles, the sample molecular beam, and a set of exit

baffles. The baffles were incorporated in the spectrometer to help minimize the

electron signals associated with scattered UV/VUV light. The pump-probe delay

at the sample was controlled by a motorized delay stage (Newport XML210). The

temporal overlap of the pump and probe pulses was found via non-resonant 1+1′

ionization of Xe. The time resolution was determined by fitting a Gaussian function

to the temporal dependence of the the non-resonant electron yield which resulted
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in a cross-correlation duration of 105 fs full-width at half-maximum (FWHM). The

splitting of the 2P3/2 and 2P1/2 lines in the ionic ground state in Xe also served as

a spectrometer energy calibration. The molecular beam was generated in a source

chamber by expansion of a 5 % mix of cyclopropane in He through an Even-Lavie

valve at a stagnation pressure of 2 Bar. The supersonic molecular beam was skimmed

before entering the light-molecular beam interaction chamber and a stack of open

aperture electrostatic lens plates. The molecular beam was injected along the axis

of photoelectron projection, perpendicular to the pump and probe laser beam prop-

agation. The accelerated photoelectrons were detected by a Microchannel Plate

(MCP)-Phosphor detector with the images recorded using a Charge-Coupled Device

(CCD) camera. The recorded images were processed by a matrix inversion method

[48] to obtain the inverse Abel transform. However, ionization of residual gas in the

interaction chamber produced a non-negligible background signal which was cor-

rected for by dynamically recording the background signal between gas pulses. This

was done at each pump-probe delay for each scan in order to account for any time-

dependent background signals. 30 identical scans of the pump-probe delay were

averaged to produce the presented spectra.

2.4.2 Ab initio multiple spawning calculations

In AIMS method[15–17], the wavefunction ansatz is given by

|Ψ(R, r, t)〉 =
ns∑
I=1

|ψI(r,R)〉 |χI(R, t)〉 . (2.2)

Here, r and R denote the electronic and nuclear coordinates, respectively. The

|ψI(r,R)〉 denote the adiabatic electronic states, and |χI(R, t)〉 is the nuclear wave-

function for the Ith electronic state. The nuclear wavefunctions are in turn expanded

in terms of frozen Gaussian basis functions
∣∣gIj 〉:

|χI(R, t)〉 =

NI(t)∑
j=1

CI
j (t)

∣∣∣gIj (R; R̄
I
j (t), P̄

I
j (t), γ

I
j (t), α

I
j )
〉
. (2.3)

Each Gaussian basis function depends parametrically on a time-dependent centroid

position, R̄
I
j , momentum, P̄

I
j , and phase, γIj , as well as a time-independent width,

αIj . The positions and momenta are taken to evolve classically while the phases are

propagated according to semi-classical equations of motion (EOMs)[49]. The EOMs

for the expansion coefficients CI
j are determined variationally via the solution of
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the time-dependent Schrödinger equation. The number of Gaussian basis functions,

NI(t), is time-dependent, with new basis functions created, or spawned, in regions

of large derivative coupling in order to describe non-adiabatic transitions between

adiabatic electronic states[49].

2.4.3 Time-Resolved Photoelectron Spectroscopy Simulations

We consider ionization from a set {|ψI〉 : I = 1, . . . , n0
s} of N -electron states to a set

{|ψα〉 : α = 1, . . . , n+
s } of (N − 1)-electron states. We model the TRPES data as an

incoherent sum of contributions from the relative probabilities of ionization, WIα,

evaluated at the centres R̄
I
j of the Gaussian basis functions in the AIMS dynamics

calculations:

σ(E, t) =

n0
s∑

I=1

n+
s∑

α=1

NI(t)∑
j=1

∣∣CI
j (t)

∣∣2WIαδ
(
E −

(
ω −∆EIα(R̄

I
j (t))

))
. (2.4)

Here, ω denotes the probe photon energy, and ∆EIα is the vertical energy difference

between the states |ψI〉 and |ψα〉. The δ-function arises because we assume vertical

ionization to occur. To proceed, we take the relative probabilities of ionization, WIα,

to be proportional to the squares of the corresponding Dyson orbital norms, φDIα:

WIα ∝ ||φDIα||2, (2.5)

φDIα =
√
N 〈ψI |ψα〉 . (2.6)

The approximation in Eq. 2.5 is known to hold well in the case of weak field ioniza-

tion[50], which is the situation considered in the present study.

The calculated TRPES data is convoluted with a Gaussian using a FWHM

of 105 fs in the time domain and 0.23 eV in the energy domain. The time and

energy convolutions correspond to the respective duration and energy spreads of the

experimental pump and probe laser pulses, as determined in the cross-correlation

measurements.
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2.4.4 Computational details

In the AIMS calculations, the adiabatic energies, energy gradients and non-adiabatic

couplings required to evaluate the EOMs were calculated at the multi-reference

first-order configuration interaction (MR-FOCI) level of theory. The reference con-

figurations and orbitals were taken from a complete active space self-consistent-

field (CASSCF) calculation employing an active space including the orbitals 3e′(σ),

4a′1(3s), 2a′′2(3pz), and 4e′(3px, 3py). We denote this level of theory by CAS(4,6).

In the CAS(4,6) calculations, state averaging was performed over the nine lowest

singlet states, corresponding to A′1(σ2), E′(σ3s), E′′(σ3pz), A′2(σ3px/y), A′1(σ3px/y),

and E′(σ3px/y) at the Franck-Condon (FC) point. The level of theory is denoted by

MR-FOCI(4,6). The aug-cc-pVDZ basis was used in all calculations. All electronic

structure calculations were performed using the COLUMBUS set of programs[51].

Initial positions and momenta were sampled from the harmonic ground vibra-

tional state Wigner distribution, with the required normal modes and frequencies

being calculated at the CCSD(T)/cc-pVTZ level of theory using the CFOUR set of

programs[52]. A total of 25 initial basis functions were used with each propagated

independently under the so-called independent first generation approximation[49].

A propagation time of 400 fs was used. At the end of the AIMS simulations, a total

of 1260 basis functions had been spawned.

As a result of the limited accuracy of the computationally tractable MR-FOCI(4,6)

calculations used in the AIMS calculations, the vertical ionization energies ∆EIα

used in the simulation of the TRPES data are not sufficiently accurate to be used

on their own. To correct for this, a constant shift of these terms was applied such

that the calculated FC point S1-to-D0 ionization energy was brought into agreement

with the value calculated at a higher level of theory. Specifically, this shift was

calculated using energies calculated at the equation-of-motion coupled-cluster with

single and double excitations (EOM-CCSD) level using the aug-cc-pVTZ basis. All

EOM-CCSD calculations were performed using the CFOUR program[52].

2.5 Experimental Results

We present our experimental TRPES results, which are then compared to the AIMS

simulations in a following section. The pump (7.71 eV) and probe (4.65 eV) pulses

combine to give a total photon energy of 12.36 eV, yielding the D0 and D1 cation
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states as open channels[53]. The adiabatic ionization energy of cyclopropane is

9.86 eV [54–56] and therefore a maximum photoelectron kinetic energy of 2.5 eV is

expected. Fig. 2.1(a) shows the TRPES spectrum measured following excitation at

7.71 eV. The spectrum exhibits two broad maxima, centered at 1.3 eV and 1.9 eV,

which exhibit different temporal dynamics as a function of pump-probe delay. The

integrated photoelectron signals and the timescales associated with the two bands

are qualitatively very clear from the transients shown in Fig. 2.1(b). A time delay

between the appearance of the two peaks in the TRPES data can clearly be seen.

This could be interpreted as the initially excited state undergoing fast internal con-

version (IC) to a lower excited state[57] and/or energy-lowering structural dynamics

occurring within the initially excited state.

Figure 2.1: (a) Time-resolved photoelectron spectroscopy (TRPES) spectrum of
cyclopropane recorded using pump and probe wavelengths of 160.8 nm and 267 nm,
respectively. (b) integrated energy regions (black and red vertical lines) showing the
pump-probe delay dependent yields.

A 2D global fitting procedure was employed to investigate the detailed time-

dependence of the photoelectron signal. We used the Levenberg-Marquardt fitting

routine, with the experimental data (S(E,∆t)) described[58] by the following ex-

pression:
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S(E,∆t) =
n∑
i=1

Ai(E) · Pi(∆t)⊗ g(∆t), (2.7)

where E is the kinetic energy of the photoelectron, ∆t is the pump-probe time-

delay, g(∆t) is the experimental Gaussian instrument response or cross-correlation

function (105 fs FWHM) and Ai(E) is the amplitude profile of the decay-associated

photoelectron spectrum (DAS) of the ith decay channel with time-dependence Pi(∆t) =

exp(−∆t/τi). The global fit yielded two time-constants (i.e. n = 2) displayed in Ta-

ble 2.1; τ1=35±20 fs for the decay of the high kinetic energy peak and τ2=57±35 fs

for the decay of the low kinetic energy peak. The DAS are shown in Fig. 2.2. The

negative amplitude in the DAS associated with the 35 fs time constant has negative

values around 1.3 eV, whilst the DAS for the 57 fs time constant has positive values

in this region. This is a clear indication of a sequential process in which the initial

wavepacket decays on a timescale of τ1=35 fs to a lower-energy state and/or nuclear

coordinate distribution that in turn has a lifetime of τ2=57 fs.

Figure 2.2: Decay associated spectra from the 2D global fit to the experimental
TRPES data. The negative amplitude associated with the 35 fs time constant is a
clear indication of a sequential process.
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Experimental Theoretical

τ1 (fs) 35 ±20 43 ±20

τ2 (fs) 57 ±35 65 ±30

Table 2.1: Decay constants τ1 and τ2 from the 2D global fits to the experimental
and simulated TRPES data. The error bars correspond to a 95% confidence interval
from the 2D global fitting procedure.

State Symmetry Character ∆E (eV)

S1
1E′ σ3s 6.73

S2
1E′′ σ3pz 7.19

S3
1A′2 σ3px/y 7.30

S4
1A′1 σ3px/y 7.33

S5
1E′ σ3px/y 7.35

Table 2.2: Vertical excitation energies at the Franck-Condon point calculated at the
MR-FOCI(4,6)/aug-cc-pVDZ level of theory.

2.6 Theoretical Results

2.6.1 Potential energy surfaces

Table 2.2 lists the vertical excitation energies of the first 5 singlet excited states

calculated at the MR-FOCI/aug-cc-pVDZ level of theory. To assess the accuracy of

the electronic structure method employed in the dynamics simulation, particularly

the impact of employing a large (nine-) state average in the MCSCF computation, we

will compare vertical excitation energies to the high-level aug-cc-pVTZ / CC3 and

aug-cc-pVTZ / EOM-CCSD computations in Ref. [44]. This comparison shows that

the present vertical excitation energies differ from the benchmark level computations

by ≈ 0.9 eV. This difference arises from the difficulty of the MR-FOCI wavefunction

to describe the differential correlation effects between the valence ground state and

Rydberg excited state manifold. However, the dynamics of interest will be more

sensitive to relative errors in energy between the excited states. On this metric we

see that the energies between the two methods are in quantitative agreement, with

the MR-FOCI and CC3 and EOM-CCSD results displaying differences of ≈0.01 eV

between the relative energies of the relevant excited states.

The first excited state is the E′(σ3s) state. At ≈ 0.45 eV above this energy
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lies a manifold of 4 electronic states that span only 0.66 eV. In order of increasing

energy, these are the 1E′′(σ3pz),
1A′2(σ3px/y), 1A′1(σ3px/y) and 1E′(σ3px/y) states.

Upon JT distortion, the doubly-degenerate states split, yielding a total of 8 non-

degenerate excited adiabatic states. In the context of the excited state dynamics, the

most important JT active modes correspond to asymmetric ring stretching and ring

bending motions. Here, we will focus primarily on two nuclear degrees of freedom

which serve to represent the dynamics involved: the angle bending coordinate, qθ,

and the CH2 dissociation coordinate, qdissoc. The definitions of these coordinates are

given in Fig. 2.3.

(i) qθ

i = θCjCiCk

 
(ii) |qθ|max = max[qθ

1,qθ

2,qθ

3] 

θ

XCjCk
 = center of mass between Cj and Ck

 
(i) qdissoc

i = di = Ci - XCjCk  

 
(ii) |qdissoc|max = max[d1, d2, d3] 

di

a) b)

Figure 2.3: The angle bending and dissociation coordinate definitions (a)(i) and
(b)(i) respectively, were used to construct the potential energy surface cuts in
Fig. 2.4. The maximum of the angle bending and dissociation coordinates as de-
fined in (a)(ii) and (b)(ii) respectively, were used for all nuclear wavepacket dynamics
analyses in Fig. 2.5 and Fig. 2.8.

Fig. 2.4 shows the adiabatic potential energy surfaces (PESs) as a function of qθ

and qdissoc, calculated at the MR-FOCI(4,6)/aug-cc-pVDZ level of theory. The lower

adiabatic surfaces display barrierless large amplitude motion along these JT-active

coordinates. For example, from Fig. 2.4(a), highlights a flat potential energy profile

with increasing qθ for the S1-S4 adiabatic states, suggesting energetically barrierless

ring-opening may occur. Perhaps most importantly with regards to the excited state

dynamics, as is shown in Fig. 2.4(b), the vertical excitation energies of all excited

states lie above the barrier to the formation ethylene (C2H4) and methylene (CH2) in

the S1 state. Accordingly, dissociation would proceed promptly following population

transfer to the S1 state.

As evinced by Fig. 2.4(b), the potential energy surfaces employed in the dynam-

ics simulations have minor discontinuities along the dissociation coordinate. These
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arise due to the σ∗ orbital rotating into the large active space. While the classical

energy of the trajectories in the simulation were conserved to 10−5 a.u., this discon-

tinuity manifested as a small energy jump in the dissociation exit channel. Those

trajectories undergoing this energy jump (exclusively on the adiabatic S1 excited

state) universally corresponded to dissociated products and were thus subsequently

terminated.

2.6.2 Photo-excitation: initial state populations

Cyclopropane possesses a high density of low-lying vibronically coupled electronic

states. In such a case, the initial state(s) prepared by a given pump pulse cannot be

reliably estimated via an analysis of electronic transition dipoles and vertical exci-

tation energies alone. The reason for this is that intensity borrowing effects may be

operative, potentially leading to the population of optically dark electronic states.

Indeed, our recent calculations, as discussed in the companion article[44], show that

most of the intensity in the first two bands of cyclopropane’s electronic absorption

spectrum arise due to intensity borrowing from the optically bright 1E′(σ3px/y) state

by the lower-lying optically dark states. Therefore, vibronic coupling effects must be

included when estimating the initial state populations prepared by the experimen-

tal pump pulse. To do so, a model linear vibronic coupling Hamiltonian[59–61] was

constructed which includes all first-order vibronic coupling terms between the first

nine electronic states of cyclopropane. Initial state populations were then calculated

by using the model Hamiltonian for a wavepacket propagation calculation in which

an initial ground state wavefunction was coupled to the excited state manifold via a

laser pulse. By using a laser pulse parameterized to match the experimental pump

pulse, the electronic state populations at the end of the wavepacket propagation can

be taken as estimates of the initial state populations prepared by the pump pulse.

The wavepacket propagation calculations were performed using the multiconfigura-

tional time-dependent hartree (MCTDH) method[62] using a nine-state, nine-mode

model. The details of these calculations and the model Hamiltonian are given in the

supplementary information of Ref. [44].

Using this approach, we found that only the S1, S2, S3, and S4 states are apprecia-

bly populated following excitation at 160.8 nm. This result is in direct contradiction

with an analysis relying solely on transition dipole moments and vertical excitation

energies, which would predict that the 1E′(σ3px/y) is the initially prepared excited
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state. We do, however, have confidence in our results as the model Hamiltonian

used is found to reproduce the experimental absorption spectrum to a high degree

of accuracy[44]. Accordingly, in the following we only consider excitation to these

four states. The calculated relative populations of these states generated by the

pump pulse are 0.33, 0.12, 0.30, and 0.25, respectively.

2.6.3 Wave packet dynamics simulation

Guided by the initial state populations calculated from the MCTDH calculations,

AIMS simulations were performed with initial states corresponding to each of the

S1, S2, S3, and S4 states.

Each wavepacket propagation was performed independently, and the results in-

coherently averaged using weights corresponding to the calculated initial state pop-

ulations to give the final results. We first consider the one-dimensional reduced

nuclear densities calculated from the AIMS simulations. These were calculated us-

ing the Monte-Carlo procedure detailed in Ref. [63]. In Fig. 2.5(a), we show the

calculated reduced densities for the angle bending coordinate as a function of time.

It is predicted that ring opening occurs rapidly following photoexcitation, with di-

rect ring opening first occurring within 50 fs. The remaining part of the wavepacket

undergoes a single revival back to the FC region after 80 fs, but then subsequently

delocalizes over a wide range of angles greater than 100 deg.

Fig. 2.5(b) shows the calculated reduced densities for the CH2 dissociation co-

ordinate. Similar to the ring bending coordinate, a bifurcation of the wavepacket

is found to occur, with one component undergoing rapid dissociation in under 50

fs, and a second component undergoing a classical-like revival back towards the FC

region before becoming delocalized along the dissociation coordinate. The horizon-

tal dashed line in Fig. 2.5(b) marks the value of the dissociation coordinate beyond

which the asymptotic region (dissociation limit) of the potential lies. Here, dis-

sociation is defined as the distance between the centres of mass of the C2H4 and

CH2 fragments being greater than |qdissoc|max = 2.1 Å. The picture which emerges

is one in which CH2 rapidly departs from a C2H4 co-fragment during a concerted

ring-opening and bond stretching process.

Shown in Fig. 2.6(a) are the adiabatic state populations calculated from the

AIMS simulations. The wave packet spans multiple electronic states, primarily

S1−S4. However, the population on S3 and S4 decays almost immediately to S2 and
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subsequently S1. The latter displays a sudden increase in population around 25 fs

corresponding to ring opened cyclopropane being transferred to S1. Population on

the ground adiabatic state begins to grow starting around 25 fs and continues to do

so until the end of the simulation. Interestingly, there is a revival in S2 population

beginning around 50 fs which corresponds to a revival of the wavepacket to the FC

region, which is characterized by smaller bond angles and bond lengths as shown in

Fig. 2.5 around 80 fs.

Fig. 2.6(b) shows the calculated time-dependent probability of dissociation to

form C2H4 and CH2. It is predicted that cyclopropane begins to dissociate within

20 fs, and that dissociation is virtually complete by 250 fs. Finally, we note that

the AIMS simulations predict that dissociation predominantly occurs on S1, with

population transfer to S0 and S2 largely occuring after the moleuclar system is

already in the dissociation exit channel.

2.6.4 TRPES Simulation

The TRPES data calculated from the AIMS simulations is shown in Fig. 2.7(a).

The calculated spectrum contains two peaks centered at 1.3 and 1.9 eV, in excellent

agreement with the experimental TRPES data. A fit to the computed spectrum was

performed using the same 2D global fitting algorithm employed in the analysis of the

experimental spectrum (see Sec. III). The fit residuals of both the experimental and

calculated TRPES data are included in the supplementary information. The time

constants derived from the fits to both the experimental and calculated TRPES data

are given in Table I. The agreement between the time constants derived from the

calculated and experimental TRPES spectra is quantitative, and gives us confidence

in the accuracy of the underlying AIMS dynamics simulations.

To shed light on the dynamical processes underlying the two time constants, we

consider the contributions to the calculated TRPES data from: (i) the geometries

at the centres of the Gaussian basis functions that contribute to each of the two

bands, and (ii) the contribution of each electronic state to the TRPES data. In the

following, we label the region around the band centered at 1.9 eV as region I and

the region around the band at 1.3 eV as region II.

In Fig.2.7(b) to (e), we show the contributions to the calculated TRPES spectrum

from each of the excited states S1, S2, S3 and S4. As the figure shows, the higher

energy peak in region I is due almost exclusively to ionization of S3 and S4, whereas

26



the lower energy peak in region II contains contributions from all four adiabatic

electronic states.

The two bands may be further characterized by analyzing the geometries R̄
I
j at

the centres of the Gaussian basis functions which give rise to the different regions

in the calculated TRPES data. Specifically, for each Gaussian basis function con-

tributing to the signal in each of region I and II, we determine the value of the

internal coordinates qθ, and qdissoc at the centre of the basis function and histogram

these values to determine the nuclear character of the wave packet giving rise to

each each region. The results of this computation are shown in Fig. 2.8. It can

clearly be seen that region I is characterized mainly by geometries in the vicinity

of the FC region (qθ = 60 deg and qdissoc = 1.4 Å). Conversely, we find that re-

gion II in the TRPES spectrum arises predominantly due to the components of the

wavepacket corresponding to structures significantly displaced from the FC region.

This is highlighted in Fig. 2.8 by a shift of the distribution to larger values of both

internal coordinates.

2.7 Discussion

The AIMS simulations predict that the dynamics immediately following photoex-

citation at 160.8 nm involve nuclear motion in each of the excited states, includ-

ing barrierless ring-opening and large-amplitude C-C stretching vibrations. These

structural deformations occur on all the prepared excited states (S1 − S4) and are

accompanied by rapid non-adiabatic transitions to the lowest-lying adiabatic elec-

tronic states (S1, S2) from the higher-lying states (S3, S4). The population in the

lower-lying states subsequently undergoes barrierless dissociation to produce C2H4

+ CH2. The ground electronic state population which begins to accumulate after

about ∼30 fs is found to arise solely due to electronic relaxation in the dissociation

exit channel, as described by Fig.2.6(b).

Significantly, each of these processes are encoded in the experimental TRPES

data, and comparison with AIMS simulations allows the nature of the excited state

dynamics to be extracted from these results. Based on the analysis of the simulated

TRPES in terms of the underlying trajectory simulations in Section 2.6.4, the in-

terpretation of the experimental TRPES that emerges is thus: the band in region

I corresponds to ionization of the components of initially excited wave packet in

states S3 and S4. Region II at short times corresponds exclusively to ionization from
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S1 and S2 but this component of the wave packet rapidly dissociates. As the wave

packet evolves, the population in the S3 and S4 states undergoes large amplitude

structural relaxation, which increases the ionization potential (yielding lower kinetic

energy electrons), and results in an increased signal in region II. This interpreta-

tion is confirmed by Fig. 2.8 which shows the lower energy band arising from more

highly JT distorted geometries involving large amplitude motion corresponding to

ring-opening and C-C bond elongation.

The timescale for dissociation (<100 fs) is captured by the time constant fits

to both the experimental and simulated data. As the molecule undergoes barri-

erless dissociation to C2H4 + CH2, the instantaneous vertical ionization potential

increases until single-photon ionization is no longer possible with a 4.65 eV probe

photon and the photoionization cross-section becomes correspondingly small. To be

clear, the predicted photo-products from the proposed dynamical pathway cannot

be ionized via one-photon ionization using the present pump-probe scheme, and are

thus not readily observable in this experiment. However, the quantitative agree-

ment between the experimentally determined time constants and the corresponding

parameters extracted from spectrum generated from high level ab initio dynamics

engender confidence in the present assignment. The main products observed in pre-

vious studies of the gas-phase photolysis, C2H4 + CH2, have ionization energies of

10.40 eV[64] and 10.51 eV[65], respectively and would thus require ionization with

3 probe photons from their ground state. For the low probe laser intensities used in

the current experiments, such channels were not observed.

The detailed results of our study are in general agreement with previous exper-

imental studies which determined the photodissociation branching ratios following

excitation at 163.4 nm[38]. In that report, the authors found that dissociation to

C2H4 + CH2 formed the dominant dissociation channel, accounting for 69% of the

product yield. Three other channels observed involved the formation of CH3+C2H3

(17% product yield), as well as H-loss (14%), and H2 formation (1%). The in-

vestigators questioned whether the breaking of the C-C bonds to form the major

dissociation products occurred simultaneously, or was preceded by ring-opening.

Our results confirm that it is the latter: the excited molecule first undergoes large

amplitude motion, which includes ring-opening, before ultimately dissociating.

We note that the simulations reported here have found C2H4 + CH2 to be the

only product channel accessed via photoexcitation. The present study was focused

in the ultrafast excited state dynamics and did not as opposed to ground state
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dynamics following the photodissociation process. The formation of C2H4 + CH2

and other species via statistical dissociation from the hot ground state was not

considered here.

2.8 Conclusion

The current study finds that the photoinitiated dynamics of cyclopropane, follow-

ing excitation near the maximum of the lowest lying absorption band at 160.8 nm,

are characterized by rapid ring opening and dissociation to ethylene and methy-

lene. While both these motions are initiated immediately upon excitation, the

shorter timescale for ring-opening ensures that this process precedes dissociation.

On the basis of quantitatively accurate simulations of the absorption spectrum,

we can definitively state that the wave packet prepared by the pump process is of

mixed electronic character and arises due to the strong vibronic coupling between

the optically bright 1E ′ and the lower-lying Rydberg states. That component of

the wave packet which is prepared directly on the lowest lying 3s (S1) state disso-

ciates promptly, whereas those components of higher excited electronic character

first undergo nonradiative decay to the lower adiabatic states before dissociating.

Interestingly, both the structural and electronic relaxation dynamics gives rise to

distinct spectral features in the TRPES data, the assignment of which is enabled by

high level ab initio simulations of the excited state dynamics and TRPES spectrum.

Those components of the wave packet that correspond to higher-lying excited states

at short times, prepared directly by the photoabsorption process, give rise to the

photoelectron band at 1.9 eV, while a time delayed band around 1.3 eV arises follow-

ing large amplitude nuclear displacements and non-radiative decay. The simulated

spectrum shows that this lower-energy band also overlaps with the ionization signal

from the initially prepared S1 and S2 states. The ethylene and methylene photo-

products are formed on the electronically excited S1 state but, as previous studies

have shown, any excited state C2H4 product will rapidly undergo internal conver-

sion to the ground electronic state. The degree of agreement between the simulated

and experimentally determined TRPES spectra is impressive, and has allowed for

the unusually fine-grained assignment of all the main features of the time-resolved

spectrum.
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Figure 2.4: Potential energy surface cuts along internal coordinates (see text for
definitions) relevant for the femtosecond timescale dynamics. Both coordinates lift
the degeneracy and give rise to an energy-lowering displacement from theD3h ground
state minimum geometry. In particular, panel (b) shows that the energy of the FC
point on the excited state surface lies above the C2H4 + CH2 dissociation asymptote
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Figure 2.5: One dimensional reduced nuclear densities calculated from the AIMS
simulations. (a) the angle bending coordinate. (b) The dissociation coordinate.
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Figure 2.6: Panel (a) shows the time evolution of the adiabatic state populations as
obtained from the AIMS simulation. Panel (b) illustrates the fraction of the wave
packet characterized by molecular C3H6 vs. dissociated C2H4 and CH2 as a function
of time.

32



Figure 2.7: (a) TRPES data calculated from the results of the AIMS simulations.
Shown alongside are the contributions to the total spectrum from each electronic
state: (b) S1, (c) S2, (d) S3, and (e) S4. All spectra are displayed with the same
colourmap.
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Figure 2.8: Geometrical distribution along coordinates associated with photoelec-
tron energy regions I and II in the TRPES data. For details, see the text.
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Chapter 3

Nitromethane

3.1 Preamble

All of the calculations and simulations in the work that follows was conducted by

myself, with guidance from S. P. Neville and M. S. Schuurman. The results of this

study will be summarized in a paper that will be submitted hereafter.

3.2 Abstract

The vacuum-ultraviolet (VUV) photoinduced dynamics of nitromethane (CH3NO2)

have been studied by RASSCF electronic structure calculations and ab initio simu-

lations. The requisite electronic structure calibrations permit the simulation of the

dynamics following photoexcitation to the absorption maximum at 6.25 eV. The

ab initio multiple spawning simulations indicate that major reaction pathway is

the cleavage of the C-N bond: CH3NO2
hν−→ CH3 + NO2 on the S1 and S0 states.

The results suggest that one minor pathway is likely to exist on the excited state

corresponding to the oxygen loss, CH3NO2
hν−→ CH3NO + O. The nitro-nitrite iso-

merization, CH3NO2
hν−→ CH3ONO pathway, is not observed on the excited state.

The initially prepared wavepacket is shown to decay sequentially with S2 population

increasing within 10 fs and S1 and S0 population accumulating within 40 and 60 fs,

respectively.
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Figure 3.1: The UV absorption spectrum of nitromethane, adapted from Ref. [69].
The bold line indicates the strong π → π∗ band centered at 198 nm. The dashed
lines indicate the weak n → π∗ transition, showing ×500 the original intensity.

3.3 Introduction

The photochemistry of nitromethane has been studied extensively as a prototypical

nitro substituted hydrocarbon. Previous studies that have attempted to elucidate

the possible photodissociation pathways upon irradiation with vacuum-ultraviolet

radiation at 198 nm. The ultraviolet absorption spectrum of nitromethane contains

two bands, shown in Fig. 3.1, the dominant π → π∗ at 198 nm and the weak n→ π∗

transition at 275 nm[66]. The π → π∗ transition is localized on the NO2 moiety[67],

while the n → π∗ transition occurs from a non-bonding electron on the oxygen

atom[68].

To date, experimental studies have shown that the major reaction pathway is

involves the cleavage of the C-N bond that is independent of excitation wavelength:

CH3NO2
hν−→ CH3 + NO2 (3.1)

There is considerable debate over the existence and ratio of a number of minor

pathways in the photodissociation of nitromethane. Most recently, a femtosecond

pump-probe photolysis and time-of-flight mass spectrometry (TOFMS) study[70]

has assigned the relative branching ratios of the photoproducts following excitation

at 226 nm to the π → π∗ state. They found that the major dissociation products

were CH3, NO2, NO and O in order of decreased intensity under collision free con-
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ditions. The production of NO is the first of a series of minor product pathways,

where it can be formed following the absorption of a second photon by the NO2

product in Eq. 1. The observation of CH3NO by TOFMS in low branching ratio

suggests and oxygen elimination pathway:

CH3NO2
hν−→ CH3NO + O (3.2)

Additionally, the authors observe the CH3O fragment in collisional conditions

suggesting the possibility of the so-called nitro-nitrite isomerization mechanism:

CH3NO2
hν−→ CH3ONO→ CH3O + NO. (3.3)

This pathway was only observed under collisional conditions suggesting a con-

certed collision-free pathway would be non-existent, however, it has been observed

thermally[71, 72] in the ground state as a competitive process with the C-N cleavage

in the excited state.

Previous theoretical studies have focused primarily on ground state processes.

Reaction paths and stationary point calculations have been carried out at the

DFT/G2MP2[73] and UCCSD(T)/CBS[74] levels of theory. Dynamics on the ground

state have mostly focused on roaming mediated isomerization to form the methyl ni-

trite isomer[75–77]. Previous excited state studies have focused on ab initio reaction

path calculations using CASPT2[78–80] and most recently fewest-switches surface

hopping (FSSH)/CIS[81] and ab inito multiple spawning (AIMS)/CASSCF[82] dy-

namics simulations. In both cases, the studies pertain to the dynamics of the weak

275 nm band corresponding to the n→ π∗ transition. To the best of our knowledge,

there exist no excited state dynamics studies of nitromethane following absorption

at 198 nm.

In order to properly elucidate the major and minor reaction pathways occurring

in the ultrafast relaxation of nitromethane, ab initio molecular dynamics calculations

were employed. The timescales for the de-excitation are calculated using on-the-fly

ab initio multiple spawning (AIMS) simulations[15–17].

3.4 Computational Details

In the AIMS simulations, the adiabatic energies, gradients and non-adiabatic cou-

plings required to evaluate the equations-of-motion (EOMs) were calculated at
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the restricted active space self-consistent field (RASSCF)[7] level of theory. The

separation of the occupied and virtual orbitals, consisted of the following active

spaces. RAS1 contained the 2SN (a′), σNO (a′), σNO (a′′), and πNO (a′). RAS2

contained the σCN (a′), nσO (a′′), nπO (a′′) and π∗NO (a′) orbitals. RAS3 con-

tained the σNO (a′), σNO (a′′) and σCN (a′) orbitals. This level of theory is denoted

RASSCF(2,4,2,3)/CAS(6,4), where the RASSCF contains at most two holes in RAS1

containing four occupied orbitals and at most two electrons in RAS3 containing three

virtual orbitals. In the RASSCF calculations, state averaging was performed over

the lowest four singlet states, corresponding to 1A′ (π2
NO), 1A′′ (π∗NO ← σCN), 2A′

(π∗NO ← nσO), and 2A′′ (π∗NO ← nπNO) at the Franck-Condon (FC) point. The small

Atomic Natural Orbital basis, denoted ANO-S, was used in all calculations with the

contractions C,N,O[4s3p1d],H[2s1p] employed. All electronic structure calculations

were performed using the COLUMBUS[51] and MOLCAS[83] set of programs.

The use of RASSCF was essential to the correct optimization of the orbital en-

ergies and coefficients. Previously, it has been demonstrated that symmetry broken

solutions of the wavefunction arise in the CASSCF optimization of the NO2 radical

(i.e. the doublet ground state of NO2)[84]. This results if certain occupied or virtual

orbitals are excluded from the active space. It was determined that a set of properly

symmetrized orbitals are needed in the description of the excited electronic states

of NO2. The results of this paper required an active space consisting of 13 electrons

in 11 orbitals for NO2. The present work deals with the description of NO2 in the

excited state and it has been previously shown that this requirement applies to ni-

tromethane[78, 80]. The solution to the large CAS space is to divide the subspace

into RAS1, RAS2, and RAS3, whereby occupied and virtual orbitals that contribute

marginally to the description of the electronic states are placed in RAS1 and RAS3

respectively. This choice of active space is shown in Fig. 3.2, where the orbitals

10-13, 14-17 and 18-20 are contained in RAS1, RAS2 and RAS3, respectively.

The initial position and momenta for the trajectories were sampled from a ground

vibrational state Wigner distribution. A harmonic approximation is assumed, with

the required normal modes and frequencies calculated at the coupled-cluster with

single, double, and perturbative triple excitations [CCSD(T)]/aug-cc-pVDZ level of

theory using the CFOUR program[52]. A total of 25 initial basis function were used

for a propagation time of 100 fs. At the end of the AIMS simulation, a total of 78

basis functions had been spawned.
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Figure 3.2: RASSCF orbitals optimized over the lowest three singlet states. Here the
dashed horizontal line indicates the division between occupied and virtual orbitals.
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3.5 Results

3.5.1 Potential Energy Surfaces

Table 3.1 lists the vertical excitation energies of the first three lowest singlet excited

states. The calculated RASSCF energies used in the AIMS simulations are com-

pared to previous high level CASPT2 results[78] at the FC point. The comparison

shows that the states differ by ≈0.3 eV in S1 and S2, and by ≈1.0 eV in S3. This

arises from the lack of dynamical correlation in the RASSCF wavefunction which

can be corrected by performing configuration interaction (CI) singles or doubles to

give a RASCI description of the wavefunction. Presently, this adds an additional

computational cost that makes this option impractical and therefore the RASSCF

description of the wavefunction is used. It has been demonstrated in Appendix

5.2.2, that the curvature and barrier height of the electronic states along the C-

N dissociation coordinate is reproduced with this level of theory, however, shifted

vertically relative to benchmark calculations.

Table 3.1: Vertical excitation energies of nitromethane calculated at the Franck-
Condon point.

State Symmetrya Character DFT/MRCI CASPT2b RASSCFc

aug-cc-pVDZ ANO [4s3p2d/3s2p1d] ANO [4s3p1d/2s1p]

S1 1A′′ σ(CN) −→ π∗(NO) 3.89 4.07 4.26

S2 2A′ nO −→ π∗(NO) 4.22 4.35 4.67

S3 2A′′ nπO −→ π∗(NO) 6.18 6.36 7.35

aCs minimum
bCASSCF(14e,11o)
cRASSCF(2,4,2,3)/CAS(6,4)

The first excited state (S1) corresponds to excitation from the σCN orbital to

the π∗NO orbital localized on the NO2 moeity. This state is not optically dark but

has a vanishingly low oscillator strength (f = 6.00×10−6). S2 is an optically dark

state located ≈0.40 eV above S1, corresponding to excitation from the nσO orbital

to the π∗NO orbital (f = 2.40×10−5). S3 is an optically bright state (f = 2.09×10−1)

corresponding to excitation from the nπO orbital to the π∗NO at the absorption max-

imum of the 6.25 eV band. In order to understand the dynamics occurring on the
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excited state, the potential energy surfaces for select nuclear degrees of freedom are

considered. These correspond to the C-N bond dissociation coordinate, rCN and the

N-O dissociation coordinate, rNO.

Figure 3.3 shows the adiabatic potential energy surfaces (PESs) as a function of

the rCN and rNO calculated at the RASSCF/ANO-S[4s3p1d/2s1p] level of theory.

Figure 3.3(a) shows a steep barrier of ≈0.50 eV on the 2A′′ state that leads to the

dissociation of nitromethane to form a methyl cation (CH3) + NO2. Here, there

is a small discontinuity in the PES that corresponds to a weakly coupled avoided

crossing to a πσ∗ state that changes the character of the lower state. Figure 3.3(b)

shows the intersection formed between S3 and S2 as the N-O bond elongates by 0.2 Å.

The rNO coordinate is the most energetically favourable, following photoexcitation

at the absorption maximum of 6.25 eV.

3.5.2 Wavepacket Dynamics Simulation

The AIMS wave-packet propagation was performed starting on the S3 optically

bright state with 25 initial trajectory basis functions (TBFs) that spawn a total of

78 additional basis functions throughout the simulation. Shown in Figure 3.4 are the

adiabatic state populations taken from the AIMS simulations. The dynamics shows

a large transfer of population from S3 to S2 within ∼40 fs, with S2 immediately

transferring population to the lowest electronic states S1 and S0.

To better understand the RASSCF dynamics, one-dimensional reduced nuclear

densities calculated from the AIMS simulations are shown in Fig. 3.5. In Fig. 3.5(a),

the calculated reduced densities for the C-N stretching coordinate are shown as

a function of time. It is shown that large C-N stretching occurs on the excited

state with in the first 40 fs. The component of the wavepacket that corresponds

to the elongation of the C-N bond, has a revival by 60 fs before the simulations

have completed. Fig. 3.5(b) shows the calculated reduced densities for the N-O

stretching coordinate. Here, the wavepacket experiences a minor bifurcation of the

wavepacket after 20 fs, leading to the dissociation of an oxygen atom and a revival of

the wavepacket to the FC region. Fig. 3.5(c) shows the calculated reduced densities

for the C-O distance as a function of time. It is shown that the distance between the

two atoms has a periodic decrease in distance that returns to the FC region within

60 fs.

41



3.6 Discussion

3.6.1 Electronic Structure Calibration

The optimization of the orbitals and coefficients by RASSCF allowed for efficient

calculation of the PESs for use in the AIMS simulation. The importance of the

RASSCF calculations was twofold: (i) it resulted in reducing the computational cost

in the state-averaged optimization of the orbitals and coefficients, and (ii) the relative

barrier heights on the excited states for the dissociative processes were comparable to

benchmark calculations. A detailed analysis of the choice of active space is described

below.

The present study employed a RASSCF(2,4,2,3)/CAS(6,4) space to generate the

same orbitals of a full valence CAS(14,11) calculation but at a reduced compu-

tational cost. At the CASSCF level of theory, this large active space is far too

computationally costly for on-the-fly dynamics simulations and has been noted as

the reason for why no previous dynamics studies exist following excitation to the

absorption maximum at 6.25 eV[78–80]. Approximations, such as the truncation of

the active space have been tested, however, this leads to pathological discontinu-

ities along the PESs in regions where states cross and where the character of the

states change. For instance, by truncating the CAS(14,11) active space by excluding

one virtual orbital to CAS(14,10), the computational time is significantly reduced.

The exclusion of one virtual orbital, results in the CASSCF wavefunction making a

choice between including the σ∗CN orbital or including the additional σ∗NO orbital.

In Fig. 3.6, the potential energy cuts along the rCN coordinate are shown. The

PESs in Fig. 3.6(a) were calculated by including the σ∗CN orbital, which results

in surfaces that accurately describe the molecule in the dissociation asymptote.

In Fig. 3.6(b) the PESs were computed using an active space that excluded the

σ∗CN orbital and included the σ∗NO orbital, which results in the poor description

of the potential energy surfaces along the rCN coordinate. A detailed analysis of

the AIMS dynamics using the CAS(14,10) active space is found in Appendix 5.2.

Here, the initially sampled geometries exclude the σ∗CN orbital, instead optimizing

to the energetically favourable set of orbitals that include the σ∗NO orbital. In the

analysis performed in Appendix 5.2 it was demonstrated that the exclusion of one or

more orbitals was shown to provide insufficient descriptions of the C-N dissociation

coordinate which has been observed experimentally as the major photodissociation
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channel. The bias imposed on the dynamics is one in which the wavepacket becomes

trapped on S2, transferring negligible population to S1 and S0. This trapping of the

wavepacket on S2 is the result of the exclusion of the σ∗CN orbital and inclusion of the

σ∗NO orbital. As shown in Fig. 3.6(b), the major pathway involving cleavage of the

C-N bond becomes energetically inaccessible with results in only the minor oxygen

loss pathway being described. It is noted that on the basis of the CASSCF and

RASSCF results that the electronic structure calibration is essential in describing

the PESs that inform the dynamics simulations.

3.6.2 Quantum Dynamics

The AIMS simulations show that the dynamics that follow excitation to the absorp-

tion maximum at 6.25 eV, corresponds to the major pathway (Eq. 3.1) involving the

cleavage of the C-N bond, and the minor pathway (Eq. 3.2) involving the oxygen loss

pathway. The initially prepared excited state (S3) shows rapid population transfer

to S2 within 20 fs that corresponds to the elongation of the N-O bond. This is shown

in Fig. 3.5(b), where the wavepacket begins to bifurcate with one component of the

wavepacket returning to the N-O equilibrium bond length and the other component

corresponding to increased bond lengths. This increase in bond lengths corresponds

to the accumulation of population on S2 from S3 as shown in Fig. 3.4. Within 40 fs,

S1 population begins to accumulate and corresponds to equilibrium bond lengths in

the reduced density calculations in Fig. 3.5. This suggests that the components of

the wavepacket on this state correspond to bound nitromethane.

The dynamics on S1 show largely bound nitromethane which is consistent with

the short bond lengths shown in Fig. 3.5 the calculation of the reduced nuclear

densities. The rise in population on S0 at 60 fs corresponds to nuclear geometries

characterized by longer C-N bonds. This can be seen in Fig. 3.5(a), where at 60 fs

the C-N bond lengths are elongated relative to the N-O and C-O bond lengths,

suggesting the C-N bond is cleaving on that state. The reduced nuclear densities do

not suggest that the isomerization mechanism occurs, corresponding to the forma-

tion of methyl nitrite (CH3ONO). This is demonstrated by C-O bond lengths that

increase, rather than decrease below the equilibrium bond length as a function of

time as shown in Fig. 3.5(c).
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3.7 Conclusion

The challenging problems in describing the electronic structures of nitromethane

along the various major and minor reaction pathways have been investigated with

the restricted active-space self-consistent field (RASSCF) method. The results show

that the RASSCF calculations are ideal for the description of the lowest excited

states in nitromethane, where a previously large CASSCF active space was compu-

tationally impractical for use in an on-the-fly dynamics study. The current study

finds that the dynamics following excitation to the absorption maximum at 6.25 eV,

correspond to rapid population transfer from the initial bright state (S3) to the lower

excited states. The dynamics on the excited state are characterized by vibrational

motions corresponding to the C-N and N-O stretching coordinates that promote dis-

sociation on the excited and ground states. The results confirm the major pathway

corresponding to direct cleavage of the C-N bond: CH3NO2
hν−→ CH3 + NO2. Addi-

tionally, the results suggest the minor (i) direct oxygen loss: CH3NO2
hν−→ CH3NO +

O occurs, while the (ii) nitro-nitrite isomerization: CH3NO2
hν−→ CH3ONO pathway

does not occur.

3.8 Future Work

The initial RASSCF dynamics results have shown generally good agreement with

previous studies of nitromethane. Future work will focus on the simulation of the

dynamics by including dynamic correlation effects from multireference first-order

configuration interaction (MR-FOCI) calculations. This will provide additional con-

fidence in the results and allow for the direct comparison of a calculated TRPES

to previously published results[85]. Additionally, nitromethane possesses three first

row elements that are of interest in light of recent development of time-resolved X-

ray spectroscopy laser systems. The results of the dynamics can be further validated

by calculation X-ray absorption and photoelectron spectra that are sensitive to the

local environment surrounding each atom.
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0

1

2

3

4

5

6

7

8
E

ne
rg

y
/e

V
a)

1.24 1.26 1.28 1.30 1.32 1.34

rNO / Å
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Figure 3.3: Potential energy surface cuts along the C-N (a) and N-O (b) bond dissoci-
ation internal coordinates calculated at the RASSCF ANO-S C,N,O[4s3p1d]/H[2s1p]
level of theory.
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Figure 3.4: The time-evolution of the adiabatic state populations taken from the
AIMS simulations.
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Figure 3.5: One dimensional reduced nuclear densities calculated from the AIMS
simulations. (a) the C-N stretch coordinate, (b) The maximum N-O stretch coordi-
nate, (c) and the minimum C-O distance.
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space.
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Chapter 4

Conclusion

In the work that has been presented, two molecular systems have been studied. The

studies in both cases involved complex electronic structuere that required attention

in order to describe the dynamics that occurs prior to bond-breaking and bond-

formation. In the two systems studied, significant work was completed in order

to understand the necessary electronic structures that were needed to describe the

initial conditions of the systems.

In Chapter 2, cyclopropane was investigated in a joint theoretical/experimental

study by time-resolved photoelectron spectroscopy (TRPES) and ab initio dynam-

ics simulations. Despite the extensive literature on cyclopropane, no previous stud-

ies focused on the time-resolved dynamics both theoretically and experimentally.

Preceding the present study, it was shown that previous interpretations of the ex-

perimental VUV absorption spectrum were incorrect in describing the Jahn-Teller

(JT) split states that arose from JT active normal mode vibrations. Through an ab

initio simulation using the multiconfigurational time-dependent Hartree (MCTDH)

wavepacket propagation method, the initially prepared states following photoexcita-

tion at 160.8 nm were re-interpreted. The results showed that four initially prepared

excited states became split by JT distortions into nine electronic states, where the

relative populations became split over the lowest four split electronic states with the

following populations: S1 (33%), S2 (12%), S3 (30%) and S4 (25%). The results of

this previous work were integral in the interpretation of the TRPES spectrum by ab

initio dynamics simulations. Using the initial populations from the re-interpretation

of the pump pulse, the dynamics were investigated for the four lowest electronically

excited states. The simulations were performed using the ab initio multiple spawn-

ing (AIMS) algorithm informed by multireference configuration interaction (MRCI)
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electronic structure calculations.

The dynamics that followed excitation at 160.8 nm were defined by a rapid ring

opening and dissociation of cyclopropane to form ethylene and methylene. The

initially prepared wavepacket was split over the two higher lying states S3 and S4

and two lower lying states S1 and S2. The dynamics on the lower lying states

were characterized by prompt dissociation, while the higher lying states showed

that the molecule experiences ring-opening and non-radiative decay to S1 and S2

before undergoing dissociation on those states. The result is that the components

of the wavepackets on the different states can be uniquely assigned to regions of the

TRPES spectrum. The dynamics initiated on the higher lying states give rise to the

observed signal at 1.9 eV and correspond to the entirely ring closed species. The

component of the wavepacket on the lower lying states gives rise to the observed

signal at 1.3 eV and corresponds to a molecular species that is ring-opened and

dissociated on that state.

In Chapter 3, nitromethane was studied by electronic structure theory and ab

initio dynamics simulations. The spectroscopy of nitromethane has been well stud-

ied experimentally and theoretically, particularly the dissociation and isomerization

pathways. The present study focused on the necessary electronic structure calcula-

tions that enabled a dynamics study. The computational requirements in the de-

scription of the major and minor reaction coordinates, permitted a large active space

to be selected. The restricted active-space self-consistent field (RASSCF) method

was employed to extend a smaller active space by including orbitals necessary to

the description of the wavefunction. Using the RASSCF description of the three

lowest electronically excited states, the dynamics were investigated using the ab ini-

tio multiple spawning (AIMS) algorithm. The dynamics that followed excitation

to the absorption maximum centered at 6.25 eV, corresponded to rapid population

transfer to the lowest excited states. This was mediated by the elongation of the

N-O bond at the intersection between S3 and S2. The molecular dynamics on the

lowest excited states showed C-N bond dissociation, in general agreement with the

major reaction pathway.

In both studies, a mechanistic picture was assigned to the dynamics that occurred

on the excited state. This required a robust method of electronic structure theory

capable of describing the molecules around and beyond equilibrium. The excited

state dynamics simulations performed using the AIMS algorithm have enabled the

relative timescales for the photo-decay to be assigned. In cyclopropane, the question
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of how the reactants become the products was definitively stated and mapped to an

experimental observable. In nitromethane, the electronic structure was shown to be

necessary in the correct determination of the excited state PESs that would enable

a dynamics study.

51



Chapter 5

Appendix

5.1 Cylcopropane

The D3h S0 optimized geometry for C3H6 used in all electronic structure calculations:

C 0.000000 0.000000 0.871758

C -0.754964 0.000000 -0.435879

C 0.754964 0.000000 -0.435879

H 0.000000 0.911300 1.453890

H 0.000000 -0.911300 1.453890

H -1.259106 0.911300 -0.726945

H -1.259106 -0.911300 -0.726945

H 1.259106 0.911300 -0.726945

H 1.259106 -0.911300 -0.726945

5.2 Nitromethane

The Cs S0 optimized geometry for CH3NO2 used in all electronic structure calcula-

tions:
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C -0.00238920 1.40686859 0.00000000

N -0.00052595 -0.09519309 0.00000000

O 0.00016276 -0.65040109 -1.09653804

O 0.00016276 -0.65040109 1.09653804

H 1.05094267 1.73193488 0.00000000

H -0.51017671 1.74202128 -0.91521594

H -0.51017671 1.74202128 0.91521594

5.2.1 Details of Quantum Dynamics Simulation

The AIMS wave-packet propagation was performed 25 initial trajectory basis func-

tions (TBFs) on the optically bright S3 state, that resulted in a total of 100 addi-

tional basis functions spawned during the simulation. Shown in Figure 5.1 are the

adiabatic state populations taken from the AIMS simulations. Here, it can be seen

that the initially prepared state (S3) decays to S2 within ∼20 fs, followed by a slow

increase in the S1 population.

Figure 5.1: The time-evolution of the adiabatic state populations taken from the
AIMS simulations.

In order, to understand the dynamics that lead to the observed adiabatic state

populations, one-dimensional reduced nuclear densities calculated from the AIMS

simulations are shown. Fig. 5.2(a) shows the nuclear densities for the rCN coordi-

nate coordinate. Here it can be seen that the initially prepared wavepacket, oscil-

lates around the equilibrium bond length with a period consistent with C-N bond
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stretching. This oscillation coincides with the transfer of population between S3

and S2. Fig. 5.2(b) shows the nuclear densities for the rNO coordinate coordinate,

where it is shown that the N-O bond immediately elongates by >1Å, leading to

population transfer between S3 and S2 that is coupled to the C-N stretching motion.

The wavepacket bifurcates with a large portion of the density showing the loss of

an Oxygen. The results of this show that there is a bias with the choice of active

space, whereby, the exclusion of the σ∗CN orbital results in the Oxygen loss pathway

being the dominant pathway, despite previous literature suggesting it to be a minor

channel. It is determined that the correct description of the wavefunction must

consist of a wavefunction with an active space of 14 electrons in 11 orbitals. The

results of this treatment of the dynamics are described in Chapter 3.5.2.

Figure 5.2: One dimensional reduced nuclear densities calculated from the AIMS
simulations. (a) the C-N stretch coordinate. (b) The N-O stretch coordinate.
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5.2.2 Potential Energy Surface Characterization

Fig. 5.3 shows the potential energy surfaces along the C-N dissociation coordinate

for the four lowest electronic states. It can be noted that the relative barrier height

is approximated well by the RASSCF calculations, with the energy being shifted

by 0.45 eV. It is also noted that the onset of the barrier is closer for the RASSCF

potential energy surfaces by 0.1 Å, which is the result of less electron correlation

being included in the wavefunction by permitting only double excitations into RAS3.

Figure 5.3: The barrier and curvature of the C-N dissociation coordinate calcu-
lated at the (i) CAS(14,11)/MR-FOCI 6-31+G∗ and (ii) RASSCF(2,4,2,3)/CAS(6,4)
ANO-S C,N,O[4s3p1d],H[2s1p] levels of theory. The comparison is shown with an
energy shift of -0.45 eV applied to the RASSCF potential energy surfaces.
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