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Abstract

This thesis is part of a project that deals with photochemistry in the condensed phase and is embedd
in the collaborative research center "Analysis and Control of Ultrafast Photoinduced Reactions” (SfE
450). Halogens and interhalogers (Cl, andClF’) in rare gases solids are investigated as model
systems by femtosecond-pump-probe spectroscopy.

Coherent wave packet dynamics Bfwith a period ofT" ~ 350 fs can be observed for more
than 10 picoseconds after photoexcitation, despite the strong interactions of the molecule near tt
dissociation limit with the crystalliné(» matrix. With this system, a novel evaluation scheme for
pump-probe spectra is developed and tested, which permits the construction of effective one dimel
sional potentials of excited electronic statésdnd £). An average trajectory of, is measured to
visualize the dissipative wave packet dynamics, and vibrational relaxation rates are determined frol
different signatures of the pump-probe spectra. Near the minimum of the potential, the energy loss |
less than 1% per period, but it grows beyond 50% above the gas phase dissociation limit.

The moleculeg’| F andC, are examined itdr and K matrices with pump-probe spectroscopy
for the first time. The wave packet dynamics ofdfiragment that exits the solvent cage is observed
in real time. The time for direct cage exit is measured to bg = 250 fs. Besides the dissociation,
the competing recombination of the molecular fragments displays rich dynamics. Above the dissoci
ation limit, theC'lF" molecule loses more than 35% of its kinetic energy in the first period, whereas
the rate slows down to 0.1% near the minimum of the potential. Experimental results evidence ¢
strong coupling of singlet and triplet states, which forces the molecule to recombine into the lowes
electronically excited states. Although the spin-orbit coupling of the light atGfrend F' is weak,
the spin-flip occurs in less than = 500 fs. Wave packet dynamics persist despite these strong in-
teractions. The scattering of fragments by the cage is compared for molecules with similar electroni
states but different isolation geometries in the lattice. A photoselected orientation @f khkond
in the isotropicAr cage (single substitutional) is destroyed withjn= 1.2 ps, wheread, remains
aligned in the fixed cylindrical{r cage (double substitutional). In co-dop€dF'/C'l,/Ar matrices,
the ratio of excited”’/"C1~ vs. Ci* F~ is controlled with a contrast df : 250, using a double-pulse
sequence.

The systematic variation of pump and probe wavelength allows for a definite interpretation of
the experiments without the aid of calculations, which makes the results particularly valuable for the
comparison to the simulations which are simultaneously developed within the SfB 450.

In advance, the spectroscopy ©tF' in Ar and Kr was clarified and dissociation yields were
measured. Two NOPAs were constructed to provide tunable fs-pulses. The commercial design we
improved to double their efficiency. In addition, the implementation of a flexible variant of the FROG
technique permits the characterization of the pulse duration and phase of fs-pulses from the IR to tf
UVv.



Kurzfassung

Diese Arbeit ist in einem Projekt entstanden, das sich mit Fragestellungen der Photochemie in
der kondensierten Phase beschéftigt und in den Sonderforschungsbereich SfB 450, "Analyse und
Steuerung ultraschneller photoinduzierter Reaktionen” eingebettet ist. Als Modellsysteme werden
Halogene und Interhalogené,( Cl, und CF) in Edelgasfestkdrpern mit Femtosekunden-Pump-
Probe Spektroskopie untersucht.

Trotz der starken Wechselwirkung desMolekiils nahe der Dissoziationsgrenze mit der kristalli-
nen Kr-Matrix bleibt eine koharente Wellenpaketdynamik mit einer Periode’Non 350 fs Gber
10 Picosekunden nach der Photoanregung erhalten. Fur die Auswertung der Pump-Probe Spektren
wird an diesem System ein neues Schema entwickelt und erprobt, das die Konstruktion effektiver
eindimensionaler Potentiale von angeregten elektronischen Zustabdend () gestattet. Die dis-
sipative Wellenpaketdynamik des Molekiils wird an einer gemessenen Trajektorie sichtbar gemacht,
und verschiedene Signaturen der Ultrakurzzeitspektren die-nen der Bestimmung von Schwingungsre-
laxationsraten. In der Nahe des Potentialminimums betragt die Energieabgabe wenigémpats
Periode, steigt aber im Bereich der Gasphasendissoziationsgrenze auf Wen@{iber

Zum ersten Mal werden die Moleki@/ F' und Cl5 in Ar- und Kr-Matrix mittels Pump-Probe
Spektroskopie untersucht. FOf £ in Kr wird die Wellenpaketdynamik beim Austritt eines Frag-
mentes ) aus dem Umgebungskafig zeitaufgelost beobachtet. Die gemessene Zeit fur den direk-
ten Kafigaustritt betragt.,;; = 250 fs. In Konkurrenz zur Dissoziation steht die Rekombination
der Molekulfragmente, die eine reichhaltige Dynamik aufweist. Oberhalb der Dissoziationsgrenze
verliert C1F Uber 35% der kinetischen Energie in der ersten Periode, wahrend die Rate im Poten-
tialminimum auf 0,1% pro Schwingung sinkt. Die experimentellen Ergebnisse belegen eine starke
nicht-adiabatische Kopplung von Singulett- und Triplettzustadnden, die das Molekul sehr schnell in
die niedrigsten elektronisch angeregten Zusténde relaxieren laf3t. Das Umklappen des Spins erfolgt in
weniger alg; = 500 fs, obwohl die Spin-Bahn-Kopplung bei leichten Atomen wieund F' schwach
ist. Trotz dieser starken Wechselwirkungen ist eine Wellenpaketdynamik zu beobachten. Das
Streuverhalten der Fragmente am Kéafig von geometrisch unterschiedlich eingebauten Molekilen mit
ahnlichen elektronischen Zustadnden wird verglichen. Wenige Stdl3e der Fragmente mit dem isotropen
Ar-Kafig (einfach substituiert) zerstoren eine photoselektierte Ausrichtung'déBindung inner-
halb vont, = 1,2 ps, wahrend; in seinem zylindrischerkr-Kafig (zweifach substituiert) starr
ausgerichtet bleibt. In gemischt dotiert€®, /C1F/ Ar-Matrizen la3t sich mit einer Doppelpulsfolge
das Verhaltnis von angeregtettit C1~ gegenibe€* '~ und deren Fluoreszenz mit einem Kontrast
von Uber 1:250 steuern.

Durch systematische Variation der Wellenlangen von Pump- und Probe-Pulsen wird mit den Ex-
perimenten eine eindeutige Interpretation erarbeitet, ohne dabei auf Rechnungen zuriickzugreifen.
Die Ergebnisse sind deshalb besonders geeignet fur den Vergleich mit den im SfB 450 parallel
laufenden Simulationen.

Die Spektroskopie voilW'/F' in Ar und Kr sowie die Bestimmung der Dissoziationsausbeuten
stellen wichtige Vorarbeiten dar. Der Aufbau von zwei neuen NOPAs zur Erzeugung der fs-Pulse
resultierte in einer Verdopplung der Effizienz gegentiber dem kommerziellen Gerat. Zudem wurde
eine flexible Variante der FROG-Technik implementiert, mit der sich fs-Pulse vom infraroten bis zum
ultravioletten Spektralbereich beztglich ihrer Pulsdauer und Phase charakterisieren lassen.
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Chapter 1

| ntroduction

This thesis presents a contribution to ultrafast photodynamics of molecules in the condensed phas
which is a blooming branch of femtochemistry. The making and breaking of molecular bonds is
the essence of chemistry, and these elementary steps occur on the ultrafast time scale of molecu
vibrations (tens of femtoseconds, 1 fs =10s). In 1999 Achmed Zewail received the Nobel Prize

in Chemistry for his fundamental contributions to the new field called femtochemistry, and its growth
is documented in many recent proceedings [1-9]. The research in this field aims at an understandi
of chemical reaction dynamics on a molecular level, in order to conceive new ways of controlling
chemical processes [10-20], and this thesis is embedded in the special research project "Analys
and Control of ultrafast photoinduced reactichsVarious groups investigate increasingly complex
systems, from isolated molecules in the gas phase (e.g. in molecular beams), over small molecules
liquids, up to large biomolecules in their native protein environment.

Resear ch subject

The diatomic molecule§' F', C'l, andl, isolated in the solid rare gasds and Kr, which are investi-
gated here, present conceptionally simple model systems. They show typical manybody or condens
phase properties such as dissipation, decoherence and nonadiabatic coupling; however, at a level
complexity which today can be handled theoretical\ithough the theory of the ultrafast dynam-
ics of diatomic halogens in rare gases is well established, experimental data on the femtosecor
timescale in these systems are scaftey are restricted to the large and hedyynolecule in rare
gases, and until now experimental pump-probe spectra with rather limited wavelength variation ar
analyzed via simulations [21-33]. In this thesis, the method of fs-pump-probe spectroscopy is use
systematically to characterize the relevant ultrafast processes. It is especially well suited to stud
reactions of molecules in condensed phase environments, since conventional frequency domain spe
tra in the dissociation continuum are structureless and the solvent induces dynamical and structur
broadening in the bound region, as well. The pump pulse triggers the dynamics, and the probe puls
records snapshots of the ultrafast processes at times set by the time delay between the two puls
The laser induced fluorescence (LIF) is the recorded signal. The time resolution in such measure
ments is limited by the pulse duration. Pump and probe pulses use spectroscopic characteristics of t
molecules to select reactants, products and electronic states; the LIF is an additional fingerprint of tr
molecules. Recent progress in the generation of tunable fs-laser-pulses promotes spectroscopice
adapted fs-pump-probe experiments [34, 35]. Two improved non-collinear optical parametric ampli-
fiers (NOPAS) are constructed to provide fs-pulses in a wide wavelength range and the short puls
duration is optimized in situ with a versatile implementation of the frequency-resolved optical gating
(FROG) technique.

The goal of this thesis is to generate systematic sets of experimental data, which allow an ex
traction of the relevant information without the aid of simulations in order to provide an independent

1Funded by the "Deutsche Forschungsgemeinschaft” via SfB 450.



Chapter 1. Introduction

check that may validate the theoretical formalism and calibrate simulation parameters. The experi-
mental study includes the two limiting cases of the large and heavy halggankr and the small

and light interhaloged!F' in Ar and Kr. Some results on the intermedi&ié, are also presented.

The electronic structure of halogens and interhalogens is very similar. The basic differences deter-
mining the dynamics are the size and mass of the constituents/;Thelecule is fixed in the axial
geometry of the double substitutional sitéLF" is embedded in a nearly spherical cage. The reactive

F fragment can move around tlig atom within the matrix cage or even leave the first solvent shell

to be trapped as a radical or to form a new molecule.

Since the research project aims at photochemical reactions, the focus of the investigations lies on
strong interactions of the molecules with their solvent environment, which cannot be regarded simply
as a perturbation of an isolated molecule. Therefore, the experiments involve excitation close to or
above the gas phase dissociation limit. A wide range of phenomena typical for condensed phase
photodynamics is extracted directly from the spectra and compared to detailed molecular dynamics
simulations from the literature and cooperation partners. The results of the pump-probe experiments
are presented in chapter 6. The discussion in chapter 7 comprises the following ultrafast processes:
¢ the dynamic cage effect (ch. 7.1)
¢ energy dissipation with a detailed account of the fragment-cage dynamics (ch. 7.3)

e maintenance of vibrational coherence despite strong dissipation (ch. 7.9)

e ultrafast reorientation of the molecular bond (ch. 7.5)

e non-adiabatic transitions including ultrafast solvent-induced spin-flip (ch. 7.6) and

e ultrafast dissociation versus recombination of the fragments (ch. 7.7). Finally,

e control of the yield ofCITC1~ vs. CI™ F~ formation is demonstrated (ch. 7.8).

Before the ultrafast photodynamics of théF' molecule are analyzed, important properties of the
moleculeCF have to be investigated. The experimental results are presented in chapter 4 and dis-
cussed in chapter 5 with respect to

e spectroscopy of I F' in Ar and K'r (ch. 5.1 and 5.2) and

¢ photodissociation yield of I F' in Ar and Kr (ch. 5.4).

As an introduction to the system diatomics in solid rare gases, chapter 2.1 summarizes the early
work on classical molecular dynamics simulationd §f K and F, /Ar, which provides an intuitive
picture of the microscopic dynamics. Although the classical trajectories already show many of the
dynamical processes of interest, a semiclassical extension that allows the description of nonadiabatic
transitions between electronic states is inevitable. A basic description of wave packets is introduced as
well. The concept pursued in this thesis is to extract information directly from the measured spectra
without the aid of simulations. A theoretical background on typical phenomena in the condensed
phase (matrix) is prepared in chapter 2.2 in order to provide heuristic arguments for the discussion of
the condensed phase spectroscopy and dynamics. It includes the cage effect, cage exit and nuclear
rearrangements, as well as excimers, ionic states and polarization effects. Chapter 2.3 discusses
the method of fs-pump-probe spectroscopy with laser induced fluorescence (LIF) detection, with an
emphasis on the specialties that occur in the condensed phase. It is the main experimental method
employed in the thesis (part Il). Chapter 2.4 provides the literature o6'themolecule, since this
thesis presents the first account of excited electronic staté$/0fin condensed media and for the
first time fs-spectroscopy is applied¢g F.

The experimental setup is described in chapter 3. Besides the preparation of the corrosive gas
C1F in solid rare gas samples, the generation and characterization of tunable ultraviolet femtosecond
pulses was implemented. The pulses are generated by frequency doubling the visible output of a
non-collinear optical parametric amplifier (NOPA), and one of the major technical advances in this
thesis was to double the efficiency of the NOPAs (chapter 3.4). A versatile variant of the frequency-



resolved optical gating (FROG) technique was developed to measure the UV pulses in situ, i.e. on tt
substrate, together with the pump-probe scan.

Motivation of the model system

Several groups advance theories that allow a description of molecular dynamics and reactions |
inert rare gasesHgy) as a model solvent [36—38]. In experiments and theory, this conceptionally
simple modular construction set, consistingf solvent atoms and various solute molecules, allows
isolation of the species of interest and the investigation of the molecule-solvent interaction. Structurs
properties of the model solvent can be varied from gas [39,40], over clusters [41] and liquids [42—44]
to solids [41, 45, 46]. Parameters like the polarizability and lattice constants chang&/fréonX e.

The investigation of cold and ordered samples, i.e. the solid rare gas matrices examined in this thes
simplifies the theoretical description, since thermal averaging is reduced and the initial geometry i
well defined. Historically, the study of halogen-rare-gas excimers and exciplexes in theory [47-51
and experiment [52-57] has focused considerable attention on diatomic halogBnsresulting

in precise potential energy surfaces. Both classical and detailed non-adiabatic molecular dynami
simulations ofl, [58-66] andF’, [67—73] in Rg were recently published.

On the experimental side, matrix isolation spectroscopy of various molecules and even highly
reactive radicals in solid rare gas matrices has generated a large pool of spectroscopic knowledge
isolated species [74-78], and a recent review [36] summarizes the aspects of particular importanc
to this thesis. The spectroscopy bf [79, 80] andF; [81-84] in Ry is well established; however,
molecular states of; lie unfavorably far in the ultraviolet. Considering the photodynamicand
F represent two extrema. Static experiments on photodissociation prove that foe cage effect
is complete and all fragments geminately recombine [85], wheFéasoms show high cage exit
probability [53, 86, 87] and mobility [88] irRg matrices. Even the penetration depth in layered rare
gas samples was measured [89, 90]. In this thesis, the interhalddgéwas preferred to the halogen
F; for spectroscopic reasons, although the spectroscopy had to be established first (chapter 4). /
other F' containing interhalogens are unstable against disproportionati&ry'toand therefore more
difficult to handle [91].CF is expected to display a wide range of interesting dynamics, and it offers
the perspective to finally control a photochemical reaction in the condensed phase model-environme
of solid rare gases. The fragments not only form excimers and exciplexes likef’ and K r, F' with
the matrix atoms, but also triatomic molecules lKeXeF, F XeF and F'KrF', which are bound in
the ground state [92—-95]. The fitdt containing moleculel Ar F’, was found only two years ago [96]
and the new rare gas containing moleatlgr F' is predicted to be stable [97].

The theoretical description of ultrafast processes in the condensed phase is also a subject of ¢
tive research, and dihalogens in rare gas matrix provide tractable model systems. According to tF
Fourier transformation, the ultrafast timescale is connected to broad spectra [98], which results in th
excitation of wave packets synthesized from a coherent superposition of states [99, 100]. The fu
guantum mechanical description can only be carried through for small systems with a few degrees «
freedom. Large molecules and condensed phase systems have many degrees of freedom. Redt
dimensionality approaches and a wealth of semi-classical methods are investigated to tackle the ch:
lenges [99]. Semi-classical descriptions receive their justification from the spatial localization of the
wave packets that persists on the femtosecond timescale. The motion of classical particles is appra
imated by wave packets, as stated in Ehrenfest’s correspondence principle [101]. In order to bree
a molecular bond, enough energy must be localized in this region. The coupling to other degrees ¢
freedom leads to rapid dissipation of energy in the condensed phase or equivalently to Intramolecul:
Vibrational Redistribution (IVR) in larger molecules, counteracting this localization of energy [6].
Semi-classical theories describe the motion and interaction of the nuclei in great detail, and refine
ments for the quantum effects of delocalization, tunneling and interference can be made [102, 103
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The presence of the solvent fluctuations that randomly change the dynamics of the solute molecule
destroys the quantum coherences, and it is an open question how coherence in the condensed phase
is accessible to external control. Another important complication originates from the coupling of
different electronic states, which must be incorporated into theories, since most chemical reactions
involve excited electronic states. These non-adiabatic effects receive increasing attention as computer
power allows the treatment of the interplay of electronic and nuclear motion in complex systems [99].

To test the predictions of these advanced theoretical treatments, it is necessary to derive the relevant
information from systematic experiments as it will be shown here. The close collaborations with the
theory groups of Prof. J. Manz and Prof. R.B. Gerber within the SfB450 is mutually stimulating for
experiment and theory of the model system diatomics in condensed rare gases.



Chapter 2

Conceptual framework and summary of literature

The first part of this chapter gives a short introduction to the molecular dynamics simulations of
halogens in rare gas solids based on a classical picture of the system. A semiclassical extensi
to this theory is presented which provides the most detailed description of the dynamical system ¢
present.

The literature will be summarized with the focus on the special systems, that are experimentall)
examined with femtosecond pulses for the first time in this thé&sis, and Cl, in Ar and Kr
matrices. The introduction to fs-pump-probe spectroscopy is given with an emphasis on dissipativ
systems. A nearly complete summary of the literature concerning the spectroscopy of the molecu
CIF is given.

2.1 Simulations of ultrafast dynamicsin condensed phase

2.1.1 Classical molecular dynamics: I,/ Kr and F,/Ar

The early classical molecular dynamics simulationg.gfKr and 5/ Ar already demonstrate many
of the important dynamical effects discussed in this thesis. The simulations start with a box of ap-
prox. 500 rare gas{y) atoms in a closest packed geometry (face centered cubic - fcc), with a halogen
molecule {3) in the center of the box. A small molecule likg occupies only one lattice site (substi-
tutional) of the solid and large molecules likgoccupy two lattice sites (double substitutional). The
forces between two rare gas atonig;(— Rg) and between halogen and rare §as- Rg are of the
van-der-Waals type, with strong repulsion at short distances and weak attraction, i.e. nearly a syste
of hard spheres. For the molecular Y interaction, a Morse potential is used and potentials are as-
sumed to be pairwise additive. In this classical system, the dynamics correspond to three dimension
billiards.

To describe the photodynamics of the molecules, first the initial conditions have to be found.
The system is equilibrated at a specified temperature with the molecule in its ground si&te
initial configurations are then randomly sampled under the condition that the molecular bond distanc
R fulfills the Franck resonance condition [104] with the excited electronic state within the energy
bandwidth of the pump pulse. The trajectories are then started for each of the initial conditions by
switching the molecular potential from the ground stafg {o the excited state. Since the system is
entirely classical, the positions and momenta of all particles can be calculated for each time step
numerical propagation of Hamilton’s equations.

Classical trajectoriesfor I/ Kr from ref. [26]

First consider the photodynamics of the large and hdauyolecule, excited to itsl staté above
the gas phase dissociation limit, in the center of a boXefatoms [26]. Fig. 2.1a shows the bond
distanceR;_; as a function of time for a set of trajectories. All trajectories start well localized at

14 is the lowest optically accessible statelgfwith a shallow potential (weak binding).
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Figure 2.1: a) Bond distancé?;_; as a function of time from classical trajectory calculationg,¢fr. Each

line corresponds to one trajectory for a given initial condition. b) Experimental pump-probe spectrum for
Apump = 704 nm andX,,. 5. = 352 nm. c) Potential energy diagram &f with probe window atR,,;,, from

the A state to the ion-pair states, which connects the trajectories with the observed signal [26].

R;_; = 0.266 nm. The bond stretches to 0.45 nm within 300 fs, and herd #items encounter the

Kr cage atoms, suddenly stopping the dissociative motion. In all trajectories atioens are forced

to recombine within 1 ps and subsequently oscillate around the new equilibrium bond length near 0.33
nm. The slightly different initial conditions, i.e. positions and momenta of the hatoms and all

Kr atoms, prepare different scattering parameters, yielding a very broad distribution of recombining
trajectories. The strong energy loss in the first collision can is evident from the reduced amplitude of
thel — I oscillations in the molecular potential.

Fig. 2.1c depicts the potential diagram which connects the simulated trajectories with the observed
signal in a pump-probe spectrum in panel b). The enérgpf the probe pulse specifies the probe
window R,,;, by the Franck-Condon resonanahdpter 2.9) to a higher lying state. The intensity
of the fluorescence from this state is proportional to the number of trajectories in the probe window
during the time interval of the probe pulse. A high velocity of the trajectories decreases the signal,
because the trajectory spends less time in the probe window.

Fig. 2.2 shows the ensemble averaged total energyfof the trajectories from Fig. 2.1a. A rapid
loss of 2000 cm! within the first ps, induced by the first strong fragment-cage collisions after disso-
ciation, is followed by a slow exponential decay for the vibrational relaxation after recombination in
the A state.

In chapter 7.3.1 an — I trajectory vibrationally relaxing in th& state will be derived from the
pump-probe spectra amtapter 7.4.2 presents the corresponding relaxation rates. The energy loss in
the A state is discussed thapter 7.4.3.
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Classical trajectoriesfor F,/Ar from ref. [67]

While even at high excess energies, fregoms are always confined to the initial cage iR asolid,

the observed behavior fdr, in Ar solids is entirely different. Classical trajectory calculations [67]

on F,/Ar predict thatF' atoms leave the cage around themolecule, formed by the firstr shell.

This cage exit is observed in 55% of trajectories already at an excess dengrgy = 1 eV of the
molecule above its gas phase dissociation limit. Fig. 2.3a) shows a typical trajectory for excitation of
F, in the 'II staté with E,,..., = 1 eV. The trajectory shows asymmetric cage exit, i.e. Bratom

(1) leaves the original cage and the other one (2) resides on the initial substitutional site. Panel ¢
shows the distance of both atoms to their initial position as a function of time. Fragment 1 encounter
an Ar atom after 500 fs which forces thé atom to stay in the original cage. After approx. 1 ps, the

F atom suddenly hops out of the cage and is trapped in the nearest interstifigt&itEig. 2.5c).
Fragment 2, in contrast, is confined to the original substitutional site. Panel b) displays the kinetic
energies of the two particles. The kinetic energy of both particles is rapidly lost, however, after 1 ps
atom 1 picks up 0.1 eV of kinetic energy after overcoming the barrier for dissociation. Again, this
energy is quickly dissipated in the final (interstitial) site.

The probability for cage exit increases with the excitation energy. For excess energies higher tha
1 ¢V the symmetric cage exit dominates (both fragments leave the cage). The initial configuratior
plays an important role, and at low temperatures (4 K)fhe F' atom is initially aligned with both
F atoms pointing at triangular windows of the cage (cf. Fig. 2.5c), which again favors cage exit.

The small size of thé’ fragments determines the recombination dynamics, as well. The molecular
F — F bond may be rapidly tilted by scattering off the cage atoms, as is observed in the trajectory
plotted in Fig. 2.4. In contrast, the— 7 bond orientation is sterically fixed by the solid- lattice.

The fs-pump-probe spectra®@i F in Ar will display the recombination dynami¢shapter 7.3.2),
the energy loss by vibrational relaxati(sapter 7.4.3), the tilting of theC'l — " bond(chapter 7.5.3)
and the cage exit af fragments ¢hapter 7.7).

2The lowest allowed transition from the ground state of fhemolecule is to théII state, which is purely repulsive.
Sinterstitial = opposite of substitutional = between the atoms of a complete lattice
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2.1.2 Coupling of electronic and nuclear motion

The classical molecular dynamics (MD) on a single electronic potential energy surface deliver many
details of the photodynamical processes, which can be described by classical quantities of the nuclei,
such as position, momentum, kinetic energy, bond-direction and cage exit probability. The processes
will be described correctly as long as only one electronic state is involved in the dynamics (weak
electronic coupling). Recombination to the ground state or other bound electronic states alter the
dynamics and compete with the cage exit. Changes of electronic state decrease the probability of
cage exit, especially, if repulsive states are initially excited.

Transitions among coupled electronic states of a molecule give rise to non-adiabatic dynamics,
i.e. coupled motion of electronic and nuclear degrees of freedom. The adiabatic approximation
(Born-Oppenheimer approximation) assumes that the motion of electrons is much faster than the
motion of nuclei. As a consequence, the electron configuration should instantaneously adjust to the
position of the nuclei. The electronic state determines the dynamics, since it sets the forces on the
nuclei as the gradient of the potential energy. The nuclear motion in turn influences the coupling
of electronic states, i.e. the probability for changing the occupation of the electronic states. In the
semi-classical Landau-Zener picttiréhe transition probabilityy depends on the velocity of the
trajectoryw = 1 — exp(—A/v). Thus, nuclear and electronic degrees of freedom are coupled.

Non-adiabatic coupling arises from the anisotropic interaction energy of the open shell fragments
(P-orbitals) with a rare gas atom, as well. It is given®y'™ (r, v;) = Vio(ri) + Va(r;) Pa(cos ),
whereV, is the isotropic part of the interaction potential arid together with the second Legendre
polynomial, describes the angular dependence of the asymmetric part [107]. This interaction, based

4The constantl in the exponential is given a§ = 27V 2/ (h|F> — Fy|) , whereV2 is the coupling matrix element of the
two states antF; — F1 | is the difference of the forces according to the two potential surfaces at the crossing [105, 106].
In a quantum mechanical picture, the overlap of the vibrational wave functions determines the transition probabil-
ity. The vibrational states are the solutions of Schrédinger’s equation for the nuclear motion.
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on electrostatic and empirical considerations, is clearly not of the Born-Oppenheimer type. It explic:
itly depends on an electronic degree of freedom, the orbital apgRictorially speaking, the lobes of

the electronic orbitals are attached to the nucleus and may be tilted by the dynamical interaction wit
the electron clouds of the rare gas atoms. An adiabatic vs. nonadiabatic treatment of the problem
compared in ref. [69, 70].

2.1.3 DIM and DIIStreatment for potential energy surfaces

To handle nonadiabatic processes, first, an efficient calculation of the electronic surfaces is need
that can be included in dynamical simulations. The diatomics-in-molecules (DIM) method is a semi-
empirical approach developed by Ellison [108] for computing potential energy surfaces (PES) of
polyatomic systems from diatomic potentials. A detailed explanation of this method is exemplified
in the system/,/Rg [63—65]. It is an extension of the simple approach of adding up pair potentials
presented in chapter 2.2.4, that also accounts for the proper symmetrization of the electronic way
functions. The molecular interactions, e.g. @f with F* will distort the electron distribution of
these atoms, and thus the interaction with the surroundingtoms is altered, too. The idea is to
cast the total Hamiltonian into a form which contains only Hamiltonians of all possible diatomic and
monatomic constituents, but no interaction operators. Thereby, experimental diatomic and monatom
energies can be taken as the eigenenergies after diagonalization of the matrix. DIM uses the pe
potentials as a starting point, and it is not surprising that it works best for weakly bound molecular
states, since for these the deformation of the electronic clouds is weak [109].

For halogens and interhalogens a total number of 36 valence states has to be taken into accou
because 13 of the 23 electronic states h@ve: 0 and are doubly degenerate. The surrounding
rare gas atoms break the symmetry of the molecular statés-ofF’ or Cl — F, and the direction
— not only the absolute value of the projection of the angular momentum — enters into the potentia
energy. For a detailed modeling, spin-orbit interaction must be taken into account. It was shown the
spin-non-conserving transitions play a crucial role in the dynamics ghap{er 7.6).

The diatomics-in-ionic-systems (DIIS) method is a variant of the DIM method that also accounts
for the coupling of electron-transfer (ion-pair) states with neutral valence states. It has been pioneere
by Last and George [110, 111] f6tl/ X e and successfully applied by Batista and Coker/forKr.

For a detailed explanation of the DIM and DIIS method, the reader is referred to the literature
cited above and to ref. [112].
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2.1.4 Non-adiabatic molecular dynamics (DIM - trajectories)

A very fruitful way of treating molecular dynamics on several electronic surfaces semiclassically,
is the "surface hopping” method developed by Tully and co-workers, which treats nuclear motions
classically and the electronic degrees of freedom quantum-mechanically [113,114]. Criteria based on
the time dependence of the electronic wave functions are used in an algorithm that decides when the
"hopping” to another electronic state takes place.

DIM-trajectory simulations combine the calculation of electronic PES by the DIM method with
the semi-classical surface-hopping technique [63-65, 71]. In each time step, the Hamiltonian is di-
agonalized in the electron coordinates, and the eigenvalues yield the energies of all electronic states
for the specific nuclear configuration at timheThe new potential delivers the forces on the nuclear
degrees of freedom for the next time step. The nuclei are treated classically, and the position of all
particles is known for all times. It is common to plot the position of the relevant particles for indi-
vidual trajectories and to display the eigenvalues of the Hamiltonian, i.e. the potential energy for all
electronic states as a function of time (e.g. Fig. 7.19).

The zero-point motion of the atoms must be added artificially to the initial conditions in an appro-
priate way. The classical approximation is especially good if the atoms are either heavy or hot. The
spreading of the wave packet will be discussed in the following chapter, and it will enter in the discus-
sion of theC'l F' wave packet¢chapter 7.3.2). There are several ways to incorporate wave properties
of matter in MD trajectory simulations [102, 103].

DIM trajectoriesfor I,/ Kr

It is well known that the bound3 state of/, is coupled to repulsive electronic states. This pre-
dissociation is strongly enhanced in condensed phase and the major aim of the DIM studies was to
quantitatively simulate the corresponding nonadiabatic dynamics. The predissociatiowitnot

be considered in this thesis, since in salia it takes place on a timescale of 10 ps [115,116]. The
discussion will focus on the description of the eaystate dynamics itself and the strong interaction
with the Kr environment. A one dimensional representation of the multidimensional potential will
be constructed from the experiment, and the discussiohapter 7.1 will show that an average over
potential energies from many DIM trajectories is desirable for comparison. An ensemble average,
together with a width of the distribution for the classical quantities, would display an intuitive semi-
classical picture of a wave packet smeared out in phase spager.7b demonstrates the discussed
effects for a trajectory of,/Ar, but for a quantitative evaluation, simulations of the sysfgiir

are needed.

DIM trajectoriesfor F»/Rg

The nonadiabatic simulations of the dynamicggfin Rg add several very interesting predictions to

the classical results. Ref. [71] presents simulations of the non-adiabatic dynanigsnoan Ars,

cluster after excitation to the singl€fl state. The main result is the ultrafast transition to the weakly
bound?II states, involving an ultrafast spin-flip, that will be discussechapter 7.6. The dissociation
guantum efficiency is lower in the nonadiabatic simulations, and ref. [71] emphasizes the importance
of delayed cage exit at low excitation energies, i.e. the process displayed in Fig. 2.3. dtben

first kicks the argon atoms, and can only exit after the cage has opened after approx. 1 ps. Inthe MD
simulations off" in Kr it was observed, that the kinetic energy of the nuclei can be transferred to
electronic potential energy, which reduces the probability to overcome the potential barriers [69, 70].

2.1.5 Wave packets

This chapter is a quick reminder of some important features of wave packets. For further reading
consider refs. [117] and [118].
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Wave packets are a coherent superposition of several eigenstates of a quantum system. The exc
tion of a diatomic molecule with a sufficiently short fs-pump-pulse prepares a coherent superpositiol
of vibrational levels with the time dependent wave functigi, t), whereR is the bond length and
t is time. If the square of the wave functipn( R, ¢)|? is localized in the coordinat®, this is called a
wave packet. The spatial width of the wave packet corresponds to the uncertainty for a measureme
of the bond distance, i.e. the location of the constituent atoms is smeared out.

In the cold rare gas matrix, initially the vibrational ground state is populated, and the wave func-
tion is a Gaussian. A short laser pulse projects this Gaussian wave function onto the excited sta
surface, and in the linear approximation of the excite state potential its shape remains Gaussian [11°

The spatial and energetic width of thewave packet is examined amapter 7.2 and the dispersion
of theC'l — F wave packet is discussedchapter 7.3.2.

Dynamics and spreading of the wave packet

The wave packet obeys Schrodinger's equatiof ¥ (R, t) = (% +U (R)) U (R, t) in the poten-
tial U(R). With Ehrenfest's theorems [101], it is transformed into the differential equations for the
expectation value&r) for space andp) for momentum.

0 (p) O
ot (k) = m’ ot
They govern the classical trajectory of the wave packet. For some potentials the expectation valt
of the gradient of the potential is equal to the gradient of the potential at the expectatioq Ralue
i.e. (VU (R)) = VgU ((R)). Then eq. 2.1 are the classical Hamilton equations for the expectation
value(R). This is true for all linear and quadratic potentials and Ehrenfest’s description of the wave
packet motion becomes exact.

(p) = — (VU (R)) (2.1)

(OU(R)/OR) = (OR*/OR) = (2R) = (R)* /0 (R) = 9U ((R)) /0 (R).

The classical equations are approximated by eq. 2.1 if the wave packet is well localized and th
potential is nearly constant within the spread of the wave padkét(R) ~ VU (r) |,=(r)). Then
the constant gradient of the potential can be taken out of the integral.

(VU (R)) = / U (VU (R)] WdR ~ VU ((R)) (2.2)

Under the influence of the potential, the widkiR of the packet changes in time, and this is called
dispersiof. For a freely propagating Gaussidn & const.) in a constant potential, the width changes
accordingta\R(t) = \/R? — (R)* = 0\/1 + 12 (h/2mo?)?, withc = AR(0). For larget, the width
grows linearly with time according tAR(t) /o = t55. Consider excitation to the repulsiv&l F
potential surface with a bandwidth of 500 ci The spatial width of the wave packet excited by this
pulse isc = 0.008 nm. A freely propagating’'/ ' wave packet (taking th€'!F’' potential as flat) with
this width and reduced mass = 12.3 amu would double after= 4mo?/h = 50 fs. For anl, wave
packet with the same initial spacial width but with reduced mass 127 amu the time increases to
500 fs.

The harmonic potential is the only case where wave packets do not disperse and keep their shaj
If a Gaussian ground state wave packet is transferred to a potential with the same shape, the wa
packet will oscillate without changing shape (coherent state). If the new potential is flatter, but still
harmonic, the wave packet will get broader near the minimum and return to its original shape at th

SUnfortunately sometimes also the word "dephasing" is used, but this is an ambiguous term as discussed in chapter 2.3
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turning point. If the potential is steeper, the wave packet is focused near the minimum, however in
the same way in each period [117].

The dynamics in a more realistic, anharmonic Morse potential is similar. The laser pulse prepares
the wave packet at its turning point in the Morse oscillator. In diatomic molecules the excited states
are in general more weakly bound, and thus, the sharp Gaussian ground state wave packet broadens
near the minimum of the excited state but gets sharper at the outer turning point. The anharmonicity
changes the shape of the wave packet from period to period by dispersion. The dispersion of the
wave packet may be pre-compensated by chirping the pump pulse, i.e. exciting the slower moving
components first [19, 31, 32]. For this pre-compensation no discrete structure of vibrational levels is
needed. Also classical particles in an anharmonic potential have different round-trip times. When
the slower particles are started first, the faster ones can catch up with them, and all particles will be
focused (piled up) after a certain time. In this sense the effect is classical.

When the wave packet is prepared with a transform limited (not chirped) pulse, it will spread
out. After some time determined by the vibrational frequency and anharmonicity of the potential,
the wave packet displays so-called partial and complete revivals (rephasing) and the dynamics start
all over again. For the revivals a discrete structure of energy levels is needed and the effect is thus
guantum mechanical. Consider for example three levels, with different round-tripTimeaT’, T
andT + AT. After a (large) numbeN of round-trips,NAT = T and the levels are back "in phase”.

For a higher number of excited levels, this is only a partial revival and the complete rephasing is even
later. In theB state ofl; this time is on the order &f0 ps. In the condensed phase considered here, the
"rephasing time” due to the anharmonicity is long compared to the timescale for the destruction of the
phases by random scattering off the bath atoms, and this process was never observed. From a different
viewpoint, the fluctuating environment smears out the vibrational level structure, which destroys the
coherence. The measured data are analyzed with respect to vibrational cohecapeeiny.9.

Classical oscillation in a M or se potential

For heavy molecules liké, the classical approximation is good since the large mass prevents a fast
spreading of the wave function. Morse potentials are close approximations to realistic molecular
potentialsV (R) = D, (1 — e*ﬁm(’*‘*’*‘e))2 . In chapter 5.3, a Morse-like extrapolation is used to con-
struct an effective one dimensional potential fof K'r. The classical vibrational frequency of a Morse
oscillator is
morse (1) = Wer[1 — 0 2.3

marse (B) = wey [ 1= - (2.3)
with the harmonic frequency. = 3,,\/2D./m. D, is the dissociation energy and the reduced
mass. w, is a frequency (not angular frequency) but is usually measured in wavenufebers)
like the energie® andD.. The anharmonicitw, x. = %y dv/dE of the Morse potential is constant,

independent ofv.
AVpnorse We EN\ w?
dE 2D, (1 De) 2D Vmorse (24)

If a wave packet is excited with a spectral bandwidti\df and without chirp, it will disperse due
to the anharmonicity.z.. The wave packet will be smeared out aftgreriods, when the differences
of vibrational frequencieav,,,,.s. have accumulatedAv,,orsc = Vimorse- HEr€ Avy,..s 1S defined as
the frequency difference at the full width half maximum of the excitation pol&e

(NI

V2

— morse 2.
" 2AFEw.x, (2:5)

A larger anharmonicitw.z, and a broader excitation spectrulE lead to a faster dispersion of
the wave packet. As an example consider a wave packét BjAr near the dissociation limit, where
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a) I,/ Krand similar Cl,/ Ar c) CIF/Ar

e
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b) CIF/Ar o
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Figure 2.5: a) I,/ Kr matrix. Atoms are indicated with their van-der-Waals radiioccupies a double sub-
stitutional site in the fcc lattice. The situation 6%, /Ar is similar. b)C{F is isolated on a substitutional site

of the Ar lattice. The van-der-Waals radii 61/ and F' are indicated as dashed lines. The shaded cores are the
atomic radii. c)CIF in the three dimensional fcc lattice. Ti&atom is pointing at a triangular window of three

Ar atoms. The arrow indicates the direct flight to a nearest interstitial site with octahégral(nmetry.

the round-trip time isv 400 fs (equivalent to 83 cm'). The anharmonicity of thé state ofCiF is
w.r, = 8.6 cm~1. A a spectral bandwidth of 300 cmh, equivalent to a 110 fs excitation pulse, will
prepare a wave packet that is dispersed after less than 2 petieds.3).

2.2 Matrix effects and fundamentals

The rare gas matrix like all solvents— changes the spectroscopy of the isolated molecules in several

ways. The electronic polarizability of the medium induces solvational shifts of the electronic states
and the nuclear rearrangement of the solvent atoms changes the forces of the solvent cage on
molecule. Within the framework of the DIM and DIIS method (cf. chapter 2.1.3) both effects are

treated with good accuracy. This chapter introduces the microscopic physical effects as a basis for t
interpretation of the experiments and also for the discussion on the sophisticated simulations usin
DIM trajectories.

2.2.1 The cage effect and isolation of diatomicsin solid rare gases

At low temperatures, rare gases condense into solids, forming an fcc lattice [119]. Molecular anc
atomic impurities that are co-deposited with the rare gas are usually isolated on single or doubl
substitutional sites of this lattice, depending on their Size

When generally speaking, in a condensed phase or in a dense gas, reactant species are in proxin
to one another, and are caged in by surrounding molecules, e.g. of the solvent, they may underga
set of collisions known as encounters; the term "cage effect”, also known as Franck-Rabinowitct
effect, is then applied. In this thesis, the "cage effect” describes the effect of the rare gas matrix ol
the dissociation of the isolated diatomics under investigation [36]. The caging is perfect for sterica
reasons in the case & andC', in solid rare gases, i.e. the dissociation efficiency upon excitation
is negligible. On the other hand, small molecules Illkeand HCl show high probabilities for cage

8For certain diatomic impurities an hcp structure is preferred and bigger molecules are isolated in larger vacancies [119
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exit. The light atomic fragments are mobile and may even migrate through the matrix over several
nanometers [89, 120]. The onset of thermal mobilityrofragments is 15 K in solid{r and 25 K in
solid Ar [81].

In a potential diagram, the cage effect bends up the potential surfaces when the reactant species
approach the cage (cf. Fig. 2.6). A higher potential barrier decreases the cage exit probability, and
when the barrier is mucéhigher than the energy of the fragments the cage effect becomes perfect.
The origin of the dramatically different cage exit probabilitied ofs. F' fragments is pictured in Fig.

2.5. Panels a and b show the individual atoms with their van-der-Waals fadi.Kr [25] andC'l,

in Ar [37] occupy double substitutional sites of the fcc-lattice (Fig. 2.5a). Therefore, the fragments
undergo head-on collisions with nearest neighbors upon dissociation. Moreovér frdgments

are too big to fit through the spaces betwdeén atoms in the latticeC'lF' and F, in on the other
hand, isolate on single substitutional sites. Th&agments point at a triangular window of the fcc-
lattice [53] and may exit the cage along the path indicated by the arrow in Fig. 2.5c. It is obvious that
the sphere with the van-der-Waals radius offaatom would not fit through lattice spacing between
van—der-Waalslr spheres that are touching (cf. Tab. 5.3). In reality, ith@toms are able to migrate

in solid rare gases, indicating that the picturesodtoms as spheres is too simplified. The open shell
fragments have the symmetry of P-orbitals. The electron cloud of ttaelicals, which is responsible

for the repulsive interaction with the filled electronic shells of the rare gas atoms has less repulsion in
the direction of the singly filled P-orbital [68].

Fig. 2.5c displays the situation in three dimensiod4.F' is surrounded by its twelve nearest
neighbors, and its bond is pointing at the triangular windows (gray shaded areas). The question of
whetherC[F is fixed in space as indicated in Fig. 2.5c was addressed in a preliminary calculation.
CIF is allowed to move, and the firstr shell is relaxed to find the minimum energy configuration
for fixed rotation angle of’/F. The energy is calculated by adding pair-potentials4or— Ar [67],

Ar — C1 [56], Ar — F [57] andCIF in the ground state [121]. As a result the minimum energy
configuration was confirmed to be the one with éi¥eand F' atoms pointing at opposite triangles of

Ar, as indicated in Fig. 2.5c. A barrier of 30 cfor adiabatic rotation is obtained, i.e. for rotation

of C1F when theAr atoms have enough time to rearrange to the lowest energy configuration. The
full DIM calculation is currently performed in by M. Schroder

2.2.2 Cageexit and isolated F' radicals

The dissociation of; and subsequent trapping bfradicals in matrices has been intensively investi-
gated in experiment and theory. A comparison of adiabatic vs. non adiabatic treatment of the P-orbital
dynamics in molecular dynamics simulationgoin Kr is discussed in refs. [69,70]. They start from

the radiative dissociation of thi§r; '~ exciplex. The fluorescence terminates on a potential surface
which provides the<r atoms with 0.4 eV kinetic energy each and fiéragment with 0.2 eV. After

4 ps theF' fragments are stabilized either on an octahe@rabr a tetrahedrdl’; site.

Experiments with dissociation df, in various rare gas matrices were reported [67,81, 83,87, 89,
90, 120]. Absorption and emission spectra gy K r are reproduced and discussed in the respective
chapters in Part | of this thesis. Singg is prepared on a single substitutional site, after dissociation
the F' fragments can occupy - in addition to thg or 7, sites - a substitutional site in the lattice. Since
C'l mobility is sterically forbidden in matrices, th@! radical will stay on the original substitutional
site after dissociation af'/ . The F' atom must accordingly take one of the interstitial sites.

A small tunneling rate may survive, if the barrier is only slightly higher.
8Group of Prof. Manz, Theoretische Chemie, Freie Universitét Berlin
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2.2.3 Electronic polarization

The Onsager model [110, 111, 122] predicts the inductive shift of electronic states as the inductiv:
energy of a molecular dipolg = er in a spherical cavity with diametet in a dielectric with the
dielectric constant:

1,2
AE — 1 8(e—=1)u
dmeg (26 +1)d?

For the valence statesis approximately constant. The minimum of the potential energy curve,
T., is a linear function ofe — 1)/(2e + 1) [79] and electronic states can be assigned accordingly.
The dipole moment increases on going from valence to ionic states, and the shift can be quite large
for the respective transitiohs These shifts due to electronic polarization enter into the discussion
in chapter 5.2 and suggest that the valence states remain unshifted in absorption. The shift in the
difference potentials faf'l F' (chapter 5.3.1) is attributed to lowering of the energy of the ionic states.

(2.6)

2.24 Nuclear rearrangements

The matrix structurally constrains the molecule, leading to shifts of absorptions and emissions. In
simplified approach, depicted in Fig. 2.6, the potential surfaces can be calculated by adding up pa
potentials, e.g. betweeafil — F, Cl — Rg and F' — Rg. This is fundamental to understanding the
meaning of the effective 1-D potential deriveddmapter 7.1. The following description exemplifies

the "dynamical” potential that results from the additive pair potential approach, used in the moleculal
dynamics simulations discussed above (chapter 2.1). For the LIF emission a complementary descri
tion in a configuration coordinate model is used. Both treatments neglect the electronic effects (i.e
polarization, inductive forces and electronic wave functions) described above.

Model for the dynamic cage

In a system with several coordinates, the one dimensional potential in the coordinate relevant fc
pump-probe spectra is dynamically changed by the other coordinates. This phenomenon is analyz
in the following. Classical molecular dynamics simulations work with additive pair potentials, i.e.
each particle feels the potentials of all other particles. Thus the total potential energy that governs th
motion of a diatomic molecule in the matrix is the sum of the molecular potential ehgrgywnd the
energy of the cage potentigl,,.. The van-der-Waals potential betweRp cage and the molecular
fragmentX has a shallow minimum and a strong repulsion (Lennard-J&hes)

Fig. 2.6 shows the potential energy surfaces of iodine for the three relevant electronic states
the ground stat&, the B state, in which the observed dynamics take place, and'te&ate for the
probe transition. They are shown for the gas phase as a thin dash-dotted line. In addition, eac
state is shown with the potentials imposed bgtatic cage onto the molecular coordinate To
demonstrate the effect, it suffices to consider/an I molecule with twoKr atoms in a linear
configuration as indicated in Fig. 2.6 (top). The dotted lines, as an example, are calculated as follow:
The molecule is in the ground vibrational state of tkiestate, and the molecular bond is fixed at
the corresponding equilibrium positidd.,(X). Then theXr atoms move into the minimum energy
configuration, which is given by the van-der-Waéls Kr distance, i.e. by the shallow minimum of
the Lennard-Jones potential. Then tkie atoms are fixed in this configuration, and the- 7 bond
is elongated and the total potential energy is calculated as the sumbftiieand/ — Kr potential.

°In a second order approximation, the diameltef the cavity also changes due to rearrangement of the matrix atoms.

10This minimum corresponds to what is sometimes called the dispersive forces as opposed to inductive forces, whic
are induced by a static dipole (e.g. ionic states) on the dielectric. If the weak attraction is neglected, exponentia
repulsion due to Pauli repulsion of the electronic clouds works fine. These potentials have very short range, renderin
a summation over nearest neighbors a good approximation.



16 Chapter 2. Conceptual framework and summary of literature
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Figure 2.6: a) I, molecule with
bond distanceR and two adjacent
Kr atoms at the van-der-Waals dis-
tance R,qiv. b) Potential energy
surface for the ground stat¥ and
the excited stated3 and E. The
gas phasel, potential is repre-
sented by the dash-dotted line. The
other curves are additive pair po-
tentials including the two adjacent
Kr atoms fixed at the van-der-
Waals distance after they have re-
laxed around theX state equilib-
rium (dotted), theB state (solid)
and theF state (dashed).
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The potential bends up at large since thel atoms feel the strong repulsion from the fix&d-.
This is a simple account of the cage effect. The solid line is calculated accordingly, now with-the
atoms fixed in the configuration for the equilibrium position of estateR.,(B) and the dashed
line for the £/ state configuration. The cage moves outward ag/ theKr repulsion shifts the<r
atoms further away.

As far as molecular dynamics are concerned, the effect of the surrounding matrix can be exem-
plified in Fig. 2.6 in the following way. Consider the thréestate surfaces for the different matrix
configurations. In a pump-probe experiment, the pump pulée,at,, prepares the wave packet in
the B state in the configuration indicated by the dashed potential for the ground state equilibrium.
When the vibrational [ — I) wave packet moves outwards to largerthe matrix cannot stay fixed,
but has to respond to the repulsive Kr forces. During outward motion, the potential will smoothly
change from the dotted to the solid to the dashed shape, and during the inward motion the reverse.
Therefore, the effective one dimensional potential, that will be experimentally derived in chapter
7.1.2, looks like an intermediate between the three potentials. Such a potential has up to now not been
presented explicitly and instead only potentials for fixed cage geometries are given in the literature,
although it would be very helpful for discussions of pump-probe spectra. One way to accomplish this
task is proposed in chapter 7.3.1.

It is also instructive to discuss the frequency domain spectroscopy in this picture. If an absorption
spectrum is recorded for a molecule in tRestate, the Born-Oppenheimer approximation says that
the nuclear coordinates will not change in the electronic transition. Therefore, the matrix induces
a blue shift in the sense that the minima of theand E states,T.(B) andT.(FE), are shifted up
due to the repulsion from the Lennard-Jones potential at |&rg€&his effect is clearly visible only
for the F state (compare the minima of the dotted and dash-dotted lines). A weak blue shift in
absorption with respect to the gas phase is actually seen in the light rare gaség;, likbere the
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Figure 2.7: Potential energy for
two different electronic states in the
configuration coordinate model. In
the harmonic approximation the po-
tential energy is a parabola with
equilibrium position® for the lower
7 electronic state an@ + AQ for the
s } S, excited state.
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electronic polarization shift to the red is weak [74]. For ionic states the red shift due to polarization
overcompensates this weak blue shift.

Note that in the present approximation, all electronic states feel the 5amir pair-potential,
and for the molecular dynamics calculations, the difference potektiails identical to the gas phase.
In different electronic states of a diatomic, the electron clouds have different shapes and this altel
the pair interactions to the surrounding atoms. These effects are in part accounted for with the DIN
method, but they are small. Comparison of the DIM calculatiof.gtir with I, gas phase potentials
yields variations< 100 cm~! among valence states ard400 cm~! between ion-pair and valence
states.

Electron phonon coupling

The fluorescence from ionic states is the recorded signal in all pump-probe spectra of this thesis. F
a proper assignment, their spectroscopy is discusselbjpter 5.2. These spectra are usually very
broad and red shifted, and the underlying mechanism is discussed in the following. Details are give
in refs. [123], [124] and [125].

In the ionic states, the molecular bond is extended compared to the valence states. The strol
red shift in emission results from the rearrangement of the rare gas lattice around the larger electron
cloud. To describe the rearrangement of many atoms in a convenient way, a configuration cogrdinate
is introduced.. I may be thought of as the size of the cage, for example. In the harmonic approxima-
tion, the rare gas matrix forms a parabolic potential (Fig. 2.7) around the molecule in the ground state
Vy, = %ngqQ, with equally spaced eigenvalueéw,, which are the characteristic phonons of the
host lattice (and thus vibrations of the cage). In the excited electronic state of the molecule, e.g. th
ionic states, the lattice rearranges around the extended electron cloud. This corresponds to a parab
displaced byAQ), i.e. the equilibrium position in the configuration coordinate is larger. In the crudest
approximation, the form of the parabola is not changed, implying that the phonon frequgmey
kept constant.

In this model the Stokes shift between absorption and emissién is 25hw, [124,125]. S
is the mean number of phonons emitted during the absorption and the emission [126], and thus
measure of the electron-phonon coupling strength. The creation of phonons is indicated in Fig. 2.
as the small arrowss is called the Huang-Rhys phonon coupling constant which is connected to
the parabolic potential by the rati®hw, = %ngAQz. The intensity/ of these phonon assisted
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transitions is described by a Poisson distribution [127Lv ., — nfiw,,) = e=°S"/n!, wherefiw,, is

the zero phonon line energy of the electronic transition. This is a consequence of the Franck-Condon
overlap of the vibrational wave functions in the two displaced harmonic oscillators [124]. In the
strong-coupling limit S >> 1), the line shape is Gaussian with the width= 2.36+/S%w,. For Cl,

in Ar it was demonstrated in excitation spectra, that the electron-phonon coupling gradually increases
on exciting higher and higher in the part of the anharmonic molecular potential, where the molecular
frequency drops below the Debeye frequency of the lattice [128].

2.25 Matrix shifts

For different electronic states, molecules and matrices general predictions cannot be made, because
the inductive, dispersive and geometrical shifts compete [125, 129, 130]. A collection of shifts for
many diatomics in rare gases is given in ref. [74]. The transitions from the ground state to valence
states are usually only weakly shifted by 1 to 2 %, since they occur in the Frank-Condon region,
where the influence of the matrix is weak. The result€6f in Ar and Kr presented ichapter 5.1

lie in the same trend.

For ionic states the strong red shift in absorption is mainly due to the polarization effect, that is
described by eq. 2.6. In emission, the rearrangement of the matrix cage yields an additional Stokes
shift. Moreover, nonradiative coupling among the ionic states can yield additional red shifts between
absorption and emission, when the population relaxes to a lower lying electronic state. Often the
coupling is very strong among closely spaced states in the ionic manifold, and the emission usually
originates from the lowest state of the ionic manifold.

For completeness: Rydberg states of molecules and atoms are blue shifted in condensed rare
gases, since the large Rydberg-electron cloud is repelled by the filled electron shells of the rare gases
according to Pauli’s exclusion principle. This effect often leads to a deperturbation of the ionic states
[131], which in the gas phase strongly couple to the Rydberg states, forming double-well potentials.

2.2.6 Excimersand exciplexes

Excimers are diatomic molecules (dimers) that are bound only in the excited state. Exciplexes are
analogous polyatomic molecules (complexes). In the case of rare-gas-halogen molecules, the ground
state is only weakly bound<{( 100 cm~! ~ 1/80 eV) by van-der-Waals forces, whereas the excited
state is ionic and lends its binding energy (several eV) from Coulomb’s law. As a typical example
consider the potential ok F' is displayed in Fig. 5.5.

These species are largely used in excimer lasers, as they cover a wide range of UV wavelengths
and have very large gain [52]. Inversion is easily achieved, since the molecule is not bound in the
ground state. Rare gas halides play an important role in the understanding of the chemical bond and
are well characterized. Anisotropic potential energy parameters for the diatomids likand K rC'l
have been derived from molecular beam scattering experiments [56, 57] and ab initio calculations
[50,51]. Triatomic species likdr, F' and K, F' have been calculated ab initio [47—-49] and observed
in emission in the gas-phase [55] and in rare gas matrices [53, 54] (cf. Fig 4.6).

For pump-probe spectroscopyr I is an interesting candidate since its absorption is in the near
UV. Absorption and excitation spectra of the excimersdin and Kr matrices were measured by
several groups [82, 88, 132]. The spectrakoff’ in Ar agree in all publications and display a well
resolved vibrational structure from the levels in the ionic states. The spectigfbrin Kr are
contradictory. While the authors in ref. [132] reported a broad band around 260 nm, a narrow and
strong absorption at 275 nm attributed Ao/ '~ dominates the excitation spectrum of ref. [88].
Bressler [82] measured the excitation spectrum and reports both structures, but with a strong yet
unexplained dependence on the history of the sample. A series of absorption spettdEean4.2.4
will clarify the origin of the disagreement amtlapter 4.3.3 offers an explanation.
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atom| Cl F Ar Kr Xe
Et 12.97| 17.42| 15.76| 14.00| 12.13
E- 3.62 | 3.40

Table 2.1: lonization potentialsz* and electron affinitied’~ of halogens and rare gases

2.2.7 Molecular ion-pair versusexcimer statesin condensed rare gas

lonic states involve transferring one electron from one atom to another, and sometimes charge del
calization among several atoms. ey denote rare gas atoms axdandY halogen atoms. Within

this thesis two different ionic species are important. The molecular ion-pair states solvated in rar
gasX 1Y~ /Rg or excimers and exciplexés~ Rg;" with a neutralX nearby. Which of the possi-

ble charge distributions is actually taken, depends on the interplay of ionization efiérggtectron
affinity £~ and the polarization energy,, of the formed molecular dipole in the dielectric, the en-
ergy for charge delocalizatioA,.;, as well as the distance-dependent coulomb enékgfR) and

the "Pauli repulsion”’Er(R) between different atomic orbitals. It is a challenge to accurately model
the different species and even more difficult to simulate the dynamics among different species. Fc
some special cases ionic potentials have been calculated in the DIIS formalism [64,110,111]. It
considered as an important task for the theoretical collaborations to investigate these states for the
andCl atoms in rare gases.

Until this is accomplished, the potentials calculated and/or measured in the gas phase have
suffice, and plausibility arguments account for the surrounding matrix and the solvent shift. As an
example that will be needed later, consider the formatiof'iofF"~ / Rg vs. Rg™ F~ C!. The bond
distance of all involved ionic species is approx. 0.25 nm and thus the energy gain in the interplay o
Ec andEp as well as the polarization energy, is approximately equal for both charge distributions.
The electron affinitye~ (F") enters equally in both species, and for the moment charge delocalization
is ignored. Then the decisive quantity is the ionization potedtial which is lower forCl than for
Ar andKr 1. In argon the difference i’™ = 2.79 eV (Tab. 2.1). Hence the ionic stafd* '~ is
observed in argorchapter 4.2.1). Of course, thelr ™ F'~ states will be formed, if after dissociatiéf
is not nearF. The expected formation ofr* F~ and Kr* F'~ species in matrices upadrn, excitation
was observed [81, 88]. Fdir andC! the difference inE* is only 1.03 eV. The delocalization of
the positive charge among several rare gas atoms cannot be neglected anymore, since the energ
lowered by approx. 1 eV, wheRr*F~ — Krj F'~ [47-49]. The decision wheth&rl* F~/Kr is
stable against formation &fl + Kr; F~ cannot be made on these grounds ¢hapter 5.2.2).

DIM calculations on these exciplexes [47—-49] show that the distance betwe&g gtems in the
minimum energy configuration of these exciplexes is much smaller (0.25 nm) than the correspondin
Kr— Krvan-der-Waals distances in the matrix. Comparison to the diatomic enerdiesrofeveals
that the energy of charge delocalization between fvoatoms is gained only after the bond has
shrunk [50, 51]. Therefore, in excitation usually only diatomic exciplexes are important. In emission
the Rg; X~ exciplex is observed [81, 88]

10only Xe has an even lower ionization energy and thereforeXlaeexcimers can be used for detection in the OODR
experiments [133] (Tab. 2.1Xe (!~ was also found to exist in matrices [132].

2In the ionic states of haloged$ Y —, the molecular bond is extended and the rare gas atoms approach the halogen
more closely, so that the fluorescence leading to the repulsive halogen-rare gas potential is dramatically red-shiftec
as discussed in the preceding chapters. For this reason the states are sometimes asXigr{@t-dgy) instead of
(XY )Ry [134]. The ionic species denoted ¥ )~ Rg," are higher in energy for the relevant molecules in this
thesis, sinc&* (Cl) < ET(Kr).
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Figure 2.8: Scheme of pump-probe spectroscopy. The
dashed lines indicate the gas phase potentials and the
solid lines mimic the potentials including the solvent
cage effect. The pump pulse prepares a wave packet
from a coherent superposition of vibrational levels in
the excited electronic statB. The probe pulse pro-
motes the wave packet to the final stéen the ionic
manifold, when the packet is in the probe window. Af-
ter nonradiative relaxation within the ionic manifold,
the fluorescence from the’ state is recorded.

Energy

R

2.3 Femtosecond pump-probe spectroscopy
2.3.1 Method

Femtosecond pump-probe spectroscopy is a method to follow ultrafast dynamical processes on the
timescale of the pulse duration. The pump pulse starts the dynamics and the probe pulse takes a
snapshot of one of the system’s properties after a delay tiniéne signal can be absorption, or
diffraction of the probe photon, or generation of secondaries like fluorescence, photoelectron spectra
etc. The signal is recorded as a function of time delay.

In the context of this thesis, femtosecond pump-probe spectroscopy more specifically refers to
the process depicted in Fig. 2.8. A fs-pump pulse is absorbed by a molecular system and starts the
wave packet dynamics on the excited electronic state, e.d3 8tate. The wave packet moves in the
potential and when it passes the probe window after the delaytteveen pump and probe pulse,
it is excited to theF state. The delay timeis varied continuously on the femtosecond timescale.
Nonradiative relaxation within the ionic manifold to th¢' state results in fluorescence emission
(LIF) on the nanosecond timesc&leThe intensity of the fluorescence as a function of delay time
shows, when the wave packet passes the probe window. In the absence of saturation it is proportional
to the intensities of the pump and the probe pulse. The dashed lines in Fig. 2.8 indicate the potentials
of the molecules in the gas phase, and the solid curves include the forces from the solvent cage.

The closer analysis of the method needed in the analysis of the spectra requires a more detailed
description. The pump pulse creates a wave packet by coherently exciting a superposition of several
vibrational states around,,,,, in an excited electronic state. In the case of a dissociative potential,
the continuum of states is coherently excited. The wave packet evolves under the influence of the
excited state Hamiltonian. By Ehrenfest’s theorems, the expectation values for position and momen-
tum of the wave function satisfy the classical equations of motion (chapter 2.1.5), approximating the
motion of a classical particle in a potential, as long as the wave packet is localized. (cf. Fig. 2.9a).

The probe pulse promotes the wave packet toflstate, if the resonance conditions, i.e. energy
and momentum conservation, are fulfilled. This is the case when the wave packet is at a probe
window positionR,,;,, where the difference potentiall” equals the probe photon enerly,,op-

This condition follows from the Franck-Condon approximation, which is based on a negligible change
of the momentum of the wave packet due to the photon [104,135]. Classical momentum conservation

13The fluorescence terminates on several electronic states that are allowed for the dipole transition.
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Figure 2.9: Scheme of pump-probe spectroscopy in systems with dissipation. a) The pump pulse prepares
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wave packet around,,,,,,, in the excited electronic staté. The outer turning point of the wave packet with
the initial energy isk,..,p. The probe pulse promotes the wave packet to the final tafehe wave packet is

at the position of the probe window &},;,,. The condition for the probe window is that the difference potential
AV = Er — Ep matches the energy of the probe photoy, ... The minimum of the difference potential

AVain is located atRin Av. The observed pump-probe signal decreases with the velocity, at which the wave

packet passes the probe window. At the eneiyy,, the signal is low. When the wave packet is relaxed to

Ein, it has zero velocity in the probe window, and the signal is high. b) Same potential diagram including ont
of the vibrational wave function excited by the pump pulse. It is connected to the vibrational wave functior

(dashed) in the state by the probe enerdy,.... (dashed). The overlap of the wave functions is poor (weak
signal). The vibrational wave function at the energy of the probe wingigy (solid arrow) has a large overlap
to the corresponding wave function in thestate (solid).
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requires that the kinetic energy of the wave packet remains unchanged after the electronic transition.
The conservation of total energy therefore imphes, ... = AV (R) = Vi(R) — Vi(R). A detailed
investigation of the classical expression shows that the pump-probe signal is inversely proportional to
the velocity* v of the wave packet at the probe winddy,;,, [45].

The classical argument of momentum conservation is reflected in a quantum description by the
overlap integral (Franck-Condon factors) of the nuclear (vibrational) wave functions, corresponding
to the vibrational eigenstates that are coherently coupled in the wave packet (cf. Fig. 2.9b). A wave
function oscillating quickly withR, corresponds to large kinetic energy (large velocjtand a slowly
varying wave function means small kinetic energy. The overlap of slowly varying wave functions in
the initial and final state is large, and the overlap of a fast oscillation with a slowly varying function is
close to zero. Two oscillating functions may have appreciable overlap. The overlap of the two wave
functions connected with the solid arrow (probe) is large, because the large antinodes overlap and the
oscillations do not. This is always the case, if the probe window engrgy is at the energy of the
probed level, i.e. the wave packet is probed at the turning point.

In order to deduce information on the dynamics from the pump-probe spectra, the potential, and
especially the difference potentialV, for the probe transition must be known. As a first approx-
imation, the difference potential is identical to the gas phase in the cases examined here, since the
interaction energy of the rare gas atoms with the molecule is similar for all electronic states. This
approximation is quite accurate according to the discussion in chapter 2.2chapter 7.1 it will
be demonstrated, that information from a series of pump-probe spectra can be used to construct a
potential energy surface in advance and subsequently extract the dynamics.

2.3.2 Thethreshold for the probe transition

The probe transition in pump-probe spectroscopy deserves a closer inspection. For a quick discussion
consider Fig. 2.9b. Itis obvious that no probe absorption will take pla@e,if,,, + vy, ope < min £,

i.e. the energy of the vibrational level in tiiestate prepared by the pump pulse plus the probe energy

is smaller than the minimum of the state. Now let the pump pulse excite vibrational levels around
E,.mp inthe B state, above the level needed to reach the region of the lowest probe winfigwy at-
(minimum of the difference potentialV’). Although excited state absorptions withn £ — E,,,,,,,, <

hvyore < min AV are energetically allowed, the Franck-Condon overlaps are very small. The high
vibrational levels in theB state have fast oscillations witR. The low vibrational levels irF, that

could be accessed from the energetits £ — E,,,,,,, < htprone, Vary slowly with R, yielding a poor
overlap for all probe energigs ;. < min AV (cf. Fig. 2.9b, dashed wave functions and dashed
arrow). This small overlap corresponds to momentum conservation in the wave packet language. The
longest probe wavelength that transfers appreciable population to the higheFEIgtade is given by

hrnin = min AV. It is determined by the difference potential” andnot by the difference between

the pump energy and the minimum of the final stat&his will be used irchapter 7.1.3 to construct

the £ state ofl,/ Kr.

In order to measure the threshold of the probe transition, i.e. the minimirah the condensed
phase, the molecule can be excited with any energy aboM&?,..;, Av ), above the window for the
minimum of AV. Vibrational relaxation successively populates lower and lower vibrational levels
until this level is reached. As long @s/,,,,. < min AV, there will be no signal. The resonance
is reached forhv,,,. = min AV. This method is applied to obtain the correct vertical shifts of the
difference potentialaV’ of C1F andC'l, in Ar (chapter 5.3.1).

14The expression /v diverges for a wave packet at the turning point and the quantum mechanical expression is needed.

5This is the classical result derived above from the Franck-Condon principle. Only a minor correction has to be made to
obtain the correct quantum mechanical result, that accounts for the zero-point energy of the zeroeth vibrational level in
the E state and the fact that some overlap is already obtained for levélshat are slightly abové ,,in Av .
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2.3.3 Condensed phase pump-probe spectroscopy

In the gas phase, time and frequency domain spectra of a molecule are connected by a Fourier tral
formation. The information delivered by the two methods is mathematically equivalent. It was exem-
plified for I, that the Fourier transform of a fs-pump-probe spectrum shows the individual vibrational
and rotational levels excited by the pump pulse [39]. For a high resolution in the frequency domain
a long pump-probe transient has to be recorded over several 100 ps. In systems with populatiol
and energy-relaxation processes or collision induced decoherence, the oscillations in fs-pump-prol
spectra may not live long enough to resolve individual vibrational and rotational levels. This is the
case in the system of diatomics in rare gases investigated here. Since the pump pulse excites seve
vibrational levels, the vibrational frequency measured in a pump-probe spectrum depends on the re
ative weight with which the individual vibrational levels are probed, i.e. on the probe-wavelength.
This effect is experimentally demonstrated very clearly for the first time within this thesis (chapter
7.1.2). It has been noticed previously in classical MD simulations but reported without further discus-
sion [27]. In frequency domain spectra the relaxation processes lead to a broadening of the absorpti
band, which washes out the relevant structure [29, 62, 100]. This makes fs-pump-probe spectrosco
the method of choice in dissipative systems, since it can beat the timescale of the relevant relaxatic
processes.

The presence of the solvent or bath changes the pump-probe spectra in several ways. First
all, it induces dissipation and the molecule loses enerdydtional energy relaxation, chapter 7.1).
In an anharmonic potential, this changes the vibrational frequency in the course oftchapte(
7.4.2). It also changes the envelope of the pump-probe spectthaptér 7.4.1 and 7.4.3). Often
the solvent influences the coupling of electronic states and thus the population relaxation to lowe
states [42,43,66,115]. The dramatic effect of solvent-induced spin-flip is discussieapter 7.6.
Decoherence, i.e. loss of coherence, is an importantissue in the condensed phase. The consequenc
decoherence for pump-probe spectra is the loss of modulation depth. Random scattering events of t
molecule with the solvent destroy the phase relationship and thus the wave packet. It is important t
notice that not only this random dephasing decreases the modulation depth, but also the dispersion
the wave packet due to the anharmonicity of the potential (see above). The decay of this modulatia
can originate from dispersion (anharmonicity) and decoherence (random collisions) and hence tf
two processes are often mixed up and called "dephasihgThis situation is complicated by the
additional ensemble effect that leads to "inhomogeneous broadening” of the spectral lines and is ofte
also referred to as "dephasing”. In principle, the contribution from dispersion can be distinguishec
from the other processes, because the dispersion on the anharmonic potential can be pre-compens:
by chirping the pump pulse, i.e. by negative optical dispersion introduced in the pump-pulse. A shor
discussion on coherence vs. dephasing in the measured spectra can be fthaptem/.9.

It should be mentioned that LIF detection in pump-probe spectroscopy has the advantage in cor
densed phases that this method probes the population of the excited state in the coordinate of t
probe transition. The observed fluorescence signal is proportional to the population in the final stat
after both pulses, and measures the diagonal elements of the density matrix in the excited state. T
method of coherent anti-Stokes Raman scattering (CARS), for example, measures coherences, |
off-diagonal elements. Moreover, CARS requires an electronic coherence, which decays rapidly i
condensed phases (100 fs) and damps out the oscillations [58, 62, 136]. The LIF technique allows
the observation of oscillations due to vibrational coherence, even if electronic dephasing is very fast

18]t is unfortunate that in the most widely used theoretical framework, especially for MD in the liquid phase, all quantities
are expressed as correlation functions, which do not distinguish decoherence and dispersion. For the calculation of tt
pump-probe spectrum, this correlation function is the overlap of the ground state Gaussian with the excited state wav
packet.
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2.3.4 Selection rules

In light diatomic molecules lik&’'l F' the angular-momenta are coupled according to Hund’s case a,
and the following selection rules hold [137hS = 0, AY = 0, AA = 0,41 and fromX + A = Q)

it follows that AA = AQ. Therefore a transition:, —!' II; is allowed, whereadll, —2 II; is
forbidden. Optical transitions between singlet and triplet states are spin-forbidden (spin selection
rule: AS = 0), transitions withAQ) = +2 are dipole-forbidden and originate from the quadrupole-
interaction with the light field. The transitiok ('X,) — B(3II,) is spin-forbiddenAS = 1),but

the selection rule is weakened by the spin-orbit interaéfiom the heavyl, molecule the angular
momenta are coupled according to Hund’s case c, and only the selectia(pute 0, £1 remains

[137].

The selection rules are reflected in the transition moments that have been calculated by A.B.
Alekseyev (cf. Fig 5.6) and in part published in ref. [121]. They will be usedhapter 5.3.1.
Transitions between valence and ion-pair states are governed by the propensitf2reded, since
they involve transferring an electron from one atom to another. To accomplish this, an electric field in
the direction of the electron transfer is needed. In a diatomic the transition is parallel to the molecular
axis, i.e. AQ2 = 0. The electronic states in Fig. 2.11 and 4.1 have been labeled according to their
quantum numbef for that reason. This propensity rule is valid also fer

The following considerations on polarization are important for the polarization selective pump-
probe spectroscopy discussediapter 7.5. In analogy to the Zeemann effect in atoms, whergis
the projection of the angular momentyron the axis of symmetry dictated by the magnetic fields
the projection of the electronic molecular angular momenfuon the internuclear axis. For observa-
tion transverse to the symmetry axisyz; = 0 andAQ = 0 correspond to polarization parallel to this
axis andAm; = £1 and A2 = %1 to perpendicular polarization. For longitudinal observation, only
Am; = £1 and A2 = +1 exist, since the polarization is perpendicular to the symmetry axis [138].
The difference for the molecule from the Zeemann analogy is that, for the Stark effect induced by the
internuclear electric field, the emitted light is not circularly polarized, since the effect of the electric
field is the same for electrons with; = £1 [139]. The interplay of polarization and selection rules
gives rise to the method of photoselection [140]. Electronic excitation with polarized light prepares a
distribution of excited-state molecules aligned with the light polarizatidf & 0) or perpendicular
to it (AQ2 = +1) (cf. chapter 2.3.5)

2.3.5 Polarization dependent pump-probe spectra

This chapter provides the intensity ratios for the LIF expected in polarization sensitive pump-probe
spectra that were taken for the analysis of angular reorientatidmpter 7.5. Electronic transitions

in molecules have a transition dipole moment with magnitude and direction. The transition dipole
matrix element < @i]ﬁ - W|®s > |?, which determines the intensity of absorbed or emitted light,

is proportional to the square of the scalar prodﬁct 7, where77 is the transition dipole and is

the electric field. If a sample of randomly oriented molecules is excited with linearly polarized light,
an ensemble of molecules is selected that have the transition dipole aligned with the polarization
(photoselection [138, 140]). The analytic form of the dipole distributiaiéé ¢ (Fig. 2.10b), where

0 is the angle between the electric fielfland the transition dipoler [138].

If the transition dipole moment in a diatomic molecule is directed along the internuclear axis, the
transition is called parallglAQ2 = 0), otherwise perpendiculd A2 = +1) (cf. chapter 2.3.4). A
parallel transition yields an ensemble of molecules with an alignment of the axes that is identical to
the distribution of dipoles (Fig. 2.10b). A perpendicular transition selects an ensemble of molecules

17Since AA = 1 it follows from AQ = 0,1 that the transition is to th@ = 0 + AA £ AY = 0 state(unlike
X%, -1 1),
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m

Figure 2.10: Distributions of the molecular ensemble, a) sphere for a randomly distributed ensemble, b) en
semble selected with polarized light in a parall&k{ = 0) transition, c) ensemble selected with polarized light
in a perpendicularAQ2 = +1) transition.

with the axis perpendicular to thes? ¢ distribution, i.e. a toroidal ensemble of moleculgsis,
(Fig. 2.10c).

If the molecules do not rotate or librate, they will fluoresce with a well defined polarization,
i.e. they emit a photon with polarization along the transition dipole for emis&iomhis is used
in fluorescence depolarization spectroscopy to determine the angular motion of molecules on th
timescale of the fluorescence lifetime by recording the fluorescence anisotropy as a function of time

This thesis deals with the polarization dependéhoéthe photons absorbed and emitted in for-
ward direction. The photoselected anisotropy is detected with a polarization analyzer or, equivalently
by another interaction with a polarized photéinFor general theory on polarization dependent spec-
troscopy the reader is referred to ref. [141].

For convenience, Tab. 2.3.5 collects the possibilities for two or three interactions of a moleculal
ensemble with a light field that are relevant to the pump-probe experiments presented in this thesi
The transition dipole momen@ of the pump transition can be parallel (Fig. 2.1665% ©) or per-
pendicular (Fig. 2.10ain? ©) to the molecular axis. This is indicated by the lols& and the torus
"©@” in the first column of Tab. 2.3.5. The probe transition and the fluorescence are parallel transition
(AQ = 0) in all cases examined here, since they have charge transfer character (cf. chapter 2.3.4
The polarization of the probe pulse is fixdd ¢olumn three), e.g. parallel to the optical table. The
pump pulse has perpendicular)(or parallel {|) polarization with respect to the probe pulse, or the
distribution is randomized (0). Column four specifies whether no polarization analyzer is used ("O”)
or whether it is perpendicular or parallel|| to both pulses.

A quick graphical explanation for the expected intensity ratios that are collected in the last columr
can be given as follows. Since all photons propagate in the forward direction, each interaction of th
transition dipole with a light field (emission or absorption) mathematically corresponds to calculating
the overlap of the three distributions in Fig. 2.10, when their volumes are normalized to 1. The distri-
bution b) has to be rotated by 9@hen calculating the overlap for perpendiculaphotoselection or
LIF analyzer. Alternatively the values can be looked up in ref. [141].

Experiments are often carried out in the magic angle configuration, with the two relevant polar-
izations at an angle of B34 At this angle the signal is independent of the orientation of transition
dipoles [142].

18In the diatomic molecules examined here, the transition dipole in emission has the same direction as in absorption.

19Dipole radiation is anisotropic both with respect to the direction of the emitted or absorbed photon and to their polar-
ization. A dipole emits and absorbs radiation with a toroidal intensity distribution for the direction of the emitted light
as shown in Fig. 2.10c (theory of Hertz oscillator), and the polarization kasZ0 distribution (Fig. 2.10b). Thus,
the anisotropy after polarized excitation can be simply recorded by comparing the emission in forward direction with
the one in the direction of the exciting polarization.

20A polarization analyser selects the emitted photons with the right polarization in emission and an incoming photon is
polarized before the interaction.
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transition photo- probe LIF intensity
dipole for pump| selection| transition | analyzer

parallel8 | I O I)=3/5=0.6

parallel8 1 I O I, =1/5=02

parallel8 0 [ @ I;=1/3~0.33

parallel8 | I I Iir)=5/35

parallel8 | I il Ippr =1/35
perpendicula® | | O 1/5=0.2
perpendiculap 1 I O 2/5=0.4

Table 2.2: Intensity ratios observed for spectroscopy with polarized light. Pump and probe pulse are collinear
and the fluorescence is observed in the forward direction. The first column denotes whether the electronic
transition is paralle® (A2 = 0) or perpendicula® (AQ2 = 1). The second column specifies the photoselection

of the originally isotropic ensemble by the pump pulse, with polarization patatelperpendicularl to the

probe polarization, which is kept fixed (third columnyj.indicates an isotropic (depolarized) ensemble. The
fourth column specifies the polarization of the fluorescence detection with respect to the probe. O indicates
no polarization analyzer. The abbrevatidfps/, , 14, I;r and I, together with the respective intensity

ratios are given in the last column.

2.3.6 I, in Kr asthe model system to advance fs-pump-probe spectroscopy in the condensed
phase

One part of this thesis is dedicated to pump-probe spectroscopy ionk'» matrices. This system

is particularly well studied and characterized. Its heavy mass makasconvenient molecule for
fs-pump-probe studies. The focus of the part of the thesis concefgiisgto test the power of the
ultrafast spectroscopic tool and to learn how detailed information on molecular dynamics can be
extracted from the spectra without the help of simulations. This chapter gives a concise introduction
to the relevant previous work af.

A series of pioneering publications by the Zewail group [42—44] investigated the influence of rare
gas environments on the free molecule, in clusters and in the gas phase for increasing rare gas pres-
sures up to liquid phase densities. The observed number of oscillations decreases with increasing rare
gas density and this was in part attributed to a rapid lods sfate population due to predissociation,

i.e. nonadiabatic transitions to a dissociative state. Surprisingly strongly modulated wave packet os-
cillations extending up to several ps with up to 20 periods were observed in the ordered crystalline
phase ofAr, Kr and Xe matrices in the Apkarian group. A wealth of information on energy relax-
ation and predissociation dynamics induced by the cage was derived from the experimental data in
combination with classical trajectory calculations [21, 23, 25-29, 45, 58, 62]. Semiclassical calcula-
tions on DIM surfaces [63—65] corroborate essential features. Focusing of wave packet8 stabe

of I, in Kr after several ps was achieved by linearly chirped pump pulses [31, 32].

Absorption and emission spectraBf/ Kr are well known. In this thesis th@ state is excited in
the Franck-Condon region from 570 to 480 nm, fhe— FE transition is used as the probe and the
D’ — A’ transition at 420 nm is monitored together with— A for the pump-probe spectra [80,115].

The B state in matrices shows a peculiarity. While the vibrational dynamics in pump-probe spectra
are well resolved it is not possible to derive the essential spectroscopic constaiits likeandw,x.

from absorption spectra because only a structureless Franck-Condon envelope is observed. This is
explained by long lasting— I correlation functions and quickly dampégmatrix and matrix-matrix
correlation functions [62].

This situation provides a challenge and a test bed to derive the spectroscopic properties from fs-
pump-probe spectra. While for free molecules it was especially demonstrated/indhse [39] that
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the Fourier transformation of fs and ps data is equivalent to analyzing rotationally resolved vibrationa
progressions [143], this method requires modifications for the strong interactions in condensed phas
which in many cases lead to fast vibrational relaxation. A wave packet started at high vibrationa
levels falls down within a few oscillations in the potential well, thus passing quickly through regions
of rather different frequencies, prohibiting a standard Fourier transformation.

For this case it was shown [32, 144] that by following the decrease in duration of the vibrational
periods along the time course of a pump probe spectrum and by systematically varying the pum
photon energy, i.e. the starting pointin the potential well, it is possible to derive both the spectroscopi
constants and the vibrational relaxation rates.

This thesis works out the concept in more detail, and shows especially that accurate spectroscoy
constants also require a systematic variation of the probe photon enkagte( 7.2). The determina-
tion of vibrational relaxation rates relies on the anharmonicity, which becomes small near the botton
of a bound potential energy surface. The periods have to be measured more and more accurately w
decreasing anharmonicity and energy relaxation rate. An imprévstite potential energy surface
up to the dissociation limit is derived that includes the dynamics of the solvent cage. This potentia
is an effective 1-D-potential that should be observed in DIM-trajectory calculations, if the energy is
averaged over all trajectories, as detailedhapter 7.3.1. Shifting the spatial position of the probe
window near the dissociation limit directly yields snapshots of an experim&italtrajectory at
large elongation of the I — I bond The trajectories and the derived kinetic energies display the
details of the caging of thé atoms by the matrix atoms.

2.4 The molecule chlorine monofluoride (C' F)

The spectroscopy af; in rare gases shows that electronic transitions in this system lie unfavorably
far’! in the UV, rendering femtosecond pump-probe experiments difficult. ThE molecule pos-
sesses the interestirig fragment which is mobile in matrices, but has advantageous spectroscopic
properties as will be shown in this thesis.

24.1 Chemical and physical properties

The C1F molecule is the lightest interhalogen, with atomic massé§'l) = 35 amu andn(F) =

19 amu. The colorless gas is used in chemical industry as a strong fluorinating agent and is sol
commercially in large quantities but alsoin bottles with a purity of 99%7. The melting point of
CIFisT = 117.55 K and the boiling point ig" = 173.15 K. In contact with water it decomposes to
hydrofluoric and hydrochloric acid{F andHC'l). ClF is formed at 250C in the presence of copper

as a catalyst by the reaction sequette + 3F;, — 2C1F; followed by ClF3 + Cly — 3CIF [91].

The molecule is stable at room temperature against decay ibte- F» and a slight excess @fl,
prevents the disproportionati@d'| FF — Cl, + ClF3. Therefore, most of the 1% impurity in the gas
used isC1,.

2.4.2 Spectroscopy and potential

Despite the stability and commercial availability only little spectroscopic information on gas phase
CIF was available before V. A. Alekseeval. investigated this molecule using optical-optical double
resonance (OODR) spectroscopy [133, 145-148]. Merging their experimental work with the recen
configuration interaction (CI) calculations by A. B. Alekseyewdl. [121] has resulted in very accurate
potential surfaces for gas-phaSéF’ (see Fig. 2.11).

21Especially the probe to the ionic states would be 4.45 eV further t&'#iedue to the higher ionization potential 6
compared ta’l (cf. Tab. 2.1).
2250ld by ABCR GmbH & Co KG, Hansastr. 29¢, 76189 Karlsruhe, Germany.
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Figure 2.11: Potential of ClF from ref. [121]. The line structure represents the quantum nurfber 0"
(solid), Q2 = 0~ (dotted),2 = 1 dashed ané = 2 (dash-dot).
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Figure 2.12: Absorptions ofCIF, Cly, F>» and ClF3. The scale on the left hand side is for solid lines with
symbols,CIF (open circles after Zhitneva [150]¥,/F' (solid sgares after Pilipovich [149]) anll (open
triangles [151,152]). The scale on the right hand side is for the stronger absorbing moteg (diested [153])
andClF3 (dashed [154]).

Electronic absorption spectra in the dissociation continuur®idf are given in ref. [149, 150]
for the range from 190 to 360 nm and reproduced in Fig. 2.12. The maximum of the absorption is
around 270 to 280 nm with a weak cross section ef 1.36 x 1072° cm2 (ref. [150], open circles)
oro = 1.21 x 1072 cm~2 (ref. [149], solid squares).

In a third paper [155] the absorption band at 270 nm is shifted to 250 nm and stronger by a
factor of 8, probably due to A e impurity. A comparison to a calculated absorption spectrum gives
confidence in the above mentioned spectra (cf. Fig. 5.2). The separation from impuititiés and
ClF3 is difficult according to Fig. 2.12. Despite the weak absorption in the bound B@té,), a
laser excitation spectrum has been reported by I. S. McDermid [156] and references for the pioneerir
work on theClF molecule are given therein. The spectroscopic data for the ground state obtainec
by various methods are collected in Ref. [157] and reproduced in Tab. 5.1. The relative absorptio
cross sectionso( ~ 12) for the B and'II state can be estimated from the transition momerttsat
were kindly provided by A.B. Alekseyev [158]. The ratio of the respective maxima yigl&s —*
I;)/0(X — B(*Ily) = 50 (cf. discussion in chapter 5.1.2).

The value for the fundamental frequengy.; of the ground state is taken from IR absorption data
[159] that have been reinvestigated by J. A. Coxon [160]. The ground state vibrational progressiol
characterized by the frequengy and anharmonicity.z. are derived from electronic absorption and
emission data of th&l « B transition [157].

Several articles concerning IR and Raman spectr@iéf in condensed media have been pub-
lished. The first [161] was o€’ F" in solid Ar and N,. L. Andrews reported more details on infrared
spectra of I F’ in rare gas matrices at a dilution of 1:50 [162]. In addition to the slightly shifted ground
state vibrational frequencies of 770.2 chand 762.7 cm! for the two isotopes (imr) additional
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peaks were observed and attributed to dimers and higher clusters. The frequency of a matrix-isolated
ClF-monomer is shifted to the red by approximately 3<¢nn Ar and 10 cnt! in Kr as compared

to the gas phase values [157]. Similar red shifts have been reportéd foin liquid Ar (5 cm™?),

O,(6 cn 1) and N, (8 cm 1) [163].

Spectroscopy on the ionic states is performed by the OODR technique [133, 145-148] and the
emissionD’ — A’ has been used to construct a lasex at 284.4 nm [164—166]. Absorption spectra
for the lowest Rydberg states [167] @1 F (140 - 129 nm) can be compared to calculations [168].

Several publications report very precise experimental [169, 170] and theoretical [109] studies of
the ground state of the triatomic van-der-Waals comple&'/ F', showing deviations of the potential
from simply adding pair-potentials, and reveal three-body effects. The effects are quite small but may
play a role in the initial alignment of th€/F molecule in thedr matrix (see end of chapter 2.2.1).

2.4.3 Photochemistry of C1F

Few experiments on the photochemistry(dff’ in the gas phase have been reported. Photodissoci-
ation of C'lF3 yields F andC'l atoms [171] and the photolytic reacti@d'lF — Cl, + ClF3; was
investigated by Zhitneva [150]. Two-photon laser assisted reactionsXvitproduce the excimers
XeClandXel' [155,172] and these species are used in the OODR experiments to detect the forma-
tion of the ion-pair states af'l F' [133, 145-148].

Two reviews on photochemistry in matrices deal especially with the reactioasfedgments
in Ar and Kr [36, 86]. In an early matrix study the — C'l — F' radical was investigated in solid
nitrogen, since it is interesting for chemical structure considerations of a 21 electron system [173-
175]. Complexes and photoreactions(dfF’ with metal atoms [176], with hydrogen [177] and with
oxygen were studied by IR spectroscopy and UV absorption [178].

244 Stabletriatomicraregashalidesin the ground state

Some rare gas halide trimers of the forfg.X, form stable moleculesXeF; is a white powder at

room temperature Kr F; is calculated [179] to be stable by 0.39 eV and the experimental value is
1.01 eV [92-94]. It has been observed in matrices by IR and Raman spectroscopy as well as the
moleculeCiXeF [95]. The same experiments that tried to prep@i&’r F' did not have a positive

result, although the species is predicted to be stable [97]. The linear molecule was observed

by ESR spectroscopy [180]. These molecules may be important in future experiments, when the
fs-control of photochemical reactions is pursued further.

245 Electronic states of interhalogens. C1F

Halogen and interhalogen molecules exhibit a simple electronic structure. The constituent atoms have
a single p-hole in the outer shell, giving rise to states which are equivalent to those from only one outer
shell electron. The orbital diagram f6fl F" is shown in Fig. 2.13. Thé" atom has higher electron
affinity and thus the binding molecular orbitatsand = have higher probability near the atom,
whereas the antibinding orbitals are close€t0 [181]. In the correlation diagram the interhalogens

are close to the separated atom model [137, 139].

The electronicstates of a molecule, e.gX, I1, A, result from occupying the molecular orbitals
with electrons. The ground stafé('Y,) of CIF is a singlet state, because all spins are paired up
when the five p electrons df andC' occupy the lowest possible molecular orbitals as shown in Fig.
2.13. The symmetry. comes from the unoccupiedt orbital. The lowest valence states ardll
and 1TI. They originate from an excitation* — ¢*, thus the total orbital angular momentum of
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F%LH_T% ﬁ% Figure 2.13: Orbital diagram ofC{F. The
% % pﬂtt‘_v% atomic s and p orbitals af andF are oc-

cupied with seven electrons each. In the
ground state all molecular orbitals, except
the antibindingr™ are occupied with a pair

of electrons. The excitation of one elec-

S tron fromz* to o, indicated by the dashed
Gﬁ; % arrow, gives rise to the lowest lying excited
states.
Cl F

the unoccupied orbitals i& = 1 + 0. The two spins can be either parallel or antiparallel (triplet or
singlety?,

The following paragraphs summarize and extend the discussion of the orbital character of th
different states from the recent publication on CI calculation§'thi by A. B. Alekseyewet al. [121].
Potential curves are given for all 23 valence states and 9 ion-pair states. In the Franck Conda
region, the most stable electronic configuration isdfhe*7** closed-shell species, which produces
the strongly boundX (1X,) ground state. The orbital has binding character, while its counterpart,
the lowest-lying unoccupied* orbital, is antibinding . In the Franck Condon region, thandr*
orbitals are also binding and antibinding , respectively, though much more weakly so in comparisor
with thes ando* MOs. They become nearly lone-pair, orbitals localized on thé’ andC'l atoms
at intermediate distances larger than 4,0 The ground state dissociation energy can be estimated
from the calculated energy value at a lafgg:" separationy = 20.0 ag, which givesD, = 20878
cm! = 2.589 eV. The upper limit derived in experimental studies from the predissociation d$ the
state [156, 182] caused by the interaction with a repulgivetate isD, < 21126 &6 cm™*.

All other eleven valence states result from thier or o — o* excitations relative to the?z*7*
ground state configuration. The lowest tWoF excited states are’Il and1'II (0?77 *30* in the
Franck-Condon region), which correspond totfie— ¢* transition with the lowest excitation energy
(Fig. 2.13). Thel*II multiplet is the onlyC1F excited state which is bound, by approximately 2700
cm~! without spin-orbit coupling, and is characterized by a much larger equilibrium distance, 3.9
a, vs. 3.07a, for X (*%). It is worth noting that at a bond length of 3.9 the 7 and7* MOs are
almost completely localized on tiéandC'l atoms, respectively, and thus have nonbinding character.
This means that th&’II state arises from excitation out of the nonbindingto the antibindingr*
orbital, which explains its much smaller binding energy relative to the ground stater >Fie*3c*
configuration dominates the?1l state up to its equilibrium distance, where contributions from the
o’m3r*o* 718.0% andolntr*30*? ~28% configurations also become important, with their influence
quickly increasing at longer distances. The same type of behavior is also characteristicifti the
state, for which the exchange of leading configurations happens at slightly shorter distances. Th
state has a flat potential curve, with a very shallow minimum of approximately 100 dapth at 6.5
Qo

When the molecular bond is broken in these lowest electronically excited states, the atomic frag
ments dissociate intbP states. Since thé' has higher electronegativity the hole stays with the
F', as this corresponds to lower energy than ttiehole, which stays at th€'l. Geometrically, the
singly occupied atomi@ orbitals are oriented as shown in Fig. 2.14. At large internuclear distances

23The 1 before'll is the principal quantum number and counts the number of nodal planes in the wave function. 1
corresponds to one nodal plane at infinity (ref. [137] p. 326).
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Figure 2.14: Molecular orbitals for dissociation in the first excited state manifold@'bf. The two antibinding
singly occupied molecular orbitals 6fi F' tranform to atomic orbitals localized aril and F'. Thep#* orbital

is a lone pair already fokR > 3.9 qy. SinceF" has higher electronegativity, the hole (h) in the highest molecular
orbital o* stays withF' during dissociation. The singly occupied P-orbital onfhatom is accordingly oriented
parallel to the direction of motion. Th&! is left with the hole in an orbital perpendicular to this direction.

R > 3.9 &, the molecularr orbitals already resemble lone-pair, orbitals. The singly occupieft
orbital of the F" atom @pc*) points in the direction of the dissociative motion, whereastherbital
is perpendicular to itAp7*). After dissociation, th€’l and F' radical are left with seven electrons in
the outer shell, each. The singly occupidrbitals onC'l and F, i.e. the ones which are left with
a hole, are oriented perpendicular and parallel to their direction of motion, respectively. This will
influence the encounters with the solvent atoms, and the picture helps to visualize the processes in the
scattering and spin-flip dynamics ¢hapters 7.5.3 and7.6.

There is a large gap in thél F' electronic spectrum, up to an excitation energy of approximately
55 800 cnt!, at which the first two of the ion-pair stateSIBo?rir*30*) and 23X~ (o?ntn*20*2),
appear. They converge ©I* (' P) + F~(19) of the separated atoms. Both of them are strongly
bound, mainly due to th€'l* — F~ electrostatic interaction, which explains their long equilibrium
distances with respect to thi&/ /' ground state. The transitions to these states are used to monitor
the recombination dynamics 6fl F'/Ar, and the shifted difference potentials to the valence states are
given inchapter 5.3.1. The highest-lying states considered in ref. [121] are the singlet ion-pair states
13+, T and'A, all converging to th&!* (* D) + F~(1S) dissociation limit. They have very similar
potential curves with approximately 10000 chhigher excitation energies and will not be excited in
this thesis, however, will be important to stutiif state dynamics more closely, which lead to rapid
spin-flip (chapter 7.6).
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Experimental setup

This chapter introduces the reader to the setup used in the experiments. The important and uniq
aspects of the setup are described. The chapter on generation and characterization of light pulse:
extended, since the NOPA and FROG setups used, were in part developed within the thesis work. F
the theoretical background on nonlinear optics the reader is referred to the literature on the speci
subjects. Some footnotes are included to give helpful hints to those who work with this or similar
systems in the future.

3.1 Ultrahigh vacuum (UHV) setup and cryostat

The set-up comprises a mixing chamber (I) and a sample chamber (II) made from stainless steel (s
Fig. 3.1). The vacuum is established by turbo molecular pumps with rotary pumps for the pre-vacuum
The background pressures dfe® and10~® mbar, respectively. Pressure reduction valves connect
the mixing chamber with the high-pressure bottles with high purity gase$200 bar, 99.9999%),

Kr (200 bar, 99.998%). 'l F' (30 bar, 99% from ABCR) and’l; (30 bar, 99%). All gases are used
without further purification although in the future it may be desirable to purify@hg. This has

not been tried yet, because the chemical equilibria mentioned in chapter 2.4.1 may agair(léad to
formation. A needle valve controls the gas flux from the mixing chamber to the sample chamber.

The sample chamber is equipped with tila F, substrates that are thermally contacted with two
independent sample holders, made from copper. One is attached to a flow cryostat, the other to
closed-cycle cryostat. In most experiments the flow cryostat is employed, since it can cool the sampl
down to 4 K. The temperature is checked with a Si-diode from Cryophysics. The two samples are
thermally insulated from each other. They can be moved with the x-y-z manipulator holding the flow
cryostat. The cycle cryostat is connected to the sample holder with flexible copper wires from the
side, which limits the temperature to 28KThis setup allows switching between the cycle cryostat
for long term experiments and the He-flow cryostat without opening the vacuum chamber.

A similar setup with a closed cycle cryostat is used for the preparatiaih af Kr matrices
[32, 144] from the vapor pressure above a sdlictrystal (99,999% from Sigma Aldrich) andr
(99,998% from Linde). The background pressures were® fbar in the mixing chambérand
5.10-? mbar in the sample chamber. This low background pressure allows the samples to be kept fc
several days without noticeable changes.

1This can be improved with a refurbished cycle cryostat.

210-% mbar can be achieved by applying the turbo molecular pump but usually thembar produced with the rotary
pump are sufficient, sinck fluorescence is much stronger than that from all impurities. It was tested that the results
are not affected by the impurities. Most of the molecules expected to be present in the background gas are not resona
with the used laser pulses.
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Figure 3.1: The sample chamber contains the tWoeF; substrates, which can be moved with the x-y-z stage.

The He-flow cryostat cools the upper substrate, while the lower substrate is connected to a cycle cryostat with
flexible copper wires. The gas mixture (prepared in the mixing chamber) is sprayed onto the samples through
the thin tube, which connects the two chambers. A top view of the geometry of the substrate, the thin tube and
the laser beams is shown in Fig. 3.5. Besides the three connections@fhelr and Kr gas bottles, there

are two more (not shown) to attacfie andC';, bottles.

3.2 Sample preparation

The mixing chamber is kept permanently passivated with'. Before diluting 1 mbaiCF with

the rare gas at ratios ranging from 1:500 to 1:100,000 the mixing chamber is evacuated to a pressure
of approx. 10~% mbar. The mixture is introduced into the sample chamber (background pressure in
the sample chamber i)~ mbar) through a stainless steel valve with a thin tube attached to it and
sprayed onto a 1 mm thiok'a £, substrate. The geometry for the crystal growth is depicted in Fig.
3.5. The tube is at the same height as the laser beams. Thus the sample does not have to be moved
after preparation. Rare gas films of typically 106 thickness are grown in 30 min, which has

been verified by counting interference fringes of a HeNe laser. The quality of the films is judged by
eye and by the scattering of UV pulses. The deposition conditions (rate and temperature) have been
optimized to generate transparent and only weakly scattering films. The rate is controlled with the
needle valve and checked with the ionization manometer, which readsiilfar during deposition,
reflecting the dynamical equilibrium with the cryostat and the turbo pump. The temperature is set to
15 K for Ar and 20 K forK'r matrices. The temperature of the samples must subsequently be changed
quite slowly to avoid cracks in the film due to thermal expansion or contraction. If the samples are
deposited more rapidly or at lower temperatures, this usually leads to scattering films with many
cracks. Higher temperatures have the disadvantage of promoting the formation of molecular dimers
and higher clusters.
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Most of the experiments o@'l, were conducted in th€'lF/Ar or C1F/Kr samples. The 1%
content ofCl, in the C'l F' gas is sufficient, since the absorption cross sectiordfgris much larger
(cf. Fig. 2.12). To check the assignment of the bands and dynamicé,tgure Cl,/Ar samples
were grown at similarly low concentration from 1:10 000 to 1:100 000. For this purpose, gas from a
high pressure bottle with 1:1G0(,/Ar was diluted withAr.

The I,/ Kr samples consisting of 30m thick clear crack-free films of{r doped withl, in a
ratio of 1500 : 1 were prepared in the same way at 20 K as described in refs. [32, 144].

3.3 Laser system

A commercial regeneratively amplified Ti:Sa laser, (CPA 2001 from Clark-MXR) is the basis of all fs
pulses used in this work. It delivers pulses at 775 nm with a pulse duration of 150 fs at 1 kHz repetitior
rate and with a typical pulse energy of 7h0. This laser is seeded with a frequency doubled Erbium
fiber laser pumped with telecom diode arrays. It is a turn key system but has the disadvantage that tl
wavelength cannot be tuned. All tunable radiation is generated by subsequent nonlinear processt
Fig. 3.2 shows the setup in a block diagram.

At the moment four non-collinear optical parametric amplifiers (NOPASs) are pumped in parallel.
The remaining fraction of fundamental laser light is used for second harmonic generation (SHG) an
for white light generation in another experiment. This extremely flexible setup was made possible by
a greatincrease of NOPA efficiency achieved in this thesis (chapter 3.4). The chirp of the fundament:
at 775 nm is adjusted to produce a high conversion efficiency in all four NOPAs at the same time. Th
pulses are slightly negatively pre-chirped (blue components first) when leaving the CPA 2001, sinc
there is some dispersive material before the NOPAs.

3.4 New NOPA design

The first NOPA [183] setup goes back to 1997 and since then many groups improved various paran
eters [34, 35, 184, 185]. The major advantage of the new design presented in this thesis is that tl
efficiency of the process is doubled while excellent pulse stability and temporal characteristics ar
maintained for the same output power. In this way the NOPAs are now pumped with pulse energie
of only 0.11m.J. The commercial regeneratively amplified Ti:Sa laser delivers approximately 0.7-0.8
m.J and up to six of these devices can be pumped in parallel, while retaining some excess of pumg
power e.g. for SHG. In addition, the new NOPA is much more compact (300 x 600 mm instead of
600 x 1200).

The wavelengths of the NOPA are readily tuned, rendering this device a very versatile spectro
scopic tool. It is tunable from 460 to 720 nm, and it delivergd(ulse energy around 550 nm, thus
providing an excellent overall efficiency of about 10 %. The used pulse length was typically 30 fs and
with an optimized alignment pulses shorter than 20 fs can be obtained [35]. If one aims at record
concerning pulse duratioa 20 fs, the spectral bandwidth of the NOPA becomes very broad. These
pulses are less useful for the spectroscopic applications of this thesis.

34.1 NOPA setup

The non-collinearly pumped optical parametric amplifiers (NOPA) in Fig. 3.3 closely follows the
original design developed in the group of Riedle [183]. The pump light (11.6f the CPA output)

is mildly focused with a 2 m lens, approx. 1 m before the NOPA (not shown in Fig.3.3.8)
fraction of 4% is reflected off the beamsplitter (BS), focused with a 30 mm lens (L1) into a 1mm
thick sapphire plate and a second 3 mm quartz lens (L2) collects the divergent white light, generate
in the sapphire (Saph), and mildly focuses it into the NOPA BBO. This beam is kept parallel to the

3Alternatively a telescope setup that produces the same convergence can be used.
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Figure 3.2: Block diagram of the laser system. The pulses are produced in the commercial regeneratively
amplified Ti:Sa and split in two equal parts, one for th&" experiment (upper part of the diagram) and one

for the I, experiment (lower part). For th@lF' experiment, there are two equal optical paths. They start with

a NOPA (Fig. 3.3) to generate tunable fs pulses in the visible spectral region, pass an SF10 prism compressor
and a polarization rotation stage (Pol. Rot.). The second harmonic (SHG for UV pulses) is generated and the
pulses are recompressed in a quartz prism compressor, before they are directed to the sample. The polarization
of the third part of the Ti:Sa output is rotated im@2 waveplate. The SHG is generated and compressed in
another quartz prism line. The waveplate (WP) rotates the polarization subsequently for FROG and polarization
sensitive pump-probe experiments. Details of the setup in the dashed box are shown in Fig. 3.5. The setup for
the I, experiment is similar, except that the SHG stages are missing, since the visible output of the NOPA is

used.
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Figure 3.3: New design of the non-collinear optical parametric amplifier (NOPA). See text for an explanation.

table and aluminum mirrors are used to provide high reflectivity in the blue spectral regidmee

HR 775 mirrors direct the remaining 96 % of the pump light to the mirror HR 387, which is placed
~ 30 mm below the white light beam. The arrows on the mirrors indicate where the beam is lowered.
The SHG BBO (1 mm thick, 5 x 5 mm cross section) is placed in the convergent beam at the positiol
where the second harmonic efficiency (SHG) is maximal6() cm in front of the focus of the 2 m
lensP. The SHG efficiency isv 40%. The plane HR 387 mirror directs the SHG beam upwards,
through the NOPA BBO (2 mm thick, 5 x 5 mm), which should be placed at the position where the
NOPA efficiency is optimal{ 10 cm in front of the focus of the 387 nm beam).

The original design (commercially available from Clark) differs from the optimized setup de-
scribed aboveA 1 m lens in front of the NOPA reduces the beam size. The actual focusing of the
387 nm light is accomplished by a spherical focusing mirror (HR 387) with a focal length of 250
mm, which produces a hard focus just before the NOPA BBO. The SHG BBO is larger (10 x 10 mm)
and the beam size on this crystal is larger, which reduces the conversion efficiency. The major im
provement of the overall performance in the new design lies in the focusing conditions in the NOPA
BBO, since the wave fronts of the white light and the pump light are matched better for the weak
convergence induced by the lens.

3.4.2 Adjustment of the main parameters

Several parameters can be optimized to obtain pulses with specific characteristics. The waveleng
tuning is accomplished by tilting the NOPA BBO and adjusting the time delap{ HR775 in Fig.

3.3) between white light and 387 nm pump light. Since the white light is positively chirped by the
dispersive components, the red components come first, and the temporal overlap with the pump pul
has to be adjusted accordingly. Tilting the NOPA BBO changes the phase matching condition (Fig
3.4) for the NOPA process (pumyp signal + idler).

The spectral width of the pulses can be influenced with the chirp of the white light and the height,
at which the pump beam hits the HR 387 mirror. Additional dispersive material introduced into the
white light beam induces higher positive chirp, which reduces the amplified bandwidth, because nc
all spectral components temporally overlap with the pump light. The position of the beam on HR 387

4Reflection on silver mirrors is weak below 450 nm.
5At this point the beam has just the size of the cheaper 5 x 5 mm BBO crystals. In the commercial NOPA setup 10 x 1C
mm crystals have to be used.
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changes the non-collinear angle Fig. 3.4 shows the phase matching angl@s a function of the
output wavelength for different non-collinear angles [144, 185] The 2 mm thick BBO supports a
certain range of angle&® which have a phase mismatch of less thd) whereAk is the argument

in the sinc function [186]. Shifting the range® around® up and down in Fig. 3.4 is equivalent to
tilting the NOPA BBO. In order to support a large bandwidth with the phasematching condition,

the proper anglex must be chosen, for which the functié¥(\) is flat enough do be inside the
varianceA©. For the example depicted in Fig. 3.4, a rany® = 500 - 600 nm will be amplified.

If the phase matching angt® does not vary over a wide range of wavelengthsot only the phase
velocity wg / ko, but also the group velocitjw /dk is matchef [183]. This implies that the signal and

idler pulses co-propagate through the BBO at the same speed. Therefore, the temporal broadening is
minimal yielding short pulses and the efficiency of the process is increased. The non-collinear angle
« not only accomplishes this group-velocity matching but also, by coincidence, the spatial walkoff of
the pump and signal beam is minimized, again for the sake of efficiency in this geometry. Note that
there are two symmetric geometries that realize an afnghé the optical axis with the pump beam.

In the right configuration the angle of the optical crystal axis to the white light is largeiQHas].

A very sensitive parameter, as far as efficiency is concerned, is the white light generation. The
beam must be optimized in order to produce a spherical and homogeneous beam profile. The intensity
is adjusted with the tunable neutral density filter F in Fig. 3.3 in such a way that the white light is well
(but not far) above the threshold for optimal focusing. Sometimes it is easier to use the diaphragm D1
to cut a homogeneous and spherical beam out of the 4% fundamental. For a good alignment of the
NOPA, the entire intensity in the ring of parametric fluorescence generated in the NOPA BBO has to
collapse into the white light beam to produce a single intense laser beam.

3.5 Generation of tunable UV femtosecond pulses

3.5.1 Pump pulsesat 387 nm

The second harmonic (SHG) at 387 nm (fundamental 775 nm) is widely used throughout this work. It
is produced in a 1 mm thick BBO crystal by focusing 15 % of the Ti:Sa output with a 300 mm lens and
positioning the BBO approx. 5 cm before the focus. These pulses attain the theoretical limit of pulse
duration dictated by the pump pulse:= 150/+/2 fs ~ 110 fs after compression, which is measured

in a FROG autocorrelation (Fig. 3.5). The pulses are compressed in a quartz prism compressor. The
efficiency of the SHG is approx. 30 %, yielding pulse energies qiB4

5Recall the dispersion relatior? (w) = w?n?(w)/c?.
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3.5.2 Pump and probe pulsesfrom 240 - 360 nm

The NOPA output is frequency-doubled in a 1@ thick BBO crystal to the range from 240 to 360

nm with pulse energies of aboufd. The BBO is placed very close to the focal spot of a 300 mm lens.
The bandwidth of the resulting UV pulses is limited to approx. 2 nm by the bandwidth of the SHG
in the BBO crystal with thickness 1g@m. The intensity of the SHG sy g ~ L?sin ?(AkL/2)

[98, 186]. To compress the NOPA pulses, SF10 prisms were preferred, since quartz compressc
would increase the beam length by 1.5 m. For compression of the UV pulses, however, quartz prisn
must be used. The spectral profile is close to Gaussian and from the Fourier transformation of th
2 nm bandwidth at 270 nm, a pulse duration of 60 fs is expected. This has been verified by a PC
FROG inCaF; with the 387 nm pulse as the gate (cf. chapter 3.7). UV pulses as short as 30 fs
have recently been achieved in the Riedle group [187], using thinner BBO crystals. This has not bee
implemented during this work, since the conversion efficiency is reduced. In addition, the increase:
spectral bandwidth limits the time resolution in the pump probe spectra, if the potentials are strongly
anharmonic. The large variation in the shape of the pump-probe spectra in Fig. 6.8 upon tuning th
probe wavelength by only 2 nm indicates that spectrally broader pulses would smear out the spectr
Moreover, the time resolution in thB state spectra is limited by the pulse duration of the 387 nm
pulse. In the future, however, it will be worthwhile to generate shorter pulses for experiments with
I excitation, i.e. when the second harmonic of the NOPA can be used for pump and probé pulses

3.6 Pump-probe and FROG setup

Fig. 3.5 shows the multi-purpose optical setup, which is used to characterize all femtosecond pulse
and to perform the pump-probe experiments. In addition, the time zero, i.e. the time coincidenc
At = 0 of pump and probe on the sample, can be measured with this setup. First the upper half
the setup is described. The three boxes labeled SHG of NOPAL, SHG of NOPA2 and SHG of Ti:S
indicate the three independent UV pulses described above, each after running through the UV prisn
compressors mentioned in Fig. 3.2. In the following they are referred g;as)y2 and ;. Note

that all pulses are polarized parallek to the optical table, since this allows the prism compressors
to run in Brewster angle configuration, which minimizes the reflection losses and in addition improves
the degree of linear polarization. If the beams are properly aligned, i.e. are parallel to the optical table
no additional polarizer is needed to improve the polariz&ti@n the dichroic mirror DM, which is

a high reflector for 387 nm on a quartz substrate, the beamsand \r; are overlapped and they
co-propagate subsequently. The beamsplitter BS is mounted in a flip-holder and is inserted for puls
characterization with autocorrelation FROG. The retroreflector (R) is mounted on a delay stage the
can be moved with a computer-controlled stepping motor with 1 step correspondipgta.®. 0.66

fs (the beam travels additional;2n when the mirror is displaced bym). The beam\ v tightly
passes mirror M1, and the beams are aligned in such a way thgbropagates parallel to the two
other beams at a distance of approx. 8 mm. If the waveplate WP is inserted into the setup, it rotate
the polarization of\y; or Ay;. The flip-mirror FM determines, whether the pulses continue to the
external FROG setup in the dotted frame or to the sample chamber where the FROG can be measul
"In situ” and where the pump-probe experiments are executed. The identical quartz |e@sesLL

have a focal length of 100 mm and a copy of the entrance window of the sample chamber provide
the same dispersion in the external FROG setup.

"Then quarz prisms will have to be used to compress the NOPA light. Otherwise higher order chirp will limit the pulse
duration.

8]f the beam is reflected up and down, i.e. not symmetrical with respect to the polarization vector, metal mirrors induce
elliptical polarization.
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Figure 3.5: Combined pump-probe and FROG setup. Frame external FROG: A signal and a gate beam are
focused on th€'a F; substrate. The signal beam passes the polarization analyzer (Pol) and is spectrally resolved
in the fiber optic spectrometer (fiber spec.). Without frame: Three horizontally polarized bgams,» and

Ar; are provided (see Fig. 3.2). The beam splitter BS and the mirror FM are mounted on flip-holders. BS is
only introduced for FROG autocorrelations. FM is flipped out of the laser beams to run the external FROG.
Frame "in situ” FROG: identical setup as for external FROG. Here(thé; substrate is in the center of the
sample chamber, and the fluorescence can be detected in the forward direction andthEd®onochromator

(MC) and a photomultiplier tube (PMT). The polarizer (Pol) and the fiber spectrometer for the FROG have to
be removed, when fluorescence in the forward direction is recorded. The gas inlet shows the thin tube for the
doped rare gas used to grow the samples orCihg substrate.
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3.7 Pulsecharacterization and deter mination of time zero

The pulses are characterized by the Polarization-Gating Frequency Resolved Optical Gating tec
nigue [188, 189] (PG-FROG). The setup implemented in this thesis allows the characterization o
fs pulses from IR to UV (Fig. 3.5). It owes its flexibility to the use of a fiber optic spectrometer
as a wavelength resolving detector. The visible pulses from the NOPAs, the Ti:Sa fundamental an
its second harmonic are measured by autocorrelation, i.e. the pulses are split into two copies at tt
beamsplitter BS, one pulse serving as the "signal” beam and one as the "gate” [190]. The pulses a
delayed with the same stage as in the pump-probe experiments and focused onto the 1 @iavthick
substrate (nonlinear FROG medium) in the sample chamber or alternatively on an equivalént
outsidé. The frequency doubled NOPA pulses are too weak to characterize them by autocorrelatior
For them cross-correlation with a well characterized and strong 387 nm pulse is used by flipping the
beamsplitter BS down. The duration of the 387 nm pulse limits the time resolution of the FROG
cross correlatiol. In all FROG measurements the "signal” pulse is linearly polarized, passes a po-
larization analyzer POL after the FROG medium and is focused into the fiber optic spectrometer (cf
chapter 3.8). The\/2 waveplate (WP) turns the linear polarization of the gate pulse to approx. 45
with respect to the signal pulse. If the pulses overlap in space and time inside the FROG medium, th
nonlinear susceptibility ® induces polarization components in the signal beam that pass the polar-
ization analyzer (POL). The intensity of these componéntgyg ~ ]signal]gzate is proportional to the
intensity of the "signal” puls€;,,.,; and to the square of the intensity of the gajg.. By scanning
the delay between signal and gate, a two dimensional FROG trace is generated that shows the inte
sity of the pulse as a function of frequency and time. The chirp (frequency modulation) of the pulse
can be read directly from the FROG trace [32,144,190]. In this thesis only transform limited pulses
are used; however, this setup allows the characterization of shaped pulses in future experiments.
The time zero of the pump-probe experiment is given as the center of the cross correlation, i.e. th
projection of the FROG trace onto the time axis. When the cross correlation FROG is measured i
the sample chamber, a pump-probe spectrum can be taken in the same scan, when the LIF is collec
at 90 (see below). This allows a very precise measurement of the time zero in the pump-probe
spectra with an uncertainty @kt = +20 fs. In the experiments involving two frequency doubled
NOPA pulses, the time zero must be inferred from the pump-probe spectrum itself. This is usually
not difficult, since for equal pump and probe wavelength the spectrum is symmetric and for different
wavelengths a minimum is clearly visible.

3.8 Fluorescence detection

The lower portion of Fig. 3.5 shows the sample chamber with the setup for fluorescence detectior
The laser beams are focused onto the rare gas sample on top @ fiiesubstrate, which can be
rotated and is usually kept tilted &i°. In this configuration, the fluorescence can be detected simul-
taneously in the forward direction and perpendicular to the incoming beams to reduce stray light.

In one set of experiments, the fluorescence is excited with@! excimer laser at 308 nm (typical
parameters: pulse duratiakt = 10 ns, repetition rate 10 Hz, pulse energy = 200 pJ, focus

9To find the signal it is helpful to first find the spacial overlap with a pinhole. In some cases a 1 mm sapphire window is
used, but the FROG signal often saturates even on the thipa0€apphire window.

101f UV pulses as short as 30 fs are to be characterized, one will have to resort to other techniques like downconversio
in very thin BBO crystals. The 775 nm pulse cannot be used because of the large group velocity difference to the UV
pulses.

1t turns out in the experiments that all fluorescence bands!éf/Ar are isotropic and unpolarized. This reflects the
fact that the molecules undergo strongly hindered rotation within the fluorescence lifetime or that they are randomly
tilted after scattering events. A different situation is met in the cade 6K r andCl,/Ar, which are sterically fixed.
Here the fluorescence is emitted with polarization parallel to the exciting polariza&t@An= 0), implying emission
with a dipole characteristic.
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diameterd = 2 mm). The corresponding mirrors and the lens are not shown in Fig. 3.5, but beam
propagates in the direction of the shown laser beams. This yields the valence band eAfission.

The ion-pair emissio)’ — A’ is accessed by excitation with two photons, e.g. by using higher
repetition rate or tighter focusing. The tunable fs laser pulses from two frequency doubled NOPAs
(An1 andy-) are used alternatively to produce tHeand D’ emission or the excimer emission of
KryF. The second harmonic at 387 nm of the Ti:Sa regenerative amplifier system accesses only the
valence states af'l F, also generating thd’ emission.

For frequency domain spectroscopy, the fluorescence from the sample is collimated with a 100
mm fused silica lens onto a fiber optic spectrometer (fiber $pett)has a resolution of 0.7 nm for
the large wavelength range from= 350 to 1050 nm and of 0.3 nm for the range extending from
200 to 530 nm. The integration time is 50 ms. For decay time measurements, the time window
is delayed with respect to excitation. Contributions on shorter time scales are checked using either a
CCD camera with a time resolution oful, or a photomultiplier tube (PMT) behind a monochromator
(MC). Two monochromators (MC) with PMTs are used in pump-probe experiments to record different
fluorescence bands simultaneously. One of the monochromators can be scanned with an electronic
control unit. The UV fluorescence spectra were taken with this setup. For very strong emissions the
fiber optic spectrometer can also be used.

For I, in Kr, the sample is perpendicular to the incoming beams and the fluorescence is detected
in the forward direction using a combination of color glass filters and a monochromator before the
photomultiplier. The fluorescence around 420 nm consists of two contributions [80] belonging to the
D’ — A" and the3 — A or§ — A transitions and both bands were detected together. The details can
be found in the two respective diploma theses [116, 144].

3.9 Pump-probe setup

For time domain spectra, the fluorescence is collimated onto two monochromators with photomulti-
plier tubes, one in forward direction and one perpendicular to the laser beams, in order to monitor
two bands at the same time. The photo current is amplified by the factor 100 and 1000, respectively,
before it is integrated in a box car. The analog box car output is digitized with a DAC card and fed
into the computer. One data point in a pump-probe spectrum is typically an average over 1000-8000
laser pulses, depending on the noise level and the time constraints due to bleaching of the sample.
The setup is also used to measure time domain spectra with the full wavelength information of the
fiber spectrometer when the intensity of the fluorescence is strong enough. Then the setup resem-
bles the setup for FROG measurements but without the polarization analyzer POL (chapter 3.7). The
fluorescence, instead of the "signal” pulse, is focused into the fiber optic spectrometer.

Pump and probe pulse are delayed with respect to each other on a delay stage which can be moved
by a computer controlled stepping motor (Fig. 3.5). Ford@hé andC', spectra, the pump pulse was
either the second harmonic of the Ti:Sa at 387 nm or a frequency doubled NOPA (240 - 330 nm). The
second frequency doubled NOPA served as the probe pulsel; leaperiments two NOPA pulses
were used after pulse compression in a quartz prism sequence.

In the pump-probe spectra that involve probiRg F, there is a large delay-independent back-
ground, since vibrationally relaxeffr F' is also probed. Therefore a software "lock-in” technique
was implemented; a synchronized light beam chopper (model 221 from HMS Elektronik) blocks ev-
ery second pump pulse. The computer then subtracts the signals with probe pulses only from the ones
with pump and probe pulse. This method greatly improves the signal to noise ratio. Some comments
on the "lock-in” signal and its interpretation are given in the Appendix. This technique will be useful

12The SD2000 fiber optic spectrometer from Ocean Optics is also used for the FROG measurements. For the spectroscopy
the polarization analyzer POL is removed.
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in future experiments, whenever an unwanted, delay-independent signal from metastable states (e
A’ state ofClF) exists.
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Part |

Spectroscopy and Photodissociation of CUEF in Ar
and Kr

Before femtosecond pump-probe experiments on a new molecular system can be performed, the spec-
troscopy of the constituent molecules has to be clarified. This chapter provides the first spectroscopic
account of excited electronic states@fF' in the condensed phase. The absorptiol'6F should

be known for the choice of the pump pulses. The selection of the probe pulses in recombination
dynamics requires the knowledge of the excited state absorptiohiiof The absorption of rad-

icals in Kr is needed to monitor the cage exit dynamics of Eh&tagment. The fluorescence bands

after pump-probe excitation are recorded to provide an assignmentbf theneasured in the pump-

probe spectra. The main motivation for the choic€®F’ is to investigate the competing dissociation

and recombination processes in the condensed phase. The expected cagf exdrob is essential,

and therefore also the photodissociation yield is examined here.
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Chapter 4

Spectroscopic results

4.1 Valence statesof C'F

The valence states are accessed by single photon excitation either with an excimer laser (308 nn
with the second harmonic of the Ti:Sa (387 nm) or the tunable NOPA (330 - 250 nm).

4.1.1 Absorption

Absorption spectra of the rare gas films were taken with the white light continuum of a Xe arc lamp,
focused onto the’IF'/Ar sample and afterwards collimated on the fiber optic spectrometer. The
broad absorption af'/ F' was too weak to distinguish it from the scattered light that increases towards
the UV. As the UV light dissociateS| F', a change in optical density of the sample is observed, which
is probably due to absorption at 320 nm from th&-, species generated [173], or due to bleaching
of the C'l; absorption at 330 nm (Fig. 2.12). Since the absorptiofi/df in rare gas matrix could not

be determined experimentally, the gas phase absorption is compared to calculations in chapter 5.1.

4.1.2 Emission from valence states

Excitation of CIF in Ar with a concentration of 1:1000 at 290 nm into the repulsSiMe state {i;

in Fig. 4.1) leads to a fluorescence spectrum shown in Fig. 4.2a. The vibrational progression witl
9 peaks ranging from 600 to 950 nm indicates recombination within the cage and emission fromn
the bound?II states. The corresponding spin-flip occurs within less than 500 fs (cf. chapter 7.6).
Only one progression is observed in the spectrum, suggesting that vibrational relaxation is complete
within the radiative lifetime. Indeed, the assignment in the discussion (Sect. 5.1) shows that the spe
trum corresponds to transitions fromh = 0 in the A’ state to a series af’ levels in the electronic
ground state/r, in Fig. 4.1). Increasing th€'/F’ concentration from dilutions of 1:20000 up to
1:1000 results in an approximately linear increase of the fluorescence intensity and leaves the spe
trum unchanged. It is therefore attributed6/” monomers. A significant contribution from a broad
background, probably originating from dimers and higher clusters, is observed only at concentration
as high as 1:500.

Changing the excitation wavelength to 308 nm yields spectrum b) in Fig. 4.2 which contains the
same progression as for 290 nm but with a superimposed sequence of sharper lines. The additior
lines were previously identified as th€ (v = 0) — X (v”) vibrational progression af'l, [191]. In
the gas phase, the absorption cross sectiafilgfexceeds that of'/F' by a factor of 60 at 308 nm
(Fig. 2.12). The rather similar intensities of th#, andC' I’ emissions in Fig. 4.2b are consistent
with the specified 1%’ impurity content in the sample gas. At 290 nm the absorption cross sections
become equal and so th#, lines are not visible in Fig. 4.2a. Thié&l, emission lines are sharper than
the CIF lines and the triplet structure due to the isotope splitting'bf[191] is well resolved. Thus
the width of theC'l F" lines is not limited by the experimental resolution. There is no systematic trend
of the bandwidths with”; the line shape is predominantly Gaussian and the width (fwhm) obtained
from the Gaussian fit is included in Tab. 4.1.
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Figure 4.1: Potential diagram o€l F' from ref. [121]. The line style indicates tlé quantum number. All

valence states are unshifted and the gas phase ion-pair energies are indicated on the top border of the plot. The
E state is indicated with the shift in absorption (4500 &vand the emitting)’ state with the shift in emission

(10000 cntt). hvy and hy} indicate the absorption to thB and!Il state that result in the emission band

A" — X (hiw). The excited state absorptidms to the E state induces the emission band fréwith three
contributions.
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Figure 4.2: Vibrational progression of thd’ — X fluorescence of’/F in Ar for different excitation wave-
lengths: )\, = 290 nm (a), 308 nm (b) and 387 nm (c). The numbers indicate the vibrational quantum number
v” in the X state (see chapter 5.1.1). The sharp peaks in the spectig.fer 308 nm and 387 nm are
zero-phonon lines for the three isotopomer<éf
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With 387 nm radiation from the frequency doubled Ti:Sa laseri(&]1,) state of C1F (hv; in
Fig. 4.1) is excited. The sam@|F' fluorescence band is observed as with 308 nm excitation (cf.
Fig. 4.2c), but the relative intensities compared todliglines are changed. Nonradiative relaxation
populates the same excited stat€fff’ in the end, independent of the electronic valence state that is
excited (cf. chapter 7.6).

The fluorescence lifetime has been measured by delaying the 50 ms integration window of the fiber
spectrometer with respect to the excimer laser pulse. Fig. 4.3 shows a semi-logarithmic plot of the
intensity of the twaC'lF' bands between 14000 and 15100 ¢min this range no contributions from
C'l, spoil the spectra. The exponential fit yields a lifetimé ¢f + 6 ms. No significant contributions
on shorter time scales could be found with the CCD camera, which hestiine resolution. An
additional quickly decaying component is observed for high concentrations only and attribGted to
containing dimers, since the fluorescence spectrum has the vibrational patt&snathout isotopic
splitting.

A similar but slightly red-shifted progression is observedin matrix (Fig. 4.4) and the maxima
of the transition energies in both matrices are listed in Tab. 4.1.

4.2 lonic statesof CIF, C'ly and excimers

To access the ionic states or the excimers, two photon excitation is needed. This is accomplished
by tight focusing of the excimer laser or by a double-pulse sequence of femtosecond pulses with
appropriate time delay.

4.2.1 Emission from CItF~

The tightly focused excimer laser excitation at 308 nm results in an additional fluorescence band
around 420 nm (Fig. 4.5). Its structure and short wavelength are incompatible with emission from
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7 | 12735 250 11975 290

8 | 12044 232 11304 266

9 | 11371 282 10696 380

10| 10701 274

valence states since the only bound valence state would emit in the red range. The band can
decomposed into four contributions with Gaussian shapes and equal widths as shown in Fig. 4.
and discussed in Sect. 5.2. The emission from valence states shown in Fig. 4.2 slowly bleache
with irradiation due to permaneit/F’ dissociation (see chapter 5.4). The three bands around 420
nm, except the fourth peak at 20,000 tinshow exactly the same bleaching behavior as the red
fluorescence band. Since the red bands unambiguously belarigtdhe same holds true for the
three blue emission bands, which must result from excitation of higher-lying ionic states. The ionic
manifold can only be excited by a two-photon absorptio'of’ (hv; andhvs in Fig. 4.1) and it

is the only one in reach for two photons at 308 nm. This assignment is confirmed by the quadratit
dependence of the emission intensity on the incident laser pulse energy. The fluorescence lifetin
is measured with a combination of filters and a photomultiplier to be 50 ns. A lower bound for the
gas-phase lifetime of = 15 ns attributed to theD’ state is given by the laser emission [165] with
3.3 bar buffer-gas pressure and a similar lifetime has been estimated from OODR experiments [147
However a longer lifetime may be observed, whenftestate is populated via the longer-livéd -

state, which is excited in the present experiment. This has been detailed for the CasEL66, 192].

In the condensed phase nonradiative electronic and vibrational relaxation within the ionic manifold is
generally fast compared to the radiative decay. Therefore, the emission is attributed to dipole-allowe
transitions from the lowest ionic stat®/ (°I1,) to the lower lying valence statesy, in Fig. 4.1).

4.2.2 Emission from Krj F'~ exciplex and CI*Cl~/Ar

The emissions reported in this chapter have already been observed and published. The aim of tf
spectroscopic study is to show how they can be excited with two femtosecond pulses, that will be
used in pump-probe spectra.

Kri F~ emission

The only excimer emission that could be exploited for pump-probe spectroscopy in this thesis orig:
inates fromKr; F~ and is displayed in Fig. 4.6a as the noisy line. This emission, centered around
460 nm, was previously assigned in ref. [54] and reproduced in Prof. Schwentner’s group [82, 193]
Fig. 5.3 confirms that thé&'r;” '~ emission is observed in the present experiments. It is produced
by two pulse excitation with\ 4, = 387 nm and\,,.,.. = 270 nm. The noisy line is the signal of

a sample irradiated with,;;; and\,, ... for 3 minutes to generaté by C1F' dissociation and excite
the K'r F’ excimer. The spectrum of a virgin sample with@utadicals is subtracted (not shown). The
emission grows and saturates with irradiation time (cf. chapter 4.3.3). The shape of the emission |
independent of the degree 6f F' decomposition and only,,.,. = 270 nm is needed to excite the
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fluorescence after the sample was irradiated. This substantiates the assignment to a product of the
dissociation. Sinc€'l containing products can be ruled out (see chapter 5.2.2), it must be assigned
to a KrF species. The spectra can be fitted with two Gaussians centered arpund41 nm and

A2 = 481.5 nm. Fig. 4.6a displays the fit to the noisy line as thick dashed lines.

Fig. 4.6b collects spectra which represent the emissions that contribute to pump-probe signals that
monitor the cage exit dynamics (chapter 7.7). They are the difference of the spectra taken for time
delays between pump and probeXf = 0 ps (dashed)\t = 1.5 ps (dotted) and\¢ = 100 ps (solid),
respectively, minus the spectrum recordedAdr= —1.5 ps (hot shown). These spectra correspond
to three measured intensities in the pump-probe spectra in Fig. 6.13a. The differences are only 10%
of the entire recorded signal (noisy line), and the spectra in Fig. 4.6b have been smoothed. The
noisy line in panel a) thus represents the spectrum of alkth# species that accumulated during the
experiment and do not undergo recombination'td’ (see below). The 10% variation measures how
this population off” atoms changes with the time delay of the pump-probe sequence on a timescale
of ps. In the first 1.5 ps, the spectra differ mainly in the intensity of the Gaussian at 441 nm. After
that, both bands are reduced by the same amount.

Fig. 4.7 shows a comparison of tiéry '~ emissions for the accumulated populations created
with Apymp = 387 nm andX,,, ., = 270 nm (thick lines) versus\,..,. = 278 nm (thin lines) in a
temperature cycle. In both cases the sample is irradiated until the saturation of the emission growth
is reached. While the signal intensity of the emission excited wjth,. = 270 nm is halved upon
raising the temperature from 4.5 K to 11 K and again from 11 K to 27 K. The intensity\with. =
278 nm is reduced by a factor 5 from 4.5 K to 11 K and then halved for a further increase to 27 K.
When the temperature is reduced to the initial 4.5 K, the intensity\faj,. = 278 nm excitation
recovers entirely. It does not recover instantaneously, but on the order of 20 seconds which is much
faster than the initial growth saturating afteR00 seconds. FoX,, ... = 270 nm the emission only
grows back to 75% of the initial value.

This behavior indicates that,, ... = 278 nm probes” atoms in such sites in th€r lattice which
do not recombine t¢'l F' by annealing. Warming up the sample leavesiheoms very near the site,
where they have been trapped after dissociation. On the other hand,= 270 nm probed atoms
that can disappear from their site by thermal migration.
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Figure 4.6: a) Kry F~ emission
from the accumulated population,
excited with a double pulse se-
guence of 387 + 270 nm, is shown
as a noisy line and fitted with the
sum of two Gaussians centered at
441 and 481.5 nm. b) The spectra
show the change of the fluorescence
band for excitation with time delay
At = 0 (dash) 1.5 (dotted) and 100
ps (solid) with respect to excitation
with At = —1.5 ps.

Figure 4.7 Kry F~ emission from the
accumulated population excited with a
double pulse sequence f,,,, = 387

nm and Ap.ope = 270 nm (thick lines)
VS. A\probe = 278 nm (thin lines). Start-
ing from 4.5 K (solid) the temperature is
decreased to 11 K (dashed) and 20.5 K
(dotted). Subsequently, the temperature is
lowered again to 4.5 K. While the spec-
trum for A0 = 278 nm gains back the
full intensity, 25% are lost for\,. ... =
270 nm. Note that the temperature de-
pendence for\,..,e = 278 nm is much
stronger.
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Figure 4.8. The solid triangles show the fluorescence spectrum measured after two pulse excitation with
Apump = 290 nm and\,..pe = 280 nm. It is attributed to the) emission ofCi*Cl1~ /Ar (thick dashed
[134,194]). Itis observed in pur€l,/Ar matrices as well as i’ F'/Ar samples due to the 1%/, content.

For comparison the dotted line shows tHej '~ emission [81, 83]. The solid line reproduces the F~
emission from Fig. 4.5.

Ary F~vs. CITCl~ /Ar emission

The analog emission idr matrices, i.e. fluorescence frodr; F~, is reproduced in Fig. 4.8 from

ref. [81] as the dotted line. It is centered around 355 nm and was excited by 193 nm pulses after
dissociation off’; in Ar. An excitation spectrum of thdr; /'~ emission in ref. [83] shows a threshold

of the absorption at 6 eV, corresponding to 208 nm.

In this thesis, a very similar emission is produced by excitation with a 290 nm + 280 nm pulse
sequence and is plotted in Fig. 4.8 as solid triangles. The same emission can be produced by 387 nm
+ 280 nm excitation, but then the stray light from the 387 nm pulses spoils the spectra. In ref. [195] it
was attributed to thelr;” F~ emission, and the surprisingly low excitation threshold of 286 nm was
argued to be conceivable for hbtatoms. A large energy of 1.3 eV would be gained in the ionic state
of Ar*F~ upon compression of thér — " bond from 0.35 to 0.24 nm [51] (cf. the corresponding
KrF potential in Fig. 5.5). However, this argument neglects that even in the largest interstitial site
the Ar F' bond is already compressed to 0.29 nm and the energy gain can only be half as high.

An intriguingly similar emission at 360 nm was reported €8rt Cl~ /Ar and it is reproduced in
Fig. 4.8 as a dashed line [134, 194]. The agreement with the curve measured in this thesis (triangles)
is good but not perfect. Therefore this new assignment was confirmed by preparing'lpyre:
samples. The same emission is observed, corroborating the assignmgm6 /Ar. In the CIF
doped samples this emission originates from the 1% conte@t ofn the C/F' gas. It is observed
with similar intensity as th€'/™ F~ emission, since the first step in the pump-probe sequence is the
much stronget’l; absorption shown in 2.12. Fig. 5.7 demonstrates that the absorption threshold of
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286 nm observed in this thesis is consistent with the calculated potential surfae, athen the
ionic state is red shifted as f6r F'/ Ar.

4.2.3 Excited state absorption of C'lF and Cl,

To locate the energy of the ionic statés" F'~ in absorption, two-photon excitation was performed
with tunable radiation from the frequency doubled NOPAs (chapter 3.5.2). Since the minima of the
ionic states are significantly displaced with respect to the bound valenceAtateand B, as shown

in Fig. 2.11, vertical excitation of a vibrationally relaxed population in the bound valence states
with 308 nm would not reach the minimum of any ionic state. However, frequency-doubled pulses
from the Ti:Sa laser ak,,,,, = 387 nm and 110 fs duration excit€/F' into the B state somewhat
above the dissociation limit:¢] in Fig. 4.1). A time-correlated second UV pulse (probe) from a
frequency-doubled NOPA excites the population from the triplet valence states into the ionic triplet
states, provided as the probe-photon energy is larger than the minimum of the difference paténtial
between the triplet valence and ionic states. The resonance condition [23, 45] for the probe photc
is determined by the difference potential” only and not by adding the energies of the pump and
the probe photons (cf. chapter 2.3.2). The NOPA probe wavelength is tuned while recording the blu
emission intensity at 420 nm. The onset of the blue emission is found at a probe wavelength of 32
nm, orAV = 31055 cm™!. The lowest transition allowed by the selection rules connect&tHel,)

state to thel)(°11,) state. Comparing the measurAd” with the gas phase value, and allowing for a
vertical shift of the calculated potentials [121] in the matrix due to polarization, a red-shift of 4500
cm ! is derived, i.e.T. (E),, = 51321 cm~'. Assuming an equal vertical shift also for the lowest
ionic state, i.e. thé)’ state (Fig. 4.1), the energy minimum for the ionic manifold is 50750 tor

6.29 eV which is included in Tab. 5.1 &5 (D’) .-

The same strategy is pursued Gt,/Ar. The sample is pumped with the 387 nm pulse. The
emission fromCI*tCl~/Ar at 360 nm is monitored while tuning the time-delayed UV pulse. The
onset of the excitation spectrum is found at 286 nm. With the same arguments as above, the minimu
of the E state ofCl, in Ar is red shifted by3758 cm™* to 7,.(F) = 38723 cm™*.

4.2.4 Absorption of KrF

The excimer absorption that leads to the above mentidiiegd 7/~ emission is presented in Fig.
4.9b. Itis recorded by measuring the transmission@f B/ Kr sample at various temperatures with
the white light spectrum of a focusede arc lamp. The white light dissociatés F' and detects

the absorption of{r F' simultaneously. The ratio of the transmission before and after bleaching the
sample with the white light yields the plotted spectra. For each temperature a fresh spot on the samp
was selected and irradiated for 5 min. The thick solid line shows another spectrum at 4 K, which wa:
taken after 30 min irradiation.. The comparison in 4.9a to the excitation spectra @fthé ~
emission reported in refs. [82, 193] and [88] demonstrates the assignment ko-fheabsorption,
which yields the emission at 460 nm (Fig. 4.6).

While the excitation spectrum reported by Apkarianoe 12 K (thick line in panel a), excited
with frequency-doubled dye laser, resembles the cold spectrum which was irradiated for 25 min (thicl
line in panel b), the spectrum due to Bressler (thick dashed line panel a), excited with synchrotroi
radiation, resembles the one taken at 27 K with only 5 min irradiation. Another absorption spectrun
of KrF/Kr at 22 K is available in the literature [132], and it shows a similarly broad absorption
peaking at 265 nm.

In summary, thek'r ' absorption, that generates the-; F'~ emission, depends on temperature
and on irradiation time (photon flux). High temperatures and low photon flux preferentially produce
a broad absorption in the range 250 - 270 nm. Cold temperatures together with long irradiation time
or high photon flux create a narrow absorption centered at 275 nm.
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4.3 Photobleaching of CI1F in Ar and Kr
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Figure 4.9: a) Excitation spectra oK rF'
measured by detection of th&ry F~
emission. The solid line is reproduced
from ref. [54] (laser excitation at 12 K) and
the dashed line from ref. [82, 193] (syn-
chrotron excitation, no temperature given).
b) The transmission of’!F doped Kr
samples measured in this thesis shows the
absorption at 275 nm after 30 min irradi-
ation at 4 K (thick solid line, right hand
scale). The left hand scale is for 5 min ir-
radiation. 27 K (thick dashed) yields an
absorption similar to the dashed excitation
in panel a). 18 K (thin dotted) and 4 K
(thin solid) result in intermediate absorp-
tion bands.

To prepare for pump-probe investigations on the cage exit dynamics éf #tem, experiments con-

cerning the dissociation quantum efficiencieand their dependence on the kinetic energy of the

F atom and the sample temperature are also carried out. These static measurements are partly per-
formed with aXeCl excimer laser and yield permanent dissociation efficiencies, i.e. the probability
that an initially excited molecule will permanently dissociate and not recombine. The fluorescence
signal, which is indicative of the remainirigf F' concentration, changes on a timescale of seconds to
minutes, depending on the photon flux. In contrast, fs-pump-probe experiments and molecular dy-
namics simulation only follow the processes over several ps. Thus processes like diffusion, occurring
on longer timescales, are not included in fs experiments and simulations. In this chapter the per-
manent dissociation efficiency is measured, which is naturally smaller than dissociation efficiencies
determined on the ps-timescale.

4.3.1 Bleachingof CIF/Ar

Excitation at 308 nm into the repulsivél, state leads to permanent dissociationC8f". This is
monitored by the red fluorescence bands attributet! te- X emission ofC' F' (see Sect. 5.1), which
is proportional to the remaining! F’ concentration. The decay of this red emission versus irradiation
at 308 nm is shown in Fig. 4.10 far'iF in Ar (1:50,000) at a matrix temperature of 5 K. An
exponential decay with 15% offset perfectly fits the measured trace. The reason for the offset cannot
be unambiguously assigned. While there may be a weak background fluorescence from impurities like
Cl,, it is most likely due to reformation af'l F' induced by secondary photodissociation of species
that are formed by the migrating atoms, such a8, ClF;,, ClF; etc.

A concentration study was performed to clarify the influence of secondary reactions. For the range
of concentrations from 1:1,500 to 1:100,000, plotted in Fig. 4.11, the decay is only slightly slower
for lower concentrations. For the discussion of the photodissociation quantum yield (chapter 5.4.1)
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Figure 4.10: Intensity of thed — X
emission versus irradiation time at con-
stant intensity for excitation af'lF' in Ar
(1:50,000) at 308 nm and 5 K. This inten-
sity is a measure of thé'lF' concentra-
tion remaining in the sample. The solid
line is an exponential fit to the experimen-
tal points with a background of 15%.
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the main (i.e. early) part of the decay curves is fitted with single exponentials. The resulting deca
constants: allow the calculation of the dissociation cross sectigy = &/, where! is the photon
flux ando ¢y is the product of the absorption cross secticand the permanent dissociation efficiency
®4. The lowest concentration (1:100,000) at 5 K yields the dissociation cross séctioh,,, =
1.5 x 10722 cn?, which increases by a factor of 1.7 in going to a concentration of 1:1,500. Increasing
the temperature of the matrix to 19 K (still below the thermal mobility#oin argon) enlarges the
dissociation efficiency at 308 nm by 14%.

Excitation of C/F" at 308 nm prepares thé atom with a substantial kinetic energy Bf.;, = 0.9
eV. The gas phase dissociation energy of 20930'coorresponds to 478 nm. A wavelength of 387
nm from the frequency-doubled Ti:Sa laser yields,, = 0.4 eV. Once more a significant bleaching
is observed. From a single-exponential fit the dissociation cross séetigh,,, = 2.1 x 10~ cn?
is obtained at a concentration of 1:20,000.

The bleaching of” F' (Fig. 4.10) clearly demonstrates permanent dissociati@ry 6fand there-
fore also the mobility of the” fragment inAr matrices. As mentioned above, the offset and the
deviation of the decay curves in Fig. 4.11 from a single-exponential, indicate back reaction or othe
secondary reactions (see chapter 5.4). Such reactions will in general lead to a faster decrease
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early times since rate constants add up, whereas at later times the slope might be smaller due to back
reactions of newly formed species. This behavior is observed in the concentration study in Fig. 4.11,
which shows a faster decay in the beginning for higher concentrations. Also optically thick samples
will result in non-exponential decay and a constant offset for long times.

The concentration and the thickneksf the samples were lowered as much as possible to ensure
optically thin and clear samples and to reduce secondary reactions while maintaining a reasonable
signal-to-noise ratio. However, even at the lowest concentrations of 1:100/08050 pm) used
here, the decay deviates from a single exponential or shows an offset. The slopes at early and late
times (or low and high doses) give limits to the true dissociation rate. At a concentration of 1:50,000
the early slope i2.5 x 10~* s7! and the slope for long bleaching timesi§5 x 10~* s~!. At an
intensity/ = 1.4 x 10'® photonss™'-cm™? these slopes result in values @fp;),, = 1.8 x 10722
cm? and6.3 x 10~2 cm? for short and long bleaching times, respectively. The value from a single-
exponential fit lies in between at6 x 10~ cn?.

4.3.2 Bleachingof CIF in Kr

A similar bleaching study fo€'/F'/ Kr at 28 K and 308 nm for a concentration of 1 : 5000 is shown

in Fig. 4.12. The deviation from exponential decay is even stronger. A single exponential fit to
the early decay with 28 % background (dashed line) yields a close approximation. The resulting
dissociation cross section {8¢4),,s = 1.3 x 1072! cm?. However, only a double exponential fit
without offset (solid line) reproduces the entire curve. From the faster initial decay the cross section
(0¢a)s0s = 1.8x1072* c? is obtained. This dissociation cross section is an order of magnitude larger
than the one observed ifr. Also, the dissociation cross sections for 387 nm excitation,;) - ,

are a factor 10 larger it than in Ar (see Tab. 5.4). The next chapter will show thatiim not

only photoexcitation of the molecules formed after dissociation sudh, a8’ F, andCF3 leads to
mobilization of F' fragments, but also the excitation of the- /" exciplex.

In Kr the F' atoms become thermally mobile at 15 K [81]. A large mobility is also seen in
experiments with tightly focused lasers as they are used for the fs-pump-probe experiments. A pulse
at 387 nm dissociate€'/F' in Kr in a spot of 100um diameter and a probe pulse &0 nm is
spatially overlapped to produce ttié&-; '~ emission (Fig. 4.6) by exciting the fragments inKr.

The emission rapidly grows &slF' is dissociated. After some time, however, it saturates and slowly
decays. This already indicates, thiatatoms are either trapped by impurities to form a molecule,
which are not re-exited, or thE atoms leave the irradiated volume. In a warm samplej K) the

latter process is clearly proved to give a large contribution to the signal decay. When the sample is
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Figure 4.13: a) Scheme depicting the reversible shuttelingfotoms fromCli to Kr. N;ss = 387 nm and
Miss = 270 nm dissociate”l F, leading toKrF' species with a rate constahit A, = 270 nm drives the
recombination taClF’ with the rate constant, by inducing the radiative dissociation &frf F~ (see text).
The rateks collects all processes that remo¥efrom this reversible process. b) Rate model. c) Reversible

photo process fromv'l F' to KrF' in a potential diagram (see text).

moved after long irradiation of a 1Qdn large spot, thé{r;” '~ fluorescence rises considerably just
next to the focus, while it decreases to zero on a fresh spot. This clearly indicates thatttimas are
transported in the solid over macroscopic distances on the order of tens of micrometers by repeatt
re-excitation.

4.3.3 Control of dissociation vs. recombination of ClF in Kr

The configuration with two pulses, a dissociation pulse gt; = 387 nm and a probe pulse at
Aorobe = 270 NM is used for further investigations. The latter pulse contributes to the dissociation of
CIF via the'Tl; state and is referred to a§,,, = 270 nm. More importantly, the probe pulse at
Mprobe = 270 nm produces the emission from thé-; F~ exciplex, which terminates on a repulsive
KrF potential and provides the' fragments with substantial kinetic energy (radiative dissociation
of Krj F'~), driving the recombination of’ fragments with the immobil€ radicals. Fig. 4.13a
summarizes these processes schematically. Bgth = 387 nm and\),,, = 270 nm dissociate
CIF and lead to &r F’ configuration with a rate constak{. A, = 270 nm produces thé&r; F'~
emission, which is observed in the experiments and leads to reformatididokith the rate constant
ko. A constantks collects all processes that remokeatoms from this reversible process, e.g. by
promotingF out of the laser focus. Fig. 4.13b restates this rate model. A schematic representation o
the reversible process is shown in the potential diagram in Fig. 4.13c. Starting from the ground stat
of ClF, \4ss dissociates the molecule and thefragment must overcome the cage barrier. When it
is cooled down in the<r cage,\,,... €XCites the ion-pair state’r ['~. After rearrangement in the
ionic manifold theK r; F'~ exciplex fluoresces (wavy arrow). The emission terminates on a repulsive
KrF surface and thé' fragments can overcome the barrier in the other direction to finally recombine
to CIF.

Fig. 4.14a shows th&r; '~ emission as a function of irradiation time in seconds fdfama-
trix doped withC'l F' at a concentration of 1:1000. In the first 400 s only the 270 nm laser is present,
and thus responsible both for the dissociatign, and the probing,, ..., which also drives recombi-
nation. The concentration @t fragments, i.e Kr F' species, grows until it reaches a saturation value,
which corresponds to an equilibrium 61 F' dissociation versus recombinatioX((,. + A,-o5c). This
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Figure 4.14: Concentration of” fragments measured via thér; F~ emission as a function of irradiation
time with Ay = 387 nm and/or),,,. ... = 270 nm (see text). The temperature is 4 K. Panel a) demonstrates
how the photochemical equilibrium is shifted towardsl" by applying .., and towardsiKr F' with Ag;g..

Panel b) demonstrates the effect of the time delay betwggnand ), ... (see text).
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equilibrium, indicated by the dashed lin&/(.. + A,..), Slowly decays in the course of the exper-
iment according to the rate;. X F indicates thef’ fragments that leave the focus or that react to
CIF, etc. The initial exponential growth curve can be fitted to determine the quantum efficiency (see
chapter 5.4.1).

The dissociation lasek,;,; = 387 nm does not produce the excimer. When the signal in Fig.
4.14a drops to zero only the dissociation lasgg, is present and the second lasgf,,. is blocked.
From 400 s to 1700 s, the sample is irradiated alternatingly with the dissociation lasei gnly-¢
no signal) and then with the probe laser only,(,. — spike). Obviously, after 400 s not &lll F’
molecules were dissociated in the equilibrium\gf,, = A\, = 270 Nm, although the exponential
growth converges. The dissociation pulsg,; = 387 nm can double the number &f fragments,
depending on the time period used for dissociation.

From 1700 to 2500 s),,... probes the sample continuously akg, is switched on and of in
addition. This switches thé' fragment concentration from the equilibrium value faf,(, + A, obe)
to a new equilibrium for both lasers §ss + A, + Aprove). The fluorescence is proportional to the
number ofF' radicals. Approximately 30% of the atoms are shuttled frof'! to K~ and back by
switching 4, on and off, as can be estimated from the difference of the equilibria in Fig. 4.14a.

Fig. 4.14b shows a similar experiment, with higher laser intensity to demonstrate a more sophis
ticated effect. Again, in the first 50 s, the equilibrium concentratiof’ @toms for irradiation with
Niss = Aprove = 270 nm is produced. The first spike at 90 s is generated in the same way as the
first in peak in panel a) between 400 s and 1700 s. For the next two spikes at 170 s and, 300 s,
is incident together with the dissociation lasef,, and the only difference is the time sequence be-
tweeny;ss and\,,.... IN sequence A\, comes 1 ps beforg,;,; and in sequence B, comes
100 fs after\y,,t. From 400 s to 580 s, the time delay is switched four times and the fluorescence
changes accordingly between the equilibria A and B, indicated on the right side of Fig. 4.14b. This
peculiar behavior demonstrates a change of the equilibrium concentratibrradicals with time
delay between s, and\,,..., Which is discussed in chapter 5.4.2.

INote that the repetition rate of both lasers is 1 kHz, i.e. the next sequence is 1 ms apart.
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Chapter 5

Discussion of spectroscopy

5.1 Ground and valence states of C'l F’

5.1.1 Emission from valence states of C'[F' (measure of concentration)

The ClF spectra in Fig. 4.2 correspond to vibrational progressidhis the electronic ground state
according to the spectroscopic evidence. The energy differeh€esf successive maxima from Tab.
4.1 are shown in Fig. 5.1 versuws$ in a Birge-Sponer plot and compared with the IR fundamental
frequencyy,_.; from Ref. [162]. TheAG values follow the linear regression within the experimental
uncertainty given by line broadening. The slopes yield values for the anharmanijeityn Ar and

Kr of 5.77 0.3 cm™! and6.37 & 0.15 cm™ !, respectively. Thus the anharmonicity increases by
9% (Ar) and by 20% [r) compared with the gas phase. The assignment'db the maxima is
chosen in order to obtain extrapolated valuesigr, in agreement with the one measured in IR
absorption [162]. This results in an assignment of the progressioA:fdo »” = 2 — 10 whereas
for Kr the assignment is shifted by onei#6 = 1 — 9. From the linear regression the harmonic
frequenciesy, for the electronic ground state are derived and compared with the gas phase values i
Tab. 5.1.

The fundamental frequencies_.; show the typical red shift in the matrix [128, 196-199]. For
CIF in Ar the shift ofvy_; is small and less than 0.5% [162] which is consistent with the present
data within the experimental error. The value for the matrix shift derivediferin this work is
larger (1.2%) and agrees once more with Ref. [162]. The main source for the shift is the highel
anharmonicity in the matrix. This increase of the anharmonicity of matrix-isoldtédcompared

780 T T T
770 R O gas phase
760 * : é'TTR)'("}lKr Figure 5.1: Birge-S_poner plot f_or
750 [ O A XinAr the A/ — X transition of CIF in
740L A FTIRin Ar Ar (solid squares) and Kr (open
_ 730} : squares). The solid lines are lin-
'g 720} ear regressions to the experimental
T 7i0f data. Solid and open triangles in-
700 dicate the frequencies [162] of the
690 - vibrational transition0 — 1 of
680 35CIF for Ar and Kr, respectively.
6rop | The open circle is the correspond-

o 1t 2 3 4 5 6 7 8 9 ing gas-phase value.
v' (vib. quant. no. in X)
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Parameter gas phase Ar matrix Kr matrix Units
Ref. [157] | Ref. [162]  thiswork | Ref. [162] this work
we(X) 783.2+0.3 783.5£2.5 77724115 | cmt
WeZe(X) 5.34+0.1° 577+0.3 6.374+0.15 | cm™!
Vo1 (P°CILF) 773.8 770.2  771.8425 763.6 764.54+2 | cm!
Vo1 (3TCIF) 766.6 762.7 756.5 cm!
T.(A") 18257¢ 18111.8+7 17269.1 £3.5 | cm™!
Te(D")aps 55253 50750 + 400 cm!
Te(D"em 55253 45270 + 20 cm!

a) Ref. [145], b) A value ofo.z. = 4.8 cm™! is obtained if higher order terms are included.

Table5.1: Potential parameters for CIF in the gas phase and in rare gas matrices. The gas phase values are for
35CIF unless stated otherwise. Line broadening effects cover the isotope splitting in electronic transitions.

to the gas phase indicates that the cage atoms do not lead to a stiffening of the potential around the
equilibrium distance but instead the polarizability weakengthe- F' binding, especially infKr. A
stiffening as observed in the caselgf(cf. chapter 7.1.2 and ref. [200]) will occur for largét — F’
elongations (not accessed by the— X emission), where the barrier induced by the repulsive forces
from the cage atoms comes into play.

The linewidths of the individual vibrational transitions are given in Table 4.1. The average
linewidths of the bands ar& = 250 cm~! for argon andd = 306 cm~* for krypton and there
is no trend with increasing vibrational number. A similar linewidth of 260 ¢rhas been found for
I Fisolated inAr [198].

The electronic enerdy, of the upper, emitting electronic state is obtained from the measured peak
positions and the linear regression in Fig. 5.1. The emitting state is assigrAed*ia, ), because of
the extremely long radiative lifetime ef= 141+6 ms. It fits well into the trend of other halogens and
interhalogens [198], which reflects the fact that selection rules become stricter for lighter molecules.
All 3T — X (*3,) transitions are spin forbidden and tHé (*I1,) — X transition is additionally
forbidden by the angular momentum selection rile = 0, +1. The lifetimes for transitions from
A (*T1;) and B (3Tl,) are known to be in thes range for other interhalogens [198]. Having assigned
the emitting state tod’, its electronic energy.(A’) is calculated (cf. Tab. 5.1) using the known
harmonic frequency of thd’ state in the gas phase(A4’) = 363.5 cm™! [145]. The rather small red
shift of the A’ state from the gas phase to tHe solid is typical for valence states (1-2%) [74, 79].
The increase of the red shift from 150 chin Ar to 990 cntt in Kr reflects the larger inductive and
dispersive forces [129] discussed in chapter 2.2. The shift of 5.4B&rirs large for a valence state.
Shifts of the same order were observed for some fluorine-containing diatomics [74] efQ[193]
andXeF [201] isolated inAr.

5.1.2 Absorption (pump pulse)

The absorption of//F' in matrices could not be measured and the reported gas phase values (Fig.
2.12) have to be used. Since the shift of thife— X emission is only 1% imr, a negligible shift
is expected for the valence states in absorption, and for all results in this thesis unshifted valence
states are taken. A value for the absorption cross section at 308 nm is interpolated from the data in
Ref. [150]. From ref. [149] a value ¢f9 x 10~2! cm? is obtained, which is slightly higher than the
value of3.0 x 1072! cm~2. The intermediate value of;s = 3.5 x 10~2! cm?, which should be
accurate to withint25%, is listed in Tab. 5.4.

To check the consistency of the absorption data from the literature with the calculated potential
surfaces, the ground state wave function is projected in Fig. 5.2 onto the repulsive limbs of the two
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valence states [121] allowed by th&) selection rule. Obviously, thE1 state gives rise to the strong
absorption observed in ref. [150] that is reproduced in Fig. 5.2 as open squares. The transition t
B(®Tl,) is spin-forbidden and very weak. The shoulder in the poor experimental absorption spectrz
may be due to the weak absorption to thetate. The long known and well resolved discrBtstate
spectra in the bound region [156] and the OODR experiments [133] demonstrate that the absorptic
in the Franck-Condon region is strong enough to record pump-probe spectra. No published value
for the absorption cross section at 387 nm are available. An approximate relative intensitysof the
state vs.!II; absorption is derived from the intensity ratios of the — X fluorescence bands of
CI1F andCl, within the same spectra, upon irradiation at 308 nm (Fig. 4.2b) and 387 nm (Fig. 4.2a).
The known absorption fo€'l, [153] is thus used for calibration. The ratio of the absorption cross
sections ofC1F of o305/0337 ~ 8 is obtained with a rather large uncertainty and the calcul&ted
state absorption in Fig. 5.2 is scaled accordingly (cf. Tab. &4:~ 4.5 x 1072 cnm?).

5.2 lonic statesof CIF, Cly and excimers
5.2.1 Emission fromionic statesof CITF~ (LIF)

The three dominant emission bands in Fig. 4.5 were already assigned with spectroscopic argumer
to allowed transitions from the vibrationally relaxed ionic st&Xe*Tl,) to valence states. From the
large manifold of 16 valence states only(1°1l,), the 2(*I1,) and the2 (3A,) give rise transitions
allowed by the selection rule&S = 0 andAQ = 0. Therefore the spectrum in Fig. 4.5 between
21,000 cmt! and 27,000 cm' is approximated by three Gaussians. A fourth Gaussian takes into
account the wing around 20,000 ciwhich does not bleach with irradiation dose as the others do
and is thus of different and yet unidentified origin. It will not be considered in this thesis.

The fit of the experimental spectrum in Fig. 4.5 was done without using spectroscopic information.
The energy and equilibrium distance of the emitting ionic state is derived from the fitted peaks. The



Chapter 5. Discussion of spectroscopy

Peak| Position Width Assignment
1 25474414 | 1536 £20 | D’ — A’ 3II,
2 23869+6 | 1521 +£21 | D' — 2 (31'[2)
3 22322419 |1539+55 | D' — 2 (PAy)
4 | 20699 + 57 | 2256 + 74 unknown

Table5.2: Positions and widths (fwhm) for the’ emission of CIF in Ar onto valence states obtained by fitting
the measured fluorescence band by four Gaussian peaks. The assignment is discussed in the text. All values
are in units of crm.

fit results in three bands with equal widths of 1530¢mand an approximately equal spacing of 1575

cm~! (Tab. 5.2). In calculated potential energy curves for gas phd$e[121] the bond distance

R ~ 5.1 g produces the calculated spacings between the three valence&tatds,), 2(*11,), and

2 (*A,) . Since the population in the ionic state has relaxed into the vibrational ground state of the
lowest ionic state]’, this value ofR gives the equilibrium positiof., of the D’ state in the matrix.

It is significantly expanded compared to the gas phase v&lye= 4.85 &, indicating the strong
solvation of the ionic states. According to the potentials [121], a smaller value Yeould result in

a larger spacing of the three bands than the one observed. The spacing of the valence states is not
expected to be changed significantly in the matrix.

Using the measured transition energies and the gas phase valence band energies, the electronic
energy of the emitting state ® (D’),,, = 45270 + 20 cm™'. This yields a red shift of about 10,000
cm~! compared to the gas phase. Such a strong shift both in energy and equilibrium position is
large but not exceptional, because it reflects the energy gain in solvation of the ionic dipole [202]
and the Franck-Condon factors in the configuration coordinate after rearrangementiofltitéce
(Fig. 2.7). A comparable shift of 11200 crhhas been observed f6t, /Ar [134]. Larger molecules
undergo weaker shifts (2100 cthfor 7 Br/Ar [196] and 2900 cm' for I,/ Ar [79]), which may be
explained by the semi-empirical formula eq. 2.6 for the solvation-shift.

The onset of two-photon excitation (see chapter 4.2.3) yields a vallig(@¥') ,,, = 50750 cm*
in absorption which represents a red shift of 4500 twpmpared to the gas phase [121] and is due to
electronic polarization (chapter 2.2.3). The value is comparable to shifts in absorption from valence to
ionic states in other molecules [130]. The further red shift of 5500'drom 7, (D’),,,, to the value in
emissiort, (D), corresponds to a Stokes shiif caused by the lattice rearrangement. The Stokes
shift £/, and the line widthH are used in a configuration coordinate model for the rearrangement
to give an approximation for the Huang-Rhys phonon coupling constgehapter 2.2.4). From
the experimental values fdf,, a large coupling constarft = 40 is derived, assuming a typical
phonon energyiw, = 69 cm~! in argon crystals. In this approximation, the electron-phonon coupling
accounts for a linewidth of/f = 1030 cm™*, which is smaller than the observed one. Note however,
that the measured linewidth is expected to be broader, since the projection of the wave function from
the vibrational ground state @’ onto the valence states yields a bandwidth of 500 cm Gaussian
superposition accounts for a width of 1145 thwhich is still too small. Higher than linear order
of coupling can explain the difference, but since the linewidth in absorption is not available, further
improvement is not pursued. The value f= 40 indicates a strong coupling corresponding to
a significant lattice rearrangement and an average of generated phonons on the order of 40 in an
absorption or emission event. The phonon coupling dominates the line broadening, leading to equal
widths in all three transitions.
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Figure5.3: Kry F~ emission measured in this thesis by dissociatifig’ (thick dash) compared to the same
emission afterF;, dissociation inKr (thick solid [82, 193]) and to the emissions froRwC' (three dashed
curves for different sites [194]) anl~C'l, (dash-dot [194]).

5.2.2 ldentification of Kr; F~ emission (LIF)

The Kry F~ emission recorded in this thesis by dissociatiorCdf’ in Kr at )4, = 387 nm and
probing theF' fragments with\,,..,. = 270 nm is reproduced in Fig. 5.3 as a thick dashed line
(Gaussian fit from Fig. 4.6). It is compared to the same emissioffan K [82] (thick solid line),

to C1TCl1~ /Kr (dash-dotted) and t@'l atoms in different lattice sites (three dotted curves) [194].
Only theKry F~ emission aftef, dissociation is comparable. Since the emission grows with sample
irradiation, the nearbyrC'l, emission cannot be a candidate.

As a check, twd<r; F~ emission bands taken from literature were fitted with the same Gaussian
functions in Fig. 5.4, with their amplitudes and widths as the only adjustable parameters. Gooc
agreement with the spectrum reported by Bressler [82, 193] (open squares, excited with 260 nm)
obtained, when the weight of the Gaussian at 441 nm is approximately doubled. For the spectrur
recorded in Apkarian’s group [54] (open circles, excited at 248 nm), it must be almost quadrupled
Until now, the broad spectra were interpreted as the vertical transition to the rephlisive Kr
surface [54,69]. As the emission observed in this thesis clearly consists of two bands and the spect
reported for different excitation wavelengths are shifted with respect to each other, an explanatio
involving two different lattice sites, which lead to different fluorescence spectra, seems natural.

The two bands most probably originate from different positions of the emifting '~ exciplex
in the Kr lattice. A longer emission wavelength is expected in a tight geometry and the 480 nm
band is therefore assigned to fluorescence on interstitial sitedg:& /'~ is excited whileF is on
an interstitial site. During the formation of thigr; F'~ exciplex theKr — Kr bond is contracted
by 44% [47] and this complex fluoresces in the tight geometry. The 441 nm band is favored by
excitation of substitutionally isolatefl atoms. After formation of thé&r F~ exciplex, the geometry
is less constrained due to the vacancy of the substitutional site. This explains why the 441 nm ban
dominates inF, doped samples, sindé atoms may occupy both substitutional and interstitial sites.
Dissociation ofC'/ F’, in contrast, produces mostly interstiti@lfragments, because the substitutional
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o O,' emission afterF;, dissociation inKr and
2‘_ /O/ excitation with 260 nm (open squares, ref.
1 //O_/" [82, 193]) or 248 nm (open circles, ref.
0. . O. | [54]). The dashed and dotted lines are fits

o> | 24 26 28 _ with the two Gaussians at the indicated po-
E/eV sitions.

sites are occupied by the immobil&. Both bands can be excited with pulses ranging from 278 nm
to 248 nm, but the shorter wavelengths preferentially excite the 441 nm fluorescence band (cf. Fig.
5.4).

An emission fromC* F'~ / Kr could not be observed. It is expected to be shifted to the red with
respect to the emission idr at 420 nm. This emission would then overlap with the emission from
Kri F~. However, the observed emission grows with irradiation (cf. chapter 4.3.3), implying that it
cannot be due t¢’I* F~ / Kr, which should be bleached. Probably tfie" F~ /Kr is quenched by
nonradiative recombination

5.2.3 Excimer absorption of KrF (probe pulse)

WhenCIF is dissociated in the matrix, thé andC! radicals are bound by approximately 100Tm

due to van-der-Waals interaction with the surroundihgand K matrix atoms. The van-der-Waals
minima of the gas phase potentials @f and F' to the rare gases are collected in Tab. 5.3 and
compared to the nearest neighbor distance (substitutional site) and to the distance from the center of
the octahedrab,, site to the rare gas atoms in an undistorted lattice.

For a concise discussion consider Fig. 5.5. The absorptiofisaf in Ar matrices shows a
sharp onset at 265 nm and a well resolved vibrational progression, indicating absorptions to different
vibrational levels in the ionid<{r* F~ state,v’ — v” from0 — 0to 0 — 9 [82]. The main point
is that the transition to the zeroth vibrational levelinr* '~ is observed with the highest intensity.

This can be explained by the fact that in an octahe@yasite in Ar with one Kr atom, theKr — F
distance will be approx. 0.266 nm, which is so close to the mininiym= 0.25 nm of the K'r* '~
potential, that the overlap of the vibrational ground state wave functions in the valence and ionic state
is very large. The same configuration/Ne matrix leads to ar — F' bond confined to a distance

of only 0.224 nm, and thé — 0 transition has only a weak intensity, whereas the maximum occurs
around) — 9 [82]. Again, this can be explained by a projection onto the repulsive wall akthel~
potential at 0.224 nm.

In contrast, the absorption spectrum/of F' in Kr matrix (Fig. 4.9) lacks vibrational structure.

In the center of the octahedral site (cf. Fig. 2.5) of an undistoKedmatrix, the /' atom has a
distance of 0.286 nm to siKr atoms. This distance happens to be exactly the van-der-Waals bond

!Note that the difference in ionization potentidls™ (Kr) — E+(Cl) = 1eV is on the order of the binding energy of
Krj F~ with respect takr* F~ of 0.66 eV [47] and the binding energy &fr; of 1.15 eV [48].
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0.20 0.25 0.30 0.35
R/nm
Matrix notation Ne Ar Kr
van der Waals td' [57] | Ryqw / nm 0.31 | 0.285
min of Rg™ F'~ [51] Ruyinay /nm| 0.201] 0.245| 0.25
van der Waals t@’! [56] | R,qw / nm 0.388| 0.395
nearest neighbor [119] | R,,,, / nm 0.316] 0.376| 0.404
octahedral site [119] R,s I nm 0.224| 0.266| 0.286

Table 5.3: Bond lengths of van-der-Waalsg X molecules and lattice parameters.

length of K'r F. Therefore, thé” atom will be in the center of th@,, site, and this highly symmetrical
configuration gives rise to the sharp absorption at 275 nm [88] at 4K (cf. Fig. 4.9). Upon irradiation
more and moré’ atoms are trapped in thig, site. At higher temperatures, vibrations of the lattice and

of the I’ fragment within the cage destroy the symmetry, and sincé'theom has various distances

to the nearesk'r atoms the absorption broadens. For temperatures higher than £5hK¢comes
thermally mobile in the matrix and occupies various sites. This changes the absorption band to th
one observed by Bressler, Andrews and in this thesis at/hi@ffig. 4.9). The vibrational structure is
missing, since different sites inhomogeneously broaden the peaks.

At low temperatures),..,. = 278 nm does not lead to recombination@fF' or F, by radiative
dissociation of Kry F'~, whereas\,,.,. < 270 nm does. Bressler observes that the sharp 275 nm
absorption grows with photon flux at 275 nm, while it decays when the sample is irradiated with
shorter wavelengths. Also the relative weight of the emissions at 441 and 480 nm depends on tr
excitation wavelength (Fig. 5.4). These observations together support the following hypothesis: th
shorter),, . IS, the higher the energy in the ionic manifold will be, and the possibilities for a geo-
metric rearrangement within the ionic state increases. Then the fluorescence may occur in a geome
favoring recombination. If,, .. is kept low, the fluorescence must occur in such a way as to retain
F inside theO,, site. The dependence of the relative weight of the two bands on excitation, discussec
in the previous chapter, is consistent with this interpretation.
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The following implications of the spectroscopy/fy matrix for the pump-probe experiments with
the Kr F' excimer as the probed species can be inferred. The fluorescence bands at 441 and 481 nm are
indicative of K F' formation. If a wavelengti,,... < 270 nm is used, thé" atoms, which have not
reached th®), site, will contribute little to the signal. Warm matrices enforce thermal recombination
but at the same time greatly reduce the static fluorescence intensity induggd:py= 275 nm.

The interpretation of both the spectroscopic results and the interpretation of pump-probe spectra
will greatly profit from a detailed theoretical investigation of the ionic species. The calculation of
precise ion-pair states by the DIIS method is a complicated task and has not been accompliBhed for
in rare gases, but is investigated in the groups of Prof. Gerber and Prof. Manz.

5.3 Potential energy surfacefor CIF in Ar matrix

A.B. Alekseyev kindly provided us with the numerical data for the potential§’ldf in the gas

phase [121]. The calculation of DIM potentials f67F in Ar are in progress Throughout this

thesis gas phase potentials are used, with the ion-pair states shifted according to the results from
chapter 4.2.3 which are collected in Tab. 5.1.

5.3.1 Difference potentialsfor C1F

Difference potentialg\V" are needed for the evaluation of the pump-probe spectra. Fig. 5.6¢c shows
the bound triplet stated1, the first excited singletll and an exemplary repulsive triplet state. The
thick line emphasizes th&(I1,) state, which is excited in most of the pump-probe experiments
discussed below. Panel b) displays the shifted difference potentials for all triplet-triplet transitions
which obey the propensity rul&() = 0. The lowest transition from the singlet state has its minimum
around 41000 cm', above the scale of this plot. The thick lines indicate the» E (solid) andB —
f (dash-dot) transitions. The transitions from other bound states have similar difference potentials.
The transitions from the repulsive triplet state are plotted as dashed lines. They have not been observed
in this thesis, as the longest probe wavelength that resulted in a pump-probe signal was 320 nm, and
the ionic potentials where shifted to have the— E resonance at this wavelength.

The square of the transition moments for fhe- £ andB — f transitions is plotted in the upper
panel of Fig. 5.6. The transition tbdominates for short bond distances and probe wavelengths. For
bond distancef? > 6 a, the transition moment is negligible, prohibiting probe windows at these
large distances. The transition probabilities for the other bound triplet states are similar [158] and the
ones for repulsive triplets are weaker [121]. If the repulsive triplets were significantly populated, a
pump-probe signal with ;... > 320 nm should be observed.

5.3.2 Difference potential of Cl,

Fig. 5.7a displays the difference potentials for the—~ E (solid) andB — f (dash dot) transitions

in Cly/Ar, shifted in the same way as f6rl F, namely as to match the excitation threshold for the
Cl*Cl~ /Ar emission at 286 nm. Panel b) shows the potential energy curves for the relevant states
of Cl,. The ground staté(, the B state (solid) as a representative of the bound triplets! khstate

(dash) and two states from the repulsive manifold (dotted) are displayed E{kelid) and thef

state (dash dot) are indicated.

5.4 Photochemistry of CIF in Ar and Kr

C'l atoms (and all larger compounds formed by it) are spatially fixetl-iand K matrices.F' atoms
become thermally mobile &t = 25 Kin Ar and atl’ = 15 K in Kr [81]. Attemperatures below this
threshold, they are fixed but can move, if they receive enough kinetic energy in a photodissociation
event. These photo-mobilizédatoms travel a certain distance in the crystal until they have lost their

2PhD thesis by Maike Schréder in the cooperating group of Prof. Manz, Theoretical Chemistry Department
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Figure 5.6: Results obtained in the Cl calculations fotF' from ref. [121]. a) Square of the transition dipole
moment.?. The transitions withAQ £ 0 have weak dipole moments, and thgiris two orders of magnitude
smaller. b) Difference potentialV” red shifted by 4500 cm. The thick solid line corresponds to tiie — £
transition and the thick dash-dotted lineBo— f. c) Potential energies for some valence states.
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energy. Then they are trapped, either in a rare gas cage or by a center with which they react. In
they travel on average about 2.1 nm upon photoexcitation with 3 eV excess energy [203]. Traps for
F fragments ar€’| F' itself, Cl and F' from previous dissociation events and also molecular products
like Fy, ClF; andC'lF; formed by previous fragmentations. At the excitation wavelength of 308 nm
the productg”l F, and F» are known to absorb much more strongly, approximately by a factor of 4,
thanCIF itself [152,173]. Nongeminate recombination should become rare at concentrations as low
as 1: 100,000, since the average distance traveled by photomolilif@agments has been shown
to be around 8-9 lattice constants [203]. The mean distance betwe&r fivmolecules deposited at
a concentration of 1 : 100,000 is 46 lattice constants.

The objective of this thesis is to investigate the ultrafast photodynamics in the primary dissociation
event by fs-pump-probe spectroscopy. A more detailed study of the static photochemical experiments
is deferred.

5.4.1 Dissociation quantum efficiency
CIF/Ar

Here the evaluation will restricted to exponential fits, which should indicate within a factor of two the
dissociation efficiency and its dependence on temperature and wavelength. The dissociation efficien-
ciesg, are calculated from¢, derived in chapter 4.3. The absorption cross sectioar® taken from

Tab 5.4. This yields dissociation efficiencies at 308 nm in argap,@fs = 4.4% at 5 K and5.0% at

19 K using the lowest concentration (see Table 5.4). The dissociation quantum yielgkpk: 4.8%

for excitation at 387 nm measured at 19 K has to be used with care, since the large uncertainty in the
value forosg; enters.
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Iy ClF units
atom 1 m 19 19 amu
atom 2 M 19 35 amu
diss. energy Dy 12820 20930 cm!
excitation wavel. )\ 360 450 308 387 nm
photon energy hv | 27780 22222 32468 25840 |cm™!
energy ofF Ey | 7430 4650 7370 3070 cm™!
absorpt. x-section o | 5.16¢ 0.23¢ 3.5 0.44 102tcn?
diss. x-section oopg | 1.86 | 0.0810.028| 0.15 0.18 1.8 | 0.0210.22 | 10~ 2'cn?
diss. quant. yield ¢, | 36° | 35¢ 12¢ | 44 50 50 | 48 50 | %
temperature T 12 45 12 5 19 28| 19 20 | K
host Ar Kr Ar Kr | Ar  Kr

a) Ref. [152], b) Ref. [81], ¢) Ref. [53]

Table 5.4: Summary of dissociation efficiencies f6% F' determined in this work by bleaching of theemis-
sion. Earlier results for4are included for comparison.

The values for the dissociation efficienciesdot — 5% reported here are low considering the
excess energy of 0.9 eV for téfragment and the fact that excitation at 387 nm with a lower excess
energy of 0.4 eV still leads to photodissociation. One has to keep in mind, though, that these value
for the efficiency for permanent dissociation are determined by the cage exit probainility the
probability for geminate and nongeminate recombination.

The results folC'l F are compared to the dissociation efficiencies obtained$db3, 81] at the
same kinetic energiek,;, of the F' fragments in Tab. 5.4. The excess enefgygiven by the dif-
ference between the photon enefgyand the dissociation enerdy, is shared among the fragments
according to momentum conservation. This leads to a kinetic enéggyof the lighter ' fragment
of Exin = (hv — Dy) x M/ (M + m) with m = 19 amu for F" and M = 35 amu forC!. The results
show the expected trend of decreasing dissociation probability going from 5% to 4.8% when lowering
the kinetic energy of thé’ fragment from 0.91 eV (7370 cm) to 0.38 eV (3070 cm'). However,
one might expect a larger change as in the cask,d63, 81] (cf. Tab. 5.4). Th&'lF results for
¢q are significantly lower than those reported in [53, 81] f@rdissociation. A possible explanation
may be found in the orientation of thé orbital. Calculations of the transmission coefficient offan
atom through the triangular window shown in Fig. 2.5¢ showed [68] that the barrier fBratom
with the singly occupied orbital aligned parallel to the direction of motion is 2.1 eV, with a saddle
point in the center of the triangle. For the P-orbital orientation perpendicular to the motion, the saddle
pointis in the line connecting two nearest neighderatoms with a barrier height of only 0.7 eV. For
symmetry reasons, and from the considerations on the molecular orbitals in Fig. 2.14, it is eviden
that a dissociating, molecule will have parallel and perpendicular P-orbital orientation on Bboth
fragments with equal probability. Forl F', the singly occupied P-orbital on thiéfragment is always
aligned with the direction of motion and thus it experiences the higher barrier, if the orbital is not
tilted on the timescale of dissociation. Simulations on the orbital orientatighatbms in matrices
suggest [70] that the timescale of orbital alignment will be on the order 60 fs. This point deserves
further experimental and theoretical attention.

Clearly, detailed studies of the reaction mechanism and the dissociation efficiency are required t
elucidate pathways and cage exit probabilities. However, even the preliminary results given here ha
important implications. Since the kinetic energy of thidragment is lower in the case of excitation
of C1F at 387 nm than foiF, at 450 nm the observation of permanent cage exit sets a new upper
bound for the barrier height far in Ar of 0.4 eV.
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CIF/Kr

The yields forKr are calculated in the same way (Tab. 5.4). They are on the order of 50% in warm
matrices and at relatively high concentrationd of5000. The mobility of F' fragments is very high
and repeated re-excitation can expel thd@agments from the laser focus.

In this system not only the bleaching of the educt#’, but also the accumulation of the products
can be measured by inducing the"F excimer transition and measuring thé-;” F~ emission. If
the early rise in Fig. 4.14a is fitted with an exponential growth curve, as it was done in the Apkarian
group [88] for theF, dissociation inKr, a dissociation efficiency beyond 100% is calculated. This
resultis unphysical. It can be explained in terms of a saturation value induced by secondary processes
and back reaction, i.e. the concentrationd’ does not decrease to zero. This is consistent with
the finding of nonexponential decay or background in@hé" bleaching experiments. Obviously,
the cage exit probability and mobility of fragments inKr is very high. In the future it will be
helpful to detect th&’/F' educt and the{r F' product of the dissociation simultaneously in order to
find quantitative solutions of the rate equations. This can be done for example by ek@ifingith
Aaiss = 387 nm, which dissociate€'l F' and induces thel’ — X of the remainingClF' educts. A
weak probe laser at,, ... = 270 nm then records th& r F' products. Experiments employing these
pulses were reported in chapter 4.3.3. However,Ahe- X emission was not monitored there, as
this study aimed at preparing the femtosecond experiments. The results are discussed in the following
chapter.

54.2 Control of ' motion: Shuttling F from Clto Kr

Fig. 4.14 demonstrates that there are two ways to control the concentrafibftagfments with laser
pulses. The dissociation lasky;;, = 387 nm can drive the’'[ F' dissociation to completion and the
probe lasen,..,. = 270 nm induces recombination of tifel F' fragments, because the fluorescence
of Kry F~ mobilizes theF’ atoms. In other words, thE atoms can be shuttled frofir to C much

in the same way as was previously demonstrated for multiply ddpedatrices, wherd” atoms are
shuttled fromXe to Kr and back [81].

A second, more sophisticated way to shift the equilibrium uses a sequence of pulses on the fs
timescale. Thisis demonstrated in Fig. 4.14b between 400 and 580 s. After the dissociatiop with
the F' fragments are not in thermal equilibrium for several ps, i.e. they move withitherystal.
The detection efficiency at,,.,. for these hotF" atoms is enlarged and therefore the observed signal
is higher for the sequence B, whexg.,,. = 270 nm comes 100 fs after,;,; = 387 nm. In sequence
A (Agiss 1 ps afterh,,. ), almost 1 ms passes betwekf,, and\,, ..., because the repetition rate of
the laser is 1 kHz, and after this time @llfragments have thermalized in tl#ér lattice. The signal
alternates from equilibrium A to B in a stepwise manner, when the time delay is changed accordingly.
A closer look at the step function shows that after the step up there is some additional rise, and after
the step down there is a decay, indicating that in addition to the altered detection efficiency, also the
equilibrium concentration changes. Consider the decay from B to A between 400 and 420 s in Fig.
4.14b.)\,, .. cOMes 1 ms aftek,;s, during this time and thus only thermally equilibratedragments
are probed. The decay must originate from a decay oftlkencentration. The reason for the higher
F concentration produced by the sequence B is that the recombinat@iFoinduced by\ ;s IS
completed before the dissociation with;,; and thus there are mof& F' molecules to dissociate.

Rate equations

This chapter gives a description of the photochemical equilibria by rate equations, that may become
important in future investigations. This thesis focuses on the fs-pump-probe experiments and here
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only the shape of the observed rise and decay functions of Fig. 4.14 shall be explained. The full rat
diagram

k1

ClF+Kr = Cl+ KrF 2 cl+ Kr+ XF
ko

can be described by the a system of differential equations for the concentrations

le == —]{JlNl + ngg
dNQ - +k1N1 - kQNQ - l{gNQ
dN3 == k3N2

with Ny = Ngip, Ny = Nk, r, N3 = Nxpr, and X F denotes any of the species suchtdsF’, ClF;
etc., orF" atoms that have left the laser focus.

The solution for theKrF concentration, which is measured in the experiment\by;,, is®
Ny(t) = Co + Crexp((—k1 — Ra)t) + Caexp((—k1 + k2)t). This function describes the fast ini-
tial rise and slow decay of the entire signal, i.e. when pulse sequences are not changed.

In order to determine the individual rates from the experiment, thekratan be neglected (at
least for weak pulses as used for figure 4.14a). The solution for this reduced sys¥ét)is=
Neg + (No — Ney) exp(— (k1 + ko)t), which describes all rise- and decay functions in Fig. 4/¥dis
the starting value and/,, is the equilibrium value. Sincg,, ., = 270 nm dissociate¢'/ /" and also
drives the recombination, the rate constants must be rewritten-ascss; + korg andks = kpope. The
rise and decay rates are the sum of the three vatesk.7o andk,, ... Three equations are needed
to obtain the rates. Two are determined by the rates for the:fise kss; + koro + kprobe @nd decay
k = karo + kprove- A third equation can be derived from the steady state concentratjérand the
total number of availablé’ fragmentsN,;», which is measured in the highest spike in Fig. 4.14,

when ), has driven the&' F dissociation to completionfzie-thss — Nz

eq -
probe NallFfNQq

Susing the definitions; = ki + ko + Lks andry = L\/(k? + 2k1 ko — 2k1ks + k2 + 2ksks + k2),
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Part |1

Ultrafast dynamics from pump-probe spectra

The fs-pump-probe spectra are the center of this thesis. The experimental results are given first,
ordered by the molecules examined, L.g.C1F andCl,. Their interpretation is discussed in chapter

7, ordered by topic. Some additional spectra are shown there that demonstrate a special effect in
detail. The discussions include DIM-simulations from the cooperating theory group of Prof. Gerber
on the closely related systeh / Ars,, and the good agreement of experimental and theoretical results
support the interpretations. In some cases, as for the solvent induced spin-flip (chapter 7.6), the
prediction by theory was given before the experimental evidence. In the case of depolarization and
angular reorientation (chapter 2.3.5), it is evident that the process is contained in the simulations, but
they have to be evaluated accordingly. The 2-D-quantum mechanical wave packet simulations by
M. Korolkov are discussed in chapter 2.1.5 together with the energy loss. This shows the beautiful
mutual stimulation of theory and experiment that emerges from the cooperation within the SfB 450.
In the discussion (chapter 7), the input from the theoretical collaborations will be clearly delimited
from the fruits of this thesis. In future, the experiments will be compared to a detailed theoretical
study the systent’|F'/Ar itself. The DIM-simulations are currently pursued in the PhD thesis of
Maike Schréder in the group of Prof. Manz.
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Before experiments on the basically unknown systélfi/ Rg were started, the concepts for ultrafast
spectroscopy in condensed phase were advanced in the similar and well characterizeds\istem

(chapter 2.3.6). lodine is much heavier thahF' and the dynamics can be measured very accurately

to obtain detailed information. This thesis presents the first nearly complete set of pump-probe spect
with systematic variation of pump and probe wavelengths. An evaluation scheme is developed, whic
allows for interpretation of the experimental data without the aid of simulations. It is transferred to

CIF by analogy and results diil, are reported for completeness.

6.1 Systematic pump-probe spectraon I, in Kr

This chapter presents selected results obtained from the fs-pump-probe experiments with systems
cally varied pump and probe wavelength. The potential diagram is presented in Fig. 6.1 and show

the X — B transition (pump), which was tuned from 600 nm to 480 nm, andRhe> E transi-
tion (probe), tuned from 550 nm to 387 AmNonradiative relaxation to the staté¥(2,) andj or

1Probe transitions to thg state are not used within this thesis. They can be spectroscopically seperated from transitions

to E [115, 116].

E/10°cm”

0.30 0.35 040 045 0.50 0.55
R/nm

Figure 6.1: Simplified potential diagram
for Io/Kr [204]. The wave function in
the ground stateX is excited to theB
state to create a wave packet (vertical ar-
row pump). The wave packet is recorded
by the probe pulse (vertical arrow probe).
After nonradiative relaxation t&’ and 3,

the LIF from these states is detected. The
dashed lines indicate thé and B” states,
which can be pumped alternatively. The
dotted line indicates the repulsivestate
that crosses th® state and causes predis-
sociation [27,115].
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Figure 6.2: Pump-probe spectra for &),,,. = 500 nm andA,,,;,», = 570 to 480 nm and b\, = 500 and

Aprobe = 540 t0 480 nm. Dashed lines connect the times for passage through the respective probe windows and
the arrows indicate— outward and— inward motion.7] : First round-trip time. Note that strikingly similar

trends are observed for variation of a) probe wavelength and b) pump wavelength.

B(1,) results in the recorded LIF signal. The entire collection of thetate spectra is given in the
Appendix. These systematic measurements are completed by pump-probe spedtrdgrand
B"('11,) excitation. All spectra are recorded I/ Kr samples with a concentration of: 1000 at
the temperaturé’ = 15 K.

6.1.1 Typical B state spectra

Pump-probe spectra for excitation energies which range from deep i shate well at 570 nm, to

the gas phase dissociation limit at 500 nm and even above the dissociation limit (490 and 480 nm) are
collected in Fig. 6.2a with a typical probe wavelength,,. = 500 nm. For an explanation consider

the trace for\,,.,c = 520 nm. The thick arrow (pump) in Fig. 6.1 prepares a wave packet ofsthe

state. The first peak in the spectrum corresponds to the first outward passage (dashed arrow) of the
wave packet through the probe window (vertical arrowkgt, = 0.376 nm in Fig. 6.1). The wave

packet returns back and passes the probe window a second time, giving rise to the second peak. The
periodic motion of the wave packet in tliestate potential continues and produces the oscillations in

the pump-probe spectrum.
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In essence, for excitation beyond the probe window the wave packet passes the probe windo
twice in each complete period, which results in the splitting indicated by the inward and outward
pointing arrows in Fig. 6.2a. The wave packet passes the window on the outward ifetjdor
the first time, on the inward motiof3—) for the second time and after one full period- it shows
up a third time in the outward and a fourth time on the inward motion. Obviously, one full period
corresponds to the time difference between two outward or two inward passes which are connecte
in Fig. 6.2a by dotted lines as a guide to the eye. kg, = 540 nm the wave packet is excited
slightly above the window and the inward/outward splitting occurs for the first time. Qualitatively,
it is immediately evident from Fig. 6.2a, that the difference between the first two outward passes
indicated byT; increases with pump energy,,..., as expected by the anharmonicity in a Morse-like
potential.

The origin of the inward/outward splitting can be confirmed by tunipg,. and keeping\,..,
fixed at, for example, 540 nm (Fig. 6.3). Taking,... = 540 nm, the wave packet is caught just
at the turning point, and the splitting disappears. Shorteijpg. shifts R,,;, inwards, according to
the B — E difference potential. Fok,,.,.. < 510 nm the wave packet passes the window twice; it
spends a longer and longer time in the region from the window to the outer turning point and back
which results in the increased splitting in Fig. 6.3. Similar trends can be observed for the fixed pump
wavelength,,.,, = 500 nm in Fig. 6.2 b). At this high excitation energy the influence of the matrix
is more important and the peak structures are less regular.

In essence, the first complete oscillation perigdZ) in Fig. 6.2a is the round-trip time of the
wave packet at the enerdy,,,...,,, prepared by the pump pulsg; is taken directly from the spectra
and converted to the vibrational frequengyz) = 1/71(E), which is plotted in Fig. 7.1.
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Figure 6.4: Pump-probe spectra from Fig. 6.2 on a stretched timescalg, @) = 500 nm andX\,,,,, = 570
to 480 nm and b)\,,mp, = 500 and Ao, = 540 to 480 nm. The dashed lines connect the maxima of the
envelopes and indicatg,.

Fig. 6.4a shows the spectra from 6.2 on a longer timescale up to 15 ps. The time at which the
envelope of the pump-probe spectra is maximal is indicated, gnd the dashed line guides the eye.
The spectra with fixed,,,.« = 500 nm in panel a) have the longest, for an intermediate pump
wavelength\,,.,, = 520 nm. Excitation with higher and lower energy leads to a smailgri.e. to
an earlier maximum of the pump-probe spectrum. For fixed pump wavelengths the, timereases
monotonically with decreasing probe wavelength. In chapter 7.4.1 it will be shown that the maximum
of the pump-probe envelope occurs, when the vibrational population has relaxed down to the probe
window energyF,;,. The shorter wavelengths probe population deeper in the potential and it takes
longer for the wave packet to relax down to this energy. This explains the observed trend in panel
b). The explanation for the trend in panel a) lies in the nonlinearly increasing energy dissipation that
is displayed in Fig. 7.11 and will be discussed in chapter 7.4.2. The energy dissipation is connected
to the loss of coherence (chapter 2.3.3), which smears out the oscillatory structure after several ps in
addition to the dispersion effects.

6.1.2 Polarization analysisof pump-probe spectra

Sincel; occupies a double substitutional site in thie lattice and since the size éfatoms is similar

to Kr, it is expected that the bond direction will be sterically fixed by the axially symmetric sur-
rounding (sketch of geometry in Fig. 7.15b). This hypothesis excludes depolarization in pump-probe
spectra according to the discussion in chapter 2.3.5. The preserved orientation of the molecule is
confirmed in the following experiment by changing the relative polarization of the pump and probe
pulse.



6.1. Systematic pump-probe spectralgmn Kr 79

Figure 6.5: Pump-probe spectra with
Apump = 486 nm and,,..p = 486 nm
for Iy in Kr. The spectrum fof| pump-
probe excitation has been multiplied by a
factor of 1/3 and agrees perfectly with
excitation. The ratio ofl, /I, = 1/3

is maintained throughout the entire spec-
trum, indicating negligible angular reori-
entation of thel, molecule.
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Fig 6.5 shows the results for excitation bf/ Kr above the gas phase dissociation IimiThe
fluorescence intensity is plotted versus time delay between the pump pylsg & 486 nm) and
the probe pulseX;, ... = 486 nm) with probe polarization parall¢l]| ) and perpendiculafL) to the
pump. The|| - spectrum is multiplied by the factor @f, //; = 1/3 (cf. Tab 2.3.5) corresponding to
preserved photoselection and it shows perfect agreement with treectrum. This proves that on
the timescale of 2 ps no depolarization, i.e. no reorientation of the molecular bond occurs.

To check the conservation of the initial alignment on a longer timescale, the polarization of the
laser induced fluorescence (LIF) frobi after ||-pump||-probe excitation was recorded by introduc-
ing a polarization analyzer just in front of the monochromator. Again the ratio for preserved photose:
lection (cf. Tab. 2.3.5) of ;71 /I.1r) = 1/5 is found for LIF polarizationL / || with respect to the
polarization of the pump and probe beams. This indicates thabtisate of/, in Kr matrix does
not depolarize, i.e. angular reorientation is negligible, on the timescale of the fluorescence lifetime o
about 5 ns.

6.1.3 Aand B” state spectra

Fig. 6.6 compares pump-probe spectra for excitation todtaed B” states. The broken lines display
spectra with excitation to thd state with\,,,,, = 670 nm and two different probe wavelengths,
Mprobe = 387 Nm (dashed line) andl,,..,. = 400 nm (dotted linej. The first peak- 200 fs corresponds

to the first outward pass—) of the wave packet in thd state through the probe window A&t,;,, ~

0.38 nm (Fig. 6.1). The second peak after1 100 fs catches the wave packet on the way baek. In

the first collision with thel{r matrix, the wave packet has lost so much energy that for all subsequent
oscillations the probe window is just reached and the wave packet is only observed once per peric
(<). The probe wavelength,, ... = 400 nm is just at the threshold for reaching the ion-pair states
according to eq. 2.6. The super-elevated peak at 1.5 ps is a consequence of the response of the
lattice. The contractingdr cage increases the shift of the ion-pair states, moving them into resonance
with the probe pulse.

2The polarization sensitive pump-probe spectrd 9hK r presented in this chapter were taken by Markus Gihr.
3The 400 nm beam is the second harmonic of the older Ti:Sa laser system (CPA 1 from Clark), which had a fundamente
wavelength around 800 nm.
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1.2

- ' ' Figure 6.6: Pump-probe spectra on
x I,/Kr with a fixed excitation to
the A state with a pump wavelength
Apump = 670 nm and differing probe

§ o wavelengths\,.,e = 400 nm (dotted)
} and 387 nm (dashed). For comparison,
2 the solid line displays excitation to the
£ 041 I, state atApump = 480 nm with

Aprobe = 387 nm. Except for the missing
peak at 200 fs, this spectrum is almost
identical to theA state spectrum recorded
with A5 = 387 nm. The same effect
is seen in the cases 6fly/Ar (Fig. 6.17)
andC!IF/Ar (Fig. 6.11).

0.0

The spectrum with\,, ... = 387 nm has a much larger background than the one\fay,. = 400
nm. The probe window for the shorter wavelength is located deeper id t#tate. Thus it probes
longer lasting relaxed population than the higher lying probe window (cf. Fig. 2.2). For even shorter
probe wavelengths the background keeps increasing [29]. This is equivalent to the sighasddte
excitation (Fig. 6.4b).

The solid line in Fig 6.6 shows a spectrum for excitation to Bi&'1I,) state, recorded with
Aprobe = 387 nm, as well. It is generated with,,,,,, = 480 nm (solid line), while the4®Il, state is
prepared with\,,,.,, = 670 nm (dashed line). The spectra are nearly identical after 1 ps, demonstrat-
ing that theB” population nonadiabatically relaxes down to thatate during this time. The higher
excess energy is quickly dissipated in the first ps. The main difference of the two spectra is the peak
at 200 fs, which is not present fd&” ('11;) excitation, since there is no probe window in that state.
The crossing to thel state occurs at larg in the first round-trip, analogous to the case 8"/ Ar
andCly/Ar.

6.2 Road map for condensed phase pump-probe spectra

From the preceding chapter, together with all other pump-probe specisd & that are collected in
the Appendix, a compact diagram can be distilled. It is a useful road map for pump-probe spectra of
diatomics in the condensed phase in general and will prove helpful in the discusgiof andC',
spectra. In this sensk/Kr can be used as a model system to guide the experiments and the inter-
pretation of the pump-probe spectra on similar systems that are less well understood. The diatomics,
that are the topic of the present thesis, all have qualitatively similar potentials. The final state of the
probe transition has a larger equilibrium distance than the state where the dynamics take place.

Fig. 6.7a shows a typical potential diagram. The wave function in the groundStatpromoted
to the excitedB state, creating a wave packet in the vibrational levels around the efgygy. The
outer turning point is indicated &8,,,,,. The probe pulse defines the probe window locafity, to
the E state by the resonance condition,, ... = AV (Ryn). The minimumR,,;, oy Of the difference
potential AV = Er — Ejp is often quite close to the minimum of the finalstate.

Fig. 6.7b) is a diagram summarizing the properties of pump-probe spectra as a functjgn of
on the vertical axis (energy in excited state) and gf,. on the horizontal axis, defining the location
of the probe windowR,,;,,. The highest possible pump wavelength (640 nm/fgris defined by the
minimum T, of the B state. The corresponding probe window (387 nm) lies on the left border of
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Figure 6.7: a) Schematic potential energy diagram for diatomics in condensed phase with the notation intrc
duced in Fig. 2.9. b) Road map for the systematic set of pump-probe spectra Brdtage of,/Kr (see

Appendix) summarizing the observed trends. The pump wavelength is indicated vertically since it specifie
the energy of the wave packet. The probe wavelength is varied on the horizontal axis, as this corresponds
a variation of the probe window (cf. panel a). In the light grey region the signal is a convolution with lower
lying electronic states. In the dark grey region, no signal can be observed, and at its border the probe wind
R, is just at the turning poink,,..,,,. The arrows indicate trends in the pump-probe spectra when pump and
probe wavelengths are tun€d. is the first oscillatory periods,, is the maximum of the envelope asg,cxgnq

indicates the background from smeared out oscillations.
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the diagram, although in general, shorter probe wavelengths are possible for probing the inner limb
of the B state. At shorter wavelengths, however, resonances to lower potential energy surfaces (e.g.
A state) start to play a role and the pump-probe spectra are a convolution of contributions from both
states, which is indicated by the light-grey shaded area. The right border of the diagram is given by
the minimum of the difference potential. Fap, ... < min(AV') (540 nm) no signal is observed.

This is marked by the dark grey shaded area, as well as the region Whgrg, < E.,. At the
borderline of the dark area, the probe windéy;,, is just at the turning poink,,,,,,,. The condition
Er(Ryump) = hpump+hvprone 1S fulfilled, which will be used in chapter 7.1.3 to construct fstate

from the systematic spectra. Above the horizontal lined0R,,i, ov) (520 nm) the wave packet can
access two probe windows to tliestate, since the difference potential is double-valued. However,
the region in which the outer window is observed, is limited since the probe wavelength must not be
too short.

The arrows indicate the trends observed in pump-probe spectra. The first penmmdeases with
decreasing pump wavelength and slightly with decreasing probe wavelength. The background signal
Swackgnd from relaxed and dephased population increases, together with the tifoethe maximum
of the pump-probe envelope, with decreaskyg,,, and\,,.... Near the gas phase dissociation limit
Eqiss (500 nm) and upwards, this trend continues $gy.4.4, but herer,, is reduced with higher
pump energy due to the nonlinear dissipation of energy (cf. Fig. 6.4 and chapter 7.4.2).

6.3 Pump-probe spectrafor CIF in Ar and Kr

The bleaching experiments f6fl /' in Ar and Kr demonstrated, that the dissociation quantum ef-
ficiency in Ar is low (~ 5 %), while in Kr it is very large ¢ 50 %) (chapter 5.4.1). IMr the
fluorescence oI F~ at \;;r = 420 nm was identified (Fig. 4.5), and probing to these ion-pair
states can be used to monitor the recombination dynami€é/efin Kr this fluorescence is missing
but instead the dominant fluorescence originates fform '~ at \;;» = 460 nm (Fig. 4.6), which
can be used to monitor thé fragments afte€’| ' dissociation.

6.3.1 B state excitation

CIF/Ar is excited to theB state above the dissociation limit, since the focus of this study is on
dissociation-recombination dynamics and on strong interaction of the molecule with the solvent. The
spectra are recorded with the fixed pump wavelength of the second harmonic of the N,Sa,a¢

387 nm, i.e. 0.6 eV above the gas phase dissociation 4inifthis is the maximum of thés state
absorption. The location of the probe wind@y,;,, is varied by scanning the probe wavelength. This
corresponds to a horizontal line in the "Road map of condensed phase pump-probe spectroscopy”
(Fig. 6.7).

Overview and envelope

The pump-probe spectra fofi F'/ Ar are recorded in the same scheme adfofi r. The femtosecond
pump pulse ah,..,, = 387 nm prepares a vibrational wave packet on the weakly bad(tl,)-state
above the gas-phase dissociation limit (Fig. 4.1). A probe pulseMijth. < 322 nm promotes the
population to the ionid® state in theC'l* FF~ manifold (cf. chapter 4.2.1). This is indicated by the
solid arrowhv; in Fig. 4.1. After relaxation within th€'I* F'~ ionic manifold the fluorescence from
the lowest state])’, is observed (Fig. 4.5) [205]. The signal intensity is recorded as a function of
time delay between the two pulses. Fig. 6.8 shows pump-probe spectra with systematic variation of
the probe wavelengths from 322 to 282 nm, keeping the pump wavelength fixgg,at= 387 nm.

For A\, > 322 Nm the probe resonance is lost. Hence this wavelength corresponds to the
minimum of the difference potentidldV = Vi — Vi between theB and theE state (chapter 2.3.2).

“4In the present setup the laser cannot be spectrally tuned in this wavelength region.
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Figure 6.8: Pump-probe spectra with,,,,, = 387 nm, where\,, . is varied from322 to 282 nm. The

fluorescence is detectedgf; = 420 nm. Therefore”l F' andCl, population is observed (cf. Fig. 4.8). The
maxima of the pump-probe envelope correspond to the delayin@ which the vibrational population of
CIF passeds,;, (see Tab. 7.3). The early maxima in the last column, marked with an asterisk (*), corresponc
to Cls as discussed in chapter 6.4. The assignment of the latter dynantgswas tested by preparation of
pure Cly/Ar samples withouCF' impurities. Consistently, thé€’/F’ contributions are then absent (cf. Fig

6.15).



84

Chapter 6. Results

The shifted difference potentiddV' of CIF' in Ar matrix (Fig. 5.6) is derived from this value. The
same trend as fak,/ Kr is observed when tuning the probe wavelength. Shorter wavelengths probe
deeper parts of th& state potential and the maximum of the envelepeshifts to later times. A
more detailed examination of the envelopes Xgr,,. = 314 to 306 nm shows the presence of two
maxima, which are due to absorptions to two different stafieand f, respectively (cf. Fig. 5.6).
The interpretation of spectra witk,..,c > 310 nm is more straight forward, since only tiiestate
resonance can be reached.

For Aprope < 288 Nm an additional maximum near= 0 marked with an asterisk (*) appears,
which is due to th&’'/, molecules present in the sample. The spectra are shown and discussed below.

Oscillations

Fig. 6.9 displays on an enlarged scale the first 3 ps of pump-probe sigidals afir for the first three

rows from Fig. 6.8. In the first row, the probe pulse terminates only irftlstate and those spectra
show oscillations in the first 1.5 ps due to several passes of the wave packet through the probe window.
All other spectra have the early peak neat 40 fs in common, which can be attributed to the first
passage of the wave packet through the probe window. The last two specta,for= 291 and 288

nm represent a superposition@fF andC'l, contributions, which results in the super-elevated early
maximum. The deconvolution is discussed in chapter 7.8. Again, as fé{r it is evident that the
modulation depth decreases on probing deeper in the potential well and hence no oscillations could
be detected foi,,..,. < 314 nm. The assignment of the oscillations will be given in chapter 7.3.2,
after the dynamics of the analog model systeri{r has exemplified the peak-structure.

6.3.2 Polarization dependent pump-probe spectra

CIF/Ar, excited above the gas phase dissociation limit, shows a significant depolarization in contrast
to the sterically fixed,/ K'r. The emission fromD’ (50 ns lifetime) afte|-pump||-probe excitation

is completely depolarized, i.e. the fluorescence is isotropic and unpolarized. Therefore, the direction
of the fluorescence detection is irrelevant arfiaconfiguration is chosen to reduce the stray light.

In order to observe reorientation on the timescale of the wave packet dynamics, the probe wavelength
should be long, since short probe wavelengths delay the highest sensitjvitylater times (cf. Fig

6.8). Fig. 6.10 shows spectra,(,, = 387 nm and\,,.,. = 317 nm) with parallel( || solid line) and
perpendiculaf L dotted ling pump-probe polarization, as well as pump-probe polarization close to
the magic angle (dashed), all on the same intensity scale.

The magic angle configuration produces a spectrum intermediate between parallel and crossed
polarization. It is insensitive to angular dynamics by definition of the magic angle and will therefore
be used to characterize the vibrational wave packet dynamics in chapter 7.3.2. The parallel and magic
angle spectra both show a pronounced dip at 300 fs, which will be attributed in part to breathing
motion of the cage in chapter 7.3.2. In the perpendiculgrqonfiguration, a broad minimum with a
small maximum is observed after 300 fs. Theolarization is sensitive especially to molecules that
are tilted 90 with respect to the pump geometry and this suggests that this peak is due to scattering
events that produce this geometry after the first encounter. All signals coincide for delay times longer
than 2 ps, indicating that the anisotropy prepared by the pump pulse decays on this timescale.

In C1F/Ar nonradiative relaxation tel’ is fast and the only observetf — X emission has a
lifetime of 141 ms. It is completely depolarized after excitation with 387 nm since iti$2a= 2
transition and in addition the orientation of the molecule is randomized within 1.2 ps. This was tested
by introducing a polarization analyzer as discussed in chapter 6.1.2.

6.3.3 !II state excitation

Pump wavelengths in the range from 310 to 260 nm excit€é/ Ar to the repulsivell state. Spectra
for three different probe wavelengths between 318 and 302 nm are plotted in Fig. 6.11 as dashed
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Figure 6.9: Pump-probe spectra with,,,,,, = 387 nm and probe wavelength tuned frokp..,. = 322 to

288 nm. Wave packet dynamics are clearly visible in the first column with the longest probe wavelengths. Tt
minimum at 200 fs becomes more and more substantial with increasing wavelengths (see text). The asterisk

in the last two plots X,,... = 291 and 288 nm) indicates contributions fraifh.
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Figure 6.11: Pump-probe spectra that compare singlet excitation (dashed) to triplet excitation (solid). The
B(3Ily) state is pumped Wity mp = 387 NM and'Il; state WithA,,mp = 280 nm for panel a) and 290 nm

for panels b) and c). Three different wavelengths probe the wave packet at different energigs &) 318

nm, b) \,rope = 310 Nm and c)\,,. 5. = 302 nm. All spectra show oscillations due to wave packet dynamics.
Note the different timescales in the insets.
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lines. For the first 2 ps, the signals differ significantly from those after excitation tBthH,) state

at 387 nm. For longer times they coincide perfectly, after normalization to the same intensities, whicl
accounts for the different absorption cross section and photon flux. Shorter probe wavelengths reco
the B state population with lower vibrational excitation (see above) and the signal can be observet
up to 100 ps. For these probe wavelengths, the only allowed transition that are accessible are fro
311, states to the states with the same quantum numbers in the ionic manifold. All these transition
have difference potentials very close to the— FE transition, and a separation seems impossible
(Fig. 5.6). That the spectra in Fig. 6.11 agree for times 2 ps immediately implies, that the
molecule nonadiabatically decays from the initially excitéti state to the boundlI states on this
ultrafast timescale. This surprising result will be further analyzed in chapter 7.6. If the population
was transferred to the repulsiVE states, there should also be a signal¥gy,. > 322 nm, according

to the difference potential in Fig. 5.6. This resonance could not be observed up to now.

The signal envelope (insets) of the signals foir excitation shows the signature of vibrational
relaxation, already observed above for tBestate and described in chapter 6.2. First, the signal
increases as the wave-packet relaxes into the probe window, improving the Franck-Condon overle
with the ionic states. Then as the wave packet loses energy, it is unable to reach the probe winda
and the signal decreases towards zero.

6.3.4 Pump-probe spectrawith Kr; F~ fluorescence

The F fragments are monitored aftéll /’ dissociation inC'l '/ K'r samples. The pump-probe spectra
presented in this chapter use,.,, = 387 nm, i.e. B(®Il) excitation. The detected fluorescence
Arr = 460 nm is indicative of the formation of th&r; '~ exciplex, as it was shown in chapter
5.2.2. Two different regimes must be distinguished for the probe wavelengty, if < 278 nm,
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besides the escaping atoms also the isolated cold atoms in theKr lattice are probed as in the
static experiments. For this reason, the "lock-in” technique (Appendix) was applied that subtracts
this static background and only yields contributions fréhatoms that have just been excited. For
Aprobe > 278 nm this static background is not present and the pump-probe spectra are recorded as
usual.

Fig. 6.12 shows spectra recordeddeK with a variation of probe wavelength fropy,,.,,. = 278
nm to 258 nm. Care was taken to accurately measure the zero timetdelay by the FROG
technique. The best signal to noise ratio is obtained for probing at 270 nm, which is the maximum of
the Kr I absorption at 4 K and for small irradiation doses (Fig. 4.9). Clearly reproducible features in
all spectra are the maximum at negative delay times (approx. -50 fs) and the peak(ts, marked
by a line to guide the eye. The exact timewhere the peak occurs, depends on the probe wavelength
and varies front; ~ 250 fs for A\, = 278 nm tot; ~ 350 fs for A, = 258 nm. Since the cage
exit probability forC'lF' in Kr is very high, the concentration 6fl F" quickly decays (cf. Fig. 4.12).
A compromise has to be found concerning the number of pulses used for averaging and the bleaching
rate. Most of the spectra are averaged over 500 to 1000 shots per point. For longer averaging the
structures observed in the spectra are reduced due to the de€dyirapntent. Several runs with 500
to 1000 shots on fresh sample positions are averaged to yield the plotted spectra. The peak at negative
time delays, which is most clearly seen in the spectrum\fpg,. = 270 nm, depends quadratically
on the intensity/ss; of the pump pulseX,..,, = 387 nm), while the spectrum for positive time delay
scales linearly with intensity/ss; was reduced as much as possible to minimize the contribution at
t = —50 fs. The bleaching weakens all structures in a similar manner, indicating that they originate
from nascenC'[F' fragments.
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Fig. 6.13 shows spectra for three different temperatures, 4, 15 and 20 K, recorded with the
probe wavelength,, ... = 270 nm, which provides the best signal to noise ratio. The peako0 fs is
presentin all spectra and the broad feature after 1ps is dominant especially in warm mateces (

K). In Kr the F' fragments become mobile &t = 15 K. Note that in warm matrices/{ = 20 K)
the thermal motion off’ fragments leads to recombination, which changes the bleaching fof
Moreover, theF" atoms migrate out of the laser focus.

Fig. 6.14 shows a spectrum recorded wif),,. = 289 nm at the temperaturé = 20 K.

The "lock-in" technique is not needed, since the cold trappe@dicals are not probed at this long
wavelength; however, it yields identical results. The spectrum shows very well modulated oscillations
The oscillation period in Fig. 6.14 increases from 550 fs in the beginning to 750 fs around 2.5 ps.
The fluorescence in the minima and maxima of the oscillation was measured, to confirm that the dee
modulation really corresponds to a coherent motiof'@toms. The fluorescence band that identifies
the oscillating species was recorded by subtracting the fluorescence in the second minimum at 900
from the one on the second maximum around 650 fs. The resulting band is centered at 480 nm wit
50 nm bandwidth. It agrees with th€r; '~ fluorescence (cf. Fig. 4.6) and thus the oscillations
indeed originate fron¥' fragments.

The longest wavelength, that produces a fluorescence sighg}at= 440 to 510 nm in pump-
probe spectra correspondsXg... = 310 nm. All spectra for\,,.,. between 310 and 278 nm show
structures similar to Fig. 6.14 or Fig. 6.13.

6.4 Pump-probe spectraon Clyin Ar

This chapter gives a short account of the new results obtainedifgrdr, which represent the first
ultrafast pump-probe spectra of this molecule. The experiments were necessary to sepérate the
contribution from theClF' signals. However, the results are interesting in themselves and deserve
further consideration. The assignmentit, was checked by growing samples from purk reser-

VOIrs.

6.4.1 B stateexcitation

Fig 6.15 collects the spectra recorded fot,/Ar with LIF detection at 360 nm, indicative of
Cl+Ci~ /Ar fluorescence (Fig. 4.8). The pump wavelength is fixed,af,, = 387 nm and the



Chapter 6. Results

A =387 nm
pump
278 nm W
286 nm 270 nm
FPrrrrrrrrrrvrrr e
; \ H
(O]
C
(O]
(&)
(7]
o 284 nm 268 nm
)
S [t
&= 274 nm
£
O
(e
282 nm 266 nm
LA ILELELALE BLLELELE B N LR LN L
’W 272 nm
280 nm 262 nm
UL L I I UARRE LN LN IS B LR LR IR LR

0 50 100 150 2000 50 100 150 2000 50 100 150 200
t/ps t/ps t/ps

Figure6.15: Pump-probe spectra with,,,,,, = 387 nm. A, is varied from286 to 262 nm. The fluorescence

is detected ah;;» = 360 nm and therefore onlg'l; population is observed (see the fluorescence spectra in
Fig 4.8). The maxima of the pump-probe envelope correspond to the delay;tiatewhich the vibrational
population passeg,,;, (see Fig. 7.13). The early maxima in the first column are identical to those shown in
the last column in Fig. 6.8, marked with an asterisk.
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Figure 6.16: Pump-probe spectra Fig. 6.15 on a shorter timescale whgrg, = 387 nm. A, is varied
from 286 to 262 nm. The fluorescence is detected\atyz = 360 nm and therefore only’'l, population is
observed (cf. Fig 4.8).

probe pulse is tuned from,, .. = 286 to 262 nm. The first column shows spectra Q... = 286,

284 and 282 nm, which have the same pump and probe wavelengths as the last column in Fig. 6
but there the LIF was detected at 420 nm, where W6thC'l~/Ar and CITF~ /Ar emit (see the
fluorescence spectra in Fig. 4.8). Therefore these spectra have an early, sharp maxinaubnpet
marked with an asterisk (*) in Fig. 6.8, due@d, and a late maximum (> 40 ps) due taC'lF'.

In pureCl,/Ar samples, identical results are obtained Xgf» = 360 nm (Ci*Ci~ /Ar). How-
ever, for\;;r = 420 nm only the early peaks due €@, marked with an asterisk (*) persist, while
the late maxima due t0'/F" are missing in Fig. 6.15. This substantiates the assignment of the 360 nm
emission toC'l,. For probe wavelengths,, .. > 290 nm, the 420 nm emission is exclusively from
CIF, and for shorter wavelengths due to both species. The different temporal shape it e
CI1F dynamics is exploited for a two-pulse control scenario in chapter 7.8.

Fig 6.16 reproduce the spectra from Fig. 6.15 on an shorter time scale to display the wave packa
dynamics. All spectra show an oscillatory period of approx. 800 fs. In some spectra an additiona
splitting of 150 - 200 fs is observed.
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Figure 6.17: Comparison of fs-
pump-probe spectra with,,,,, =
387 nm (B(®Ily) excitation) and
290 nm {II; excitation) with fixed
Aprobe = 280 nm. The fluores-
cence is detected af; = 360 nm
and thus onl\C'l; population is ob-
served (cf. Fig 4.8).

norm. fluorescence

6.4.2 I state excitation

Asin ClF andI,, the excitation of>1, /Ar to its repulsive I1; states yields almost identical dynamics

as excitation to'Ily. This is demonstrated in Fig. 6.17, which shows fs-pump-probe spectra with
Apump = 387 and 290 nm and fixed,, ... = 280 nm. The fluorescence is detected\air = 360

nm and therefore onlg'l, population is observed (cf. Fig 4.8). The assignment of these dynamics
was tested by preparation of puté, /Ar samples withou€'! F' impurities. The potential surfaces of
Cly/Ar (cf. Fig. 5.7) are very similar to those 6flF//Ar. Transitions from the bound triplet states

311 are - analog to the discussion f6li /' - the only candidates for the observed probe transition.
Obviously, the wave packet nonadiabatically passes from the excited singlet state to a lower and
bound triplet state in the first ps.
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The rich experimental results dn in Kr allow for the first time the derivation of the recombination
dynamics of a molecule in the condensed phase without the aid of simulations. It is instructive to com
pare the results obtained purely from experiment with those from DIM-trajectory simulations. The
results obtained fof, / Kr guide the interpretation of the experiments©@i’ andC'l, by analogy.
Ultrafast energy transfer to the solvent (chapters 7.3 and 7.4) and a strong coupling of potentic
energy surfaces (chapter 7.6) are observed both in the large and heang in the small and light
CI1F molecule. Unlikel,, the small size of thé’ fragment gives rise to ultrafast reorientation of the
molecular bond in recombination dynamics (chapter 7.5) and allowE tatms to leave the solvent
cage (chapter 7.7). The heavy mass of thdragments and the well defined scattering conditions
keep the wave packet much better localized and oscillations in the pump-probe spectra live muc
longer.

7.1 I, in Kr - model data from systematic experiments

A one dimensional representation for the multidimensional potential of excited state surfaces o
I,/ Kr is constructed from the pump-probe spectra. In the subsequent chapters experimental sna
shots of a wave packet trajectory immediately display the inelastic and nonlinear interactior of the
fragments with the{r cage. Different signatures of vibrational relaxation in the pump-probe spectra
are investigated, and it is demonstrated that the envelope of pump-probe spectra can be exploited
determine vibrational relaxation rates, even if the oscillations are not resolved. The influences of th
width of the wave packet and of the probe window are analyzed.

7.1.1 Vibrational frequenciesin the B state

Fig. 7.1 shows the observed first periddsas a function of pump energy. The triangles are read from
spectra with fixed\,..,. = 480 nm, and the squares for,,..,. = 520 nm (for the original spectra see
Appendix). It is evident, that the periods are similar, but they show systematic deviations of up to
10% for the two probe wavelengths. To obtain the correct round-trip times, it is necessary to tune th:
probe together with the pump wavelength in such a way that the wave packet is probed at its turnin
point. This consistent variation of pump and probe wavelength yields the solid circles. A discussior
of this procedure is presented in chapter 7.1.2.

For pump wavelengths,,,,, > 600 nm theX — A transition dominates the absorption spectra,
because the Franck-Condon factors of fhe— B transition decrease rapidly. Unfortunately, every
wavelength),,,. that probes thes state near its minimum expected around 640 nm, also probes
the A state population. TherefofE, of the B state could not be measured. Near the minimum, the
potential should be only weakly influenced by the matrix and is well described by a Morse potential.
The square of the experimental frequenci&s) from Fig. 7.1 is linearly extrapolated to estimdte
since the frequency of classical vibrations in a Morse potential at edergy(E) = we+/1 + E/D..

The matrix shifts otv, andT, should be on the order 1 to 2% for valence states (cf. chapter 2.2.3)
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Figure 7.1: First round-trip timesl; and frequency as a function of energy,,,.,,. The solid circles are

the correct values determined by probing the wave packet at the turning point via an adjustment of the probe
wavelength (see text). Deviations occur if the probe wavelength is kept fixed at 520 nm (squares) or 480 nm
(triangles). The dashed line displays the gas phase frequencies corrected for the vertical solvation shift.

and under these constraints the extrapolation yields- 125.9 cm™! and7, = 15420 cm™! (Tab.
7.1). The function’}(E) = w.(1 + E/D,) + exp(—a(E — E)) is fitted to the solid circles, yielding
the solid line in Fig. 7.1v7(E) consists of the linear Morse-term and an empirical exponential term,
that is negligible belowt 9500 cm~!. This exponential term describes the deviationqf~) from the
Morse value at high energiés quite well.

In Fig. 7.1 thev(E) curve in Kr is compared to the gas phase (dashed), shifteétl. iny the
350 cnT! due to solvation. The anharmonicity in the matrix is systematically smaller. The repulsive
interaction with the cage atoms increases with the elongdtiare. with energyE. This bends up
the outer wing of the potential in Fig. 7.2. The potential in the matrix for high enefgissloser to
the harmonic oscillator, which is expressed in a smaller slopé Bf. A Morse-like approximation
works well only deep in the well, where the interaction is still relatively weak. Near the dissociation
limit the cage walls confine thefragments and a curvature of ') with the opposite sign is observed.

7.1.2 Construction of B state potential from pump-probe spectra

The scheme in Fig. 7.2 shows thé — B transition induced by the pump beam and the— E
transition due to the probe beam. Differexit B and F state surfaces of;, in the Kr matrix are
derived and explained in the following.

An effective 1-D potential energy surface is constructed from the experimental values (solid cir-
cles) for the periodd; given in Fig. 7.1. For resolved quantized vibrational levels one would use
the RKR (Rydberg-Klein-Rees) [207-209] scheme for the construction of the potential, and here the
classical continuum analogue [210] can be applied. If the round-trip til0&3 in a potentialV/(r)
are known for all energieg, the potential can be constructed as follows. The velocity of the classical
particle isv = \/2(E — V (r))/m. Thus an infinitesimal time step & = dr/2(E — V(r))/m. The
potential is constructed successively by going from the potential minimum to higher energies using
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Figure 7.2: a) Potential energy diagram &f in Kr including the ground stat&’, the valenceB state and

the ionic E state relevant for the pump-probe spectra. The arrows depict pump and probe transitions. TF
squares indicate the shape of the potentials as derived from the experiment. Dashed lines correspond to L
calculations in the fixed Kr fcc lattice (see text and panels b and d) and solid lines to a relaxed cage geome
(see panel ¢). The dotted line reproduces hgtate from ref. [204] for a fixed fcc lattice (see panel b) and the
dash-dotted line includes a shift by 0.01 nm outwards and 396® amin energy. Panel d) shows in the
ground state surrounded by a fixed fcc lattice. Note the space betha®hi r along the internuclear axis is
responsible for the soft potential in this geometry. In panel c)flreatoms have relaxed around the molecule,
bending the outer limb of the potential up. Fig. 1b showsihat a bond distanc& = 0.4 nm typical for a
probe transition. Here the fixed fcc lattice approximates a geometry relaxed around the extendéiédnd.
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State L/Kr RKR L,/Kr DIM I,/ Kr DIM
I, gas phase| dynamic lattice| relaxed lattice| fixed fcc lattice
experiment | experiment theory theory
B we / cm! 125.69 125.9 125.9 116.5 a
wete / CMt 0.764 0.702 0.721 0.783
T, /cm™! 15769 15420 15644 14816
E T./cm! 41411 38000 - 34107

ref. [206],° ref. [204]

Table7.1: Spectroscopic parametefs w. andw.x. for the gas phase, and férin Kr matrix. Note the RKR

method measures a dynamic potential including the lattice response and the DIM calculation is for the relaxed
lattice and the fixed fcc lattice, respectively. The parameters for the B-state DIM potential in the relaxed cage
agree well with those for the RKR potential within the accuracy of a Morse-fit to the potential. The parameters

describe the potential near the minimum and the dynamic potential deviates from the DIM-potential in the

relaxed cage only at high energies (cf. Fig. 7.2).

the fitting functionu]%(E). Note that for the construction of the potential by the RKR method, rota-
tional information is needed to find the absolute positions of the inner and outer turning points. In the
matrix I, does not rotate. Instead, the gas phase Morse potential is kept as the repulsive inner wing
of the B-state, since the matrix interaction near the inner turning point is expected to be minimal.
Alternatively, one could adopt the inner wing of the calculated DIM potentials. This would shift the
outer wing by less the 0.003 nm to larger elongations, which is negligible with respect to the quality
of the potential. In essence, the outer wing was determined #(@ by numerical integration and

the result is presented in Fig. 7.2 as a solid line with solid squares indicating where experimental
points have been measured.

The effective potential incorporates some of the coupling to other modes of the multidimensional
system. If classical trajectories are run on this potential, they reproduce the classical frequencies
collected in Fig. 7.1. The frequencie$E) and the derived RKR potential are obtained from the
round-trip timeT; immediately after excitation. The periods are measured for relaxing wave packets.
Thus the potential is based on the initial condition of a wave packet prepared d@ndtae with
the surrounding<r atoms thermally equilibrated dt = 15 K around an/, molecule in its ground
state— which is the typical situation in pump-probe spectroscopy. However, it should be a good
approximation in different situations, as long as the solvent atoms are not too far from this thermal
equilibrium. Such a potential is very helpful for quick and precise estimates of the dynamics and
to develop an intuitive picture of the multidimensional problem. It also helps to design pump-probe
experiments, because the potentials can be directly used to estimate the needed wavelengths and time-
resolution.

To give an intuition of the one-dimensional representation of the multidimensional potential and
to have a first comparison with experiment, the DIM potential surfacdfan K was calculated
following refs. [63, 64] and including their correct diagonalization of the Hamiltonian matrix. The
results are shown in Fig. 7.2a. The dashed lines correspond to calculationsXfahe B states
where theKr atoms are kept fixed at the fcc lattice positions (Fig. 7.2d). This is the geometry for
which potentials are shown in refs. [63, 64]. For the solid lines,Aheatoms are relaxed around
an I, molecule in theX state. In this geometry the twldr atoms, that are in line with thg, axis,
move closer to thé atoms (Fig. 7.2c). Stretching the molecular bond-phgainst this solvent cage,
with the K'r atoms fixed at this position, induces a steeper outer limb in the potential. Comparison of
the DIM potentials with the experimental RKR potential shows thatot surprisingly— the relaxed
cage geometry gives a better agreement. However, close to the dissociation limit the RKR potential
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is softer, since it includes the cage dynamics. In the course of thd stretching motion, thér
atoms are pushed out, which bends the outer limb of the potential towards the loose fcc cage. Th
phenomenon is expected to be accurately reproduced by the averaged DIM trajectory calculation
discussed below in chapter 7.3.1. Note that the repulsive interaction befwassh/r shifts the
potential minimum of the3 state up by 600 cm' upon cage relaxation (cf. also Fig. 2.6).

The spectroscopic constants that reflect the situation near the minimum are collected in Tab. 7..
The calculations for a fixed fcc lattice (dashed lines in Fig. 2.6) yields significantly [dwandw,
and an anharmonicity.z. closer to the gas-phase value. To get the correct values, the calculations
have do be performed in a relaxed geometry (solid lines). These values agree well with the gas pha
and the RKR result. At higher excitation, the anharmonicities change and the potentials differ for
large R (cf. Fig. 7.2). These deviations would be described by higher orders of the anharmonicity.
The DIM potentials in the fcc or relaxed configuration of the cage are calculated forHixedoms.
The RKR potential includes the cage dynamics, which bends the potential down atRlafiges
shape of the potential near the minimum is only weakly affected and Tab. 7.1 only compares the
"constants” near the minimum. In chapter 7.3.1 , the calculation of a "trajectory averaged” potential
will be proposed which will approximate the measured potential at |1&ges well.

A similar analysis forC1F/Ar in the excitation region relevant for this thesis cannot be accom-
plished. It will be interesting to apply the method again in the bound region oBthtte ofC'F.
These experiments are expected to be rather difficult due to the small Franck-Condon factors in th
region; However, it will be interesting to compare the dynamics of the lighif molecule in the
bound region to the very detailed corresponding dynamids.of

7.1.3 Construction of E state from pump-probe spectra

The vibrational frequency(E) of the B state was derived in section 7.1.2, without assumptions
concerning the shape of the state or the difference potentiall”. Having constructed th& state
potential Ez(R) in the previous section by tuning the pump wavelength and optimizing the probe
wavelength, the dependence of the pump-probe spectra on the probe wavelength can now be exploir
in addition to construct the findl' state energy surfadey(R).

To that end the optimal probe photon enetgy,..;. is identified, which records the wave packet
just at the outer turning poink,,;,. For A\ ..., = 540 nm the corresponding probe wavelength is
520 nm (cf. Fig. 6.3). The first criterion for probing at the turning point is the observation that the
double splitting of the oscillation due to inward and outward motion just disappears. The seconc
criterion is vanishing,, ~ 0, i.e. the shortest probe wavelength is chosen, for which the maximum
of the envelope is close to tinte= 0 (cf. Fig. 6.7). hv,,... determined in this way corresponds to
the difference potentiahv,,..c = AV = Eg(Rpump) — Es(Rpump), at the turning pointR,,,,;,,,, in
the Franck approximation [104]. Since tliestate potential £z (R), is known from the preceding
chapter, the final state';(R) can be obtained by addirig ... to the B state energy in Fig. 7.2 at
the positionR? = Ry, = Ryump. The experimentally determined points (squares) are compared to
the surfaces given by Batista and Coker (dotted) [204]. Concerning the ghapd of the ionicE
state surface, the results obtained by Batista and Coker [204] in the fixed fcc cage ( Fig. 7.2b) agre
very well with the experimentally determined potential (squares), if the potential is shifted by 0.01
nm outward and 3900 cm up in energy (dash-dotted line). Here the experiment probes the potential
at I — I elongations around 0.4 nm, which is the nearest neighbor distan€e {frig. 7.2b). This
renders the fixed fcc lattice, used in the calculations, a good approximation.

The minimumT,(E) of the ionic £ state derived experimentally is compared to the gas phase
and the result by Batista and Coker in Tab. 7.1. The large red shift of 3400 with respect to
the gas phase, derived experimentally, is typical for the solvation of ionic states (chapter 2.2.3). Th
calculation by Batista and Coker yields a red shift of 7300 gmvhich is more than twice as large.
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This may originate from the fixed fc&™r structure used in the calculation or from the empirical shifts
introduced in the DIIS formalism.

7.2 Window effectsin condensed-phase pump-probe spectra

At first glance, one would assume that it is only the pump pulse which determines the frequency of
the oscillations observed in a pump-probe experiment, as it prepares certain vibrational levels. In this
case, the differencedt, or At, between the parallel lines, e.g. in Fig. 6.3, for inward or outward
motion correspond to the correct round-trip tiffie However, this is not the case, and a systematic
deviation of 7 or v values is obtained in Fig. 7.1, if, for example, probe wavelengths of 480 nm
(triangles) or 520 nm (squares) are used.

For a demonstration of this effect consider Fig. 7.3, which displays spectra with a fixed pump
wavelength of 570 nm. With,,.,,. = 480 nm the wave packet will be recorded just at the turning
point (cf. Fig. 7.2).\,.. = 456 Nm already results in a considerable broadening of the peaks.

In order to form a wave packet, itis necessary to coherently excite a superposition of several vibra-
tional levels according to the spectral width of the pump pulse wave packetig. 7.4 schematically
shows the projection of the ground state population ontd3is¢ate, with a pump pulse of frequency
Vpump aNd bandwidttAv,,,.,,, The bandwidth determines which part of the Gaussian wave function
in the ground state is promoted to the excited state, leaving a hole in the ground state wave function
after excitation. On the3 state, this gives amplitude to the vibrational levels which lie within the
bandwidth. A contour plot of the wave packet moving outwards is indicated. The difference potential
AV to the E state atR,,;, likewise determines how the spectral bandwidth,, .. is transformed
to the spacial width of the probe windotR,,;,. This in turn defines which vibrational levels are



7.2. Window effects in condensed-phase pump-probe spectra 99

AV
A Avprobek
| >
y
()
o)
]
ol
b
—
AVpump _ k
\ = —FE .
) AW — ) Ein
| im0 —
\\ AEwin
Qo —>
=
2 B AR
> win
X > ! g
Rwin

Figure 7.4: Potential diagram showing the ground stafethe excited staté3, and the difference potential

AV to the final statefs. The spectral shape of the pump pulse with mean frequengy, and bandwidth
Avpumyp determines, which vibrational states of tBestate are populated. The projection onto the repulsive
limb of the B state yields the hole burned into the ground state population. Likewise, the projection of the
probe pulse onto the difference potentisl” yields the probe windowR,;,. The outer limb of theB state

then determines which vibrational levels are probed, i.e. the energy of the probe wifygoand the probed
bandwidthA Ey;,.

probed withinA F,,;,,. In the example shown in Fig. 7.4, only the upper two of the excited vibrational
levels are probed. The anharmonicity yields a longer apparent vibrational ggrommpared to the
center of the wave packet.

If the probe wavelength,,..;. is reduced, the probe window moves spatially inward and to a lower
energyE,.;,. Thus the less energetic parts of the wave packet, which have a shorter period accordin
to the anharmonicity, gain in weight and the measured pérjad reduced. This effect can be clearly
seen in the experimental spectra shown in Fig. 7.3. Although the spatial shift is not large enough t
yield a resolved splitting, the differences between the maxima indicate a sfialler essence, the
part of the wave packet &t,;, gains the highest detection efficiency (chapter 2.3.1). This is the wave
packet for which the probe window is at the turning point.

Since the effect accumulates, three periods are displayed in Fig. 7.3 to make it clearly visible
The time differenc&; for A, = 456 nm corresponds to 990 fs and to 1060 fs fQf,.. = 510
nm. This results in a variation @f; from 353 fs for probing above the turning point with 510 nm to
330 fs for probing too deep with 456 nm. This error®T’ /77 = 0.07 fully explains the systematic
difference between the results with probe wavelength fixed,at. = 480 or 520 nm in Fig. 7.1.
A correct determination of; requires a tuning oh,,,.... just to the turning point for each,,,,,.
The error in the round-trip timés; on the order of 7 % is serious, because the anharmonicity is the
derivativedr /dE of thev(E) curve in Fig. 7.1. The slope of( £') differs by more than 50% for the
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solid circles and the triangles at low energies. The coffgatalues given by the circles in Fig. 7.1
were derived by an optimization of,..,. for each value of,,,,,,,,,.

Itis instructive to complement this explanation with arguments from the classical MD simulations
[26]. If the trajectory travels high above the window, it moves with more kinetic energy and larger
velocity through the window. It spends less time in the window, diminishing the detection efficiency.
Thus the low energy trajectories with too short peridgslominate the experimental spectrum. If the
average energy of the trajectories lies below the window, only the fraction with high energy reaches
the probe window, and the apparéntis too long. These classical arguments are in full accord with
a quantum mechanical Franck-Condon picture.

Changes of the observed oscillational period with probe wavelength have already been observed
in trajectory simulations [27]. There they have been used to estimate the probe window position,
since it could not be deduced from the systematic variation of the probe wavelength in the experi-
ments. The position of the probe window has a dramatic influence on the decay of the envelope of the
pump-probe spectra in these simulations [27] and thus also on the predissociation time deduced from
the simulations. The experimental approach just discussed has the advantage to separate the processes
of vibrational energy relaxation and predissociation. This was applied recently to determine predisso-
ciation rates and to clarify the interplay of vibrational relaxation and predissociation rates [115, 116].
Thus, tuning both pump and probe wavelength proves to be helpful even when a high level simulation
is at hand, i.e. to judge, if systematic errors are introduced by the simulation of the probe process.

In the gas phase, where oscillations in tBestate of/, can be observed for hundreds of ps,
the Fourier transformation yields clearly resolved vibrational levels that are pumped and probed.
The spectrum of the probe pulse then changes the intensity of the individual vibrational lines in the
observed Fourier transform.

7.3 Wave packet dynamicswith strong fragment-cageinteraction

7.3.1 Construction of an I — I trajectory from pump-probe spectra

The spectra in Fig. 6.2a show that the time spent between the first outwarahd inward passage

(«) for the fixed probe windowX,,..;. = 500 nm, R,,;, = 0.376 nm) increases dramatically from 120

fs, for Apump = 540 nm, up to 350 fs fon,,,,.,, = 490 nm, whereas that for the second outward/inward
passage stays essentially constant at 120 fs. The energy corresponding,te- 500 nm is close to

the gas phase dissociation limit. Obviously, the interaction of an essentially &teen \ ,,,,,,, = 490

nm) with the cage atoms around the outer turning point takes a much longer time than for a bound
one (pump = 540 nm). The collision of the fred atom with theK'r cage is connected with such

a high energy loss that the bond cannot be stretched as far in the second round-trip. Snapshots of
this interaction are recorded now in Fig. 6.2b) by scanning the probe wavelength frgm= 540

nm to 480 nm and therefore the probe positi®y;, from 0.36 nm to 0.45 nm for an excitation

at the dissociation limitX,,,,, = 500 nm). The probe window position8,,;,, for the respective
wavelengths are plotted as a function of time (open circles in Fig. 7.5a, given by the maxima in the
pump-probe spectra of Fig. 6.2b). The positions are connected by a smoothed line to yield the time
courseR(t) of a mean trajectory (solid line in Fig. 7.5a) for the first three excursions | to Ill. The
circles for the inner turning point near 0.27 nm are estimated from the potential together with the
energy loss derived in Fig. 7.11. The wave packet reaches out to 0.43 nm only in the first excursion,
and already in the second one it does not go beyond 0.39 nm. The most interesting first excursion is
asymmetric. The outward motion is still rather sinusoidal, and from the window at 0.36 nm to the
turning point it takes about 100 fs. The return is extremely delayed, and especially around 300 fs the
wave packet is not accelerated on the way back to the potential minimum as expected, but it is further
slowed down. The return from the turning point to the 0.36 nm window takes more than 250 fs.
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Differentiation of R(t) versus time yields the local velocity(¢), presented as kinetic energy
Eyin(t) = 3uv*(t) as the dashed line in Fig. 7.5b), wheres the reduced mass d@t. The mild
undulations may be artifacts due to the differentiation and the kinetic energy only relies on the mea
sured data points in the region of the thick smoothed line. Around the inner turning points, it depend:
on the interpolation and should be close to a free oscillator. The maximal kinetic energy is consister
with the excitation 4230 cm' above the minimum of thé state. The snapshots of the oscillation
were taken on the relevant outer limb of the potential and the corresponding kinetic éngriy
is emphasized by the thick solid line. It shows a deceleration on the way to the outer turning poin
as expected for a Morse potential, but the acceleration on the way back is completely different. Th
trajectory moves extremely slowly for a long time, between 200 and 400 fs withply ~ 200
cm~. On a Morse potential it should have already 2000 €t 300 fs. It seems as if theatoms
stick to the cage wall and move back very slowly together with the cage. This peculiar behavior is
demonstrated in Fig. 7.6a on the outer limb of the potential surface df thtate. The energy loss
derived from the trajectory is supported by the analysis of the vibrational relaxation rates in chapte
7.4.2. A wave packet excited with,,,,,, = 520 nm travels out and returns with an energy loss of
455 cnt!. A wave packet pumped with 500 nm lies significantly higher in energy and reaches much
farther out on the soft wing of the potential, then it sticks to the potential energy surface and doe:
not gain kinetic energy. It slides down along the potential surface far below the energy of the 520 nn
wave packet until it finally gains kinetic energy.

Comparison to classical trajectory calculations

The dynamics at the dissociation limit (Fig. 7.5) determinedXgy,,, = 500 nm can be qualita-
tively compared to the classical calculatiox,(,, = 510 nm) in ref. [27]. The simulations create
a swarm of trajectories. Unfortunately only an "anecdotal” trajectory is presented [27] instead of ar
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Figure7.6: a) Sketch of potential and kinetic en-
ergy showing the peculiar dynamics of thg
520 nm molecule for strong fragment cage interaction. In
the first collision a wave packet started near the
550 nm dissociation limit §,,,,,, = 500 nm) is scattered
187 T — below a wave packet that was started at lower
energy (i.e. \yump = 520 nm). During the in-
177 teraction the kinetic energy is very small (Fig.
03 0'35 0'4 7.5). The energy after the collision is given by
: ' the energy relaxation rate (Fig. 7.11). b) Two
R/nm cage modes according to [37] illustrate the intu-
c) itive breathing of the cage and the belt mode that
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averaged trajectory with a distribution. In any case, the simulations catch the very strong fragment-
cage interaction that allows only one large excursion beyi@nd 0.4 nm. Similar to the averaged
potential discussed above, a comparison of an averaged trajectory with the present experimentally
derived trajectory could improve the value of the comparisons and would yield a deeper analysis.
The explanation for the apparent sticking of thatom to the cage is most evident from a sim-
ulation of C'ly in Ar near the dissociation limit [37]. Recall from chapter 2.2.1 that in Ar is
isolated on double substitutional sites, just likein Kr. Three modes of deformation are excited
with large amplitudes. An expansion of the cage along(le- Cl axis excites two modes. The
cage breathing, displayed in Fig. 7.6b), is intuitively expected. The second mode (c) contracts a belt
of 4 matrix atoms, which lie in a plane perpendicular to and in the center af'the Cl bond. The
expansion of the’'l — C'l bond displaces matrix atoms along the bond direction and creates space
just around the center of the bond. The atoms in the belt can move inwards and thus compensate the
volume change from thé'l — C1 expansion. This picture is valid also for tihgin Kr case [29] in
accord with the discussion in ref. [37] and with essential features of the simulations gndiage
of I, in Ar matrix [21]. Now, when thed atoms are stopped at the turning point and try to return,
they first have to displace the matrix atoms in the tightened belt, which delays a recombination. The
acceleration of these belt atoms takes out kinetic energy from thé coordinate. This reduces the
I velocity as seen in the sliding down on the potential surface in Fig 7.6a and explains the extremely
large energy loss. The usual Morse-like rise in kinetic energy appears only after the belt atoms have
been expelled around 400 fs in Fig. 7.5. The experimental trajectory in Fig. 7.5 directly displays this
peculiar process.

Comparison to DIM-trajectory calculations

In trajectory calculations using DIM potentials (diatomics in molecules) [108], the potential felt by
the I, including all K atoms is derived (eigenvalues of the Hamiltonian) at each time step for each
trajectory.

Fig. 7.7a shows the potential surfaces for the sysigmir as a function of time, as they are
usually plotted in publications that report DIM trajectory calculations by Batista and Coker [64]. The
data were kindly provided by N. Yu from the group of Coker. Only a selection of 7 states from the
36 valence states is shown. Unfortunately, similar trajectoriegfoare missing and also data for
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Figure 7.7: a) Potential surfaces dh/Ar valence states from a DIM-trajectory as a function of time (data
provided by Ning Yu from the group of Coker). The thick line indicates khstate, which is occupied in this
trajectory. b) Same trajectory for the first round-trip (up to 350 fs) as a functidd @he potential is higher
for the outward motion, than for the return, since tkie atoms are pushed to the side. The thick solid line
indicates the first and the thick dashed line the second round-trip iB Htate.
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the ionic states are not available. In Fig. 7.7b the same surfaces are plotted as a function of the
bond distancer for the first round-trip{ = 0 to 360 fs). For theB state, which is populated in this
trajectory, two periods (tilt = 700 fs) are plotted. The first round-trip is depicted by the thick solid

line and the second round-trip by the dashed line. Some qualitative results can already be picked out
from this simple approach. The trajectory start&at 0,266 nm and moves outwards, collides with

the Ar atoms, loses energy and travels back at a lower energy. For this reason the inner turning point
now is atk = 0,275 nm. The trajectory moves back out at even lower energy and at the outer turning
point a collision with a hotdr atom transfers energy back into the- I coordinate.

The plot represents the collision events of a single trajectory. The pump pulse in the experiment
prepares a coherent wave packet with a quantum mechanical uncertainty in phase space. Therefore,
an ensemble average over many trajectories is required. The mean value of the potential for these
trajectories corresponds to an average 1-D potential seen by a wave packet "on the fly” and it should
be compared to the surface (Fig. 7.2a) constructed from the experiment. However, such "trajectory
averaged” potentials are not available, even though it is a much better approximation than any po-
tential calculated for a fixed lattice. The outward and inward motions are not symmetrical due to the
energy loss from thé — I coordinate. In the DIM trajectory calculation, one could even get rid of
this problem by constructing two potentials - one for outward and one for inward motion.

Up to now, only simulated signals for special pump-probe combinations have been compared to
experiment, and sometimes errors in the simulation compensate each other. One example for such
an error compensation can be found in the earliest simulations [64]. It explains the entire pump-
probe signal with\,, ..« = 400 nm by probe transitions from thé state, and very good agreement is
obtained. From the experiment it is obvious, however, that the signal originates from pfoaind
this is proved by the experimental determination of the time zero, which was not known at the time of
the simulations. The error has now been corrected [66], resulting now in a much weaker nonadiabatic
coupling of theB state to the predissociating states.

The potential constructed entirely from the experiment (Fig. 7.2a) may advance the understanding
of the ultrafast manybody dynamics, since a detailed theoretical modeling of the probe process to the
ionic surfaces is circumvented and the simulations are compared to the experiment at an earlier stage.
Itimposes a test onto the simulation in a systematic way. The computation of the ionic surfaces is very
tedious work and therefore it is only accomplished rarely in trajectory simulations. In the theoretical
support for the”' [ F' experiments this task is still out of reach.

7.3.2 Recombination dynamicsof CIF in Ar

The pump-probe spectra fofl F' in Ar are not as well modulated as theg/ K'r spectra. Nevertheless,
the oscillations due to wave packet motion can be used to determine the ultrafast dissipative dynamics.
The early wave packet motion after excitation witf),,,, = 387 nm above the dissociation limit can
best be displayed for a probe window near this limit, i.eAgt,. = 319 nm. The recombination
dynamics can be seen and the population that relaxes further down in the potential well is not probed
and thus does not contribute to an unwanted background signal. The first 3 ps of the spectrum are
shown on an enlarged scale in Fig. 7.8b. The following interpretation of the spectrum is analogous to
the I; system discussed in the preceding chapter.

The first strong maximum after 50 fs catches the wave packet when it moves outwaritisgugh
the probe window for the first time. The minimum around 250 fs corresponds to the time when it is
beyond the probe window. There it smashes into the cage and loses most of its energy, which forces
the wave packet to travel back. Thus the shoulder after 500 fs displays the wave packet, when it
passes the probe window for a second time on the inward motign (Next, it reaches the inner
turning point and subsequently passes the probe window a third time, about 850 fs after the first peak.
Due to the strong collision in the first excursion it has already lost most of its kinetic energy. The
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Figure 7.8. a) Scheme of the wave packet dynamics observed in the pump-probe spectrum (panel b) with tt
probe window atR,;,. The wave packet is excited (vertical arrow) above the gas phase dissociation limit
(dashed) and loses energy in tBestate due to interaction with the cage. b) fs-pump-probe spectrum with
Apump = 387 nm andA,,.. = 319 nm. The arrows above the peaks indicate, how the wave packet passes
through the window. Thelr; breathing mode is sketched below (see text).

turning point and the probe window in the third passage lie closer together, and the wave packet |
only probed once on its outward and inward motion. Finally, after 1250 fs it shows up once more at
the turning point. Thus three periods are resolved (cf. Fig. 7.8), and the first one is doubled due to
separated detection of outward and inward motion. The dynamics are sketched in the left panel of Fi
7.8 in analogy to the trajectory derived foy and consistently with the peaks in the fs-pump-probe
spectrum and the relaxation time analysis (chapter 7.4.3). The wave packet rides on a backgrout
increasing with time, because of dispersion [32], caused by the anharmonicity and because the fir
strong collision induces decoherence [211]. The latter forces the wave packet dynamics to ente
the regime of population relaxation. The main conclusion of the dramatic energy loss in the first
collision is substantiated by the analysis of vibrational relaxation in chapter 7.4.3 and supported b
DIM-trajectory simulations [71].

From the second to the third period, a round-trip time of about 400 fs is derived, as expectec
according to the simulation of aF, molecule oscillating in the cage structure discussed below. The
difference of 350 fs between the shoulder and the second maximum is shorter, because it does r
correspond to a full round-trip. The time of 450 fs, spent on the outer bow from the first peak to the
shoulder is remarkably long, similar to the corresponding dynamiés/df r (chapter 7.3.1). These
experiments show that the velocities are especially slowed down just after the collision due to the
details of the deformation of the cage and the energy losses involved in it. The question deserve
some consideration, whether the recombination dynamics of the Heavlymolecule in the lighter
Kr surrounding is comparable to the recombination dynamics of the asymragéfrienolecule in
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o Figure 7.9: a) 2-D potential energy
@®© surface ofF; /Ar calculated by G. Cha-
::, ban [73]. The horizontal axis is the
;: F — F distance and the vertical coor-
o dinate is the breathing of thdr; tri-
angle. The geometry is fixed with the
F — F coordinate perpendicular to the
triangles. b) 1-D representation of the
c) potential surface. The first barrier is
\/ ________ R(AL,) greatly suppressed (dashed) when the
N\ 2 | T Ars window is expanded. c¢) Geom-
F-Ar etry that defines thés bond distance
— Rp_r and R(Ars) as the distance of
5 10 15 20 25 ) one Ar to the center of mass of the
three Ar.
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Ar, where theF' fragment has only half of the mass of dn atom. Thel fragments are heavier than

Kr and undergo head-on collisions with offe- atom and the belt of fouk'r atoms moves inward.

In contrast, the dissociation 6fl F' leads to a symmetric collision of tltel and thef” atom each with

a triangle ofAr atoms (Fig. 2.5c). A plausible consideration is to take all atoms as hard spheres with
van-der-Waals radii, which yields kinetic energy losses of 54 % and 67 %lifand F' respectively.

The deformation will enhance the losses.

A characteristic feature of the spectra in Fig. 7.8b) is the first sharp maximum and a minimum
around 250 fs. Both signatures are emphasized near the threshoJd,ef= 320 nm for the probe
resonance and attenuate at shorter probe wavelengths (cf. Fiy. h@)analog phenomenon shows
up also in thel,/Kr spectra (AppendiX, €.g\pump, = 500, Apope = 540 NmM) when the probe
wavelength is just at the threshold. In the minimum energy configuratiar,oh Ar at 5 K the
molecule is located in a single substitutional site with e&chtom pointing at a symmetric triangle
of Ar atoms [68] and a similar geometry is likely fofl F (Fig. 2.5c). The collision of thé” atom
with the triangle leads to cage expansion and breathing. The iosiate is significantly red shifted in
the matrix by solvation of the dipole [205]. The solvation is reduced on expansion di-tbage and
the E/ state moves up in energy. The probe wavelength of 319 nm is just at the threshold for reaching
the F state (Fig. 7.8a) and the probe window will be lost in the expanded cage. Cage expansion starts
with the first collision occurring just after the first maximum in Fig. 7.8b. The sensitivity decreases
during the expansion leading to the reduced intensity of the subsequent shoulder. Full sensitivity
will be reached again after a period of the breathing mode which appears in Fig. 7.8b around
the second maximum and after 800 fs delay. Such a period ofithkreathing mode is in good
accordance with simulations and experiments for dopedatrices [212-215].

Support from theory

The interplay of the dissociation of the diatomic with the cage breathing is investigated in a 2-D wave
packet simulation on the symmetri¢ molecule in the fcc argon lattice [72, 73]. One coordinate is
the F' — F stretch and the other coordinate is the breathing mode ofithdriangles, at which the

F atoms are pointing. All othedAr atoms are frozen and enforce a cage potential. The potential
energy surface is shown in Fig. 7.9. The barrier due to the nedresiangle is located at ai’ — F

1From 291 nm on the peak increases again due to excitatioh of



7.3. Wave packet dynamics with strong fragment-cage interaction 107

0.9 Figure 7.10: Projections of the 2-D
0.7 wave packets of, /Ar onto theF — F'
coordinate as a function of time, kindly
05 Z provided by M. Korolkov. Panel a)
b7 demonstrates the spreading of the wave
0.3 packet due to dispersion for the initial
0.1 condition of a cold window. Panel b)
' presents the same dynamics for a pre-
3 5 7 9 2 6 10 14 18 excited Ar; window, leading to partial
R:.:/ a R../a, cage exit of the wave packet at 700 fs.

separation of 11.5, and the second triangle at 22.9and both barriers are saddle points in the 2-D
surface (Bohr radiug, = 0.0529 nm).

The pump pulse prepares the 2-D wave packet on this excited state surfaee at2.66 oo and
Rarar = 4.14 a, in the well localized ground state configuration. The wave packet moves according
to the gradient of the potential surface. It was demonstrated in ref. [72] that the wave packet follow:
the principle of relief reflection, i.e. the wave packet is reflected by the 2-D walls of the potential (Fig.
7.9a).

Fig. 7.10a shows the projection of the 2-D wave packet ontd'the F' coordinate as a function
of time for the initial condition of an unexcitedr; window. The originally well localized packet
smears out quickly within 1ps. The wave packet is dispersed on the anharmonic potential and th
higher dimensionality amplifies the dispersion. In addition, the wave packet will be dephased due t
the random encounters with the solvent, which is not considered in the simulation. This explains why
oscillations in the pump probe spectra with such pump energies are not observed for longer times. Tt
period in this calculation~ 250 fs) is significantly shorter than the one derived in the experiment.
This is a consequence of the smaller reduced mass df:tltempared ta’'[ F, the higher excitation
energy used in the simulation and the fact that dissipation to other modesAf thtice is neglected.

Fig. 7.10b demonstrates the enhancement of cageexit (1.5 a,) for a pre-excitation of thelr;
window into its 8" vibrational level. At 700 fs, the additional cage breathing allows part of the wave
packet to exit the original cage, which ends at 11.5@atheF — F axis.

There are several drawbacks in this simulation, some of which are discussed in the original worl
[72,73]. In addition the P-orbital alignment [68] is not properly taken into account, because of the
fixed symmetry in this simulation. As detailed at the end of chapter 5.4.1, the minimum for an
aligned orbital is in the center between two and not three nearest neighbor atoms, as assumed in t
simulations. Moreover, energy dissipation and coupling to other electronic surfaces is not includec
and - as will be discussed in chapter 7.5 - the angular reorientation of the fragment is neglectec
Nonetheless, the simulations give a good estimate of how the anharmonicity disperses the wave pacl
and the lower barrier for cage exit when the mode is excited.

7.3.3 Recombination dynamicsof Cly in Ar

For Cl, the 387 nm pump pulse excites a wave packet with a large excess energy of 8270 cm
comparable to the case 6fl F' in the previous chapter. The expected rapid energy loss is evident
from the spectrum aX,,.,. = 286 nm (Fig. 6.16), which is the longest probe wavelength, just at the
threshold for theB — F transition. Here only the first two peaks from the first oscillation period
are observed and the spectrum rapidly decays after 1 ps. In the spirit of the discussion in chapte
7.4.1 and 6.2, this indicates that after 1 ps the wave packet has relaxed to the probe window, i.e.
has lost 7000 cm'. The systematics of this evaluation is given in chapter 7.4.3. The only published
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MD simulation [37] onC'l, in Ar reports excitation just at the dissociation limit. The first period is

550 fs, which is much faster than the 800 fs seen in the experiment. However, the excitation energy in
the experiment is 0.7 eV higher and the deformation of the cage is expected to be larger. The double
substitutional site again implies head-on collisiongZBfwith Ar. Since the mass of both particles

is nearly identical, a complete energy transfer to theatom is expected for a head on collision

from classical mechanics. The simulations predicted the generation of shock waves. The dynamics of
the belt and breathing modes were already discussed in the contextfof (chapter 7.3.1). In the
present case the energy transfer to the matrix is even more efficient and coupling of energy back into
the Cl; mode probably has a significant effect on the dynamics. It would be very helpful to perform
MD simulations in the right excitation regime to assign the peaks with certainty. By analogy, the 800
fs period should correspond to the motion in the coordinate and not to the cage breathing, as the
signal displays the expected rise of the envelope due to vibrational relaxation. However, the strong
modulation in the 286 nm spectrum with the dip at 300 fs probably originates from the cage breathing,
as this probe wavelength is just at the threshold.

7.4 Vibrational relaxation kineticsof I, C1F and Cl, in rare gases

7.4.1 Signaturesof vibrational relaxation

One unequivocal feature of condensed phase dynamics is dissipation of energy to the bath, which
leads to vibrational relaxation of the excited molecule. This process can be displayed by femtosecond
pump-probe spectroscopy in several ways. If wave packet oscillations are well resolved and the
potential is anharmonic, then the vibrational period is indicative of the mean energy of the wave
packet(method «). Thus the relaxation can be monitored by recording the increase of vibrational
frequency, while the wave packet is relaxing in the potential well.

A second signature, which is suited also for pump-probe signals in which no oscillations are
observed, is the envelope of the pump-probe specfroethod 5). The maximum of the envelope
indicates the time, when the vibrational population is relaxed from the initial engggy;, to the
energy of the probe window,, ... This is obvious from the classical expressi®n~ 1/v(Ryin),
which states that the observed signal intensitis inversely proportional to the velocity of the
wave packet at the probe windo®,;, [27,45]. The classical expression diverges at the turning
point. Similar to the discussion in chapter 2.3.1, this classical expression has its quantum mechanical
counterpart in the Franck-Condon overlap of the stationary vibrational wave functions, which remain
finite, but are maximal at the turning point. The high probability (lakgeR,t)|? ) of finding the
particle near the turning point in a potential reflects the slow classical motion of a particle in this
potential. If the probe window is at the turning point of the wave packet, the packet has zero velocity
when it is probed. This corresponds to the antinodes of the vibrational wave functions. Since the
wave packet has to continue on the final electronic state with zero velocity, the vertical transition also
terminates in an antinode of the final state vibrational wave functions, yielding a large overlap (cf.
chapter 5.2.3).

If the wave packet is started &t,,,,, > E.,, i.€. above the energy of the probe window (Fig.
2.9), the signal is small initially, because it passes with high velacttyrough the window. Vibra-
tional relaxation populates lower levels and the velocity at the window becomes smaller. At the delay
timet = 7,,, when the average energy of the wave packet has arrived in the probe windgyy, at
it is probed at its turning point with zero velocity, and the maximum in the pump-probe signal is ob-
served. The population relaxes further down in the well and the signal decreases, as the wave packet
does not reach the probe window anymore [45].

The envelope of the pump-probe spectrum (methpgictures vibrational population relaxation.

It is not sensitive to the coherence of the levels and independent of the question, whether the wave



7.4. Vibrational relaxation kinetics df, C''F' andCl, in rare gases 109

packet is dispersed, destroyed by collisions, or simply not resolved due to experimental limitations
The disadvantage of methagtlis that additional information is needed if the excited electronic state
is coupled to another state. Then the decay of the signal is a convolution of the population losses 1
the other state and the vibrational population relaxation. Both methods are compared in chapter 7.4
for the exampld, in Kr and applied to the case 6fl F' in Ar.

7.4.2 Vibrational relaxation in B state of I,/ Kr from oscillations (method «)

A careful inspection of successive periods in a pump-probe spectrum shows that the period lengt
T,, decreases systematically from the first to te oscillation.. For example the pump wavelength
Apump = 920 Nm in Fig. 6.2a yields the successive peridds= 460 fs, T, = 410 fs, T, = 390

fs, T, = 380 fs and7; = 370 fs. The analysis for different pump wavelengths can be found in
refs. [32,144]. A wave packet prepared high up in thetate with a londl’; falls down in energy

by vibrational relaxation. In the time course of relaxation, it passes regions i thate with
increasingly shortef,, due to the anharmonicity displayed in Fig. 7.1. Thus the changeg eiith

delay time can be directly traced to a change of endigyf the wave packet with delay time. For
high excitation energies the chang€lip is large enough to read it from the maxima of successive
periods in the pump-probe spectrum. For lower excitation, the vibrational relaxation rate decrease
(cf. Fig. 7.11) and several periods have to be averaged to obtain high accuracy. The method of
windowed Fourier transformation, introduced by us in ref. [32] to obtain the relaxation rates at low
energies, yields the same results. More details are presented in my diploma thesis [144].

The measured ratds.; = dE/dt in cm! per ps and per period are displayed in Fig. 7.11 (left
hand scale). The data set covers a broad range of energies 5 stete. A nearly exponential
increase is observed, from very low rates with dissipation of only a fraction of a vibrational quantum
per period deep in the well(,,,, = 580 nm) over energy losses of about one quantum per period
at \,ump = 540 nm and to losses of more than 10 quanta per period at and above the gas phas
dissociation limit ¢,,,,, = 500 nm). The smooth change over three orders of magnitude hides
that something exceptional happens in the region of the dissociation limit. Fig. 7.11 displays the
energyE; (dashed line, energy scale to the right) after the first round-trip versus the initial excitation
energyE,.n,- The rise ofE; with £, is sublinear, which reflects that the losses per round-trip
increase withk,,,,,,,. Around the dissociation limit, the smooth rise is interrupted, Badalls with
E,.mp- Thus a wave packet that started with a lower endrgy,,, returns with a larger energi,
than a packet that started with initially higher energy. This is not compatible with simple energy
and momentum conservation in an elastic scattering event with a cage atom. It indicates that th
tremendous losses above the dissociation limit of up to 30 vibrational energies in the first collision are
also connected with severe distortions of the cage. These losses are in full accord with the trajectori
in chapter 7.3.1.

This evaluation demonstrates that detailed information on potentials and dynamics of a condense
phase system with strong relaxation may be obtained directly from femtosecond pump-probe spect
via methodw. The required accuracy for measuring the round-trip time changes considerably with the
energy in theB state. Near the bottom of the potential, i.e. gy, = 580 nm, the round-trip time
changes by only 4 fs between successive vibrational levels due to the small anharmonicity. In additio
it takes about 5 periods to dissipate the energy of one vibrational quantum due to the low relaxatio
rate. Thus a variation of 4 fs distributed over 5 round-trips has to be resolved and this limits the
applicability of the method in this range. However for the interesting case of strong fragment-cage
interaction around\,,,,, = 500 nm the energy loss per round-trip exceeds 1000'cnfihe related
change of the period on the order of 100 fs is easily resolved.

The consistency of the resulting rates displayed in Fig. 7.11 was checked by comparing a spectru
for £ with one at the corresponding; (Fig. 7.11), i.e. the energy after one round-trip.. Indeed,

pump



110 Chapter 7. Discussion

A/ nm
,620 600 580 560 540 520 500 480
10 F T T T T T T T 3-5
_ PN -
— 4
_8 E1 P :/l/. 3.0
o 2 4 Q/ )‘
- o 3 7/ - o N\ — 25
‘T\ 310 E 7 /l N F.E
QE) ‘TE /7 /. ./ - 2 0 (&)
- O / /. ./k o
_-06 ~ / /O / rel 9 1.5 8
WS 7 o~ ° -
S| E / u /O 110 —
° :4_.7./1 . -
C /o L
r _® 10.5
| —— @
-0
101 " 1 " 1 " 1 " 1 " 1 00
16 17 18 19 20 21

Excitation energy E / 10° cm™

Figure 7.11: Energy relaxation raté.., = dE/dt of I,/ Kr in the first oscillation as a function of energy in

the B state measured in units of ciyps (solid squares) and crtyperiod (solid circles). For comparison the
values from ref. [27] are shown as open symbols. To demonstrate that near the dissociation limit the behavior
of the system qualitatively changes, the enefgyof the wave packet after the first collision (dashed line) is
plotted as a function of the initial excitation enery,,,. It shows a maximum arounl = 19500 cn.

perfect agreement is obtained, if theg spectrum is shifted by the peridd with respect to thév,,,,..,,
spectrum.

Fig. 7.11 presents the vibrational relaxation rate verswegith a systematic variation over three
orders of magnitude. The results are in excellent agreement with the values of the classical simulation
in ref. [27] for dE/dt in Kr which are shown as hollow symbols in Fig. 7.11. The values must be
read from the graphs in Fig. 6 of ref. [27], because the values given in the text correspond to a rate
dE/dt averaged over 1 ps and the present results are averaged over one period only. The small rates
near the bottom show up also in the calculations.

7.4.3 Energy dissipation from pump-probe envelope (method ()

B stateof I/ Kr

An alternative signature of the vibrational relaxation is found in the envelope of the pump probe
signal (method?). It is discussed first fof, and subsequently applied€d F/Ar andCly/Ar. As it

was mentioned above, the maximum of the pump-probe envelope occurs at,tinvben the wave
packet is probed at its turning point. The difference potentiéll = Vz — Vi between theéZ and the

B state (Fig. 7.2) maps the probe wavelenyth,. onto the bond distanck,;,, and the energy,,;,,

of the probe window, as it was described in Fig. 7H,;, is decreased from near the dissociation
limit down into the minimum of th&3 state well by shortening the probe wavelength, i.e. increasing
hvyeoe. Thus the wave packet is followed during the relaxation and in Fig. 7.12 its edgygyis
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spectra in Fig. 6.4b and collected in
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plotted as a function of time,,. Tab. 7.2 collects,,,, E.;, and\,... for the pump-probe spectra
displayed in Fig. 6.4b for a fixed pump wavelength,,,, = 500 nm. The probe wavelength is varied
from A, = 530 Nm to 456 nm. The energy of the packet at time= 0 is taken from the pump
wavelength\,,..,, and the knows state potential

Aprobe I NN | 7, 1 PS | B, [ ™!
0 4356
530 0.35 3696
520 0.85 3226

510 1.8 2876
500 2.5 2641
490 3.8 2427
480 5.3 2214
456 10 1597

Table7.2: Vibrational relaxation of, / Kr. Probe wavelength,,..,. / nm with the corresponding enerdy, .,

in the B state and the related delay timg of maximal intensity in the pump probe spectrum. The excitation at
Aprobe = 500 Nm corresponds to 20000 c(4356 cnT! above theB state minimum) directly after excitation

(r =0).

This result can be compared with the relaxation derived from methddhe rates/F /dt in Fig.
7.11 determine the amount of energy; = t;dE/dt,that a wave packet at enerdy will lose in
a time step;. The discreteness given by the energigsfor which the rates; = dE/dt(E;) have
been determined (Fig. 7.11), is used to calcutat®;) recursively viat; = t; 1 + (E;_1 — E;)/k;.
The initial energy is given by = E,.my = 4356 cm! (for A, = 500 nm). The inverse function
E;(t;) is plotted in Fig. 7.12 as dots, and shows the mean energy of the wave packet statng,at
The agreement with the energy relaxation derived with methdopen squares) is excellent . For
large delay timest > 10 ps, method3 yields timesr,, that are too short. The population losses

2)\probe = 540 Nm is not considered in this evaluation, since it lies below the classical resonance, and thus the energ
Ein is not well defined.
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from the B state due to predissociation reduce the signal in addition to the vibrational relaxation. The
predissociation time for th& state is larger than 10 ps in this energy region, rendering the envelope
a good criterion for energy relaxation at shorter times [115,116].

A stateof I,/ Kr

The A state ofl,/ Kr was not studied with systematic variation of the probe wavelength. However,
the spectra plotted in Fig. 6.6 already give an estimate for the strong vibrational relaxation in the
A state. This state is much more weakly bound thanAhstate and thus the matrix cage gains
importance. The maximum in the dotted curve after= 1.5 ps indicates that the wave packet has
relaxed down to the probe window within this time.,,,,, = 670 nm provides the initial energy
Epump = 3390 cm! above the minimun?, = 11538 cm™! of the A state and the probe window

for Aprore = 400 Nm is located around,,;,, = 500 cm~! above the minimum. Thus the packet loses
energy at a rate of approx. 1900 chips or 2280 cm' in the first period of 1200 fs. This loss of
AE/E,;, = AE/E,m, = 67 % is included in Tab. 7.4. The energy loss derived here is in excellent
agreement with the results of the classical MD simulations presented in Fig. 2.2.

Evaluation for C1F/Ar and Cly/Ar

Method 3 will be used now to derive the energy relaxation in estate of C/F in Ar from 7,,.

The errors due to population losses will be even smaller than idi.th&r case, since th&8ll states
energetically decouple from all other states for low energies (cf. Fig. 7.19) and the population losses
are small. The pump pulse at 387 nm (25840 ¢jrcreates a wave packet with an energy of 7400
cm~! above theB state minimum and approx. 5000 cfabove the gas phade state dissociation

limit. Momentum conservation yields a kinetic energy of about 3000 cim the £ fragment [205].

In Figs. 6.8 and 6.9 thé'!™ '~ fluorescence intensity is plotted versus time delay between the
pump pulse at 387 nm and probe pulses with wavelengths varying from 322 to 282 nm,,, The
values are taken from the maxima and are collected in Tab. 7.3. The window loéatiprand
energyFE,,;, follow from the difference potentiahV" in Fig. 5.6. A\, = 320 nm corresponds to
the minimum inAV and according to Tab. 7.3 to the probe window positiog,, = 0.261 nm,
which lies energetically close to the dissociation limiBesides the sharp feature neas 0 due to
the outward moving wave packet a maximum after a delay tipne= 1.64 ps is found (Fig. 6.9).

Thus an excess energy of 5780 This dissipated by strong collisions with thle cage during this
time and the population has reached the probe energy of 20062 4with respect to theX state
minimum and 1624.0 cmt above theB-state minimum (cf. Tab. 7.3).

Dissociation is prevented only by these collisions with the cage and the severe energy loss. The
containment of the fragments by the cage is effective and at this energy a cage exit probability of only
4.8 % was derived (chapter 5.4.1). Probing deeper in the well by decreagingleads to larger
T Values (arrows in Fig. 6.8 and Tab. 7.3), because it takes longer for the population to reach the
energyF,,;, by vibrational relaxatioh This flow down in energy of the population versus timeis
displayed in Fig. 7.13 by solid squares on a logarithmic scale. The rate of vibrational relaxation is

3)\probe = 322 Nm is not considered in this evaluation, since it lies below the classical resonance, and thus the energy
E.in is not well defined.

4A more detailed examination of the envelopes Jgove = 310 and 306 nm shows the presence of two maxima,
which are due to absorptions foand f, respectively. In the present evaluation of the vibrational relaxation, only the
transitions to theZ state were considered. However, the result is not affected much, if for each spectrum the difference
potential is used, which has higher weight according to the transition probabilities. Since this change would affect only
the evaluation for short wavelengths, wherevould be dominant, the determined relaxation rate would be somewhat
smaller deep in the minimum, i.e. closer to tfi&, result plotted in the same graph (Fig. 7.13 open circles).(Rer
no transition moments are available and thus the evaluation can only be made witlsthie. The same evaluation
has been made f@ri I in order have a consistent comparison in Fig. 7.13.



7.4. Vibrational relaxation kinetics df, C''F' andCl, in rare gases 113

Aprobe I MM | Ryin I nM | 7,0, 1 PS | Eyir [ !

0 7402.2
320 0.261 1.6 1624.4
318 0.249 1.7 1472.1
316 0.242 1.9 1244.8
314 0.238 2.2 1112.8
310 0.234 3.0 905.0
306 0.230 55 735.3
302 0.228 8.9 641.7
298 0.225 13.5 546.1
295 0.223 19.0 468.1
291 0.221 28.0 390.9
288 0.219 35.0 340.2
286 0.218 39.0. 305.8
285 0.218 43.0 288.4
284 0.217 45.0 270.9
282 0.216 54.0 241.4

Table 7.3: Vibrational relaxation ofClF'/Ar. Probe wavelength, ... hm with the corresponding probe
window locationR,,;;, and energyE,;, in the B state and the related delay timg (Fig. 6.8) of maximal
intensity in the pump probe spectrum. The excitation,af. = 387 nm corresponds to 25840 crhor 7400
cm~! above theB state minimum directly after excitation & 0).

the slope of the graph in Fig. 7.13. Two distinct regimes of energy dissipation are observed. A large
relaxation rate of- 3500 cm™! /ps is determined in the early dynamics (inset in Fig. 7.13), when the
wave packet is above or close to the dissociation limit and the fragment is only bound by the solven
cage. When the molecule has recombined and is bound by the molecular potential, the relaxation ra
has decreased to 10 chyps.

The same evaluation scheme (methityds employed forCl,/Ar, using the difference potential
from Fig. 5.7. The resultindg’(¢) curve is displayed in Fig. 7.13 by open circles. Tk molecule
initially loses the energy in early dynamics even faster thaf' (inset in Fig. 7.13). The energy
loss isdE/dt =~ 7000 cm~!/ps. The masses @f/ and Ar are 39 and 40 amu, respectively, and
from classical billiards it is evident that this leads to a very effective energy transfer in a head-on
collision, whichC'l fragments experience when dissociated on a double substitutional site (chaptel
2.2.1). This corresponds nicely with the discussion in chapter 7.3.3, where the same rapid relaxatic
is also evident from the oscillation pattern.

Comparison of C1F/Ar, Cly/Ar and I,/ Kr

If the results for the energy relaxation in tBestate ofClF'/Ar andCl,/Ar (Fig. 7.13) are compared
to those in theB state ofl,/ Kr (Fig. 7.11), it catches the eye that the decay is much smoother in the
latter case (a logarithmic energy scale would even decrease the curvature). The main reason is tl
I,/ Kr is excited just at the gas phase dissociation limit, whe€dd&/ Ar andCl,/Ar are pumped
far beyond. The energy loss in the first ps is large and the wave packet quickly drops below this limit
Within the bound part of the molecular potential the interaction with the matrix is much smaller.

Fig. 7.14 shows a comparison of the relaxation ratgdt for C1F/Ar, Cly/Ar andly/Kr as
a function of the excess enerdy.....s above the gas phase dissociation limit. The rate€dr/Ar
(open circles) and’l; / Ar (open squares) are the derivative of fiig) curves from Fig. 7.13 (method
B3). For I,/ Kr (solid squares) they are reproduced from Fig. 7.11, where they are derived from the
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Figure 7.13: Vibrational energyE,,;, in the B state versus delay timg,, obtained from the maxima of the
pump-probe spectra in Fig. 6.8 fofl F// Ar (solid square) and in Fig. 6.15 f6rh /Ar (open clircles).

vibrational periods (method). The equivalence of the two methods was shown in chapter 7.4.3. For
negative excess energiés, ... in Fig. 7.14, the molecules are bound in the molecular potential.
The horizontal lines neakf....s = 0 correspond to an energy loss of 100% of the energy above the
potential minimum#,;, in one collision forl,/ Kr (dash) and”{ F'/ Ar (solidP. This is the maximal

rate in the picture of an oscillating wave packet. The measured rates indeed approach this limit
exponentially and turn over to the limiting slower increase near the dissociatiorHimit,, = 0.

The nonlinear increase of the relaxation rates is related to the soft anharmonic potential, which
allows large bond extensions at high vibrational eneflyy, of the molecule. At the gas-phase dis-
sociation limit (F....ss = 0) the bond length would already reach far beyond the size of the matrix
cage, if the molecules were not confined by the forces imposed by the surrounding rare gas atoms.
Therefore, the coupling of the molecule to the matrix cage becomes very strong.

The high rates for the energy loss per picosecond have to be used with care. The periods are
shorter than 1ps, and the microscopic picture suggests that the energy loss takes place per collision
rather than in a continuous way. Recall the peculiar consequence of the nonlinear increase of the
energy dissipation that was derived fay Kr (Fig. 7.11). There it was demonstrated that excitation
at higher energy,..,, may lead to a lower energy; after the first collision (cf. 7.6). Fig. 7.14
shows that forl, / Kr at the dissociation limitE.,.... = 0), the rate isdE/dt = 2600 cm~!/ps.

Since one oscillation takes 570 fs, the energy loss in the first round-trip is 1480 tmthe collision
the rate will be onlyiE /dt = 400 cm~! /ps for the lowerE, ..., = —1480 cm.

As a survey, Tab. 7.4 displays the fraction (percentage) of en&dgyF,;, lost in one period
T for selected excess energies; and for several electronic states. The periods are taken from the
wave packet dynamics in chapter 7.3, except the value§'tbrand C'l, near the minimum, which

SFor Cly/Ar this limit is intermediate betweed! F/Ar andl5/ K.
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dissociation limit

L] L] l L] L] L] L] L] l L] L] L] L] L] l L] L] L] L] L] L] L] L] L] L]
10000 100 % loss in one collision for CIF/Ar and I2/K
E D U P
: O L ff!u
{1 m |
2

@ 10004 -~O-CIF )

< 1 0O CI2

£ ] m p

© ] _ cm

~ ',:' excess

=100 4 3 S -3000 0 3000 6000

3 om T T o7 410000

5 - D DO‘!ljf,,,,,,-,.o - %
] . ‘?g 1000 &

10 - = .ﬁﬂg 8. 100 =
3 = 450 |8 )
j EPD 0 o 3.
i : S -
: E ‘ > 10 3
8° |2
S [ o S
-3000 -2000 -1000 0 1000

excess

Figure 7.14: Relaxation rateslE/dt for L,/ Kr (solid squares)CIF/Ar (open circles) and’l,/Ar (open
squares) as a function of the excess eneffjy...s above the gas phase dissociation limit. For all three
molecules the rates increase exponentially in the bound redign.{s < 0). They approach the maximal
rate of 100% loss per period (solid line foXl '/ Ar, dashed fork / Kr) near the dissociation limit. The inset
includes the large rates far beyond the limit. The solid triangle corresponds excitafigikofto its B” state.
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L/Kr CIF/Ar Cly/Ar units
state B A B" B I B I
D, 4350 | 1650 | O 2190 |0 2870 |0 cm!

High vibrational energy
AE/E, | 5745 | 67420 | 70+20 | 35£10 | 55420 | 60+20 | 60+20 | %
Eereess 830 | 1750 |7650 |5210 |17200 5410 |18080 |cm™!
Euip 5180 | 3400 7400 8280 cm!
T(E,, |660 |1200 |1200 |675 675 800 800 fs
Low vibrational energy

AE/E,; | 1£.5 0.2+.1 0.1+.1 %
Eoveoss | -3050 -1890 -2470 cm !
Euit 1300 300 400 cm !
T(E,;) | 315 100 130 fs

Table 7.4: Vibrational relaxation inClF'/Ar, Cly/Ar and I/ Kr for excitation to different electronic states.

The energy losa\E/ E,;, in percent is given for high and low vibrational energies. The confidence intervals
are estimated from the uncertainty of the vibrational period and energy loss. If the excess Bpergys
negative, the molecule is bound by its own potential and the rate is very small. For excitation above the gas
phase dissociation limit, about half of the energy is lost in the first period.

are from the spectroscopic data for the gas phase from ref. [206]. Intermediate relaxation rates can be
read from Fig. 7.14

7.5 Depolarization and angular reorientation

This chapter presents one of the few examples where ultrafast angular reorientation of molecules in the
condensed phase has been detected with femtosecond pump-probe spectroscopy. It offers for the first
time the possibility to compare the ultrafast decay of the polarization anisotropy to the sophisticated
DIM-trajectory calculations.

7.5.1 Ultrafast reorientation of molecules measured by polarization dependent pump-probe
spectroscopy

In the ultrafast dissociation-recombination events examined in this thesis, the scattering of the frag-
ments off the solvent cage atoms may be asymmetric and lead to recombination in a tilted geometry
(Fig. 7.15a). Polarization dependent femtosecond pump-probe spectroscopy is exploited to mea-
sure this reorientatidnof the recombining fragments in time during the first encounters on the ul-
trafast timescale, which is dictated by the kinetic energy of the fragments and the fast dissipation of
rotational and vibrational energy in condensed media. Starting from a sample with randomly ori-
ented molecules, a linearly polarized pump pulse prepares an anisotropic ensemble of excited state
molecules (photoselection) [140] and dissociates them. The anisotropy is probed during the recombi-
nation process with a second linearly polarized pulse by recording the laser induced fluorescence.
Although it is well known that such polarization sensitive measurements yield information on
the rotational motion of molecules according to the selection rules for electronic transitions, only
few experiments used this method on an ultrafast timescale. The rotation of free molecules and the
coherent vs. random rotation &f in liquid rare gases [216, 217] has been displayed by this method
and it was proposed to measure the fragment rotation &V in liquid Xe [218]. Often these
polarization effects are neglected or unwanted and the experiment is performed in the magic angle

6In this chapter the words "reorientation" and "orientation" are used as the colloquial form of the word alignment. It
doesnot imply orientation of an arrow, i.e. with direction.
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a) c) .
Figure 7.15: a) Scheme for aClF
molecule on a single substitutional site
in an Ar matrix. After photodissoci-
ation the F' fragment can be scattered
into a new orientation with respect to
! Cl, depending on the scattering param-
b) % eters. b) Scheme for aiy molecule
S| on a double substitutional site infér

matrix. The geometry suggests that
tilting the molecule is strongly inhib-
ited. Dissociation leads to vibrational

X . o
motion after recombination. c) Pump-
‘ ‘ probe scheme for both molecules with
R the relevant electronic potential curves.

configuration to be sensitive to vibrational wave packet dynamics only [21]. A different approach uses
polarization effects in the third order polarizability with techniques like CARS or Kerr-effect [22,219].

For the polarization sensitive measurements in chapters 6.1.2 and 6.3.2 the following scheme w
used and the first five lines of Tab. 2.3.5 are relevant. Starting from the vibrational ground state
X ('3) in both cases (Fig. 7.15c), thg(*I1,) state(AQ = 0) is excited with the linearly polarized
pump pulse, creating @s?(0) distribution of excited molecules aligned with the laser polarization.
The time delayed probe pulse transfers population toRhdI,) state and after relaxation within
the ion-pair manifold, emission from the’(°Il,) state is observed [80, 115, 205]. The transitions
between valence and ion-pair states obey the selection\Mle- 0 favoring an electric field parallel
to the internuclear axis. The probe pulse has horizontal polarization in all experiments and the pum
pulse is polarized either parallél|| ) or perpendiculal_L) with respect to the probe polarization.

In the pump-probe experiments, the fluorescence ffdgns collected in forward direction without
polarization sensitive optics (first three lines in Tab. 2.3.5). To check the results, a polarization
analyzer is introduced (lines four and five in Tab. 2.3.5).

Tab. 2.3.5 summarizes the intensity ratios for the probe absorption of an ensemble photoselectt
by the pump.; and, in the last column are the ratios for completely preserved photoselection
parallel and perpendicular to the probe polarizatibndenotes probing a depolarized (random) dis-
tribution with linearly polarized light. If the laser induced fluorescence (LIF) is detected without
polarization sensitive optics, it is proportional to these ratios. lines four and five indicate the intensity
ratios observed, if a photoselected ensemble is probed with polarization parallel to the selected ax
and the LIF is detected with a paralldl, () or perpendicular ;) polarization analyzer. An
interchange of analyzer and probe polarization yields the same ratio for symmetry reasons.

The classical trajectory calculations summarized in chapter 2.1 show that scattefinfyauf-
ments in theAr cage can lead to recombination Bf with a tilted bond direction (Fig. 2.4). The
fragments are small enough to move inside the nearly isotropic cage (Fig. 7.15a). These skewed sc.
tering events also appear in nonadiabatic trajectory calculations (Fig. 7.17 [71]). HoweVey,Kor
such events are not expected because of the geometry of the double substitutional site, occupied by
I, molecule (Fig. 7.15b). Accordingly, reorientation of the bond is not observed in the corresponding
classical and semiclassical simulationd9fKr. To demonstrate the different behaviorlgf K vs.
CIF/Ar, the same set of experiments is performed on both systems in the way described above. Bo
molecules have similar electronic structure. The nonadiabatic dynamics on several electronic stat
are discussed in chapter 7.6, which deals with the dynamics of spin-flips. The method of polarizatiol
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dependent pump-probe spectroscopy applied in the following separates out the geometric orientation
only.

752 Sterically fixed molecule: I,/ Kr

The spectra in Fig. 6.5 faly/Kr and \,umy = Aprove = 486 N with parallel (solid) and crossed
(dashed) pump-probe polarization show an oscillatory structure from the vibrational wave packet
dynamics. Thel, wave packet prepared 0.08 eV above the dissociation limit dissipates 0.44 eV
within 1 ps according to the rates in Fig. 7.11, leading to the increasing envelope function. The fact
that both spectra in Fig. 6.5 coincide perfectly after multiplication of the parallel spectrum by the
factor1/3 for preserved photoselection (cf. Tab. 2.3.5) implies that'thaolecule is indeed fixed in
space as expected from the axial symmetry of the tightcage around the double vacancy. This is
indicated in Fig. 7.15b.

The results confirm that unlike the results ferin liquid Kr [216,217], the angular reorientation
(randomization) of the, molecule embedded in a solidr matrix is negligible, since it is inhibited
by the rigid matrix cage despite the large amount of energy deposited locally. In high prdassaitre
room temperature, on the contrary, the anisotropy depicts the coherent rotational matjpthadt
leads to a dip after 2 ps, and a constant asymptotic anisotropy of 0.1 at low pressures [217]. For high
pressures approaching liquid phase densities, the random collision time becomes faster and faster,
until the rotational coherence is destroyed and the anisotropy decays to zero.

At \,.mp = 486 Nnm theB” state is also populated and this transitid§X = 1) selects an ensemble
perpendicular to the polarization. However, only thestate is probed in this experiment and the
small portion of the wave packet crossing fragY to B is negligible according to experimental
observation in ref. [115,116]. For low excitation, it may suffice to perform an experiment with a
single linearly polarized pulse that excites tBestate and to measure the polarization of the- X
fluorescence [33], to prove the preserved alignmentl, s excited above 500 nm, thB — X
fluorescence originates from bothl; and B(®II,) excitation. In that case one cassume that the
molecule is not tilted and use the polarization of the fluorescence to sepdiaad B(*I1,) as it was
done for/Cl in Ar [220]. Moreover, in order to compare € F'// Ar, the pump-probe experiment is
required to be sensitive to angular reorientation of the molecule in the excited state on the fs-timescale.

7.5.3 Random scatteringin cage: C1F/Ar

Fig. 7.16areproduces the spectra from Fig. 6X,0,{, = 387 nm and\,,..,. = 317 nm) with parallel

(|| solid line) and perpendiculafL dashed ling pump-probe polarization. Directly after excitation

(t = 0) the ratio of the recorded fluorescence intensities is close to the expected ratid/pt= 1/3

for preserved photoselection. After 2 ps both spectra coincide, indicating complete depolarization.
The oscillatory structure reflects the wave packet dynamigst - = 0 is scaled to the value 0.6.
ThenI, (t = 0) is close to the 0.2 in accordance with Tab. 2.3.5 for preserved photoselection. For the
complete depolarization, reached after 2 ps, one would eXpect/, = 0.33. However, the observed
signals converge to the value of 0.5. The reason for the difference is ultrafast vibrational relaxation
of CIF in Ar. The ClF wave packet prepared 0.6 eV above the dissociation limit relaxes below the
dissociation limit within 1 ps. The larger probe efficiency yields the increase of the signal for both
polarizations (chapter 7.4.3). To eliminate the changes due to the probe efficiency, the anisotropy
r = (I —1.)/(I) + 2I.) is calculated. Fig. 7.16b shows the anisotroy$) together with an
exponential fit(t) = ro exp(¢/7,) with the time constant. = 1.2 ps and an initial value of, = 0.35,

close to the expected value of 0.4. The exponential decayito- 2ps) = 0 indicates complete
depolarization. Thus, is the timescale for randomization of the molecule’s orientation induced by
dissociation, scattering of fragments off the cage and subsequent recombination.
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delay time t / ps

The timer,, = 1.2 ps should be related to the vibrational period (400 f9)'0fF" and theAr-cage-
breathing mode (800 fs) discussed previously (chapter 7.3.2) [205]. The first fragment-cage collisiol
leads to a dramatic loss of kinetic energy in t&. From this point of view, it is surprising that the
angular randomization in the first 500 fs is rather small (cf. Fig. 7.16b). The anisotropy decrease
from ro = 0.35 to 0.25. The data suggest that the cage breathing which is induced by the impulsive
first collision enforces the tilting of the molecular bond after 800 fs.

The results discussed above have several important implications. It is demonstrated experime
tally for the first time that fs-pump-probe spectra of small molecules in condensed phases
in a rigid matrix cage— display fast depolarization. In the future this method can be used to mea-
sure molecular alignment on the femtosecond timescale induced by strong non-resonant IR pulse
These experiments are in preparation. It is confirmed that the validity of reduced dimensionality ap
proaches [72,73], which keep the internuclear bond orientation fixed and propagate 2-D wave packe
guantum mechanically, is limited to the first oscillation. The experimentally determined decay of
the anisotropy can be compared to the statistics of trajectory simulations, once the averaging of tf
trajectories is accomplished. Again this signature is very useful, since the tedious calculation of th
ion-pair potentials is circumvented, and the pump-probe spectrum itself need not be simulated.

M echanism

The timescale of angular reorientation can be compared to high level trajectory simulations in the
spirit of the DIM formalism [71]. In this way predictions for the scattering of open-shell frag-
ments [68, 70] and recombination onto excited molecular states can be verified experimentally. Th
information on depolarization is contained in the calculations [71] (Fig. 7.17). An evaluation present-
ing an average over the trajectories like for the spin-flip transitions (see below) is missing, althougt
highly desirable.

The mechanism that induces angular randomization can be deduced from the simulations, whic
were carried out for the similar situation 6% dissociation at different levels of sophistication. The
classical molecular dynamics calculations that used isotrBpic Ar potentials [67] were improved
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first 300 fs, the molecular bond is bro-
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tial orientation. After 1.4 ps the bond
istilted by more than 50°.

by explicitly taking into account the open-shell nature of the fragments [68, 70] and by a full DIM-
simulation’ including nonadiabatic effects [71]. For illustration consider Fig. 7.17 taken from ref.
[71], which shows snapshots of atypical trgectory of F, inan Ars, cluster with excitation parameters
close to our experiment. In thefirst 300 fs, the F'— F' bond is broken and formed again in the original
orientation. After 1.4 ps, however, the bond is tilted by more than 50°. Obviously, a time dependent
orientation averaged over all trajectories would be more informative than this single trajectory.

A more detailed discussion of the microscopic structure shall be given, that describes important
features of the problem. The C1F molecule is supposed to be aligned in the way depicted in Fig.
2.5, i.e. with the fragments pointing symmetrically at the triangular windows. The discussion of
the molecular orbitals in chapter 2.4.5 showed, that the P-orbital of the dissociating F' atom will be
aligned with the direction of motion (Fig. 2.14). As aready mentioned, ref. [68] showed that in this
geometry the barrier for dissociationis 2.1 eV with the saddle point in the center of the Ar; triangle,
symmetrical to the dissociation. The P-orbital will align with the plane of the Ar; triangle after
dissociation, because then the barrier is lowered to 0.7 eV. The saddle point now lies in the center
between two Ar atoms, i.e. asymmetrical to the direction in which the £’ fragment was dissociated.
It is evident that the corresponding potential surface will enforce a skewed scattering event. On the
other hand, since there are three saddle points which are symmetrically ordered around the axis of
dissociation and correspond to different alignments of the orbital, the problem remains symmetrical
until the symmetry is broken and the Jahn-Teller effect is established. It will be a challenge to future
experimental and theoretical studies to decide how fast the P-orbital is aligned by the cage forces
[68-70Q].

7.6 Solvent induced spin-flip

This chapter presentsthe perhaps most surprising result of these studies. Pump-probe signalsevidence
the ultrafast spin-flip in C'IF' induced by the presence of the solvent. C'l and F' are light atomic
fragments, and in the gas phase the intersystem crossing is forbidden on a nanosecond timescale.
Great effort istaken to investigate the non-adiabatic coupling in molecules, i.e. theinterplay of the
dynamics of electrons and nuclei in the presence of the solvent. The spin-selection rule in molecules
composed of light atomsis strict and intersystem crossing is intuitively considered to be slow.

’Similar calculations on C1F/Ar are currently pursued in the group of Prof. Manz.
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Figure 7.18: Populations of electronic states after excitation to the singlet state ¢11) of F/Ars, ensemble
averaged over many trgjectories in ref. [71]. The lines indicate the populations in the initially excited singlet
state (1) (thick dashed), the bound triplet states (II) (thick solid), all repulsive triplet states (thin solid), the
ground state (thin dash-dot) and all other singlet states (thin dashed). After 60 fs, the population in all triplet
states is 0.8, which is the statistical weight of the triplet states. The growing population in the bound triplet
states (thick solid) is observed in the experiment (cf. Fig. 7.21).

Strong transitions are observed in light diatomics from the ground state '3, only to the singlet
states, e.g. '1I1,. The absorption cross section to the triplet states is much smaller according to the spin
selection rule. The B(*I1,) state can be accessed in the experiment by appropriate spectral selection
(cf. Fig. 5.2).

Recent simulations of nonadiabatic dynamics in the excited states of F, in Ar clusters predicted
that ultrafast spin-flips play an important role in the dynamics and occur on the 100 fstimescale [ 71].
The same has been calculated for HC'l in Ar [221,222]. The second important prediction is the
rapid recombination of the molecule into different excited electronic states as opposed to recombi-
nation into the original state or into electronic ground state. These non-adiabatic transitions have
been investigated in detail for the similar system of I, in rare gas both theoreticaly [63, 64, 66] and
experimentally [27,46, 115]. Strong spin-orbit coupling in I, aready weakens the spin selection rule
in the free molecule. The small spin-orbit interaction in the case of C1F or F; molecules simplifies
the potential diagram, and the solvent contribution to the spin-flip can be demonstrated more clearly.
It isimportant to keep in mind that non-adiabatic coupling between a pair of electronic statesis bidi-
rectional, i.e. the wave packet hops back and forth with equal probability. In the following discussion
it will be shown that in the condensed phaseit isthe energy dissipation to the surrounding that directs
the process towards lower energy [115].
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Figure 7.19: Single DIM-
trajectory demonstrating the
mechanism of spin-flip from
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7.6.1 Spin-flip in F, (theory)

First the theoretical findings that stimulated the measurements shall be summarized. In the smula-
tions [71] of F, in Ars, clusters the electronic states were described by the valence bond approach
for the F(?P) + F(*P) interaction. The spin-orbit and non-adiabatic coupling was included and the
anisotropic interactions between F'(2P) and Ar are described by the diatomics-in-molecul esapproach
(DIM). This basis was used throughout to construct the 36 electronic valence states. The dynamical
simulations use the surface hopping method. The study analyzed photodissociation and recombi-
nation dynamics. The present investigation focuses on the ultrafast spin-flip in the recombination
dynamicsof C'IF in Ar. Hence only the main results concerning the recombination of £, in Ar with
comparable photoexcitation at 4.6 eV are summarized Fig. 7.18. The data were kindly provided by
M. Niv.

The molecule is excited into the 'II; state by an ultrafast laser pulse. The trajectories move
outwards, and preferentially at large bond distances, surface hopping to other electronic states occurs.
The population of the initially excited singlet state 11 (thick dashed line), drops from unity to 0.1
within less than 40 fs and subsequently remains nearly constant within the simulated time of 1 ps.
The population is transferred to the bound (thick solid line) and repulsive (thin solid line) triplet state
in the first 40 fs. Slightly later ~ 60 fs, the other singlet states gain some weight (thin dashed line).
Subsequently, the main processis transfer of population from the repulsive triplet and singlet states
to the bound triplet states ®I1,. 40% of the population accumulate in the bound triplet states in the
first 700 fs, and subsequently population is partially transferred back to the repulsive triplets. The
interpretation inref. [71] isthat after 60 fsthe trgjectories are distributed among the triplet and singlet
states with the statistical weight of 3:1. A reason for the accumulation in the bound triplet statesis
found in the corresponding trajectories. Fig. 7.19, reproduced from ref. [71], shows a trgectory that
hops to the bound triplet state after 100 fs. The bound triplet state is depicted by the thin solid line.
In the subsequent excursion of the trgjectory to large F' — F distances (upper panel), alot of energy
is dissipated to the Ar atoms, and the bound triplet states " decouple” from all other states, since the
trajectories no longer reach the region where the states cross.
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7.6.2 Spin-flip in C1F (experiment)

In the following these theoretical studies are compared to experimental findings derived from fs-
pump-probe spectraon C1F/Ar. The discussion will show that there is good agreement on the fact
that population accumulates in the bound triplet states shortly after singlet excitation. The ultrafast
spin-flip and the large amount of recombination onto bound excited states are verified.

The bound triplet states 311, are probed via the strong charge transfer transitions to the ion-pair
states Tl and for the chosen probe wavelength )., = 318 nm these are the only energetically
accessible transitions (cf. Fig. 7.20). The fluorescence intensity at 420 nm is recorded versus time
delay. The stateswith 2 = 0, 1 and 2 are very closely spaced due to the weak spin-orbit interaction
and we do not attempt to separate them. In the F, molecule they correspond to the 311, manifold.
Two different pump laser beams (A ., = 280 nmand \,,,,,,,, = 387 nm) are overlapped on adichroic
mirror and focused together with the probe beam onto the sample (chapter 6.3.3 and Fig. 6.11). By
blocking one of the two pump beams one can now choose to excite the C'l F* molecule either to the
singlet state 'T1; (280 nm) or to thetriplet B(°I1,) (387 nm). Fig. 7.21ashowsthe pump-probe spectra
obtained by delaying the probe pulse by the time ¢ with respect to the pump. Direct excitation to the
B(°Tl,) state (solid curve), produces the oscillations due to vibrational dynamics of the wave packet
discussed in chapter 2.1.5. The first maximum at t = 50 fs corresponds to probing the wave packet
on the outward stretch motion (—) of the Cl — F bond. The peak at ¢t = 500 fsindicates the return of
the wave packet (<) into the probe window after it has lost ailmost half its kinetic energy (~ 0.6 €V)
with respect to the minimum of the B state [195]. In the next two maxima the packet is probed near
its turning point (+) with the vibrational period of 300 to 400 fs, typical of C'lF' in the B state near
the dissociation limit.

If on the other hand, the molecule is excited into the singlet state 11, (dashed curve), the pump-
probe signal is close to zero at time ¢t = 0, since only the triplet states 311 are probed. However, the
spectrum rises, indicating popul ation transfer to *I1, i.e. spin-flip, and it converges to the pump-probe
spectrum for direct excitation into B(3I1,) within 1.5 ps. The wave packet dynamics, displayed by
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the oscillations in the signal, are similar and interpreted in the same way, except for alarger energy
loss than for triplet excitation. This energy loss, qualitatively compatible with the ssimulations [71],
is on the order of 1.5 eV due to the higher kinetic energy that the C'l and F' fragments attain by
excitation with \,,.,, = 290 nm. In the preceding chapters it was shown that energy dissipation
increases nonlinearly with excitation energy in C'/F" and in the analog system, I, in Kr solid [27,46].
Theinset in Fig. 7.21 shows that the spectra agree for al delay times longer than 2 ps within the
reproducibility. Shorter probe wavelengths displayed in Fig. 6.11 display the B state population
deeper in the well with lower vibrational excitation and the signal can be observed up to 100 ps. At
these long time delays the spectra for excitation to singlet 11, or to triplet B(3I1,) coincide perfectly
and the spectra are normalized accordingly. The normalization constant accounts for the different
absorption coefficient and photon flux. The oscillationsin the early part of the signalsdisplay thewave
packet dynamics as described before and the envel ope shows the signature of vibrational relaxation.
Atfirst the signal increases, as the wave-packet relaxes into the probe window, improving the Franck-
Condon overlap with the ionic states. Then the intensity decreases as the wave packet energetically
falls out of the probe window.

Asameasure of the spin-flip, theratio of the dashed (/i 4i.:) and the solid (Z;,.;,.:) curvefrom Fig.
7.21a, i.e. ILsn giet/ Ltripier 1S plotted in Fig. 7.21b asthe solid line. It represents the triplet population
after singlet excitation normalized to that for triplet excitation. The division by 7,;,,.: removes most
of the variation of the detection sensitivity with delay time caused by vibrational relaxation. To derive
the spin-flip rate from the experimental data, the increasing population is fitted with an exponential
growth (dotted line), I;,(t) = 1 — exp(—t/7¢), with a time constant 7y = 500 fs as the only
adjustable parameter. However, the spin-flip seems to occur preferentially at times when the Cl1F
bond is stretched, according to the step in the experimental solid line between 250 and 400 fs. At
timet = 0 the triplet population must be zero, and the small finite value measured in the experiment
is due to the finite duration (100 fs) of the laser pulses. The chosen scale in Fig. 7.21b agrees
with the fraction of molecules predicted to cross to the bound triplet states in the simulation [71].
In the simulations, there are also dissociated molecules with fragments that left the cage and large
Cl— F distance, which are not included in the present count. The triplet state population accumul ated
according to the simulation is displayed in Fig. 7.21b as open circles®. The agreement of experiment
and theory is excellent. The scatter in the theoretical data reflects the statistics of the trajectories,
while the bleaching of the sample limits the time to accumulate experimental data.

A correction of the spectra has to be considered because the vibrational relaxation and thus the
changes of the probe sensitivity, are not identical for both excitations. Prepared in the 'II; state,
the wave packet has higher kinetic energy at ¢t = 0 and thus the sensitivity is reduced. The energy
loss increases with kinetic energy and the sensitivity rises quickly to the final value. The vibrational
relaxation and sensitivity for timest¢ > 2 ps are very similar in both cases according to the same
shape of the envelopes. The correction will enlarge the signal (solid line) near t = 0 and thus bring
the experimental values even closer to the theoretical data (Fig. 7.21b). To estimate the correction,
the kinetic energy of the wave packet at the probe window is calculated for the first excursion. It is
Epin = 6000 cm~! and 15800 cm~! for B state and 11 excitation, respectively. Taking the sensitivity
S as inversely proportional to the velocity [45] S ~ 1/v ~ 1/+/E4;, Yyields the correction factor
¢ = Stripiet/ Ssingiet = 1.6 before the first collision with the matrix. At later times the correction is
very closeto 1.

The excitation to B(°Il,) is a parallel transition [138, 140] (AQ = 0), whereas to I, it is per-
pendicular (A2 = 1). The pump beams are chosen to have polarization paralel and perpendicular
to the probe polarization, respectively, to avoid differences due to depolarization. The intensity ratio

8InFig. 7.18 thisis the thick solid line.
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for probing the torus prepared with a AQ = 1 transition on the 11 state by a cosd lobe (AQ = 0) is
1/5 for paralel (||) and 2/5 for perpendicular (L) pump probe polarization according to the last two
lines of table 2.3.5. When probing the AQ2 = 0 transition to the B state with another AQ2 = 0 transi-
tion, the intensitiesare 3/5 for paralel (||) and 1/5 for perpendicular (L) pump probe polarization. In
order to achieve the same depolarization behavior for B and 11 state the equal ratios of 1/5 must be
chosen. Otherwise the time dependence in the spectra from Fig. 7.21a would be different due to the
depolarization, since the final value in both cases (after 2 ps) isgiven by 7, = 1/3 for a depolarized
ensemble. The results on time dependent depolarization of C'IF' in Ar are discussed separately in
chapter 2.3.5.

7.6.3 Comparison of experiment and theory

This experiment on C'F' in solid Ar can be regarded as a test of the predictions of multidimensional
semiclassical quantum theory for non-adiabatic transitions. Theory and experiment agree on impor-
tant aspects in the sense that the experimental data are reproduced by the evolution of alarge fraction
of the simulated trajectories. Fig. 7.21b shows a nearly quantitative agreement of the timescale for
accumulation of population in the bound triplet states for CIF in Ar (experiment: solid line) and
F5 in Ar (theory: open circles). After excitation of the molecule above its gas phase dissociation
limit, the Ar surrounding forces ultrafast recombination onto the lowest set of electronically excited
states. When the bond is stretched to the region (R > 4.5 ao) where the splitting of the states is
very small (Fig. 7.20), the wave packet can undergo non-adiabatic transitions (surface hopping) to
coupled states. Those which are kept on the repulsive states like 11, stay above the crossing region
will always have the chance to decay non-adiabatically to the lower 311 states when the wave packet
is in the interaction region (cf. Fig. 7.20 and Fig. 7.19). Thus substantial population of 40% is
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accumulated in the bound triplet states within 1 ps and an exponential rise time of 7, = 500 fs (cf.
Fig. 7.21b). 7; measuresthetimeit takesto dissociate C'l F', flip the spin and recombine the molecule.
The transition to the triplet state observed in the experiment (solid line) are especially strong between
250 and 400 fs, when the Cl — F' bond is stretched and al electronic states are nearly degenerate.
The Ar cage confines the C'l and F' within the region of high transition probability and at the same
timedissipates alarge fraction of the excess energy. Inthisway it directs the non-adiabatic transitions
towards electronic states with lower energy. The excellent agreement allows the conclusion that the
nonadiabatic molecular dynamics simulations capture the important processes.

The simulations on F,/Ar derive a spin-flip time of approx. 60 fs (Fig. 7.18). It is the spin-
orbit coupling that allows non-adiabatic transitions between singlet and triplet states. The spin-flip
processes are very efficient and occur surprisingly rapidly in view of the weakness of the spin-orbit
coupling. The F;, moleculeislighter than C'IF' and is excited with higher excess energy in the simu-
lations (the dissociation limit of F islower) and thusthe dissociation isfaster. After 60 fsthe £ — F
bond is stretched and thus the spin-flip occurs preferentially at large bond distances, in accordance
with the experimental finding. All tragjectories presented in ref. [71] show large surface hopping prob-
ability among the coupled states for bond distances R > 4.5 a,. This coincides with the observation
that the electronic states are very close to each other in thisregion (Fig. 7.20).

In the interpretation of the trgjectory simulations previously given[71,221,222], it was stated that
the ratio between the population of the singlet and triplet states reaches the statistical equilibrium (1 :
3) inthefirst excursion. The statistical distribution with larger weight on the triplets can explain why
recombination on the excited triplet state is preferred to recombination onto the ground state. 1t will
be instructive to disentangle the effects that electrostatic interactions and spin-orbit coupling in the
fragments have on the recombining molecular orbital occupation.

The measured rise time of the triplet population (7, = 500 fs) in C'lF" agrees nearly quantitatively
with the calculated population rise in F, (cf. Fig. 7.21b). In the future, the recombination onto the
ground state should be measured as well as the decreasing population in the initially excited singlet
state to complement the information on the triplet states. In thisway it can be checked, whether the
predicted statistical population of singlet vs. triplet statesis established very fast within 60 fs, while
the bond is stretched, and the relation to the 500 fs feeding time of the triplet states can be clarified.
The singlet ion-pair manifold lies very high in energy and probe wavelengths A, .. ~ 240 nm are
required. The potential surfaces for the gas phase predict the minimum of the difference potential at
Ryin = 4.6 8 and E,,;,, = 21200 cm~!. The outward motion of the wave packet must be observable
and the returning wave packet should have sufficient energy to reach the window a second time.

In principle the repulsive triplets can be probed with wavelengths longer than A, = 322 nm,
however the transition dipoles decrease at large Cl — F' distances [121]. At small internuclear sep-
arations the repulsion of these triplet states requires very high energy of the returning wave packet
(cf. Fig. 5.6). The strong energy lossin thefirst encounter probably explains why this transition was
never observed, although it was attempted to record pump-probe spectrawith A, < 322 nm.

7.6.4 Comparisonto I, and Cl,

In the corresponding spectra for C'ly/Ar (Fig. 6.17) and I,/ Kr (Fig. 6.6), a very similar behavior
is observed. These spectra are recorded for probing deeper in the bound state. Therefore the signal
intensity in the first psis weak and the normalization made for C1F, Iy giet/ Itripiet, 1S NOISY. It is
evident that for t > 1 psthe spectrafor singlet and triplet excitation agree nearly perfectly. Although
in the heavier I, molecule the intersystem crossing is not surprising, the similarity of the spectra
emphasizes the fact, that energy dissipation becomes highly nonlinear in the strong coupling limit.
The singlet excitation in the case of I,/ Kr at A,y = 480 nm provides the I fragments with an
energy of E,.., = 9300 cm~!. Direct excitation to the triplet *II; at A,.mp, = 670 nm resultsin
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Figure 7.22: a) Potential energy surface of C1F'/Kr. The pump pulse excitesaC'l — F' wave packet, which can
either undergo recombination (dashed arrow) in the original cage, or leave the cage by overcoming the barrier
(solid arrow). After cage exit the F' fragment can be probed by excitation to the K" F~ state. b) Dissociation
(solid arrow) vs. recombination (dashed arrow) of C'lF' in the three dimensional K'r latttice.

Epump = 3390 cm~!. Nonetheless both spectra agree for ¢ > 1 ps. Obviously the three times higher
excess energy prepared in the singlet state is dissipated just as well by the Kr matrix.

7.7 Cageexit dynamicsof CIF in Kr

Until this chapter, femtosecond pump-probe spectra of C'1F'/Ar were analyzed with probe windows
in the molecular C'l — F' coordinate, which are sensitive to the rich recombination dynamics. Thisis
indicated in Fig. 7.22 by the dashed arrows. From the static experiments on photodissociation of C'1F'
in Kr, itisevident that alarge fraction of moleculesis permanently dissociated (chapter 5.4.1). The F’
fragments can be probed viathe Kr* F'~ excimer (chapter 4.2.4), i.e. inthe Kr — F coordinate. Fig.
7.22a sketches the potential energy surface, and the solid arrows display the cage exit dynamics. For
adissociation of C'1F' with cage exit of the F' fragment, the wave packet prepared by the pump pulse
has to overcome the barrier imposed by the gray shaded triangle of K atoms. Behind the barrier, the
F fragment is surrounded by Kr atoms, and it can be detected by a probe pulseto the Kr+ F~ states.
Fig. 7.22b displays the competition of recombination and the cage exit in the three dimensiona Kr
lattice.

7.7.1 Direct versus delayed exit

The simulations [67, 71] show two ways in which the dissociation of F; in Ar can proceed on the fs
timescale, and this behavior is more generally observed for photodynamics of moleculesin solid rare
gases [36]. A direct dissociation proceeds with cage exit after 250 fs, and in the delayed dissociation
eventsthe F' fragments|eave the cage after one or two collisions with the surrounding, e.g. after 1 ps.
Trajectories displaying these dynamics from ref. [71] are reproduced in Fig. 7.23.
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Figs. 6.12 and 6.13 show pump-probe spectra for C1F/Kr with A,,,,,, = 387 nm. The CIF
dissociation provides the I fragment with a kinetic energy of E,;, = 3070 cm~!. All spectrahave a
peak around 300 fs, which is predicted for the direct cage exit. In the spectrum for A, ., = 270 nm
aT = 4K (Fig. 6.13a), for example, the interpretation is straight forward. 270 nm probe F' atomsin
the center of the O), Site after they escaped from the original substitutional site of the C' ' molecule.
If the peak at negative time delay (discussed below) is subtracted, the signal is zero at the time origin
and rises after 150 fsto reach the first maximum at 300 fs, when the F' atoms have reached the center
of the O, site. This corresponds to a straight flight of the F' fragment from the initial substitutional
site to the Oy, site through the Ar; triangle, asindicated in Fig. 7.22b. In an estimate that assumes
free motion of I with akinetic energy of E,,;, = 3000 cm~1, it takes 250 fs to travel the distance of
0.49 nm. Thistime imposes alower limit, since the fragment will lose some of its energy and move
more slowly. In the calculated trgjectory for F,/Ar displayed in Fig. 7.23a, the cage exit is faster
than 200 fs, because the molecule is prepared with more than twice the kinetic energy.

The subsequent dynamics cannot be unambiguously assigned at the moment. The peaks at 600
fsand 1 ps may originate either from delayed cage exit (Fig. 7.23b) or from further migration of the
F atoms to more remote sites. However, the broad feature at 1 ps that is clearly seen for probing
with Appe = 270 Nnmat 7' = 20 K (Fig. 6.13c) most likely corresponds to the delayed cage exit.
The time for delayed exit is not as well defined as for the direct cage exit and the broad peak at 1 ps
corresponds to the broad distribution of different scattering parameters. Statistics on the trgjectories
displaying delayed cage exit like Fig. 7.23b are missing but are in preparation in the collaborating
theory groups. Fig. 7.10b shows the 2-D quantum simulation for F'y/Ar with pre-excitation of the
Ars mode to the 6 vibrational level. While the cage exit without pre-excitation is zero within the
simulated 1 ps, ahigh probability for delayed cage exit is observed after 0.7 ps, where the Ar; triangle
is pre-excited. This corroborates the assignment of the broad peak around 1 ps to the delayed cage
exit, which occurs preferentially in warm samples (20 K), with an excited | attice.

7.7.2 Two ultrafast pathwaysto Kry F'~

It was mentioned in chapter 6.3.4 that the peak at t = —50 fs depends quadratically on the intensity
1557 of the pulse at 387 nm. Thissuggestsan explanation of thisfeature in terms of process b) sketched
inFig. 7.24. A pump pulse at 270 nm excites CLF to its 'II state. A two photon resonance with 387
nm leads high into the ion-pair manifold of CI*F~. A wave packet is prepared in the ionic states
which corresponds to an F'~ ion with sufficient energy to overcome the barrier to the next Kr cage
within theionic manifold. The F'~ ion exitsthe solvent cage and subsequent structural rearrangement
leads to formation of the Kr;” '~ exciplex. This process occurs for the inverted pulse sequence with
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Figure 7.24. Pump-probe spectrum demonstrating cage exit of F'in Kr. For positive time delays, the cage exit
proceeds viathe neural F' fragment (process a). The arrival time of the F' fragment in the nearest siteis 250 fs.
For negative time delays the cage exit of the £~ ion is observed (process b).

negative time delay. The peak at ¢ = —50 fs suggests that the two photon resonance occurs on the
repulsive inner limb of the C'l F’ potential Thisis supported by the difference potential for the singlet
states (Fig. 2.11).

For positive time delay, the pump-pulse A,.,,, = 387 nm dissociates C''F' and the neutral F
fragment |leaves the cage as described in chapter 7.7.1. After ~ 250 fs, the F' fragment has reached
the nearest O, site and the 270 nm pulse excitesthe excimer Kr* F~. Again structural rearrangement
leads to the formation of the fluorescing K" F~ exciplex.

7.7.3 Vibration of the Kr cagearound F' fragments

The pump-probe spectrum in Fig. 6.14 is surprisingly well modulated and the oscillationa period
increases from 550 fsto 750 fsin thefirst 4 periods. The assignment of the fluorescencetothe Kr; '~
exciplex suggests that this oscillation corresponds to a vibrational mode of the K cage around an F’
fragment. In an anharmonic Morse like molecular potential, the vibrational relaxation would lead to a
decreasing period of the vibration, when the harmonic part of the potential is approached (cf. chapter
7.4.2). Thisiscontrary to the observation. On the other hand, the steep van-der-Waal s potential s, that
govern the Kr — Kr interaction, give rise to potentials with a broad flat minimum and steep walls,
that resemble the a square well. In these potentials, higher excitation results in higher frequencies
and this would explain the observed slowing down of the vibration in Fig. 6.14 in the course of
vibrational relaxation. Moreover, periods around 650 fs are typical for modes of the K lattice and
are also observed in spectra of I,/ Kr after the dominant 7, oscillation has decayed [29]. These
solvent modes show up in the pump-probe spectra, when the probe wavelength is reduced below the
excitation threshold for the resonance of the molecule isolated in the static lattice (e.g. spectra with
Aprobe = 540 Nmin the Appendix). As was detailed at the end of chapter 7.3.2, the solvent breathing
shifts the strongly solvated ionic potentials and thus leads to modul ation of the observed spectra.

A microscopic view of the process is suggested from the geometry of the cage exit shown in Fig.
7.22. The I’ atom points at atriangle of Kr atoms. After photodissociation of C'l F, the F' atom kicks
this triangular window and traverses it. The interaction time of F* with the three Kr atoms is well
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Figure 7.25: Control of CITCl~ vs. CITF~ population demonstrated by pump-probe spectraon C, : CIF :
Ar samples at the concentration 1 : 100 : 100,000. Both species are excited with ),,,,, = 387 nm. The
fluorescence A\r;r = 420 nm monitors C'l, and C1F (dotted), Ar;» = 360 nm monitors C'l, only (dashed).
From these traces the C'I F" signal is calculated (solid). @) Nyrove = Acontror = 282 1M, b) Aprove = Acontrol =
282 nm. ¢) Unshifted potential surfaces for C1F and Ck. The bond distance of C1F (top scale) is calibrated
to obtain the same equilibrium position as for C'}; (bottom scale). The potentials are very similar. The dashed
and the solid arrow indicate the probe window for C'l, and C1F’, respectively.

defined and thiswill trigger coherent motion of the K atoms. The F' isnow in theinterstitial O, site
(Fig. 7.22b) and vibrationally relaxes. The coherent modulation of the K cage size shiftsthe ionic
KrtF~ states, formed by the F' fragment with either of the K'r cage atoms, up and down and this
produces the observed oscillations. The rise and decay of the signal envelope shownin theinset isa
signature of vibrational relaxation of the £ atom within the cage and energy loss from the Kr mode.

This interpretation should be confirmed in the future by MD simulationson C1F/ Kr. Trajectory
calculations can be found on the related system NO in Ar [215]. NO isisolated on a substitutional
site of an Ar lattice. Excitation to a Rydberg state of NO leads to an impulsive cage breathing. The
simulations corroborate the slowing down of the cage vibration.

7.8 Reéaxation-time-control of Cl, vs. ClF

Recent experimentsaim at an extension of coherent control or quantum control strategiesto molecules
in condensed phases, i.e. to systems with dissipation. In the Gerber group evolutionary strategies



7.8. Relaxation-time-control of Cl, vs. CIF 131

are used to find the optimal pulse sequence to steer the fluorescence of two substances with nearly
identical absorptionsin the liquid phase [223] and a contrast ratio of 1 : 1.5 isobtained. Based on the
fact that shaped laser pulses can control the relative fluorescence from the two molecules, the authors
conclude that coherences must survive at least for the timescale of 100 fs.

This chapter treats the experiments on asolid Ar sample, doped with Cl, : CIF : Ar a arelative
concentration of 1 : 1000 : 100, 000, in the spirit of control with ultrafast laser pulsesin a double
pulse scenario (Tannor-Kosloff-Rice scheme [15, 16, 20]). A,..,p, = 387 nm excites C'l; and C1F
with nearly equal probability as can be judged from the A’ — X fluorescence intensities (Fig. 4.2)°.
The wavelengths A, = 280 and 282 nm probe Cl, and CIF to their ionic states C1*Cl~ and
Cl*TF~ (Fig. 7.25aand b). The fluorescence intensity from these ion-pair statesis proportional to the
number of these ion-pair species produced in the double pulse sequence. Now, the control target isto
maximize the yield of one of the two ion-pair species, i.e. itsfluorescence. The only parameter varied
in this control scheme is the time delay between A,,,,,,,, = 387 nm and A o400 = 280 Or 282 nm.

When the fluorescence is detected at \;;» = 420 nm (dotted line in Fig. 7.25a), both molecules
contribute to the signal (cf. Fig. 4.8aand b). Fluorescence at A\;;» = 360 nm is exclusively due to
Cl, (cf. Fig. 4.8). The pump-probe spectrum for A.o.io = 282 nm with A7 = 360 nmisindicated
by a dashed line in Fig. 7.25a. The dashed spectrum is used to decompose the dotted spectrum
(ALrr = 420 nm) into a signal for Cl, and C'IF. The resulting CIF' contribution is shown in Fig.
7.25aasasolid line.

The inset in Fig. 7.25a shows the decomposed fluorescence intensities /¢, (solid) and Iy,
(dashed), and therefore the number of excited ion-pair species C1TF~ vs. CITCl~ on a shorter
timescale. In the maximum of the C1*Cl~ signa at timet = 3 ps, the ratio of the excited molecules
isloir/Ic, = 1/5. For timest > 70 ps I¢;, dmost vanishesand I hasamaximum at ¢ = 70 ps.
The contrast ratio at thistime is better than I /1, = 50/1. Thus by varying the time delay from
3 psto 70 pstheratio between C1F and C, fluorescence can be switched by a factor 250 in this one
parameter control scheme. In view of the similarity of the two PES for Cl, and CIF (Fig. 5.7) the
contrast ratios obtained are excellent. For aC'l, : C1F concentration of 1 : 1, thecontrastatt = 3 ps
in favor of C'l, would improveto 500 : 1.

Fig. 7.25b shows the same procedure for a different control wavelength A..,...o; = 280 nm and an
even better switching between C'1F and Cl, ion-pair species is obtained. Again C'lF' dominates for
t > 100 ps, whilethe C, fluorescence is zero. At t = 3 pson the other hand, I¢r/Ic, = 1/10.

Besides the control on the ps timescale, control on the femtosecond timescale can be seen in
Fig. 7.25ain the early peak at 50 fs, which belongs to Ci™ F~ (solid line), whereas from 1 ps
onwards the CI*TCl~ signal (dashed) dominates. In chapter 7.3.2 the early peak is identified as the
outward moving C'l F’ wave packet. This demonstrates the selective excitation of C'l; vs. C1F onthe
femtosecond timescal e as wave packet timing control with acontrast ratio of 1 : 3.4. For an optimized
control wavelength this can be improved.

The maximain Fig. 7.25aatt = 3 psfor CITCl~ and at t = 100 ps for Ci*F~ are due to
vibrational relaxation (cf. chapter 7.4). Therefore the term relaxation-time control may be adequate.
Fig. 7.25c¢ reproduces the potential surfaces of C'1F' and C'l, and shows the probe window for C'I F' by
the solid arrow and for C'l, by the dotted arrow. The relaxation-time control scheme delivers excellent
contrast ratios. The population in high vibrational levels of Cl, quickly decays below the probe
window and the resonance to C1™C1~ islost. Obvioudly, this control scheme is entirely incoherent,
as it makes use of vibrationally relaxed population in the intermediate state. The wave packet timing
control around 50 fs exploits the wave packet motion in a Tannor-Kosl off-Rice scheme [15, 16, 20].
However, a quantum mechanical coherence is not necessary in this scheme either.

9The much larger absorption of C, compared to C1F' balances the lower concentration.
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7.9 Dissipation and vibrational coherence

In chapter 7.3, the spectrafor I,/ Kr and C1F/Ar were analyzed in terms of wave packet dynamics.
The wave packet is initially prepared in the molecular I — I or Cl — F' coordinate. In the first
oscillation of the molecule, a substantial fraction of the energy is aready transferred to the solvent by
collisions of the molecular fragmentswith the cage. Despite the dramatic energy |oss, the pump-probe
transients show oscillations due to vibrational coherence. Moreover, the collision induces vibrational
motion of the cage atoms. This in turn appears in the pump-probe spectra, since changing the size
of the solvent cavity shifts the strongly solvated ion-pair states of the molecule up and down with
the coherent oscillations of the cage breathing [29]. If a probe wavelength close to the threshold is
chosen, the probe transition is shifted into and out of resonance periodically..

Energy dissipation is intimately connected to decoherence, since the interaction of the originally
excited molecule with the ”bath” of atoms induces both processes. The results of this thesis demon-
strate that a strong dissipation of energy can take place in away that preserves the vibrational coher-
ence of the wave packet to alarge extent. Even after the strongest collisions at high energy (e.g. Fig.
6.2), the oscillations survive for several ps. Inspection of the spectraon alonger timescale (Fig. 6.4a)
reveals that the contributions from an unmodulated background increase with the interaction energy,
since the modulations decay faster for shorter pump wavelength. This background is a signature of
the decoherence of the wave packet, which is induced by the random distribution of scattering con-
ditions. However, the detection of the coherence with the probe pulse must be considered, as well.
The spectrain Fig. 6.2b and 6.4b, that probe a wave packet excited at the dissociation limit of 7, at
Apump = 500 nm with different A, demonstrate that the background increases with shorter A, .,
as the probe window movesto lower energies F,;,. The background disappears entirely if the wave
packet is probed with a window below resonance (.., = 530 and 540 nm). The reason for this
is closely related to the effect of the probe window on the apparent vibrational period discussed in
chapter 7.2. If the probe window energy £, is above the energy of the wave packet, then only the
highest fraction of vibrational levels that make up the wave packet are recorded. The population in
these levels has not yet suffered the energy loss and the decoherence is negligible. A probe window
in the potential minimum, on the other hand, monitors al parts of the wave packet. The energy of
the wave packet determines the detection sensitivity, which scales with the velocity as 1/v or with
the energy £ of the vibrational level as 1/+/E. Thus the wave packet is probed over a broad range of
energies and thus different scattering parameters with comparable sensitivity. This blurs the modula-
tionsin the spectra. The trend, that the modul ation depth decreases with shorter probe wavelength is
observed aswell in C1F/Ar.

The theoretical description of wave packets that experience dissipation still in its infancy. The
loss of coherence has to be implemented in the density matrix formalism by empirical parameters.
In reduced dimensionality approaches the problem is manifest in the somewhat arbitrary definition
of the quantum mechanical ”system” and the "bath”. The detailed experimental results in the model
systems presented here will alow testing further predictions from theory.

The preserved vibrational coherence observed even in the regime of strong system-bath coupling
demonstrates that there is good prospect to coherent control in condensed phase reactions.
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Chapter 8

Summary

Ultrafast spectroscopy of /5 in solid Kr

The model system [, in Kr matrix is examined with femtosecond pump-probe spectroscopy to de-
velop appropriate strategies for the strong system-bath coupling in the condensed phase. A novel
evaluation scheme is presented that allows the extraction of information on potentials and dynam-
ics directly from the experiment without the aid of simulations. The vibrational frequency w. and
the anharmonicity w.x. of the excited B state are measured over a wide energy range, although the
absorption spectrum itself is structureless and contains no information except the Franck-Condon en-
velope. A one dimensional (1-D) representation of the multidimensional excited state potential is
constructed.

It is shown that both pump and probe wavelength have to be optimized when vibrational fre-
guencies are deduced from femtosecond-pump-probe spectra. The effect of the probe window on the
measured frequency can exceed 7% in the case of I,/ Kr, which ison the order of the anharmonicity
itself. In systems with even stronger interactions, where the wave packet is substantially broadened
in energy space (e.g. in liquids with large fluctuations), the question of which part of the wave packet
is probed will gain importance.

Snapshots of awave packet trgjectory near the dissociation limit are taken, which directly display
the inelastic and nonlinear fragment cage (I — Kr) interaction. Vibrational relaxation rates that vary
over three orders of magnitude are derived. In the strongest interactions, more than 50 phonons of
the Kr lattice are created in asingle collision. Thisis equivalent to 3000 cm~! or 57% of the initial
energy. Near the potential minimum the energy lossisonly 1 phonon in 5 periods. Despite the strong
interactions, vibrational coherences survive up to 10 ps. The interplay of vibrational relaxation and
predissociation was further investigated in the diploma thesis of Markus Guhr. Thiswork [115, 116]
relies on the good knowledge of the energy dissipation rates derived here.

The experimental findings are compared to calculated potential energy surfaces (PES) and molec-
ular dynamics (MD) simulations. The experiments suggest the use of multiple trgjectoriesin order to
derive an averaged 1-D potential that goes beyond the approximation of a frozen solvent cage.

Ultrafast photodynamics of CF in solid rare gases

The molecule C'I F' isolated in solid rare gases Ar and Kr is established as a new model system that
alows for analysis and control of the interplay of dissociation and recombination dynamics. On the
spectroscopic side, the A’ — X emission of C' F' isanayzed and found to be a convenient measure of
the concentration of recombining C'F' molecules. The energetics of theion-pair state CI™ F~ in Ar is
clarified in absorption and emission, which is essential for monitoring the recombination dynamics by
fs-pump-probe spectroscopy with LIF detection. The spectroscopic characteristics of the F' fragment
after photodissociation of CIF in Ar and Kr and the respective quantum yields are compared to
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previous experiments on F, dissociation. A laser control scheme is demonstrated, which reversibly
shuttles F' atomsfrom CF' to interstitial Kr sites and back to the C'l radical.

The evaluation schemeto derive vibrational relaxation ratesfrom fs-pump-probe spectraisapplied
to CIF/Ar and Cly/Ar. Two different regimes of energy dissipation are found. The rate for high
excitation energies of C1F/Ar inthe B state exceeds 35% (2600 cm~!) per period, and 40 phonons
of the Ar lattice are created in one collision. Above the gas phase dissociation limit the interaction
of the fragments with the cage is strong and the exponentially increasing dissipation rate displays the
nonlinear nature of the interaction. Wave packets excited to the repulsive 11 state |ose more than 50%
of the energy in the first period. If the molecule is recombined and bound in the molecular potential,
the vibrational relaxation is slow (~ 6 cm~! or 0.2% per period). For Cl,/Ar the rapid energy loss
inthe first collision is even stronger (60% per period), because C'I and Ar have nearly equal masses.
The MD simulations predict shock-waves that quickly remove the energy from the excited molecule.

The ultrafast coupling of energy into the solvent modes shows up also in the oscillatory structure
of the pump-probe spectra of the vibrational wave packets of CIF in Ar or Cly in Ar. Thisis
verified by molecular dynamics (MD) and two dimensional quantum simulations. The vibration of
the Kr cage around an F' fragment driven by C'F dissociation is observed. As agenera result it is
confirmed that the vibrational coherence is preserved over severa periods when the energy from the
initially excited molecule (" chromophore™) is transferred to the solvent on an ultrafast timescale. The
solvent cage is excited impulsively and performs coherent vibrations. A well defined geometry and
timing of the interactions seem essential for preserved coherence. This may in future offer aroute to
coherent control in dissipative systems.

Ultrafast tilting of the molecular C1 — F bond (7, = 1.2 ps) in dissociation-recombination dy-
namicsin Ar ismonitored by polarization sensitive fs-pump-probe spectroscopy. The small fragment
size and the isotropic cage (substitutional site) allow for skewed scattering events of ' atomswith the
cage atoms. The evaluation in terms of the ultrafast decay of the anisotropy is valuable for compar-
ison with simulations, since the difficult calculation of ion-pair statesis circumvented. It is verified
that the I — I bond experiences no angular reorientation in its axially symmetric double substitutional
site. Thissituation in solid K differs from previous experimentsin liquid Kr, where I, was found
to rotate.

Excitation to the singlet state 11 and probing the bound triplet states ®I1 evidences the ultrafast
nonadiabatic transition to the lowest excited electronic states, unequivocally for C1F/Ar, Cl,/Ar and
I,/ Kr. Thistransition involves an ultrafast spin-flip. It is surprising that it occurs on the femtosecond
timescalealso in small moleculeslike C'1 F', although the intramolecular spin-orbit interaction isweak.
Theeffect was predicted for 5, / Ar by nonadiabatic MD simulations. The accumulation of population
in the bound triplet state within 7, = 500, fs observed in the experiment, is in quantitative agreement
with these simulations. It is an upper limit for the spin-flip time, since it measures the time for
dissociation plus spin-flip plus recombination.

The cage exit of F' fragments after excitation of C'/F’/Kr is monitored in real time. Thetimeto
reach the nearest interstitial O, siteis ..;; = 250 fs, and an indirect cage exit after 1 psis observed
especiadly for warm Kr matrices. These results are in excellent agreement with the simulations of
FQ/A?".

A double-pulse control scenario is demonstrated in mixed Cl,/CI1F/Ar solids. Variation of the
time delay between a pump and a control pulse switches between the fluorescences of C1TCl1~ /Ar
and CI™F~/Ar with a very good contrast ratio of 1:250. In these experiments the excited state
population of the ion-pair species is controlled. The mechanism exploited in this scheme is ultra-
fast vibrational relaxation. A wave-packet-timing control in a Tannor-Kosloff-Rice scheme is also
demonstrated on atimescale of 50 fs.
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Setup for ultrafast spectroscopy

In the experimental setup two major achievements were made. Two non-collinear optical parametric
amplifiers (NOPAs) were built for the generation of tunable sub 30 fs pulses. Their efficiency was
doubled in comparison to the commercially available ones. With this improvement two experiments
with four independently tunable femtosecond pulses can run simultaneously, while a considerable
fraction of laser power is retained for athird experiment.

The characterization of the femtosecond pul ses was extended in aflexible setup that can be used to
characterize pulses from the infrared to the ultraviolet spectral region by Frequency Resolved Optical
Gating (FROG). The cross-correlations can be taken in situ, simultaneously with the pump-probe
experiment.
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Future Prospects

Cage exit dynamics

The cage exit dynamicsof F' fragments deserve further experimental investigation on the femtosecond
timescale. Two directions of investigation are very promising. First, experiments on the cage exit
after excitation to the 11 state should be performed. Up to now, experiments with this excitation were
accomplished only in Ar and with a probe laser that records the recombination dynamics. They were
analyzed in chapter 7.6 with focus on the spin flip. It was shown that the 1.5 eV higher excess energy
is absorbed by the matrix within one or two periods. The 2-D quantum simulations presented in Fig.
7.10 demonstrate agreatly enhanced exit probability, if the Ar ispre-excited. Thisimpliesthat alarge
effect of the excess energy on the cage exit dynamics can be expected, as thisleadsto large amplitude
motion of the rare gas atoms. These experiments should be carried out in Kr.

The second direction that should be pursued is cage exit in multiply doped Ar matrices. The
ArF excimer states lie too far in the UV but co-doping with Kr or Xe can be used to detect the
F fragments. Then the shuttling of the ' atom from C' to the co-dopand (e.g. X¢e) and back can
be followed on the femtosecond timescale. It will be interesting to compare the results of ultrafast
experiments in different matrices, since already the static bleaching experiments showed an increase
of the permanent dissociation efficiency by an order of magnitude on going from Ar to K.

New Molecules

The molecule C'l X eF was observed after photolysis of C'1F' in Xe matrices [95]. The same ex-
periments that tried to produce CIKrF were unsuccessful. However, calculations show that this
molecule is bound by 0.4 eV in the linear configuration and there is a barrier to the formation of
CIF + Kr [97]. Since the bleaching experiments show that CF is effectively dissociated, it is ex-
pected that the C'1KrF' molecule can be generated with properly chosen pulse parameters. In any
case it will be very interesting to analyze the formation of either CIKrF or ClXeF inreal timewith
femtosecond pulses.

Active control of molecular dynamics

The active control of molecular dynamics in these model systems will be pursued in severa ways.
Strong infrared laser pulses will be used to align molecules with the polarization vector of the light
field [224]. The feasibility has been demonstrated in the gas phase [225, 226], and the experiments
on the statistical reorientation of the C'/ F bond (chapter 7.5.3) show a way to measure the ultrafast
alignment of molecules also in the condensed phase.

The use of double pulses or tailored pulses from a pulse-shaper will be used to actively control
the interplay of solute-solvent-solute interaction that was demonstrated in this thesis. Theideaisto
prepare wave packets with appropriate timing that exploit the coherence of the molecular vibration
and the cage motion, e.g. to enhance the cage exit.
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Appendix

Commentson thelock-in detection

In chapter 6.3.4, pump-probe experiments on C1F/Kr with the detection of the Kr;” F~ emission
are presented. Wavelengths A\, < 278 nm probe al F' atoms in Kr, including the thermally
equilibrated fragments. This gives rise to a strong background signal, which is independent of the
time delay between pump and probe pulse. In addition, the concentration of F' fragments changes at
the time delay zero of a pump-probe signal due to the photochemical equilibrium discussed in chapter
5.4.2. The solution to the problem isa”lock-in" technique, which uses a light beam chopper to block
every second pump-pulse A\, = 387 nm. The fluorescence, which is recorded when only A, ope
is present, measures the entire unwanted background signal at the right equilibrium concentration.
The concentration does not change significantly with a single pulse, but rather on a "timescale’ of
1000 pulses. This background is subtracted from the signal measured with A ,,,,,,, and A, present,
yielding the desired pump-probe signal that is sensitive only to the wave packet that was triggered
with the last pump pulse.

If the signal is measured without the lock-in technique, a pump-probe scan started at negativetime
delays, i.e. A, first, looks as follows. A high signal is measured at negative time delays, which
correspondsto the concentration of cold F' fragmentsin the lattice for equilibrium A. When the pump-
probe scan passes the time zero, the signal rises since the hot £ fragments are detected with higher
efficiency and in addition according to the new photochemical equilibrium B. The photochemical
equilibrium changes with time delay At and the rate of change depends on the number of photons
absorbed during a time step of At. Therefore, the measured curve depends on the number of shots
averaged to obtain one data point, especially near At = 0. In afast scan, a slow rise with At is
measured, and in aslow scan the rise with At isfast.

The lock-in detection not only greatly improves the signal-to-noise ratio, it also cancels this un-
wanted change in the signal at At = 0, since the F' concentration is equal for the pump-probe se-
guence and the background measurement with the probe pulse only. Also the dependence of the
measured signal on how thetime delay At isconnected to real time cancels out. Note that thislock-in
technique locks the signal to an external chopper, i.e. to afunction of the repetition rate. It is not the
time delay At which isvaried with a frequency, and therefore, the lock-in signal is not the derivative
of the signal without lock-in.
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