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Abstract

This thesis presents computational studies of molecular photodissociation reactions in the presence

of conical intersections. Novel signatures of conical intersections are identified: Fano line shapes in

the absorption spectrum and strong mode-specific vibrational excitations in the photofragment state

distributions. Approximate methodologies are developed for the calculation of the photoabsorption

profile and the product state distributions. These methods are computationally efficient and allow

the assignment of the vibrational structures of the absorption and the total kinetic energy release

spectra. The photodissociation of ozone and pyrrole are taken as prototypical reactions. For pyrrole,

a new ab initio potential energy surface has been developed. Quantum dynamical calculations are

used to simulate the photodissociation dynamics and to calculate the total absorption cross section,

the final product distributions and the resonance Raman spectrum. The techniques of scattering

theory for polyatomic fragments are combined with efficient methods for quantum dynamics,

such as the multi-configurational time-dependent Hartree (MCTDH) approach. The calculated

observables are compared with the experimental measurements and interpreted on the basis of the

topography of the potential energy surfaces. The methods developed in this work are suitable for

the study of photodissociation in large classes of polyatomic aromatic molecules.
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Zusammenfassung

In dieser Arbeit wurden molekulare Photodissoziations-Reaktionen in der Gegenwart von

konischen Durchschneidungen numerisch untersucht. Zwei neuartige Signaturen von konischen

Durchschneidungen werden identifiziert: (i) Das Absorptionsspektrum zeigt Fano-Linienprofile;

(ii) Starke Anregungen von spezifischen Schwingungsmoden werden in der Zustandsverteilung

der Photofragmente beobachtet. Um das Absorptionsspektrum und die Zustandsverteilung der

Produkte zu berechnen, wurden approximative Methoden entwickelt. Diese Methoden sind

numerischen effizient und erlauben die Assignierung von Schwingungsstrukturen im Absorptions-

spektrum und im total kinetic energy release (TKER) Spektrum. Die Photodissoziations-Reaktionen

von Ozon und Pyrrol werden als repräsentative Beispiele betrachtet. Für Pyrrol wurde eine

neue ab initio Potentialfläche entwickelt. Der Wirkungsquerschnitt der Photodissoziation, die

Zustandsverteilung der Produkte und das Resonanz-Raman-Spektrum wurden mit Hilfe von

quantendynamischen Simulationen berechnet. Die Technik der Streutheorie für mehratomige

Fragmente wird mit effizienten Methoden der Quanten-Dynamik, wie dem multi-configurational

time dependent Hartree (MCTDH) Ansatz, kombiniert. Die berechneten Observablen werden mit

experimentellen Messungen verglichen und mit Bezug auf die Topographie der Potentialflächen

interpretiert. Die hier entwickelten Methoden können auf eine große Klasse von mehratomigen

aromatischen Molekülen angewandt werden.
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This doctoral thesis is based on contributions to international peer-reviewed scientific journals. The

work presented in this thesis has been published, has been submitted for publication, or is in a preprint form

for forthcoming submission to an international scientific journal, by the time of submission of this thesis.

This work describes novel effects of conical intersections on spectroscopic observables for photodissociation

reactions and presents approximate methods for the calculation of absorption spectra and photofragment

distributions. An overview on the theoretical concepts and the quantum chemical and quantum dynamical

methodologies is given. A conspectus is given for three published papers, a submitted paper, and one

manuscript in preparation. These contributions are included in the Appendix.

D. P., Garching bei München, May 2017
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Introduction

Photo-initiated chemical reactivity is a field of active theoretical and experimental investigation.1–3

The detailed mechanistic description of the excited state molecular dynamics is of fundamental

chemical interest, and instrumental to the ability of controlling reaction outcomes. Photochemistry

embraces a large class of reactions triggered by the absorption of a photon of suitable energy.

Excited state proton transfer,4,5 ring-opening and ring-closure reactions,6,7 cis-trans isomerizations

in alkenes8,9 are just few examples.

This thesis deals with quantum mechanical simulations of photodissociation reactions in small

and medium sized molecules from first principles. Bond breaking reactions can occur when the

molecule absorbs a photon of energy Eph = h̄ω which is higher than the dissociation energy of

one or more bonds, Eph > D0, where D0 is the energy difference between the ground states of the

dissociated fragments and the parent molecule.

The absorption of a photon promotes an electronic excitation after which the molecule is placed

in a transition state located on the potential energy surface (PES) of an excited electronic state. The

most favourable reaction path from the parent molecule to the photofragments depends on the

topography of the PES, and on the excitation energy. A general rule governing photodissociation

dynamics is the following energy balance:

Eph = D0 + Ekin + Eint , (1.1)

where Ekin is the kinetic energy associated with the relative inter-fragment motion and Eint is

the internal energy of the fragments, comprising the electronic, vibrational and rotational energy.

The complete description of the fragmentation process involves not only the identification of the

resulting molecular products, but also the determination of their quantum mechanical state.

The subject of this work are photodissociation reactions involving the solely breakage of

a specific bond, forming a well defined pair of photofragments. In this case, an ensemble of

parent molecules, photoexcited with a specific photon energy, produces an ensemble of chemically

identical fragment pairs. However, the individual photoproducts are formed in a distribution of

internal fragment states. Since the excess energy Eph − D0 is fixed, Equation (1.1) implies that

1
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photofragments with high internal energy content (as for example, a high degree of vibrational

excitation) separate with a slower velocity, whereas internally cold fragments are associated with

a higher translational energy. The final state populations, analyzed as a function of the photon

energy, are the ‘hallmarks’ of the reaction mechanism. Generally speaking, vibrational modes active

in the reaction dynamics are expected to be excited in the fragments.

Particularly interesting is the analysis of product state distributions in the presence of reactive

conical intersections, i. e. electronic degeneracies encountered along the dissociation path. Conical

intersections are prominent features of several classes of photochemical reactions. They are

ubiquitous in molecular systems with a large number of degrees of freedom, and their impact on

photochemical reactivity is under extensive scrutiny.10–14 Examples include photodissociation of

atmospheric trace gases (O3, CO2, H2O),15,16 alkyl halides17 and acidic aromatic systems (pyrrole,

phenol, etc.).18–20

Figure 1.1 illustrates two prototypical one-dimensional dissociation profiles exhibiting conical

intersections of different topographies. Panel (a) shows the potential energy cuts of the excited

Figure 1.1: (a) Potential energy cuts for the ozone molecule along the O–O bond distance co-

ordinate. Ozone molecules, photoexcited to the B state, can either dissociate directly on the B

surface, or undergo an internal conversion via the R state. The ground state X̃ is not involved in

the dissociation reaction. (b) Potential energy cuts for the pyrrole molecule along the N–H bond

distance coordinate. The electronic excitation to the lowest πσ∗ states (1A2 and 1B1) is considered.

Two dissociation pathways are sketched: A direct one (I) and a second one (III) involving a

temporary sojourn in the bound X̃ state. The pathway II represents the relaxation to the ground

state.
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singlet states B and R of ozone, involved in the dynamics following the excitation to the Hartley21

and Huggins22 bands.23 Photoexcited molecules are initially located on the B state and two

electronic channels are open for Eph > 4.0 eV. During the O · · ·O2 bond breaking, molecules

reach the B/R crossing and branch between the two states: ≈ 90% of the molecules continue the

dissociation on the B surface, while the remaining ≈ 10% internally converts to the R state and

dissociates on the steep potential descent. The ground electronic state X̃ is not involved in the

dissociation process. The vibrational and rotational state distributions of the oxygen molecules

emerging in the two channels have been measured in detail.24

A different arrangement of the PESs is depicted in Figure 1.1(b). The dissociation profiles are

shown for the two lowest singlet πσ∗ states of pyrrole (labelled 1A2 and 1B1). In the long wavelength

excitation range, these repulsive states can be directly populated. Along the dissociation pathway,

intersections are encountered with the bound electronic ground state (X̃), which make several

reaction mechanisms possible. Molecules can dissociate directly on the 1A2 or the 1B1 states (pathway

I), or relax to the X̃ state (pathway II). An alternative dissociation path starts from a πσ∗ state and

involves a temporary sojourn on the X̃ state and back (pathway III).

Detailed studies of photodissociation dynamics for a number of molecular systems have

been performed in the last decades, benefiting from a tremendous improvement of spectroscopic

techniques. Chemical reactions have been studied both in the time and in the energy domain.

A wide class of time-dependent methods belong to the pump-probe category. They are based

on the interaction of a molecule with a pair of light pulses. The first pulse (‘pump’) excites the

molecule and initiates the photodissociation. The second pulse (‘probe’) is delayed in time and

is used to monitor a spectroscopic observable as a function of the time delay. The most common

probes are resonance-enhanced multi-photon ionization (REMPI)25 and ion yield spectroscopy26

of the detached atom, as well as photoelectron spectroscopy27,28. These experiments provide

information on the time scales of the reaction. The presence of multiple time scales in time-

dependent spectroscopic signals can reveal a multi-step dissociation process or a simultaneous

presence of several dissociation mechanisms.

Energy-dependent quantities can be measured using photofragment translational spectroscopies.

These techniques include velocity map ion imaging29,30 and H (Rydberg) atom tagging,31,32 which

have been exhaustively reviewed in the recent literature.

The ozone and pyrrole molecules, whose excited state dynamics is studied in this work, provide

excellent examples of the use of translational spectroscopies. Figure 1.2 shows total kinetic energy

release (TKER) spectra for the photodissociation of ozone and pyrrole, corresponding to the
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Figure 1.2: Total kinetic energy release (TKER) spectra for the photodissociation of ozone (left

panels) and pyrrole (right panels), taken from References 24 and 33. For ozone, the distributions

were measured for the fragments formed in the states B and R for the excitation wavelength

λ = 266 nm; the vibrational quantum numbers are indicated as combs.

diagrams of Figure 1.1. The TKER spectra are distributions of the translational energy of the relative

atom–fragment motion, measured for a fixed excitation energy. By energy conservation, the TKER

profiles are reporters of the internal energy distributions of the co-fragments. The reason why they

are called ‘spectra’ is that they exhibit peaks corresponding to the vibrational energy levels of the

oxygen and pyrrolyl fragment molecules; the intensities give the corresponding state populations.

In ozone, the only fragment vibrational mode is the O−O stretch. The molecules following

the diabatic dissociation pathway on the B state end up in the upper electronic channel and exhibit

a cold product state distribution. The vibrational progression is visible in the TKER spectrum

as broad peaks, and includes few energy levels. Molecules dissociating along the adiabatic path

undergo a B → R transition, and form fragments in the ground electronic state. For a given

photon energy, the product state distributions are dramatically different between the upper and

lower channel. In the R state, the kinetic energy for the relative O−O2 motion is higher and the

resulting oxygen molecules are, at the same time, vibrationally hotter. The higher translational

energy, associated with the photoproducts in the lower channel, is due to a higher excess energy

Eph − D0. On the other hand, the reason for the considerably higher vibrational excitation is not

clear. The main purpose of the computational studies of this reaction is to reveal the mechanism

for the energy distribution between the different electronic, vibrational and rotational degrees of
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freedom: How do the TKER spectra depend on the excitation energy? In the R channel, does the

additional energy flow preferentially into the O−O2 translation or the O2 vibration? Is the O2

vibrational excitation formed in the region of the conical intersection or in the subsequent descent

along the repulsive potential?

The molecule of pyrrole has a higher complexity and is a prototype for a number of photodisso-

ciation reactions involving a H–heteroatom bond rupture in πσ∗ states. The πσ∗ states are formed

by promoting an electron from a valence π orbital of the aromatic ring to a σ∗ orbital localised on

the N atom.34 The presently accumulated evidence indicates that the excitation in the wavelength

range 254− 240 nm directly populates the lowest πσ∗ (1A2) state and the pyrrolyl co-fragment is

formed in the ground electronic state on a femtosecond time scale.26,28 The TKER spectra have

been measured by Ashfold and coworkers, using the Rydberg tagging technique, for a wide range

of excitation energies.33 The peak assigned to the ground vibrational state, corresponding to the

maximum translational energy available, is easily identified in the TKER spectra. The peaks at

lower translational energies are associated with vibrational states involving one or two quanta

excitations on the pyrrolyl modes. The final populations of the individual vibrational states are

given by the peak intensities. Some peaks can be attributed simply from the knowledge of the

pyrrolyl frequencies, but the complete assignment of the TKER spectra is a challenging task for

this and other polyatomic systems. Moreover, a comprehensive analysis of the peak intensities

is still missing and spectroscopic signatures of the X̃/πσ∗ conical intersections are still not well

understood.

The detailed understanding of the dissociation mechanism, the interpretation of the wavelength-

dependent intensity patterns in the TKER spectra and the elucidation of the role of conical

intersections require a combination of experimental results and computer simulations.

In order to model excited state reactions from first principles, the methods of quantum chemistry

must be combined with techniques of molecular (quantum) dynamics and with scattering theory.

A schematic modelling strategy involves the following steps:

1. The characterization of the electronic states involved in the reaction. This task consists in a set of

electronic structure calculations for many molecular geometries. First, the states which can

potentially participate to the reaction must be identified; second, one needs to establish the

level of theory which is adequate to describe the features of the PESs along the possible

reaction pathways. If the molecular motion is described quantum mechanically, the PESs

must be pre-calculated and set up in an appropriate functional form.
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2. The time evolution of the photoexcited molecule, using classical or quantum mechanics. In classical

simulations, a number of initial nuclear coordinates and momenta are sampled from an

appropriate distribution function. The molecular motion is evaluated according to Hamilton

equations, using the PESs obtained from quantum chemical calculations. As a result, a set

of phase space trajectories is obtained. In the application to photodissociation, classical

dynamics calculations are fast, and can be easily implemented evaluating the potentials ‘on-

the-fly’. The drawback is the inadequate or approximate description of quantum mechanical

features: Tunnelling, internal conversion, interference between reaction paths, zero-point

energies, initial vibrationally excited states, etc. Moreover, electronic spectroscopies are

usually formulated in terms of transitions between quantum energy levels, and the definition

of spectroscopic signals in terms of classical trajectories is not always straightforward.35,36

In quantum dynamics calculations, the nuclear motion is described using a wavefunction

which is propagated in time according to the time-dependent Schrödinger equation. The

resulting wave packet motion accounts for all quantum mechanical effects and allows the exact

definition of spectroscopic observables. However, the integration of Schrödinger equation is

numerically demanding, and can be performed exactly only for systems with few degrees

of freedom (< 10− 20) or using simple model Hamiltonians.37 For molecules with many

degrees of freedom, one needs to perform a large number of quantum chemical calculations

which are necessary to pre-calculate the PESs.

3. The analysis of the results. Observables are calculated from trajectories (in classical simulations)

or from time-dependent wave packets (in quantum mechanical calculations). The results

of the calculations are compared with experimental measurements to assess the quality of

the model used in the simulation. In the final stage, connections are established between

the observables and the reaction mechanism, and the signatures of the PES topography are

possibly found in spectroscopic signals. The connection between excited state dynamics and

the final state populations is provided by scattering theory.

This work reports simulations of two photo-initiated bond-breaking reactions: The photodisso-

ciation of ozone in the Hartley band,

O3 + h̄ω −→ O
(3P
)
+ O2(X 3Σ−g ) , for h̄ω > 1.051 eV

−→ O
(1D

)
+ O2

(
a 1∆g

)
, for h̄ω > 4.000 eV

and the photodissociation of pyrrole, following the excitation to the lowest πσ∗ state

C4H4NH + h̄ω −→ C4H4N
(
12A2

)
+ H(1S) .
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Both reactions were studied using quantum mechanical calculations on ab initio-derived

potential energy surfaces.

The near ultraviolet excitation of ozone is of fundamental importance in atmospheric chemistry

and has been extensively studied both theoretically and experimentally.38–43,23 The dissociation

following the excitation to the B state (see Figure 1.1) involves the electronic states B and R. Excited

state dynamics simulations were performed for the energy range in which both electronic channels

are open. The PESs calculated by Schinke and McBane44 at the multi-reference configuration

interaction (MRCI) level were used, and their quality was assessed by comparison of the calculated

absorption spectrum and product state distributions with the experimental measurements (Section

5.1).24,45,46 The study of this reaction had two main goals: i) To establish a connection between

the final vibrational populations, derived from the TKER spectra (see Figure 1.2), and the energy

exchange occurring at the B/R conical intersection; ii) To identify spectroscopic signals which exhibit

‘hallmarks’ of the intersection. The bond rupture mechanism was visualized using vibrational state

populations of the emerging, but still interacting, photofragments. Such intermediate distributions

were related to the peak amplitudes in the resonance Raman profile of the dissociating molecule

(Sections 5.2 and 5.3).47–49

Being a triatomic molecule, the electronic structure of ozone can be studied with high level of

theory and the full-dimensional construction of the PESs is computationally possible. Furthermore,

several methods are available to perform numerically exact quantum dynamical simulations

(Section 4.2.1).50,51

The study of the photodissociation of pyrrole requires that the standard analysis performed for

triatomic molecules is extended to polyatomic systems. Pyrrole is a prototypical heteroaromatic

molecule, whose structure is present in a number of biomolecules, as for example the amino

acid tryptophan and porphyrin and chlorin compounds. The electronic structure and the UV-

induced photodissociation of pyrrole have been extensively debated in a number of experimental

and theoretical studies.52,53,25,54–63 This work focuses on the excited state dynamics in the long

wavelength region of the absorption spectrum. The purpose of the investigation was to interpret

the TKER spectra of Ref. 33, as well as time-resolved experiments,26,28 and to look for evidences of

the X̃/πσ∗ conical intersections in spectroscopic observables.

Full-dimensional potential energy surfaces for the X̃, 1A2 and 1B1 states of pyrrole were con-

structed with ab initio CASPT2 calculations. Next, different sets of quantum dynamical simulations

were performed. One set employed reduced-dimensionality PESs of the three states, including

from three to six degrees of freedom. The focus was on the linear absorption profiles of the
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1A2 ← X̃ and 1B1 ← X̃ excitations. The presence of the X̃/πσ∗ conical intersections is revealed in

the spectrum through the appearance of narrow peaks which originate from a Fano interference

between direct dissociation and a second reaction pathway involving a temporary sojourn in the X̃

state (Section 5.5).

Another set of quantum mechanical calculations involved the electronic states X̃ and 1A2

(Section 5.4). The nuclear motion was studied for several models, including up to 15 degrees

of freedom, namely the three coordinates of the detaching hydrogen atom, and the most active

normal modes of the pyrrolyl ring. The time-dependent nuclear wavefunction was used to calculate

the absorption spectrum and the product state distributions. The spectroscopic observables were

carefully analyzed in order to make connections with the initial state after the excitation and with

the topographic features of the PESs. To the best of our knowledge, these set of calculations are the

first attempt to simulate in detail the vibrational structure of the TKER spectra arising from the

photodissociation of a polyatomic system (>4-5 atoms) using quantum dynamics. The computed

TKER profiles were critically compared with the experimental measurements and an assignment of

the most intense peaks was suggested.

This thesis is organized as follows. The publications on which this work is based are listed in

Chapter 5. Chapters 2 and 3 provide the basic concepts of the theories of nonadiabatic molecular

dynamics and photodissociation. The computational methods are briefly described in Chapter 4.

Concluding statements and future perspectives are presented in Chapter 6.
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Theory I. Nonadiabatic Effects and

Excited State Dynamics

The dissociation reactions described in this work are triggered by the absorption of a single photon

whose energy is sufficient to break a single bond. I refer to photodissociation into two-particle

arrangement channel with one fragment being an atom. The overall reaction is outlined as

parent molecule + h̄ω −→ molecular fragment + atom . (2.1)

The quantum mechanical description of a dissociation process requires the theory of scattering.

Indeed, a photodissociation reaction can be viewed as the second half of a collision process. In a full

collision, the reactants approach each other from infinite distance, form an intermediate complex,

and evolve toward the products. In photodissociation, the excited state intermediate complex is

generated by photon absorption. Since we are interested in reactions involving several electronic

states, we need to combine the theory of scattering with the formalism of nonadiabatic molecular

quantum mechanics.

This and the next Chapter provide a summary of the theoretical machinery which was used in

this work. Only the topics necessary for the understanding of the papers of Chapter 5 are presented.

More exhaustive reviews or textbooks are cited for the interested reader.

2.1 Molecular Hamiltonian and nonadiabatic effects

In order to define the molecular Hamiltonian, the molecular configurations are described with a set

of nuclear (R) and electronic (r) coordinates. In the actual calculations, the origin of the system of

reference is typically chosen to be the center of nuclear masses, and the positions of the electrons

are represented by Cartesian coordinates [r = (x1, y1, z1, ..., xN , yN , zN)]. The precise definition of

the nuclear degrees of freedom is usually adapted to the molecular process of interest and is not

9
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important at the moment. In Section 3.1 a set of coordinates particularly suitable for dissociation

reactions will be discussed.

Using the coordinates (r, R), the Schrödinger form of the molecular Hamiltonian is

H = Tnuc + Tel + U (r, R) , (2.2)

where Tnuc and Tel are the nuclear and electronic kinetic energy operators, respectively, and U (r, R)

is the total Coulomb potential of electrons and nuclei.

The standard procedure64,65 to characterize the electron-nuclear state of the molecule consists, as

a first step, in identifying the nuclear geometry-dependent eigenstates of the electronic Hamiltonian:

Hel = Tel + U (r, R) , (2.3a)

Hel(R)ψi(r; R) = Vi(R)ψi(r; R) . (2.3b)

One needs to fix the nuclear geometry R and solve the Schrödinger equation for the electrons,

Eq. (2.3b), using an appropriate quantum chemical method (see Section 4.1). The resulting electronic

wavefunctions ψi(r; R) depend parametrically on the nuclear geometry and are denoted adiabatic

electronic states. The corresponding eigenvalues Vi(R) are also geometry-dependent and are called

adiabatic potential energy surfaces (PES).

The set of electronic states {ψi(r; R)} is orthogonal and complete,
∫

ψ∗i (r; R)ψj(r; R)dr = δij , (2.4a)

∑
i

ψi(r; R)ψi(r′; R) = δ(r− r′) , (2.4b)

and defines an electronic basis set, which is used to define a representation of the total molecular

wavefunction Ψ(r, R) for the combined electron-nuclear state. As a result, we obtain a set {χi(R)}
of nuclear wavefunctions, one for each electronic state,

χi(R) = 〈ψi(r; R)|Ψ(r, R)〉r , (2.5)

where the integral 〈〉r is performed only over the electronic coordinates. The norm of the nuclear

wavefunctions defines the adiabatic state population: Pi = 〈χi(R)|χi(R)〉.
Analogously, the Hamiltonian (2.2) is represented in the adiabatic electronic basis. This amounts

to constructing a Hamiltonian matrix {Hij(R)}, whose elements are operators in the R-space,

Hij(R) = 〈ψi(r; R)|H|ψj(r; R)〉r . (2.6)
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Ψ(r, R) =⇒




χ1(R)

χ2(R)
...


 H =⇒




H11(R) H12(R) · · ·
H21(R) H22(R) · · ·

...
...

. . .




Ψ′(r, R) = HΨ(r, R) =⇒




χ′1(R)

χ′2(R)
...


 =




H11(R) H12(R) · · ·
H21(R) H22(R) · · ·

...
...

. . .







χ1(R)

χ2(R)
...




Figure 2.1: Representation of the molecular Hamiltonian and wavefunction using an electronic

basis. Each electronic state has an associated nuclear wavefunction χi(R). The action of the

Hamiltonian mixes the different components through the off-diagonal operators Hij(R) (i 6= j).

The correspondence between molecular Hamiltonian and wavefunction and their representation in

terms of matrices and vectors is illustrated in Figure 2.1.

Combining Equations (2.2), (2.3) and (2.4), the following expression for the Hamiltonian matrix

can be derived:

Hij(R) = (Tnuc + Vi(R)) δij + Λij(R) , (2.7)

with64

Λij(R) =
∫

ψ∗i (r; R)
[
Tnuc, ψj(r; R)

]
dr . (2.8)

The terms Tnuc + Vi(R), appearing on the diagonal of the adiabatic Hamiltonian matrix, rep-

resent Hamiltonian operators associated with i-th electronic state. The electronic Schrödinger

equation defines, for each electronic state, a potential energy surface which governs the dynamics

within that state. The kinematic terms Λij(R) of Equation (2.8) originate from the dependence

of the electronic wavefunctions on the nuclear coordinates. For i 6= j, the off-diagonal terms Λij

account for the interaction between the nuclear wavefunctions χi(R) which belong to different

electronic states. When the adiabatic basis is used, the terms Λij(R) are called nonadiabatic couplings,

and describe the process of internal conversion, i. e. the nonradiative population transfer between

electronic states, mediated by the nuclear motion.

The interested reader can find detailed descriptions of the nonadiabatic couplings in References

64 and 65. The exact expression of the operators Λij(R) depends on the choice of the nuclear

coordinates, and will not be discussed here. I limit myself by remarking only two important

properties:
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1. Because of the commutator [Tnuc, ψi(r; R)], the operators Λij(R) are given as the sum of a

local and a differential operator64. They are general kinematic operators which depend on

both the nuclear coordinates and momenta. They become negligible when the electronic

wavefunctions are weakly dependent on the nuclear geometry.

2. It can be shown that the off-diagonal terms Λij(R) are inversely proportional to the adiabatic

potential energy difference,65 Λij(R) ∼
(
Vi(R)−Vj(R)

)−1. Therefore, the nonadiabatic

couplings can be safely neglected at geometries where the energy gap between the electronic

states is large. In contrast, they become singular at the molecular geometries for which the

adiabatic PESs are close in energy.

In photo-initiated reactions, it is important to determine whether the molecule evolves

toward near-degeneracy geometries. In this case, the passage from an electronic state to a

neighbouring state is expected to be fast and effective.

2.2 Group Born-Oppenheimer approximation and diabatic states

The reactions studied in this work occur in an energy range which includes a limited number of

electronic states. It is then useful for calculation purposes to truncate the Hamiltonian matrix (2.7)

in order to include only the rows and columns corresponding to the electronic states of interest

(group Born-Oppenheimer approximation).

The resulting truncated Hamiltonian matrix has a finite size and contains the couplings (Λij)

between the selected electronic states. The ab initio evaluation of such terms is not always com-

putationally cheap. Moreover, the nonadiabatic couplings diverge in proximity of electronic

degeneracies. In the presence of cusps of singularities, nuclear quantum dynamical simulations

converge slowly with respect to the number of basis functions or grid points.66

The usual approach to quantum mechanical calculations is to perform an orthogonal transfor-

mation between the electronic adiabatic states and represent the Hamiltonian in a basis of diabatic

states. The adiabatic-to-diabatic transformation is easily illustrated in a two-state model. In this

case, the Hamiltonian has the following adiabatic representation:

H =


 Tnuc + Λ11(R) Λ12(R)

Λ21(R) Tnuc + Λ22(R)


+


 V1(R) 0

0 V2(R)


 . (2.9)
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The diabatic electronic states {ψ̃1, ψ̃2} are obtained by an orthogonal transformation of the adiabatic

wavefunctions {ψ1, ψ2}. The transformation matrix is parametrized by a mixing angle α(R),


 ψ̃1(r; R)

ψ̃2(r; R)


 =


 cos α(R) sin α(R)

− sin α(R) cos α(R)




 ψ1(r; R)

ψ2(r; R)


 , (2.10)

and the aim of the transformation is to remove the inter-state nonadiabatic couplings. Ideally, the

operators Λ12(R) should be calculated, and the angle α(R) should be chosen in order to nullify the

transformed nonadiabatic couplings Λ̃12 =
∫

ψ̃∗1 [Tnuc, ψ̃2]dr. However, it is generally impossible in

polyatomic systems to define a small set of strictly diabatic states.66 Several methods have been

proposed to approximately impose the condition Λ̃ij ≈ 0, so that the kinematic inter-state couplings

can be neglected in molecular quantum mechanical calculations. The working Hamiltonian is then

usually represented in the diabatic basis

H̃ =


 Tnuc 0

0 Tnuc


+


 W1(R) W12(R)

W12(R) W2(R)


 (2.11)

where the potential matrix becomes non-diagonal


 W1(R) W12(R)

W12(R) W2(R)




=


 cos α(R) − sin α(R)

sin α(R) cos α(R)




 V1(R) 0

0 V2(R)




 cos α(R) sin α(R)

− sin α(R) cos α(R)


 .

(2.12)

The fact that the kinematic couplings are negligible implies that the diabatic electronic wave-

functions do not undergo fast configurational changes under nuclear geometrical distortions. The

diabatic potentials Wi(R) and Wij(R) are smooth functions of the nuclear coordinates, and are

therefore suitable for numerical simulations.

The electronic Schrödinger equation (2.3b) can be solved using the methods of quantum chem-

istry which yield adiabatic, rather than diabatic, potential energy surfaces. When the electronic

states are well separated in energy, the adiabatic and diabatic PESs coincide (apart from a re-

ordering). Near degeneracies, either the behaviour of the adiabatic PESs or the dependence of

electronic properties on the nuclear geometry can be investigated to find the mixing angle α(R)

and to construct the diabatic potentials.66
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2.3 Conical intersections

The adiabatic potential energy surfaces Vi(R) are formally defined as eigenvalues of the diabatic

potential matrix,†

V1,2(R) =
W1(R) + W2(R)

2
±
√(

W1(R)−W2(R)

2

)2

+ W2
12(R) , with V1(R) ≤ V2(R). (2.13)

Electronic degeneracies occur at geometries for which V1(R) = V2(R), i. e. when the conditions

W1(R) = W2(R)

W12(R) = 0
(2.14)

are fulfilled.

In diatomic molecules, the only nuclear degree of freedom is the atom-atom distance (R) and it

is generally impossible to find a geometry for which Equations (2.14) are simultaneously satisfied.‡

In polyatomic molecules, true adiabatic crossings can occur, especially when the number of degrees

of freedom is large. Given an intersection geometry R0, a particular role in the dynamics is played

by the degrees of freedom which are able to remove the electronic degeneracy. In order to identify

such nuclear coordinates, we consider the variation of the energy difference V2 −V1 as a function

of the displacement δRi from R0 along a coordinate Ri. Straightforward algebra gives

δ (V2 −V1) =

[(
∂ (W1 −W2)

∂Ri

)2

R0

+ 4
(

∂W12

∂Ri

)2

R0

] 1
2

|δRi| . (2.15)

Equation (2.15) has the following physical interpretation: At a two-state crossing (V1 = V2),

it is possible to find at most two ‘directions’ in the nuclear space along which the degeneracy

is lifted. These are collective coordinates defined as the gradients ∂ (W1 −W2) /∂R (tuning mode,

along which the degeneracy is removed the fastest) and ∂W12/∂R (coupling mode, along which the

inter-state coupling grows the fastest). Provided that the tuning mode and the coupling mode are

non-zero and do not coincide, the crossing is denoted as conical intersection.

Figure 2.2 shows illustrative topographies of conical intersections, in which the tuning mode is a

dissociation coordinate. In a molecule with N degrees of freedom, the intersection is characterized

by a two-dimensional branching space and a (N− 2)-dimensional seam space, spanned by coordinates

along which the degeneracy is maintained.

† Equation (2.13) is valid only for real coupling functions W12(R), therefore it cannot be applied in the case of a coupling

induced by the spin-orbit interaction.
‡ If the symmetry of the electronic wavefunctions is such that W12(R) = 0, then a symmetry-allowed intersection is possible.
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Adiabatic surfaces Diabatic surfaces

Figure 2.2: Illustrative sketch of a reactive conical intersection for which the tuning mode is a

dissociation coordinate. The surfaces are based on the PESs of pyrrole and are plotted in the

adiabatic (left panels) and the diabatic (right panels) representations. The conical intersection

topography is represented in the branching space (top panels) and in the space defined by the

tuning mode and a seam mode (bottom panels).

2.4 One-photon transitions

A molecule in a stationary electronic state can be promoted to another electronic state by interaction

with an electromagnetic field. In the limit of weak fields, the transition can be ascribed to the

absorption or emission of a photon and described using first-order perturbation theory.

We describe the molecule using a group Born-Oppenheimer representation with Nel electronic

states {|0〉, |1〉, ..., |Nel − 1〉}. In the diabatic representation, the molecular Hamiltonian has the

form†

H = Tnuc1 +
Nel−1

∑
α,β=0

|α〉Wαβ(R)〈β| , (2.16)

† The diabatic Hamiltonian was indicated as H̃ in Section 2.2. Here, we drop the tilde (∼) for clarity of notation.
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where the identity operator is defined as 1 = ∑α |α〉〈α|.
The eigenstates of the Hamiltonian (2.16) can be written as linear combinations of diabatic

states:

H |Ψn〉 = En |Ψn〉

|Ψn〉 =
Nel−1

∑
α=0

Ψ(α)
n (R)|α〉 (2.17)

Without loss of generality, we take as initial stationary state the ground state of the electron-

nuclear Hamiltonian H.‡ In our studies, this state is always localized on the lowest diabatic state |0〉.
We therefore drop the superscript (α) in Equation (2.17) and express the initial wavefunction as

|Ψ0〉 = Ψ(1)
0 (R)|1〉 ≡ Ψ0(R)|0〉 . (2.18)

When the molecule interacts with light, the absorption of one photon can stimulate a transition

from the state |Ψ0〉 to any of the states |Ψn〉. Macroscopically, the molecular light-induced transitions

can be observed through the attenuation of a light beam passing through a sample of molecules.

According to Beer’s law, the intensity of the beam decreases exponentially as a function of the

optical path l and the density of absorbing molecules $,

I = I0e−σ$l . (2.19)

The total absorption cross section σ(ω) depends on the frequency of the incident light and it is an

intrinsic molecular property. The explicit expression for σ(ω) can be derived from the first-order

perturbation theory of the light-matter interaction67,68 and involves the matrix elements of the

electric dipole operator,

σ(ω) = ∑
n

π

h̄ε0c
ωn0δ (ω−ωn0) |〈Ψn |µ · ε|Ψ0〉|2 , (2.20)

where ωn0 = (En − E0) /h̄, ε is the polarization vector of the electric field, and µ = (µx, µy, µz)

is the vector dipole operator. The main physical content of Equation (2.20) is that a radiation of

frequency ω can promote a transition only between states whose energy difference is in resonance

with ω. Moreover, transitions for which the matrix element 〈Ψn |µ · ε|Ψ0〉 is zero are forbidden in

the first order.

In numerical simulations, the dipole operator must be expressed in the same representation

used for the Hamiltonian and the wavefunctions,

µ =
Nel

∑
α,β=1

|α〉µαβ(R)〈β| . (2.21)

‡ This is the only populated state in the zero-temperature limit.
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The diagonal functions µαα(R) are the diabatic state dipole moments. In the case of an isolated

electronic state, they are responsible for the transitions between the rotational and vibrational

sub-levels, which are not discussed in this work. The off-diagonal terms µαβ(R) are responsible for

electronic excitations and are called electronic transition dipole moment functions or, more simply,

transition dipole moments.§

Two remarks about the formula for the absorption cross section, Equation (2.20), are worthwhile:

• The Hamiltonian (2.16) can have a discrete as well as a continuous spectrum. In the second

case the quantum number n becomes a continuous variable, and the summation must be

replaced by an integral.

• In case the Hamiltonian has degenerate states |Ψn1〉 , |Ψn2〉 , ..., with En1 = En2 = ..., the total

cross section at the resonance frequency ω = ωn0 is the sum of a number of partial cross

sections, σ(ω) = σ1(ω) + σ2(ω) + ..., where σi(ω) ∼ |〈Ψni |µ · ε|Ψ0〉|2 . This is the case of

dissociative Hamiltonians, which are the core of this work, and it will be discussed in detail

in Chapter 3

2.5 Excited state dynamics

The action of the transition dipole moment times the field polarization vector on the initial

wavefunction [Equation (2.18)] generates vibrational wavefunctions with components on all the

‘bright’ electronic states,

µ · ε |Ψ0〉 =
Nel

∑
α

µα1(R) · εΨ0(R)|α〉 . (2.22)

The wave packet

|Φ0〉 = µ · ε |Ψ0〉 (2.23)

is not an eigenstate of the Hamiltonian (2.16). Therefore, it evolves in time following the time-

dependent Schrödinger equation (TDSE),

ih̄
∂ |Φ, t〉

∂t
= H |Φ, t〉 , with |Φ, 0〉 = |Φ0〉 . (2.24)

§ The functions µαβ(R) can be calculated from the knowledge of the molecular geometry and the (diabatic) electronic

wavefunctions,

µαβ(R) =
nuclei

∑
I

eZIXIδαβ −
electrons

∑
i

〈
ψ̃α

∣∣∣exi

∣∣∣ψ̃β

〉
.

e is the electron charge (in absolute value), ZI is the atomic number of the nucleus I, XI and xi are the vectors of Cartesian

coordinates for the nuclei and the electrons, respectively.
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The total absorption cross section, Equation (2.20), can be related to the dynamics following the

initial excitation via the autocorrelation function68

S(t) = 〈Φ, 0 |Φ, t〉 . (2.25)

The Fourier transform of S(t) gives
∫ +∞

−∞
S(t)dt =

∫ +∞

−∞

〈
Φ, 0

∣∣∣e− i
h̄Ht
∣∣∣Φ, 0

〉
eiωtdt

= ∑
n

∫ +∞

−∞

〈
Φ, 0

∣∣∣e− i
h̄Ht
∣∣∣Ψn

〉
〈Ψn |Φ, 0〉 eiωtdt

= ∑
n

∫ +∞

−∞
|〈Ψn |µ · ε|Ψ0〉|2 e−

i
h̄ Enteiωtdt

= ∑
n
|〈Ψn |µ · ε|Ψ0〉|2 2πδ

(
ω− En

h̄

)
, (2.26)

where the completeness relation ∑n |Ψn〉 〈Ψn| = 1 and the property
∫ +∞
−∞ eiωtdt = 2πδ(ω) have

been used.

Since the initial wavefunction |Φ0〉 is real, the autocorrelation function fulfils the symmetry

relation S(−t) = S(t)∗, which allows us to write

∫ +∞

−∞
S(t)dt = 2Re

∫ +∞

0
S(t)dt . (2.27)

Finally, comparing Equations (2.20) and (2.26) we obtain an alternative expression for the total

absorption cross section,

σ(ω) =
ω

h̄ε0c
Re
∫ +∞

0
〈Φ, 0 |Φ, t〉 ei E0

h̄ teiωtdt , (2.28)

where E0 is the energy of the ground state |Ψ0〉. Equation (2.28) allows the calculation of the

absorption spectrum without the necessity of explicitly finding the molecular eigenstates.

Quantum dynamical calculations for chemical reactions consist in solving the time-dependent

Schrödinger equation for the (nonadiabatic) nuclear motion, following the photo-excitation. The

analysis of the time-dependent molecular wavefunction gives insight into the chemical mechanism,

and it is used to calculate spectroscopic observables (among them the photoabsorption profile).

The combination of theoretical and experimental data can be used in most cases to elucidate the

details of the photo-initiated molecular motion.
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Theory II. Photodissociation as a

Half-Collision Process

In this Chapter, photodissociation of molecules into reaction channels with one atomic and one

polyatomic fragment, as outlined in Equation (2.1), is described quantum mechanically:

parent molecule + h̄ω −→ molecular fragment + atom . (2.1)

The key points of the theory of scattering are summarized with particular emphasis on the

methods to calculate product state distributions, the most important observables to characterize

dissociation reactions.

I take as starting point the diabatic representation introduced in Chapter 2, Equation (2.16),

and assume that the diabatic potentials Wαβ(R) are known. Up to this stage, the set of nuclear

coordinates R was unspecified. In order to describe a molecular dissociation we need to introduce

a coordinate system which is tailored to the description of this class of reactions. This coordinate

system, described in Section 3.1, necessarily includes the atom–fragment distance R.

Once the coordinates are defined, the molecular Hamiltonian H is obtained by expressing the

kinetic energy operator Tnuc and the potentials in the chosen set of coordinates. The Hamiltonian

Hfrag for the molecular fragment is obtained in the limit R→ ∞. The photodissociation reaction is

governed by the Hamiltonian H, according to the time-dependent Schrödinger equation (2.24). The

reaction mechanism is responsible for the observable photo-fragment state populations.

Most reviews and monographs dealing with the quantum mechanical theory of atom–fragment

photodissociation concentrate on triatomic molecules.68–70 The extension of the theory to high-

dimensional systems involves the description of the coupling between the angular momenta of

the detached atom and the polyatomic fragment. An overview of the algebraic treatment of this

problem, useful for future applications, is given in Sections 3.1 and 3.2. Most of the concepts used

in scattering theory can be derived for the case of rotationless parent molecules, in which case the

theory simplifies considerably. This illustration is given in Sections 3.3 and 3.4.

19
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3.1 Jacobi coordinates

In order to completely specify the position of the nuclei of a molecule in space, we need to define

the origin and the orientation of a set of space-fixed Cartesian axes (XYZ). The position of each

nucleus will be uniquely defined by three Cartesian coordinates. For a molecule with N atoms, this

requires 3N numbers.

The translational motion of the molecule as a whole (along X, Y or Z) is dynamically separable

from the motion along any other degree of freedom,71 and is of no concern for chemical reactions.

We eliminate any reference to global translations by fixing the origin of the XYZ system to the

nuclear center of mass. This reduces the dimension of the nuclear configuration space to 3N − 3.†

The orientation of the XYZ axes is fixed in space and it is chosen according to the particular

process one is interested in. In the case of photo-initiated reactions, the Z axis is typically oriented

in the direction of polarization of the electric field promoting the initial excitation. The XYZ system

of coordinates is also denoted as laboratory frame or space-fixed frame.

A system of coordinates, appropriate for the description of a atom–fragment dissociation

reaction, can now be defined. First, we identify the vector connecting the center of mass of the

fragment to the detaching atom. We denote the length of this vector by R, and the polar and

azimuthal angles defining its orientation in the space-fixed frame by Θ and Φ. The value of R

measures the distance between the fragments. For very large R, the atom is detached and the

potential is independent of the angles Θ and Φ.

We are left now with 3N − 6 coordinates which must describe the nuclear configuration of the

molecular fragment and its spatial orientation. This set of coordinates is defined as follows:

• A reference geometry is taken as the fragment ground state equilibrium geometry.

• A body-fixed frame (xyz) is anchored to the fragment and oriented toward its principal axes of

inertia, evaluated at the equilibrium geometry.‡ The origin of the xyz system is fixed at the

† Denoting as Mr and (Xr, Yr, Zr) respectively the mass and the Cartesian coordinates of the nucleus r, the definition of

the origin of XYZ into the center of mass of the nuclei sets the constraints

N

∑
r=1

MrXr =
N

∑
r=1

MrYr =
N

∑
r=1

MrZr = 0 .

‡ A similar convention (r-embedding) for a diatomic fragment (N = 3) considers the xyz system oriented in such a way

that the whole triatomic molecule lies in the xz plane, with the fragment bond distance along the z axis. Another possible

choice (R-embedding) considers the triatomic molecule on the xz plane with the z axis parallel to the vector connecting

the detaching atom and the center of mass of the diatomic fragment.
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center of mass of the fragment, and its orientation with respect to the XYZ system is defined

using the three Euler angles Ω = (γ1, γ2, γ3).70

• 3(N − 1)− 6 internal coordinates Q = (Q1, ..., Q3N−9) are defined to describe the molecular

fragment geometry.§

To summarize, the nuclear configurations are completely described by the coordinate system

{R, Θ, Φ, Ω, Q}. The potential operators Wαβ are functions of the internal degrees of freedom only,

and do not depend on how the molecule is oriented in space. Therefore, the potential is most

conveniently constructed in a set of coordinates which includes the body-fixed polar angles (θ, φ),

defined with respect to the xyz axes, instead of the space-fixed angles (Θ, Φ).

3.2 Schrödinger equation in Jacobi coordinates

Using the Jacobi system of coordinates, the nuclear kinetic energy operator can be defined as72

Tnuc = −
h̄2

2µR

∂2

∂R2 +
L2

2µRR2 + Trot + TQ (3.1)

where µR is the reduced mass of the atom-fragment pair, L is the angular momentum operator

describing the orbital motion of the detached atom, and TQ is the kinetic energy operator associated

with the internal fragment motion. Trot is the kinetic energy operator for the rotational motion of

the molecular fragment, which is conveniently expressed in terms of the body-fixed components of

the fragment angular momentum operator P =
(
Px,Py,Pz

)
and the inertia tensor,†

Trot =
1
2
(
Px,Py,Pz

)




Ixx(Q) Ixy(Q) Ixz(Q)

Iyx(Q) Iyy(Q) Iyz(Q)

Izx(Q) Izy(Q) Izz(Q)







Px

Py

Pz


 . (3.2)

§ For a diatomic fragment only the inter-atomic distance is necessary.
† The operators Pi are defined in terms of the Jacobi angles as

Px = ih̄
(

cos γ3
sin γ2

∂

∂γ1
− sin γ3

∂

∂γ2
− cot γ2 cos γ3

∂

∂γ3

)

Py = ih̄
(
− sin γ3

sin γ2

∂

∂γ1
− cos γ3

∂

∂γ2
+ cot γ2 sin γ3

∂

∂γ3

)

Pz = −ih̄
∂

∂γ3

and satisfy anomalous anti-commutation relations:

[P1,P2] = −ih̄P3 , [P2,P3] = −ih̄P1 , [P3,P1] = −ih̄P2 .
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The elements of the inertia tensor Ijk(Q) depend on the internal coordinates Q. A simplification

of Equation (3.2), useful in numerical applications, is obtained by assuming that the molecular

fragment undergoes small distortions from its asymptotic equilibrium geometry, Q ≈ Q0, so that

the inertia tensor is approximated by a constant diagonal matrix,

Ijk(Q) ≈ Ijk(Q0) = Ijj(Q0)δjk

Trot ≈
1
2

(
P2

x
Ix

+
P2

y

Iy
+
P2

z
Iz

)
. (3.3)

Neglecting fragment vibrations in the kinetic energy operator leads to the neglect of the Coriolis

coupling between vibrations and rotations. This is the approximation adopted in the subsequent

derivations. The diabatic potentials and couplings Wαβ can be expressed as functions of the body-

fixed Jacobi coordinates {R, θ, φ, Q}. The Hamiltonian operator depends, in addition, on the three

Euler angles Ω = (γ1, γ2, γ3).

In order to the define the form of the nuclear wavefunction, one needs to consider the total

angular momentum operator J = L+ P which is associated to the rotation of the whole molecule

as a rigid body. The triad {H,J 2,JZ}, where JZ is the projection of J on the space-fixed Z

axis, is a set of commuting operators. As a consequence, the nuclear wavefunction ΨJM can be

labelled with the quantum numbers J and M which identify the eigenvalues of J 2 and JZ and are

conserved during the dynamics driven by the Hamiltonian H.

The wavefunction ΨJM is typically represented via an expansion in a basis of angular functions

Y JM which are simultaneous eigenstates of J and JZ,73

ΨJM(Q, R, Ω, Θ, Φ) = ∑
jlk

ψJ
jlk(Q, R)Y JM

jlk (Ω, Θ, Φ) . (3.4)

The angular functions are linear combinations of products of Wigner rotation matrices (for the

angles Ω = (γ1, γ2, γ3)) and spherical harmonics (for the angles Θ and Φ),

Y JM
jlk (Ω, Θ, Φ) =

j

∑
mj=−j

l

∑
ml=−l

〈jmjlml |JM〉
√

2j + 1
8π2 Dj

mjk
(Ω)∗Ylml (Θ, Φ) , (3.5)

where the quantum numbers j, l and k are associated with the operators P2, L2 and Pz, respectively,

and mj and ml are associated with PZ and LZ (i. e. the components of P and L along the space-

fixed Z axis). The basis set
{√

2j+1
8π2 Dj

mjk
(Ω)∗Ylml (Θ, Φ)

}
consists in simultaneous eigenstates

of the operators {P2,PZ,L2,LZ,Pz}, whereas the functions
{

Y JM
jlk (Ω, Θ, Φ)

}
are simultaneous

eigenstates of {J 2,JZ,P2,L2,Pz}. The orthogonal transformation between the two basis sets is

defined by the Clebsch-Gordan coefficients 〈jmjlml |JM〉.
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The functions (3.5) form an orthonormal basis,

∫ 2π

0
dγ1

∫ π

0
sin γ2dγ2

∫ 2π

0
dγ3

∫ π

0
sin ΘdΘ

∫ 2π

0
dΦY JM

j′ l′k′(Ω, Θ, Φ)∗Y JM
jlk (Ω, Θ, Φ) = δjj′δll′δkk′ .

(3.6)

The matrix elements of the rotational kinetic energy operator, L2

2µRR2 + Trot, can be calculated

analytically in the basis
{

Y JM
jlk (Ω, Θ, Φ)

}
.‡

The nuclear wavefunctions associated with a diabatic electronic state can be written using

space-fixed or body-fixed coordinates. The space-fixed form, in which the position of the detaching

atom is expressed via the angles Θ and Φ, is useful for the calculation of observables related to the

direction of polarization of the electric field, conventionally fixed along the Z axis (an example is

the anisotropy parameter68,69). The use of the body-fixed frame, in which the angles (θ, φ) are used,

is generally more appropriate in the solution of the Schrödinger equation itself, because this is the

coordinate system in which the potential is set up. The matrix elements of the potential functions

are more conveniently evaluated in the body-fixed frame.

The spherical harmonics functions are transformed from the XYZ- to the xyz-system using

Wigner rotation matrices,

Ylml (Θ, Φ) =
l

∑
m′l=−l

Dl
mlm′l

(Ω)∗Ylm′l
(θ, φ) . (3.7)

‡ This is achieved by considering that the spherical harmonics Ylml
are eigenfunctions of L2,

L2Ylml
= h̄l(l + 1)Ylml

.

The matrix elements of Trot can be evaluated using the following formulas for the action of Px, Py and Pz on the rotation

matrices:

PxDj
mk(Ω)∗ =

h̄
2

√
j(j + 1)− k(k + 1)Dj

m,k+1(Ω)∗ +
h̄
2

√
j(j + 1)− k(k− 1)Dj

m,k−1(Ω)∗

PyDj
mk(Ω)∗ =

ih̄
2

√
j(j + 1)− k(k + 1)Dj

m,k+1(Ω)∗ − ih̄
2

√
j(j + 1)− k(k− 1)Dj

m,k−1(Ω)∗

PzDj
mk(Ω)∗ = h̄kDj

mk(Ω)∗ .
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Inserting Equation (3.7) into Equation (3.5), the angular functions Y JM can be expressed in the

body-fixed frame,70§

Y JM
jlk (Ω, θ, φ) =

j

∑
mj=−j

l

∑
ml=−l

l

∑
m′l=−l

〈jmjlml |JM〉
√

2j + 1
8π2 Dj

mjk
(Ω)∗Dl

mlm′l
(Ω)∗Ylm′l

(θ, φ)

=

√
(2j + 1)(2J + 1)

8π2

l

∑
m′l=−l




j

∑
mj=−j

l

∑
ml=−l

(−1)j−l+M


 j l J

mj ml −M


Dj

mjk
(Ω)∗Dl

mlm′l
(Ω)∗


Ylm′l

(θ, φ)

=

√
(2j + 1)(2J + 1)

8π2

l

∑
m′l=−l

(−1)j−l+k+m′l


 j l J

k m′l −k−m′l


D J

M,k+m′l
(Ω)Ylm′l

(θ, φ) . (3.8)

According to Equation (3.8), the angular functions Y JM
jlk are expanded in terms of products of (i)

a spherical harmonic Ylm′l
(θ, φ), depending on the position of the detaching atom in the body-fixed

frame, and (ii) a rotation matrix D J
M,k+m′l

(Ω), describing the orientation of the body-fixed frame

with respect to the space-fixed frame. The quantum number m′l is associated with the operator Lz

which is the component of L along the body-fixed z axis.

While the rotational kinetic energy operator Trot is easily expressed in the {Y JM
jlk } basis, it is more

convenient to evaluate the (θ, φ)-dependent potential functions in the body-fixed {D J
M,k+m′l

Ylm′l
}

basis. Obviously, in simulations the same basis has to be used for all the operators. The use of

the latter basis is generally more advisable, because the potentials might not have an analytical

expression and need to be evaluated by numerical quadrature over the (θ, φ) spherical angles. The

§ The derivation of Equation (3.8) makes use of some identities which arise from the theory of the coupling of angular

momenta. First, the Clebsch-Gordan coefficients are expressed using the Wigner 3j-symbols,

〈aαbβ|c− γ〉 = (−1)a−b−γ
√

2c + 1


 a b c

α β γ


 .

Then the following sum rule is used,

∑
αβ


 a b c

α β γ


Da

αα′ (Ω)Db
ββ′ (Ω) =


 a b c

α′ β′ γ′


Dc

γγ′ (Ω)∗ ,

together with the symmetry property of the rotation matrices, Da
αα′ (Ω) = (−1)α−α′Da

−α,−α′ (Ω) .

These and other formulas, useful for the formal manipulation of equations involving angular momentum coupling, can

be found on textbooks specialized on the quantum mechanical theory of angular momentum, as for example Ref. 74.
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{D J
M,k+m′l

Ylm′l
} basis renders the evaluation of the potential simpler and can be used to represent

also the operator Trot exploiting the inverse of the transformation (3.8),¶

D J
M,k+m′l

(Ω)Ylm′l
(θ, φ) =

√
8π2 ∑

j

√
2j + 1
2J + 1

(−1)j−l+k+m′l


 j l J

k m′l −k−m′l


Y JM

jlk (Ω, θ, φ) . (3.9)

In this case the total wavefunction, Equation (3.4), takes the form

ΨJM(Q, R, Ω, Θ, Φ) = ∑
lm′lk

ψJ
lm′lk

(Q, R)D J
M,k+m′l

(Ω)Ylm′l
(θ, φ) . (3.10)

To summarize, Equations (3.4), (3.5), (3.8) and (3.9) are the fundamental equations for the quan-

tum mechanical description of the angular motion of a atom–fragment system. First, the quantum

numbers (J, M) must be defined. They determine the state of the total angular momentum, and are

conserved during the molecular motion. The angular dependence of the nuclear wavefunction is

represented by a basis of angular functions depending on three indices (two for a triatomic system,

see References 68 and 69). For a given |J, M〉 state, not all the triads (jlk) or (lm′lk) appear in the

expansions (3.4) and (3.10), which are greatly simplified in cases of low J.

3.3 Vibronic states of dissociative molecules

The form of the wavefunction of a molecule dissociating according to Equation (2.1) was discussed

in Section 3.2. This Section deals with the general properties of photodissociation Hamiltonians

and scattering eigenstates.

In the discussion below the case of rotationless molecules, J = 0, is specifically considered. This

is the simplest case for the evaluation of the expansion (3.4) and it exhibits most of the features of

the dissociative systems.

For J = 0, the 3j-symbol appearing in Equation (3.8) simplifies to


 j l 0

k m′l −k−m′l


 = δm′l ,−kδjl

(−1)j−k
√

2j + 1
, (3.11)

¶ The equivalence of Equations (3.8) and (3.9) is less obscure if one considers another identity, coming – again – from the

theory of angular momentum coupling,74

∑
c
(2c + 1)


 a b c

α −α− γ γ




 a b c

α′ −α′ − γ γ


 = δαα′ .
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so that the quantum numbers j and l, associated with the operators P2 and L2, become equal.

Moreover, the dependence on Ω disappears (therefore all molecular orientations are equally

probable), and the body-fixed angular functions coincide with the spherical harmonics,

Y 00
llm′l

(Ω, θ, φ) = Ylm′l
(θ, φ) . (3.12)

The body-fixed form of a generic nuclear wavefunction for J = 0 is therefore

Ψ(Q, R, θ, φ) = ∑
lm′l

ψlm′l
(R, Q)Ylm′l

(θ, φ) . (3.13)

The fact that j = l implies that the condition J = 0 can be formally imposed setting L+ P = 0.

Therefore, the expression for the diabatic Hamiltonian, Equation (2.16), becomes for J = 0:

H =

(
− h̄2

2µR

∂2

∂R2 +
P2

2µRR2 +
1
2

(
P2

x
Ix

+
P2

y

Iy
+
P2

z
Iz

)
+ TQ

)
1 +

Nel

∑
α,β=1

|α〉Wαβ(Q, R, θ, φ)〈β| .

(3.14)

In order to study the eigenfunctions of the system, we analyze their behaviour in the limit of

long atom–fragment distance (R → ∞). For large R, the interaction between the atom and the

polyatomic fragment vanishes, therefore the diabatic potentials Wαβ become independent on R, θ

and φ. The asymptotic form of the Hamiltonian is

lim
R→∞

H =

(
− h̄2

2µR

∂2

∂R2

)
1 +Hfrag , (3.15)

where Hfrag is the Hamiltonian for the fragment,

Hfrag =

(
P2

x
Ix

+
P2

y

Iy
+
P2

z
Iz

+ TQ

)
1 +

Nel

∑
α,β=1

|α〉Wfrag
αβ (Q)〈β| . (3.16)

The kinetic energy operator −h̄2/(2µR)∂
2/∂R2, associated with the inter-fragment translational

energy, is the only term depending on the distance R. Its eigenfunctions are plane waves e±ikR,

corresponding to the eigenvalues h̄2k2/(2µR).

At this stage, I assume, for clarity, that the diabatic couplings vanish as R → ∞, Wfrag
αβ (Q) =

Wfrag
αα δαβ, so that the electronic states of the fragment can be considered as isolated. This is typical

for ‘reactive’ conical intersections, found at intermediate values of the dissociation distance R (in

this case the tuning mode). In many cases, the separation of the fragments after the intersection

correlates with an increasing energy difference between the electronic states, so that nonadiabatic

effects are negligible for the fragments. As a consequence, the label of the electronic state (α)
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becomes a good quantum number for the fragment eigenstates and a fragment Hamiltonian can be

defined for each state,

Hα
frag =

(
P2

x
Ix

+
P2

y

Iy
+
P2

z
Iz
− h̄

2 ∑
i

ωi
∂2

∂Q2
i

)
1 + Wfrag

αα (Q) . (3.17)

If the diabatic couplings are non-zero also for the fragments, the fragment eigenstates have

components on all the coupled diabatic states, and they are expressed as combinations akin to

Equation (2.17).

Considering uncoupled electronic states, additional quantum numbers can be defined for the

fragment energy levels. The rotational operator Trot, for which the approximation (3.3) has been

used, is the only term of Hα
frag depending on the angles θ and φ. In the spherical harmonic basis

{Ylm(θ, φ)}, Trot has a block-structure, each block corresponding to a different value of l. Therefore,

l is a good quantum number for the eigenstates of Trot,

TrotỸlτ(θ, φ) = Erot
lτ Ỹlτ(θ, φ) (3.18)

which are labelled by a quantum number τ which identifies the rotational state within each l-block.

The eigenfunctions Ỹlτ(θ, φ) are expressed in terms of the spherical harmonics,73

Ỹlτ(θ, φ) = ∑
m′l

Ul
τm′l

Ylm′l
(θ, φ) , (3.19)

where {Ul
τm′l
} is an orthogonal matrix.†

Summarizing, assuming uncoupled electronic states in the fragment, we have the following

Schrödinger equation for the asymptotic Hamiltonian:
(

lim
R→∞

H
)√

µR

2πh̄k
e±ikRỸlτ(θ, φ)χαn(Q)|α〉 = E

√
µR

2πh̄k
e±ikRỸlτ(θ, φ)χαn(Q)|α〉 , (3.20)

where the total energy is the sum of the relative atom–fragment translational energy, the fragment

rotational energy and the fragment electronic and vibrational energy,

E =
h̄2k2

2µR
+ Erot

lτ + Evib
αn . (3.21)

Equations (3.20) and (3.21) are crucial for the development of the theory of scattering, and two

properties deserve a remark:

† For symmetric fragments, Ix = Iy, the spherical harmonics are the eigenfunctions of Trot,

1
2

(
P2

x
Ix

+
P2

y

Ix
+
P2

z
Iz

)
ψlm(θ, φ) = εlmψlm(θ, φ) , with εlm =

h̄2

2

(
l(l + 1) +

(
1
Iz
− 1

Ix

)
m2
)

ψlm(θ, φ) .
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• The spectrum of the asymptotic Hamiltonian is continuous. Even if the fragment has a discrete

spectrum, the translational kinetic energy h̄2k2/(2µR) can take any positive value. Eigenstates

exist for all energies above the fragment ground state.

• A given total energy E can be associated with Nopen of energy levels for the fragment, namely

all electronic, vibrational, rotational states for which Erot
lτ + Evib

αn < E.‡ Such fragment eigen-

states are called open channels at the energy E. The solutions of the asymptotic Schrödinger

equation (3.20) associated with the functions e+ikR (outgoing wave) and e−ikR (incoming wave)

are degenerate. Therefore, the total number of degenerate eigenstates of the asymptotic

Hamiltonian is equal to twice the number of open channels.

The analysis of the asymptotic Hamiltonian is important to classify the continuum eigenstates

of the full Hamiltonian (3.14), named scattering eigenstates. Given an energy E for which Nopen

fragment channels are open, it is possible to define a set of Nopen orthogonal scattering eigenstates

having the property:68

HΨαlτn
E (R, θ, φ, Q) = EΨαlτn

E (R, θ, φ, Q)

Ψαlτn
E (R, θ, φ, Q)

R→∞
=

√
µR

2πh̄kαlτn
e+ikαlτnRỸlτ(θ, φ)χαn(Q)|α〉

+ ∑′

α′ l′τ′n′
Sαlτn,α′ l′τ′n′(E)

√
µR

2πh̄kα′ l′τ′n′
e−ikα′ l′τ′n′RỸl′τ′(θ, φ)χα′n′(Q)|α′〉 ,

(3.22)

where the energy-dependent wavevector is kαlτn =
√

2µR/h̄2 (E− Erot
lτ − Evib

αn
)

and the sum ∑′

extends only over the states with kαlτn > 0.§

For fixed energy E, the wavefunctions of Eq. (3.22) define one possible set of Nopen degenerate

solutions of the full Schrödinger equation. Since the asymptotic form of the scattering eigenstates

consists of an outgoing wave associated with a specific fragment eigenstate, and a superposition

of incoming waves for all open eigenstates, these wavefunctions are appropriate to describe

dissociation into specific electronic (α), vibrational (n) and rotational (l, τ) channels.

‡ It is sufficient to choose the appropriate value of k according to Equation (3.21). Indeed, the energy E is usually taken as

a ‘continuum quantum number’, instead of k. This explains the choice of the normalization factors
√

µR/(2πh̄k), which

leads to plane waves normalized on the energy scale,

∫ +∞

−∞

√
µR

2πh̄k′
e∓ik′R

√
µR

2πh̄k
e±ikRdR = δ(E′ − E) .

§ The energy-dependent matrix-elements Sαlτn,α′ l′τ′n′ (E) define the so-called scattering matrix which is more often used in

the context of full collisions.
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3.4 Partial cross sections and photofragment distributions

A molecule absorbing a photon with energy Eph = h̄ω larger than the dissociation energy of a

specific bond is excited into the dissociative continuum. The interaction with light can induce

transitions from the initial molecular state |Ψ0〉, having the energy E0, to one of the degenerate

scattering eigenstates of energy E0 + h̄ω. According to Eq. (2.20), the absorption cross section at

the frequency ω is the sum of the cross sections of all scattering states,

σ(ω) = ∑
αlτn

σαlτn(ω) =
π

h̄ε0c

open
channels

∑
αlτn

∣∣∣
〈

Ψαlτn
E

∣∣∣ µ · ε
∣∣∣Ψ0

〉∣∣∣
2

, with E = E0 + h̄ω (3.23)

Th cross-sections σαlτn(ω) refer to specific electronic-vibrational-rotational channels and are called

partial cross sections.

The photon energy-dependent normalized partial cross sections

pαlτn(Eph) =
σαlτn(ω)

σ(ω)
(3.24)

have an important physical meaning: They represent the probability of forming the fragment in a

given electronic-vibrational-rotational state, after the dissociation induced by the absorption of a

photon of energy Eph.

In typical photodissociation experiments, an ensemble of molecules is irradiated with pulse of

long duration (narrow on the energy scale). A number of molecular fragments are formed and the

distribution over the fragment quantum states, given by Eq. (3.24), is measured.

The product state populations carry detailed information on the dissociation mechanism.

Generally speaking, a vibrational mode active during the reaction is expected to be excited in the

product. The detailed characterisation and interpretation of partial cross sections is a challenging

task and requires a careful comparison of experimental data and computer simulations.

3.4.1 Excited state dynamics and product state distributions

In Section 2.5 a link has been made between the total absorption cross section and the wave packet

dynamics following the photoabsorption. The connection is based on the autocorrelation function

S(t), whose Fourier transform gives the spectrum σ(ω) [see Eq. (2.28)].

In the same way, the partial cross sections can be expressed as half-Fourier transforms of appro-

priate cross-correlation functions, which can be obtained with quantum wave packet propagation.
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This method to calculate product state distributions was derived by Balint-Kurti et al., and consists

of the following steps (see the original work, Ref. 75, and Section 5.2 for detailed derivations):

• The initial wave packet |Φ0〉 = µ · ε|Ψ0〉 is propagated in time according to the time-dependent

Schrödinger equation (2.24).

• The product energy levels are calculated as eigenstates of the fragment Hamiltonian

Hfrag|Φfrag
i 〉 = Ei|Φfrag

i 〉 (here i is a collective quantum number). If the electronic, rotational

and vibrational degrees of freedom are separable the eigenstates have the form

|Φfrag
αlτn〉 = Ỹlτ(θ, φ)χαn(Q)|α〉.

• The cross-correlation functions

Si(t) =
〈

Φfrag
i

∣∣∣ δ(R− R∞)
∣∣∣Φ, t

〉
(3.25)

are calculated as overlaps of the fragment eigenstates with the time-dependent wavefunction,

evaluated on an ‘analysis line’ R = R∞ placed in the asymptotic region, in which the potential

is R-independent.

• The partial cross sections are calculated from the absolute value of the half-Fourier transform

of the cross-correlation functions as

σi(ω) =
8π2ωki

3cε0

∣∣∣∣
∫ ∞

0
Si(t)eiE0t/h̄eiωtdt

∣∣∣∣
2

, (3.26)

where ki =
√

2µR
(
Eph − D0 − Ei

)
/h̄2 and E0 is the energy of the molecular state prior to

electronic excitation, as in Equation (2.28) .
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Computational Methods

The quantum mechanical study of photodissociation reactions from first principles requires both

electronic structure calculations, used to calculate the potential energy surfaces, and wave packet

propagations to solve the time-dependent Schrödinger equation for the nuclear motion.

The quantum chemical calculations described in this work were performed using the program

package Molpro.76 The wave packet dynamics was simulated using domestic codes (for ozone) or

the Heidelberg MCTDH package.77

A brief description of these methods is given below.

4.1 Electronic structure calculations. The CASSCF method

From the quantum chemical viewpoint, the accurate determination of dissociative potential en-

ergy surfaces requires multi-reference methods. In these methods, the electronic wavefunction is

approximated as a linear combination of Slater determinants or, better, configuration state functions.

The use of many configurations is necessary to obtain a size consistent and qualitatively correct

description of the electronic wavefunctions along the dissociation path. Moreover, the electronic

configuration of an adiabatic state can vary rapidly for small geometrical changes in the proximity

of an intersection of potential energies. If the intersection involves the ground state, the electronic

wavefunctions in the proximity of the electronic degeneracy are inherently of multi-reference

character.

At the simplest level, the multi-reference character is taken into account by calculating the

electronic wavefunctions using multi-configurational self-consistent field (MCSCF) methods. The

method of choice is the complete active space self-consistent field (CASSCF) method.

The CASSCF wavefunction is defined as a linear combination of Slater determinants, obtained

from two sets of molecular orbitals: ninact inactive orbitals which are doubly occupied in all

determinants, and nact active orbitals, whose occupation numbers can vary between 0, 1 and 2, in

order to accommodate Nel − 2ninact electrons (here Nel is the total number of electrons). The total

31
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electronic wavefunctions for the electronic states of interest are obtained as an expansion in all

determinants which can be formed by all possible excitations within the active space.

The molecular orbitals are, in turn, expanded in a one-electron basis set, defined by atomic

orbitals. The dimension of this basis set is generally much larger than the number of occupied

orbitals. Therefore, the set of molecular orbitals is completed by a large number of virtual orbitals.

The electronic wavefunctions are formally used to define an energy functional as expectation

value of the electronic Hamiltonian. In state averaged calculations, the average energy (or a weighted

combination of energies) of the included electronic states is optimized with respect to the molecular

orbitals and the combination coefficients of the Slater determinants.

In practice, the CASSCF method is not a ‘black-box’ method. The user needs to have chemical

intuition to choose the correct active orbitals to describe the region of interest of the potential

energy surfaces. In many cases, a qualitatively correct wavefunction, taking account of so-called

static electron correlation, can be obtained with relatively few configurations.

An overview of the MCSCF method is given in numerous textbooks of computational chemistry,

such as in Reference 78. A more detailed description can be found in the book of Reference 79.

4.1.1 Dynamical correlation. The CASPT2 and MRCI methods

When the active orbitals are properly chosen, the CASSCF wavefunction is qualitatively correct.

However, the correct description of many features of potential energy surfaces (such as barrier

heights, equilibrium and conical intersection geometries) requires an improvement of the CASSCF

wavefunction which accounts for the so-called electron dynamical correlation.78

Improved wavefunctions are obtained with additional Slater determinants, obtained by electron

excitations from the occupied to the virtual orbitals. Different strategies can be used to obtained

the coefficients for the new configurations.

In the multi-reference configuration interaction (MRCI) method, a variational procedure is

followed.80 The electronic wavefunction, given as a linear combination of the CASSCF wavefunction

and the additional excited configurations, is used to evaluate the electronic energy, which is

optimized with respect to the expansion coefficients. The MRCI method was used by Schinke

and McBane44 to construct the ground and excited state PESs of the ozone molecule used in the

quantum dynamical calculations of this work.

In the complete active space second-order perturbation theory (CASPT2) method, the coefficients

of the excited configurations are derived in a perturbative manner.81 The electronic Hamiltonian is
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expressed as sum of an effective Hamiltonian, whose eigenstates are the CASSCF wavefunctions,

and a perturbation operator. The wavefunction and the electronic energy are expanded up to the

first and second perturbative order, respectively. Only single and double electronic excitations

from the CASSCF wavefunction are necessary. Rayleigh-Schrödinger perturbation theory is used to

derive the combination coefficients and the second-order corrected energy. In this work, CASPT2

calculations were used to determine the potential energy surfaces of the ground and the πσ∗ states

of pyrrole.

4.2 Methods of nuclear quantum dynamics

The quantum mechanical study of the nuclear motion requires the solution of the time-dependent

Schrödinger equation (2.24) for the nuclei,

ih̄
∂ |Φ, t〉

∂t
= H |Φ, t〉 , with |Φ, 0〉 = |Φ0〉 . (2.24)

As discussed in Section (3.2), the wavefunction Φ for the atom–fragment photodissociation is

labelled with the total angular momentum quantum numbers (J, M) and depends, in general, on

the Jacobi coordinates (R, θ, φ), the Euler angles Ω, and the fragment internal coordinates Q. In

this Section, the coordinates are generically indicated as xκ, κ = 1, ..., f .

With modern computer architectures, the TDSE can be solved exactly for low-dimensional

problems (up to five or six vibrational degrees of freedom), using standard polynomial methods,

such as Chebyshev propagation.51 In order to propagate the wavefunction for high-dimensional

systems, several accurate techniques have been developed,37 among which the most popular is the

multi-configurational time-dependent Hartree method (MCTDH).82,83

4.2.1 Grid representation and Chebyshev Propagation

For low-dimensional systems, such as a triatomic molecule, the wavefunction can be represented

on a multi-dimensional grid, typically using a discrete variable representation (DVR).84 If a direct

tensor product grid is used, the wavefunction has the form

Φ(x1, ..., x f ) =
N1

∑
j1=1

...
N f

∑
j f =1

Cj1...j f (t)θ
(1)
j1

(x1) · ... · θ( f )
j f

(x f ) , (4.1)
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where θ
(κ)
jκ is the DVR function for the coordinate xκ, localized at the jκ-th point on the grid for xκ.

The integers Nκ are the grid dimensions and the complex numbers Cj1...j f (t) are time-dependent

coefficients associated with the multi-dimensional grid points.

Using the representation of Equation (4.1), the TDSE can be written in the form

ih̄
∂CJ

∂t
= ∑

K
HJLCL , (4.2)

where J = (j1...j f ) is a multi-index and HJL =
〈

θ
(1)
j1
· ... · θ( f )

j f

∣∣∣H
∣∣∣θ(1)l1

· ... · θ( f )
l f

〉
is the matrix-

representation of the Hamiltonian in the (multi-dimensional) DVR basis.

Equation (4.2) can be solved using efficient polynomial methods: With H = {HJL} and

C = {CJ}, Equation (4.2) is solved as

ih̄
∂C
∂t

= HC =⇒ C(t) = exp
(
− i

h̄
Ht
)

C(0) . (4.3)

The propagator is represented as exp
(
− i

h̄ Ht
)
= ∑n anPn(H), where Pn(H) is a polynomial of the

Hamiltonian matrix.

In Chebyshev propagation, the Hamiltonian matrix is first rescaled to the domain [−1, 1]:

H −→ Hnorm =
2H− 1 (Emax + Emin)

Emax − Emin
, (4.4)

where Emin and Emax are estimations for the minimum and maximum eigenvalues of H. Then, the

coefficient vector is calculated as51,85

C(t) = e−
i

2h̄ (Emax+Emin)t
Niter

∑
n=0

(−i)n(2− δn0)Jn

(
Emax − Emin

2h̄
t
)

Cn , (4.5)

where the coefficients are expressed in terms of the Bessel functions Jn(α), and the vectors Cn are

generated by the recurrence relation:

C0 = C(t = 0)

C1 = HnormC0

Cn+1 = 2 HnormCn − Cn−1 .

(4.6)

Equation (4.5) shows that the time-dependence of the wavefunction is given by the Bessel

function coefficients and the spatial dependence is in the Cn vectors. Autocorrelation or cross-

correlation functions are calculated by storing the overlaps of the Cn vectors either with C0 or with

the vectors of interest (associated, for example, with fragment eigenstates); such time-independent

overlaps are then weighted with the time-dependent Jn coefficients whose Fourier transform is

obtained analytically.
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The computational effort of this numerically exact method is mainly given by cost of the

HCn matrix-vector multiplication. Assuming, for simplicity, N1 = ... = N f = N, and that the

kinetic energy operator is given as a sum of single-coordinate terms and the potential operator

is diagonal on a DVR grid, the computational cost is proportional to f N f+1.86 This exponential

scaling, common to all polynomial integrators, limits the use of the method to systems with few

degrees of freedom.

4.2.2 The multi-configurational time-dependent Hartree method (MCTDH)

The MCTDH method83,82 is based on the representation of the wavefunction in terms of configura-

tions. A set of time-dependent single-particle functions (SPFs) is used for each degree of freedom,

and the configurations are built as Hartree products of SPFs. SPFs are typically represented

on a DVR grid and the exact description of Section 4.2.1 is recovered when the number of SPF

approaches the size of the DVR basis.

The time-dependent wavefunction is given by the following ansatz:

Φ(x1, ..., x f , t) =
n1

∑
j1

...
n f

∑
j f

Cj1...j f (t)φ
(1)
j1
(x1, t) · ... · φ( f )

j f
(x f , t) , (4.7)

where the φ
(κ)
jκ (xκ, t) are nκ SPFs for the degree of freedom xκ, and the Cj1...j f (t) are expansion

coefficients. In the MCTDH wavefunction, not only the coefficients, but also the ‘basis functions’

φ
(κ)
jκ depend on time.

The equations of motion are derived from the time-dependent variational principle,
〈

δΦ
∣∣∣∣ih̄

∂

∂t
−H

∣∣∣∣Φ
〉

= 0 . (4.8)

The variations δΦ must be performed with respect to the coefficients,

δΦ
δCJ

= φ
(1)
j1
(x1, t) · ... · φ( f )

j f
(x f , t) = ΦJ(t) , with J = (j1...j f ) , (4.9)

and to the SPFs,

δΦ

δφ
(κ)
l

=
n1

∑
j1

...
nκ−1

∑
jκ−1

nκ+1

∑
jκ+1

...
n f

∑
j f

Aj1...jκ−1l jκ+1...j f φ
(1)
j1
· ... · φ(κ−1)

jκ−1
φ
(κ+1)
jκ+1

· ... · φ( f )
j f

= Φ̃(κ)
J (x1, ..., xκ−1, xκ+1, x f ) , (4.10)

where the single-hole functions Φ̃(κ)
J have been defined as combinations of Hartree products

between ( f − 1) SPFs.



36 computational methods

Inserting Equations (4.9) and (4.10) into Equation (4.8), the MCTDH working equations are

obtained after some cumbersome rearrangements: †

ih̄
∂CJ

∂t
= ∑

L
〈ΦJ |H|ΦL〉CL (4.11)

ih̄
∂φ

(κ)
j

∂t
=
(

1−P (κ)
) nκ

∑
l=1

[(
ρ(κ)

)−1 〈
H(κ)

〉]

jl
φ
(κ)
l . (4.12)

Equation (4.12) requires the evaluation of the projection operator

P (κ) =
nκ

∑
j=1

∣∣∣φ(κ)
j

〉 〈
φ
(κ
j

∣∣∣ ,

and of the product between the inverse of the density matrix

ρ
(κ)
jl =

〈
Φ̃(κ)

j

∣∣∣Φ̃(κ)
l

〉

=
n1

∑
j1=1

...
nκ−1

∑
jκ−1

nκ+1

∑
jκ+1

...
n f

∑
j f

A∗j1...jκ−1 jjκ+1...j f
Aj1...jκ−1l jκ+1...j f

and the mean field operators

H(κ)
jk =

〈
Φ̃(κ)

j

∣∣∣H
∣∣∣Φ̃(κ)

l

〉
.

The computational cost for the MCTDH algorithm is the sum of two parts.83 One contribution

is due to the action of the mean field matrices
〈

H(k)
〉

jl
on the SPF functions. It grows linearly

with the number of degrees of freedom f and with the average number n of SPFs for each degree

of freedom and quadratically with the average dimension N of the one-particle DVR grid. The

total effort scales as ∼ n f N2. The second contribution is due to the cost of building the mean field

matrices and grows as ∼ f 2n f+1. The total computational cost is therefore

computational cost ≈ c1 f nN2 + c2 f 2n f+1 , (4.13)

with coefficients of proportionality, c1 and c2. The effort of the standard method of Section 4.2.1 is

proportional to f N f+1. It follows that, for large values of n and f , the gain factor of the MCTDH

† In order to remove redundancies between SPFs and coefficients, the constraints
〈

φ
(κ)
j

∣∣∣φ(κ)
l

〉
= δjl

and
〈

φ
(κ)
j

∣∣∣∣∣∣
∂φ

(κ)
l

∂t

〉
= 0

are used.
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scheme is proportional to f−1(N/n) f+1: For a high number f of degrees of freedom and for a large

mean contraction efficiency (N/n), the MCTDH method is much more efficient than the standard

wave packet propagation method.
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5.1 Signatures of a conical intersection in photofragment distributions and absorption

spectra: Photodissociation in the Hartley band of ozone†

The topic of Paper 1 is the photodissociation of ozone in the Hartley band, simulated using the

potential energy surfaces of Schinke and McBane.44 Novel signatures of reactive conical intersections

are identified in the photofragment distributions. The calculations included the excited singlet

states B and R, which form a conical intersection outside the Franck-Condon zone, as shown in

Fig. 1.1, and are performed using a modified version of the Chebyshev propagation method (see

Section 4.2.1).85

A number of spectroscopic observables were calculated: Temperature-dependent absorption

spectrum, photon energy-dependent rotational, vibrational and translational energy distributions

(see Section 3.4), and the state-specific anisotropy parameter.68,69 The calculated observables were

compared with experimental measurements in order to assess the quality of the PESs. The relevant

features and the vibrational structures of the absorption spectrum were fully reproduced, and nice

agreement was found for the product state distributions.

The absorption envelope is thoroughly discussed. Previous ab initio calculations of the high

resolution Hartley spectrum predicted the spectral envelope strongly congested by intense narrow

resonance-like features.87,88,23 In the present calculations, based on the recently constructed PESs of

Ref. 44, the intensity of the resonance peaks is considerably attenuated and the diffuseness of the

experimental spectrum is reproduced.

A major finding of Paper 1 concerns the impact of the conical intersection on the photofragment

state distributions. The electronic excitation initiates the dynamics on the B state. Along the

dissociation pathway the B/R intersection is encountered and the population branches between

the two electronic channels. Between 8% and 10% of the molecules undergo internal conversion

to the R state and dissociate on the lower channel which is associated with a high content of

O−O2 translational energy. The degree of vibrational excitation of the O2 product is also much

higher for molecules which follow the adiabatic path, as shown in Fig. 5 of Paper 1. In the

upper electronic channel, diabatically connected with the B state, the vibrational distribution has a

† Individual candidate contribution. I performed quantum mechanical dissociation calculations for J = 0 using a Fortran

code based on Chebyshev propagation. These calculations were used to evaluate photofragment rotational, vibrational

and translational distributions reported in Figures 3, 4 and 5. We analyzed together the distributions and established the

connections with the energy exchange at the intersection. I implemented the calculation of the energy-components of the

evolving wave packets [Eq. (21)] in the Chebyshev code and created Figures 2 and 6 using the package Mathematica. I

contributed in writing the manuscript and the supporting information.
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maximum for the ground state, ν = 0, and the population decreases quickly for increasing ν. In

lower electronic channel, the shape of the vibrational distribution is dramatically different, although

the O2 equilibrium distance is very similar for the two channels: For low values of ν, the population

increases for increasing ν, reaching a maximum around ν ≈ 6− 11.

This effect is not merely due to a higher excess energy Eph − D0 for molecules emerging in the

lower channel, but it is a signature of the B/R conical intersection. A proof is partially given by

the behaviour of the average vibrational and translational energies (〈Evib〉 and 〈Ekin〉, respectively)

as a function of the excitation energy, reported in Fig. 4 of Paper 1. For molecules following the

adiabatic pathway, the inter-fragment kinetic energy is nearly independent on the photon energy

(counter-intuitively, 〈Ekin〉 even decreases for increasing Eph), and the additional excess energy

preferentially flows into the vibrational motion.

The vibrational excitation associated with the adiabatic path can be explained as follows. The

coupling mode of the B/R conical intersection nearly coincides with vibrational coordinate of the

O2 fragment. Only the molecules with substantial energy on the short O−O bond sample the

region of the PES in which the B/R diabatic coupling is large, and undergo a B → R transition.

Fig. 6 of the paper shows that, just after the internal conversion, the wave packet on the R state

represents an overstretched O−O bond and this vibrational excitation is carried over into the

fragments.
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5.2 Intermediate photofragment distributions as probes of non-adiabatic dynamics at

conical intersections: application to the Hartley band of ozone†

Paper 2 extends the work of Paper 1 on the ozone molecule and focuses on the high degree of

vibrational excitation in the O2 fragment emerging from the lower electronic channel. In order

to visualize the energy distribution along the dissociation path, a new analysis method was

developed and related with photoemission spectroscopy. The goal was to study the formation of

vibrational excitation and to separate the effect of the conical intersection from the effects of the

post-intersection dynamics. To this end, an intermediate population analysis was implemented,

based on an extension of the method of Balint-Kurti et al.75 (see Section 3.4.1) to short distances. The

intermediate distributions were obtained from cross-correlation functions, defined by a modification

of Equation (3.25) in which: (i) An intermediate distance R? was used, instead of R∞; (ii) the

fragment eigenfunctions Φfrag
j were replaced by local eigenstates, evaluated at R = R?, which

gradually converge to the fragment eigenstates as R? → R∞.

The analysis of the intermediate vibrational distributions reveals that the vibrational excitation

in the R channel is formed upon the passage through the B/R intersection and therefore is a true

‘hallmark’ of the intersection (see Fig. 1 of the paper). The shape of the intermediate distributions

can be rationalized using Landau-Zener theory,89,90 whereby the probability PBR of the B → R

diabatic transition depends on the Massey parameter ξ, given by the product of the adiabatic

energy gap ∆Ead and the sojourn time τ in the crossing region:

PBR = 1− exp (−ξ) = 1− exp
(

∆Eadτ
)

. (5.1)

Ozone molecules with a highly excited O − O bond lack translational energy in the O − O2

coordinate, spend long time in the intersection region and are likely to make a B→ R transition.

Massey parameter ξ is related to the topographical features of the conical intersection and can be

reverse engineered from the intermediate vibrational distributions evaluated in proximity of the

intersection.

† Individual candidate contribution. I implemented the calculation of intermediate state distributions in the Chebyshev code

and evaluated the intermediate vibrational distributions. Different definitions of the intermediate fragment eigenstates

were explored. We derived the Landau-Zener model of Section 4 and I performed the calculations of the Massey

parameter [Figure 2(a-d)]. We established the relation between the intermediate state distributions and the resonance

Raman amplitudes. I contributed in writing the manuscript, wrote the Appendix A and made Figures 3 and 4 using the

software Mathematica.
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The mechanism of the vibrational energy exchange at the conical intersection is rooted in

the arrangement of the ozone PESs, shown in Figure 1.1, and in the fact the coupling mode is

conserved in the photofragment. The potential energy diagram of ozone is prototypical for the

photodissociation of a number of molecules, such as atmospheric trace gases (N2O,15 CO2
16),

halogenoalkanes17 or heteroaromatic molecules19.

Given the importance of the intermediate state populations to characterize the local shape of

the intersecting states, it is worth asking whether such transient distributions could be detected

experimentally. A possible route is suggested in Section 5 of the paper, in which the intermediate

populations are reconstructed from the photoemission spectrum of the dissociating ozone. The

quantum mechanical calculations reproduce nicely the experimental resonance Raman spectrum

and the intermediate T-matrix elements [cf. Equation (3.25)]

Ti(ω) =
∫ ∞

0
Si(t)eiE0t/h̄eiωtdt , (5.2)

are obtained as a combination of resonance Raman amplitudes. Although a so-called ‘complete’ ex-

periment, which provides both the intensity and the phase of the scattering spectrum, is technically

challenging,91 resonance Raman spectroscopy is shown to be highly informative concerning the

features of the potential energy surfaces in the intersection region.
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5.3 Partial dissociative emission cross sections and product state distributions of the

resulting photofragments†

Paper 3 describes an extension of the connection established in Paper 2 between the resonance

Raman amplitudes and the vibrational state distributions associated with the intermediate stages of

photodissociation. The focus is on the emission from an excited electronic state into the dissociative

scattering states of a lower electronic state: The continuous emission spectrum can be decomposed

into partial cross sections, using a procedure akin to the one described in Section 3.4 for the

absorption spectrum.

Since the emission energy-dependent partial cross sections are related to the populations of

the fragment eigenstates, they can be inferred ‘non-optically’ from product state distributions.

Their calculation can be performed with the procedure outlined in Section 3.4.1, whereby the

evaluation of the scattering eigenstates is not needed. This analysis is illustrated by calculating the

continuous emission spectra for the molecules NaI, CO2 and pyrrole. In pyrrole, the calculations

are based on the CASPT2 potential energy surfaces used in Papers 4 and 5. The emission spectrum

is evaluated for the optically allowed 1A2 ←1 B1 transition, and decomposed in partial cross sections

corresponding to the different excitations in the totally symmetric modes.

The description of continuous spectra in terms of partial cross sections can be extended to

other optical transitions to unbound electronic states. An application under extensive development

is dissociative photoionization spectroscopy,92,93 in which a molecule is ionized to a dissociative

cationic state. The resulting continuous photoelectron spectrum can be decomposed in partial cross

sections, related to the state populations of the fragment ions. Partial photoelectron cross sections

can be inferred from the detection of recoiling ionized molecular fragments.

† Individual candidate contribution. I contributed in developing the theory and in writing the paper. I developed the nine-

dimensional potential energy surface for the states 1B1 and 1A2 of pyrrole. I performed the calculations of continuous

emission spectrum and the partial emission cross sections of pyrrole.
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5.4 Photodissociation dynamics and photofragment distributions in the first absorp-

tion band of pyrrole: I. Vibronic Franck-Condon Herzberg-Teller excitation of the
1A2(πσ∗)← X̃1A1(ππ) transition†

The topic of Paper 4 is the photodissociation of pyrrole, following excitation to the low-lying
1A2(πσ∗) state. Novel ab initio diabatic potential energy surfaces of the ground electronic state and

the low-lying πσ∗ states of pyrrole have been constructed, and used to perform quantum dynamical

simulations of the photodissociation reaction. Approximate approaches have been developed

to calculate the absorption spectrum and the photofragment distributions. The approximated

spectroscopic observables nicely agree with the numerically exact results of MCTDH calculations.

Figure 5.1: Dominant orbital excitations involved in the formation of the two lowest πσ∗ states of

pyrrole.

Pyrrole is a typical example of chromophores which exhibit πσ∗ photochemistry19 and has

been extensively studied both theoretically and experimentally.52,53,25,54–63 The two lowest lying

πσ∗ states, 1A2 and 1B1, are formed by the promotion of an electron from ring-centered π orbitals

to σ∗ orbitals which are localised on the N atom (see Figure 5.1). The σ∗ orbital has a Rydberg (3s)

character in the vertical excitation region, but acquires progressively more anti-bonding character

† Individual candidate contribution. We performed extensive quantum chemical calculations, in order to analyze the electronic

structure of pyrrole in the vertical absorption region and to establish the methodology for the construction of the diabatic

PESs. I designed the construction of the Hamiltonian based on dissociation distance-dependent Hessian calculations.

I performed the CASPT2 calculations for the vibrational sub-space (Q coordinates), using the package MOLPRO. I

developed Fortran codes for the automatic generation the input files for MOLPRO and for the construction of the Hessian

matrix from the MOLPRO output. We developed the approximation methods for the absorption and the TKER spectral

calculations. I performed the MCTDH calculations, tested the approximate methods. I developed Python scripts in order

to evaluate the product state distributions using the Heidelberg MCTDH code. I co-designed the manuscript, elaborated

the figures, wrote Sections V-VI and most of Sections I-IV.
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upon extension of the N–H bond.34 This is the reason why the potential energy surfaces of the πσ∗

states are repulsive.

The 1A2 ← X̃ excitation is Franck-Condon forbidden, but the 1A2 state can be populated for

excitation energies Eph < 5.1 eV33 via intensity borrowing from neighbouring ππ∗ states.57,63

In the frequency domain, the absorption spectrum of the two lowest πσ∗ states has been scarcely

explored. The absorption band for the 1A2 ← X̃ transition is overlaid by the intense band of the

close-lying ππ∗ state (see Fig. 1 of the paper) and the only calculated spectra were obtained by

Roos et al. fifteen years ago.56. The translational kinetic energy release (TKER) spectra measured

by Ashfold and coworkers for long excitation wavelengths were never completely assigned nor

reproduced theoretically.

In this work, new CASPT2 calculations were performed on a range of pyrrole geometries

which uniformly covers the inner Franck-Condon region and the asymptotic zone of the separated

H-atom and pyrrolyl fragments. These computations were used to construct a 24-dimensional (24D)

diabatic molecular Hamiltonian. Different Hamiltonian models, including a growing number f of

degrees of freedom ( f = 6, 11, 15) were extracted from the 24D Hamiltonian, and used to perform

quantum mechanical simulations of the photodissociation reaction, using the MCTDH method

(see Section 4.2.2). The 1A2 ← X̃ transition was described using a coordinate-dependent transition

dipole moment (TDM) operator, defined according to the Herzberg-Teller approximation.

Each model has different symmetry properties and for each case the features of the calculated

absorption profiles and the photon energy-dependent TKER spectra are interpreted in detail in

terms of the topography of the potential energy surfaces and the form of the TDM function. As

suggested by experimental studies,33 the photodissociation of pyrrole is characterized by a high

degree of vibrational adiabaticity in the modes transverse to the dissociation path: The modes

which are initially excited by the TDM function carry the excitation over to the fragments.

Another major finding of Paper 4 is methodological. Exact quantum mechanical calculations of

photodissociation cross sections are performed using potential energy surfaces which are derived

by a large number of ab initio calculations. This procedure becomes prohibitive if one intends to

study dissociation of a series of chromophores belonging to one class. For such studies, simplified

procedures are desirable. For this reason, a computational scheme was developed to quantitatively

analyze the diffuse absorption envelopes in the dissociative excited states and the subsequent

ultrafast formation of the photofragments. The method, first applied to pyrrole, requires a minimum

input of ab initio-derived data and was tested for pyrrole. The absorption spectra are approximated

as a convolution of two profiles, one due to the pyrrolyl ring and one due to the detaching atom.
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In another – related – method, the TKER spectra are obtained via the adiabatic mapping of the

excitation in the vertical region onto the vibrational states of the free pyrrolyl. The spectra and

TKER distributions, obtained with these approximations, compare well with the exact MCTDH

calculations.

The comparison between experimental and calculated TKER profiles is discussed separately in

Section 5.4.1. The implementation of the photofragment distribution calculation using the MCTDH

code is given in Section 5.4.2

5.4.1 Total kinetic energy release (TKER) spectra of pyrrole: Theory vs Experiment

This Section is a logical extension of the discussion of Paper 4, in which the TKER distributions for

different models of pyrrole photodissociation have been analyzed.

The calculated photon energy-dependent TKER spectra for the 1A2 ← X̃ excitation are compared

to the experimental results, obtained by Ashfold and coworkers in the long wavelength absorption

region using the Rydberg tagging technique.33 Experiments are typically performed by varying

the angle α, between the electric field polarization vector and the detection axis, along which

the velocity of the detached H atom is measured (in this way, the anisotropy parameter can be

measured). A proper comparison is made between the average TKER spectra P(Ekin|Eph) =
[
Px(Ekin|Eph) + Py(Ekin|Eph) + Pz(Ekin|Eph)

]
/3, calculated for rotationless pyrrole, and the TKER

profiles measured at the magic angle α = 54.7◦ (corresponding to the spectra integrated over α).

The experimental profiles are compared with the calculated distributions associated with the

same maximum available kinetic energy, Emax
kin = Eph−D0, which defines the position of the pyrrolyl

ground state peak. Wave packet calculations were performed for the coupled X̃ and 1A2 states

using the MCTDH method. The potential energy surfaces described in Paper 4 were used. Pyrrole

was described using 15 coordinates including the Jacobi coordinates of the detaching H atom

(R, θ, φ) and three pyrrolyl normal modes for each symmetry, Qa1(1, 2, 5), Qa2(1, 2, 3), Qb1(1, 2, 3)

and Qb2(1, 3, 5).† The pyrrolyl normal modes are sketched in Figure 5.2.

The high degree of vibrational adiabaticity implies that the final state distributions are largely

shaped in the Franck-Condon region, i. e. by the transition dipole moment (TDM) function. In order

† These are the same coordinates used in the 15D calculations of Sections V C and VI C of Paper 4. For the normal modes,

the corresponding irreducible representation of the C2v point group is indicated.

The form of the Hamiltonian is given in Section II A of Paper 4. The modes not included in the calculation are set to the

pyrrolyl equilibrium geometry (Q = 0).
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a1 modes

Qa1(1)

Qa1(2)

Qa1(5)

a2 modes

Qa2(1)

Qa2(2)

Qa2(3)

b1 modes

Qb1(1)

Qb1(2)

Qb1(3)

b2 modes

Qb2(1)

Qb2(3)

Qb2(5)

Figure 5.2: Sketches of the pyrrolyl normal modes included wave packet calculations of pyrrole

photodissociation.

to provide a flexible representation of the coordinate dependence of the TDM in the Franck-Condon

region, the following TDM function was used for the 1A2 ← X̃ transition:

µA2
x (R, Q) = µA2

x,θ,1(R) sin θ sin φ + µA2
x,θ,2(R) sin(2θ) sin φ + ∑

Γi=b2

µA2
x,i (R)Qb2(i) , (5.3a)

µA2
y (R, Q) = µA2

y,θ,1(R) sin θ cos φ + µA2
y,θ,2(R) sin(2θ) cos φ + ∑

Γi=b1

µA2
y,i (R)Qb1(i) , (5.3b)

µA2
z (R, Q) = ∑

Γi=a2

µA2
z,i (R)Qa2(i) . (5.3c)

The TDM components of Eqs. (5.3) are similar to the Herzberg-Teller expression used in the calcula-

tions of Paper 4 (see Eq. (13) of Paper 4), with two main differences: i) The real spherical harmonics

dxz and dyz are included as angular functions, in addition to px and py; ii) The Herzberg-Teller
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coefficients are replaced with R-dependent functions, given by a second-order Taylor expansion

around the X̃ state minimum RFC:‡

µ(R) = µ(0)(RFC) + µ(1)(RFC) (R− RFC) + µ(2)(RFC) (R− RFC)
2 . (5.4)

In quantum dynamical calculations, the initial wavefunctions for the three polarizations are

calculated by acting with the TDM functions (5.3a), (5.3b) and (5.3c) on the ground vibrational

wavefunction of the X̃ state.

Figures 5.3(a) and (b) show the TKER spectra obtained by the 15D MCTDH calculations using

the TDM functions of Eq. (5.3) and by the experiment, respectively. As discussed in Paper 4, the

peaks in the spectra correspond to the vibrational energy levels of pyrrolyl, their width is given by

the rotational distribution and their intensities represent vibrational state populations. Symmetry

selection rules determine which states can be populated for different TDM components (see Section

VI C of Paper 4).

In Figure 5.3(a) the polarization-averaged spectrum P(Ekin|Eph) is depicted as a green dashed

line. Since all polarizations are included, this profile exhibits peaks corresponding to vibrational

states belonging to all irreducible representations. The inspection of the profiles for the different

polarizations (not reported here) suggests that the peak intensities associated with vibrational states

of B1 symmetry are underestimated in the calculation. Although the green spectrum of Figure

5.3 is already sufficient to assign of the vibrational peaks, we facilitate the comparison with the

experiment by increasing the population of the B1 vibrational states by a factor three. After this

adjustment, the profile depicted as black line is obtained, whose intensity pattern becomes similar

to the experimental TKER spectra. The underestimation of the population of the B1 vibrational

states in the calculation is discussed below.

In both the calculated and the experimental distributions, the populated vibrational states are

comprised in an energy window of ≈ 2500 cm−1. Test calculations for the dissociation on the

uncoupled 1A2 state (not reported here) show that the intensity pattern of the TKER profile is

nearly unaffected by the presence of the X̃/A2 crossing. Therefore, the experimental profiles for

low excitation energies are not expected to exhibit signatures of the conical intersection.

In the experimental TKER profiles for Emax
kin = 6861 cm−1 and Emax

kin = 7184 cm−1, three groups

of peaks are recognizable. The first group includes only the peak A, associated with the vibrational

‡ The TDM function was calculated using the state-averaged CASSCF(8, 7) method on two-dimensional grids (Ri, Qj)

and(Ri, θj) with φ = 0◦ and φ = 90◦, including the states X̃, 1A2 and 1B1. The grid points Ri cover the range [3.6, 4.5] a0

with a step of 0.15 a0. The points θj cover the range [0◦, 15◦] with a step of 1.5◦. The points Qj cover the range [0, 1] with

a step of 0.1. The grid data were fitted to the functions of Equation (5.3) and (5.4).
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ground state of pyrrolyl; the second group consists in the peaks C and D; the third group includes

the peaks C′ and D′. For higher excitation energies, an increased intensity is observed in two

additional pairs of states, indicated with the letters E, F and E′, F′, and in a weakly populated low

energy state (peak B, more visible in the spectra recorded at α = 0◦ and reported in Reference 33).

The three-group-structure is reproduced by our calculations. The peak C is attributed to the

fundamental excitation of Qb1(2) (ω = 757 cm−1), as suggested by the experimentalists. The

one quantum excitation of the mode Qb2(1) (ω = 710 cm−1) contributes to the intensity of peak

C, too. Peak D is given by the fundamental excitations of the modes Qa2(3), also identified
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Figure 5.3: (a) The polarization-averaged TKER spectrum P(Ekin|Eph) is depicted as a green

dashed line. The TKER profile shown as continuous black line is obtained by increasing the

population of the vibrational states of B1 symmetry by a factor three. (b) Experimental TKER

profiles. The detection angle α is reported in each panel. From top to bottom, the experimental

excitation wavelengths are 252 nm, 250 nm, 248 nm and 246 nm.
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by the experimentalists, and Qa1(1). The intensity of the peak D seems slightly overestimated

in the calculations; on the other hand, the population of the Qa2(3) mode is experimentally

shown to be strongly dependent on the detection angle α (it is high for α = 0◦ and low for

α = 90◦): The A2 vibrational states, excited via the z-polarized transition, are associated with a

large anisotropy parameter. The peaks E and F correspond to the states with one quantum on the

modes Qb2(3) and Qb2(5). In comparison with the experiment, the population of these modes is

slightly underestimated in the calculations. The tiny peak B, emerging at higher photon energies,

is attributed to the mode Qa2(1). Finally, the third group of peaks, C′ − F′, is reproduced by the

calculation, and is due to combination states, obtained from the states of the second group (peaks

C–F) with an additional quantum on the Qa1(1) mode. Such progression of the lowest frequency a1

mode was not recognized in Reference 33, and the peaks at low kinetic energy were assigned to

other combination states, nearly unpopulated in our simulations.

I am unaware of previous quantum mechanical calculations of vibrationally resolved TKER

profiles for high-dimensional fragments. Since the experimental absorption profile for pyrrole is

not available, the experimental TKER spectra are the key spectroscopic observables to validate the

model used in our calculations. Although the calculated TKER spectra do not match the experiment

perfectly, they allow the complete vibrational assignment. For this reason, our quantum dynamical

calculations can be considered reliable.

Calculated TKER spectra might be affected by a number of factors:

• The quality of quantum chemical calculations and the functional form of the potential energy

surfaces. The final mode populations are strongly dependent on the mode frequency, and on

the dissociation profile. In addition, our PESs are quadratic in the normal modes, therefore

they forbid the exchange of vibrational excitation between modes of different symmetries,

which could modify the vibrational pattern in the TKER spectra, and allow additional

fragment states to be populated.

The underestimation of the population of B1 states can be attributed either to a too low

R-dependent Herzberg-Teller coefficient for the b1 modes or, more probably, to the lack of

correlation between the b1 modes and the out-of-plane H bending: Coupling terms, similar to

the bilinear Qb1(i)Qb1(j) terms and neglected in our PES, would allow a vibrational excitation

exchange between normal modes and angular coordinates, and would affect the b1 mode

populations.

• The quality of the TDM function, which strongly affects the intensity, position on the excitation

energy scale, and width of the partial cross sections. Since the photodissociation of pyrrole
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occurs in a time scale < 50 fs, the final distributions are largely shaped by the TDM function.

For most vibrational states, the excitation in the low-energy range corresponds to the tails

of the partial cross section envelopes, which decay rapidly to zero. For this reason, small

inaccuracies in the PES topography or in the TDM functions can lead to rather wrong

TKER spectra: Even a small shift in the relative positions of the partial cross sections of

different fragment states produces a large difference in the respective final populations. This

is expected to be a serious issue for high-dimensional fragments, and in particular for the
1A2 ← X̃ excitation in pyrrole, because the three TDM components have similar magnitude

and form different fragments states.

• The coupling strength at the conical intersection. In our potential, the X̃/A2 coupling is weak,

so that the extent of A2 → X̃ transfer is < 10%. A stronger coupling can be expected to

increase the transition probability, and affect the final population of the coupling modes (a2).

Indeed, Blank et al.52 estimated that, at the excitation wavelength λ = 248 nm (corresponding

to Emax
kin = 7507 cm−1), 42% of the photoexcited molecules undergo internal conversion to the

ground state. A quantum yield of 22% was derived by Wei et al. for λ = 243 nm.25. However,

experiments performed at longer wavelengths suggest a lower extent of transfer to X̃, in

agreement with our calculations.33,26

• Discrepancies between the calculated and the measured quantum yield can be due to a too low

value of the X̃/A2 coupling strength, or to additional deactivation pathways, not included in

our PES. According to the surface hopping simulations of Barbatti et al.,62 the N–H stretching

dissociation is the dominant mechanism for the internal conversion at low excitation energies.

Other pathways, involving out-of-plane ring puckering motions, are activated at higher

energies.52 These mechanisms might be favoured by the y- and z-polarizations, which excite

out-of-plane degrees of freedom, and modify the final populations of the a2 and b1 modes.

Additional fragmentation channels might produce H atoms (detected in Rydberg tagging

experiments) or might be activated for specific polarizations. In our calculations, only the the

N–H bond dissociation is considered. Blank et al. observed a C–H bond cleavage occurring

with a 11% quantum yield at λ = 248 nm,52 and additional fragmentation channels have been

reported for higher excitation energies.52,25,53
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5.4.2 Calculation of the photofragment distributions using the MCTDH package

Quantum wave packet calculations for pyrrole were performed using the Heidelberg MCTDH

package.77 The time-dependent wavefunction was stored in the MCTDH format on a time grid

with a spacing of 1 fs. A Python script was developed to process the wavefunction in order to

calculate the product state distributions using the procedure of Section 3.4.1.

The script works as follows:

1. The pyrrolyl mode frequencies ω1, ..., ωn, inertia constants Ix, Iy, Iz and the dissociation energy

D0 are initialized. The analysis line R− R∞ is chosen in the asymptotic region (R∞ = 9.5 a0).

2. Fragment eigenfunctions are approximated as products of a multi-dimensional harmonic

oscillator wavefunctions and a spherical harmonic Ylm(θ, φ). The energy levels are identified

by a set of vibrational quantum numbers ν = (ν1, ..., ν f ) and the angular quantum numbers

(l, m). For the low energy side of the absorption spectrum, only the states with less than three

vibrational quanta are significantly populated.

3. A for loop is performed over the fragment energy levels. For each eigenstate:

(a) The eigenenergy is calculated as

Eνlm =
n

∑
i=1

h̄ωi

(
ni +

1
2

)
+

h̄2

4

[(
1
Ix

+
1
Iy

)
l(l + 1) +

(
2
Iz
− 1

Ix
− 1

Iy

)
m2
]

. (5.5)

This value is then used to evaluate the photon-energy dependent wavevectors

kνlm ∼
(
Eph − D0 − Eνlm

) 1
2 [cf. Equation (3.26)].

(b) A MCTDH input is generated to perform the calculation of the fragment eigenfunction

multiplied by the δ(R− R∞) [cf. Equation (3.25)]. The mctdh program is executed to

generate the projection function in the MCTDH format.

(c) The program crosscorr from the MCTDH package is executed to evaluated the cross-

correlation functions using Equation (3.25).

(d) The program crosspec from the MCTDH package is executed to calculate the partial

cross sections on a given energy grid using Equation (3.26). The energy-dependent state

populations Pνlm(Eph) are read from the output of crosspec and stored in an array.

4. For a selected set of photon energies, a stick TKER spectrum is constructed from the pairs
(
Eph − D0 − Eνlm, Pνlm(Eph)

)
. The final TKER profile is obtained by a convolution with a

Gaussian function with a standard deviation of ∼ 10 cm−1.
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5.5 Fano resonances in the photoinduced H-atom elimination dynamics

in the πσ∗ states of pyrrole†

Paper 5 describes the effect of the Fano interference between two dissociation pathways on the

photoabsorption spectrum. This kind of interference is predicted to be generally operative in the

photodissociation occurring in πσ∗ states which cross the bound electronic ground state. In this

case, the photoabsorption spectrum exhibit narrow asymmetric peaks, which can be regarded

as signatures of the conical intersection. The mechanism is described for the photodissociation

of pyrrole, using quantum dynamical calculations on reduced-dimensionality potential energy

surfaces which are obtained from ab initio calculations.

An illustration of the interfering dissociation pathways is given in Figure 1.1(b), for the 1B1 ← X̃

excitation. The two pathways are shown in the diabatic representation: One of them is the direct

dissociation on the diabatic πσ∗ surface (pathway I), the other one involves a temporary sojourn in

the bound X̃ state (pathway III).

The interaction of bound states with a continuum gives rise to so-called Fano resonance states,

first described in the context of atomic autoionization processes.94 The bright Fano resonances

emerge in the absorption spectrum as peaks with asymmetric line shapes. In pyrrole, the interfer-

ence is mediated by the X̃/πσ∗ conical intersections. The asymmetric peaks in the calculated spectra

correspond to bound energy levels whose nature is different for the two X̃/πσ∗ intersections.

For the X̃/1A2 intersection, the diabatic coupling is weak, and the interfering pathways are best

described in the diabatic picture. Only the continuum scattering states are bright and give rise to a

broad absorption envelope. Fano peaks emerge on top of the broad background and their position

on the energy scale corresponds to high lying vibrational levels of the bound X̃ state.

For the X̃/1B1 intersection, the diabatic coupling is large and a description based on the adiabatic

representation is more appropriate. In this case, the bright interfering states are vibrational states

of the upper cone of the intersection and, to a lesser extent, scattering states in the continuum

(associated with the lower adiabatic state).

Fano interference can have a profound effect on the final photofragment distributions and there-

fore can be detected in translational or photofragment excitation (PHOFEX) spectra.95 Especially

† Individual candidate contribution. This paper is equally contributed by the two authors. Fano peaks were first identified by

myself in test calculations based on the two-dimensional model which includes the states X̃ and 1A2 (Fig. 1(b) of Paper 5).

We related the peak positions to the energy levels of the X̃ diabatic surface. S. G. further developed the theory, analysing

in detail the cases of weak and strong diabatic coupling. I performed the calculations for the six- and three-dimensional

models of Figures 2 and 3, contributed to write the paper, and wrote the Supporting Information.



Paper 5 55

in the case of strong diabatic coupling, the resulting dissociation products are expected to have a

high degree of excitation in the vibrational or rotational degrees of freedom correlating with the

coupling mode at the intersection.
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6

Conclusions and Perspectives

This dissertation analyzes molecular photodissociation reactions in the presence of conical intersec-

tions in the exit channel. The main findings can be summarized as follows:

• Novel signatures of the conical intersections are identified in different spectroscopic observ-

ables. In the photofragment state distributions, specific degrees of freedom become strongly

vibrationally excited upon passage through a conical intersection (Sections 5.1 and 5.2). In

the absorption spectrum, the intersection between the initially populated repulsive state and

the bound ground state gives rise to asymmetric Fano peaks (5.5).

• Photoemission spectra provide information about the intermediate stages of photodissociation

(Sections 5.2 and 5.3). Using resonance Raman amplitudes, one can reconstruct the vibrational

populations of the dissociating, but still interacting, photofragments at arbitrary intermediate

distances along the reaction path.

• Approximate methodologies are developed to calculate the photoabsorption profiles and the

product state distributions of dissociating molecules (Section 5.4). The convolution-based

calculation of the absorption spectra and the overlap integral-based mapping approach

to photofragment distributions require a minimal input obtained by quantum chemical

calculations and allow the assignment of the vibrational structure of the spectroscopic

observables.

• A new set of potential energy surfaces are constructed for the ground electronic state and the

two lowest πσ∗ states of pyrrole (Section 5.4). Quantum dynamical calculations, performed

using these potentials, allow the complete assignment of the TKER spectra of pyrrole for long

excitation wavelengths.

Two molecules, ozone and pyrrole, served as prototypes in these studies. The reactions are

studied computationally, using ab initio quantum chemistry to construct the potential energy

surfaces, and quantum dynamical calculations to simulate the photodissociation dynamics. Several

57
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spectroscopic observables are calculated: The total absorption cross section, the final product

distributions and the resonance Raman spectrum.

The calculated observables are compared with the available experimental measurements, and

related to the topography of the potential energy surfaces. In the systems under study, conical

intersections are encountered along the dissociation pathway. The electronic degeneracy is mani-

fested in different spectroscopic signatures, specific of the particular arrangement of the crossing

surfaces. In this sense, ozone and pyrrole can be viewed as prototypical systems for larger classes

of molecules, in which similar effects due to such conical intersections can be expected.

The main feature of the photochemistry of ozone in the Hartley band is the presence of two

electronic dissociation channels emerging from a conical intersection shifted away from the Franck-

Condon zone into the exit channel, as shown in Figure 1.1. Surface topographies of the same

kind are found in a number of photodissociation reactions (see Section 5.2). Such exit channel

conical intersections imprint a hallmark on the photoproducts: The fragments formed following

the adiabatic pathway exhibit an excitation in the coordinate mapped to the coupling mode of the

intersection (for ozone, this is the stretch of the short O–O bond). This effect is due to a ‘selection’

of the molecules following the adiabatic path, occurring in the crossing region. The intersection acts

like a sieve, which allows the diabatic transition only to the molecules with substantial vibrational

excitation in the coupling mode, and this excitation is carried over to the fragments.

An intermediate population analysis has been developed, in order to characterize the energy

redistribution along the dissociation path and to visualize the impact of the intersection. Transient

vibrational state distributions reveal that the excitation of the coupling mode is formed just after the

internal conversion and not in the post-intersection dynamics. Such intermediate distributions are

not only a theoretical construction, but they also provide a connection with emission spectroscopy,

inasmuch as they can be reconstructed from resonance Raman amplitudes. Spectroscopies based

on emission have been extensively used in the context of photodissociation.96–98 The importance

of transient distributions encourages the development of experimental techniques to recover the

complex amplitude or phase from the intensity of emitted light.91

For the pyrrole molecule, the topography of the intersecting surfaces is different (see Figure

1.1) and is characteristic of the chromophores exhibiting πσ∗ photochemistry.33,20 The conical

intersections are between the dissociative states and the bound X̃ state and only the electronic

channels correlating with the πσ∗ states are open. A general feature of this arrangement is the

interaction between the bound vibrational states of the diabatic X̃ potential and the scattering states

associated with the repulsive πσ∗ profiles. This interference gives rise to narrow Fano peaks, which
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emerge on top of a broad continuous absorption profile. Interestingly, the absorption spectrum

shows signatures of the conical intersection, even if the crossing geometry is far from the vertical

excitation region. The study performed on pyrrole predicts that Fano resonances can observed

experimentally from photofragment excitation spectra,95 in which the final population of a specific

fragment eigenstate is monitored as a function of the excitation energy.

Studies of the product states distributions of pyrrole have been essential in understanding

its dissociation mechanism, allowing the excitation to the 1A2(πσ∗) state. Most of the reviews

and monographs dealing with the quantum mechanical theory of photodissociation consider only

triatomic molecules.68,69 Although the extension of the theory to high-dimensional systems is

rather straightforward (see Chapter 3), the computational effort required for accurate simulations

increases considerably.

The simulation of the TKER spectra of pyrrole has required several steps: (i) The construction

of 24-dimensional potential energy surfaces of the X̃ and πσ∗ states; (ii) The implementation of

the procedure of Balint-Kurti (see Section 3.4.1) in combination with the MCTDH package; (iii) A

number of wave packet simulations to identify the relevant degrees of freedom and to understand

how the transition dipole moment function and the topography of the potential energy surfaces

can be traced back to the final product distributions. To my knowledge, the simulations illustrated

in Section 5.4.1 are the first calculations which allow the vibrational assignment of TKER spectra

for a polyatomic fragment. The most intense peaks of the TKER spectra are associated with the

most displaced (totally symmetric) modes and with the modes which mostly induce the 1A2 ← X̃

transition.

Accurate quantum calculations for sizeable molecules are computationally demanding. The

tremendous growth of experimental measurements encourages the development of approximated

methods which require a minimum amount of ab initio calculations and allow the systematic

study of broad classes of photodissociation reactions. The convolution and adiabatic mapping

approximations, tested in Section 5.4, provide quantitatively correct estimates of the absorption

spectrum and the photofragment distributions. For the adiabatic mapping, the requirement is a

high degree of vibrational adiabaticity, whereby the vibrational excitation created by the initial

photon absorption is carried over to the fragments.

Vibrational adiabaticity is observed in many classes of photodissociations of heteroaromatic

molecules,18 for which the methodologies developed in this work can be applied. Further applica-

tions embrace a number of different fields, from photobiological reactions, atmospheric chemistry,

chemical laser technology and solar energy utilization.
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As an example, a connection can be made between the πσ∗ photochemistry, described herein

for pyrrole, and the water splitting reaction which is catalysed by a redox-active chromophore.99–101

Considering a hydrogen-bonded water-chromophore complex, X−H2O, the splitting of the water

molecule can be achieved by the two photodissociation reactions

X−H2O + h̄ω −→ XH ·+ ·OH ,

XH·+ h̄ω −→ X + H· . (6.1)

Possible photocatalysts are heteroaromatic molecules, for which the species XH· is a hypervalent

radical with a H–heteroatom bond. In recent work, the photodissociation of the pyridinyl radical

(X = pyridine), involving a repulsive πσ∗ state, was studied quantum mechanically using a reduced-

dimensionality potential energy surface.102 The arrangement of the potential energy surfaces of

the ground and the πσ∗ states of pyridinyl is similar to the one of pyrrole. In the second step of

the reaction (6.1), the dissociation on the πσ∗ state (cf. pathway I in Figure 1.1) competes with the

relaxation to the ground state (cf. pathway II in Figure 1.1). The detailed understanding of the

photodissociation mechanism, advocated in this work, is crucial to improve the quantum yield for

the dissociation and, in a broader sense, to design optimal catalysts for photochemical reactions.
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Signatures of a conical intersection in photofragment distributions
and absorption spectra: Photodissociation in the Hartley band of ozone

David Picconi and Sergy Yu. Grebenshchikova)
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(Received 1 July 2014; accepted 1 August 2014; published online 18 August 2014)

Photodissociation of ozone in the near UV is studied quantum mechanically in two excited electronic
states coupled at a conical intersection located outside the Franck-Condon zone. The calculations,
performed using recent ab initio PESs, provide an accurate description of the photodissociation
dynamics across the Hartley/Huggins absorption bands. The observed photofragment distributions
are reproduced in the two electronic dissociation channels. The room temperature absorption spec-
trum, constructed as a Boltzmann average of many absorption spectra of rotationally excited par-
ent ozone, agrees with experiment in terms of widths and intensities of diffuse structures. The exit
channel conical intersection contributes to the coherent broadening of the absorption spectrum and
directly affects the product vibrational and translational distributions. The photon energy depen-
dences of these distributions are strikingly different for fragments created along the adiabatic and
the diabatic paths through the intersection. They can be used to reverse engineer the most proba-
ble geometry of the non-adiabatic transition. The angular distributions, quantified in terms of the
anisotropy parameter β, are substantially different in the two channels due to a strong anticorrelation
between β and the rotational angular momentum of the fragment O2. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4892919]

I. INTRODUCTION

The near ultraviolet (UV) absorption of ozone between
360 nm and 190 nm, comprising the Hartley1 and the
Huggins2 bands, has been a subject of numerous experimen-
tal and theoretical studies (see, for example, Refs. 3–20, a
review Ref. 21, and references therein). The absorption in
this wavelength range [Figs. 1(a) and 1(b)] starts with a
progression of regular but weak diffuse Huggins bands be-
coming more prominent with growing energy and—around
the photon energy of Eph = 32 300 cm−1—smoothly merg-
ing into the Hartley spectrum. The Hartley band, extending
up to 53 000 cm−1, consists of a broad background (FWHM
0.75 eV) and a sequence of weak diffuse bands, barely dis-
cernible below ∼35 000 cm−1, gradually gaining intensity to-
ward the absorption maximum at 38 500 cm−1, and disappear-
ing toward the high energy end of the spectrum. Despite the
apparent simplicity of the Hartley band, its diffuse character
has never been reproduced in quantum mechanical calcula-
tions based on ab initio potential energy surfaces (PESs).

The three singlet electronic states involved in photodisso-
ciation in the UV range are the ground electronic state X̃1A′

(the initial state of parent ozone, labeled X̃), the optically
bright state 3 1A′ (“B”), and another highly excited and purely
repulsive 1A′ state (“R”).9, 22 PESs of the B and R states have
been recently improved by Schinke and McBane.14 These
PESs are used in the present study and termed SMB PESs.
UV light excites ozone into the B state which gives rise to
both Hartley and Huggins bands.11, 21, 23 In the B state PES
[Figs. 2(a) and 2(c)], the Franck-Condon (FC) point at C2v

a)Electronic mail: Sergy.Grebenshchikov@ch.tum.de

geometry corresponds to a saddle which separates two equiv-
alent Cs symmetric shallow minima. The longer of the two
O−O bonds in each Cs minimum is stretched to Re = 3.20 a0
in the direction of dissociation, and the shorter bond with
Re = 2.28 a0 is close to the bond length in the fragment O2.
The R state PES is purely repulsive [Figs. 2(b) and 2(d)]. The
states B and R form a conical intersection (CI) which lies out-
side the FC zone and near the minima of the B state; the CI
occurs at Cs geometries and is “accidental,” i.e., not tied to a
high-symmetry configuration of the molecule. Cuts through
the diabatic potentials along one O−O bond are shown in
Fig. 2(e). Two spin-allowed channels correlate with the sin-
glet states,24

Eph. > 1.051 eV;

λ < 1180 nm : O3 + ¯ω → O(3P) + O2(X 3�−
g ), (1)

Eph. > 4.000 eV;

λ < 310 nm : O3 + ¯ω → O(1D) + O2(a 1�g). (2)

In the “triplet” channel (1), to which the states X̃ and R
converge, the atomic and molecular oxygens are formed in
their ground electronic states. In the “singlet” channel (2),
both fragments are electronically excited; this channel cor-
relates with the diabatic state B. In the Hartley band, 90%
of photoexcited molecules end up in the singlet channel (2).
This high quantum yield makes the UV photodissociation of
ozone the most important source of the reactive O(1D) radi-
cals in the stratosphere. Between 7% and 9% of the fragments
slide downhill into the triplet channel (1). The remaining
1%–3% of the photoexcited ozone molecules dissociate into

0021-9606/2014/141(7)/074311/15/$30.00 © 2014 AIP Publishing LLC141, 074311-1
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FIG. 1. (a) The UV absorption spectrum of ozone calculated for T=300 K
(curve (3), black line) and the experimental spectrum of Ref. 3 (red line).
The calculated spectrum is shifted by 0.06 eV to higher energies. The se-
quence of spectra (1-3) illustrates the incoherent and coherent contributions
to spectral broadening at 300 K: (1) Spectrum for the B state and one initial
rotational state Ji = �i = 0; (2) spectrum for the B state averaged over the
Boltzmann distribution of rotational states; and (3) spectrum for coupled B
and R states averaged over the Boltzmann distribution. Spectra (1) and (2) are
shifted vertically. (b) Absorption spectrum of the Huggins band. Black line is
the low energy portion of the theoretical curve (3) in panel (a); red line is the
experimental spectrum recorded at 228 K (see Ref. 72). Numbers above ab-
sorption peaks indicate the polyad quantum number P. The calculated band
origin (P = 0) is set to the experimental value of 27 112 cm−1. The intensity
of the calculated spectrum is divided by 10 in order to simplify comparison
with experiment. (c) Absolute value of the experimental (red) and theoretical
(black) autocorrelation function in the first 200 fs following the UV photoex-
citation of a thermal ensemble of ozone molecules. Vertical dashes mark the
experimental recurrence times. Experimental ACF is obtained by a Fourier
transform of the experimental spectrum σ (ω)/ω of Ref. 72.

the three spin-forbidden channels whose thresholds, located
between (1) and (2), correlate with a host of triplet electronic
states.13, 20, 24, 25 Spin-forbidden photodissociation efficiently
competes with the spin-allowed pathways only at wavelengths
λ > 320 nm and is not considered in this paper.

Molecules, photoexcited into the B state, branch between
the singlet and the triplet channels at the conical intersec-
tion between the B and R PESs. Those taking the diabatic
path through the CI, start at the FC point and reach channel
(2) along the B state; those taking the adiabatic path hop to
the R state at the CI and reach channel (1). The branching
space of the Cs-symmetric CI is spanned by the two O−O
bonds, with the longer (i.e., breaking) O−O bond being the
tuning mode [see Figs. 2(a) and 2(b)] and the shorter (i.e.,
“fragment”) O−O bond essentially coinciding with the cou-
pling mode. This suggests that the corresponding product
state distributions—the translational and vibrational in this
case—might bear traces of non-adiabatic dynamics at the CI.

FIG. 2. (a)-(d) Two-dimensional cuts through the PESs of the electronic
states B [(a) and (c)] and R [(b) and (d)] in the plane (R1, R2) of the two
O−O bonds [(a) and (b)] and (R1, α) [(c) and (d)]. The bond angle is fixed
at the FC value of α = 117◦ in (a) and (b); the bond distance is fixed at
R1 = 2.42 a0 in (c) and (d). The energy of the dashed contour/the contour
spacing are 3.6 eV/0.2 eV in panels [(a) and (c)] and 1.2 eV/0.3 eV in pan-
els [(b) and (d)]. Green lines indicate the crossing seam between the dia-
batic B and R states. Blue dot in (a) and (c) marks the FC point. (e) A cut
through the PESs of three electronic states X, B, and R along one O−O bond;
R2 = 2.42 a0 and α = 117◦. (f) A cut through the B state PES along the Ja-
cobi angle θ ; the other two Jacobi distances are fixed close to the minimum
energy along the B/R CI, at R = 3.8 a0 and r = 2.3 a0.

According to a general Landau-Zener type
argument,15, 26, 27 the probability PBR of a transition be-
tween the two diabatic surfaces depends on the average28

Massey parameter ξ , i.e., the product of the energy gap
between the two adiabatic states �E ad and the sojourn time
τ x in the crossing region:

PBR = 1 − exp(−ξ ) = 1 − exp(−�E adτ x). (3)

The motion through the intersection is mainly diabatic if
ξ � 1, and mainly adiabatic if ξ � 1. Molecules moving fast
along the tuning mode (small τ x) tend to dissociate into the
diabatic singlet channel (1), while the slow molecules (large
τ x) are diverted into the adiabatic triplet channel (2). Be-
cause the adiabatic gap grows as the O−O bond stretches,
the Massey parameter depends on the vibrational state of
the “fragment” O2 vibration. One expects molecules with lit-
tle excitation in the short O−O bond to move diabatically
through the CI (small �E ad, small τ x); with growing ex-
citation (larger �E ad, larger τ x), the adiabatic probability
1 − PBR also grows. The intersection acts as a “beam split-
ter” sending vibrationally excited molecules into the adiabatic
channel and vibrationally cold molecules into the diabatic
channel. The influence of the CI on the angular distributions
of the photofragments, quantified—for example—in terms
of the recoil anisotropy parameter β, is difficult to predict
without dynamics calculations. On the one hand, the valence
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angle ÔOO belongs to the “seam space” of the CI and as such
is expected to have only a limited impact on the transition. On
the other hand, the angular distributions in the two channels
might show sensitivity to the difference in sojourn times τ x at
the CI.

In the Hartley energy range, i.e., at energies above the
dissociation threshold of the B state, the transitions from B to
the steep repulsive R state are accomplished within a nearly
single passage through the CI27—the regime favorable for the
application of trajectory surface hopping algorithms.29 Two
such studies have been reported,15, 21, 27 which concentrated on
the kinetic energy release in the “triplet” channel and gave a
qualitative explanation of the measured distributions. A quan-
tum mechanical analysis of the photofragment distributions in
the SMB PESs and their relation to the B/R conical intersec-
tion is still missing.

The present paper reports the integral absorption cross
section and the photofragment angular and product state dis-
tributions in the Hartley/Huggins bands. A generally good
agreement with experiment is found: The calculations repro-
duce (a) the low intensity of spectral fluctuations in the ther-
mally averaged spectrum of the Hartley band and (b) the
highly inverted vibrational distribution in the triplet channel
and the cold vibrational distributions in the singlet channel.
This agreement indicates a high quality of the SMB PESs. The
calculated β parameters in the two channels also agree with
the experimental results in terms of their dependence on pho-
ton energy and the rotational state of fragment O2, although
the agreement is less accurate than for scalar distributions.

The paper is organized as follows. The quantum mechan-
ical calculations of differential and integral absorption cross
sections in rotating ozone are outlined in Sec. II. The absorp-
tion spectrum at room temperature is constructed as an aver-
age over thermally populated rotational states of the parent
ozone and compared with experiment in Sec. III. The calcu-
lated and measured product state distributions are compared
in Sec. IV. The angular distributions of the photofragments
are discussed in Sec. V. Summary and conclusions are given
in Sec. VI.

II. QUANTUM MECHANICAL CALCULATIONS

A. Potentials and transition dipole moments

Accurate potential energy and interstate coupling sur-
faces of the dynamically relevant electronic states are the
main prerequisites of a quantum mechanical study of pho-
todissociation. While several potentials of the B and R states
have been constructed in the past 25 years,10, 12, 21, 30–33 the
SMB PESs of Schinke and McBane promise—according to
the classical trajectory results of Ref. 15 and the present
quantum calculations—to become a “golden standard” in
the description of the near UV photodissociation of ozone.
Electronic adiabatic energies for these states are obtained
using high level ab initio calculations on a dense grid of
three internal coordinates. Smooth quasi-diabatic potentials
VB(R1, R2, α) and VR(R1, R2, α) are determined using “di-
abatization by eye,” i.e., by reassigning the adiabatic ener-
gies around the CI to the apparent diabatic states.14, 21 The

off-diagonal coordinate dependent diabatic coupling element
VBR is constructed separately as a “patch.” The function
VBR(R1, R2, α) is localized at the CI and adjusted to give the
best fit to the energy gap between the adiabatic states along
the crossing seam and to the ab initio non-adiabatic cou-
pling matrix element, evaluated at selected geometries near
the CI.14

Two-dimensional cuts through the SMB PESs, in the
plane (R1, R2) of the two O−O bond distances and in the
plane (R1, α) of one bond distance and the bond angle, are
shown in Figs. 2(a)–2(d). Two equivalent dissociation chan-
nels in Figs. 2(a) and 2(b) correspond to the abstraction of
the oxygen atom from either end of the OOO molecule (cen-
tral O atom cannot be directly removed). The Cs minima of
the B state PES are ∼0.6 eV deep; the barrier between them
passes along the C2v symmetry line and lies slightly above
dissociation threshold of channel (2). The equilibrium angle,
αe = 108◦, is only slightly smaller than that in the X̃ state
(117◦). The R state PES at energies relevant for the dynamics
in the Hartley band, is purely repulsive [Fig. 2(b)]. Both R and
B states are visibly anisotropic [Figs. 2(c) and 2(d)], and the
departing O and O2 fragments experience a deflecting force
even at O · · · O2 distances of 5 a0.

The crossing seam between the diabatic B and R states
is marked green in Fig. 2. In the (R1, R2) plane, the seam
passes close to the Cs minimum of the B state, well outside
the C2v FC zone. In each arrangement channel, the branch-
ing space of the CI between the B and R states comprises the
long bond distance R1 as a tuning mode (along which the en-
ergy gap between the adiabatic states changes the fastest) and
the short bond distance R2 as a coupling mode (along which
the interstate coupling changes the fastest). The valence angle
parametrizes the displacements along the seam of degeneracy
of adiabatic states. A detailed discussion of the properties and
topography of the B/R crossing seam is given in Ref. 14.

Knowledge of the coordinate dependent transition dipole
moment (TDM) vector with the ground electronic state is nec-
essary for the calculation of absolute integral and differential
cross sections. The direct excitation from X̃ into the R state
is neglected: The vertical excitation energy of the R state (Eph
≈ 9 eV) is much higher than the photon energy range stud-
ied in this work and the corresponding TDM is set to zero.
The TDM between X̃ and B states is large in the FC zone,
|μ| ∼ 2 D. The TDM vector lies in the molecular plane de-
noted (y, z) (x axis is perpendicular to the molecular plane):
The transition 31A′ ← X̃1A′ is parallel. The ab initio coordi-
nate dependent components μy(R1, R2, α) and μz(R1, R2, α)
are taken from Ref. 12.

B. Molecular Hamiltonian, initial state,
and cross sections

Photodissociation cross sections for rotating ozone are
calculated by solving Schrödinger equation with the molec-
ular Hamiltonian set in the quasi-diabatic representation,34

Ĥ
0 =

(
T̂ 0

0 T̂

)
+

(
VB VBR

VBR VR

)
. (4)
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T̂ is the standard35 kinetic energy operator for a rotating tri-
atomic, common for both electronic states and specified in the
body fixed frame in Jacobi coordinates (R, r, θ ). Jacobi coor-
dinates comprise the distance R between one oxygen atom and
the center of mass of O2, the O2 distance r, and the angle θ

between the vectors R and r.
Ozone in the ground electronic state X̃ in the rotational

state (Ji, �i) is described by the wave function

X(q|Ji,�i) = ψ
J

i
,�

i

X (q)
∣∣�J

i

M
i
�

i

〉
. (5)

Here Ji is the total (nuclear) angular momentum, �i is the

body-fixed and Mi is the space-fixed projection of Ji, ψ
J

i
,�

i

X (q)
is a given vibrational state, q denotes three Jacobi coordi-
nates, and the rotational basis functions |�J

M
i
�〉 are expressed

via Wigner D-matrices;35, 36 the space-fixed axis ZSF points
along the electric vector of the incident light, the body-fixed
axis ZBF coincides with vector R. In Eq. (5), the parent O3
is treated as a symmetric top with conserved helicity �i (cen-
trifugal sudden (CS) approximation). Unless stated otherwise,
excitations originating from the vibrational ground state in X̃

are considered. Possible rotational transitions in the parallel
optical excitation to the B state are Ji → Jf = Ji, Ji ± 1 and
�i → �f = �i, �i ± 1. The molecule photoexcited into a spe-
cific component (Jf, �f) of the full rovibrational state �0(q|Jf)
has the wave function

�0(q|Jf ,�f ) = 〈1δ, Ji�i |Jf �f 〉 (μ)δ ψ
J

i
,�

i

0 (q)
∣∣�J

f

M
i
�

f

〉
.

(6)

Here 〈 · , · | · 〉 is the Clebsh-Gordon coefficient, δ ≡ �f
− �i = 0 or 1, and (μ)δ are the spherical projections of
the TDM vector μ: (μ)δ=0 = μz and (μ)δ=+1 = −(μy)/

√
2.

The total wave function �0(q) in the B state immedi-
ately after photoexcitation is a linear combination of all
�0(q|Jf, �f) with the allowed values of (Jf, �f).

36 The
electronic component in the R state is initially empty.
The initial state �0(q|Jf) for each Jf is propagated sepa-
rately in order to evaluate photodissociation cross sections,
both differential, dσα,v,j (Eph|Jf ← Ji)/d ωk , and integral,
σα,v,j (Eph|Jf ← Ji) or σ (Eph|Jf ← Ji).

A. The total absorption cross section σ (Eph|Jf ← Ji) for
a given Jf is calculated, in the time-dependent formulation,37

as a Fourier transform of the autocorrelation function,

σ (Eph|Jf ← Ji) = 2πEph

3cε0

∫ ∞

0
〈�0 |�(t) 〉eiEpht dt

= 2πEph

3cε0

∫ ∞

0
〈�0|e−iH0t |�0〉eiEpht dt, (7)

and the photon energy Eph is measured from the rovibra-
tional energy level EX(Ji, �i) in X̃. The cross section is av-
eraged over the projections Mi, and ¯≡ 1 is set. Equivalently,
σ (Eph|Jf ← Ji) can be expressed as an expectation value of
the time-dependent Green’s function,38

σ (Eph|Jf ← Ji) = πEph

3cε0

〈�0(q|Jf )|ImG+(Eph)|�0(q|Jf )〉.

(8)

The full spectrum for a given initial state X(q|Ji, �i), is a
sum,

σ (Eph|Ji,�i) =
∑

J
f

σ (Eph|Jf ← Ji), (9)

restricted to the allowed values of Jf. The temperature depen-
dent absorption spectrum has been constructed by further av-
eraging σ (Eph|Ji, �i) over the normalized Boltzmann popula-
tion PJ

i
,�

i
(T ) of the initial states (Ji, �i),

σ (Eph, T ) =
∑
J

i
,�

i

PJ
i
,�

i
(T )σ (Eph|Ji,�i). (10)

Values of Ji up to 50 are necessary to simulate absorption at
T = 300 K, and these calculations are based on the CS approx-
imation: The Coriolis coupling is neglected and each com-
ponent �0(q|Jf, �f) is processed separately. For Ji ≤ 5, test
calculations including all �f blocks for each Jf and fully ac-
counting for Coriolis coupling have also been carried out. The
spectra σ (Eph|Ji, �i) obtained with and without CS approxi-
mation are in excellent agreement.

B. Partial cross sections σα,v,j (Eph|Jf ← Ji) for pho-
todissociation into a given scattering channel (α, v, j ), la-
beled by the electronic (α), vibrational (v), and rotational (j)
quantum numbers of the fragment O2 molecule in a state with
the eigenfunction χαvj (r, θ |Jf ,�f ) and the eigenvalue εαvj ,
are given by36, 39

σα,v,j (Eph|Jf ← Ji) = 2π2Eph

cε0

|〈ψ−
αvj (Eph)|�0(q|Jf )〉|2.

(11)

They are proportional to the square of the amplitude with
which the energy-normalized scattering state ψ−

αvj with the
incoming wave in channel (α, v, j ) enters �0. Once the par-
tial cross sections are averaged over the ZSF-projections Mi of
J i and summed over the ZSF-projections mj of j, they can be
further reduced into the rotational (P (v, j )) and vibrational
(P (v)) product state distributions, and the electronic branch-
ing ratios B(α). In the time dependent method due to Balint-
Kurti and co-workers,36, 40 the averaged partial cross sections
are expressed in terms of photodissociation matrix elements
Tαvj (Jf ,�f ), related to the scattering amplitude in Eq. (11)
and calculated via Fourier transform of the cross correlation
function,

σα,v,j (Eph|Jf ← Ji)

= 2πEph

3cε0

2Jf + 1

2Ji + 1

∑
�

f

|Tαvj (Jf ,�f ,Eph|R∞)|2, (12)

Tαvj (Jf ,�f ,Eph|R∞)

=
(

kαvj

μR

) 1
2

e
−ik

αvj
R∞

∫ ∞

0

(
χαvj |e−iH0t |�0

)
R∞

e
iEpht dt. (13)

Here μR is the O/O2 reduced mass and kαvj = [2μR(Eph

− εαvj )]1/2 is the channel momentum. The cross correlation
function is constructed by projecting the evolving wavepacket
�(t) onto the internal states χαvj (r, θ |Jf ,�f ) at the “analy-
sis line” R = R∞ in the asymptotic region,40 and integration
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in round brackets (·| · |·)R∞
is carried out only over the co-

ordinates θ and r. An equivalent expression in terms of the
Green’s function is similar to Eq. (8),

Tαvj (Jf ,�f ,Eph|R∞)

=
(

kαvj

μR

) 1
2

e
−ik

αvj
R∞ (χαvj |ImG+(Eph)|�0)R∞

. (14)

The partial cross sections reported in this work are calculated
for Ji = 0 (implying Jf = 1 and �f = 0, 1).

C. The angular distribution of the photofragments in
channel (α, v, j ), averaged over the initial projections Mi
and summed over the final projections mj, can be expressed
through the same T-matrix elements,36

dσα,v,j (Eph)

d ωk

≡ Iα,v,j (θk, φk)

= 1

4π

2π2Eph

cε0

1

2Ji + 1

∑
M

i

∑
m

j

∣∣∣∣ ∑
J

f
,�

f

(2Jf + 1)
1
2

×D
J

f

M
i
�

f
(φk, θk, 0)

(
1 Jf Ji

0 −Mi Mi

)

×D
j �

m
j
�

f
(φk, θk, 0)Tαvj (Jf ,�f ,Eph)

∣∣∣∣2

,

(15)

where angles (θ k, φk) = ωk describe the orientation of the rel-
ative momentum of the recoiling O and O2 with respect to the
space-fixed axis ZSF. The angular distribution Iα,v,j is cylin-
drically symmetric about ZSF, and has a universal dependence
on polar angle θ k,41

Iα,v,j (θk, φk) = σα,v,j (Eph)

4π
(1 + βα,v,jP2(cos θk)). (16)

For Ji = 0, the fully fragment state resolved anisotropy
parameter βα,v,j is expressed through the matrix elements
Tαvj (Jf ,�f ) simply as

βα,v,j (Eph) = 2|Tαvj (1, 0)|2 − 2|Tαvj (1, 1)|2
|Tαvj (1, 0)|2 + 2|Tαvj (1, 1)|2 . (17)

Anisotropy parameters βα,v (for a given vibrational state v)
and βα (in a given electronic channel α) are calculated with
the same equation, in which the matrix elements |Tαvj |2 are
replaced with

∑
j |Tαvj |2 and

∑
vj |Tαvj |2, respectively.

In practice, calculations of the T-matrix elements and
cross sections via Eqs. (8), (14) and (15) are performed in
several steps. First, the outgoing boundary conditions are ap-
proximately imposed in the asymptotic region by augmenting
Ĥ0 with a complex absorbing potential −iW (Re W > 0),42

Ĥ = Ĥ0 − i W 1. (18)

Here 1 denotes the 2 × 2 unit matrix, and the same coordi-
nate function W is used in both electronic channels. Next, the

vector Im G+(E) �0(q|Jf) is approximated by the expansion

Im G+(E) �0(q|Jf ) �
Niter∑
n=0

[Re bn(E)] �n, (19)

in which bn(E) are the usual energy-dependent factors,43

while the vectors �n are found from a modified Chebyshev
recursion relation.44 Finally, the Chebyshev autocorrelation
coefficients cn = 〈�0(q|Jf)|�n〉 with the initial state and the
cross correlation coefficients xn = (χαvj |�n)R∞

are evaluated.
All cross sections are reconstructed from {cn} and {xn}. The
expansion length, Niter, is a convergence parameter of the cal-
culation.

We also performed calculations with the initial state

�̃0(q) = |μ(q)|X(q|0, 0), (20)

which is the product of the absolute value of the TDM and the
ground vibrational state of the non-rotating ozone in X̃. Such
initial state, violating the optical selection rules encoded in
Eq. (6) and corresponding to a Ji = 0 → Jf = 0 transition,
is often used in calculations of absorption spectra and partial
cross sections.45 Direct comparison, presented below, demon-
strates that the resulting product state distributions are very
close to those calculated for Jf = 1.

C. Numerical details

The Hamiltonian, Eq. (4), is set in DVR46 with the grid
comprising 200 potential-optimized47 points in R ∈ [1.8,
10.0] a0, 140 potential-optimized points in r ∈ [1.8, 7.0] a0,
and Nθ = 160 Gauss-associated Legendre quadrature points
in angle. The grid is contracted by retaining only points with
potential energy below Vcut = 12.5 eV above equilibrium in
X̃. Niter = 30 000 Chebyshev iterations are sufficient to con-
verge the absorption spectrum and the partial cross sections.
The complex absorbing potential −i W is set via a coordinate
dependent damping function γ (Q) (Q = R or r) as described
in Refs. 38, 44, and 48. It becomes non-zero in a 1.0 a0-wide
strip at the grid edge, grows quadratically as a function of
O/O2 distance inside the strip, and reaches the strength of 0.10
at the grid edge. The asymptotic “analysis line” is chosen at
R∞ = 8.5 a0.

The temperature dependent absorption spectrum is recon-
structed from spectra calculated on the grid of initial angular
momenta Ji between 0 and 50 with the step of �Ji = 5; the
body-fixed projections �i range from 0 to 6 (��i = 2). With
these settings, cross sections at temperatures up to T ∼ 300 K
can be evaluated.

III. THERMALLY AVERAGED ABSORPTION
SPECTRUM

The quantum mechanical absorption spectrum at
T = 300 K is plotted against photon energy Eph in Fig. 1(a)
[curve (3)]; the calculated spectrum is shifted by 0.06 eV
to higher energies. The width of the spectral envelope is in
good agreement with the experimental spectrum of Freeman
et al.3 (red line). The maximum absorption cross section devi-
ates from experiment by less than 10% reflecting the quality
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of the TDM function. Most remarkably, the relative intensi-
ties of diffuse structures are small compared to the intensity
of the spectral envelope, also in agreement with the experi-
mental results. Thus, the SMB PESs are the first set of fully
ab initio potentials which allows a quantitative reproduc-
tion of the low-amplitude spectral fluctuations in the Hartley
band.

Previous ab initio studies of the high resolution Hart-
ley spectrum10, 17, 21, 31, 49 reported the absorption envelope
strongly congested by intense narrow resonance-like features.
The authors discussed two mechanisms which could attenu-
ate the intensity of spectral fluctuations to the level observed
in spectra at 200–300 K: First, the incoherent Boltzmann av-
eraging over absorption spectra with different initial angular
momenta of the parent ozone; second, the non-adiabatic tran-
sitions at the B/R CI which lead into the triplet channel (1)
and additionally broaden individual spectral lines. The present
calculations, based on the SMB PESs, offer an insight into the
relative importance of these two mechanisms. Their contri-
butions to the calculated spectrum are illustrated in Fig. 1(a)
for T = 300 K. Curve (1) shows the spectrum corresponding
to the initially non-rotating ozone excited in the isolated B
state (coupling to R is set to zero). Both the incoherent and
the non-adiabatic mechanisms are switched off. The spectral
envelope is visibly distorted by fluctuations corresponding to
many densely spaced resonance states located near the poten-
tial saddle in the FC zone. The intensity of resonance peaks is
substantially attenuated compared to previous PESs of the B
state (see, for example, Fig. 3 of Ref. 21). This is a new feature
of the SMB PES without which diffuseness of the spectrum in
the full calculation would be hard to achieve. Curve (2) illus-
trates the impact of thermal averaging on diffuse structures.
This spectrum is calculated by taking a Boltzmann weighted
sum over many spectra with different initial rotational states
(Ji, �i), all calculated with the isolated B state. Spectral fluc-
tuations are dramatically reduced indicating that it is the ther-
mal mechanism which is dominant in the Hartley band. The
effect is achieved by summing over a large number of over-
lapping resonances whose positions slightly shift as Ji and
�i vary. Curve (3) demonstrates how the intensity of spec-
tral fluctuations is brought to the observed level by combin-
ing the thermal averaging with the non-adiabatic two-state
dynamics.

The thermally averaged quantum mechanical spectrum
remains essentially accurate also in the low energy range be-
tween 27 000 cm−1 and ∼31 700 cm−1. This energy range,
containing the weak Huggins bands, is shown in Fig. 1(b).
Apart from a few hot bands,50 the chain of experimental
absorption peaks corresponds to excitations of multiplets of
vibrational states (polyads with the quantum number P) sup-
ported by the shallow Cs wells of the B state.51 The calcula-
tion reproduces the positions of the absorption peaks and the
nearly exponential rise of their intensity with growing Eph.
The widths of the absorption bands (∼120 cm−1) are also sim-
ilar to those in the observed spectrum. These widths reflect
the energetic spread of the polyads in the B state; individual
states in each polyad are merged under the common envelope
because of the inhomogeneous broadening many initial rota-
tional states of the parent molecule. The homogeneous width

is due to diabatic transitions from the B state into the dissocia-
tive continuum of the repulsive R state and is merely 2.2 cm−1

for the P = 0 band (this is found in a calculation performed
for a single rotational state). Small homogeneous width im-
plies weak diabatic coupling between B and R. For the vibra-
tionally excited states with P > 0, the homogeneous widths
vary between 0.2 cm−1 and 5 cm−1 and remain much smaller
than the inhomogeneous limit. An experimental estimate52 of
the homogeneous linewidth, ∼2 cm−1, lies within the range
covered by the calculated values.

One of the remaining puzzles in Hartley spectrum is the
origin and the assignment of residual diffuse bands between
32 000 cm−1 and 42 000 cm−1. The spacings between the
broadened peaks vary between 150 cm−1 and 320 cm−1 and
do not form any easily recognizable regular pattern. Peak in-
tensities change in an irregular fashion, indicating that the
bands are probably the result of overlap of several lines.
In a previous study,21 we constructed low-resolution “band
states”, i.e., linear combinations of many highly vibrationally
excited resonance states corresponding to the broadened ab-
sorption peaks,53 and used them to illustrate that dominant
excitations in the Hartley band involve the symmetric and the
antisymmetric stretching modes. Nevertheless, the complex-
ity of nodal patterns rendered a consistent vibrational assign-
ment of progressions impossible. This probably explains why
several previous attempts of traditional assignment in the fre-
quency domain6–8 encountered considerable difficulties.

Under these circumstances, the assignment in time do-
main might be better suited for interpretation of the dif-
fuse structures. This approach was advocated by Johnson
and Kinsey,16–18 who capitalized on the observation that the
Fourier transform of the measured spectrum gives an appeal-
ingly simple autocorrelation function [Fig. 1(c)], which de-
cays fast and shows only four recurrences at 41 fs, 69 fs,
100 fs, and 128 fs. This implies a simple behavior of the ini-
tial excitation in time domain.16–18 Figure 1(c) also shows
the theoretical autocorrelation function ST(t) calculated as
a Boltzmann average over individual correlation functions
S(t|Jf ← Ji) for different initial states (Ji, �i). The calculated
and the experimental autocorrelation functions are in good
agreement, both in terms of the recurrence times and the re-
currence amplitudes. In particular, the gradual increase of the
recurrence amplitudes with increasing recurrence time is well
reproduced in the calculation, although the amplitude of the
longest recurrence near 128 fs is underestimated. The calcu-
lated temperature dependence of the recurrence amplitudes
is also in good agreement with experiment18 (not shown in
Fig. 1).

Johnson and Kinsey established a relation between the
recurrence times and the periods of certain unstable periodic
orbits trapped in the vicinity of the potential ridge separating
two dissociation channels in the B state.16 Each recurrence
time corresponds to a specific short-period classical orbit,16

and at least four such orbits guide the early time dynamics
of the initial wavepacket.21 The assignment in time domain
provides an explicit visualization of molecular motions be-
hind the absorption bands. The exact shapes of these orbits
(see, for example, Refs. 16, 19, and 21) are similar for dif-
ferent PESs, implying the universal character of the proposed
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assignment; they reflect complicated motions of three oxygen
atoms excited ∼1.0 eV above the Cs minima of the B state.

IV. WAVELENGTH RESOLVED PHOTOFRAGMENT
DISTRIBUTIONS

In this section, the quantum mechanical rotational, vibra-
tional, and kinetic energy distributions of O and O2 calculated
for Jf = 1 are compared with the available experimental data.
While the absorption spectrum reflects mainly the dynamics
in the FC zone, the distributions over final states are sensi-
tive to the details of the PESs probed by departing fragments
between the FC zone and the dissociation channels.

All photoexcited molecules pass through the CI between
B and R states, and the coupling of the electronic and nuclear
motions is inevitably imprinted in the O/O2 distributions. The
most direct consequence of the two state dynamics is simulta-
neous population of two electronic channels across the Hart-
ley band.13, 24, 54, 55 Between 90% and 92% of the fragments
end up in the singlet channel (2) diabatically connected to the
bright B state, while 8% to 10% follow the adiabatic route
into the triplet channel (1). The small branching ratio is an-
other indication that the diabatic coupling at the CI is weak.

According to Fig. 2, the breaking O−O bond acts as the
coupling mode at the CI, while the shorter “fragment” O−O
bond is the tuning mode. Asymptotically, the tuning and the
coupling modes correspond to the O...O2 separation and the
vibrational coordinate of O2, respectively. Thus, the dynamics
in the branching space are expected to show up in the kinetic
energy distribution (the total kinetic energy release, TKER)
and in the product vibrational distribution. The rotational state
distribution of O2 correlates with the motion along the seam
mode (the valence angle), i.e., with the domain which is com-
monly considered to be least influenced by the non-adiabatic
dynamics.

A. Rotational state distributions

The calculated rotational distributions of the O2 frag-
ments are shown in Fig. 3 for the singlet [(a)–(c)] and the
triplet [(d)–(i)] electronic channels for several vibrational
quantum numbers v of O2 at two wavelengths near the max-
imum of the Hartley band. The rotational distributions for
v = 0 are bell shaped and peaked at j � 1 (the observation
commonly rationalized in terms of the rotational reflection
principle45), with the average excitation in the more exother-
mic triplet channel, 〈 j〉 ∼ 75, being substantially larger than in
the singlet channel, 〈 j〉 ∼ 25. The reason is that the fragments
sliding down the steep repulsive potential of the R state are
exposed—on average—to a stronger torque than those climb-
ing up the attractive portion of the B state potential. The ro-
tational O2 distributions in non-rotating ozone (black dashed
lines) are virtually indistinguishable from those for Jf = 1.
This is expected, because the energy of the overall rotation in
the Jf = 1 state is merely a few cm−1, i.e., small on the scale
of either the photon or the internal O2 energies.

In the singlet channel, the calculations reproduce the
main features of the distributions measured by Valentini et al.
for even values of j,56 including widths of the probability

FIG. 3. Rotational state distributions of the O2(α) diatom in the electronic
channel α = 1�g at 240 nm [(a)-(c)] and α =3�−

g at 248 nm [(d)-(i)] for
several specified values of the vibrational quantum number v of O2(α). Solid
lines represent distributions calculated for Jf = 1; black dashed lines are cal-
culated for non-rotating ozone. Circles are the experimental distributions of
Ref. 56 [(a)-(c)] and Ref. 57 [(g)-(i)] for the even (solid) and odd (open) val-
ues of j. Experimental and calculated distributions are normalized to the same
area in each frame; calculated distributions in (d)-(f) are normalized to unit
area.

envelopes and the shifts of their maxima to smaller j with
growing v. For v = 0 [Fig. 3(a)], the calculations predict a
distribution peaking at j = 32, while the experimental distri-
bution peaks at j = 36. Similar discrepancies are observed
for v = 0 at other wavelengths, too. For v > 0, the agree-
ment with the experimental distributions is nearly perfect. On
the other hand, the substantial difference in populations of
the even and odd j states in the singlet channel, observed in
Ref. 56, is not reproduced in our symmetry adapted calcula-
tions. A brief discussion, summarizing our results, is given in
Appendix A.

Rotational distributions in the triplet channel (1) are
shown in panels [(d)–(i)] and compared with the measure-
ments of Daniels and Wiesenfeld57 in panels [(g)–(i)]. Only
states with j ≤ 55 are reported in Ref. 57 rendering com-
parisons with theory somewhat arbitrary. Calculations predict
population of similar j states; the widths of the calculated and
measured distributions seem to be consistent with each other.
Some differences are also apparent. The experimental distri-
butions show hardly any dependence on v, while our calcu-
lations predict a substantial shift toward smaller j values as
v grows. Nevertheless, the calculated distributions are hotter
than the measured ones. A similar trend has been recently ob-
served at longer wavelengths, in the tail of the Huggins band:
Measured rotational distributions for λ ≥ 320 nm are notice-
ably colder than those calculated using the SMB PESs.20

Rotational excitations in two electronic channels are
compared in Fig. 4(a) which shows the average rotational
energy,

〈Erot(α)〉 =
∑
vj

εα v=0 jPα(v, j ),
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FIG. 4. Average rotational (a), vibrational (b), and translational (c) ener-
gies of the photofragments in the singlet (blue) and triplet (red) channels
as functions of photon energy. Solid and open circles in panel (b) are average
vibrational energies for the distributions fitted with the FC mapping model
described in Sec. IV B. Inset in (b) shows the “parent” O−O length Re recon-
structed using FC mapping at several photon energies. Open (solid) circles
refer to the singlet (triplet) channel.

as function of the photon energy. Here εαvj is the asymptotic
state of O2(α) and Pα(v, j ) is the normalized rovibrational
distribution in channel α. Rotational excitation in the triplet
channel is always stronger than in the singlet channel, but in
either case it never exceeds 20% of the kinetic energy release.
For Eph growing from 4.6 eV to 5.6 eV, 〈Erot(α)〉 grows by
about 0.2 eV, independently of the electronic channel—both
lines are nearly parallel.

B. Vibrational state distributions

Vibrational distributions reflect the energy content of
the coordinate which at the CI plays the part of the cou-
pling mode, and distributions in the complementary electronic
channels in Fig. 5 are remarkably different. The distinction
between channels is clearly seen both in the ion imaging ex-
periment of Houston58 and in the calculations.

In the singlet channel [Figs. 5(a) and 5(b)], the measured
and the calculated distributions peak at v = 0 and decrease
monotonically as v grows and reaches the maximum energet-
ically allowed value. This shape is preserved with growing
Eph, and only the tail of the distribution gradually extends to
larger v. As a result, the average vibrational excitation,

〈Evib(α)〉 =
∑
vj

εαv j=0Pα(v, j ),

depends weakly on photon energy in this channel [Fig. 4(b)] .

FIG. 5. Vibrational state distributions of the O2(α) diatom in the electronic
channel α = 1�g [(a) and (b)] and α =3�−

g [(c) and (d)] for several indi-
cated wavelengths. Calculations for Jf = 1 are shown with histogram boxes,
experimental data are shown with solid circles. Distributions in (a) and (b)
are normalized to unit area. Distributions in (c) and (d) are normalized to the
unit area for v ≤ 15 and v ≤ 20, respectively.

In the triplet channel [Figs. 5(c) and 5(d)], the distribu-
tions are strongly inverted: The probability rises from a small
value at v = 0 toward a maximum lying, depending on Eph,
between v = 5 and 12 and then steeply decreases to zero. Cal-
culated and measured distributions are in good agreement for
v ≤ 15 or so. For v > 15 − 20, theory and experiment dis-
agree: In the calculated distributions, these states are empty,
while in the measurements all states up to the maximum al-
lowed by energy conservation are populated. It is argued59

that the high v end of the experimental distribution is formed
via a mechanism involving highly electronically excited states
of O2 (the so-called Herzberg states60) as intermediates. This
mechanism is not included in the present calculations. The
quantum mechanical distributions are qualitatively similar to
the semiclassical distributions calculated by McBane et al. us-
ing trajectory surface hopping.15 The main difference is in the
population of states with v ≈ 0, which is substantial semi-
classically, but small quantum mechanically; the experimental
population near v = 0 is negligible. The average vibrational
excitation in the triplet channel depends strongly on photon
energy [Fig. 4(b)]: 〈Evib〉 increases by 0.8 eV as Eph grows
over 1.0 eV, i.e., almost all extra photon energy goes into heat-
ing of the O2(3�−

g ) vibrations. This is three times the increase
registered for the singlet channel.

The shape of vibrational distributions can be understood
using projections of the initial wavepacket onto the final vi-
brational states of the O2 fragments. This simple “FC map-
ping” model61 is used to fit the calculated distributions and
to illuminate an important dynamical difference between the
two channels. Quantum mechanical distributions are fitted to
a product of vibrational and translational FC factors:

Pα(v) ≈ FCvib(v; Re − R0
e ) · FCtrans(Eph − (v + 1/2)¯ω).

The “parent” and the fragment vibrations are treated as har-
monic oscillators, rotations are ignored, and the two channels
are considered separately. The vibrational FC factor depends
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on the shift of the equilibrium O−O bond length in the parent
ozone, Re, relative to the O−O bond length R0

e in the fragment
O2(3�−

g ,1 �); R0
e ≈ 2.30 a0 is assumed to be known, while Re

is a fitting parameter in the model. Another fitting parameter
is the width of the bell-shaped “spectrum” FCtrans along the
translational energy axis Etrans = Eph − (v + 1/2)¯ω. With
the fitted distributions, the average energies 〈Evib〉 are calcu-
lated for several photon energies. Figure 4(b) demonstrates
that this ultra-simple model is capable of reproducing the
quantum mechanical dependences 〈Evib〉 vs Eph in both elec-
tronic channels. The fitted O−O bond distances in O3(X̃)
are shown in the inset in Fig. 4(b). In the singlet channel,
in which 〈Evib〉 is virtually independent of Eph, the fit pre-
dicts Re = 2.42 a0 for all energies, which coincides with
the equilibrium value in the ab initio PES of the X̃ state;21

the difference between O−O bond lengths in O3(X̃) and O2,
(Re − R0

e ) ∼ 0.10 a0, is small for this channel, as expected. In
the triplet channel, the FC mapping reproduces the steep de-
pendence of 〈Evib〉 versus Eph, too. However, the fitted O−O
bond, Re ∼ 2.6 a0 − 3.0 a0, is strongly energy dependent and
incompatible with the ab initio O−O bond length in O3(X̃).

The difference in the fitted Re values in the two channels
is a direct reflection of the difference in slopes of the 〈Evib〉
vs. Eph curves. On a somewhat different level, the difference
in the fitted Re values results from an essential distinction be-
tween the diabatic (singlet channel) and the adiabatic (triplet
channel) passage through the B/R CI. In order to illustrate the
physical origin of this difference and of the anomalously ex-
tended O−O bonds, which the FC mapping model predicts in
the triplet channel, we consider the components of the evolv-
ing wavepacket calculated for a fixed photon energy,

�(q|Eph) =
∫ ∞

0
e−i H t �0(q) e

iEpht dt. (21)

The resulting stationary states |α|2 in both electronic chan-
nels α are shown in Fig. 6 in Jacobi coordinates for two val-
ues of Eph. The clearly visible oscillations in the fragment
O−O bond r, which the probability maxima trace out in either
channel, resemble the familiar classical trajectories describing
the recoiling vibrationally excited products. In the B state, in
which the initial excitation resides, the amplitude of oscilla-
tions is small and neither the CI nor the photon energy have
any visible impact on the wave function: The oscillations are
caused by the slight mismatch in the equilibrium O−O bonds
in O3(X̃) and in O2(1�), and the FC mapping model accu-
rately catches this effect.

In the R state, the molecules emerge with a visibly over-
stretched O2 bond. This overstretching of the coupling mode,
found in all calculated wave functions along the adiabatic path
through the CI region, is the “mechanistic” origin of the in-
verted vibrational distributions in the triplet channel. For Eph
= 4.66 eV (λ = 266 nm), the probability density in the R
state emerges at the short bond stretched to r ≈ 2.6 a0; for
Eph = 5.17 eV (λ = 240 nm), the short bond is stretched
to r ≈ 2.8 a0. Arrows in Fig. 6 mark O2 bond lengths pre-
dicted by the FC mapping model for these energies and indi-
cate a remarkable agreement: Apparently, it is this extended
short bond at the CI in the R state which the model reverse

FIG. 6. Contour maps of the fixed energy components |
α
|2 of the evolving

wavepacket in the electronic states B (left panels) and R (right panels) shown
in the plane (R, r) of the two Jacobi stretching coordinates for two indicated
photon energies; only one arrangement channel is shown. The wave functions
|

α
|2 are integrated over the Jacobi angle θ . The wave functions are super-

imposed on the contour maps of the B and R potentials taken at θ = 134◦.
Thick green lines show the position of the B/R crossing seam. Red arrows
mark the O−O bond distances Re, predicted by the FC mapping model for
the singlet and the triplet channels for the same photon energies.

engineers as an “initial condition” from the vibrational dis-
tributions in the triplet channel. It has been pointed out in
Refs. 15, 21, and 27 that the semiclassical Landau-Zener tran-
sition probability into the triplet channel, Eq. (3), grows with
growing short O−O bond length at the CI. Indeed, an over-
stretched coupling mode implies large �E ad and long τ x .
These average values are encoded in the vibrational distribu-
tions. The length of the initial O−O bond in the R state grows
with Eph, and this is the reason for the strong increase of the
vibrational excitation of O2(3�−

g ) fragments with Eph. A de-
tailed study of the quantum mechanical transition probability
and the energy redistribution near the B/R CI is reported in a
separate paper.62

C. Kinetic energy distributions

The kinetic energy release tracks photodissociation dy-
namics along the O/O2 coordinate corresponding to the tun-
ing mode of the CI. Due to conservation of the sum of the
internal, Eint, and the translational, Etrans, energies

Eph = Etrans + Eint,

TKER is complementary to the above rovibrational distribu-
tions. The quantum mechanical TKERs are compared with
the experimental data of Houston58 in Fig. 7.

In the singlet channel [Figs. 7(a) and 7(b)], TKER is
modest because the energy in excess of dissociation threshold
of the B state (D0 = 3.95 eV) is relatively small. Fragments in
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FIG. 7. TKER of O/O2 fragments in the singlet channel at 289 nm (a) and
268 nm (b) and in the triplet channel at 266 nm (c), and 226 nm (d). Solid
lines are calculations for ozone in the rotational state Jf = 1. Experimental
distributions from Ref. 58, at 285 nm (a), 265 nm (b), 266 nm (c), and 226 nm
(d) are shown with dashed lines. Distributions in (a) and (b) are normalized
to unit area. Distributions in (c) and (d) are normalized to the unit area in the
interval 1.6 eV < Eph < 4.5 eV.

this channel populate low rotational states, and the vibrational
structure is clearly resolved in the TKER “spectrum.” Peak
intensities are vibrational populations, and the agreement or
mismatch between theory and experiment mirror the accuracy
with which vibrational distributions are reproduced. Transla-
tional distributions are inverted, with the maximum intensity
achieved at the largest kinetic energy corresponding to the vi-
brational state v = 0.

The translational distributions in the triplet channel
[Figs. 7(c) and 7(d)] differ strongly from those in the sin-
glet channel. The kinetic energies lie between 1 eV and 4 eV
and the peaks of individual vibrational states are unresolved
under the broad envelope. The calculated and the experimen-
tal TKERs compare well above Etrans ∼ 1.2 eV, although the
calculated distributions fall off somewhat faster around the
highest Etrans. Strong disagreement between theory and ex-
periment at low translational energies, corresponding to the
extremely vibrationally excited fragments, has been observed
also in the classical trajectory calculations15 and attributed to
the Herzberg-state mechanism mentioned in Sec. IV B.59

A comparison of the kinetic energy distributions in the
two channels is affected by the difference in excess ener-
gies. The triplet channel is located nearly 3 eV below the
singlet one, and much of this energy surplus ends up in the
translational motion as O and O2 accelerate down the steep
R state potential. Less influenced by the threshold energy
differences are the dependences of the average translational
energies 〈Etrans〉 on Eph shown in shown in Fig. 4(c). The
average TKER in the singlet—diabatic—channel grows by
+0.5 eV as Eph increases over 1.0 eV. The change of the aver-
age TKER in the triplet—adiabatic—channel over the same
range is −0.1 eV. These distinctly opposite trends, which
result from the distinctly different average vibrational ener-

gies shown in Fig. 4(b), is a signature which the B/R CI im-
prints on TKERs in the two complementary channels: The
vibrational excitation in the coupling mode along the adia-
batic path through the CI clearly affects the 〈Etrans〉 versus
Eph dependence. The impact on 〈Etrans〉 is strong because the
coupling mode in this reaction is a “conserving” vibrational
high-frequency mode present in the parent molecule and in
the fragment.

V. ANGULAR DISTRIBUTIONS OF THE
PHOTOFRAGMENTS

The calculated angular distributions are averaged over the
projections mj of the O2 angular momentum j on the direc-
tion of laser electric field and characterized in terms of the
anisotropy parameter β. The averaged angular distributions
are indirectly related to photodissociation lifetimes.41, 63 In the
limiting case of fast dissociation along one O − O bond (im-
pulsive model, Refs. 41 and 64), the anisotropy parameter is
estimated from the equilibrium valence angle in the parent
ozone (117◦), giving βval = 1.18. An alternative (and prob-
ably kinematically more sound) assumption is that fast dis-
sociation takes place along the initial direction of the Jacobi
vector R connecting the departing O atom with the center of
mass of O2; this gives β jac = 1.8. These two estimates are not
very restrictive: They bracket a considerable part of the in-
terval [− 1, 2], to which β is limited, and cover most of the
actual range of variation of β observed in the experiment and
in the calculations. Nevertheless, they both predict essentially
positive β, as expected41 for a parallel transition. Deviations
from these predictions might point to the effects associated
with (a) the switching of the direction of dissociation; (b) the
finite lifetime; and (c) the influence of the conical intersec-
tion. Below we compare the experimental and the calculated
wavelength and final state resolved anisotropy parameters in
the two electronic dissociation channels.

A. Singlet channel

The β parameters in channel (2) are shown in Fig. 8.
Solid lines show βO1D calculated with contributions of all vi-
brational states v of the fragment O2; symbols represent mea-
sured v-resolved anisotropy parameters. Both measured and
calculated β are large and positive, in agreement with the par-
allel character of the B ← X̃ transition. The calculation with
Jf = 1 slightly overestimates the experiment, but the deviation
lies within the experimental uncertainty reported in Ref. 65
and is almost independent of the excitation energy. In partic-
ular, the rise of βO1D with decreasing Eph (growing λ) is well
reproduced. The calculated v-resolved anisotropy parameters
βO1D,v are shown with dashed lines. The parameter βO1D,v=0
for v = 0 is the largest across the Hartley band; βO1D,v=1 con-
sistently gives the lower bound; β parameters for v > 1 lie
between these two limits.

The increase of β with decreasing photon energy might
appear counterintuitive: Molecular decay is slow at disso-
ciation threshold, and one expects that the axial recoil ap-
proximation breaks down and the anisotropy parameter re-
duces to the long lifetime limit63, 64 of β ≈ 0.30. Houston and
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FIG. 8. Measured (symbols, Ref. 65) and calculated (solid and dashed lines)
anisotropy parameters in the singlet channel. Experimental β values for the
vibrational quantum numbers v = 0 − 3 of O2(1�) are shown with different
symbols. Solid lines refer to the average βO1D values: Black line near 1.83
is a quantum mechanical calculation with Jf = 1 but the Coriolis coupling
switched off; the blue line is a calculation with the Coriolis coupling “on”;
and the red line is a calculation with the Coriolis coupling strength amplified
by a factor of ξ = √

2. Dashed lines show βO1D,v
for v = 0 − 2 calculated

with the Coriolis coupling “on.” Shaded area indicates the uncertainty of the
experimental data.

co-workers65 suggested that increasing β implies that ozone
at small photon energies tends to “open up” and bend toward
linearity.

The quantum mechanical results point to the strength
of the Coriolis coupling as one reason for the observed
βO1D(Eph) dependence, at least in the calculation. This is il-
lustrated in Fig. 8. The Coriolis coupling terms in the Hamil-
tonian are proportional to the matrix elements

C±
J

f
� = ξ (Jf (Jf + 1) − �f (�f ± 1))1/2 (22)

with ξ = 1 in a “regular” calculation. Changing ξ allows one
to vary the effective Coriolis strength within the calculation
with a fixed Jf and thus to stress the purely Coriolis effect.
The black solid line in Fig. 8 shows βO1D calculated with ξ

= 0, i.e., without Coriolis coupling. In this case, the β pa-
rameter has a constant value of 1.83, which is close to β jac
estimated above in the impulsive model. Without Coriolis in-
teraction, β is determined solely by the initial populations,
|Tα(1, 0)|2 ∝ |μz(FC)|2 and |Tα(1, 1)|2 ∝ |μy(FC)|2, of states
�f = 0 and �f = 1. These initial populations are given by the
TDM components at the FC point, |μz(FC)|2 � |μy(FC)|2,
and are virtually independent of the dynamics and thus of
Eph. The blue solid line in Fig. 8 is β for ξ = 1. The red

solid line corresponds to βO1D calculated with ξ = √
2. The

increase in the overall strength of the Coriolis interaction di-
minishes the anisotropy parameters and makes the βO1D de-
pendence on Eph steeper. In our numerical experiment, vary-

ing the strength factor ξ between 0 and
√

2 directly amounts
to varying the slope of the curve βO1D(Eph) (with indications
of an eventual saturation). This observation might suggest that

the anisotropy parameter depends on Eph because the Corio-
lis coupling strength does: Ozone becomes more “floppy” as
its internal energy increases leading to an effective amplifi-
cation of the Coriolis interaction and effective reduction of
the anisotropy. This explanation implies that the slope of the
βO1D(Eph) dependence is proportional to the effective strength
of the Coriolis coupling in the dissociating molecule.

A word of warning is in order here. Coriolis coupling is a
fictitious interaction which exists only in the rotating molec-
ular frame, and the above explanation is strongly tied to the
fact that the quantum mechanical calculations are performed
in body fixed coordinates. The choice of the molecular frame
for the calculations is a purely technical detail, and physical
arguments constructed on the basis of Coriolis interaction lack
generality. For example, the classical trajectory calculations,
reported in Ref. 15 and shown to agree with experiment al-
most as accurately as the present quantum results in Fig. 8,
are performed for Jf = 0. Clearly, there is no Coriolis interac-
tion in non-rotating ozone and the dependence of βO1D on Eph
can be given a different explanation.

Dylewsky et al. also report the anisotropy parameter and
its dependence on the rotational quantum number j at long
wavelengths around 305 nm, close to the dissociation thresh-
old of the B state.65 The measured βO1D,v=0,j grows from 0.13
for j = 16 to 1.7 for j = 7, reflecting the difference in the dis-
sociation dynamics between the rotationally excited and the
rotationally cold fragments. The calculated βO1D,v=0,j near
305 nm is consistent with this observation: It is small (and
even slightly negative) at the high end of the j distribution,
and becomes large, βO1D,v=0,j > 1.5, as j decreases and ap-
proaches j = 0. This distinct anticorrelation between j and
the calculated β is seen in both electronic channels. It pro-
vides an alternative explanation of the observed decline of
βO1D with growing Eph: Larger photon energies correlate with
a stronger rotational excitation and lower values of β. The an-
ticorrelation between β and j is discussed in more detail in
Sec. V B.

Another set of measurements in the immediate vicin-
ity of the dissociation threshold, between λ = 295 nm and
λ = 320 nm, was performed by Horrocks et al.66, 67 in order
to establish the wavelength dependence of βO1D,v=0. A com-
parison between the experiment and our calculations is sum-
marized in Appendix B.

B. Triplet channel

The triplet channel is reached from the B state via the
adiabatic path through the CI and a relevant question here
is whether signatures of the adiabatic passage through the
degeneracy region are seen in the angular distribution. The
rotational energy of the O2(3�−

g ) fragments is large [see
Fig. 4(a)], and the fragments are accelerated by a strong
torque ∼ ∂Vad/∂θ which shapes the angular distribution.
However, this torque acts in the exit channel of the repulsive
R state potential. At the CI, the torque is small—the angle θ

is not the coupling mode (as, for example, is the case in wa-
ter molecule68 or in many heteroaromatic molecules69), but
the seam mode, and ∂Vad/∂θ is non-zero at the CI only be-
cause of the seam is slightly curved in the (r, θ ) plane. For this
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FIG. 9. Measured65 (black) and calculated (blue and red) anisotropy param-
eters in the triplet channel. Experimental βO3P values are shown only for the
“fast” fragments with Ekin ≥ 1 eV; extremely slow and vibrationally hot frag-
ments are not included. Shaded area indicates the uncertainty of the experi-
mental data. Blue line is a calculation with Jf = 1 and the Coriolis coupling
“on”; red line is a calculation with the Coriolis coupling amplified by a factor
of ξ = √

2. Inset illustrates the dependence of βO3P on the vibrational (v)
and rotational (j) quantum numbers. The shown points are calculated for Eph= 5.5 eV (λ = 226 nm) and refer to a limited range of translational energies,
1.5 eV ≤ Etrans ≤ 2.7 eV. Different colors correspond to different values of
βO3P as indicated.

reason, the influence of the CI on the observed distribution is
expected to be minor.

The calculated and the measured anisotropy parameters
βO3P are shown in Fig. 9. Only experimental values for the
“fast” fragments58 are shown (the contribution of slow and
extremely vibrationally excited O2 is omitted). Compared to
singlet channel, the experimental βO3P values are noticeably
reduced and this effect is correctly captured by the calcula-
tion. Coriolis coupling has nearly the same effect on βO3P as
on βO1D, suppressing the anisotropy of the angular distribu-
tion with increasing coupling strength.

The calculated βO3P values show strong anticorrelation
with the degree of rotational excitation of the O2(3�−

g ) frag-
ment. The inset of Fig. 9 illustrates how βO3P depends on
the vibrational v and the rotational j quantum numbers. This
“map” is calculated for the photon energy of 5.5 eV and
a translational energy window centered at Etrans ≈ 2.0 eV
[which is the average TKER in this channel, cf. Fig. 4(c)];
the dependence of βO3P on Etrans within this window is weak.
The main control parameter of the anisotropy of the calcu-
lated angular distributions is the rotational angular momen-
tum j. Strongly rotationally excited diatoms with j ≥ 100 have
zero or even negative anisotropy parameters. With decreasing
rotational excitation, βO3P gradually grows, reaches 1.1 for
j ≈ 60 (which is the maximum of the rotational distribution
for v = 8 at this energy), and finally climbs above 1.5 for
j < 30. The dependence on the vibrational quantum number
v is much less pronounced, and many different β values are
found for a given v. Strong anticorrelation between β and j
was previously observed in the photodissociation of N2O in

the bent 21A′ state70 and shown to be qualitatively consistent
with the predictions of an impulsive model.

The “maps” of βO3P in the j − v plane at longer wave-
lengths are qualitatively similar: The range of variation of j
and v shrinks as Eph decreases, but approximately the same
values of βO3P are found at approximately the same j’s. The
“map” in Fig. 9 is in this sense universal. Moreover, a simi-
lar growth of β with decreasing j is found also for the singlet
channel (see Sec. V A), albeit in the interval of 0 ≤ j ≤ 80.
This βO3P(j) dependence explains several characteristic trends
observed in the calculation. For example, the growth of βO3P
with decreasing Eph is due to cooling of the rotational exci-
tation. The observed difference between the β parameters in
the two electronic channels, βO3P < βO1D, is due to generally
colder rotational distributions in the singlet channel. Finally,
similar slopes of βO3P(Eph) and of βO1D(Eph) in the calcula-
tions can be understood using Fig. 4(a) which shows that the
dependences of the average rotational excitations 〈Erot〉 on Eph
in the two channels also have the same slopes.

At the same time, the calculated dependence of βO3P on
the photon energy differs substantially from experiment, the
anisotropy parameter in which decreases as the photon energy
decreases. This discrepancy might have two reasons: Either
the dependence of β on j is different in experiment, or the ro-
tational state distribution is different. An additional technical
issue might be the accuracy, with which the “slow” and the
“fast” fragments in the experimental signal, are distinguished
at different photolysis wavelengths. Unfortunately, very little
is known about the experimental rotational excitation in the
triplet channel, and the present calculations indicate that this
knowledge is crucial in understanding the angular distribu-
tions and their energy dependence.

VI. CONCLUSIONS

In this paper, the absorption spectrum and the internal
state and angular photofragment distributions in the photodis-
sociation of ozone are analyzed using quantum mechanics
for nuclear dynamics in two coupled electronic states and
ab initio SMB PESs of Schinke and McBane.14 The main re-
sults of this study are as follows:

1. The room temperature absorption spectrum, constructed
as a Boltzmann average of many spectra corresponding
to different initial rotational states of parent ozone, is in
good agreement with experiment in terms of (a) the po-
sition and shape of the spectral envelope, (b) the widths
and intensities of the weak diffuse structures, and (c) the
times and intensities of recurrences in the autocorrela-
tion function for times t ≤ 200 fs.

2. The calculated vibrational, rotational, and kinetic energy
distributions agree with experimental results in a broad
range of wavelengths across Hartley band. The items (1.)
and (2.) allow us to conclude that the SMB PESs pro-
vide an extremely accurate description of the near UV
photodissociation of ozone.

3. The shape of the observed scalar distributions is re-
lated to the details of the vibrational energy exchange
at the conical intersection between the two participating
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electronic states. Analysis of quantum mechanical wave
functions demonstrates that the strong vibrational excita-
tion of the O2 fragments in the triplet dissociation chan-
nel reflects a severely overstretched short O−O bond
of parent ozone as the molecule passes through the CI
along the adiabatic pathway.

4. The angular anisotropy parameters in the two electronic
channels are in reasonable agreement with the experi-
mental data. Agreement is especially good in the singlet
channel. An anticorrelation is found between the values
of β and the rotational state j of the O2 fragment: Larger
j values correspond to smaller β values. This anticorre-
lation is predicted to hold at different photolysis wave-
length and in both electronic channels. It can explain the
difference between β parameters in two channels and
their dependence on photon energy.

This study illuminates a relation existing between the to-
pography of the B/R conical intersection and the photofrag-
ment distributions in the vibrational and translational modes
which map onto the branching space of the intersection. A
simple FC mapping of the vibrational distributions in the adi-
abatic “triplet” channel can be used to reverse engineer the
most probable O−O bond length, at which the electronic tran-
sition from B to R takes place. In fact, even more detailed
information on the Massey parameter at the intersection is
encoded in the vibrational and kinetic energy distributions.
This additional information can be retrieved if the formation
of products is tracked across the CI, and the analysis of the
resulting local transient populations is given in a separate
publication.62
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APPENDIX A: EVEN j PROPENSITY EFFECT
IN THE SINGLET DISSOCIATION CHANNEL

Valentini et al.56 observed a substantial depletion of the
population of odd j states, as compared to the even j states,
in the singlet channel. Experimental data in Fig. 3(a)–3(c)
clearly illustrate this “even-j propensity” effect. The two sets
of states have different parities with respect to the exchange
of identical oxygen atoms in the fragment O2. The authors
of Ref. 56 attributed their observation to the fact that oxy-
gen molecules O2(3�−

g ) in the complementary triplet channel
are formed exclusively in the odd rotational states, so that the
odd j population in the B state is drained through the B/R
conical intersection making the even j population look arti-
ficially enriched. The effect was therefore considered as an
example of a parity selective transition mediated by the coni-
cally intersecting electronic states. Indeed, the even j propen-
sity disappeared56 in isotopically substituted ozone dissociat-
ing into heteronuclear diatom 16O18O.

In the wave mechanics, the exchange symmetry of
the identical nuclei in the fragment O2 corresponds to the
θ → π − θ symmetry of the wave function in Jacobi coor-
dinates. Although this symmetry is globally imposed in our
propagation, we found no even-j propensity in the calcula-
tions which combined the odd parity rotational states in the R
state with the rotational states of a given parity (even or odd)
in the B state. The reason for this is the potential energy pro-
file along the Jacobi angle θ near the B/R CI. The CI crossing
seam in one dissociation channel passes close to the minima
of the B state, which are located at θ =60◦ and 120◦ and sep-
arated by a 1.2 eV high potential barrier [see Fig. 2(f)]. The
bending energy of ∼0.2 eV is much smaller than the barrier
height, and the even and odd parity states are almost degener-
ate near the CI and strongly localized around 60◦ and 120◦. In
the terminology of Bunker,71 the exchange of identical nuclei
near the B/R crossing is an “unfeasible” symmetry operation.
The CI imposes no symmetry restrictions on the diabatic cou-
pling VBR(θ ) along the seam mode, and the angular integral
in the matrix element 〈ψB

j (θ )|VBR(θ )|ψR
j ′ (θ )〉, essentially re-

stricted to the vicinity of each minimum, is roughly the same
for any combination of parities in the bending wave functions
ψB

j (θ ) and ψR
j ′ (θ ) in the B and R states. In other words, the

odd j′ states in R can form from both even or odd j states in B.
As a result, the “unfeasible” symmetry operation has no effect
on the calculated product state distributions.

The authors of Ref. 56 presented several pieces of strong
experimental evidence relating the observed effect to the B/R
crossing dynamics; our present calculations, although sym-
metry adapted, do not reproduce the parity effect. The origin
of the discrepancy between theory and experiment is unclear
at the moment. There exists one experimental observation,
however, which seems to contradict our understanding of the
dynamics of the transition from B to R. At all wavelengths
studied in Ref. 56, the even j propensity is the strongest
for v = 0 and gradually disappears as v increases (see their
Figs. 7–9). It is shown in Sec. IV B and also recognized in
Refs. 15, 21, and 27 that the transition probability between B
and R states has the opposite v dependence: It is the smallest
for v = 0 and grows as v grows. Qualitatively, this is due to
the dependence of the Landau-Zener transition probability on
the sojourn time τ x in Eq. (3). Should the conical intersection
be indeed responsible for the observed depletion of the odd j
states, one would expect the effect to be the strongest for the
highly vibrationally excited O2 fragments.

APPENDIX B: ANISOTROPY PARAMETER βO1D NEAR
305 nm

An unusual feature of the anisotropy parameters mea-
sured in Horrock et al.66, 67 between 295 nm and 320 nm is
a pronounced minimum in the βO1D parameter reached pre-
cisely at the dissociation threshold of the B state, λ = 310 nm
(see Fig. 10). Horrocks et al. attributed the “dip” in the mag-
nitude of βO1D to the change in the alignment of the TDM
between the ground electronic state X̃ and the B state and to
the pronounced contribution of a “perpendicular” transition
to the near threshold photoexcitation. They went on to sug-
gest that it is the antisymmetric stretch excitation in X̃ which
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FIG. 10. Measured (open symbols, Ref. 66) and calculated (solid lines;
Jf = 1) anisotropy parameters in the singlet channel near dissociation thresh-
old of the B state. Results in different panels are calculated with a different
initial state (v1, v2, v3)

X
of the parent ozone, as indicated in each panel. The

color of solid lines indicates different strength factors ξ of the Coriolis cou-
pling: ξ = 0.5 for the dark red line (always the topmost curve) and ξ = 1.7 for
the light yellow line (always the lowest curve), the increment between curves
is �ξ = 0.2. Vertical dashed line shows the position of threshold.

can—based on 11B2 symmetry of the upper electronic state—
lend the transition a perpendicular character, and the “dip” at
310 nm is due to photolysis of the parent ozone with one quan-
tum of antisymmetric stretch.

The quantum mechanical β parameters, calculated near
dissociation threshold of the B state for the parent ozone
in several initial vibrational states (v1, v2, v3)X are shown in
Fig. 10; v1, v2, and v3 denote quantum numbers of the sym-
metric stretch, the bend, and the antisymmetric stretch. The
calculations were performed for several values of the Corio-
lis coupling strength factor ξ [see Eq. (22)] ranging from 0.5
(red lines) to 1.7 (yellow lines); this allowed us to approx-
imately assess the (modest) effect of the overall rotation on
the observed β values. The anisotropy parameter calculated
for the ground vibrational state (0, 0, 0)X (lower left panel)
exhibits several resonance-like structures, at which β sharply
decreases. Narrow structures at the same energies were ob-
served in the partial absorption spectrum calculated in Ref. 13
and attributed to a progression of long lived resonance states
with excitations of the short bond stretching mode and located
above the shallow Cs wells of the B state PES. Relatively
small β values for these states are due to long lifetimes. Apart
from these structures, the βO1D parameter for the initial state

(0, 0, 0)X is larger than 1.7 and shows little dependence on the
photolysis wavelength. The same is true for the βO1D param-
eter calculated for the parent state (0, 0, 1)X with one quan-
tum of antisymmetric stretch (lower right panel). The sharp
structures, arising from the short bond stretch resonances, are
now shifted to longer wavelengths, and the anisotropy param-
eter smoothly depends on λ between 312 nm and 295 nm.
This contrasts with βO1D calculated for the initial state (0, 1,
0)X (a single bending excitation) shown in the upper panel.
The resonance structures in this case are positioned around
310 nm, and the envelope of the βO1D vs. λ dependence shows
a noticeable “dip” at threshold; the minimum value of βO1D at
310 nm shows a rather strong dependence on the strength of
Coriolis coupling.

In view of the discussion in Sec. V A, it appears quite nat-
ural that the calculated angular anisotropy is sensitive to the
pre-excitation in the bending mode: It is the bending mode
which efficiently mediates the breakdown of the axial recoil
approximation and leads to larger effective Coriolis coupling.
The antisymmetric (or the symmetric) stretch pre-excitations
contribute comparatively little to the Coriolis coupling and do
not affect the β parameter much, except for the overall shift
on the wavelength scale. The symmetry argument, advocated
in Refs. 66 and 67, does not seem to be operative in our cal-
culations: The B state PES has Cs symmetry and cannot be
classified as B2. Physically this means that the electronic ex-
citation from the state (0, 0, 1)X is accomplished with the same
TDM as from the state (0, 0, 0)X: The vibrational states in the
B state are nearly degenerate symmetric/antisymmetric pairs,
and the symmetry of the terminal state in the matrix element
can always be “adjusted” in a given transition.

We presented the numerical evidence that the observed
“dip” in the anisotropy parameter at 310 nm is due to parent
bending states. However, it would be premature to claim that
the “dip” is fully explained in these calculations: The agree-
ment with experiment is at best qualitative, and the calcu-
lated β values consistently overestimate the ones measured
in the threshold region. Moreover, the resonance structures
due to the short bond excitations in the B state, clearly vis-
ible in the calculation for Jf = 1, are not observed in the
experiment.
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Intermediate photofragment distributions as
probes of non-adiabatic dynamics at conical
intersections: application to the Hartley band
of ozone†

David Picconi and Sergy Yu. Grebenshchikov*

Quantum dynamics at a reactive two-state conical intersection lying outside the Franck–Condon

zone is studied for a prototypical reaction of ultraviolet photodissociation of ozone in the Hartley band.

The focus is on the vibrational distributions in the two electronic states at intermediate interfragment

distances near the intersection. Such intermediate distributions of strongly interacting photofragments

contain unique information on the location and shape of the conical intersection. Multidimensional

Landau–Zener modeling provides a framework to reverse engineer the molecular geometry-dependent

Massey parameter of the intersection from the intermediate distributions. The conceptual approach is

demonstrated for the intermediate O–O bond stretch distributions which become strongly inverted on

adiabatic passage through the intersection. It is further demonstrated that intermediate distributions can

be reconstructed from the photoemission spectrum of the dissociating molecule. The illustration, given

using quantum mechanical calculations of resonance Raman profiles for ozone, completes a practicable

cycle of conversion of intermediate distributions into topographic features of the conical intersection.

1 Introduction

Conical intersections of electronic states are a focus of extensive
experimental and theoretical scrutiny in the domain of reaction
dynamics: the presently accumulated evidence indicates that
conical intersections are common in the excited electronic states
and therefore are likely to be encountered as the excited molecule
moves along the reaction coordinate.1 Such reactive conical inter-
sections are postulated to mediate ultrafast (femtosecond-scale)
radiationless transitions and are recognized as natural molecular
hubs, or generalized transition states, routing the reactive system
towards specific final states or specific products.2,3 The knowledge
of their energetic position and topography is often regarded as
instrumental to the ability to control elementary reactive steps in,
for example, organic photochemistry, photobiology, or molecular
electronics.1,3 At a more fundamental level, reactive conical inter-
sections represent molecular sites at which the characteristic time
scales of electronic and nuclear motions become compatible, and
the correlated electron-nuclear dynamics can be effectively
probed.4,5 This paper demonstrates how to locate reactive conical
intersections and to characterize their shape using excitation
distributions in the modes transverse to the reaction path.

Recent years have seen a growing effort to detect reactive
conical intersections experimentally.6,7 For a molecule with Nc

nuclear degrees of freedom, a conical intersection is characterized
(a) by an (Nc � 2) dimensional space of coordinates {Z}, called
seam space, in which the energies of the intersecting states stay
equal, and (b) by a two dimensional branching space (X, Y), in
which the degeneracy is lifted. The familiar hourglass picture of a
conical intersection, with ‘sand’ (i.e. the state population) flowing
from the upper into the lower cone, refers to the branching space:
The reaction complex switches electronic states only if it moves
in the coordinates (X, Y). This suggests that experimentally
conspicuous reactive conical intersections arise if the reaction
path lies in their branching space.8

The non-adiabatic molecular photodissociation provides an
effective means to probe reactive conical intersections with a
fully controlled initial state.1,7,9,10 A prototypical arrangement
of electronic states is illustrated in Fig. 1(a) in a potential energy
diagram. The photoexcitation from the ground electronic state X̃
brings the molecule into a single optically bright diabatic electronic
state B shown with blue. The B state forms an intersection (marked
with a circle) with another diabatic electronic state R shown in
red. The coordinate X in this diagram is the tuning mode of the
intersection: The energy difference between the B and R states
along X changes the fastest. The second coordinate of the
branching space, Y, is perpendicular to the plane of the figure—it
is the coupling mode along which the interstate coupling grows
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the fastest. The conical intersection is shifted halfway into the
exit channel, and two distinct electronic dissociation channels
emerge from the intersection. The dissociation coordinate in
this example coincides with the tuning mode X. The state
intersection pattern in Fig. 1(a) is characteristic of several broad
classes of UV photodissociation reactions in which two fragments,
an atom and a molecule, are formed. Examples of such exit channel
intersections are found in the photodissociation of triatomic
atmospheric trace gases (such as N2O,11 CO2,12,13 or O3

14,15),
photodissociation of halogenoalkanes (in particular, methyl
halides16–19 CY3I or CY3Br, with Y = H, D, or F), and the currently
much studied ultrafast decomposition of heteroaromatic molecules
(such as pyrrole9 or phenol and its derivatives7,20,21) into an H
atom and a radical co-fragment. Although the exit channel
conical intersections lie outside the Franck–Condon zone and
are difficult to detect spectroscopically, they influence the
separating photofragments. Clearly affected are the observables
associated with the tuning mode X, e.g. the electronic branching
ratios and the total kinetic energy release, but those associated with
the coupling mode Y (for example, rovibrational or angular dis-
tributions) are influenced, too. The information content of the
distributions associated with the branching space (X, Y) can be
illustrated using a Landau–Zener-type estimate.15,22,23 The prob-
ability of a transition between the diabatic states B and R depends

on the average24 adiabatic energy gap DEad and the average sojourn

time �tx in the crossing region, wLZðB! RÞ � 1� exp �DEad�tx
� �

.
The more adiabatic the motion along X, the larger the gap
between the adiabatic states, the longer the time spent near inter-
section, and the larger the transition probability wLZ(B - R).
Molecules in the B state with no excitation in the coupling mode Y
are moving fast through the region of small gap DEad; as a result
they behave diabatically and end up in the upper dissociation
channel B. Molecules, moving in the B state with the mode Y
strongly excited, sample large gaps DEad and move slowly along X;
as a result they are diverted into the lower dissociation channel R.
The conical intersection acts as a ‘beam splitter’, sending the
X-slow/Y-excited fragments into one (adiabatic) channel and the
X-fast/Y-cold fragments into the other (diabatic) channel. The final
photofragment distributions in the adiabatic and the diabatic
channels, if simultaneously observed, reveal the presence of the
reactive conical intersection.7,15,25 The major obstacle, however,
are the post-intersection dynamics which are different in the two
electronic channels and which distort the distributions arriving in
the asymptotic region. The situation is somewhat similar to the
one encountered in direct probing of a fleeting transition state in
bimolecular reactions.26 In the potential diagram in Fig. 1(a), an
important source of such distortions is a nearly 3 eV difference in
the dissociation energies of the two channels.

This work shows that intermediate distributions, recorded in
the vicinity of the intersection, carry structural and dynamical

Fig. 1 (a) A one dimensional cut along the interfragment Jacobi distance X through the ab initio potential energy surfaces of the electronic states X̃1A0

(black; marked X̃), 31A0 (blue; marked B), and 1A0 (red; marked R), participating in the UV photodissociation of ozone. Two other Jacobi coordinates are
optimized to give the minimum energy of the B state. The B/R conical intersection is marked with a circle. Straight line arrows indicate the distances X, at
which the distributions in panels (b–e) and (c0–e0) are evaluated. Curved arrows represent emission of the dissociating molecule. (b–e) The normalized
vibrational distributions in the short O–O bond stretch in the B state at fixed distances X indicated in each frame. (c0–e0) The same distributions, as in
(c–e), but for the R state. The photon energy is Eph = 4.96 eV (the photolysis wavelength l = 250 nm).
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information about the shape of the conical intersection in the
branching space. Our aim is to demonstrate how this information
can be extracted from the vibrational distributions in the coupling
mode Y, taken as the main example, and how the intermediate
vibrational distributions themselves can be reconstructed from the
emission spectrum of the dissociating molecule.

The ultraviolet (UV) photodissociation of ozone in the
Hartley band serves as proof-of-principle application; this reaction
is the key step in the protective function of the stratospheric ozone
layer and the primary source of O(1D) oxygen in the atmosphere
of Earth.14,15,27–31 The diagram in Fig. 1(a) depicts three singlet
electronic states involved in the reaction:14,28,31 The ground
electronic state X̃1A0, the optically bright state 31A0 (‘B’), and
the purely repulsive dark singlet state 1A0 (‘R’). The two dissocia-
tion channels are spin-allowed and, combined, carry most of the
reaction flux:27,29

Eph 4 1.051 eV: O3 + �ho - O(3P) + O2(X3S�g ) (1)

Eph 4 4.000 eV: O3 + �ho - O(1D) + O2(a1Dg). (2)

In the ‘singlet’ channel (2), reached diabatically along the B
state, O and O2 are electronically excited; this is the major
reaction channel accounting for 90% of the products. In the
‘triplet’ channel (1), reached adiabatically by taking a hop to the
R state, the fragments are formed in their ground electronic
states; this is a minor channel with the quantum yield between
7% and 9%. Molecules, photoexcited into the B state, branch
between the two channels at the B/R conical intersection. The
tuning mode X is the O� � �O2 distance; the coupling mode Y is
the short (fragment) O–O bond length. Photodissociation in the
Hartley band has been exhaustively described using quantum
mechanics.15 The calculations with the ab initio potentials of
ref. 31, accurately reproduce the temperature dependent32

Hartley absorption spectrum with its weak diffuse bands and
the final rovibrational and angular photofragment distributions.

The diffuse absorption spectrum reflects early photodissociation
dynamics in the Franck–Condon region; the asymptotic distribu-
tions are shaped by the integrated effect of all interactions acting
along the dissociation path. In this work, we concentrate on
intermediate dissociation distances near the conical intersection,
and use quantum mechanical calculations to construct vibronic
distributions of the emerging but still interacting photofragments
over the local vibrational modes transverse to the dissociation path.
The approach to calculation of intermediate distributions is
described in Section 2. In Section 3, the intermediate distributions
are used to track the non-adiabatic dynamics at the conical
intersection with spatial and energy resolution, and to visualize
the bond breaking and energy redistribution in the photoexcited
ozone. This analysis reveals an unexpectedly active energy
exchange in the branching space, with up to 6 vibrational quanta
(corresponding to the vibrational energy of more than 1.0 eV)
transferred to the coupling mode upon crossing the intersection.
The modelling of the intermediate distributions in the frame-
work of Landau–Zener theory in Section 4 allows one to reverse
engineer the parameters of the conical intersection. Finally, the
intermediate distributions are inferred from the amplitudes of

fluorescence into the ground electronic state in Section 5. Summary
is given in Section 6. Technical information and numerical details
are summarized in two Appendices and in the ESI.†

2 Vibronic distributions of interacting photofragments at
intermediate interfragment distances

We shall consider the dissociation dynamics of the photo-
excited ozone using the molecular Hamiltonian set in the
quasi-diabatic representation:33

Ĥ0 ¼
T̂ 0

0 T̂

0@ 1Aþ VB VBR

VBR VR

 !
: (3)

T̂ is the standard34 kinetic energy operator for a non-rotating
triatomic molecule, common for both electronic states and
specified in the body fixed (BF) frame using the Jacobi coordinates
Q = (X, Y, Z). The coordinate X (the tuning mode) is the distance
between one oxygen atom and the center of mass of O2, Y is the
O–O distance (the coupling mode), and Z is the angle between
the vectors X and Y.

Internal electronic (g = B or R), vibrational (V) and rotational
( J) states of the oxygen molecule label the asymptotic scattering
channels (g, J,V) whose populations give the asymptotic photo-
fragment distributions Pg( J,V), defined in terms of the total and
partial absorption cross sections. Meaningful and eventually
observable vibronic distributions at intermediate interfragment
separations X* are constructed by smoothly continuing the
channels (g, J,V) into the inner region.

The photon energy dependent total absorption cross section
is given by a Fourier transform of the autocorrelation function
(�h = 1 hereafter),

stot Eph

� �
¼ pEph

3ce0

ð1
0

F0 e�iĤ
0t

��� ���F0

D E
eiEphtdt: (4)

The total cross section can be written in the equivalent form

stot Eph

� �
¼ Eph

3ce0
lim
l!0

l Wl QjEph

� �
jWl QjEph

� �� �
; (5)

which involves the stationary energy component of the wave
packet in two electronic states,

Wl QjEph

� �
¼
ð1
0

e�i H0�ilð ÞtF0e
�iEphtdt: (6)

The electronic components Cl
g of the vector Wl contain purely

outgoing waves along X. In practice, the infinitesimal damping
l, ensuring this asymptotic behaviour, enters the calculations
as an absorbing potential described in Section I of the ESI.†
Using the completeness relation for the energy-normalized
scattering eigenstates {c�gJV}, the total cross section can be
written as a sum of partial cross sections,

stot Eph

� �
¼
X
gJV

spar EphjgJV
� �

; (7)
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spar EphjgJV
� �

¼ Eph

3ce0
lim
l!0

l c�gJV jWl
g QjEph

� �D E��� ���2
¼ Eph

3ce0
TgJV Eph

� ��� ��2; (8)

with the photodissociation matrix element – the central piece of
the theory – given by

TgJV Eph

� �
¼ lim

l!0
l c�gJV jWl

g

D E
(9)

The normalized photofragment distributions Pg( J,V)

PgðJ;VÞ ¼
1

N
TgJV Eph

� ��� ��2; (10)

are proportional to the squares of the T-matrix elements. The
goal is to find a reliable continuation of the T-matrix elements
to intermediate interfragment distances. Our approach extends
the projection method of Balint-Kurti and coworkers,35,36

originally developed for large intefragment distances and
based on the asymptotic factorization of the wave function
Wl(X;Y,Z|Eph) into the X- and the (Y,Z)-dependent part in each
dissociation channel,

Cl
g X ;Y ;ZjEph

� � ���!X!1 � i
X
JV

TgJV Eph

� � ffiffiffiffiffiffiffiffiffi
mX
kgJV

r
eikgJVXwgJVðY ;ZÞ

�
X
JV

fgJVðXÞwgJVðY ;ZÞ;

(11)

where mX is the O/O2 reduced mass, wgJV(Y,Z) is the eigenfunc-
tion of the fragment state (g, J,V), egJV is its eigenenergy, and

kgJV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mX Eph � egJV

� �q
is the channel momentum (atomic

units �h = 1 are used).
In the asymptotic region, at the analysis line X = XN, the

fragment eigenstates form an orthogonal set, and the T-matrix
element can be projected out of eqn (11):

jTgJV X1ð Þj2 ¼ kgJV

mX
wgJVðY ;ZÞ d X � X1ð Þj jCl

gðX;Y ;ZÞ
D E��� ���2:

(12)

In terms of the velocity operator ûX ¼ p̂X=mX and its real
eigenvalues

:
XgJV = kgJV/mX, eqn (12) can be re-written as

TgJVðX1Þ
�� ��2¼ fgJV

�ðX1Þ _XgJV fgJVðX1Þ: (13)

An alternative formulation for the T-matrix element, devel-
oped by Manolopolous, Rist and Alexander37,38 in the context of
time-independent close coupling method and adapted by
Zhang34 for wave packet propagation, is based directly on the
flux operator,

TgJVðX1Þ
�� ��2¼ Re fgJV

�ðX1ÞûXfgJVðX1Þ
	 


: (14)

The eqn (13) and (14) are equivalent in the asymptotic
region. Either of them can be used to continue the T-matrix
elements to arbitrary interfragment distances, X* o XN, and to
define the intermediate populations Pg( j,v). The corresponding
continued channels (g, j,v) are denoted with lowercase letters,

with j standing for the local dOOO bending and v for the short
O–O bond stretching quantum numbers; the corresponding
local eigenstates wgjv(Y,Z|X*) have eigenenergies egjv(X*). The
wave functions wgjv are calculated at a fixed intermediate
distance X* in the plane (Y,Z) transverse to the reaction path,
and the wave function Wl is expanded in terms of the complete
set of these eigenstates:

Cl
gðQjEphÞ ¼

X
jv

fgjvðX � X�ÞwgjvðY ;ZjX�Þ: (15)

The functions {wgjv(Y,Z|X*)} are the local transverse eigenstates,
adiabatic in the vibrational and diabatic in the electronic
degrees of freedom,38 evaluated as eigenstates of the inter-
mediate Hamiltonian with a fixed value of X = X*. In the limit
X - N they converge to the eigenstates of the free O2.

The functions fg jv(X � X*) describe the relative motion of the
fragments along the reaction coordinate near X* with the
velocity

:
Xgjv. They can be used to construct the intermediate

T-matrix elements either via the expression

TgjvðX�Þ
�� ��2 ¼ fgjv

�ð0Þ _Xgjvfgjvð0Þ; (16)

which is analogous to eqn (13), or via

TgjvðX�Þ
�� ��2¼ Re fgjv

�ð0ÞûXfgjvð0Þ
	 


; (17)

which is analogous to eqn (14).
This gives the total cross section as a sum of partial

components proportional to |Tgjv(X*)|2 and thus defines local
vibrational populations in the transverse vibrationally adiabatic
modes. The absolute squares of the T-matrix elements sum up
to the same total absorption cross section for any X*. Alexander
and co-workers used the eqn (17) to define local reactive
fluxes.37,38 Intermediate distributions in this work are calcu-
lated using the eqn (16). In principle, the two definitions lead to
different results, because the functions fgjv(X � X*) contain both
incoming and outgoing waves and are no longer eigenfunctions
of ûX . Eqn (17) is more physically sound: Due to flux conserva-
tion the reactive flux can be evaluated across arbitrary (closed)
surface. On the other hand, the less rigorous eqn (16) is easier
to implement within an iterative propagation scheme, because
it amounts to calculating only the projection integral

hwg jv(Y,Z|X*)d(X � X*)|Cl
g(X;Y,Z|Eph)i

at the analysis line X = X*. The calculation with eqn (17) involves
taking the derivative of this integral with respect to X. The
distributions obtained using the two expressions are compared
in Fig. S3 of the ESI;† they turn out to be nearly indistinguish-
able. The definition of eqn (16) is also used in Section 5 to
relate the T-matrix elements to resonance Raman amplitudes.

In practice, the normalized intermediate distributions in the
electronic state g,

Pgð j; vÞ ¼
1

N
Tgjv EphjX�

� ��� ��2 (18)

are calculated by overlapping the evolving wave packet with the
local projection eigenstates wgjv. The photodissociation matrix
elements Tgjv are calculated as half-Fourier transforms of the
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overlaps Cgjv(t|X*) of the wave packet Fg(t) with the local
projection states wgjv(Y,Z|X*) at the analysis line X*:

Cgjv tjX�ð Þ ¼ wgjvjFgðtÞ
	 


X�

Tgjv EphjX�
� ��� ��2¼ kgjv X�ð Þ

mX

ð1
0

Cgjv tjX�ð ÞexpðiEphtÞdt
���� ����2: (19)

Here kgjv X�ð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mX Eph � egjv X�ð Þ

� �q
is the local channel

momentum. Integration in square brackets [�|�]X*
is carried

out only over the coordinates (Y, Z) at X = X*.

3 Intermediate distributions in
photodissociating ozone

Calculations on ozone are performed with the initial state

F0(Q) = |m(Q)|CX(Q), (20)

which is the wave function of the ground vibrational state of
non-rotating ozone in the ground electronic state X̃, multiplied
by the transition dipole moment (TDM) between the states B
and X̃. Such initial state, violating the optical selection rules
and corresponding to a Ji = 0 - Jf = 0 transition, is often used in
calculations of absorption spectra and partial cross sections,
and it is demonstrated in ref. 15 that this choice does not affect
the product states distributions. In the photon energy range
studied in this work, 4.5 eV o Eph o 5.5 eV, only the B state can
be initially populated (the vertical excitation energy to the R
state is E9 eV). The ab initio coordinate dependent TDM
components are taken from ref. 39.

The intermediate distributions discussed below are calcu-
lated in two steps. First the non-stationary initial state of ozone
in the optically bright B state is prepared according to eqn (20).
Next, this initial excitation in B is propagated under the
influence of the molecular Hamiltonian of eqn (3) describing
the motion in the coupled ab initio potential energy surfaces B
and R. Computational details are given in Section I of the ESI.†

The absolute squares of the T-matrix elements are calculated
before and after the conical intersection (see Fig. 1), in the
dynamically relevant region in which most of the population
transfer from B to R takes place (see Section III of the ESI,† for a
definition of the intersection region and, in particular, Fig. S1
and S2 (ESI†) showing the intersection topography including
the minimum energy intersection).

Vibrational distributions in the short O–O bond stretch
describe the energy content of the coupling mode Y and their
variation across the B/R intersection is remarkably different in the
two electronic states. This is illustrated in panels (b)–(e) and (c0)–(e0)
of Fig. 1. The panel (b) shows the local vibrational distribution PB(v)
in the B state at X* = 3.67a0, i.e. to the left of the intersection region:
The molecule is in the B state, the R state is unpopulated. This
intermediate distribution is the ‘initial condition’ for the coupled
state dynamics at the conical intersection. It peaks at v = 0 and
rapidly falls off with growing v: molecules in the B state arrive at the
intersection region with only modestly excited short O–O bond.
This incident distribution is preserved as ozone moves along the

diabatic path across the intersection region [panels (c), (d), and (e)].
The only noticeable change with growing O� � �O2 separation is a
slight cooling off of the high-v tail adjusting itself to the rising
potential energy of the fragments climbing towards the asymptotic
singlet channel.

The shape of the incident distribution changes dramatically
along the adiabatic path (c0)–(d0)–(e0) across the intersection. Only
molecules with substantial excitation in the short O–O bond, sieved
out of the tail of the incident distribution, emerge in the R state, and
the vibrational distribution inverts in the intersection region and
peaks at v E 6–8. The distance X* E 4.0a0, at which the distribution
becomes detectable (e.g., via emission to the ground electronic state,
see Section 5), approximately marks the location of the conical
intersection. The post-intersection R state dynamics broaden this
distribution and shift its maximum to higher v values. The mismatch
in the local equilibria of the O2 moieties in B and R states is
negligible and cannot explain the difference in the distributions.

The strongly inverted asymptotic vibrational distributions in the
triplet channel (1), exemplified in panel (e0), have been measured in
ref. 40 (a detailed comparison between calculated and measured
asymptotic vibrational distributions can be found in ref. 15). The
above analysis demonstrates that they are formed in the immediate
vicinity of the conical intersection. Physically, the distributions are
inverted because only the molecules with an over-stretched O–O
bond emerge in the R state, following an adiabatic passage through
the intersection. R state components of the stationary scattering
wave functions, filtered out of the wave packet at fixed photon
energies,15 are peaked close to Y E 2.9a0, which is 0.6a0 longer
than the equilibrium O–O bond length in molecular oxygen.

4 Landau–Zener modelling and
reverse engineering of the parameters
of a conical intersection

The presented picture is qualitatively consistent with the
Landau–Zener estimation: Molecules with a strongly excited
high frequency O–O vibration lack translational energy in the
tuning O� � �O2 mode, spend long time in the intersection
region, and make a transition from B to R state with large
probability. This has previously been noticed in the Landau–
Zener-based surface hopping trajectory calculations performed
in ref. 14, 23, and 31. The efficiency with which the O2 bond is
excited is astonishing: The intermediate distributions in panels
(b) and (c0) reveal that 6–8 vibrational quanta are transferred to
the tuning mode on the adiabatic path, and more than 1.0 eV of
vibrational energy is relocated over an interfragment displace-
ment of B0.5a0. This energy has to be compared with the
transfer of a single vibrational quantum (B0.17 eV), commonly
expected in models based on the popular linear vibronic
coupling Hamiltonian.41 The origin of the active energy redis-
tribution in the branching space is a strong superlinear depen-
dence of the ab initio diabatic coupling element VBR on the O–O
bond distance. In a separate numerical experiment, the upper
adiabatic surface has been removed from the calculation
(see Appendix A). The resulting asymptotic O–O distributions
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in the R-channel differ drastically from the above two-state
case: They are cold and peak sharply at v = 0.

The Landau–Zener approach can also serve as a basis for
quantitative modelling of the direct dissociation through an exit
channel conical intersection.16,43–45 Suppose that the system moves
in the vicinity of the intersection along a straight line trajectory
X(t) = X* +

:
Xjv(t� t*) in the B state, and the coupling mode Y and the

seam mode Z are in a local quantum state wBjv; the velocity along
the tuning mode is

:
Xjv = {2(Eph � eBjv(X*))/mX}1/2. The average24,46

transition probability wLZ
jv (B - R) between the diabatic states B and

R can be expressed in terms of the local Massey parameter xjv(X*),

wLZ
jv ðB! RÞ ¼ 1� exp �xjv

� �
xjv X�ð Þ ¼

2p VBR
2

� �
jv

_XjvðDFÞjv
:

(21)

xjv(X*) characterizes the local shape of the intersecting states,
probed in the transverse quantum state wBjv, in terms of the two
key parameters, namely the expectation values of the diabatic
coupling, (VAB

2)jv = [wBjv|VAB
2|wBjv]X*

, and the difference of slopes
of the diabatic potentials along X, (DF)jv = [wBjv|DF|wBjv]X. Small

xjv - 0 implies small transition probability wLZ
jv (B - R);

dissociating molecules tend to stay in the diabatic B state as
they pass through the conical intersection. Large xjv corresponds
to larger wLZ

jv (B - R), with more molecules diverted into the R
state and dissociating adiabatically.

Estimates, based on the ‘diagonal’ (in j and v) state-averaged
Landau–Zener model of eqn (21), are remarkably accurate for ozone.
For example, the population of the R state, evaluated near the
conical intersection at X* = 3.9a0 as a sum of all Landau–Zener
transition probabilities

P
jv

1� exp �xjv
� �

, amounts to 0.040; the

quantum mechanical value is 0.035 (the cited yields are for Eph =
4.96 eV). Another example is provided by the inverted vibrational
distributions in the local O–O vibration in the R state. Their Landau–
Zener counterparts are given by a convolution of the transition
probability with the incident distribution PB( j,v) in the B state:

PLZ
R ðvÞ ¼

X
j

wLZ
jv ðB! RÞPBð j; vÞ: (22)

The v dependence of PB( j,v) is shown in panel (a) of Fig. 2, and the
Landau–Zener approximation PLZ

R (v) is compared with the quantum

Fig. 2 (a) The normalized quantum vibrational distribution in the short O–O bond stretch in the B state evaluated at X* = 3.90a0 (filled histograms). The same
distribution reconstructed from the emission amplitudes aB

k0 into the bound states of X̃ is shown with empty histograms. Gray line depicts the reconstruction
including emission into both bound and continuum states of X̃. (b) The normalized quantum vibrational distribution in the short O–O bond stretch in the R state
evaluated at X* = 3.90a0 (filled histograms). The same distribution reconstructed using the Landau–Zener eqn (22) is shown with empty histograms. Gray line
depicts the reconstruction based on the emission amplitudes aR

k0 into both bound and continuum states of X̃. (c) Two dimensional map of the Massey parameter
xjv(X*) at X* = 3.9a0 in the plane of the local quantum numbers v and j; light green color corresponds to xjv r 0.05, black marks xjv Z 1.40. The respective
translational energies in the B state are shown with gray shading (light gray for Etrans r 0.15 eV; dark gray for Etrans Z 2.00 eV). (d) The Massey parameter xeff(v) as a
function of v calculated from the quantum distributions in (a) and (b) (filled histograms) using eqn (23). The photon energy in panels (a–d) is E = 5.49 eV
(the photolysis wavelength l = 226 nm). (e) Experimental (red) and calculated (blue) photoemission spectrum of ozone photoexcited at 266 nm as function of the
scattered photon wavelength lS. The experimental emission spectrum is redrawn from Fig. 1 of ref. 42. The intensities of the first and the third calculated peaks are
set equal to their experimental counterparts. Pure symmetric stretch excitations in X̃ are assigned.
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intermediate distribution at X* = 3.9a0 in panel (b). The agreement is
good for v r 13; higher vibrational quantum numbers are weakly
populated in the incident distribution and the reconstruction
becomes less accurate. Extensions of the LZ model, which include
non-diagonal matrix elements j - j0 and v - v0, are discussed in
Section IV of ESI.†

The local Massey parameter xjv(X*) links the shape of the
potentials near the conical intersection with the intermediate
distributions in the local transverse modes. The dependence of
xjv(X*) on the quantum numbers j and v, shown in Fig. 2(c) for
X* = 3.9a0, can be regarded as a two dimensional dynamical
map of the intersection as seen by the separating fragments.
Each ( j,v) state is colored according to the value of the Massey
parameter; the underlying gray shading shows the corres-
ponding translational energy along X, Etrans = mX

:
Xjv

2/2; the
fastest fragments are located near the origin ( j = 0, v = 0),
and Etrans decreases as one moves towards the outer edge of the
two dimensional map. As expected, xjv(X*) gradually increases
with decreasing Etrans and with growing vibrational excitation: The
dot color is generally darker at the outer edge than near the origin.
However, the Massey parameter is influenced by the local stretch
and bend differently. The impact of the short O–O bond quantum
number is strong, and xjv, as well as the transition probability
wLZ

jv (B - R), quickly grow with v; as one moves along the v axis,
the dot color noticeably darkens. The reason is the simultaneous
growth of the coupling strength (VAB

2)jv and the decrease of the
velocity

:
Xjv. In contrast, xjv(X*) is only weakly dependent on the

bending quantum number j, and the dot color barely changes
along the j axis: the coupling strength is approximately indepen-
dent of the seam coordinate Z and the Landau–Zener transition
probability is mainly determined in the branching space rather
than in the seam space. In the coordinate space (Y,Z), the energy
difference between adiabatic states near conical intersection
follows a similar pattern: It depends strongly on the coupling
mode Y and is independent of the seam mode Z. The influence of
the gradient factor in the local Massey parameter on the transition
probability appears to be far weaker than the influence of either
the coupling or the velocity factors. This is further illustrated in
Appendix A which shows that the coupling mode gradient of the
lower adiabatic surface is insufficient to create an inverted vibra-
tional distribution along the adiabatic path.

Extraction of Massey parameter is equivalent to mapping out
the key topographic characteristics of a conical intersection,
and this task can be accomplished using the Landau–Zener
relation (22) between the incident, PB( j,v), and the transmitted,
PR(v), distributions. Because xjv is nearly independent of the
seam quantum number j, the sum over j on the right-hand side
of eqn (22) can be evaluated, giving the incident distribution
PB(v) in the O–O stretch shown in Fig. 2(a). The equation can
now be inverted to give the effective Massey parameter in terms
of the two intermediate distributions:

xeffðvÞ ¼ � ln 1� PRðvÞ
PBðvÞ

� �
(23)

In Fig. 2(d), the approximate Massey parameter xeff(v) is recon-
structed from the quantum mechanical intermediate distributions

in panels (a) and (b) as a function of v. The agreement with the v
dependence of xjv in panel (c) is fair for v r 15; for larger v the B
state population is very small and eqn (23) becomes unreliable.
Thus, an ‘experiment’ detecting intermediate vibrational dis-
tributions in the coupling mode Y is capable of delivering the
effective Massey parameter for the nearby conical intersection.

5 Intermediate distributions from the
Raman emission amplitudes

Emission spectroscopy16,47 might be potentially applicable to
detection of the intermediate distributions of interacting
photofragments. The cross correlation function Cgjv(t|X*) in
eqn (19) can be represented as a full-space overlap integral,

Cgjv(t|X*) = hwgjv(Y,Z|X*)g(X � X*)|Fg(t)i, (24)

of the wave packet Fg(t), moving on the electronic surface g,
with the projection state wgjv(Y,Z|X*)g(X � X*). Integration in
angular brackets h�|�i is carried out over all three coordinates
(X, Y, Z); g(X � X*) is a function localized near X*. Strictly
speaking, g(X � X*) is a delta function d(X � X*) [see eqn (19)],
but in practical calculations any function sufficiently localized
around X = X* will lead to a similar Cgjv(t|X*). Now the cross
correlation function—and consequently the intermediate dis-
tributions— can be expressed in terms of the resonance Raman
amplitudes48

agk0 Eph

� �
¼
ð1
0

fkjFgðtÞ
� �

exp iEpht
� �

dt (25)

for emission into the vibrational states fk of the ground
electronic states X̃. This is achieved by expanding the localized
projection state in terms of complete set of bound states fk,

wgjv Y ;ZjX�ð Þg X � X�ð Þ �
X
k

agk X�ð ÞfkðX ;Y ;ZÞ (26)

With this expansion, the cross correlation function Cgjv(t|X*) in
eqn (24) and the T-matrix elements in eqn (19) become linear
combinations of a

g
k0:

Tgjv EphjX�
� ��� ��2 ¼ kgjv X�ð Þ

mX

ð1
0

Cgjv tjX�ð ÞeiEphtdt

���� ����2

¼ kgjv X�ð Þ
mX

X
k

ð1
0

wgjvgjfk

� �
fkjFgðtÞ
� �

eiEphtdt

�����
�����
2

¼ kgjv X�ð Þ
mX

X
k

a
g
k X�ð Þ

� ��agk0 Eph

� ������
�����
2

:

(27)

In order to elicit the accuracy of eqn (27), a complete set {fk} of
about 250 bound vibrational states in one potential well of the
X̃ state is calculated. For these states, the complex Raman
amplitudes agk0 are evaluated for ozone dissociating in the
coupled B and R states. Technical details of these calculations
are summarized in Appendix B. The emission spectrum

sram Eph;ES

� �
� EphES

3
P
k

aBk0 þ aRk0
�� ��2d ES � Ekð Þ, for the
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incident photon wavelength of 266 nm (Eph = 4.66 eV) is
compared with the experimental spectrum of ref. 42 in
Fig. 2(e). The calculated spectrum stems mainly from the B
state, agrees with experiment over a broad range of scattered
photon wavelengths lS, and quantitatively reproduces the
rapidly decreasing intensity with growing lS, the multiplet
structure of the emission, and the intensity patterns within
multiplets. In particular, the enhanced emission intensity into
pure symmetric stretch overtones in X̃ is excellently repro-
duced. This is the first calculated spectrum demonstrating a
one-to-one comparison in the measured emission band inten-
sities up to lS = 320 nm and it clearly points out the emission
lines stemming directly from the molecule undergoing an
ultrafast dissociation on the time scale of 200 fs. The basis
set {fk} in X̃ is next used to represent the projection states and
to calculate the expansion coefficients a

g
k(X*). The function

g(X � X*) in the projection states is chosen as a rectangle
X* � 0.1a0 r X r X* + 0.1a0 localized at X* = 3.9a0. Finally,
the amplitudes a

g
k0 and the coefficients a

g
k(X*) are used in

eqn (27) to calculate the intermediate distributions.
The O–O vibrational distribution in the B state, reconstructed

from the Raman amplitudes aB
k0, is shown in Fig. 2(a) with empty

histograms. The exact quantum mechanical distribution peak-
ing at v = 0 is clearly well reproduced. The very long-v tail of the
distribution is missing because most of the bound states {fk}
capable of representing the corresponding projection states do
not extend to large interfragment distances of X* = 3.9a0.

Detection of emission from the R state and converting it into
intermediate vibrational distributions along the electronically
adiabatic path is required in order to locate the intersection
along the tuning mode16 and to characterize its shape. How-
ever, both the detection and the conversion steps are challen-
ging. Indeed, the emission is strongly quenched, because the
dipole moment of the X̃ ’ R transition (B0.04 D) is much
smaller than that for the B state, and |aR

k0| { |aB
k0| (however, the

polarization directions of the emitted photons in the two
transitions are orthogonal, see Appendix B). Moreover, the R
state is purely repulsive, and the corresponding molecular
eigenstates are scattering states with vanishing amplitude at
small interfragment distances. As a result, most of the R state
emission is into the dissociation continuum of the X̃ state (the
so-called wing emission49). The R state distributions can there-
fore be reliably calculated only from the continuum part of the
emission spectrum. We illustrate this point by augmenting the
bound basis {fk} with B105 scattering states spanning a 2.5 eV
wide energy range above the first dissociation threshold of X̃.
Most of the emission from the R state falls into this energy
interval. The quasi-continuum basis functions are constructed
as products of the asymptotic fragment eigenstates and the
X-dependent functions as described in Appendix B.

The O–O vibrational distribution in the R state, recon-
structed using both bound and scattering states, is shown in
Fig. 2(b) with a gray solid line. The reconstruction properly
captures the overall shape of the exact quantum mechanical
distribution and the extent of the O–O bond excitation. It is
worth noting that the main effect of the scattering quasi-

continuum on the reconstructed distribution in the B state in
Fig. 2(a) is to slightly enhance the population in the high-v tail
bringing it in a better agreement with the exact result.

6 Conclusions

In this paper, we investigate a reactive exit channel conical
intersection in the UV photodissociation of ozone, in which the
tuning mode X is aligned along the reaction coordinate. Two
findings emerge from the exact quantum mechanical calculations
combined with a Landau–Zener type analysis of the interacting
photofragments:

1. Intermediate vibrational distributions in the ‘transverse’
coupling mode Y allow one to reverse engineer the local Massey
parameter and to delineate the key parameters of the intersec-
tion in the branching space. The unique structural information
about the shape of the conical intersection carried by the
intermediate distributions is mapped out in the framework of
a three-dimensional Landau–Zener model. For ozone, the inter-
mediate distributions in the O–O vibration become strongly
inverted as the molecule crosses the intersection adiabatically,
and more than 1.0 eV of vibrational energy is transferred into
the coupling mode.

2. Intermediate distributions can be reconstructed from the
emission spectra of the two intersecting states. For ozone, the
resonance Raman spectrum quantitatively agreeing with experi-
ment has been calculated for the first time. A complete set of
Raman amplitudes is then used to evaluate the O–O vibrational
distributions near conical intersection. Reconstruction of inter-
mediate distributions in the repulsive dark R state, populated
via non-adiabatic transitions in the exit channel, requires the
continuum wing emission to be taken into account.

Appendix A product state distributions
on a single adiabatic potential energy
surface

In this Appendix, a single adiabatic state calculation for the
photodissociation in the triplet dissociation channel is
described. The final vibrational state distributions are calcu-
lated using the lower adiabatic potential

VadðX ;Y ;ZÞ ¼
VB þ VR

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VB � VR

2

� �2

þ VBR
2

s
:

A cut through this potential along X is shown in Fig. 4
(thick blue and red lines). The simulation allows one to
separate the impact of the topology of the lower adiabatic
potential energy surface and the impact of the two state
dynamics on the shape of the vibrational distributions in
the triplet channel. The one-state calculation is performed
using the same settings and the same initial state as those in
the two-state calculation.

The final vibrational state distributions are calculated using
eqn (13) and the populations for Eph = 5.49 eV are given in Fig. 3
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(top-right panel). The corresponding populations in the two-
state problem are shown in the top-left panel. As discussed in
the main text, this distribution, created in the B - R transition,
is vibrationally hot, peaking around V E 10–13. On the con-
trary, the distribution calculated using the lower adiabatic state
has a maximum at V = 0, and the population decreases quickly
with increasing V, resembling the distribution on the B channel
in the two-state problem.

Fixed energy components of the wave packets are shown in
the lower panels of Fig. 3 for the one-state (right panel) and the
two-state (left panel) calculations. They illustrate a dramatic
change which the photodissociation dynamics in the R channel
undergoes upon removing the upper electronic state. In parti-
cular, the large amplitude vibrations of the emerging molecular
fragment are completely suppressed in the one-state calculation.

Appendix B calculation of the Raman
spectrum and reconstruction of the
intermediate distributions

The resonance Raman amplitudes agk0 (or: elements of the mole-
cular polarizability tensor) for the emission from an electronic state
g into the vibrational states {fk(Q)} of the ground electronic states X̃
are given by half-Fourier transforms of the cross correlation func-
tions of the evolving wave packet Fg(t) with the functions fk via
eqn (25). The emission of a (scattered) photon with energy ES

follows the absorption from the vibrational ground state of X̃ at a
fixed incident photon energy Eph; such emission spectrum was
measured in the experiments of Kinsey and co-workers.42

This spectrum is efficiently simulated using the stationary energy
component Wl(Q|Eph) [eqn (6)], which in the present context is
often referred to as a Raman wave function. With Wl(Q|Eph), the
emission amplitudes are given by the overlap50

a
g
k0(Eph,ES) = hfk|Cl

g(Eph)i. (28)

The ingredients leading to the emission amplitudes of eqn (28)
include (a) the function Cl

g(Eph), (b) the basis states {fk(Q)}, and (c)
the transition dipole moments (TDMs) lBX̃ and lRX̃ between the X̃
state and the B and R states, respectively. Raman wavefunctions
(see for example Fig. 3, bottom-left panel) are briefly discussed in
the ESI.† The items (b) and (c) are discussed below.

Note that the emission spectrum sgram �P
k

jagk0ðEph;ESÞj2d Ek � ESð Þ can be evaluated50 as a Fourier trans-

form of the autocorrelation function generated via a propagation of
Cl

g(Eph) in the ground electronic state X̃ with the Hamiltonian ĤX̃:

sgramðEph;ESÞ � EphES
3

ð1
0

Cl
g e�iĤ ~X

t
��� ���Cl

g

D E
eiðEph�ESÞtdt: (29)

Fig. 3 Final vibrational state distribution in the R channel for Eph = 5.49 eV: (left panel) the two-state system (full Hamiltonian); (right panel) arising from
the dynamics on the lower adiabatic potential energy surface (single state Hamiltonian). The bottom panels show the squares of the energy components
of the wave packets in the (X, Y)-plane, integrated over Z.

Fig. 4 Cut of the adiabatic potentials along the dissociation coordinate X.
The coordinates (Y, Z) are fixed to the minimum of the diabatic B state. The
lower adiabatic potential, used in the one-state calculation is marked with
a thick line (blue for X o XCI, red for X 4XCI). It is close to VB (blue) at short
distances and to VR (red) at long distances. The dashed black line indicates
the energy corresponding to the excitation with l = 226 nm, for which the
final vibrational distribution is shown in Fig. 3.
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An explicit construction of the basis states {fk} can be avoided in
this case.

B.1 Basis states in the ground electronic state

The vibrational basis states {fk(Q)} have been calculated using
the potential energy surface of the ground electronic state as
described in the ESI.† All calculated eigenstates were either
symmetric or antisymmetric with respect to the interchange of
the two end atoms. A total of 244 states (138 symmetric and 106
antisymmetric states) were found.

Transitions terminating on the bound states {fk} constitute the
main part of the emission spectrum of ozone dissociating in the B
state. In order to calculate the contribution to the emission
spectrum from the R state, the set {fk} has to be augmented with
the continuum basis states {f�n (ES)} lying above the ground-state
dissociation threshold. Indeed, the R state is purely repulsive, and
the corresponding molecular eigenstates, populated from the B
state at relatively large interfragment distances near the conical
intersection, are scattering states with vanishing amplitude at small
interfragment distances. Under these circumstances, the wing
emission into the dissociation continuum of the X̃ state is expected
to be dominant. In many molecules, the wing emission corre-
sponds to a broad featureless spectral region.49 In ozone, emission
into relatively narrow resonance states lying ca. 0.25 eV above the
dissociation threshold has also been observed.51

In order to illustrate the shape of the wing emission from
the R state, scattering basis states f�n (ES) in X̃ are constructed in
Jacobi coordinates (X, Y, Z) in a given arrangement dissociation
channel. For each scattered photon energy ES (i.e., for each
energy in the X̃ state EX̃ = Eph� ES), approximate basis states are
constructed as products of X- and (Y,Z)-dependent functions.
The (Y,Z)-dependent factor is a rovibrational state wn(Y,Z) of the
O2(3S�g ) fragment with energy en. The X-dependent factor is a
scattering solution of a one-dimensional Schrödinger equation,
with an effective vibrationally adiabatic potential, for the trans-
lational energy Etrans = kn

2/2mX = EX̃ � en. Although this proce-
dure produces distorted wave functions, it gives a large (and
ideally a complete) set of both resonance and purely scattering
basis states.52 The energies ES form an equidistant grid of
500 points in the energy interval [2.0–5.0] eV; for each ES, all
open channels are included. This results in about 100 000
mutually orthogonal scattering basis states. The spectra shown
below demonstrate that most of the emission from the R state
falls into the chosen energy window.

B.2 Ab initio transition dipole moments

The TDM |lBX̃| between B and X̃ is a spline interpolation of the
ab initio data of ref. 39. The TDM lRX̃ between R and X̃ has been
calculated with an AVTZ basis set of Dunning at the CASSCF
level of theory over a range of bond distances covering a broad
vicinity of the conical intersection. It is shown in Fig. 5 as a
function of one O–O bond length. In the spectral calculations, it
is set to a constant value of lRX̃ = 0.02 a.u.

Near the conical intersection, the TDM lBX̃ is close to
0.06 a.u. which is three times larger than lRX̃, implying that
the molecules staying in the B state and following the diabatic

path through the intersection dominates the emission spectrum.
At the same time, photons emitted from the two states have
different polarizations. Indeed, although both B and R states are
of A0 symmetry and their TDM vectors lie in the molecular plane,
the directions of the vectors lBX̃ and lRX̃ in this plane are
different (see Fig. 5). For the B state, the vector lBX̃ is mainly
aligned along the dissociation coordinate X. For the R state, the
vector lRX̃ is essentially perpendicular to the dissociation direc-
tion. Thus, the emission along the diabatic path (B state) is
parallel whereas the adiabatic path (R state) produces photons
via a perpendicular TDM. The situation turns out to be similar to
that encountered in the photodissociation of CH3I.16

We note in passing that the photofragments heading into
the diabatic and the adiabatic dissociation channels can also be
distinguished by the anisotropy parameters53 b of their inter-
mediate angular distributions. A large positive b is expected for
the OOO2 complexes moving diabatically in the B state, while a
substantially reduced or even negative b is expected for frag-
ments dissociating along the adiabatic path. These expecta-
tions are actually confirmed by the direct quantum mechanical
calculations of rotating ozone.15

B.3 Raman spectra

The photoemission spectra of the B state, sBram Eph;ES

� �
�

EphES
3
P
k

aBk0
�� ��2d ES � Ekð Þ, for the excitation wavelengths lI =

266 nm and lI = 226 nm are shown in Fig. 2(e) and 6(a),
respectively, as function of the scattered photon wavelength lS.

There is no published experimental spectrum at this wave-
length; comparison with experiment is made for lI = 266 nm in
Fig. 2. The overall structure of the emission is similar for
these two excitation wavelengths. Characteristic are the quick
decrease of the emission intensity with growing lS, as the

Fig. 5 Diabatic transition dipole moments of the three lowest singlet
excited states with the ground electronic state X̃ shown as functions of
one O–O bond distance. The other bond distance is fixed at 2.30a0 and
the valence angle is fixed at 1171. The diabatic states are labelled B, R, and
A. Two molecular diagrams illustrate the direction of the TDM vectors for
the B state (blue) and the R state (red) for the bond distance of 3.2a0, close
to the B/R conical intersection. The dashed line in the two diagrams is the
Jacobi distance X, i.e. the dissociation coordinate.
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progressively more excited vibrational states of the ground-state
ozone are reached, and the polyad structure of the emission
spectrum, with the intensity noticeably enhanced for the pure
symmetric stretch excitations in X̃. The contribution of wing
emission, observed above the dissociation threshold of the X̃
state for lS Z 280 nm, is small for the B state. However, a
progression of narrow resonance states can be clearly isolated
in the calculated emission spectrum for lS Z 280 nm. Their
wave functions correspond to pure symmetric stretch excita-
tions and are assigned (8,0,0), (9,0,0), and (10,0,0) in Fig. 6(a).
A quantitatively similar above-threshold emission progression
has been detected in ref. 51 for lI = 266 nm.

The photoemission spectrum for the R state, sRram Eph;ES

� �
�

EphES
3
P
k

aRk0
�� ��2d ES � Ekð Þ, is shown in panel (b). Two features

distinguish it from the emission from the B state. First, the
R-state emission is about 104 times weaker than the B-state
emission. This is partly because of difference in the TDMs for
the two states and partly because the R state is populated only
via non-adiabatic transitions from the B state; the non-
adiabatic transition probability lies below 10% at this Eph.
Second, the dependence of the R-state emission intensity on
lS is very different from that observed for the B state and has a
pronounced threshold. There is essentially no emission into the
bound states, and the intensity abruptly rises by about two
orders of magnitude as the dissociation threshold of X̃ is
crossed. The emission maximum is reached approximately
0.5 eV above threshold, but a structured emission tale extends
far into the visible range up to lS E 600 nm (see panel (c) of
Fig. 6). The present calculations predict that the long wavelength

limit of the emission spectrum of ozone is dominated by the R
state emission.
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a b s t r a c t

This paper relates the partial cross section of a continuous optical emission into a given scattering chan-
nel of the lower electronic state to the photofragment population. This allows one to infer partial emis-
sion cross sections ‘non-optically’ from product state distributions; in computations, explicit construction
of exact scattering states is therefore avoided. Applications to the emission spectra of NaI, CO2, and
pyrrole are given. It is also demonstrated that a similar relationship holds between partial cross sections
of dissociative photoionization and distributions of ionic fragments over final product channels.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Light induced molecular dynamics in excited electronic states is
an active field of interdisciplinary research [1] extending from fun-
damental questions of photostability of biochromophores [2,3] to
the design of molecular photoswitches [4] and all the way to the
utilization of carbon dioxide [5,6]. Emission – in particular optical
emission – spectroscopy is a widely recognized tool for studying
reaction pathways in excited electronic states [7–9,4]. Indeed,
electronically excited molecules undergoing fast radiationless
reactions (e.g. photodissociation or electronic relaxation via conical
intersections [10–12]) can emit light as they move along the reac-
tion path [13]. Even though the emission efficiency � sreac=srad is
small because the characteristic reaction times sreac are often much
shorter than the radiative lifetime srad, the emission spectra carry
detailed information on the topography and dynamics of the
excited electronic state [9].

One generally distinguishes emission by the nature of the initial
and final states either of which can be bound or dissociative. The
possibilities, illustrated in Fig. 1, include bound initial and final
states [panel (a) showing CO2 molecule], dissociative initial and
final states [panels (c) and (d), showing NaI and pyrrole], as well
as respective mixed flavors. Discrete emission spectrum (bound
final states) is especially convenient to analyze, allowing for exam-
ple extraction of equilibrium geometry of the excited electronic
state. The analysis of discrete emission capitalizes on the simplicity
of the spectrum and the wave functions of final bound vibrational
states, in particular the low lying ones [9,14]. Examples of discrete

emission spectra are given in Fig. 2(a) for the spin-forbidden tran-

sitions eX1Rþg  3A2 and eX1Rþg  3B2 originating from the lowest
bent triplet states of CO2 and terminating in the linear ground

electronic state eX (see Appendix for the computational details).
Bent-to-linear emission transitions excite polyads (multiplets) of
combined bending/symmetric stretch vibrational excitations; ineX , these two modes are strongly coupled via the anharmonic 1:2
Fermi resonance [15]. The spectra are sensitive to the equilibrium
valence angle a0

OCO: Emission from the state 3B2 with a0
OCO ¼ 118�

terminates in higher lying polyads and – within each polyad – in
the levels with more bending character than emission from the
state 3A2 with a0

OCO ¼ 127�. Polyad structure of the emission of bent
CO2 was first analyzed by Dixon [16] who gave accurate estimates
of equilibrium bending angles.

Discrete emission from repulsive excited states has been stud-
ied in the context of dissociative resonance Raman spectroscopy
[7,8]. This approach provides a sensitive probe of early stages of
photodissociation in the excited electronic states [9]. The emission
spectrum of CO2 in Fig. 2(b) gives an example. Emission proceeds
from a 180cm�1 wide resonance state located in the vibronically
coupled singlet states 2;31A0 and belonging to a progression form-
ing the vibrationally resolved optical absorption band around
134 nm [17]. In Ref. [17], this progression was assigned to a
sequence of concerted stretching excitations winding about the
closed seam of multiple conical intersections [18] and labelled by
a ‘pseudorotational’ quantum number. The inner portion of the
resonance wave function emits vacuum ultraviolet (VUV) light
(emission wavelengths ks 6 155 nm) and ends up in the low lying
levels with combined symmetric and antisymmetric stretch
excitations. The same resonance state emits strongly in the near
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UV range, between 250 nm and 400 nm. This emission stems from
the dissociative portion of the resonance wave function, with O–CO
distance exceeding 3.5a0, and includes transitions into bound
levels with antisymmetric stretch and bending excitations.
Recently, we demonstrated that the corresponding Raman emis-
sion amplitudes can be utilized to accurately reconstruct interme-
diate stretching/bending distributions of the molecule moving
across the conical intersection seam [14].

Finally, continuum emission into dissociative states of the final
electronic state can be employed in the analysis. A prominent
example is the emission spectrum of the photoexcited NaI – one
of the first examples of the transition state spectroscopy [13,19].
The excitation/emission scheme is sketched in Fig. 1(c), while the
corresponding calculated emission spectrum is given in Fig. 2(c).
The dominant transition corresponds to the characteristic emission
D-line kD of free electronically excited product Naw atoms. Weak
emission of the still interacting Na–I system into the bound NaI
states is seen on the blue side of the atomic D line for ks < kD, while
emission into the dissociative continuum of the low lying elec-
tronic states gives rise to a pronounced wing extending to the
red for ks > kD. In principle, continuous emission contains a wealth
of dynamical information on the excited electronic states [14,20]
and – in polyatomic molecules – can be instrumental in the analy-
sis of conical intersections shifted away from the Franck–Condon
region into the exit dissociation channel [14]. However, the diffuse
and often featureless continuous emission spectra are more
difficult to interpret than the well resolved discrete emission into

bound levels. Moreover, a comprehensive analysis requires partial
photoemission amplitudes into specific scattering channels of the
final electronic state [14], and these are generally difficult to quan-
tify either experimentally or computationally [21,22]. The aim of
the present work is to close this gap and to provide theoretical
means for the analysis of continuous emission spectra.

In this paper, partial cross sections for continuous emission are
considered. It is demonstrated that the emission cross section in a
given scattering channel is closely related to the photofragment
population in this channel. Thus, photofragment populations can
be used as proxies for efficient computation of the corresponding
emission cross section. In fact, the two sets of data carry very sim-
ilar information and can effectively complement each other. The
rest of the paper is organized as follows: theory and illustrative
computations are presented in Section 2. Conclusions are given
in Section 3 and an extension to the case of dissociative photoelec-
tron emission is discussed. Appendix summarizes the computa-
tional aspects of the presented emission spectra.

2. Partial emission cross sections and photofragment
distributions

Relevant excitation/emission schemes are sketched in Fig. 1.
Incident light with frequency xe promotes the system, originally

residing in the ground electronic state eX , into an electronically
excited state or states, which we denote by B, and creates an initial
excitation

Fig. 1. Electronic states of molecules emission of which is discussed in this work. Photoexcitation (vertical arrows) proceeds with frequency xe; emitted light (wavy arrows)
has frequencyxs . (a) Potentials of CO2 for the ground electronic state (solid and dashed black curves), excited singlet states 2;31A0 (red) and the lowest bent triplet states 13A0

and 13A00 (green) as functions of one CO bond length. Spin-forbidden excitation to the bound states in the triplet potentials is shown with a green arrow. The valence angle is
fixed at 120� , and the second CO bond is 2.2 a0. (b) The same curves as in (a) but for the valence angle of 179� . Excitation to the singlet metastable states is shown with a red
arrow, and singlet dissociation threshold D0 is indicated. (c) Potentials of the ionic (black) and covalent (red and blue) electronic states of NaI as functions of the interatomic
distance. Excitation to the covalent state correlating with the excited Nað32PÞ fragment atoms is shown with a blue arrow. (d) Potentials of the ground electronic state of
pyrrole (black) as well as of the excited electronic states 11A2 (blue) and 11B1 (red) as functions of the NH distance. Excitation of a metastable level in the 11B1 state is shown
with a red arrow. Blue wavy arrow indicates emission into the repulsive 11A2 state. C2v symmetry of pyrrole is preserved along the shown dissociative cut. For each NH
distance, the energy of the 11A2 state is optimized with respect to vibrations of pyrrolyl. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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UB ¼ l � �eð ÞBXU0; ð1Þ

where l � �eð ÞBX is the transition dipole moment (TDM) along the
polarization direction �e of the incident light, and U0 is a vibrational

state in eX; in what follows we shall apply the Condon approxima-
tion and neglect the coordinate dependence of the TDM (generaliza-
tion to coordinate dependent TDMs is straightforward). Once in B,
the molecule undergoes excited state dynamics and emits light

with frequencyxs landing in the lower electronic state (e.g. eX) with
dissociation energy D0. For �hðxe �xsÞ > D0, the emission is contin-
uous. In a typical case of a UV excitation and emission into the

ground state eX with D0 of the order of a few eV, the continuous
emission falls into visible range and extends to near infrared.

Central for the analysis of the molecular photoresponse involv-
ing formation of separated fragments is the Franck–Condon-like
matrix element hw�c;njWci [23], where w�c;n is an energy normalized
scattering eigenstate in the electronic state c with an outgoing
wave in the scattering channel labelled by a collective index n
(comprising e.g. rotational and/or vibrational quantum numbers
of polyatomic products); Wc is the molecular wave function in
the state c prepared by absorption or emission of a photon, and
its particular form depends on the experimental situation.

For example, in a one-photon photodissociation of a molecule
excited into the state c ¼ B with a narrow bandwidth laser pulse,
the wave function Wc¼BðxeÞ is a fixed energy component filtered
out of the initial excitation UB via

WBðxeÞ �
Z 1

0
exp �ibHBt

� �
UB exp þixetð Þdt: ð2Þ

bHB is the excited state Hamiltonian augmented with a coordinate
dependent complex absorbing potential in order to impose radia-
tion boundary conditions for large interfragment separations
R!1 (hereafter, atomic units �h ¼ 1 are used). The matrix element
hw�B;nðxeÞjWBðxeÞi describes the partial photodissociation amplitude
sBðxe;nÞ in channel n, and the asymptotic form of WBðxeÞ, contain-
ing purely outgoing waves along R, is given by

WBðxeÞ�!R!1 � i
X
n

sBðxe;nÞ
ffiffiffiffiffiffiffiffi
lR

kB;n

r
eikB;nRvB;nðqÞ: ð3Þ

In each channel n, the wave function is asymptotically factorized
into a translational R-dependent part and the part depending
on the internal degrees of freedom q of the fragment; sBðxe;nÞ
plays the role of a channel amplitude; lR is the reduced mass
associated with R;vB;nðqÞ is the eigenfunction of the fragment state

ðB;nÞ; �B;n is its eigenenergy, and kB;n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2lRðxe � �B;nÞ

p
is the

channel momentum.
This asymptotic factorization is the basis of the projection

method developed by Balint-Kurti and co-workers [24,25], in
which sBðxe;nÞ is extracted out of the evolving molecular wave
packet at the analysis line R ¼ R1 in the asymptotic region. The
time independent version of this projection method reads as
[14,23,26]

Fig. 2. Optical emission spectra shown as functions of the emission wavelength ks . (a) Emission of bent triplet states of CO2 into bound levels (gray sticks) of the ground
electronic state. Combs indicate vibrational states carrying maximum intensities inside each Fermi polyad. (b) Emission from linear singlet states of CO2 into the ground
electronic state. Most of the emission is into the bound levels. Continuous emission region is enhanced; vertical dotted line marks D0. Red and green lines show partial
emission cross sections into the ground (nCO ¼ 0) and the first excited (nCO ¼ 1) vibrational states of the CO fragment. (c) Emission into the vibronically coupled X0+/A0+ states
of NaI. Vertical dotted line marks emission at the sodium D-line kD . Arrows indicate positions of vibronic resonances in X0+/A0+. Dashed line is inferred from the kinetic
energy spectrum of recoiling fragments. (d) Emission between the two prH states of pyrrole (solid blue line). Also shown are partial emission cross sections into the
vibrationless pyrrolyl fragment (n ¼ 0; orange) as well as the pyrrolyl fragment with one-quantum excitations in the A1 modes with frequencies 939 cm�1 (n1 ¼ 1; green) and
1089 cm�1 (n2 ¼ 1; black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sBðxe;n;R1Þj j2 ¼ kB;n
lR

vB;nðqÞjdðR� R1ÞjWBðxeÞ
D E��� ���2: ð4Þ

If the electronically excited molecule in the state WBðxeÞ emits
light and makes a transition into the dissociation continuum

of, say, ground electronic state eX , the matrix element
hw�X;njWc¼Xðxe;xsÞi describes the partial photoemission amplitude

aXðxe;xs;nÞ in the scattering channel n in eX . The function WB is
then the Raman wave function introduced by Lee and Heller [27],
and the corresponding radiative transition generates a resonance
Raman signal. The wave function WXðxe;xsÞ is a fixed energy
component, this time extracted from the state WBðxeÞ using the

ground state Hamiltonian bHX (also augmented with an absorbing
potential) [27,28]:

WXðxe;xsÞ ¼
Z 1

0
exp �ibHXt

� �
WBðxeÞ exp iðxs �xeÞtð Þdt: ð5Þ

The asymptotic form of this wave function in each scattering chan-
nel of the terminal electronic state is again given by a factorized
expression akin to Eq. (3):

WXðxe;xsÞ �!R!1 � i
X
n

aXðxe;xs;nÞ
ffiffiffiffiffiffiffiffi
lR

kX;n

r
eikX;nRvX;nðqÞ: ð6Þ

All quantities describing fragments now refer to eX . The channel
amplitudes in Eq. (6) turn out to be the emission amplitudes
aXðxe;xs;nÞ, and they can be quantified by measuring photofrag-
ment fluxes at an asymptotic analysis line:

jaXðxe;xs;nÞj2 ¼ kX;n
lR

vX;nðqÞjdðR� R1ÞjWXðxe;xsÞ
D E��� ���2: ð7Þ

This is the main result of this work: The photoemission intensity
into a given scattering channel in the dissociation continuum of
the lower electronic state is given by the emission induced popula-
tion of this channel. This relation allows a straightforward compu-
tation of partial amplitudes of continuous emission without the
need for explicit construction of exact scattering states fw�X;ng. Once
the partial emission amplitudes are quantified they can be used to
infer the excited state dynamics as described in Ref. [14]. The total
photoemission cross section is related to the partial cross emission

amplitudes via [28] rRðxe;xsÞ � xex3
s

P
njaXðxe;xs;nÞj2.

An effective iterative implementation for the integral in Eq. (7)
is provided by the recursive construction of Krylov vectors
nkðxeÞ ¼ QkWBðxeÞ, based on a sequence of modified Chebyshev

polynomials QkðbHXÞ introduced by Mandelshtam and Taylor [29]:

vX;njdðR� R1ÞjWX

D E
¼
XNiter

k¼1
bk vX;njnk
h i

R¼R1
: ð8Þ

Here the integration in square brackets is carried out only over the
fragment coordinates q; bk are the usual [30] energy dependent
expansion coefficients for the propagator, and the expansion length
Niter is a convergence parameter of the computation. Examples
below illustrate the calculation of partial emission cross sections
via Eq. (7) for the molecular systems in Fig. 1(b,c,d) dissociating
after emitting a photon. Computational details are given in the
Appendix.

Application 1: NaI. Sodium iodide photoexcited at the wave-
length of ke � 220 nm into a high lying repulsive covalent state dis-
sociates in Nað2PÞ þ Ið2P3=2Þ [see Fig. 1(c)] [13]. Free sodium atoms
emit via a transition Nað2S 2PÞ at the D-line of kD ¼ 589 nm
[Fig. 2(c)]. As long as Na–I are still interacting, radiative transitions
can also terminate in the low lying covalent state A0þ which is
vibronically coupled to the continuum of the ionic ground elec-
tronic state X0þ at an avoided crossing [19,31]. These transitions

give rise to an appreciable wing emission for ks > kD. According to
Eq. (7), the emission spectrum can be recorded ‘non-optically’, by
detecting the kinetic energies of the recoiling atoms in the lowest
electronic channel Nað2SÞ þ Ið2P3=2Þ (rovibrational channels n are
absent for atomic fragments). This is demonstrated in Fig. 2(c)which
compares the emission spectrum, obtained from the kinetic energy
release evaluated at the analysis line of R1 ¼ 25a0, with the emis-
sion spectrum calculated directly by propagating the wave packet
WBðxeÞ in the lower lying coupled A0þ=X0þ states [27,28]. The
agreement is excellent for the wing emission with ks > kD; peaks
in this wavelength range are spaced by about 260 cm�1 and corre-
spond to a progression of metastable resonances in the A0þ=X0þ

states. These resonances have been analyzed in detail by Alekseyev
et al. [31] in the context of the absorption spectrum of NaI.

Application 2: CO2. Discrete emission spectrum of carbon dioxide
photoexcited into a pseudorotational vibronic resonance in the
absorption band around 134 nm has already been discussed in
the Introduction. As illustrated in the magnified portion of the
spectrum in Fig. 2(b), the same state gives rise to a weak continu-
ous emission into scattering states of the ground electronic stateeX1Rþg correlating with the singlet dissociation threshold

COðX1PÞ þ Oð1DÞ. The continuous emission extends to wave-
lengths longer than 620 nm, and its spectrum can be decomposed
into partial components using Eq. (7) and the CO vibrational distri-
butions. Most of the emission is into the vibrationless (n ¼ 0) chan-
nel of carbon monoxide [red line in panel (b)]. Partial contribution
from the first excited state n ¼ 1 is also seen, but it is weak in the
shown wavelength range: Emission induced CO vibrational state
distributions are very cold. Higher vibrational channels are effec-
tively populated via emission only for ks > 1200 nm (not shown).

Application 3: Pyrrole. Mechanisms of photodissociation of
heteroaromatic chromophores – such as pyrrole C4H4NH – are cur-
rently under investigation in several experimental and theoretical
groups [32–36]. Of particular interest are photofragment distribu-
tions in the mixed Rydberg/valence prH states mediating fast
direct dissociation of the NH bond. In Fig. 1(d), these states are
denoted 11A2 and 11B1 according to the irreps of the C2v symmetry
group of the parent molecule. In the Franck–Condon region, the
state 11B1 features a local minimum lying 5:03 eV above the equi-

librium of eX and separated from the asymptotic channel by a
2145 cm�1 high potential barrier. The reported emission spectrum
arises via a transition from the upper (11B1) to the lower (11A2)
prH state following direct photoexcitation of the vibrational
ground state in the local minimum of 11B1; photoexcitation is

dipole allowed (TDM between 11B1 and eX at the Franck–Condon
point is 0.1D). The emission transition 11A2  11B1 is also allowed,
and the corresponding TDM of 0.75 D is large. The final state is
repulsive and the emission spectrum is purely continuous.

The spectrum is evaluated using the recently constructed model
potential energy surfaces comprising all 24 vibrational degrees of
freedom of pyrrole [37]. The present calculations include the
N–H dissociation coordinate and the eight totally symmetric (a1)
modes of the pyrrolyl ring. The resulting emission spectrum, cover-
ing the near to mid infrared range, is shown in Fig. 2. Diffuse spec-
tral structures are due to a progression of broad resonance states
built on consecutive excitations of the NH stretch in the final state
11A2. Partial emission cross sections into scattering channels corre-
sponding to different vibrational states of pyrrolyl radical

C4H4Nð2eXÞ are also calculated from the product state distributions
according to Eq. (7). They have the same characteristic shape as the
total emission spectrum. For k < 5500 nm, the strongest emission
is into the channel n ¼ 0 in which pyrrolyl is in the vibrational
ground state. At longer wavelengths, channels with one-quantum
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excitations of the low frequency pyrrolyl vibrations (n1 ¼ 1 and
n2 ¼ 1) gradually become dominant.

3. Conclusions and outlook

This paper relates the partial cross sections of continuous emis-
sion to the resulting photofragment distributions over the open
scattering channels. This is the main conclusion of this work. In
computations, this opens a way to reconstruct partial emission
cross sections by analyzing the flux of photofragments without
the need to explicitly construct the exact scattering states. This
reconstruction is in principle possible in a photodissociation exper-
iment, too – if the detected photofragments in a given electronic
channel predominantly originate from the emission transition.
Finally, information on the emission intensities can be utilized to
reconstruct transient dynamics in the excited electronic state [14].

Similar relationships can be found in other photoinduced reac-
tions leading to an unstable final state. One promising application
which deserves a more detailed study in the future is dissociative
photoionization, a sensitive instrument in studies of the electronic
relaxation of nucleobases [38,39]. Ionizing pulse prepares an
unstable cationic state, and partial photoelectron cross sections,
in which fragment ions are generated in specific electronic and
vibrational states, can be related to the product state distributions
in these channels. Indeed, the cross section of dissociative pho-
toionization for a certain electron kinetic energy eKE is given by
the familiar Franck–Condon like matrix element hw�c;njWci dis-
cussed in connection with Eqs. (3) and (6) and can be represented
as a sum over partial cross sections in all electronic (F) and rovibra-
tional (n) dissociation/ionization channels:

rð�ph; eKEjsÞ �
X
n

X
F

X
s

dksxs
FI

 !
hw�FnjWIi

�����
�����
2

: ð9Þ

Here w�Fn are scattering states in the dissociation continuum of the
unstable cation; WI is the wave function of neutral molecule
analogous to WB or WX above. If – as often done in the context of
a ‘sudden’ approximation [40] – the ‘spectroscopic factors’ xFI

s

(i.e. the matrix elements of the electronic annihilation operator
between states I and F) and the amplitudes dks (i.e. the bound-free
one-electron dipole integrals) are ignored, the partial photoelectron
emission cross sections are given by the Franck–Condon factors
hw�FnjWIi. These can again be evaluated in terms of partial photodis-
sociation fluxes of the (this time ionic) fragments at the analysis
line R ¼ R1. In other words, partial photoelectron cross sections
can be found from the asymptotic detection of recoiling ionized
molecular fragments.
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Appendix A. Quantum mechanical calculations of the emission
spectra

1. Spectral calculations. For each molecule discussed in the main
text, the total and – where applicable – the partial emission cross
sections are calculated in two steps. In the first step, the molecular
wave function WBðxeÞ is generated in the excited state manifold.
For the emission of NaI and of singlet CO2, this is done by propagat-

ing the ground vibrational state of eX under the influence of the
molecular Hamiltonian of excited state(s) using the discrete

version of Eq. (2) [see, for example, Eq. (8)]. Bound vibrational
states in the bent triplet potentials are found by applying Filter
Diagonalization [41] to the respective Hamiltonians. The vibra-
tional ground state in the local minimum of the 11B1 state of pyr-
role is calculated within the harmonic approximation for all
vibrational degrees of freedom. In the second step, the initial state
WBðxeÞ is iteratively propagated under the influence of the molec-
ular Hamiltonian of the lower electronic states. The total emission
cross section is proportional [28] to the Fourier Transform of the
discrete Chebyshev autocorrelation function. The partial emission
cross sections are evaluated with Eq. (7) using the discrete cross-
correlation functions of Eq. (8) for each rovibrational channel.

2. Potential energy functions. Diabatic potential energy functions
and off-diagonal coupling for the lowest two states of NaI are from
Ref. [31]. The uppermost covalent state correlating with the disso-
ciation channel Nað2PÞ þ Ið2P3=2Þ is constructed as suggested in Ref.
[13]. Potential energy surfaces of the singlet states of CO2 are taken
from Ref. [42]. The calculations of the two lowest bent triplet states
are described in Ref. [6].

The potential energy surfaces of the two lowest prH states of
pyrrole are constructed from CASSCF/CASPT2 ab initio calculations
as described in Ref. [37]. In particular, the potential energy surface
of the lower prH state 11A2 is a quadratic function of the pyrrolyl
normal modes fq1 � � � q8g and has the form

VðR; fq1; ;q8gÞ ¼ V1DðRÞ þ
X8
Ci¼1

jiðRÞqi þ
1
2

X8
i;j¼1

cijðRÞqiqj: ðA1Þ

The zeroth-order term, the gradient, and the matrix elements of the
Hessian depend on the dissociation coordinate R chosen to be the
Jacobi distance of the departing H atom to the center of mass of
the pyrrolyl moiety. By construction, the Hessian becomes diagonal
for R!1 and the gradient term vanishes.

3. Quantum mechanical calculations. Spectral calculations of NaI
and CO2 are performed using the program package ‘PolyWave’ [43].
For NaI, 1024 equidistant grid points spanning interatomic NaI dis-
tances between 3.0 a0 and 30.0 a0 are used. Grid parameters and
propagation settings for CO2 are described in Refs. [37,17].
Emission spectra of pyrrole are calculated using the MCTDH
package [44]. The primitive grid in R consists of 97 sine DVR grid
points chosen between 3.4 a0 and 13.0 a0; for each pyrrolyl
normal mode qi, 21 harmonic oscillator DVR grid points are used.
The MCTDH wave function is expressed using five combined
modes fR; ðq1; q2Þ; ðq3; q4Þ; ðq5; q6Þ; ðq7; q8Þg with the scheme of
f6;5;4;3;2g single-particle functions for each combined mode.
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excitation of the 1A2(πσ
∗)← X̃1A1(ππ) transition
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Photodissociation of pyrrole, following the excitation to the low-lying 1A2(πσ∗)

state is studied quantum mechanically. A new set of 24-dimensional diabatic po-

tential energy surfaces are constructed using high level ab initio calculations. The

excitation is described using coordinate-dependent transition dipole moment func-

tions which are constructed as Herzberg-Teller expansions. The calculated observ-

ables are absorption spectra and photofragment translational energy distributions

(frequency-resolved properties) and the dissociation time scales and the resonance

lifetimes (time-resolved properties). Simulations are performed including a different

number of degrees of freedom (6, 11 and 15), and the different spectroscopic fea-

tures ascribed to totally symmetric and non-totally symmetric modes are analyzed

in detail. Approximate methods, involving a minimum computational effort, are de-

veloped to calculate the absorption spectrum and the photofragment distributions.

These approaches, whose validity is demonstrated for pyrrole, are promising for the

study of photodissociation of πσ∗ states in broad classes of biochromophores.

I. INTRODUCTION

The atomistic mechanisms of non-radiative decay of the initial electronic excitation in

aromatic molecules, serving as models of broad classes of ultraviolet (UV) biochromophores,

are actively studied using experiment and theory (see Refs. 1–22 and references therein). In

the gas phase, the internal energy of the molecules, excited with UV light, allows dissoci-

ation into several kinetically competing channels. One group of channels is populated on

∗ Emails: Sergy.Grebenshchikov@ch.tum.de and sgreben@gwdg.de
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a nanosecond time scale23 and is reached via electronic relaxation to the ground electronic

state X̃ along the ring-deformation and ring-opening pathways.12,14,15,18,24,25 In contrast, dis-

sociation into a hydrogen atom and a radical co-fragment via 1πσ∗ excited states occurs on a

sub-picosecond time scale.7,8,11,13,14 The 1πσ∗ states often lack oscillator strength (especially

if compared to the optically ‘bright’ 1ππ∗ states), but the topography of their potential

energy surfaces allows them to control ultrafast electronic relaxation pathways.13,14,16

The 1πσ∗-mediated H-atom detachment in heteroaromatic molecules, such as pyrrole, is

an actively expanding research field in which a range of powerful spectroscopic techniques,

both high-resolution frequency-resolved13 and ultrafast time-resolved,12,14,26 are used to mon-

itor the reaction fragments. They are combined with ab initio theoretical calculations,4,16,17,21

which provide a convincing interpretation in terms of the electronic structure and quantum

dynamics simulations.

The molecule of pyrrole, whose structure is present in a number of biomolecules (as for

example the amino acid tryptophan, and porphyrin compounds), is a characteristic example

of a chromophore which exhibits πσ∗ photochemistry. Its low-lying 1πσ∗ states are known

to be predissociative with respect to the N–H bond.16

The first absorption band of pyrrole (see Fig. 1(a)), extending from 5.5 eV to 6.5 eV,

was extensively studied in the past. While the complete electronic assignment of the band

remains a subject of hot discussions, most researchers currently agree that the two lowest

excited states of the molecule in the Franck-Condon (FC) range are of 1πσ∗ character. The

first excited singlet state 1A2(πσ∗) (with the vertical excitation energy Te of about 5.0 eV)

arises mainly from the promotion of an electron from the 1a2(π) to the 10a1(3s/σ∗) molecular

orbital; the transition from the ground electronic state X̃1A1(ππ) (hereafter referred to as

X̃) is electric dipole forbidden and is accomplished via the vibronic intensity borrowing.

The second πσ∗ state, located ∼ 0.7 eV above A2, is the state 1B1(πσ∗). It originates mainly

from the 2b1(π) → 10a1(3s/σ∗) orbital excitation and, although its excitation from X̃ is

electric dipole allowed, the oscillator strength of this transition is weak. As a result, the

absorption cross section of pyrrole below 5.6 eV (218 nm on the wavelength scale) is small,

of the order of 10−18 cm2.

The one-dimensional potential energy curves of the three lowest electronic states of pyr-

role along the dissociation coordinate are illustrated in Fig. 2(a) and (b). Both states are

repulsive with respect to the extension of the N—H bond; the state 1A2(πσ∗) correlates
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FIG. 1: (a) Overview of the experimental absorption spectrum in the first absorption band of

pyrrole (see Refs. 27 and 28). (b) Theoretical absorption spectrum due to the transition 1A2 ← X̃

calculated as described in Sect. V. (c) Theoretical spectrum of Roos et al. (Ref. 29), calculated

using Herzberg-Teller transition dipole moments and a globally harmonic approximation (i. e. not

including the broadening due to the dissociation).

———————————————————————

with the photofragments in the electronic ground states, H(1S) + pyrrolyl(2A2), while the

state 1B1(πσ∗) correlates with the pyrrolyl’s first excited state 12B1. Both πσ∗ states feature

shallow local minima in the FC zone separated from the asymptotic region by low barriers,

indicating that a tunneling contribution to the dissociation can be expected.16

The two πσ∗ states in Fig. 2 form conical intersections (CIs) with the ground elec-

tronic state in the exit channel, away from the FC zone. These intersections, predicted

by Sobolewsky, Domcke and co-workers on the basis of general symmetry arguments,16 are

the most salient features of the πσ∗ states of pyrrole and, as argued in Refs. 7,13,14, are also

expected to be the intrinsic properties of the πσ∗ states in many model biochromophores.

Due to their location in the exit dissociation channel, these intersections are expected to

influence the vibrational state distributions and the kinetic energy release of the photofrag-



4

4 5 6 7 8
0

2

4

6

 

 

en
er

gy
 [e

V]
R [a

0
]

(a)

4 5 6 7 8
0

2

4

6

(b)

 

R [a
0
]

0 60 120 180
0

2

4

6

 

 

en
er

gy
 [e

V]

 [deg]

(c)

-90 0 90
0

2

4

6

 

 

 [deg]

(d)

FIG. 2: One-dimensional potential energy cuts of the 1A1 (blue), 1A2 (red), 1B1 (green) electronic

states as a function of the pyrrolyl–H Jacobi distance R. For each electronic state a cut at the

ground state pyrrole equilibrium [panel (a)] and a cut at the pyrrolyl fragment equilibrium [panel

(b)] are shown. Conical intersections are marked with circles, and the respective local diabatic

couplings are exemplified with dashed lines: The red line corresponds to ten times the X̃/A2

coupling induced by a displacement by 1 along the mode Qa2(2); the green line corresponds to

twice the X̃/B1 coupling induced by a displacement by 30◦ along the out-of-plane H bending.

Shown in panel (c) are the potential energy cuts along the polar angle θ for φ = 0◦; vibrational

modes of pyrrolyl are fixed at the MEP defined in Sect. II for R = 4.15 a0. Shown in panel (d) are

the potential energy cuts along the azimuthal angle φ for θ = 40◦; vibrational modes of pyrrolyl

are fixed at the MEP defined in Sect. II for R = 4.15 a0.

———————————————————————

ments, but they can also have an unexpected impact on the absorption spectra.30 The CIs

are encountered at C2v geometries and involve states belonging to different irreps of the C2v

point group. They are symmetry allowed, and the dissociation coordinate R acts as a tuning

mode. The coupling modes have a2 symmetry for the X̃/A2 intersection and b1 symmetry

for the X̃/B1 intersection.

The CIs between the repulsive πσ∗ states and the attractive ground state X̃ are expected
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to have a strong impact on the photoreactivity of the model biochromophores. Incidentally,

these CIs are the primary reason why the weakest part of the first absorption band at the

longest wavelength has been probed by many experimental and theoretical groups.28,29,31–34

Indeed, the photodissociation of pyrrole in the lowest 1πσ∗ states below 5.7 eV has been

extensively studied in the frequency- and time domain. The H-atom Rydberg tagging

photofragment translational spectroscopy studies of Ashfold and co-workers13,32,35 interro-

gated the formation of the fragment hydrogen atom for a series of photolysis wavelengths λ

between 254 nm and 190 nm. Their key observable is the total kinetic energy release (TKER)

in the photodissociation reaction. In the two fragment channels H+pyrrolyl, the TKER spec-

tra are equivalent to the rovibrational distributions of the pyrrolyl radical. The observed

kinetic energy distributions are bimodal,32 with the fast (average Ekin ≥ 4000 cm−1) and

slow (average Ekin ∼ 1000 cm−1) components well resolved for most wavelengths. The angu-

lar distributions of the fast fragments are typically anisotropic (non-zero recoil anisotropy

parameter), while the slow components correspond to isotropically distributed fragments.

These observations lead experimentalists13,31,32 to associate the fast products with direct

dissociation in the excited electronic states and to assume that the slow products emerge

as a result of statistical decomposition in the ground electronic state reached via internal

conversion. The principal observation regarding the fast component of the TKER distri-

butions is that the 1πσ∗ photodissociation entails selective population of a limited number

of vibrational levels of pyrrolyl.32 For this reason, the photodissociation of pyrrole in the

long wavelength tail of the first absorption band system has been characterized by a high

degree of vibrational adiabaticity in the modes orthogonal to the dissociation path.32 In

fact, the vibrationally adiabatic dynamics was found to be a characteristic property of the

photodissociation in the 1πσ∗ states of several model biochromophores.7

Early time-resolved pump-probe measurements performed at λ = 250 nm, established

two well separated dissociation time constants, τd = 110 fs and τd = 1.1 ps.36 The radical

co-fragments can be formed in either ground (correlating with πσ∗) or excited (correlating

with X̃) electronic states, and it appears reasonable to associate the fast fragments with

the electronically excited channel and the slow fragments with the ground-state radicals.

However, the experimental evidence is controversial, and the formation of the electronically

excited pyrrolyl has never been confirmed. Recent ultrafast time-resolved experiments at

the photolysis wavelength of 250 nm detected the fast dissociation time of τd = 126 fs and
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associated it with the tunneling lifetime.28 The same group found a much shorter dissociation

time of τd = 46 fs for λ = 238 nm. Even shorter dissociation time constants of 12 fs and 19 fs

for λ = 242 nm and 236 nm, respectively, were found in the time resolved photoelectron

measurements of Wu et al.37

Theoretical studies of the electronic structure, spectroscopy, and photochemistry of pyr-

role are numerous. Accurate ab initio calculations of vertical excitation energies clarified

the ordering of the low-lying valence and Rydberg excited states.29,33,34,38–40 The branching

ratios of several arrangement channels including ring deformation and ring opening reactions

were simulated using classical trajectory surface hopping algorithm.34,40 Multi-dimensional

multi-state quantum dynamics investigations of the ultrafast electronic population dynamics

in the excited states of pyrrole was performed by Köppel, Lischka, and co-workers38 and,

very recently, by Neville and Worth41 who constructed an ab initio Hamiltonian, based on an

extension of the quadratic vibronic coupling model, including the first seven electronic states

and valid from the Franck-Condon region to the asymptotic dissociation channels. These

studies yielded important insight into the radiationless decay dynamics of pyrrole, provided

new vibronic assignments of the intense features in the first absorption band between 5.5 eV

and 6.5 eV, and gave an estimation of the dissociation time constants in the 11A2(πσ∗) state

between 35 fs and 133 fs, in a general agreement with various experimental results.37,41

The final state analysis was reported in the quantum mechanical reduced-dimensionality

calculations of Domcke and co-workers who employed complete-active-space self-consistent

field (CASSCF) and multi-reference configuration-interaction (MRCI) methods and con-

structed diabatic potential energy models including the N–H stretching coordinate as well

as the most important coupling modes at the exit channel CIs.16,17,33,42 These authors per-

formed three-dimensional time dependent wave packet calculations and concentrated on the

dependence of the branching ratios of the electronic dissociation channels on the initial

vibrational state of the system. The formation of photofragments has been recently ana-

lyzed using the Ehrenfest algorithm within the framework of the classical mechanical ‘direct

dynamics’ with all 24 degrees of freedom included.43 Both the TKER and the angular distri-

butions were calculated without the construction of global potential energy surfaces of the

lowest four electronic states, and some qualitative features of the experimental distribuitons

were successfully reporoduced. The numerical accuracy is difficult to estimate, however, as

the calculations were performed at a CASSCF level with a modest active space and a limited
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atomic basis set.

Several key questions require further investigation going beyond the previous extensive

experimental and theoretical analysis. In the frequency domain, the absorption spectrum

of the two lowest πσ∗ states of pyrrole remains virtually unexplored; the only published

spectra were calculated by Roos et al. 15 years ago.29 Furthermore, the TKER distribu-

tions measured by Ashfold and co-workers at specific photolysis wavelengths13 have never

been completely assigned nor reproduced theoretically. The actual extent of vibrational

adiabaticity, postulated by the experimentalists for the photodissociation in the πσ∗ states,

remains unknown. In the time domain, the tunnelling contribution to the sub-picosecond

dissociation in the 11A2(πσ∗) state is not quantified.

This is the first of two papers which explore in detail the dissociation of pyrrole pho-

toexcited into the states 11A2(πσ∗) and 11B1(πσ∗). New high level ab initio calculations

have been performed on a coordinate grid which uniformly covers the inner FC zone and

the asymptotic region of separated H-atom and pyrrolyl. These calculations serve as a basis

for constructing a 24 dimensional (24D) molecular Hamiltonian in a local quasi-diabatic

representation in which quantum dynamical calculations are performed. The Hamiltonian

utilizes the reaction path formalism44 extended to three electronic states and the constructed

diagonal quasi-diabatic potentials are chosen harmonic only in the degrees of freedom of the

pyrrolyl fragment. The coordinate dependence of the transition dipole moment (TDM) vec-

tors is explicitly included within the Herzberg-Teller framework45 in order to allow direct

excitation of these optically dark states. The primary goal of this work is to provide a com-

prehensive picture of the photodissociation in the πσ∗ states: To investigate the weak diffuse

absorption bands, to assign them vibrational quantum numbers, to explore the photodisso-

ciation time scales, and to analyze the features of the resulting TKER distributions. The

emphasis in the present paper is on the dissociation in the state 11A2(πσ∗). Its coupling to

other electronic states is relatively weak,30 and it is justified to treat it in isolation. However,

the dissociation in the coupled states X̃/11A2(πσ∗) is briefly considered for completeness.

It is the second paper of the series which extensively deals with the multistate effects in

connection with the photodissociation dynamics in the second excited state 11B1(πσ∗).

The second goal of this study is the development of a simplified computational scheme

within which the diffuse absorption in the repulsive πσ∗ states and the subsequent sub-

picosecond formation of the photofragments can be quantitatively analyzed. Two approxi-
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mation schemes are introduced, one for the absorption spectra (approximated as a convolu-

tion of the absorptions due to the departing H-atom and due to the pyrrolyl ring) and one

for the TKER distributions (obtained via the adiabatic mapping of the FC exctitation onto

the vibrational states of the free pyrrolyl). The principal methodological aim is to propose

methods which require a minimal ab initio input and a numerical effort not exceeding that

of a FC factor calculation for a polyatomic molecule. The methods explicitly base on the

vibrational adiabaticity of the dissociation dynamics.7,28

The remainder of the paper is organized as follows: The design of the 24D molecular

Hamiltonian comprising the states X̃, 11A2(πσ∗), and 11B1(πσ∗), including the details of the

elecronic structure calculations, is presented in Sect. II. The methodology of the calculations

of the absorption spectrum using the quantum dynamics and the convolution approximation

is summarized in Sect. III and in the Appendix, while the approach to the photofragment

distributions is described in Sect. IV. The results of the calculations of the photodissociation

dynamics are given in Sects. V and VI. The emphasis here is on the dissociation in the

isolated state 11A2(πσ∗); the dissociation in the coupled pair X̃/11A2(πσ∗) is also considered

and the intriguing effects arising in the two-state dynamics are discussed. The results are

summarized in Sect. VII.

II. CONSTRUCTION OF THE MOLECULAR HAMILTONIAN

A. The form of the 24 dimensional Hamiltonian

The molecular Hamiltonian,

Ĥ =




T̂ 0 0

0 T̂ 0

0 0 T̂


+




V X V XA2 V XB1

V XA2 V A2 V A2B1

V XB1 V A2B1 V B1


 , (1)

is set in the basis of three locally diabatic electronic states X̃A1 (abbreviated as X or A1),

A2, and B1; the labels denote the state symmetries at C2v geometries. Pyrrole is described

using (a) 3 Jacobi coordinates R ≡ (R, θ, φ) of the dissociating H-atom with respect to

the center of mass of the pyrrolyl fragment (the so-called ‘disappearing modes’; see Fig.

3) and (b) 21 dimensionless normal modes Q of pyrrolyl, calculated at the equilibrium

geometry of the fragment (the so-called ‘non-disappearing modes’). The normal modes Q
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FIG. 3: The SA-CASSCF(8,7)/CASPT2/aug-cc-pVTZ+ equilibrium geometries of the ground

states of pyrrole and pyrrolyl are shown in panel (a) and (b). Bond distances are reported in a0.

Also shown are the Cartesian coordinate system used in the calculation of the TDMs [panel (a);

axis x is perpendicular to the molecular plane] and the definition of the disappearing modes R and

θ [panel (b); the azimuthal angle φ is defined relative to the y axis in the yz plane].

———————————————————————

are partitioned into four blocks according to the irreducible representations Γ of the C2v

point group, Q = {Qa1 ,Qa2 ,Qb1 ,Qb2}.
The kinetic energy operator in Eq. (1) is set in the body-fixed principal axis frame for

the zero total angular momentum of pyrrole (atomic units are used hereafter):

T̂ = T̂R + T̂Q

= − 1

2µ

∂2

∂R2
+

j2

2µR2
+

1

2

(
j2
x

Ix
+
j2
y

Iy
+
j2
z

Iz

)
− 1

2

∑

Γ=a1,a2,
b1,b2

∑

i

Γ
ωΓ(i)

∂2

∂QΓ(i)2 . (2)

The first three terms refer to the kinetic energy of the disappearing modes T̂R: The kinetic

energy of the relative motion of H-atom and pyrrolyl (µ is the corresponding reduced mass),

the orbital motion of the H-atom, and the rotational motion of the rigid pyrrolyl ring,

respecitvely (j = (jx, jy, jz) is the pyrrolyl angular momentum operator and the inertia

constants Ix, Iy and Iz are evaluated at pyrrolyl equilibrium). The term T̂Q refers to pyrrolyl

vibrations; the sum
∑Γ

i is over the vibrational modes i belonging to an irrep Γ. The C2v

symmetric pyrrolyl ring lies in the yz-plane, with z being the C2 axis (see Fig. 3).

All the elements of the quasi-diabatic potential energy matrix in Eq. (1) are constructed
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as sums of two groups of terms:

V(R,Q) = WR(R) + WQ(Q|R) (3)

The matrix elements W(R) depend on the three disappearing modes (R, θ, φ) only. The cor-

responding three-dimensional (3D) functions are spline interpolations of the quasi-diabatic

energies on a dense ab initio coordinate grid in R. The matrix elements W(Q|R) depend

on the 21 non-disappearing modes Q. These 21D functions are constructed in the spirit of

the vibronic coupling model,46 with the pyrrolyl treated as a semirigid ring using quadratic

Hamiltonians, and the model parameters depending on the interfragment distance R. The

structure of the resulting Hamiltonian is similar to that chosen in the work of Neville and

Worth.41 The difference is in the choice of the disappearing modes R (here: three Jacobi

coordinates), in the choice of the coordinate grids (here: a coordinate grid uniformly cov-

ering the complete dissociation path), and in the construction of the matrices W(R) and

W(Q|R) (here: spline interpolations on the uniform grid, no switching functions).

The diagonal elements of the potential matrix have the form (α = X,A2, B1):

V α(R, θ, φ,Q) = Wα
R(R) +Wα

Q(Q|R)

= V α
1D(R) + V α

ang(R, θ, φ)

+
∑

i

a1
καi (R)Qa1(i) +

1

2

∑

Γ

∑

i,j

Γ
γαΓ,ij(R)QΓ(i)QΓ(j) . (4)

V α
1D(R) is the one-dimensional potential energy function along R at the fragment equilibrium

geometry θ, φ = 0 and Q = 0; V α
ang(R, θ, φ) are distance-dependent angular potentials, set to

zero at θ, φ = 0; καi (R) and γαij(R) are the R-dependent gradients (vanishing for all modes

but a1), and the R-dependent Hessians with respect to the normal modes, evaluated at

Q = 0. Hessian matrices γα are four-block diagonal: γα = γαa1 ⊕ γαa2 ⊕ γαb1 ⊕ γαb2 .
The off-diagonal diabatic coupling elements V αβ are

V αβ(R, θ, φ,Q) = Wαβ
R (R) +Wαβ

Q (Q|R)

= V αβ
ang(R, θ, φ) +

∑

i

Γα×Γβ
λαβi (R)QΓα×Γβ(i) , (5)

The elements V αβ
ang(R, θ, φ) are constructed on the coordinate grid by applying the regu-

larized diabatization procedure of Köppel et al.47 to the raw adiabatic ab initio energies.

Next, the matrix elements are spline interpolated. While they do not have an analytical
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representation, near CIs the construction algorithm ensures that they follow the lowest al-

lowed orders in the symmetry-adapted spherical harmonics, namely V A1A2
ang ∼ sin2 θ sin(2φ),

V A1B1
ang ∼ sin θ cosφ. The Q-dependent couplings are linear in the vibrational modes, and

the X/A2 and X/B1 coupling terms are promoted by modes of a2 and b1 symmetry, respec-

tively. The matrix element V A2B1 between the states A2/B1 is not included in the quantum

mechanical calculations.

The quasi-diabatic representation used in the Hamiltonian Eq. (1) is local, i.e. a given off-

diagonal matrix element is non-zero only in the vicinity of the respective conical intersection,

where a non-vanishing transition probability between quasi-diabatic states is expected. For

the second term in Eq. (5), this is achieved by using the following functional form for the

coupling strength λαβi :

λαβi (R) = λαβCI,i exp

(
−
∣∣∣∣∣
R−Rαβ

CI

∆

∣∣∣∣∣

n)
, (6)

where Rαβ
CI is the position of a CI between α/β = X/A2 or X/B1. The parameters λαβCI,i,

∆ and n are tuned ‘by eye’ in order to obtain smooth diabatic Hessians for the coupled

states. Similar attenuation functions are applied to the mixing angles of the regularized

adiabatic-to-diabatic transformation in (R, θ, φ).

B. Ab initio parameterization of the molecular Hamiltonian

1. Quantum chemical calculations

The matrix elements of the molecular Hamiltonian, Eqs. (1) and (4)—(6), are found from

the electronic structure calculations performed using the aug-cc-pVTZ (AVTZ) basis set of

Dunning48 further supplemented with the diffuse s and p functions added to the N and H

atoms of the dissociating bond (one set of s and p functions for N and two sets for H). The

exponents of these functions are derived in an even temprered manner from the most diffuse

s and p functions of the AVTZ basis by dividing the exponents successively by a factor of

3.0.33 This extension is necessary to correctly describe the Rydberg character of the A2 and

B1 states, and the resulting basis set is referred to as AVTZ+.

Calculations are performed at the CASPT2 level of theory. The reference wavefunctions

are obtained from the state-averaged CASSCF calculations including the X̃, 1A2 and 1B1
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states. The active space (eight electrons in seven orbitals) comprises five π valence molec-

ular orbitals, three of b1 and two of a2 symmety, the 9a1(σ) and the 10a1(3s/σ∗) orbitals.

Electronic structure calculations are performed using the highest possible symmetry. In

particular, the a1, a2, b1 and b2 blocks of the Hessian matrices are calculated separately

using C2v, C2, Cs and C ′s symmetries, respectively. Coordinate-dependent transition dipole

moment functions, necessary to properly describe the optical excitation of the πσ∗ states

from the ground electronic state, are calculated at the CASSCF level.

The construction of the Hamiltonian starts with the calculation of the minimum energy

path (MEP) for the hydrogen detachment from the N–H group along the Jacobi coordinate

R in the lowest excited πσ∗ state of the molecule, the state 1A2. 28 grid points in R are

used between Rmin = 3.5 a0 and Rmax = 8.3 a0. Along this path, the molecule is constrained

to C2v geometries (i.e., θ, φ = 0). In the next steps, the full dimensional quasi-diabatic

representation is constructed using this ‘relaxed’ path as a reference. This makes the result-

ing molecular Hamiltonian conceptually similar to the reaction path (or reaction surface)

Hamiltonian of Miller and coworkers,49 with the difference that a single fixed set of normal

modes is used along the relaxed path.

The optimized structures of pyrrole and pyrrolyl are shown in Fig. 2. The main geomet-

rical displacements in going from the parent to the fragment structure are an increase of the

C− C′ bond length (by 0.16 a0) and a decrease of the C′ − C′ distance (by 0.14 a0). Fig.

2 reports the one-dimensional potential energy cuts of the A1, A2 and B1 states calculated

at the pyrrole and the pyrrolyl ring geometries, as a function of the Jacobi distance R. The

ground state minimum is located at R ≈ 4.1 a0. The one-dimensional potentials for the A2

and B1 states show local minima at short dissociation distances, followed by barriers before

the repulsive descent. The local minima are at R = 4.23 a0 for the A2 and at R = 4.14 a0

for the B1 state.

Table I summarizes the characteristic features of the three calculated electronic states of

pyrrole and compares them with the available experimental data. Compared to experimental

values, the present calculations underestimate the absorption origin (T0) and the dissociation

threshold (D0) of the 1A2 state by ∼ 0.55 eV and ∼ 0.65 , respectively. For the 1B1 state, T0

is also underestimated by ≈ 0.6 eV. The results of additional calculations and previous ab

initio studies29,41,50,51 are reported in Table II. In multi-reference methods, the excitation

energies are very sensitive to the active space and to the number of states included in the
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Diabatic state T0 T0 (exp) Dissociation channel D0 D0 (exp.)

X̃1A1(ππ) 0.0 0.0 H(1S)/pyrrolyl(12A1) 5.09 −

11A2(πσ∗) 4.32 <4.88a H(1S)/pyrrolyl(12A2) 3.40 4.07a

11B1(πσ∗) 5.30 5.86b H(1S)/pyrrolyl(12B1) 3.96 4.62− 4.67c

aRef. 32.
bRef. 50.
cDFT52 and MRCI53 methods estimate the difference in the threshold energies D0(12B1)−D0(12A2) to be

in the range of 0.55 eV—0.60 eV.

TABLE I: Properties of the CASPT2 potential energy surfaces of the three lowest electronic states

of pyrrole compared with the available experimental data: Band origins T0 which include zero-point

energies of the ground and the excited electronic states and the quantum mechanical thresholds

D0 for the diabatically correlating electronic channels. Energies are in eV.

———————————————————————

state-averaging. Accurate energies can be obtained by performing MRCI calculations based

on CASSCF wavefunctions obtained with a relatively small active space, and reducing the

number of frozen orbitals in the configuration interaction. Such calculations would make

the construction of the global PESs very time-consuming. On the other hand, our CASPT2

surfaces predict with good accuracy the 1B1−1A2 energy gap, the difference between vertical

excitation energies and dissociation energies, and the position of the conical intersections,

therefore they are reliable to simulate excited state quantum dynamics with a good accuracy.

2. 3D diabatic potentials for the disappearing modes

The CASPT2 calculations of the energies of the lowest three electronic states as functions

of the disappearing modes are performed using C1 symmetry group on a three-dimensional

grid (Ri, θj, φk), with the nodes Ri being grid points on the relaxed path. The grid points θj

in the polar angle cover the range [0◦, 90◦] with a step of 5◦; energies for θ > 90◦ are extrap-
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olated. The grid in the azimuthal angle φ ranges from 0◦ (H-atom in the σ′v plane) to 90◦

(H-atom in the σv plane) with a step of 15◦; energies for larger φ are reconstructed using C2v

symmetry of the pyrrolyl ring. The angular modes do not couple states X̃ and A2 at either

φ = 0◦ or 90◦, and the impact of the angular modes on the dissociation dynamics of the A2

state is exceedingly weak. For this reason, these two states can be diabatized by a straight-

forward relabelling the adiabatic energies. Finally, an explicit functional form is assumed

for the coupling matrix element for φ 6= 0, 90◦, V XA2(R, θ, φ) = λXA2
ang (R) sin2 θ sin(2φ), with

the function λXA2
ang (R) = c [1− atan ((R−R0)/∆R)]. The parameters in this function are

chosen ‘by eye’ in order to give smooth diabatic curves for a full range of φ. The energies

of the states X̃ and B1 are subsequently transformed to the diabatic representation using

the regularized diabatic state method of Köppel et al.47 The function V XB1(Ri, θj, φk) is

constructed on the angular grid, with the polar angle θ being the most important coupling

mode. As shown in Fig. 2(a), the shape of the V XB2 coupling function is localized in

proximity of the X̃/B1 intersection.

Finally, all matrix elements set on the grid are interpolated using cubic splines. It is

ensured that all potential functions become independent of the disappearing angles θ and φ

as R goes to infinity.

Potential energy cuts along the out-of-plane Jacobi bending and the torsional angle φ are

shown in Fig. 2(c) and (d). Accidental conical intersections between the states X̃ and 1A2

are found for quite large bending angles, θ ≈ 60◦ and θ ≈ 115◦. In the 1A2 surface, these

intersection are separated by a ∼ 0.6 eV barrier from the θ = 0◦ zone, therefore they are not

easily accessible: In the quantum mechanical calculations of Sect. V, the width of initial

wavefunction along θ is ≈ 5◦, and there is no strong force driving the H atom across the

barrier. Varying φ for θ 6= 0◦, the potentials show a strong nearly parallel increase in going

from φ = 0◦ to φ = 90◦. Indeed, the in-plane (φ = 90◦) H-bending frequency is almost three

time larger than the out-of-plane (φ = 0◦) H-bending frequency.

Fig. 4 shows the PESs in the (R, θ) plane for φ = 0◦ (H-atom bends out of the pyrrolyl

plane; irrep b1) and φ = 90◦ (H-atom bends in the pyrrolyl plane; irrep b2). The modes Q

are set, for each R, to the relaxed geometries in the state A2. The minimum of the ground

electronic state is found at R = 4.15 a0 and θ = 0◦. The Jacobi coordinates R and θ are seen

to be strongly mixed in the FC zone, especially at φ = 0◦, and the potential minimum has

a characterstic ‘banana’ shape indicating that the equilibrium R shifts to shorter distances
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FIG. 4: Model potential energy surfaces for the states A1 (blue, bottom) and A2 (red, top) in the

(R, θ) plane. For each distance, the normal modes are set to the relaxed values Q = QRelax. The

angle φ is set to 0°(left panels) and 90°(right panels). Energies are reported in eV on the contour

lines.

———————————————————————

as the H-atom moves out of the pyrrolyl plane. The out-of-plane bending frequency in X̃

is lower than the in-plane bending frequency: The lowest excited vibrational eigenstates

in the potential WX
R ((R, θ, φ) lie 406 cm−1 (one quantum of the out-of-plane bending) and

1281 cm−1 (one quantum of the in-plane bending) above zero-point energy.

In the A2 state, R and θ are also mixed, and the height of the dissociation barrier, seen

around R ≈ 4.7 a0, depends on the angle θ. However, the barrier along the straight line

dissociation path with θ = 0 is always lower than the barriers encountered for θ 6= 0. For

this reason, the H-atom departing in the A2 state can be hardly subject to a torque along

θ in the initial stages of photodissociation.
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3. 21D diabatic potentials for the non-disappearing modes

The parameters of the Q-dependent part of the Hamiltonian are calculated as first and

second derivatives with respect to deviations from the relaxed path (MEP) in the lowest

excited state A2. The following sequence of ab initio calculations was applied:

� Geometry optimization and frequency calculation for the normal modes of pyrrolyl

ground state (A2). In this way the coordinates Q are defined. The pyrrolyl nor-

mal modes Q are related to the Cartesian coordinates X via the rectangular matrix

transformation

Qi =
∑

r

√
ωiMr

~
UirXr =

∑

r

LirXr , i = 1, 21 and r = 1, 27 (7)

where Mr is the mass of the atom associated with the coordinate Xr, ωi is the frequency

of the normal modeQi, and {Uir} is the matrix of the eigenvectors of the mass-weighted

catesian Hessian, after the removal of the rows corresponding to Wilson translations

and rotations.

� A relaxed scan (in C2v symmetry) for the A2 state along a grid in the Jacobi distance

R. This yields a set of relaxed geometries Q = Qmin(R) and the corresponding energies

V α
Relax(R) for the states A1, A2 and B1.

� Cartesian gradient ({ḡαi }) and Hessian ({γ̄αij}) calculations for the three states in cor-

respondence of the points on the A2 relaxed scan. The gradient and the Hessian are

then expressed with respect to the dimensionless fragment normal modes Q using the

transformations

gαi =
∑

r

(
L−1

)
ri
ḡαr (8)

γαij =
∑

rs

(
L−1

)
ri

(
L−1

)
sj
γ̄αrs , (9)

where the variables with and without overbar refer to Cartesian coordinates and nor-

mal modes, respectively. The Hessian matrix {γαij} is directly obtained (for some

blocks of {γα} a diabatization is necessary, see below). The gradient gα(R), computed

at Q = Qmin(R), vanishes for the A2 states and differs from zero for the A1 and B1
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states. gα(R) is used to calculate the gradient at Q = 0 and the function V α
1D via the

equations:

κα(R) = gα(R)− γα(R)Qmin(R) , (10a)

V α
1D(R) = V α

Relax(R)−QT
min(R)gα(R) . (10b)

The quantities V α
1D(R), {καi (R)} and {γαij(R)} were calculated on the grid in R and

interpolated with a cubic spline. A remark is important here: In most quantum

dynamical studies of photodissociation of aromatic molecules, the distance-dependent

parameters are fitted with Morse, avoided crossing, or switching functions.33,41 Here

we directly interpolate the parameters on the ab initio points, without performing any

fitting procedure.

� A local diabatic representation is used for the V A1A2 and the V A1B1 matrix elements.

The former depend linearly on the vibrational modes of a2 symmetry, and the latter

depend linearly on the vibrational modes of b1 symmetry. Since R is a tuning mode for

the A1/A2 and A1/B1 conical intersections, the a2 block of the A2 adiabatic Hessian

and the b1 block of the B1 adiabatic Hessian diverge as R approaches the respective

crossings. The R-dependent diabatic Hessians {γαij(R)} [Eq. (4)] are related to the ab

initio adiabatic Hessians {γ̃αij(R)} by the relations

γA1
ij (R) = γ̃A1

ij (R) + 2
λA1A2
i (R)λA1A2

j (R)

V A1
1D (R)− V A2

1D (R)
, Γi,Γj = a2

γA1
ij (R) = γ̃A1

ij (R) + 2
λA1B1
i (R)λA1B1

j (R)

V A1
1D (R)− V B1

1D (R)
, Γi,Γj = b1

γA2
ij (R) = γ̃A2

ij (R)− 2
λA1A2
i (R)λA1A2

j (R)

V A1
1D (R)− V A2

1D (R)
, Γi,Γj = a2

γB1
ij (R) = γ̃B1

ij (R)− 2
λA1B1
i (R)λA1B1

j (R)

V A1
1D (R)− V B1

1D (R)
, Γi,Γj = b1 . (11)

When the electronic energies are large compared to the coupling strength, the differ-

ences between the adiabatic and the diabatic Hessian are negligible. In the intersection

region, the terms λiλj/∆V in Eq. (11) compensate the divergence of the adiabatic Hes-

sian, making the diabatic matrix elements smooth functions of R. The local character

of the diabatic functions is expressed in the R-dependence of the coupling coefficients

λi given in Eq. (6).
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(R,Qa11 ) plane (left panels) and in the (R,Qb13 ) plane (right panels). All the other normal modes

are set to the value of zero (Q = 0), corresponding to the pyrrolyl A2 equilibrium. Energies are

reported in eV on the contour lines.

———————————————————————

Vibrational frequencies calculated at the A1 minimum, at the A2 optimized local min-

imum and at the pyrrolyl ground state geometry are reported in Table III. The normal

modes at the ground state pyrrolyl minimum are listed in order of increasing frequency.

The frequencies at the A1 minimum and excited states local minima are ordered according

to the pyrrolyl normal mode to which they correlate. This does not always correspond to

an increasing frequency order, because of the Duschinsky mixing, especially between modes

of similar frequencies. Three pyrrole normal modes, of symmetries a1, b1 and b2 , disappear

into inter-fragment translation and rotations, so they are not present in pyrrolyl.

Table IV gives the dimensionless coupling strength parameters κ = λ/ω for the coupling

modes of a2 and b1 symmetries, respectively. The frequency ω is taken to be the frequency

calculated at the respective conical intersections.

Fig. 5 shows two cuts of the PESs for A1 and A2. The cuts include R and a normal
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Mode λc ωc κc

X̃/1A2 intersection

Qa2(1) 574.0 551.8 1.04

Qa2(2) 759.0 895.7 0.85

Qa2(3) 213.0 940.3 0.23

X̃/1B1 intersection

θ 19751.00 854.00 23.12

Qb1(1) 1151.00 823.6 1.40

Qb1(2) 600.00 765.2 0.78

Qb1(3) 265.00 875.3 0.30

TABLE IV: Vibrational frequencies ω(i) (in cm−1), coupling strengths λi (in cm−1), and the

dimensionless coupling strength parameters κc = λc/ωc for the vibrational modes of a2 symmetry

at the X̃/1A2 conical intersection, and for the vibrational modes of b1 symmetry at the X̃/1B1

conical intersection. For the angle θ, λθ is evaluated as a gradient ∂V/∂(sin θ) at the intersection.

———————————————————————

mode, totally symmetric in the left panels (Qa1(1), 932 cm−1) and non-totally symmetric

in the right panels (Qb1(3), 867 cm−1). All the other modes are set to the pyrrolyl A2

minimum, Q = 0. The Qa1(1) mode is the most displaced mode between the parent and

the fragment equilibrium geometries. For a given electronic state, as R moves, the position

of the minimum along R changes strongly. The relaxed PES for a state can be obtained

from the Q = 0 cut, after displacements along a1 modes only. In the (R,Qa1(1)) cut, the

minimum of the A1 state is located at Qa1(1) = 2.24. Classically speaking, this is the initial

point for the dynamics on the A2 surface, and it is quite displaced from the relaxed path.

Therefore, a large degree of correlation can be expected between the motions along R and

along Qa1(1) (and, more in general, between R and the a1 modes).

In contrast, the coupling between the totally symmetric R and the non-totally symmetric

modes is weak [Fig. 4 (right panel)]. The contour plot shows the diabatic potential in

the space spanned by R and the mode Qb1(2). At the C2v FC geometry, the non totally

symmetric modes are not displaced upon vertical excitation, the potential of the excited

state is stationary relative to the non-totally symmetric distorsions, and the Hessian at
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QΓ = 0 (Γ 6= a1) is positive definite. Thus, following the excitation of the A2 state, the

initial wave packet is exposed to the forces acting only along the a1 coordinates.

C. Ab initio transition dipole moment functions

The transition dipole moment function µ(R,Q) for the 1A2 ← X̃ excitation was approx-

imated using a Herzberg-Teller expansion in which the coordinate dependence of µ(R,Q)

is truncated at linear deviations from the FC geometry:

µ(R,Q) ≈ µR(R) + µQ(Q) . (12)

The symmetry properties of µA2 are crucial for calculating and understanding the absorption

spectra and the photofragment distributions discussed in this work.

The 1A2 ←− X̃ transition is forbidden by symmetry at C2v geometries. In order to

vibronically allow x-, y- and z-polarized transitions, the molecule has to undergo distortions

of b2, b1 and a2 symmetry, respectively. Note that the b1 and b2 distortions include also the

displacements along θ at φ = 0 and φ = 90◦, respectively. The lowest order expansion of the

components of µA2(R,Q) around the minimum of S0, compatible with Eq. (12), reads as

µA2
x (R,Q) = µA2

x,θ(RFC) sin(θ) sin(φ) +
∑

Γi=b2

µA2
x,i(RFC)Qb2(i) , (13a)

µA2
y (R,Q) = µA2

y,θ(RFC) sin(θ) cos(φ) +
∑

Γi=b1

µA2
y,i(RFC)Qb1(i) , (13b)

µA2
z (R,Q) =

∑

Γi=a2

µA2
z,i (RFC)Qa2(i) . (13c)

The angular functions are chosen to coincide with the real spherical harmonics px and py.

The coefficients in these equations are essentially the derivatives of the TDM components

with respect to the pyrrolyl normal modes. Their dependence on the interfragment distance

R is suppressed: All coefficients, given in Tables IV–VI, are evaluated at the FC point RFC

at the CASSCF level of theory. The modes which significantly mediate the excitation of

the state 11A2(πσ∗) are the bending mode θ for µx and µy, as well as the out of plane mode

Qa2(3) of a2 symmetry.

Strictly speaking, the Herzberg-Teller expansion in Eqs. (12) and (13) is applicable to the

adiabatic rather than diabatic states. In the globally diabatic representations, the TDMs
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are often taken coordinate independent, with different diabats distinguished by their having

‘negligible TDM’ or ‘large TDM’;56,57 such diabatization scheme was employed by Neville

and Worth.41 Its consistent realization requires, however, that all important intensity lending

bright electronic states are included in the calculation. Only the lowest πσ∗ states are

considered in this work, and the ππ∗ states — carrying the oscillator strength at the FC

geometry — are missing. Moreover, the CI 11A2(πσ∗)/X̃ is located outside the FC zone and

is diabatized locally: The 2×2 adiabatic-to-diabatic matrix parametrized by the coordinate

dependent mixing angle smoothly becomes diagonal as the interfragment distance R moves

away from intersection. In the locally diabatic representation, the adiabatic and the diabatic

states in the FC zone nearly coincide, and the Herzberg-Teller expansion, with the coefficients

obtained directly from the electronic structure calculations, is justified.

III. CALCULATIONS OF THE ABSORPTION SPECTRA

A. Quantum mechanical calculations

The linear absorption spectrum for the transition 11A2(πσ∗) ← X̃1A1(ππ) is calculated

quantum mechanically. The calculations are performed using the molecular Hamiltonian

of Eq. (1). Up to 12 vibrational modes are simultaneously included in the dynamics, in

addition to the disappearing coordinates; the remaning degrees of freedom are frozen.

The initial state of the parent molecule, Ψ0(R,Q), is the ground vibrational state of the

Hamiltonian T̂ + V X with energy E0; this Hamiltonian refers to the lowest locally diabatic

electronic state. The wave function Ψ0(R,Q) is strongly localized near R = RFC ≈ 4.1 a0,

and the off-diagonal diabatic coupling matrix elements V αβ can be safely neglected. The

molecular state immediately after photoexcitation is given by

Φε(0) =
(
µA2(R,Q) · ε̂

)
Ψ0(R,Q) , (14)

where ε̂ is the polarization vector of the electric field of the incident laser. At time t = 0,

only the state A2 is populated.

The absorption spectra are calculated using the MCTDH code.58,59 First, the autocorre-

lation function,

Sε(t) = 〈Φε(0)| exp
(
−iĤt

)
|Φε(0)〉 , (15)
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is evaluated via a propagation on a discrete time grid. Next, the spectrum is calculated

using the Fourier transform of Sε(t):

σε(Eph) =
Eph

2ε0c

∫ ∞

−∞
Sε(t)e

iEphtdt . (16)

The photon energy is measured relative to the energy E0 of the state Ψ0(R,Q). Averaging

over the orientations of the electric field gives the total absorption spectrum

σtot(ω) =
1

3

∑

ε=x,y,z

σε(Eph) (17)

The parameters of the quantum mechanical calculations discussed below are summarized

in Table V. The active vibrational coordinates, the vertical excitation energy, the initial

state and the intensity at the absorption maximum are indicated. Table VI reports the

parameters of the MCTDH calculation.

B. Absorption spectrum as a convolution

The quantum mechanical calculations described in Sect. III A can be considerably sim-

plified because the dissociation dynamics in the πσ∗ states is mainly direct, and the initial

stages of the time evolution in the excited state reveal the shape of the absorption spec-

trum. The N—H stretching frequency in the ground electronic state is large, ∼ 3915 cm−1,

and the wave function Ψ0(R,Q) of the parent molecule is localized within a narrow inter-

val ∆R ≈ 0.13 a0 around RFC. This has two consequences. First, Ψ0(R,Q) is accurately

approximated by a product of an R- and a Q-dependent factor,

Ψ0(R,Q) ≈ ΨR(R)ΨQ(Q) . (18)

Indeed, the Hessian matrix near RFC is approximately block diagonal, and the coupling

between three coordinates of the dissociating H-atom on the one hand and the coordinates

of the pyrrolyl unit on the other hand is vanishingly small. The photoexcited state Φε(0)

with the TDM from the Herzberg-Teller expansion of Eq. (12) has the same product form,

Φε(0) ≈ FR(R)fQ(Q) , (19)

(if µA2
Q vanishes) or is a sum of several such product terms (if µA2

R and µA2
Q are nonzero).

Second, the diabatic potential matrix WQ(Q|R) in Eq. (3) and, in particular, the functions
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Included
normal modes

Tv [eV] Initial
state

Max. intensity

[10−20 cm2]

6D Qb1(1, 2, 3) 4.19

Φx = µA2

x,θ(RFC) sin θ sinφΨ0

Φy =


µA2

y,θ(RFC) sin θ cosφ+
∑

i=1,2,3

µA2
y,i(RFC)Qb1(i)


Ψ0

4.0

11D Qa1(1, ..., 8) 4.80
Φx = µA2

x,θ(RFC) sin θ sinφΨ0

Φy = µA2

y,θ(RFC) sin θ cosφΨ0

1.0

15D

Qa1(1, 2, 5)

Qa2(1, 2, 3)

Qb1(1, 2, 3)

Qb2(1, 3, 5)

4.72

Φx =


µA2

x,θ(RFC) sin θ sinφ+
∑

i=1,3,5

µA2
x,i(RFC)Qb2(i)


Ψ0

Φy =


µA2

y,θ(RFC) sin θ cosφ+
∑

i=1,2,3

µA2
y,i(RFC)Qb1(i)


Ψ0

Φz =


 ∑

i=1,2,3

µA2
z,i(RFC)Qa2(i)


Ψ0

2.5

TABLE V: Summary of the quantum mechanical calculations for the photodissociation of pyrrole.

Different models are denoted by the total number coordinates. The coordinates of the departing

H atom (R, θ, φ) are part of all the calculations. For each case, the Table shows the list of included

normal modes, the vertical excitation energy Tv of the resulting PES, the initial states Φs for the

nonzero TDM components (s = x, y, z), and the maximum intensity of the calculated spectrum. In

all the calculations, Ψ0 is the ground state of the N -dimensional Hamiltonian, with N = 6, 11, 15.

———————————————————————

καi (R) and γαij(R) in Eq. (4), can be fixed to their values at a distance R ≈ RFC chosen near

the equilibrium of the state X̃. The dynamics of the initial wave packet in the FC zone is

therefore governed by the Hamiltonian

Ĥ0 ≈ ĤR + ĤQ(Q|RFC) , (20)

represented as a sum of the commuting operators ĤR = T̂R + WR(R) and ĤQ(Q|RFC) =

T̂Q + WQ(Q|RFC). As a result, the vibrational motion of the ring is decoupled from the

dissociative dynamics along R. In the locally diabatic representation, this separable repre-

sentation is valid for any number of electronic states included in the dynamics: In the FC

zone, the off-diagonal matrix elements of W(R,Q) vanish by construction.
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Particle DVR type Ni, Nj , Nk nX , nA2

6D

R sine 98 5

(θ, φ) 2D Legendre 71, 21 5

Qb1(1, 2, 3) HO, HO, HO 17 4

11D

R sine 98 9

(θ, φ) 2D Legendre 71, 21 7

Qa1(1, 2) HO, HO 37, 29 7

Qa1(3, 4) HO, HO 21, 21 5

Qa1(5, 6) HO, HO 25, 21 4

Qa1(7, 8) HO, HO 21, 21 2

15D

R,Qa1(1) sine, HO 65, 37 23, 9

(θ, φ) 2D Legendre 61, 19 19, 6

Qa1(2, 5) HO, HO 29, 25 16, 5

Qa2(1, 2, 3) HO, HO, HO 17, 17, 17 7, 4

Qb1(1, 2, 3) HO, HO, HO 17, 17, 17 4, 3

Qb2(1, 3, 5) HO, HO, HO 17, 17, 17 5, 3

TABLE VI: Computational details of the MCTDH calculations. The DVR type HO stands for

the harmonic oscillator DVR. Ni, Nj , Nk are the number of primitive DVR functions used for each

particle. nX and nA2 are the number of single-particle functions used for the X̃ and 1A2 states.

The 6D and 11D include only the 1A2 state.

———————————————————————

The separability of the dissociative and the vibrational dynamics, underlined in Eqs. (19)

and (20), allows one to express the total absorption spectrum as a convolution of the spectra

originating from the R- and Q-subspaces. Let us specifically consider the case of dissociation

in the isolated state 11A2(πσ∗) photoexcited in a z-polarized transition mediated by the TDM

µA2
z depending on a single a2-symmetric modeQa2(3). In fact, the convolution approximation

can be extended to the TDMs obeying the general Herzberg-Teller expansion (Appendix A)
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and to the situations in which off-diagonal coupling matrix elements are retained either in

ĤR or in ĤQ.

The autocorrelation function S(t), defined in Eq. (15), is approximated by a product (the

polarization index ε = z is omitted)

S(t) ≈ 〈FR| exp
(
−iĤRt

)
|FR〉R · 〈fQ| exp

(
−iĤQt

)
|fQ〉Q ≡ sR(t)sQ(t) , (21)

where the spatial integration variables are explicitly indicated for each set of angular brack-

ets. Next, the Fourier integral in Eq. (16) is transformed into a convolution of the Fourier

integrals over the functions sR(t) and sQ(t) via a standard transformation (introduce an

integration over the second time variable δ(t− τ) dτ , replace the δ-function with an integral

exp [i(t− τ)ω] dω, and isolate the individual Fourier integrals). Defining ‘spectral functions’

without the energy prefactor,

σ̄R(E) =

∫ ∞

−∞
sR(t)eiEtdt ,

σ̄Q(E) =

∫ ∞

−∞
sQ(t)eiEtdt , (22)

the absorption cross section can be written as

σ(Eph) =
Eph

2ε0c

∫ ∞

−∞
σ̄R(Eph − ω)σ̄Q(ω)dω . (23)

In the R-space, the motion of the wave packet is (directly or indirectly) dissociative, while

the motion in the quadratic potentials of the Q-space is bound. Thus, the absorption

spectrum in Eq. (23) consists of a series of excitations of the pyrrolyl ring broadened by the

dissociation of the hydrogen atom. As shown in Appendix A, more convolution terms are

needed to approximate the absorption spectrum of the A2 state if the transition is induced

by a TDM in the Herzberg-Teller form of Eq. (12). The accuracy of the approximation is

illustrated in Sect. V.

The convolution approach to the absorption spectrum can be considered as an extension

of the familiar FC computations of bound−bound transitions60,61 to the case of dissociative

spectra. This extension has several computational advantages. For example, the method

reduces the amount of ab initio computations needed to evaluate σ̄R(E): While a 3D po-

tential energy surface of the excited state in the disappearing modes (R, θ, φ) is required,

the Q space is described only using Hessians in the ground and the excited electronic states
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at R = RFC, because the bound vibrational spectrum σ̄Q(E) is given by the FC overlap

integrals,

σ̄Q(E) =
∑

m

|〈ϕm(Q)|fQ(Q)〉|2 δ(E − Em) , (24)

between the eigenfunctions ϕm(Q) (with energies Em) of the non-disappearing modes in

the FC zone and the initial state fQ. Note that the harmonic stick spectrum in the Q-space

can be efficiently calculated analytically using the techniques devloped for the FC factors

in polyatomic molecules.62,63 The convolution calculations are further simplified if the πσ∗

state is purely repulsive. In this case, the absorption spectrum σ̄R(E) can be accurately

reconstructed using the reflection principle64 which only requires the gradient of the 3D

potential at the FC point. In the most optimistic scenario, a convolution calculation of the

diffuse absorption spectrum becomes purely analytical, while the ab initio input refers to a

single molecular geometry, namely the FC point.

IV. CALCULATIONS OF THE PHOTOFRAGMENT DISTRIBUTIONS

A. Quantum mechanical calculations

The quantum mechanical calculations of the rovibrational photofragment distributions in

the electronic channel H + pyrrolyl(2A2), diabatically correlating with the state 11A2(πσ∗),

are performed using the projection method of Balint-Kurti and coworkers,65,66 which we for-

mulate in the time-independent framework.67–69 The partial photodissociation cross section

for the formation of pyrrolyl in a vibrational state n is given by:66

σ(Eph,n) =
Eph

3cε0
lim
λ→0

λ
∣∣〈ψ−n |Ψλ(Eph)〉

∣∣2 =
Eph

3cε0
|Tn(Eph)|2 ; (25)

the rotational motion of pyrrolyl, described by the coordinates θ and φ, is not explicitly

included here, although it is taken into account in the actual calculations. The scattering

state ψ−n (Eph) in the dissociation continuum describes the atom and the radical with photon

energy Eph recoiling into the channel n. The wave function Ψλ(Eph) is a stationary energy

component of the initial excitation Φ(0) [Eq. (14)] in the state A2:

Ψλ(Eph) = Ĝ+(Eph)Φ(0) ; (26)
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Here Ĝ+(E) is the advanced Green’s function,

Ĝ+(Eph) = −i
∫ ∞

0

e−i(Ĥ−iλ)teiEphtdt , (27)

and λ in the above equations signifies the asymptotic absorbing potential. At large inter-

fragment distances R→∞, the state Ψλ(Eph) contains purely outgoing waves along R:

Ψλ(Eph)→ −
∑

n

Tn(Eph)

√
µ

kn
eiknRχn(Q) . (28)

The wave functions χn(Q) are the vibrational eigenstates of pyrrolyl with energies En and

kn =
√

2µ(Eph − En) is the channel momentum.74

The amplitudes in each channel are the photodissociation matrix elements Tn(Eph) [see

Eq. (25)] which contain all dynamical information on the dissociation process.66 They are

found by introducing projection operators onto χn,

P̂n = δ (R−R∞) |χn(Q)〉 , (29)

at the analysis line R = R∞ located in the asymptotic region, and applying them to the

state Ψλ(E):

|Tn(Eph)|2 ∼ kn
µ

∣∣∣P̂∗n|Ψλ(Eph)〉
∣∣∣
2

. (30)

The matrix elements |Tn(Eph)|2 are, with a proper normalization, the vibrational photofrag-

ment distributions; summation of the partial cross sections over all quantum numbers n

gives the total absorption cross section of Eq. (17). The TKER spectrum13,32 P (Ekin|Eph)

is obtained via transforming the internal energy distributions to the photofragment kinetic

energy scale:

P (Ekin|Eph) =
∑

n

kn
µ
|Tn(Eph)|2 δ (Eph −D0 − En − Ekin) , (31)

where D0 is the lowest quantum mechanical dissociation threshold of pyrrole.

Our calculation of the photofragment distributions makes use of the time-dependent

wavefunction Φ(t) = exp
(
−iĤt− λt

)
Φ(0) calculated using the MCTDH method. Once

the time propagation has terminated, the T -matrix elements are calculated as follows:

� For each pyrrolyl eigenstate |χn(Q)〉, the projection function of Eq. (29) is generated

in the same MCTDH form used in the wave packet calculation. Since the Hamiltonian

is set in the normal modes of pyrrolyl, it becomes separable as R → ∞. Therefore,

the eigenstate wavefunctions are straightforwardly obtained as a single configuration.
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� State-dependent cross-correlation functions are calculated as

Sn(t) = 〈χn(Q)|δ(R−R∞)|Φ(t)〉 .

� The photon energy-dependent T -matrix elements are obtained as half-Fourier trans-

form of the cross-correlation functions,

Tn(Eph) ∼
√
kn
µ

∫ ∞

0

Sn(t)eiEphtdt . (32)

B. Overlap integral-based mapping calculations of the photofragment distributions

The convolution introduced in Sect. III B for the absorption spectra can be used as a

starting point for an approximate calculation of the T -matrix elements and the photofrag-

ment distributions using adiabatic mapping. The spectral convolution in Eq. (23), based on

the separable Hamiltonian [Eq. (20)] and a product form of the initial state Φ(0) [Eq. (19)],

is valid for the Green’s function Ĝ+(Eph), too:

Ĝ+(Eph) ≈ Ĝ+
0 (Eph) = − (2πi)−1

∫ ∞

−∞
Ĝ+
R(Eph − ω)Ĝ+

Q(ω) dω , (33)

where the Green’s functions Ĝ+
R(E) = (E−ĤR(R)+ iλ)−1 and Ĝ+

Q(E) = (E−ĤQ(Q|RFC)+

iλ)−1 refer to the three disappearing modes and the pyrrolyl normal modes, respectively.

For the bound vibrational spectrum of Eq. (24), one can specify

Ĝ+
Q(ω) =

∑

m

|ϕm〉〈ϕm|
ω − Em + iλ

, (34)

insert this Green’s function into the convolution integral of Eq. (33), and apply it to the

initial state Φ(0). This gives the stationary energy component Ψλ(Eph) in the form

Ψλ(Eph) ≈ Ĝ+
0 (Eph)Φ(0) =

∑

m

[
Ĝ+
R(Eph − Em)FR(R)

]
〈ϕm|fQ〉ϕm(Q) . (35)

The Green’s function
[
Ĝ+
RFR

]
acting on the initial state in the R space generates an outgoing

wave along R, and the form of the above expression is similar to the channel representation

of Ψλ(Eph) in Eq. (28). Although the derivation uses separability of the Hamiltonian in the

FC zone R ≈ RFC, the expansion
∑

m in Eq. (35) is approximately valid for all R if the

eigenstates ϕm(Q) smoothly vary with the dissociation coordinate R and commute with the

kinetic energy T̂R — i.e. if the evolution in the coordinates orthogonal to the reaction path
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is adiabatic. The states ϕm go over into the free vibrational states χn as R →∞, and the

asymptotic form of Eq. (35) can be written as

Ψλ(Eph)→ −
∑

n

[σ̄R(Eph − Em)]1/2 eiα〈ϕm|fQ〉
√

µ

kn
eiknRχn(Q) , (36)

where [σ̄R(Eph−Em)]1/2 eiα stands for the (semiclassical) complex amplitude of the outgoing

wave of
[
Ĝ+
RFR

]
along the reaction coordinate. Application of the projector P̂n gives the

vibrational state distributions in the mapping approximation:

|tn(Eph)|2 ∼ kn
µ
|〈ϕm(Q)|fQ(Q)〉|2 σ̄R(Eph − Em) . (37)

They are proportional to the FC overlap integrals in the Q-space, taken at the excitation

point RFC and weighted with the ‘radial factor’ σ̄R = limλ→0 λ〈Ĝ+
RFR|Ĝ+

RFR〉. The physical

interpretation in view of Eq. (24) is that the population of a given product state χn is con-

trolled by the intensity |〈ϕm|fQ〉|2 of excitation of the adiabatically connected state ϕm in

the FC zone, multiplied by the probability σ̄R(Eph − Em) of excitation of the radial disso-

ciative motion with the translational energy Ekin = Eph−Em. In other words, the harmonic

populations of the non-disappearing modes in the FC zone are adiabatically translated to the

infinite interfragment separation and mapped onto product states. The expression for the

product state distributions in the overlap integral-based adiabatic mapping is similar to the

semiclassical FC mapping expression familiar in the context of triatomic photodissociation

(see, for example, Refs. 64,70,71). The FC mapping is recovered if the spectral amplitudes

〈ϕm|fQ〉 are replaced with the projections 〈χn|fQ〉 of the initial wave function directly onto

the asymptotic product states.

In the actual application of the adiabatic mapping approximation, we associate each

normal mode in the FC region with the pyrrolyl mode with the largest squared Duschinsky

overlap. In this way, we could establish a one-to-one mapping between short- and long-

distance normal modes. Given a vibrational state in the FC region, the corresponding

asymptotic state is readily obtained by assigning the quantum numbers m of the FC modes

to the corresponding pyrrolyl modes (whose quantum numbers are denoted by n in the

Equations above).
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V. RESULTS: PHOTOABSORPTION

Absorption spectra for the 1A2(πσ∗)← X̃ transition are calculated using the Hamiltonian

of Eq. (1). Three calculations are discussed below, in which the following degrees of freedom

are included: (i) R, θ, φ,Qb1(1, 2, 3); (ii) R, θ, φ,Qa1(1, 2, 3, 4, 5, 6, 7, 8); and

(iii) R, θ, φ,Qa1(1, 2, 5), Qa2(1, 2, 3), Qb1(1, 2, 3), Qb2(1, 3, 5). The settings of the three calcu-

lations are summarized in Table V.

Calculations (i) and (ii) are performed for the isolated 1A2 electronic state and highlight

the specific absorption features due to totally symmetric (irrep a1) and non-totally symmetric

(irrep b1) modes. The a1 modes in FC region of the A2 state are displaced relative to the

equilibrium geometries of pyrrole and pyrrolyl. All displacements for the b1 modes vanish

by symmetry for both species regardless of the electronic state. The focus in (i) and (ii)

is on the dissociative absorption spectra in the isolated 1A2 state and the accuracy of the

convolution approximation. Considering dynamics in the isolated A2 state is justified: The

coupling V XA2
ang , involving the angular coordinates (θ, φ), is small. The (minor) differences

with the two-state dynamics are discussed in the Supporting Information.

Calculation (iii) is performed for the coupled pair X̃/A2 and provides a realistic absorp-

tion spectrum of pyrrole in the long wavelength limit which is close to the full-dimensional

spectrum. Included are all modes of a2 and b1 symmetry, as well as three a1 modes with

the largest displacement between the minima of pyrrole and pyrrolyl, and three b2 modes

along which the TDM has the largest gradient [Eq. (13c)]. This calculation accounts for

the impact of the CI on the photodissociation dynamics.

Since the A2 ← X̃ transition is Franck-Condon forbidden, the absorption cross sections

are small, of the order of 10−20 cm−1. For this reason, the shape of the corresponding absorp-

tion band could not be reliably measured: The absorption of the lowest πσ∗ state is overlayed

by the intense band of a neighbouring ππ∗ state.28 The experimental characterization of the

photodissociation in the A2 state is more advanced in the time domain.28,31,36,37 For this

reason, the absorption spectra are discussed together with the autocorrelation functions,

which provide information about the dissociation lifetimes.
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A. 6D absorption spectrum: Coordinates R, θ, φ,Qb1(1, 2, 3)

The calculation is performed for the isolated A2 state. The modes not included in the

calculation are set equal to Qmin(R) for each R (i.,e., they follow the relaxed scan on the A2

surface, as described in Sect. II B 3).

The A2 state is excited via the TDMs µx and µy creating molecular states of B2 and B1

symmetry, respectively. The initial wavefunctions Φx(0) anf Φy(0) are reported in Table V.

The total absorption spectrum is a sum of two contributions, 1
3
σx and 1

3
σy [see Eq. (17)].

The spectra and the autocorrelation functions are shown in Fig. 6(a).

Both spectral components peak close to the vertical excitation energy of 4.19 eV, and the

peak intensity of the total absorption does not exceed 4 · 10−20 cm2. The spectra σx and

σy consist of a main peak and a shoulder on the high energy side. For the σx spectrum

the maximum intensity is at Emax = 4.15 eV and the standard deviation of the absorption

profile is ∆ = 0.17 eV. For σy the maximum is shifted to lower energies, Emax = 4.10 eV, and

∆ = 0.15 eV. The only geometrical change between the (local) minima of V X and V A2 is the

elongation of the N–H bond by 0.12 a0. This shift along R determines the spectral width,

and suggests that the main peak corresponds to the ground vibrational state (a short-lived

resonance) in the A2 state, and the shoulder is a resonance state with one quantum of N–H

stretch.

The component σy makes the main contribution to the total spectrum. The reason is

that the TDM µy grows mostly along the out-of-plane H bending mode. Since this mode has

a low frequency in the ground electronic state (see Table III), the wavefunction Ψ0(R,Qb1)

is broadened along this coordinate and the sampled TDM is large. Moreover, both the out-

of-plane H bending and the Qb1 modes contribute to the y-polarized excitation, whereas the

x-polarized excitation is promoted only by the in-plane H bending mode.

The autocorrelation functions Sx and Sy further help to interprete the spectra σx and σy.

Their absolute values are depicted in Fig. 6(b). For both polarizations, the autocorrelation

functions decay monotonically and no neat recurrences are observed. In the first 10 fs the

amplitude of Sx(t) and Sy(t) decreases to ≈ 30% of its initial value, indicating a fast direct

dissociation of a substantial fraction of the initial wave packet. Slower decays, recognizable

in |Sx(t)| and |Sy(t)| in the range 10–40 fs, are probably due to a tiny recurrence around

≈ 25 fs, associated to the high energy shoulder of σy.
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FIG. 6: (a) Absorption spectra for the isolated 1A2 state of pyrrole calculated using three disap-

pearing modes (R, θ, φ) of the detaching H atom and three b1 modes of the pyrrolyl ring. The

spectra are calculated exactly using MCTDH propagation on the 6D potential. The profiles σx

and σy corresponding to the x- and y-polarizations are shown in red and green, respectively. The

total spectrum (σx + σy)/3 is shown in black. (b) Autocorrelation function amplitudes |Sx| (red)

and |Sy| (green) as a function of time for the spectra of panel (a). (c) The same spectra as in (a)

evaluated using the convolution approximation.

———————————————————————

The autocorrelation function was processed using the low storage filter diagonalization

method of Mandelshatm and Taylor.72 The intense resonance peaks were found at 4.14 eV

in the σx spectrum, and at 4.07 eV and 4.11 eV in the σy spectrum; the lifetimes are 5.6 fs

(for σx) and 8 fs (for σy). The difference between the energies of these resonances, compared

with the frequencies of Table III (second column), suggests the assignment to states with

one vibrational quantum respectively in the in-plane H-bending mode (ω ∼ 0.13 eV), in the

out-of-plane H-bending mode (ω ∼ 0.08 eV) and in the Qb1(3) mode (ω ∼ 0.12 eV).

This assignment could have been anticipated: it is these modes which one expects to

become excited in the initial wave packets Φx and Φy via the coordinate dependence of the

TDMs. The lifetimes, in the range 5–8 fs are mode-specific and are close to the experimental

dissociation lifetime of 12 fs reported in Ref. 37. Our lifetimes are shorter, which indicates

that the height of the potential barrier in the FC region, 0.09 eV, is probably slightly
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underestimated.

More short lived resonance states are found at higher energies correlating with the spectral

shoulders. In the σx spectrum a resonance is found at 4.44 eV and attributed to a state with

one vibrational quantum in both the in-plane H bending and the N–H stretch (R coordinate,

ω ∼ 0.32 eV). In the spectrum σy, we find another resonance state at 4.21 eV and attribute

it to the third overtone of the out-of-plane H bending.

Figure 6(c) shows the spectra calculated using the convolution approximation of Eq. (23).

The convolution is done separately for each polarization and the agreement with MCTDH

calculations is excellent. The approximation of (21) is good because the b1 modes are not

displaced in the minima of either X̃ or A2 states, so that the coordinates R and Qb1 are

largely decoupled, and the separation (20) is fully valid.

For the x-polarization, the vibrational wavefunction fQ(Qb1) of the initial state [Eq. (19)]

is a Gaussian function which significantly overlaps only with the ground vibrational level of

the A2 state. As a consequence, the convoluted spectrum [Eq. (23)] has the same shape of

the dissociative profile σ̄R(E).

For the y-polarization, both the out-of-plane H bending and the b1 modes contribute to

the TDM function. Three vibrational states of A2 make the largest contribution to the

vibrational convolution factor σ̄Q(E) [Eq. (24)]: The ground vibrational state, associated

with the excitation of the out-of-plane H bending, and the states with one quantum on the

modes Qb1(2) and Qb1(3). The mode Qb1(1) has a small coefficient in the Herzberg-Teller

TDM function, and is not excited in the 1A2 ← X̃ transition.

B. 11D absorption spectrum: Coordinates R, θ, φ,Qa1(1, 2, 3, 4, 5, 6, 7, 8)

The calculation is performed for the isolated 1A2 state. The non totally-symmetric modes

are fixed to their equilibrium values. The 11D potentials V X and V A2 include the equilibrium

geometries of pyrrole and pyrrolyl, the local minimum in the FC region of the 1A2 state, as

well as the small barrier to dissociation (see Table I).

The 1A2 ← X̃ excitation is promoted by the TDMs µx and µy, which create molecular

states of B2 and B1 symmetry. The corresponding initial wave packets Φx(0) and Φy(0)

are defined in Table V. The total spectrum σ = (σx + σy)/3 has a maximum intensity of

≈ 10−20 cm2 [see Fig. 7(a)]. The spectrum consists of a series of diffuse vibrational bands
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FIG. 7: (a) Absorption spectra for the isolated 1A2 state of pyrrole calculated using three disap-

pearing modes (R, θ, φ) of the detaching H atom and eight a1 modes of the pyrrolyl ring. The

spectra are calculated exactly using MCTDH propagation on the 11D potential. The profiles σx

and σy corresponding to the x- and y-polarizations are shown in red and green, respectively. The

total spectrum (σx + σy)/3 is shown in black. (b) The same spectra as in (a) evaluated using

the convolution approximation. The assigned vibrational bands in (a) and (b) are marked with

letters A–G. (c) Vibrational stick spectrum σQ, used in the convolution method. Vibrational levels

are denoted using the set of vibrational quantum numbers of the a1 modes na1(i), i = 1, 8. The

states mostly contributing to each peak are: (A) na1(i) = 0, for i = 1, ..., 8; (B) (na1(1) = 1),

(na1(2) = 1), na1(3) = 1); (C) (na1(5) = 1); (D) (na1(2) = 2), (na1(2) = 1, na1(3) = 1);

(E) (na1(2) = 1, na1(5) = 1), (na1(3) = 1, na1(5) = 1) ; (F) (na1(2) = 2, na1(3) = 1); (G)

(na1(2) = 1, na1(3) = 1, na1(5) = 1), (na1(2) = 2, na1(5) = 1).

———————————————————————

structuring the 0.6 eV wide absorption envelope. The vibrational peaks are poorly resolved

because they are broadened by the fast dissociation.
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The structures in the absorption profile, as well as the recurrences in the autocorrelation

function, are best interpreted using the normal modes Q̃a1 , calculated for the pyrrolyl ring

at the local minimum on the A2 surface. The spectral width is determined mostly by the

vibrational excitations of the Q̃a1 modes and, to a lesser extent, by the broadening induced

by dissociation. The convolution approximation discussed below allows one to make this

distinction quantitative. The larger shift δQ of a particular mode between the minima

of V X and V A2 , the more vibrational overtones of this mode are excited in the absorption

spectrum. These geometrical changes were described in Sect. II B 1 and illustrated in Fig. 3.

The largest displacements are found for the modes Q̃a1(1) (δQ = 0.54), Q̃a1(2) (δQ = 1.32),

Q̃a1(3) (δQ = 1.03) and Q̃a1(5) (δQ = 1.15). These modes show up in the absorption

spectrum, while the remaining modes Q̃a1(4, 6, 7, 8) are minimally shifted, and behave as

‘spectators’.

The spectra σx and σy have maxima close to the vertical excitation energy of 4.80 eV.

This value is higher in the 11D than in the 6D calculation of Sect. V A, because the 6D PES

is relaxed on the 1A2, but not on the X̃ state, and the potential minimum in X̃ is elevated

by ∼ 0.6 eV. With all eight a1 modes included in the calculation, the X̃ state relaxes to its

global minimum, and the vertical excitation energy increases. The spectrum σx (red line)

has a maximum at Emax = 4.80 eV and a FWHM of 0.64 eV. The maximum intensity is

6 · 10−21 cm2. Although many vibrational states are excited, their peaks are considerably

broadened due to fast dissociation and the vibrational progressions remain unresolved.

Similarly to the 6D calculation, the spectrum σy (green line) has a higher intensity than

σx, with a maximum of ∼ 2.5 ·10−20 cm2, peaking at Emax = 4.64 eV. The vibrational bands

are well resolved against the 0.59 eV broad background, and are recognizable in the total

absorption spectrum, too. They are labelled with letters A–G in Fig. 7(a). The vibrational

ground state in the A2 state (band A) is seen as a weak shoulder. The assignment of the

vibrational peaks B–G is elucidated below with the help of the convolution approach.

The autocorrelation functions Sx and Sy help to rationalize the differences between σx

and σy. Figure 8(a) shows the absolute values |Sx| and |Sy| for the first 250 fs, plotted on

a logarithmic scale in order to highlight vibrational recurrences. In the short time scale,

|Sx| and |Sy| decay to half their initial value in T = 2.9 fs and T = 3.1 fs, respectively.

The spectral widths of σx and σy are related to such fastest time scales by the energy-

time uncertainty principle, FWHM = 4~ ln 2/T .73 In |Sx| the initial decay is followed by
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two recurrences, whose periods are 24.5 fs and 39 fs, corresponding to the frequencies of

1361 cm−2 and 855 cm−2, and attributed to the second overtone of the out-of-plane H bending

and the one quantum excitation on Q̃a1(1), respectively. In |Sy|, the shortest recurrence time

of 20 fs corresponds to the frequency of 1668 cm−2, associated with the Q̃a1(5) mode: The

vibrational state with one quantum on Qa1(5) gives rise to the shoulder C at Eph = 4.60 eV.

Additional recurrences are visible in the range 30–36 fs and are associated with the low-

frequency a1 modes, which span the frequency range 900–1150 cm−2: The vibrational states

with one quantum on Qa1(1, 2, 3) fall under the band B, peaking at Eph = 4.50 eV.

The spectral resolution is related to the dissociation-induced damping of the recurrences

in the autocorrelation function. The TDMs µx and µy create the initial wavefunctions

having one vibrational quantum in the in-plane and the out-of-plane H bending modes,

respectively (see Table V). According to Table III, the frequency of the in-plane bending is

lower in the A2 state than in the X̃ state. Therefore the wave packet Φx(0), initially narrow

along θ, experiences a reduced frequency on the A2 state and widens. As a consequence,

the recurrence amplitude decreases rapidly, and the resulting spectrum σx is broad and

unresolved. In contrast, the out-of-plane bending has a higher frequency in the excited

state, so that no broadening along θ occurs at short times, the amplitude of the recurrences
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remains large for a longer time (the first three recurrence peaks have almost the same height),

and the vibrational peaks in σy are pronounced.

The dissociation time scales in the spectra σx and σy are found from the time dependence

of the population

PFC
i (t) =

〈Φi(t) |Θ(Rb −R)|Φi(t)〉
〈Φi(0) |Φi(0)〉 , i = x, y , (38)

in the FC region, where Θ(x) is the Heaviside step function, and Rb = 4.6 a0 is the position

of the barrier maximum on the A2 PES. The functions PFC
x (t) and PFC

y (t) are plotted in

Fig. 8(b). In order to determine dissociation lifetimes, we fitted the functions PFC
i (t) to the

model

f(t) = Θ(t0 − t) + Θ(t− t0)

[
a exp

(
−(t− t0)2

T 2
1

)
+ (1− a) exp

(
−t− t0

T2

)]
, (39)

in which the Gaussian decay is attributed to the direct dissociation with the time constant

T1, and the exponential with lifetime T2 accounts for the tunneling through the A2 potential

barrier (0.09 eV). The parameter t0 indicates the time in which the wave packet reaches the

distance Rb, and it is determined in the range 1–2 fs. PFC
x (t) is best fitted setting a = 1 and

T1 = 10.3 fs. The time constants for PFC
y are T1 = 13.4 fs and T2 = 47.2 fs, and a = 0.91.

The shorter time constants agree with the experimental value of 12 fs,37 obtained by time-

resolved photoelectron spectroscopy measurements, which are sensitive to the excited state

population in the FC region. The longer time constant agrees with the value of 46 fs reported

by Stavros and coworkers28, obtained by time-resolved pyrrolyl yield measurements, with a

time resolution of 30 fs. The resonance states, calculated near the absorption maximum and

carrying the largest intensities, have lifetimes ranging from 20 fs to 60 fs, in agreement with

the above analysis.

The decay rate and the recurrence pattern after 100 fs are identical for the functions |Sx|
and |Sy|. This suggests that the same vibrational progressions, built on the TDM-induced

H bending excitations, are active in the two spectra. Indeed, the same vibrational spectrum

σQ is used for the two polarizations in the convolution equations Eqs. (22) and (23).

The 11D calculation including all a1 vibrational modes is the most stringent test for the

convolution method (Sect. III B), because the a1 modes are strongly coupled to the totally

symmetric dissociation coordinate R. The two convolution factors σ̄R and σ̄Q [Eq. (22)] are

calculated as follows.
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For the R-space, the initial 3D wavefunction ΨR(R) of Eq. (18) is defined as the ground

state of the X̃ state Hamiltonian, with the Qa1 modes fixed at the X̃ minimum. ΨR(R)

is then multiplied by the TDM functions µx and µy, and propagated with the Hamiltonian

ĤR = T̂R + WR(R) thus giving the factor σ̄R. The function WR(R) is the potential along

the MEP on the 1A2 state. The convolution factors σ̄R have shapes similar to the 6D

spectra, i. e. a main peak and a high energy shoulder. The FWHM for σ̄R are 0.18 eV and

0.12 eV for µx and µy. The width of the σ̄R convolution factor represents the contribution

to the spectral broadening due to dissociation. Since the total spectral width (≈ 0.6 eV) is

approximately four times larger than the width of σ̄R, most of the spectral broadening is

due to the extension of the a1 progressions, define by the convolution factor σ̄Q.

The profile σ̄Q is a harmonic Franck-Condon spectrum, calculated using the Hamiltonians

of the states X̃ and 1A2, ĤQ = T̂Q +Wα(Q|RFC) , and α = X,A2. For each electronic state,

the value of RFC is fixed at the respective (local) minimum: RFC = 4.10 a0 for X̃, and

RFC = 4.23 a0 for A2. The width of σQ is ≈ 0.4 eV, larger than the FWHM of σ̄R

Fig. 7(b) depicts the spectra σx and σy, calculated using the convolution approach. The

absorption profiles agree well with the exact MCTDH calculation: The approximated spectra

are correctly positioned on the energy scale and the moments of the spectral envelope (width,

asymmetry, etc.) are well reproduced. The lower resolution of the σx profile, compared to

σy, is reproduced by the convolution approach, and it is traced back to the broader σ̄R

profile.

In the σy spectrum, many similarities in the sequence of vibrational peaks are recognizable

between the exact and the approximated calculation. An advantage of the convolution

method is that the approximated spectrum is automatically assigned, because the vibrational

convolution factor σ̄Q – the same for all the calculations – is a stick spectrum, and the

individual contributions of Eq. (24) can be isolated. The intense peaks in the two spectral

profiles are matched by visual inspection, and the corresponding bands are labelled with the

same letters in Figs. 7(a) and (b). The spectrum σQ is shown in Fig. 7(c). The bands A–G

correspond to peaks in σQ and their assignment is reported in the figure caption.

The most intense peaks involve excitations in the modes which are mostly displaced be-

tween the X̃ and A2 minima: Q̃a1(2), Q̃a1(5), which give rise to the most intense progressions,

and Q̃a1(3), which produces slightly weaker peaks. Since the vibrational couplings between

R and the a1 modes are neglected, the mode frequencies used in the convolution spectrum do
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not perfectly coincide with the effective frequencies emerging from the MCTDH calculation.

This is the price to be paid for using the separable approximation in the convolution. The

band B involves one quantum excitation on the modes Qa1(2) and Qa1(3) and appears to

be shifted to higher energy by ∼ 120 cm−1. On the contrary, the frequency of the Qa1(5)

mode, whose excitation gives rise to the shoulder C, is underestimated by ∼ 130 cm−1 in the

approximation.

C. 15D absorption spectrum: Coordinates

R, θ, φ,Qa1(1, 2, 5), Qa2(1, 2, 3), Qb1(1, 2, 3), Qb2(1, 3, 5)

The calculation includes the coupled X̃/1A2 diabatic states. The 15D diabatic potentials

V X and V A2 depend on the disappearing modes, and on three modes of each symmetry. All

the other modes are set to the pyrrolyl equilibrium. The diabatic coupling V XA2 depends

on the coordinates R and Qa2(1, 2, 3) [see Eqs. (5) and (6)].

The TDMs µx, µy and µz, promoting the 1A2 ← X̃ excitation, create initial states of

B2, B1 and A2 symmetry, respectively. The initial wavefunctions Φx(0), Φy(0) and Φz(0)

are reported in Table V. The spectra for the individual x-, y- and z-polarizations and the

total spectrum σ = (σx + σy + σz) /3 are shown in Fig. 9. This calculation provides the

most reliable value for the absorption cross section, because all the modes which strongly

induce the 1A2 ← X̃ excitation are included. The weak absorption intensity does not exceed

2.5 · 10−20 cm2. The absorption envelope has a FWHM of 0.61 eV.

The spectra σx, σy and σz are characterized by a broad background, structured by a

number of weak narrow peaks, emerging as ‘ripples’ on the spectral profile. The background

envelope features several diffuse vibrational bands, similarly to the spectra in the 11D calcu-

lation for the isolated 1A2 state (see Sect. V B). The narrow peaks are overlayed on the broad

profile, and are due to the Fano interference of two diabatic dissociation pathways: The di-

rect dissociation pathway in the A2 state and the second one, which involves a temporary

sojourn in the X̃ state. The implications of this interference for the absorption spectrum

and the photofragment distributions are discussed elsewhere.? As shown in Fig. 9(d), the

narrow structures disappear if only the diabatic A2 state is included in the calculation: They

are the signature of coupling at the X̃/1A2 conical intersection.

In our calculations, the extent of A2 → X̃ transfer is less than 10% for the three polariza-
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tions, and the effects of the conical intersection is small. The diffuse bands are not affected

by the state crossing, and can be assigned to vibrational states on the isolated A2 surface. As

in the 11D calculation, the spectral width is mostly due the geometry changes between the

(local) minima of V X and V A2 , conveniently expressed by the shifts (δQ) with respect to the

a1 modes Q̃a1 , calculated for pyrrolyl at the local A2 minimum. δQ = 0.37 for the Q̃a1(1)

mode, δQ = 1.58 for Q̃a1(2), and δQ = 1.04 for Q̃a1(5). The local mode frequencies are

1052 cm−1 for Q̃a1(1), 1190 cm−1 for Q̃a1(2) and 1609 cm−1 for Q̃a1(5). The displaced modes

Q̃a1(1, 2, 5) included in the 15D calculation, are sufficient to reproduce the same spectral

width of the 11D calculation, which includes all the a1 coordinates. The vertical excitation

energy, 4.72 eV, is also similar for the two calculations, and the resulting spectra span the

same excitation energy range.

A number of vibrational bands, although not very pronounced, are recognizable in the

spectra for the individual polarizations, and marked with letters in Fig. 9. Similarly to the

11D calculation, the vibrational states contributing to each band have been assigned with

the help of the convolution method.

The spectrum σx originates from the excitation promoted by the b2 modes and the in-

plane H bending, and has a maximum intensity of 1.7 · 10−20 cm2 at Eph = 4.75 eV. The

diffuse vibrational structures are poorly resolved.

The y-polarized excitation is promoted by the b1 modes and the out-of-plane H bending.

The maximum intensity of the σy profile is 3.7 · 10−20 cm2, corresponding to a vibrational

band peaking around 4.65 eV, and coinciding with the maximum of the average profile σ.

Another intense band stands out at 4.50 eV, and also persists in the total spectrum.

The profile σz originates from the excitation promoted by the a2 modes. Its maximum

intensity is 2.3 · 10−20 cm2, intermediate between σx and σy. Although the vibrational struc-

ture is not very pronounced, the approximate energies of several vibrational bands can be

identified: 4.38 eV, 4.50 eV, 4.60 eV, 4.70 eV (the profile maximum) and 4.78 eV.

The energy of the first vibrational peaks increases in the order A < A′ < A′′. Since the

spectral width and the low-resolution envelope are similar for the three polarizations, the

corresponding absorption maxima are also shifted in the order σy < σz < σx. The peaks A,

A′ and A′′ are associated with vibrational states having one quantum in the modes promoting

the 1A2 ← X̃ transition. In the σy, σz and σx spectra, the modes with the largest Herzberg-

Teller coefficient are the out-of-plane H bending (ω = 616 cm−1), Qa2(3) (ω = 969 cm−1)
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FIG. 9: (a) Absorption spectra for the coupled X̃/1A2 states of pyrrole calculated using three

disappearing modes (R, θ, φ) of the detaching H atom and three modes for each symmetry (a1, a2,

b1, b2). The spectra are calculated exactly using MCTDH propagation on the 15D potential. The

profiles σx, σy and σz, corresponding to the x-, y- and y-polarizations are shown in red, green and

blue respectively. The total spectrum (σx + σy + σz)/3 is shown in black. (b) The same spectra

as in (a) evaluated using the convolution approximation. The assigned vibrational bands in (a)

and (b) are marked with letters: A− F for σy, A′ −D′ for σz, and A′′ for σx. (c) Vibrational stick

spectrum σQ, used in the convolution method for the calculation of the σz profile. (d) Details of the

MCTDH σy profiles, calculated using either the isolated 1A2 state (gray line) and the coupled X̃/A2

states (green line). In the assignment, the vibrational levels are denoted using the set of vibrational

quantum numbers of the modes nΓ(i) belonging to the irrep Γ. The states mostly contributing

to each peak are: (A) na1(i) = 0, nb1(2) = 1, nb1(3) = 2, and the fundamental excitation of the

out-of-plane H bending; (A′) na1(i) = 0, na2(i) = 1 , for i = 1, 2, 3; (A′′) na1(i) = 0, nb2(i) = 1 ,

for i = 1, 3, 5, and the fundamental excitation of the in-plane H bending; (B,B′) the states of the

bands A, A′ with na1(2) = 1; (C,C′) the states in A, A′ with na1(5) = 1; (D,D′) the states in A,

A′ with na1(2) = 2; (E) the states in A with (na1(2) = 1, na1(5) = 1); (F) the states in A with

na1(2) = 3, and the states in A with (na1(2) = 2, na1(5) = 1).

———————————————————————
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and Qb2(3) (ω = 1321 cm−1), respectively: The larger the frequency of the excited modes,

the higher the absorption origin.

Fig. 10 shows the autocorrelation functions Sx, Sy and Sz for the first 150 fs of dynamics.

The qualitative behaviour is similar for the three polarizations. Similarly to the 6D and 11D

calculation, the functions |S(t)| decay rapidly, reaching half of their initial value in the time

T ∼ 3 fs. This initial falloff is due to the initial wave packet motion away from the excitation

region, and determines the overall spectral breadth, FWHM = 4~ ln 2/T ∼ 0.6 eV. In the

range 15–100 fs the autocorrelation functions decay more slowly and exhibit a sequence of

weak vibrational recurrences. The damping of the recurrences is faster for Sx than for Sy

and Sz, therefore the σx profile is the least resolved. The recurrence peaks are broader

than in the 11D calculation, and have a similar pattern for the three polarizations. The

shorter recurrence time is 21 fs and correlates with a frequency of ≈ 1600 cm−1, which

matches the vibrational period of the Qa1(5) mode. A second recurrence follows at 38–39 fs,

corresponding to a frequency of ≈ 870 cm−1, associated to the Qa1(1) mode. A shoulder is

visible in |Sy| around 15.5 fs, and is possibly associated to the high frequency N–H stretch.

Additional recurrence peaks, not shown in Fig. 10, appear in the range 150−300 fs, and are

responsible for the narrow peaks on the absorption envelope. Indeed, the evaluation of the



45

autocorrelation functions up to 300− 350 fs is needed to ensure that the ‘ripples’ emerge.

Dissociation lifetimes are determined for σx, σy and σz by the time-dependent populations

PFC
i (t), i = x, y, z, shown in Fig. 10(b). Time constants T1, accounting for the direct

dissociations, are obtained by fitting PFC
i to the function of Eq. (39). The resulting values

for T1 are 10.1 fs, 11.8 fs and 10.9 fs for the x-, y- and z-polarizations, respectively. These

dissociation lifetimes agree with the results for the 6D and the 11D calculations, and with

the experiment of Ref. 37. A second time constant T2 = 48.8 fs is found for PFC
y (t) (in

this case a = 0.95): This value is in agreement with the measurements of Ref28, and it is

attributed to population which dissociates via tunnelling through the barrier on the A2 PES.

The spectra calculated using MCTDH quantum dynamics are compared with the convo-

lution approximation in Fig. 9(b). The convolution approach is applied for the dissociation

in the single state A2 using the methodology described in Sect. III B. In this formulation

the convolution spectrum provides the assignment of the main diffuse bands, but gives no

information on the Fano resonances.

The convolution factors σ̄R and σ̄Q are calculated using the same protocol of the 11D

calculation. Since the TDMs µx and µy depend on the coordinates of either the R-space

and the Q-space, two convolution terms are needed to approximate the spectra σx and σy,

as shown in Appendix A. The width of the convolution profiles σ̄R and σ̄Q are ∼ 0.15 eV

and ∼ 0.4 eV, respectively: As in the 11D case, the width of 0.65 eV is mainly due to the

progression in the a1 modes, whereas the dissociation induces a smaller broadening.

The convoluted spectra compare well enough with the MCTDH calculation: The position

on the energy scale, the shapes of the absorption profile and the differences in the vibrational

resolutions are nicely reproduced. The approximated σx and σz profiles overestimate the

vibrational resolution, so that the diffuse bands are more pronounced. The peaks of the

convolution spectra are matched to the bands in the MCTDH profiles, and associated with

the vibrational states in the local A2 minimum. The assignment of the most relevant peaks

is reported in the Figure caption.

The bands A, A′ and A′′ in the spectra σy, σz and σx include the symmetry-allowed

vibrational states with the lowest energies. In the σx profile these states have one vibrational

quantum on one the b2 modes or on the in-plane H bending; in σy the lowest energy states are

excited in one of the b1 modes or in the out-of-plane H bending; in σz the band A′ includes

the states with one quantum on one of the a2 modes. The vibrational states contributing to
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the peaks B−F (in σy) and B′−D′ (in σz) arise from the progressions on the modes Qa1(2)

and Qa1(5), built on the lowest excitations falling under the bands A and A′.

Fig. 10(c) shows the convolution spectrum σQ used to calculate the σz profile. The stick

spectrum includes only the vibrational states of A2 symmetry. The comparison between

the MCTDH profile, the convolution approximation and the σQ spectrum reveals some

inaccuracies in the harmonic intensities, which are mainly related to the geometry shifts

between the minima of V X and V A2 . The approximated intensities for the excitations on

the modes Qa1(2) and Qa1(5) (associated with the bands B′′ and C′′) are respectively too

high and too low. The reason is that in the approximation the coupling between the modes

Qa1(2) and Qa1(5) and the dissociation coordinate R is neglected. As a consequence, the

shift used in the convolution method is overestimated for Qa1(2) and underestimated for

Qa1(5), so that the peak intensities are slightly inaccurate.

VI. RESULTS: PRODUCT STATE DISTRIBUTIONS AND TKER

Pyrrolyl internal state distributions are evaluated in the 6D, 11D, and 15D calculations,

using the procedure of Sect. IV, and shown as TKER spectra [Eq. (31)]. The T -matrix

elements of Eq. (30) are calculated using the vibrational eigenstates of the pyrrolyl fragment

χn(Q), where n is the vector of vibrational quantum numbers for the modes Q. The

rotational eigenstates of pyrrolyl are described using symmetry-adapted combinations of

spherical harmonics Yjm(θ, φ), where (j,m) are the quantum numbers for the operators j2

and jz.

In the TKER spectrum, the individual states peak at the translational energy TKER =

Eph−D0−En,j,m, where Eph is the excitation energy, D0 is the dissociation energy (calculated

including the zero-point energies of pyrrole and pyrrolyl), and En,j,m is the internal pyrrolyl

energy. When the photon energy is increased, the vibrational peaks shift by the same amount

on the TKER scale.

In the actual calculations, the δ-function of Eq. (31) is replaced with a Gaussian with

a standard deviation of 10 cm−1. As a consequence, the closely spaced rotational states are

not resolved in the reported TKER spectra, and only the vibrational peaks are assigned, as

in the experimental measurements.
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FIG. 11: TKER calculated for the 6D spectra of Fig. 6 at the excitation energies Eph = 4.1 eV

and Eph = 4.3 eV. The exact profiles, calculated using the MCTDH wavefunction, are compared

to the profiles obtained by adiabatic mapping.

———————————————————————

A. 6D product state distributions: Coordinates R, θ, φ,Qb1(1, 2, 3)

In this calculation the 1A2 ← X̃ excitation is induced by the TDM components µx and

µy. The x-polarized excitation is promoted by the disappearing in-plane H bending and

leads to the formation of pyrrolyl in vibrational states of A1 symmetry (associated with

angular states of B2 symmetry). The TDM µy excites either the out-of-plane H bending or

the b1 normal modes, so that pyrrolyl is formed in vibrational states of A1 and B1 symmetry,

respectively (the total symmetry-allowed rovibrational states belong to the irrep B1). It is

worth to emphasize that such symmetry considerations apply because: i) The calculation is

performed for total angular momentum J = 0; ii) only one electronic state is included; iii)

the harmonic Hamiltonian for the Q-space, based on a block diagonal Hessian, prevents the

exchange of vibrational excitation between degrees of freedom of different symmetry.
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The TKERs calculated from the MCTDH wavefunction are shown in Fig. 11 for the

excitation energies Eph = 4.1 eV and Eph = 4.3 eV, corresponding to the maximum and

the shoulder of the total spectrum, shown in black in Fig. 6(a). The spectra are averaged

over the field polarizations and consist of three peaks. The fastest peak corresponds to

the vibrational ground state, and the two slower peaks are assigned to the fundamental

excitations on the modes Qb1(2) and Qb1(3). Overtones and combination states are scarcely

populated.

The vibrational ground state is formed because the TDM components µx and µy excite

the in- and out-of-plane bending modes of the detaching H atom, which disappear into the

free rotations of pyrrolyl. The states with one quantum on the b1 modes are formed for

the excitation induced by the TDM component µy. The peak intensities for the different

modes are determined by the magnitude of the Herzberg-Teller coefficients: The mode Qb1(1)

contributes negligibly to the TDM, therefore it is not populated in the fragment.

The line shapes of the vibrational peaks are given by rotational distributions and have a

FWHM of ≈ 60 cm−1. Since the dissociating wave packets experience a weak torque along

θ, the rotational excitation is modest (the highest population is obtained for j ≈ 10).

The exact TKER spectra are compared with the distributions obtained using the adi-

abatic mapping approximation described in Sect. IV B. Each pyrrolyl mode adiabatically

correlates with a specific mode at the 1A2 minimum in the FC range. According to Eq. (37),

the populations of the fragment states are approximated as products of a FC overlap (for

the Q-space) and a radial factor σ̄R evaluated at the corresponding translational energy.

The rotational line shapes are calculated from the rotational distributions obtained from

the wave packet propagation in the R-space.

The approximated spectra agree almost perfectly with the exact MCTDH calculation.

This proves that the 6D potential V A2 , involving only undisplaced modes, has a high degree

of vibrational adiabaticity. Therefore the initial vibrational state distribution, created in

the excitation region, is carried over to the fragments without any energy redistribution.

B. 11D product state distributions: Coordinates R, θ, φ,Qa1(1, 2, 3, 4, 5, 6, 7, 8)

In the 11D calculation the TDM components µx and µy induce the 1A2 ← X̃ transition

exciting the in- and out-of-plane H bending modes, respectively. Since the initially excited
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FIG. 12: TKER calculated for the 11D spectra of Fig. 7 at the excitation energies Eph = 4.4 eV,

Eph = 4.6 eV and Eph = 4.8 eV. The exact profiles, calculated using the MCTDH wavefunction,

are compared to the profiles obtained by adiabatic mapping. Following the notation of Fig. 9, the
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coordinates are disappearing modes, pyrrolyl is formed in vibrational states of A1 symmetry,

associated with rotational states of either B1 or B2 symmetry.

The polarization-averaged TKER profile, corresponding to the spectrum shown in black
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in Fig. 7(a), is plotted in Fig. 12 for the excitation energies Eph = 4.4 eV, Eph = 4.6 eV and

Eph = 4.8 eV. A number of vibrational peaks are visible, and the rotational line shapes are

very similar to the ones discussed in Sect. VI A.

Differently from the 6D calculation, the vibrational state populations depend strongly

on the photon energy. The total spectrum is a sum of partial cross sections, each one

being associated to a particular vibrational state of the fragment: The vibrational state

populations are given by the intensities of the partial cross sections at a given photon

energy. The partial cross sections for the states in the vibrational progression of a a1 mode

are displaced by the mode frequency. With increasing photon energy, the most populated

state changes from the ground state to a state with a gradually higher degree of vibrational

excitation.

The excitation energy of Eph = 4.4 eV is close to the origin of the absorption. At this

energy only the ground state (peak A) and the state with one quantum on the low frequency

Qa1(1) mode (peak B) are significantly populated. The states with excitations on higher

frequency modes have low initial intensities, therefore their population is negligible.

At Eph = 4.6 eV the states with zero or one vibrational quantum are the most populated.

The peak C corresponds to the state with one quantum on the mode Qa1(2). The peak

D is the fundamental excitation of the Qa1(5) mode. The most populated pyrrolyl modes,

Qa1(2, 5), correlate adiabatically with the modes Q̃a1(2, 5) in the FC zone, which give rise

to the most extended progressions in the absorption spectrum (see Sect. V B).

At Eph = 4.8 eV the most populated states are overtones and combination states. The

most intense peaks correspond to the state with two quanta on Qa1(2) (peak E), the state

with one quantum on both Qa1(2) and Qa1(5) (peak F), and the state with three quanta on

Qa1(2) (peak G).

In Fig. 12, the exact TKER are compared with the distributions obtained by the adiabatic

mapping approach. The approximation makes use of the convolution factors σ̄R and σ̄Q,

discussed in Sect. V B. Each mode at the local A2 minimum is associated with the mostly

overlapping fragment mode. In this way, each vibrational state in the excitation zone is

mapped onto a fragment state. Excitation energy dependent vibrational state populations

are calculated as the product of a FC factor (taken from the spectrum σ̄Q) and the σ̄R

intensity at the given translational energy [see Eq. (37)].

The approximated TKER profiles agree nicely with the distributions calculated using
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wave packet propagation. The adiabatic mapping proves to be a good method to estimate

the final state distributions using a minimum number of ab initio calculations. The good

quality of the approximation is justified by a high degree of vibrational adiabaticity. The

most populated states involve excitations in the modes mapped to the most displaced modes

between the minima of V X and V A2 , which have the longest progressions. The excitation

created in the FC zone is then propagated to the fragments.

Some discrepancies between the MCTDH calculation and the adiabatic mapping can be

analyzed. For Eph = 4.4 eV, the population of the Qa1(1) mode is highly underestimated.

The reason is that the Qa1(1) mode is not very displaced in the excitation region, but it is

the most displaced mode between pyrrole and pyrrolyl. Therefore, the Qa1(1) mode develops

the excitation along the dissociation pathway, but not in the FC zone.

Another inaccuracy is the overestimation of the population of the Qa1(3) mode. The

excitations of this mode do not appear in the MCTDH calculation, whereas they are visible

as a ‘bifurcation’ in the peak C (which involves also the excitation of the Qa1(2) mode).

The mode Qa1(3) undergoes a substantial Duschinsky mixing between the FC zone and the

pyrrolyl. The short-distance pyrrole modes having the highest overlap with Qa1(3) are the

modes Q̃a1(3), which has an extended FC progression, and Q̃a1(4), whose FC progression

is narrow. In the approximation, Qa1(3) is mapped only to Q̃a1(3), and not to the nearly

undisplaced Q̃a1(4). Therefore, the extent of its progression, as well as its final population,

are overestimated.

C. 15D product state distributions: Coordinates

R, θ, φ,Qa1(1, 2, 5), Qa2(1, 2, 3), Qb1(1, 2, 3), Qb2(1, 3, 5)

TKER spectra are calculated for the photodissociation in the coupled 1A2/X̃ states. The

higher electronic channel, diabatically correlating with the X̃ state, is closed at the excitation

energies of the calculation. Since the A2 → X̃ internal conversion involves less than 10% of

the population, the effect of the conical intersection on the TKER spectra is expected to be

relevant only at the energies of strong Fano resonances, not observed here.

The 1A2 ← X̃ transition is induced by the three TDM components, which create initial

states of different symmetries, and are associated with different product states. The sym-

metry of the fragment vibrational-rotational states is given as the direct product ΓQ×Γang,
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FIG. 13: TKER calculated for the 15D spectra of Fig. 9 at the excitation energies Eph = 4.28 eV,

and Eph = 4.40 eV. The profiles obtained for the 1A2 ← X̃ promoted by the TDM components µx,

µy and µz are shown in red, green and blue, respectively. The exact profiles, calculated using the

MCTDH wavefunction, are compared to the profiles obtained by adiabatic mapping. Following the

notation of Fig. 9, the vibrational states are assigned as follows: (A) ground state; (B) na2(1) = 1;

(C) nb1(2) = 1; (D) na2(2) = 1; (E) nb1(3) = 2; (F) na2(3) = 1; (G) nb2(3) = 1.

where ΓQ and Γang are the irreducible representations of the vibrational and rotational eigen-

functions, respectively. For the µx-induced transition, the symmetry-allowed vibrational-

rotational states have B2 symmetry and can be formed with the following combinations:

(i) ΓQ = A1, Γang = B2; (ii) ΓQ = B2, Γang = A1; (iii) ΓQ = A2, Γang = B1; (iv)

ΓQ = B1, Γang = A2. For the y-polarization, the total symmetry is B1 and the possible com-

binations are: (v) ΓQ = A1, Γang = B1; (vi) ΓQ = B1, Γang = A1; (vii) ΓQ = A2, Γang = B2;

(viii) ΓQ = B2, Γang = A2. For the µz-induced transition the total symmetry is A2 and the

allowed states are: (ix) ΓQ = A2, Γang = A1; (x) ΓQ = A1, Γang = A2. The combinations

(i), (ii), (v), (vi) and (ix) are associated to the five different terms in the TDM expression of
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Eq. (13). The combinations (iii), (iv), (vii), (viii) and (x), cannot be populated in a single

state dissociation, but they are theoretically allowed by the conical intersection. Consider,

as an example, a wave packet in the state (i), initially on the V A2 surface, which undergoes

a first transfer to the X̃ state induced by a a2 coupling mode, and a second back transfer

induced by the angular term ∼ sin2 θ sin(2φ): The final state would be in the form (iii).

Although such states are in principle allowed, they are not populated in our simulations,

probably due to the weak diabatic coupling induced by the angular coordinates.

The TKER spectra for the three polarizations, Pi(Ekin|Eph), with i = x, y, z, are shown

in Fig. 13 for the excitation energies Eph = 4.28 eV and Eph = 4.40 eV, corresponding to the

low energy side of the absorption spectrum (see Fig. 9), in which a relatively low number of

vibrational channels is open. At higher excitation energies, the number of populated states

greatly increases, so that the detailed analysis of the TKER spectra becomes cumbersome.

For Eph = 4.28 eV, the TKER profile is dominated by the peaks associated with the

y-polarization, because the intensities of σx and σz are low at this excitation energy. The

peak A is the most intense, and corresponds to the ground vibrational state, which is formed

after the initial 1A2 ← X̃ excitation, induced by the out-of-plane H bending (a disappearing

mode). This is the lowest frequency mode, therefore it is the first to be excited while scanning

the spectrum from the origin to higher energies. The second highest peak (A′) corresponds

to the fundamental excitation of the Qa1(1) mode. The peak C is associated with the state

with one quantum on the Qb1(2) mode, which is the b1 mode with the highest Herzberg-

Teller coefficient. The peaks corresponding to the fundamental excitations on the three a2

modes are visible in the Pz(Ekin|Eph) profile, and marked with the letters B, D and F. The

weak structures appearing at TKER < 5800 cm−1 are given by vibrational states, obtained

by adding a quantum on Qa1(1) to the states peaking between 6000 cm−1 and 6700 cm−1.

In the TKER profile for Eph = 4.40 eV, the dominating peak (A) is still the vibrational

ground state, arising mostly from the y-polarization. However, the ground state population

decreases with increasing excitation energy, and the peaks corresponding to states with one

vibrational quantum (between 6600 cm−1 and 7700 cm−1) become more intense. The peaks

C and E in the Py(Ekin|Eph) TKER spectrum correspond to the fundamental excitations

on the modes Qb1(2) and Qb1(3). The mode Qb1(1) has a tiny Herzberg-Teller coefficient,

therefore it is not populated. The three states with one quantum on the a2 modes are

visible in the TKER profile for the z-polarization (peaks B, D and F). Their intensities
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increase in the order Qa2(1) < Qa2(2) < Qa2(3), in agreement with the magnitude of the

Herzberg-Teller coefficients. The most intense peaks in the Px(Ekin|Eph) profile are also due

to the modes with the largest coefficients in the TDM function µx: The disappearing in-

plane H bending, associated with the ground state peak, and the Qb2(3) coordinate, whose

fundamental excitation is associated with peak G. The peaks for TKER < 6600 cm−1 are

obtained from the states B–G, with an additional quantum on the Qa1(1).

The correlation between the magnitude of the Herzberg-Teller coefficients and the final

mode populations, observed in the TKER profiles, is the basic assumption for the validity

of the adiabatic mapping approach. Fig. 13 illustrates the comparison between the TKER

spectra, obtained from the MCTDH calculation, and the profiles calculating using the map-

ping. The approximation follows the same protocol described in Sect. IV B, applied to the

dissociation in the isolated V A2 PES.

The mapping approach is successful in predicting the vibrational pattern in the TKER

spectra. In a similar way to the 6D and 11D calculations, the good quality of the approx-

imation implies a picture in which the initial vibrational excitation, created by the TDM

function, is propagated along the reaction pathway in a vibrationally adiabatic manner.

The only substantial difference between the adiabatic mapping and the exact MCTDH

calculation, is the intensity of the A′ peak, associated with the fundamental excitation of the

Qa1(1) mode. The population of this vibrational state is underestimated at Eph = 4.28 eV

and overestimated at Eph = 4.40 eV. This inaccuracy was discussed in Sect. VI B, and it

is due to a high degree of coupling between the Qa1(1) mode and the coordinate R, which

reduces the validity of the separable approximation of Eq. (20).

VII. CONCLUSIONS

This paper analyzes the mechanism of the photodissociation of pyrrole, following the

excitation to the low-lying 1A2(πσ∗) state. The absorption spectrum, the dissociation life-

times and the total kinetic energy release distributions are calculated. To this purpose,

24-dimensional potential energy surfaces of the X̃ state and the two lowest πσ∗ states are

constructed using CASPT2 calculations and a local diabatization in proximity of the X̃/πσ∗

intersections. Nuclear dynamics are studied at the quantum mechanical level, using the

MCTDH method with high-dimensional PESs for the X̃ and 1A2 states. The exact absorp-
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tion spectra and photon energy-dependent TKER distributions are compared with approx-

imated profiles, obtained by a convolution approach and an adiabatic mapping method,

whose application requires a modest amount of ab initio calculations. The main results of

this investigation are as follows:

1. The photoabsorption profile for the 1A2 ← X̃ excitation, forbidden at C2v geometries,

is predicted to have a weak cross section, not exceeding 3 · 10−20 cm2. The spectrum

cannot be reasonably measured, because it is overlaid by the ≈ 2 · 10−18 cm2 intense

band of a neighbouring ππ∗ state.50 The width of the absorption profile is due to vibra-

tional progressions involving the a1 modes of the pyrrolyl ring. Non-totally symmetric

modes are excited by the geometry-dependent transition dipole moment functions.

Different modes are excited for different electric field polarizations. The vibrational

bands are highly broadened by the fast dissociation.

2. Photodissociation occurs on a time scale of ≈ 10 fs, in agreement with the recent

time-resolved photoelectron spectroscopy measurements of Stolow and coworkes.37 A

second time constant of ≈ 45 fs is associated to dissociation via tunneling through the

∼ 0.9 eV pontential barrier on the A2 PES.

3. The convolution approximation is capable of reproducing the main features of the

exact absorption spectra. The agreement is excellent for the bands of the undisplaced

non-totally symmetric modes. In the progressions for the a1 modes, small inaccuracies

are found for the mode frequencies, the relative peak intensities for different modes,

and the spectral resolution. Nevertheless, the convolution method is proved to be a

valid tool to assign the diffuse vibrational bands, using a small amount of ab initio

calculations.

4. The TKER spectra consist in a number of peaks, corresponding to the vibrational levels

of the pyrrolyl fragment. States of different symmetries are populated for different

electric field polarizations. The PES of the 1A2 state, quadratic in the normal modes,

has a high degree of vibrational adiabaticity. Such property was already pointed out

by Ashfold and coworkers32, and implies that TKER profiles are largely defined by

the initial wave packet, created by the TDM functions. Therefore, the most populated

states are the ground vibrational level and the fundamental excitation of the modes
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which strongly induce the 1A2 ← X̃ excitation.

5. The adiabatic mapping approximation successfully reproduces the exact TKER dis-

tribution, and their dependence on the excitation energy. The good quality of the

approximation is ascribed to the vibrational adiabaticity. The convolution and adia-

batic mapping methods can be applied together, without the necessity of constructing

high-dimensional potential energy surfaces. Therefore they are valuable for a system-

atic study of photodissociation in large classes of polyatomic aromatic molecules, in

which vibrationally adiabatic dynamics are expected.

Although the CASPT2 calculations underestimate the vertical excitation energy and the

dissociation energy, the results obtained from the nuclear quantum dynamics, compare well

with most of the experimental observations on the low energy photodissociation of pyrrole.

APPENDIX A: CONVOLUTION APPROXIMATION FOR A GENERAL FORM

OF THE HERZBERG-TELLER TDM

In this Appendix, the convolution approximation described in Section III B is developed

for a more general TDM function,

µ(R,Q) =
∑

i

µiR(R)µiQ(Q) , (A1)

which includes Eq. (13) as a special case.

The initial state of the parent molecules is taken as in Eq. (18), Ψ0(R,Q) ≈
ΨR(R)ΨQ(Q), and the photoexcited state Φ(R,Q) is obtained by applying the TDM func-

tion of Eq. (A1),

Φ(R,Q) = µ(R,Q)Ψ0(R,Q)

=
∑

i

(
µRi (R)ΨR(R)

) (
µQi (Q)ΨQ(Q)

)

=
∑

i

F i
R(R)f iQ(Q) . (A2)

Eq. (A2) is a generalization of the Eq. (19) for the initial state.

Using the separability approximation of Eq. (20), an expression akin to Eq. (21) is
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obtained for the autocorrelation function:

S(t) ≈
∑

ij

〈
F i
R

∣∣∣exp
(
−iĤRt

)∣∣∣F j
R

〉
R

〈
f iQ

∣∣∣exp
(
−iĤQt

)∣∣∣F j
Q

〉
Q

=
∑

ij

sijR(t)sijQ(t) . (A3)

The cross-correlation functions sijR(t) and sijQ(t) are used to define the spectral functions

σ̄ijR(E) =

∫ ∞

−∞
sijR(t)eiEtdt

σ̄ijQ(E) =

∫ ∞

−∞
sijQ(t)eiEtdt . (A4)

The approximated absorption spectrum, given by the Fourier transform of the autocorrela-

tion function of Eq. (A3), is finally given as

σ(Eph) =
Eph

2ε0c

∑

ij

∫ ∞

−∞
σ̄ijR(Eph − ω)σ̄ijQ(ω)dω . (A5)

Eq. (A5) is the extension of Eq. (23) to the TDM in the general form of Eq. (A1).

In order to apply Eq. (A5), the inital functions F i
R(R) are propagated in the R-space,

under the action of the Hamiltonian ĤR, and used to evaluate the cross-correlation functions

sijR(t), whose Fourier transform gives the spectral functions σ̄ijR(E). The profiles σ̄ijQ(E) can

be calculated analytically for the harmonic Hamiltonian ĤQ, and are given as an expression

akin to Eq. (24):

σ̄ijQ(E) =
∑

m

〈
f iQ(Q)

∣∣φm(Q)
〉 〈
φm

∣∣f jQ(Q)
〉
δ(E − Em) . (A6)
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Chem. Chem. Phys., 12:4968, 2010.

23 J. Michl and V. Bonacic-Koutecky. Electronic Aspects of Organic Photochemistry. Wiley, New

York, 1990.

24 D. A. Blank, S. W. North, and Y. T. Lee. Chem. Phys., 187:35, 1994.

25 J. Wei, A. Kuczmann, J. Riedel, F. Renth, and F. Temps. Phys. Chem. Chem. Phys., 5:315,

2003.

26 T. Suzuki. J. Phys. B: At. Mol. Opt. Phys., 47:124001, 2014.

27 M. H. Palmer and P. J. Wilson. Mol. Phys., 101:2391, 2003.

28 G. M. Roberts, C. A. Williams, H. Yu, A. S. Chatterley, J. D. Young, S. Ullrich, and V. G.

Stavros. Faraday Discuss., 163:95, 2013.

29 B. O. Roos, P.-A. Malmqvist, V. Molina, L. Serrano-Andres, and M. Merchan. J. Chem. Phys.,

116:7526, 2002.

30 S. Yu. Grebenshchikov and D. Picconi. Fano resonances in the photoinduced h-atom elimination

dynamics in the πσ∗ states of pyrrole. submitted.

31 J. Wei, J. Riedel, A. Kuczmann, F. Renth, and F. Temps. J. Chem. Soc. Faraday Disc., 127:267,

2004.

32 B. Cronin, M. G. D. Nix, R. H. Qadiri, and M. N. R. Ashfold. Phys. Chem. Chem. Phys.,

6:5031, 2004.

33 V. Vallet, Z. Lan, S. Mahapatra, A. L. Sobolewski, and W. Domcke. J. Chem. Phys., 123:144307,

2005.

34 M Barbatti, M. Vazdar, A. J. A. Aquino, M. Eckert-Maksic, and H. Lischka. J. Chem. Phys.,

125:164323, 2006.

35 B. Cronin, A. L. Devine, M. G. D. Nix, and M. N. R. Ashfold. Phys. Chem. Chem. Phys.,

8:3440, 2006.

36 H. Lippert, H.-H. Ritze, L. V. Hertel, and W. Raqdloff. Chem. Phys. Chem., 5:1423, 2004.

37 G. Wu, S. P. Neville, O. Schalk, T. Sekikawa, M. N. R. Ashfold, G. A. Worth, and A. Stolow.

J. Chem. Phys., 142:074302, 2015.

38 S. Faraji, M. Vazdar, V. S. Reddy, M. Eckert-Maksic, H. Lischka, and H. Köppel. J. Chem.
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Sergy Yu. Grebenshchikova∗ and David Picconia

Fano resonances are predicted to be prominent features of
the πσ∗ photochemistry of pyrrole. The Fano interference
leads to distorted absorption bands and internally hot
photofragments. The interference, studied using high level
ab initio theory and quantum mechanics, is supported
by two distinct dynamical scenarios controlled by two
exit channel conical intersections between the πσ∗ states
and the ground electronic state X̃ . For the lowest state
1A2(πσ∗), the coupling at the conical intersection is weak,
and the interfering dissociation pathways are diabatic; for
the higher lying 1B1(πσ∗) state, the coupling at the conical
intersection is strong, and the interfering dissociation path-
ways are adiabatic. Both scenarios persist with increasing
number of degrees of freedom included in the dynamic
modelling. They are expected to be operative in the πσ∗ pho-
tochemistry of a broad class of model UV biochromophores.

We often visualize the course of a chemical reaction as a clas-
sical mechanical motion of heavy atoms or functional groups
(‘billiard balls’) leading to a rearrangement of chemical bonds
(‘springs’); the quantum mechanical description is reserved solely
for light electrons.1 Because exceptions to this picture promise
rich chemical insights, there is much interest in predicting and
observing quantum effects in chemical dynamics.1–3 Prominent
examples include tunneling reactions (e.g. photoinduced ex-
cited state H-atom transfer in the hydrogen-bonded organic π-
systems4–8), non-adiabatic transitions at conical intersections en-
countered e.g. in the photodissociation of heteroaromatic chro-
mophores5,7,9–13, and resonance phenomena in reactive scatter-
ing.3,14 All these phenomena are various manifestations of the
quantum interference in reacting molecules. The archetype of
interference-driven dynamics are Fano resonances whose asym-

a Department of Chemistry, Technische Universität München, Lichtenbergstr. 4, 85747
Garching, Germany
∗ Sergy.Grebenshchikov@ch.tum.de
† Electronic Supplementary Information (ESI) available: Form and ab initio deter-
mination of the molecular Hamiltonian, details of quantum chemical calculations,
and vibrational state distributions. See DOI: 10.1039/b000000x/

metric lineshapes manifest that the final state is formed via two
interfering pathways, one direct and one involving an intermedi-
ate bound state.15

While Fano resonances are ubiquitous in the spectroscopy of
real16 and artificial17 molecules, their observations in chemical
reactions are scarce. Photodissociation reactions with a precisely
controlled initial state provide a convenient framework for detec-
tion of Fano effect18,19 — which, indeed, has been observed in
photodissociating di- and triatomic molecules.20–22 The interfer-
ence patterns are often believed to be too fragile to survive in
larger molecules. An illuminating counterexample has recently
been provided: Fano resonances were detected in the photofrag-
ment excitation (PHOFEX) spectrum of 5-atomic diarizine23 sug-
gesting that there is still more to learn about the fundamental
interference mechanisms in photoreactive polyatomics.

In this Communication we analyze the near ultraviolet (UV)
photodissociation of the 10-atomic pyrrole C4H4NH, and predict
strong Fano interference effects. Our electronic structure and
quantum dynamical calculations focus on the dissociation of the
NH bond in the lowest 1A2(πσ∗) and 1B1(πσ∗) electronic states
interacting with the ground electronic state X̃1A1(ππ) [see Fig.
1(a)]. Ultrafast dissociation in the πσ∗ states and the formation
of H+pyrrolyl (C4H4N) on the time scale of merely≤ 20 fs24 gives
rise to a smooth structureless spectral background [Fig. 1(b,c)].
The interaction with the X̃ state distorts this background absorp-
tion: For the pair 1A2(πσ∗)/X̃ , it creates a series of narrow asym-
metric Fano resonances; for the pair 1B1(πσ∗)/X̃ , it transforms the
continuous absorption into clear progressions of intense asym-
metric lines. The impact on the photofragment distributions is
also strong, and the internally hot pyrrolyl radicals are formed.

The Fano interference in pyrrole is rooted in the relative ar-
rangement of the potential curves of the πσ∗ states and the X̃
state [Fig. 1(a)] yielding two conical intersections located in the
exit channel, well outside the Franck-Condon zone. Very gen-
eral chemical arguments predict conical intersections with X̃ to
be inherent features of πσ∗ states.5 In pyrrole, the intersections
are well documented and have often been invoked by experimen-
talists to explain a substantial (up to 50%) population of the X̃

Journal Name, [year], [vol.], 1–5 | 1



Fig. 1 (a) Ab initio potential energy curves of the ground electronic
state X̃1A1(ππ) and the first two 1πσ∗ states of pyrrole as functions of the
interfragment Jacobi distance R. The diabatic state 1A2(πσ∗) is shown
with a green line; the adiabatic state S2, which coincides 1B1(πσ∗) for
R ≤ 5.5a0, is shown red. Conical intersections are marked with circles,
and the respective local diabatic couplings are exemplified with dashed
lines. The tuning mode in both cases is mainly R. The coupling modes
for the 1A2(πσ∗)/X̃ intersection comprise three out of plane ring defor-
mation coordinates Qa2(i = 1,2,3) of a2 symmetry; the coupling modes
for the 1B1(πσ∗)/X̃ intersection comprise four vibrational coordinates
Qb1(i = 1,2,3,4) of b1 symmetry, with the out of plane bending θ of the
NH group providing the strongest coupling. Also sketched are vibrational
levels in X̃ and in the upper adiabatic potential S2 (black and red horizon-
tal lines). (b) The absorption spectrum of the coupled states 1A2(πσ∗)/X̃
(solid green line) calculated using the coordinates R and Qa2(3). The
diabatic state 1A2(πσ∗) is populated via the transition dipole moment µz
directed along the NH bond and proportional to Qa2(3). The positions of
Fano resonances coincide with the vibrational levels in the X̃ state shown
in panel (a). The spectrum of the isolated state 1A2(πσ∗) is shown with
a dashed line. (c) The absorption spectrum of and the coupled states
1B1(πσ∗)/X̃ (solid red line) calculated using the coordinates R and θ .
The transition dipole moment is proportional to µθ ∼ sinθ . The positions
of Fano resonances agree well with the vibrational levels in the S2 state
shown in panel (a). The spectrum of the isolated 1B1(πσ∗) state is shown
with a dashed line.

state leading to the formation of slow H-atoms.7,25 However, it
went hitherto unnoticed that the intersections effectively create a
molecular interferometer in which two competing reaction path-
ways produce stable interference patterns. Two opposite vibronic
coupling regimes are realized at these isolated26 intersections, as
illustrated by the dimensionless coupling parameter27 κc = λc/ωc

(ωc is the vibrational frequency and λc is the gradient of the off-
diagonal diabatic coupling at the intersection). The coupling is
small, κc ≤ 1, for the 1A2(πσ∗)/X̃ pair, and large, κc ∼ 20, for the
1B1(πσ∗)/X̃ pair [numerical details are given in the Supporting
Information (SI)]. In keeping with this distinction, we find two
different Fano interference mechanisms in pyrrole, one involving
diabatic and the other adiabatic reaction paths.

Electronic structure of pyrrole has been extensively studied
and hotly discussed.26,28–32 At present, most researchers agree
that the first two excited singlet states have the πσ∗(3s) char-

acter and are of A2 and B1 symmetry. Definitive assignments of
the higher lying absorption bands, including the strongest ones,
have begun to emerge only recently.24,33 In this study we con-
centrate on the weak low energy absorption of the πσ∗ states
(photon energy Eph ≤ 6.5 eV) and the resulting photofragment
distributions.34,35 To this end, new high level electronic structure
calculations have been performed for all 24 vibrational degrees
of freedom on a coordinate grid uniformly covering the H-atom
elimination path from the Franck-Condon zone to the separated
H+ pyrrolyl. Based on these calculations, a molecular Hamilto-
nian comprising three electronic states X̃1A1(ππ), 11A2(πσ∗), and
11B1(πσ∗) is constructed in the local quasi-diabatic36 represen-
tation. Off-diagonal diabatic couplings, sketched in Fig. 1(a),
are localized at state intersections in the exit channel. With this
Hamiltonian, the Fano interference is studied using quantum me-
chanical calculations. Optical transitions from X̃ are mediated
by the coordinate dependent transition dipole moments. Calcula-
tions, performed using the program package PolyWave37 and the
Heidelberg MCTDH package,38 reproduce the known character-
istics of the πσ∗ states in the frequency and time domains (see SI
for details).

Conical intersection X̃/1A2(πσ∗): Diabatic dynamics. The ab-
sorption spectrum in Fig. 1(b) is calculated using only two coor-
dinates of the branching space, the tuning mode R and the cou-
pling mode Qa2(3). The narrow spikes of Fano resonances are
observed at energies EX of the vibrationally excited states |X̃(v)〉
of the ground electronic state [black horizontal lines in panel (a)].
The one-to-one correspondence between the diabatic states |X̃(v)〉
and the Fano resonances is confirmed by direct visual inspection
of the wave functions. Note that the states |X̃(v)〉 are optically
dark. Only the scattering states |πσ∗(E)〉 of the repulsive diabatic
state 1A2(πσ∗) are initially excited. The dark states borrow in-
tensity at the conical intersection via the diabatic coupling matrix
element HHHCI = 〈X̃(v)|ĤCI|πσ∗(E)〉. This coupling is weak, the res-
onances are narrow, and the dissociation occurs in the diabatic
regime.

The photofragments H+C4H4N(2A2) are formed via two inter-
fering diabatic reaction pathways, both starting from the ground
vibrational state |X̃(0)〉:

X̃(0) hhhν−→ A2(πσ∗) diss−−→ H+pyrrolyl , (1)

in which the products are formed directly in the πσ∗ state, and

X̃(0) hhhν−→ A2(πσ∗) HHHCI−−→ X̃(v) HHHCI−−→ A2(πσ∗) diss−−→ H+pyrrolyl (2)

with the products formed via virtual transitions from continuum
to the diabatic bound state |X̃(v)〉 and back. The absorption cross
section σ(Eph) is given by the photodissociation matrix element
|〈X̃(0)|µ|Ψ(Eph)〉|2 involving the exact vibronic state |Ψ(Eph)〉:

σ(Eph) ∼
∣∣∣∣〈X̃(0)|µ|πσ∗〉 Eph−EX

Eph−Eres

+ 〈X̃(0)|µ|πσ∗〉HHH∗CI
(−iπ)

Eph−Eres
HHHCI

∣∣∣∣
2
, (3)
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where Eres = EX − iΓX/2 is the complex energy of the Fano reso-
nance. The first term in |· · · |2 corresponds to the direct reaction
of Eq. (1), the second term corresponds to the indirect reaction
of Eq. (2), and optical excitation of the bound states |X̃(v)〉 is for-
bidden. The widths of Fano resonances are small, ΓX ≤ 1 cm−1,
for several reasons. First, the weak diabatic coupling is local-
ized near RCI = 5.5a0, so that HHHCI vanishes unless the state |X̃(v)〉
is strongly excited along the N−H bond and can reach RCI (the
quantum number vR� 1). Second, only a small portion of all de-
cay channels |πσ∗(E)〉 is accessible to a given bound state: The
diabatic coupling, linear in Qa2(3), links only such states |X̃(v)〉
and |πσ∗(E)〉 which differ by one quantum in this mode, va2±1.
As a result, the resonance lifetimes reach 1 ps while the direct
diabatic dissociation takes about 20 fs.24

The calculation using two degrees of freedom is merely a con-
venient vehicle to expose the diabatic interference mechanism
of Eqs. (1) and (2). In fact, the same mechanism is operative
in many dimensions. This is illustrated in a calculation includ-
ing three coordinates (R,θ ,φ) of the dissociating hydrogen atom,
two coupling modes Qa2(1) and Qa2(3), and an additional in-
plane mode Qa1(5) of a1 symmetry. Figure 2(a) compares the ab-
sorption spectrum of the coupled states X̃/1A2(πσ∗) (solid line)
with the hypothetical spectrum calculated for the isolated state
1A2(πσ∗) (dashed line). The mode Qa1(5) in the πσ∗ state is
strongly displaced relative to the ground state, and the three
broad maxima, separated by 1560 cm−1 and indicated with ar-
rows, are consecutive excitations in this mode. As in the two
dimensional case, the smooth spectral envelope, corresponding
to the reaction of Eq. (1), is spiked by intense Fano resonances
originating from the bound states in X̃ . Their origin is confirmed
by comparison with the spectrum of the X̃ state, as well as by the
resonance wave functions whose diabatic components are iden-

Fig. 2 The total absorption spectrum of the coupled states 1A2(πσ∗)/X̃
(solid green line) calculated using three disappearing modes (R,θ ,φ) of
the departing hydrogen, two coupling modes Qa2(1) and Qa2(3), and one
mode Qa1(5) of a1 symmetry. The diabatic state 1A2(πσ∗) is populated via
the transition dipole moment µz directed along the NH bond and propor-
tional to Qa2(1) and Qa2(3). Consecutive excitations of the mode Qa1(5)
are marked with arrows. Prominent Fano resonances are emphasized
with a stick spectrum. Spiked curves under the total spectrum are the
PHOFEX spectra calculated for two final vibrational states of pyrrolyl in-
cluding 0 or 1 quanta in the mode Qa1(5), 0 quanta in the mode Qa2(1),
and 1 quantum in the mode Qa2(3). The total absorption spectrum of the
isolated 1A2(πσ∗) state is shown with a dashed line.

tical with the bound wave functions in X̃ . The added degrees of
freedom induce resonance broadening (ΓX ∼ 10 cm−1) because
the number of pyrrolyl vibrational modes (i.e. the number of
open dissociation channels) increases. Nevertheless, the spacing
between the dark states |X̃(v)〉 is still much larger than the reso-
nance width ΓX , and the Fano interference is clearly seen.

Passage through the conical intersection, represented by the
term HHH∗CI

(
Eph−Eres

)−1 HHHCI in the photodissociation amplitude in
Eq. (3), imprints the vibrational structure of the dark state |X̃(v)〉
onto the photofragment distributions. Figure 2 illustrates the
variation of the yield of pyrrolyl radical in two specific vibrational
states with increasing photolysis energy. These PHOFEX spectra
(i.e., the partial cross sections) exhibit clear Fano profiles which
closely follow the absorption spectrum. There is a one-to-one cor-
respondence between the peaks in the PHOFEX spectra and the
excitations of the dark states |X̃(v)〉. This is because the X̃/A2

conical intersection is located in the reaction exit channel allow-
ing the nodal patterns acquired at the intersection to be carried
over onto the dissociated fragment nearly intact (this also leads
to a near resonance enhancement of the pyrrolyl vibrational exci-
tation; see SI). The spectral patterns of the photofragment yield
spectra sensitively reflect the narrow Fano peaks making PHOFEX
a method of choice for detecting the interference effects in the
photoproducts.22,23

Conical intersection X̃/1B1(πσ∗): Adiabatic dynamics. The ab-
sorption spectrum of the vibronically coupled states, calculated
using the coordinates (R,θ ,φ) is shown in Fig. 3(a). The smooth
absorption envelope, corresponding to fast dissociation in the iso-
lated state 1B1(πσ∗), is almost entirely suppressed, the resonances
are intense and substantially broadened (ΓS2 ∼ 80 cm−1), and line
shapes are asymmetric. All this suggests that the Fano interfer-
ence is again operative in the reaction, but its mechanism is dif-
ferent from the above case of the 1A2(πσ∗)/X̃ states.

Indeed, peaks in Fig. 3(a) can no longer be associated with the
zeroth order bound states in the X̃ potential. The resonances are
best analyzed in the adiabatic, rather than diabatic, representa-
tion in terms of the lower adiabatic (S0) and the upper adiabatic
(S2) surfaces [see Fig. 1(a)]. Taken isolated, the state S2 is bound
up to about 6.5 eV; at the Franck-Condon geometry it coincides
with the locally diabatic state 1B1(πσ∗) and is optically bright.
The state S0 coincides with X̃ at the Franck-Condon point but
correlates with the open channel H+ pyrrolyl(2B1); its oscillator
strength is small. Spacings between resonance energies in Fig.
3(a) correlate with progressions of vibrational states |S2(v)〉 in the
upper adiabatic state (so-called Slonczewski resonances39). The
upper adiabatic components of the resonance wave functions, il-
lustrated in panels (d) and (e), identify the two main progressions
built on zero and one quantum of the out-of-plane NH bending
excitation. Resonances dissociate via the lower adiabatic surface
S0, and the transition S2 → S0 is mediated by the non-adiabatic
derivative coupling ΛΛΛCI.27

Photodissociation, triggered by the optical excitation from the
ground state |X̃(0)〉, follows two interfering adiabatic pathways,
one involving dissociation in S0:

X̃(0) hhhν−→ S0
diss−−→ H+pyrrolyl (4)
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Fig. 3 (a) The absorption spectrum of the coupled states 1B1(πσ∗)/X̃
(solid red line). calculated using three disappearing modes (R,θ ,φ) of
the departing hydrogen. The diabatic state 1B1(πσ∗) is populated via the
transition dipole moment component proportional to ∼ sinθ cosφ . Promi-
nent Fano resonances are shown with a stick spectrum. The spectrum of
the isolated 1B1(πσ∗) state is shown with a dashed line. (b) The rotational
state distribution of pyrrolyl calculated at the Fano resonance marked
blue in panel (a). The distribution calculated at the same energy for the
isolated 1B1(πσ∗) state is shown with orange color. (c) The same as in
(b), but for the resonance marked green in panel (a).

and the other proceeding via optically bright states in S2:

X̃(0) hhhν−→ S2(v)
ΛΛΛCI−−→ S0

diss−−→ H+pyrrolyl (5)

Adiabatic reaction dynamics at a conical intersection has been
previously analyzed in the visible Chappuis band of ozone.40 The
photoabsorption cross section is given by

σ(Eph)∼
∣∣∣∣〈X̃(0)|µ|S0〉

Eph−EX

Eph−Eres
+ 〈X̃(0)|µ|S2(v)〉

ΛΛΛCI

Eph−Eres

∣∣∣∣
2
.

(6)

The first term corresponds, as in Eq. (3), to the direct dissociation
pathway. In this case, this term is small compared to the sec-
ond one which describes the direct optical excitation of the states
|S2(v)〉, and the spectrum develops pronounced absorption bands
at (complex) resonance energies Eres = ES2− iΓS2/2.

The S0/S2 conical intersection has a profound impact on the ro-
tational distributions of the pyrrolyl fragment. This is illustrated
in Fig. 3(b) and (c) comparing the distributions in the coupled
S2/S0 states calculated near two indicated Fano resonances with
the reference case of the isolated diabatic state 1B1(πσ∗). The
non-resonant diabatic distributions (orange lines) are unimodal,
the rotational quantum number J does not exceed 20, and the
average rotational energy is less than 50 cm−1. These distribu-
tions merely reflect41,42 the rotational content of the initial state
µ|X̃(0)〉 and are commonly assumed in the analysis if the rota-

tional structure remains unresolved in the experiment.7 In con-
trast, the true rotational distributions in the S0/S2 dissociation
(blue/green lines) are multimodal, extend up to J ≤ 50, and carry
large average rotational energy of 400 cm−1 comparable with the
low frequency vibrational quanta of pyrrolyl. The impact of the
S0/S2 conical intersection is not simply quantitative, as in the case
of the weakly coupled 1A2(πσ∗)/X̃ pair, but qualitative. The mul-
tiple maxima in the rotational distributions depend on the bend-
ing quantum numbers of the underlying resonances |S2(v)〉: The
stronger the NH bending excitation of the state in the upper adi-
abatic cone S2, the more structured the rotational distribution.

Conclusions. Quantum mechanical Fano interference and Fano
resonances are predicted in the πσ∗ photochemistry of pyrrole.
Two interference scenarios are found. In the case of states
1A2(πσ∗)/X̃ , weakly coupled at the conical intersection, the inter-
fering reaction pathways are diabatic; in the case of strongly cou-
pled states 1B1(πσ∗)/X̃ , the interfering pathways are adiabatic.
The photofragment distributions are affected by the interference
in either case, but the second — adiabatic — mechanism is much
more efficient in generating hot photofragments. The interfer-
ences are stable with respect to increasing number of vibrational
degrees of freedom, reflecting the high degree of vibrational adi-
abaticity in the photodissociation of pyrrole.9 NH bond dissocia-
tion is a dominant non-radiative relaxation mechanism for many
heteroaromatic molecules with pyrrolic chromophores, such as
indoles or tryptophan. Moreover, the conical intersections with
the ground electronic state X̃ , driving the Fano interference, are
known to be a common feature of the πσ∗ states repulsive along
the X—H bonds of aromatic molecules with acidic groups (X=O
or N). Numerous theoretical and experimental studies confirm
this conclusion.7,10–13 We therefore expect the Fano interference
mechanisms, described in this Communication, to be operative in
the πσ∗ photochemistry of a broad class of model UV biochro-
mophores.
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I. AB INITIO MOLECULAR HAMILTONIAN

A. The form of the molecular Hamiltonian

(1) The molecular Hamiltonian,

Ĥ =




T̂ 0 0

0 T̂ 0

0 0 T̂


+




V X V XA2 V XB1

V XA2 V A2 V A2B1

V XB1 V A2B1 V B1


 , (1)

is set in the basis of three locally diabatic electronic states X̃A1 (abbreviated as X or A1),

A2, and B1; the state symmetry labels refer to C2v geometries. Pyrrole is described using

(a) three Jacobi coordinates R ≡ (R, θ, φ) of the dissociating H-atom relative to the center

of mass of the pyrrolyl fragment (the so-called ‘disappearing modes’; see Fig. S1) and (b)

21 dimensionless normal modes Q of pyrrolyl, calculated at the equilibrium geometry of the

fragment (the so-called ‘non-disappearing modes’; examples of them are given in Fig. S2).

The normal modes Q are partitioned into four blocks according to the irreps Γ of the C2v

symmetry group, Q = {Qa1,Qa2,Qb1,Qb2}.
(2) The kinetic energy operator in Eq. (1) is set in the body-fixed principal axis frame for

the zero total angular momentum of pyrrole (atomic units are used hereafter):

T̂ = − 1

2µ

∂2

∂R2
− 1

2

∑

Γ=a1,a2,b1,b2

∑

i

Γ
ωΓ(i)

∂2

∂QΓ(i)2 +
j2

2µR2
+

1

2

(
j2
x

Ix
+
j2
y

Iy
+
j2
z

Iz

)
. (2)

The first term is the kinetic energy of the relative motion of the H-atom and pyrrolyl;

µ is the corresponding reduced mass. The second term refers to pyrrolyl vibrations; the

∗ Electronic mail: Sergy.Grebenshchikov@ch.tum.de
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FIG. S1: Body-fixed pyrrolyl axes and Jacobi coordinates (R, θ, φ) for the detaching H atom in

pyrrole (H - gray; C - orange; N - blue).

Qa1(5) (ω = 1558 cm−1) Qa2(1) (ω = 533 cm−1) Qa2(3) (ω = 932 cm−1)

FIG. S2: Pyrrolyl normal modes used in the quantum mechanical calculations. The a1 modes

are the totally symmetric in-plane distorsions. The out-of-plane a2 modes are antisymmetric with

respect to the reflection planes σv, σ
′
v and symmetric with respect to rotations about the C2 axis.

sum
∑Γ

i runs over the vibrational modes i belonging to the irrep Γ. The last two terms

describe the orbital motion of the H-atom and the rotational motion of the rigid pyrrolyl

ring; j = (jx, jy, jz) is the pyrrolyl angular momentum operator and the inertia constants Ix,

Iy and Iz are evaluated at the fragment equilibrium geometry; the C2v symmetric pyrrolyl

ring lies in the yz-plane, with z being the C2 axis (see Fig. S1).

(3) The elements of the diabatic potential energy matrix in Eq. (1) are constructed as sums

of two groups of terms,

V (R,Q) = VR(R) + VQ(Q|R) (3)

Functions VR(R) of the three disappearing modes are constructed using spline interpolations

of the ab initio points calculated on a dense coordinate grid (R, θ, φ). Functions VQ(Q|R),



3

depending on the 21 non-disappearing modes Q, are constructed in the spirit of the vibronic

coupling model,1 with pyrrolyl treated as a semirigid ring using quadratic Hamiltonians,

and parameters depending on the interfragment distance R.

(4) The diagonal elements V α have the form (α = X,A2, B1):

V α(R, θ, φ,Q) = V α
R (R, θ, φ) +

∑

i

a1
καi (R)Qa1(i) +

1

2

∑

Γ

∑

i,j

Γ
γαΓ,ij(R)QΓ(i)QΓ(j) . (4)

where καi (R) are the R-dependent gradients (vanishing for all modes but a1) and γαij(R)

are the R-dependent normal mode Hessians matrices evaluated at Q = 0; matrices γα are

four-block diagonal: γα = γαa1 ⊕ γαa2 ⊕ γαb1 ⊕ γαb2 .
(5) The off-diagonal diabatic couplings V αβ are

V αβ(R, θ, φ,Q) = V αβ
R (R, θ, φ) +

∑

i

Γα×Γβ

λαβi (R)QΓα×Γβ
(i) . (5)

The functions V αβ
R (R, θ, φ) are the coupling elements between the regularized quasi-diabatic

states constructed on the ab initio coordinate grid as suggested by Köppel et al.2 Although

they do not have a simple analytical representation, they are forced to follow the lowest al-

lowed orders in the symmetry-adapted spherical harmonics near conical intersections, namely

V A1A2
R ∼ sin2 θ sin(2φ) and V A1B1

R ∼ sin θ cosφ. The Q-dependent coupling terms for X/A2

and X/B1 are linear in the vibrational modes of a2 and b1 symmetry, respectively. The

coupling matrix element V A2B1 between the states A2/B1 is not included in the quantum

mechanical calculations.

(6) The quasi-diabatic representation of the Hamiltonian of Eq. (1) is local, and a given off-

diagonal matrix element is non-zero only in the vicinity of the respective conical intersection.

For the second term in Eq. (5), this is achieved by using the following functional form for

the coupling strength λαβi :

λαβi (R) = λαβCI,i exp

(
−
∣∣∣∣∣
R−Rαβ

CI

∆

∣∣∣∣∣

n)
, (6)

where Rαβ
CI is the position of a conical intersection between α/β = X/A2 or X/B1. The

parameters λαβCI,i, ∆ and n are tuned ‘by eye’ in order to obtain smooth diabatic Hessians

for the coupled states. For the first term in Eq. (5), similar attenuation functions are

applied to the (R, θ, φ)-dependent mixing angles of the regularized adiabatic-to-diabatic

transformation.
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B. Ab initio parameters of the molecular Hamiltonian

(1) The matrix elements of the molecular Hamiltonian are found from the electronic structure

calculations performed along the minimum energy path (MEP) for the hydrogen detachment

from the NH group. The MEP is evaluated on a grid in the Jacobi coordinate R in the lowest

excited state 1A2(πσ∗). The grid consists of 37 points chosen between Rmin = 3.5 a0 and

Rmax = 8.3 a0 (at short distances the spacing is ∼ 0.1 a0, in the asymptotic region it is

∼ 0.4 a0). The resulting energy profiles are shown in Fig. 1 of the main paper. Along MEP,

the molecule is constrained to C2v geometries (i.e., θ, φ = 0). Aug-cc-pVTZ (AVTZ) basis

set of Dunning3 is used and further supplemented with the diffuse s and p functions added

to the N and H atoms of the dissociating bond (one set of s and p functions for N and two

sets for H). The exponents of these functions are derived in an even temprered manner from

the most diffuse s and p functions of the AVTZ basis by dividing the exponents successively

by a factor of 3.0.4 This extension is necessary to correctly describe the Rydberg character

of the A2 and B1 states, and the resulting basis set is referred to as AVTZ+.

(2) Most calculations are performed at the CASPT2 level of theory. The reference wave-

functions are obtained from the state-averaged CASSCF calculations including the 1A1, 1A2

and 1B1 states. The active space (eight electrons in seven orbitals) comprises five π valence

molecular orbitals, three of b1 and two of a2 symmety, the 9a1(σ) and the 10a1(3s/σ∗) or-

bitals. Electronic structure calculations are performed using the highest possible symmetry.

In particular, the a1, a2, b1 and b2 blocks of the Hessian matrices are calculated separately

using C2v, C2, Cs and C ′s symmetries, respectively. Coordinate dependent transition dipole

moment (TDM) functions, necessary to properly describe the optical excitation of the πσ∗

states from the ground electronic state, are calculated at the CASSCF level.

(3) Table I summarizes the characteristic features of the three calculated electronic states

of pyrrole. The ordering of the electronic states at the Franck-Condon point is correctly

reproduced by the present CASPT2 calculations. Vertical excitation energies of the πσ∗

states are underestimated by 0.4 eV-0.6 eV compared to the CCSD and MRCI results; the

agreement with the known experimental values is within similar bounds. The accuracy of

the calculated dissociation thresholds is slightly better. Tables II and III provide further

characterization of the molecular Hamiltonian and give the dimensionless coupling strength

parameters κc = λ/ω for the coupling modes of a2 and b1 symmetries, respectively. The
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TABLE I: Characteristic data of the ab initio potential energy surfaces of the three lowest electronic

states of pyrrole: Vertical excitation energy Tv (in eV); band origin T0 (in eV), which includes

ZPEs of the ground and the excited electronic states; quantum mechanical thresholds D0 for the

electronic channels diabatically correlating with the calculated states (in eV). Available theoretical

and experimental results are shown for comparison.

Diabatic state Tv T0 T0 (exp) Dissociation channel D0
a D0 (exp.)

X̃1A1(ππ) 0.0 0.0 0.0 H(1S)/pyrrolyl(12A1) 5.09 −

4.80a 4.32 <4.88d H(1S)/pyrrolyl(12A2) 3.40 4.07d

11A2(πσ∗) 5.17b

5.59c

5.45a 5.30 5.86e H(1S)/pyrrolyl(12B1) 3.96 4.62− 4.67f

21B1(πσ∗) 5.88b

5.84c

aThis work; CASPT2.
bRef. 5; CCSD.
cRef. 6; MRCI.
dRef. 7.
eRef. 8.
fDFT9 and MRCI10 methods estimate the difference in the threshold energies D0(12B1)−D0(12A2) to be

in the range of 0.55 eV—0.60 eV.

frequency ω is taken to be the pyrrolyl frequency at the respective intersection.

(4) The potential energies of the states X̃, A2, and B1 as functions of the disappearing modes

are found on a three-dimensional grid (Ri, θj, φk), with the nodes Ri being grid points on the

MEP; the CASPT2 method and the C1 symmetry are used. The polar angles θj cover the

range [0◦, 90◦] with a step of 5◦; energies for θ > 90◦ are extrapolated. The grid in the az-

imuthal angle φ ranges from 0◦ (H-atom in the σ′v plane) to 90◦ (H-atom in the σv plane) with

a step of 15◦; energies for larger φ are reconstructed using C2v symmetry of the pyrrolyl ring.

The quasi-diabatic representation near the X/B1 conical intersection is constructed from the

adiabatic energies using the regularized adiabatic-to-diabatic transformation (ADT) method

of Köppel et al.2 In the next step, all matrix elements set on the grid are interpolated with

cubic splines. The angular modes do not couple the states X and A2 at either φ = 0◦
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TABLE II: Vibrational frequencies ω(i) (in cm−1), coupling strengths λi (in cm−1), and the di-

mensionless coupling strength parameters κc = λc/ωc for the vibrational modes of a2 symmetry at

the X/A2 conical intersection.

Mode λc ωc κc

Qa2(1) 574.0 551.8 1.04

Qa2(2) 759.0 895.7 0.85

Qa2(3) 213.0 940.3 0.23

TABLE III: Vibrational frequencies ω(i) (in cm−1), coupling strengths λi (in cm−1), and the

dimensionless coupling strength parameters κc = λc/ωc for the vibrational modes of b1 symmetry

at the X/B1 conical intersection. For the angle θ, λθ is evaluated as a gradient ∂V/∂(sin θ) at the

intersection.

Mode λc ωc κc

θ 19751.00 854.00 23.12

Qb1(1) 1151.00 823.6 1.40

Qb1(2) 600.00 765.2 0.78

Qb1(3) 265.00 875.3 0.30

or 90◦, and the small coupling matrix element V XA2(R, θ, φ) is set as an analytic function

V XA2(R, θ, φ) = λXA2
ang (R) sin2 θ sin(2φ), with λXA2

ang (R) = c [1− atan ((R−R0)/∆R)]. The

parameters in this function are chosen ‘by eye’ in order to give smooth diabatic curves for

φ 6= 0◦, 90◦.

(5) The parameters of the Q-dependent part of the Hamiltonian are calculated as first and

second derivatives with respect to deviations from the MEP. To this end, the dimension-

less normal modes Q are constructed using the Hessian matrix at the equilibrium pyrrolyl

geometry via

Qi =
∑

r

√
ωiMr

~
UirXr =

∑

r

LirXr , i = 1, 21 and r = 1, 27 (7)

where {Xr} are the 27 Cartesian coordinates of all atoms; Mr is the mass of the atom

associated with the coordinate Xr; ωi is the frequency of the normal mode Qi; {Uir} is

the matrix of eigenvectors of the mass-weighted Cartesian Hessian, after the removal of the
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rows corresponding to the global translations and rotations. Next, the Cartesian gradient

and the Cartesian Hessian for the pyrrolyl ring are calculated along the MEP Q = Qmin(R)

and transformed to the basis of the dimensionless normal modes giving the gradient vector

gα(R) and the Hessian matrix γα(R). The gradient gα(R) vanishes only for the state A2;

for the states X̃ and B1, it differs from zero. For these states, the gradient κα(R) at Q = 0

is reconstructed using the gradient gα(R) and the Hessian γα(R):

κα(R) = gα(R)− γα(R)Qmin(R) , (8)

For some blocks of the adiabatic Hessian, a local quasi-diabatic representation is constructed:

The Jacobi distance R is the tuning mode for the conical intersections X̃/A2 and X̃/B1, and

the blocks a2 and b1 diverge as R approaches an intersection. The diabatic matrix elements,

smoothly depending on R, are found using a transformation akin to the ADT method of

Köppel et al.2. For example, for the X̃/A2 pair, one finds

γXij (R)
∣∣
dia

= γ̃Xij (R)
∣∣
adia

+ 2
λXA2
i (R)λXA2

j (R)

V X
R (R, 0, 0)− V A2

R (R, 0, 0)

γA2
ij (R)

∣∣
dia

= γ̃A2
ij (R)

∣∣
adia
− 2

λXA2
i (R)λXA2

j (R)

V X
R (R, 0, 0)− V A2

R (R, 0, 0)
, Γi = Γj = a2 . (9)

Similar equations hold for the X̃/B1 pair of states. The local character of the diabatic

functions is guaranteed via the R-dependence of the coupling coefficients λi defined in Eq.

(6).

(6) The photodissociation dynamics in the 1πσ∗ states is sensitive to the coordinate depen-

dence of the TDMs expressed as a Herzberg-Teller expansion,

µ(R,Q) ≈ µR(R) + µQ(Q) , (10)

in which only linear (and therefore additive) deviations from the Franck-Condon geometry

are taken into account. The expansion coefficients are calculated at the CASSCF level of

theory as numerical first derivatives of the TDMs with respect to nuclear displacements

along the normal modes.

II. QUANTUM MECHANICAL CALCULATIONS

(1) The absorption spectra and the product state distributions, discussed in the main paper,

are calculated using the Hamiltonian of Eq. (1) in which some coordinates are dynamically
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TABLE IV: Summary of the calculations reported in the main paper.

Included states Included coordinates Tv [eV] Transition dipole moment

M1. X and A2 (R,Qa2(3)) 3.96 µ = g3Qa2(3)

M2. X and A2 (R, θ, φ,Qa1(5), Qa2(1), Qa2(3)) 4.20 µ = g1Qa2(1) + g3Qa2(3)

M3. X and B1 (R, θ) 5.69 µ = gθ sin θ

M4. X and B1 (R, θ, φ) 5.69 µ = gθ sin θ cosφ

active (i.e. ‘included’) while others are kept fixed to their asymptotic values (i.e. ‘excluded’).

These coordinate choices are listed in Table IV. Note that the vertical excitation energies

depend on the number of included a1 modes; the corresponding values are shown in Table

IV. The dynamics of the coupled pairs of states X/A2 and X/B1 are studied separately, as

was previously done in Ref. 4.

(2) Most of the reported calculations of the absorption spectra, bound and resonance

eigenstates, and the product state distributions are performed using the program package

PolyWave.12 The code is applicable to general complex symmetric molecular Hamiltonians H

represented as N×N matrices in the basis of N coupled diabatic electronic states. The time

correlation functions, the energy dependent T -matrix elements, and the cross sections are

calculated on equal footing using global in energy Chebyshev expansion of the propagator,

thus allowing comparisons with both pump-probe and frequency resolved experiments. Fil-

ter diagonalization is performed in order to calculate the spectrum of metastable resonance

states providing dynamical assignments of diffuse structures in the absorption spectra. The

discrete variable representation (DVR) is used in the calculations. For the R coordinate,

100 potential optimized DVR points are used in the range 3.0 a0 − 14.0 a0. For the angular

coordinate θ, 100 Gauss-Legendre DVR points are used in the range (0, π), and the coordi-

nate φ is represented using 32 DVR points selected uniformly between 0 and 2π. The grids

for the vibrational coordinates from the Q-space consist of up 32 potential optimized DVR

points. The product state distributions are calculated using the method of Balint-Kurti et

al.13

(3) The calculation M2 in Table IV is performed using the multi-configurational time-

dependent Hartree method (MCTDH) as implemented in the Heidelberg MCTDH package.14

The primitive grid in R consists of 98 sine DVR grid points chosen between 3.3 a0 and
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13.0 a0; the (θ, φ)-dependent functions were represented using a two-dimensional Legen-

dre DVR with jmax = 71 and mmax = 21; for the mode Qa1(5) 25 harmonic oscilla-

tor DVR grid points were used; for the modes Qa2(1) and Qa2(3) 17 harmonic oscillator

DVR points were used. The MCTDH wave function is expressed in the multi-set form

expressed using five (combined) modes {R, (θ, φ), Qa1(5), Qa2(1), Qa2(3)} with the scheme

of {(18, 16), (24, 11), (14, 10), (7, 6), (7, 6)} single-particle functions for each combined mode

and each state. Final state populations were calculated using the flux analysis method, as

implemented in the MCTDH code.15

(4) The vibrational distributions of pyrrolyl in the in-plane mode Qa1(5) and in the coupling

mode Qa2(1) for the photon energy Eph = 3.86 eV, corresponding to a Fano resonance,

are compared in Fig. S3(a) and (b) with the distributions emerging in a direct dissociation

(isolated state 1A2). The distributions in the direct process (orange sticks) mainly reflect the

projection of the initial state µ|X̃(0)〉 onto the vibrations of the free pyrrolyl. Both the in-

plane mode Qa1(5) and the coupling mode Qa2(1) remain cold (only v = 0, 1 are populated).

Near resonance, these distributions spread to higher vibrational quantum numbers (blue

sticks). This additional vibrational excitation is due to the dark diabatic component |X̃(v)〉
amplified by the coordinate dependence of the vibronic coupling ĤCI. The vibronic coupling

is weak, and the extra excitation due to ĤCI|X̃(v)〉 is limited to few quanta. Since the

vibronic coupling is linear in the a2 modes, the sequence of two diabatic transfers [Eqs. (2)

and (3) of the main text] can induce an excitation by maximum two quanta in the coupling

modes.

Note that the experimental detection of the interference structures in the photofragment

distributions can be hindered by the small width of Fano resonances. For example, the

photofragment kinetic energy measurements of Ashfold and co-workers,7 performed at fixed

photolysis wavelengths, can easily miss narrow resonance states. In contrast, PHOFEX

spectra of pyrrole, discussed in the main text, are well suited to resolve the interference

effects emerging from the conical intersection.
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FIG. S3: (a) The vibrational distribution for the pyrrolyl mode Qa1(5) calculated for the excitation

energy Eph = 3.86 eV, corresponding to a Fano resonance, as a blue stick. The distribution

calculated at the same energy for the isolated state 1A2(πσ∗) is shown with orange color. (b) The

same as in (a), but for the pyrrolyl mode Qa2(1).
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