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ABSTRACT

FEMTOSECOND REACTION DYNAMICS
IN THE GAS PHASE

By

Una Marvet

The advent of short pulsed laser sources has allowed time-resolved methods to be
developed by which molecular dynamics can be studied directly. This facilitates the
observation of processes that may not be amenable to study by frequency-resolved
techniques. This is particularly so in the case of reaction dynamics, where many changes
may be occurring in a short period of time and the transition state is too short-lived to be
readily observed by continuous wave (cw) methods. The work described here involves
the study of two such processes in the gas phase by femtosecond pump-probe

spectroscopy.

The first involves photoinduced molecular detachment of halogens from gem-
dihaloalkanes using a 312 nm femtosecond pulse. The progress of the reaction is
monitored by selective detection of fluorescence from the halogen product. The reaction
was found to be general to a number of dihaloalkanes, and in every case to produce the
appropriate molecular halogen product in the D' state. Molecular dynamics were probed
by fluorescence depletion using a femtosecond pulse at 624 nm. Vibrational coherence
was observed in some halogen products, indicating a concerted reaction mechanism.

Analysis of the spectroscopic and dynamic data was performed; it was determined that
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for one molecular detachment channel the reaction proceeds by an asynchronous

concerted mechanism.

The second experiment is a real-time study of an unrestricted bimolecular reaction. In
this process, pairs of gas phase mercury atoms are photoassociated to an electronically
excited state using a femtosecond pulse. The dynamics of the resulting molecules are
probed by fluorescence depletion using a second pulse. Analysis of the rotational
anisotropy in the nascent dimers conclusively confirms that dimer formation is
photoassociative. The degree of rotational excitation in the nascent molecules indicates

the impact parameter selectivity of the photoassociation process.



for Jon, with love

iv



-4 course of

sepedmein s

lacwd particul,
=z 20d-humot
sz with w
e Thang app
2 feription, 4

2Nk Waner d

sl hours

Hhogld also lik
.J“ 1h€ ‘;’mdumc

,wiL ?lm ad Sam



ACKNOWLEDGMENTS

In the course of my graduate career I have encountered a lot of people, most of whom

have helped me in some way.

I would particularly like to thank Pedro Cid-Aguero, who has a remarkable ability to
remain good-humoured under all sorts of aggravation. Peter Gross is a truly practical
theoretician, with whom discussions were invariably stimulating, no matter the subject.
Qingguo Zhang applies an unparalleled attention for detail to every problem. Igor Pastirk
defies description, and Emily Brown is one of the hardest-working people I have ever

met. Mark Waner deserves a medal for his willingness to help produce posters into the

wee small hours.

I would also like to thank some of the non-academic staff at Michigan State, most

notably the graduate secretary Lisa Dillingham, Scott and Manfred in the glass shop and

Dick, Russ and Sam in the machine shop.

And finally to Marcos, my advisor. It hasn’t always been smooth, but it was rarely

boring. Thank you.



hae

= List of
1 List of
rz List of

Chapt
Il

S
-1
! Ik
A
y

lﬁ
v,

Nl

- b}

4. -

34,

“ .

N I
-

=)
=
-3

-

Yoy

4 .

. 2

A

AN

*

. 3

. 1A

" 3D

B :

- 3.3

3 .

PR

N

~

' 33
.



TABLE OF CONTENTS

Page
viii  List of Tables
ix List of Figures
xviii  List of Symbols

Chapter 1. Introduction

1 1.1 Frequency Resolved Spectroscopy and Reaction Dynamics

2 1.2 Time-Resolved Spectroscopy

2 1.2.1 Introduction

2 122 Preparation of the Wavepacket

4 1.2.3 Dynamics and Probing

9 A. Vibrational Dynamics

10 B. Rotational Dynamics

16 C. Dissociation

20 D. Bimolecular Reactions

22 124 Detection

22 1.2.5 Advantages
Chapter 2. Laser System

24 2.1 The Oscillator

25 2.2 The Amplifier

33 23 Pulsewidth

37 24 Experimental Setup and Detection
Chapter 3. Photoinduced Molecular Detachment

38 3.1 Introduction

38 3.1.1 Photoinduced Molecular Detachment

38 3.1.2 Concerted Reactions

40 3.13 Methylene lodide

42 3.2 Experimental

43 33 Results and Discussion

43 3.3.1 Methylene lodide

47 A. The 300-350 nm Region; D'—>A'

64 B The 250-290 nm Region

77 332 Other Compounds

vi



m
A

9

hallh
»

LD LD D LD L2

I T
e Lo 1D —

Chapt(

Appen

Refere



92 34 Discussion

92 34.1 Spectroscopy

92 A. The Parent Molecule
94 B. The Products

96 342 Energy Partitioning

98 343 Mechanism

Chapter 4. Photoassociation

112 4.1 Introduction

112 4.1.1 Bimolecular Reactions
113 41.2 Photoassociation

116 413 The Mercury Dimer
117 42 Experimental

121 43 Results and Discussion

121 43.1 Spectroscopy

123 432 Dynamic Behaviour
126 433 Other Processes

128 434 Magnitude of the Signal

132 Chapter S. Summary and Conclusions

Appendices
137 A Mathematical Formulation for Fitting Time Zero Data
140 B Classical Mechanical Simulation of Dissociation Dynamics

143 References

vil



Phatodisss

Thermody
X=Hor:

Enerzetics
the minim
roduce C
eneTZies ar

Comparisa



II.

II.

IV.

LIST OF TABLES

Photodissociation reaction pathways of CH,l,."*°

Thermodynamics of the dissociation reaction CX,YZ— CX3(X) + YZ(D'), where
X =H or a halogen and Y and Z are halogens.

Energetics for several dissociation channels of CH,l,."*%!3%15%15¢ The table gives
the minimum energies required to dissociate a ground state CH,I; molecule to
produce CH; and I, fragments in several possible electronic states. The available
energies are calculated based on a three photon transition at 312 nm.

Comparison of theoretical and experimental CH,l;, vibrational energies in cm™.

viii



Schematic €

3 The pulse
rvihronic |
propazates |
the potentia
pulse monit,

* Penodic mo
pump-probe

- Definitions
between the
Punp and p
are manifes
ransition
fump and |
Paraile] 1o 1}
T average,

& Potentjyg i
mmhon P!
“a‘flfngtm
I Tansitjy,
tose reser

i Transiems o
TESQnam Wit
deca\s rapi\
Upled e
appmaChQJ i

.

SChemaIic 0
mOnic of
ar“p}lﬁed bc“



1.1

1.2

13

2.1

LIST OF FIGURES

Schematic of time resolved pump-probe spectroscopy.

(a) The pulse causes a vertical transition to the excited electronic state. Several

rovibronic levels are accessed, producing a phase coherent wavepacket which
propagates in time as shown. As the wavepacket propagates, it spreads out along
the potential energy surface (PES). Subsequent probing by absorption of a second
pulse monitors the progress of the wavepacket evolution along the PES.

(b) Periodic modulation in absorption efficiency of the probe pulse as a function of

pump-probe delay time.

Definitions of the polarisation and transition dipole vectors and the angles
between them. The space—fixed vectors €, and €, denote unit vectors along the
pump and probe electric polarisation directions, respectively. Rotational dynamics
are manifested as the time dependence of the angle ¢, between the molecule-fixed
transition dipoles [i,(0) and [1,(r) . The quantity & denotes the angle between the
pump and probe pulse polarisation; & = 0 when the probe pulse is polarised
parallel to the pump and 6 = n/2 when it is perpendicular. The remaining angles
are averaged out in the derivation of the time dependent rotational anisotropy.

Clocking figure.

(a) Potentials involved in clocking experiments. Excitation from V, to V; by an

ultrashort pulse produces a wavepacket on V. As the probe is tuned to shorter
wavelengths, the wavepacket traverses the optically coupled region for the V; —
V, transition at greater pump-probe time delays and the transition state more
closely resembles the products.

(b) Transients obtained at a range of probe frequencies. When the probe is tuned to be

resonant with the transition state immediately after time zero, the signal forms and
decays rapidly. As the time taken for the wavepacket to reach the optically
coupled region increases, the resonance condition for the asymptotic products is
approached and the signal no longer falls to zero.

Schematic of the amplifier. Four dye cells are transversely pumped by the second
harmonic of the Nd:YAG laser. Telescopes are used to expand both the pump and
amplified beams.

ix
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24

2.5

2.6

3.1

3.2

Sketch of the amplification mechanism.

Detail of the Bethune cells.

Experimental setup. A pulse from the CPM is collected by a photodiode. The
Nd:YAG laser is triggered by the amplified pulse from the diode; an SM-1 unit is
used to synchronise the pulses. After amplification, the CPM beam is
recompressed and steered to a Mach-Zehnder interferometer having a fixed arm
and a scanning arm. One arm is frequency doubled, and the two beams are
linearly recombined before being focussed into the sample cell. Signal is collected
as fluorescence by a monochromator and PMT then averaged in a boxcar before
being sent to the computer. The boxcar is also triggered by the CPM.

Schematic of the frequency-resolved optical gating (FROG) system.

Typical FROG traces, showing (a) negatively chirped, (b) unchirped and (c)
positively chirped pulses. The chirp is altered by translating the prism P2 across
the beam as shown.

Dispersed fluorescence spectrum of I, produced by multiphoton dissociation of
CHo_l; at 312 nm. The dominant fluorescence is between 290 and 350 nm and can
be assigned to the I D' — A' transition. A small amount of laser scatter is
detected at 312 nm (shaded). The region marked (i) indicates fluorescence
produced by other ion-pair states of I, (see text). The fluorescence intensity has
not been corrected for detection efficiency of the spectrometer.

Dispersed fluorescence spectra of the D' state of I,. The spectra were produced by
photoinduced molecular detachment of I, from CH)l; in a static cell by
multiphoton excitation at 312 nm. The spectra are normalised and calibrated, but
not corrected for detection efficiency of the spectrometer.

(a) Spectrum recorded at 0 °C.
(b) Ambient (room) temperature spectrum at 1 Torr.

(c) Ambient temperature spectrum in the presence of 80 Torr of Ar.

3.3  Excitation scheme and corresponding time-resolved (pump-probe) data for neat
iodine vapour, showing how the observed transient is generated.
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3.5

3.6

(a) A 624 nm (pump) pulse excites I, to the B state; subsequent absorption of a 312
nm pulse causes transition to the E and f ion-pair states. These have strong, bright

transitions to the valence states A and B. The detected signal is f - B
fluorescence at 340 nm.

(b) At negative times (probe pulse arriving before pump), neither the E nor f state is
reached and no signal is observed. As the pulses become overlapped in time, it
becomes possible to access the f state and molecular fluorescence is obtained. At
positive times, vibrational coherence characteristic of I,(B) is observed.”

Excitation scheme and corresponding time-resolved (pump-probe) data for CHal,,
showing how the observed time-dependent fluorescence is generated. (1. P. refers
to the ionisation potential of the molecule).

(a) Initially, the molecule undergoes multiphoton absorption of the 312 nm (pump)
pulse. This causes it to dissociate, producing I, in the D' (31'123) state, which

undergoes a fluorescent transition to A' (*I1,,), detectable at 340 nm.

(b) Absorption of a 624 nm (probe) pulse by the iodine depletes the population of the
D’ state. Depletion efficiency tracks the progress of the reaction and is monitored
by detecting the D'—> A' fluorescence at 340 nm. Note that the probe transition
may not be as represented; there are a number of optically accessible I, states 2
eV from the D' state.'’®'*® At negative times (probe pulse arriving first), the
fluorescence produced by the D' — A' transition is unaffected by the probe, and
remains at a constant level. As the pulses begin to overlap in time, an intense
enhancement is observed; this is due to a cooperative multiphoton effect (see
text). At positive times, absorption of the 624 nm (probe) pulse depletes the
population of the D' state, and the fluorescence intensity decreases. Observation
of vibrational modulation in the depletion signal indicates that a coherent
wavepacket is generated in the D' state of I,. Note that for the I, transient, positive
time corresponds to the 624 nm pulse arriving at the cell first; for the CHyl,
sample positive time is when the 312 nm pulse arrives first.

Time-resolved data and vibrational fit to the D' — A’ fluorescence at 340 nm and
positive times. The data was collected with the probe laser polarised parallel to

the pump and fit to a function A4+ Be™ / ?cos(wt+¢). The fit displayed was
obtained with an oscillation frequency @ of 92.2 cm”, corresponding to a
vibrational period of 362 fs. The dephasing time 7was ~ 1 ps.

Possible excitation schemes to produce time zero fluorescence enhancement. The
threshold indicated is the observed excitation threshold for production of CH, and
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I(D"). The upper line on the figure corresponds to 12 eV, the excitation energy
corresponding to a three-photon pump transition.

(a) One photon excitation with the 312 nm (pump) pulse requires three photons of
624 (probe) nm light to reach the threshold for production of I;(D'). An additional
photon of the probe produces an excitation of 12 eV. Single-photon absorption at
312 nm is equivalent to an excitation of 4 eV, which is sufficient to reach the A
('B)) state of CH,l; (marked (i) in the Figure).

(b) An initial absorption of two pump photons corresponds to an excitation of 8 eV,
requiring one photon of 624 nm light to reach the threshold and two to be
equivalent to an excitation of 12 eV. The pump-excited state, marked (ii), is
unknown.

(c) A three-photon pump corresponds to an initial excitation of 12 eV. This is the
pathway of the most interest to us because the dynamics observed between the
pump and probe pulses correspond to the transition state of the photoinduced
molecular detachment reaction. The state (iii) is the dissociative state under
investigation.

3.7  Kinetic model for the dissociation of CH,I,. The model assumes that the signal is
comprised of two contributions:

(a) Depletion signal, produced by the molecular detachment process. Excitation of
CH,l, with three photons of 312 nm light produces an excited molecule, which
dissociates into CH; and I(D'"). Depletion of the D' fluorescence with a 624 nm
pulse probes the dynamics of formation of I>(D').

(b) Time zero signal. When the pump and probe pulses coincide, it is possible for
CH,I, to absorb probe photons prior to dissociation, which produces a highly
excited parent molecule. This increases the amount of D' — A' fluorescence
observed because it opens another pathway for production of I5(D'). The statistical
lifetime 7 of the pump-excited state determines for how long after the initial
excitation the molecule can absorb the probe.

(c) The overall signal is a weighted sum of these two contributions, each of which is
convoluted with a Gaussian to simulate the pulsewidth.

3.8 Time-resolved data of the molecular photodetachment of I from CH,I; and n-
C4Hsl,. The difference in dissociation time between the two molecules can be
accounted for by the difference in mass of the alkyl fragment. The relatively poor
fit to the C4H;l, dynamics at positive times is due to the presence of a vibrational
oscillation at early times.
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3.10

3.11

3.12

3.13

3.14

Time-resolved data of the CH,I; dissociation obtained at 340 nm with parallel (a)
and perpendicular (b) configurations; ‘parallel’ and ‘perpendicular’ refer to the
polarisation of the probe beam relative to the pump. Note the much smaller
intensity of the time zero feature in the perpendicular polarisation configuration.
The anisotropy data is ambiguous; no reliable conclusions about the rotational
population of the products can be drawn from analysis of this data.

Pump-probe data obtained by selective detection of the I, fluorescence signal at
285 nm (a) and at 272 nm (b). Both transients were obtained with the pump and
probe beams polarised parallel to each other. Both exhibit vibrational coherence.
However, the 285 nm transient exhibits a large time zero spike and the 272 nm
transient does not.

Time-resolved data at 272 nm of the CHl; dissociation, obtained with the probe
polarised parallel (a) and perpendicular (b) to the probe. The difference between
the two transients clearly indicates rotational anisotropy in the I, product. Notice
both the rapid anisotropy decay time and the fact that depletion is more efficient
immediately after time zero in the perpendicular polarisation configuration.

Purely isotropic and anisotropic components of the time-resolved data presented
in Figure 3.11.

(a) The pure rotational contribution as given by the time dependent rotational

anisotropy r(¢).

(b) The pure vibrational contribution as given by the isotropic signal /; + 27

The thicker lines show least-squares fits to the pure vibrational and pure
rotational contributions.

Model of the CH,l; molecule in the centre of mass frame, showing the principal
(X, Y and Z) and rotational (a, b and c¢) axes and their transformation under C,y

symmetry.

Fit to the dispersed I, D'-> A' fluorescence spectrum produced from the
dissociation of CHI,.

(a) Fit obtained using only D' A' fluorescence.

(b) The f > B fluorescence spectrum obtained from excitation of neat I, vapour.

xiii
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(c) Fit to the observed fluorescence in the 300-350 nm range, taking into account the
possibility of contribution from the f — B transition. The spectrum shown in (b)
was scaled by a factor determined by optimisation and incorporated into the fit.

3.15 Fits to the vibrational coherences in the I, D'— A' fluorescence at positive pump-
probe delay times.

(a) Original, exponentially damped sinusoidal fit shown above (Figure 3.5).

(b) Bimodal Gaussian fit. One mode has an oscillation frequency of 96.5 cm™ and a
FWHM of 7. The second mode has an oscillation frequency of 104 cm™ and a
FWHM equivalent to a single D' vibrational level.

3.16 Dispersed fluorescence spectra of X,(D') produced by multiphoton excitation at
312 nm.

(a) From CH;,Br; at 0 °C.

(b) From CH,Cl, at 0 °C. The increasing signal level at longer wavelengths is due to
laser scatter.

3.17 Transient data of photoinduced molecular detachment of X,(D') from
dihaloalkanes. Both sets of data were recorded from static cells, with the
polarisation vectors of pump and probe pulses parallel to each other.

(a) From CH;Br; at 287 nm.

(b) From CH,Cl; at 254 nm. The increased signal:noise ratio in this data, as in the
spectrum in Figure 3.16 (b), is due to low signal levels.

3.18 Time resolved data from the multiphoton dissociation of CH,Br; using 312 nm
femtosecond pulses. The transients were obtained at 287 nm, with the polarisation
vector of the probe laser aligned parallel (a) and perpendicular (b) to the pump.

3.19 Anisotropic (a) and isotropic (b) portions of the 287 nm data from the CH,Br,
cell. The fit to the r(?) derived from the data is also shown. To obtain the r(2), the
data was properly normalised and a three-point smoothing applied.

3.20 Dispersed fluorescence spectra from multiphoton excitation at 312 nm of CH,Br;
(a), CBr;F; (b) and CBr,;Cl; (c). All three are produced by the Br, D' —» A'

X1iv
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transition.

3.21 Time zero data for the molecular detachment of halogens from CX;,Br,. Fits to the
data are shown as continuous lines. The time data was obtained consecutively,
with the same laser intensity for each scan.

(a) CH;Br; at 0 °C.
(b) CBryF; at -47 °C.

(c) CBry,Cl; at 0 °C.
3.22 Dispersed fluorescence spectra from the multiphoton dissociation of CH,ICI at 0 :
°C, showing both the 320 - 400 and the 400 - 460 nm regions. The fluorescence

spectra produced in these regions from a sample of pure I, vapour are also shown
for comparison.

3.23 Pump-probe data from the multiphoton dissociation of CH,ICI at 312 nm.
(a) Collected at 340 nm, corresponding to the G — A transition.
(b) Collected at 430 nm, corresponding to the D' — A’ transition.

3.24 Pump-probe data was collected from the CH,ICI sample at 340 nm with the liquid
reservoir maintained at 0 °C. Dynamics were studied with the probe laser
polarised both parallel and perpendicular to the pump.

(a) The purely anisotropic contribution 7(?) to the 340 nm signal. Also shown are a
least-squares fit obtained by assuming a Gaussian distribution of rotational levels
(i) and a thermal (Boltzmann) distribution (ii).

(b) The rotational populations P(j) responsible for the fits shown in (a). The two

results are very similar, and produce almost identical fits.

3.25 Pump-probe data collected from the CH,ICI sample. Fits to the data obtained
from the Fourier transform and from the exponential decay model (Equation 3.1)
are also displayed.

3.26 Normal mode analysis of the ground state of CHyl,, plotted as a function of I-1
and CH,-I distance. Only the I-C-I bending (v4) and I-C-I symmetric stretch (1)

XV
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modes contribute to the H,C-I; distance.

3.27 Schematic of possible mechanisms for the photoinduced molecular detachment of
X, from gem-dihaloalkanes. Both proceed in a single kinetic step. The time scales
given for these mechanisms are based on time-resolved measurements.

(a) Synchronous concerted mechanism. Breaking of the two carbon-halogen bonds is
initiated at the same time and proceeds at the same rate. An interhalogen bond
forms before the carbon-halogen bonds are completely broken. This pathway has
a symmetric transition state and preserves the C,, symmetry of the parent.

(b) Asynchronous concerted mechanism. In this case, the rate at which the two
carbon-halogen bonds break is different. Again, the interhalogen bond forms
before the halogens are completely dissociated from the carbene.

3.28 Classical simulations of molecular detachment processes. In each snapshot, the
large spheres represent the iodine atoms and the small sphere represents the CH;
moiety. In both mechanisms, the two C — I bond breaking events are assumed to
be separated by 32 fs.

(a) The thrée—step mechanism. The excess energy is estimated to be 1.8 eV for the
first bond breaking event and 0.3 eV for the second. In this case, the I — I bond is
assumed to form immediately after the second C — I bond breaks.

(b) The asynchronous concerted (ylide) mechanism. The excess energy is estimated
to be 2.7 eV for the first bond breakage and zero for the second. The I — I bond is
assumed to form immediately after the first bond breaking event.

329 Dependence of I, angular momentum on the time lag between the two bond
breaking events. The two traces present the dependencies for the asynchronous
concerted mechanism (a) and the three—step mechanism (b). The conditions are as
stated for Figure 3.26.

4.1 Schematic of the potential energy surfaces relevant to the femtosecond
photoassociation of mercury atoms. The corresponding atomic states at the
asymptotic limits are indicated.

4.2 Dispersed fluorescence spectra resulting from the excitation of mercury vapor in a
static cell at 160 °C.

(a) Excitation at 266 nm with a nanosecond laser pulse.

xvi
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(b) Using a 60 fs laser pulse centred at 312 nm. The D — X emission is red-shifted
compared to the emission produced by 266 nm excitation because of the
difference in excitation energy. The peak at 407.8 nm is an atomic line resulting
from two-photon excitation to the 7'S, state.

4.3  Femtosecond pump-probe transients from the photoassociation of mercury at 312
nm. Data was collected with the probe laser polarised parallel (a) and
perpendicular (b) to the binding laser. Note that bond formation occurs during the
pulse and that the data is clearly anisotropic, indicating alignment of the nascent
molecules.

4.4 (a) Rotational anisotropy r(?) obtained from the experimental data. The heavy line is
the best fit to the experimental data (plotted as points), as described in the text.

(b) Rotational population of the photoassociated product, obtained from the fit to the
rotational anisotropy.

45  Schematic of a bimolecular collision process, illustrating the definition of the
impact parameter b. The equations show the relation between the relative energy
of collision Eg and the energy E, along the direction of the interatomic axis as a
function of the impact parameter.

4.6  The differential photoassociation cross section dop4/db from Equation 4.9, plotted
as a function of binding wavelength. Note that as the wavelength is tuned to lower
energies the reaction requires smaller impact parameters and the products are
formed with a narrower, lower energy distribution of rotational excitation. At 290
nm the photoassociation process is not very restrictive and approaches the
theoretical limit P(b) = 1 (see text).
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LIST OF SYMBOLS AND ABBREVIATIONS

Symbol
A

IR

mJ

ns

pPs

fs

mW

Meaning

Angstrom, 10™'° metre
Speed of light in vacuum
Planck’s constant

h/2n

Infrared

Joule

millijoule, 107 J
Boltzmann’s constant
metre

nanometre, 10°m
second

nanosecond, 107 s
picosecond, 102
femtosecond, 107'% s
Watt

milliwatt, 10° W
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1. INTRODUCTION

1.1 Frequency Resolved Spectroscopy and Reaction Dynamics

Frequency-resolved spectroscopy involves the excitation of matter using a narrow
bandwidth source. By this method, single quantum states of materials can be interrogated
in order to determine energy level spacing and the shape of potential energy surfaces
(PES’s). In the case where excitation leads to a chemical reaction, the observation of
changes in the spectroscopy of a sample as a reaction evolves can provide information

about the progress of the reaction.

An alternative approach is to use crossed molecular beam techniques, which allow the
increasingly sensitive selection of reactant states, thereby facilitating state-to-state
scattering experiments."” This method relies on asymptotic properties, for example the
translational excitation and spatial distribution of the products, to yield information about
the characteristics of the potential energy surface along which a reaction occurs. These
are statistical measurements, i.e. they reveal the kinetic behaviour of a thermally

averaged ensemble of molecules.

To probe microscopic chemical reaction dynamics, changes in the PES can be studied
by analysis of phenomena such as line-broadening.>* These methods rely on the fact that
the dynamic behaviour of a system is representable as the Fourier transform of the

frequency-resolved spectrum. However, it can be difficult to interpret diffuse spectra,
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particularly in polyatomic molecules, because a number of other factors such as
congestion of states may also contribute to the appearance of the spectrum. Short-lived
transition state regions also tend to be difficult to examine in this way because they have

very short lifetimes and therefore low spectral intensity compared to reactant and product

species.
1.2 Time-Resolved Spectroscopy

1.2.1 Introduction

The development of ultrashort pulse technology’” has allowed an alternative
methodology for the study of chemical reaction processes. This involves excitation using
very short (< 10" s) pulses. The uncertainty principle dictates that pulses of short
temporal duration have a broad bandwidth. The effect of this bandwidth is that a number
of quantum levels are populated, which creates a phase coherent superposition of states.

The resulting wavepacket will evolve in time, allowing the reaction dynamics to be

probed directly.

1.2.2 Preparation of the Wavepacket

Excitation with an ultrashort pulse may or may not be resonant with an electronic
transition of the material irradiated. In the absence of resonances, impulsive stimulated
scattering occurs.® This produces a phase coherent wavepacket in the ground electronic
state of a molecule and has been exploited in transient grating experiments, for example.*

10 . . . .
Multiphoton absorption of IR pulses can also be used to selectively excite certain
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vibrational modes in the ground electronic state.*'%"'?

The electronic resonance case is however of more relevance to this study. Absorption
of a photon of the appropriate frequency allows a system in the ground electronic state V,
to undergo a vertical transition to an excited surface potential V,. This produces a

wavefunction y; on V; such that

v=).4,0,, (1.1)

n=0

where a, are the coefficients of the excited state eigenfunctions ¢, The value of a for
each state will in part depend on the intensity of the pulse at the transition frequency. If a
is non-zero for more than one value of n, y; is not a stationary state of the excited state
potential energy surface (PES) and a wavepacket will be produced. To examine the effect
of using short time duration pulses, consider a system within the Born-Oppenheimer

approximation. Under excitation with a Gaussian pulse of FWHM 7 and central

frequency ), first-order perturbation theory yields an expression for the coefficients a, as

follows:"?

(1.2)

_ 2 2
an = C<¢n | WO >exp|:_ M] )

4

where y is the ground-state wavefunction of the system, w, = (E, — Ey)/h is the Bohr

frequency and @ and C are constants. In the limit of a pulse of long time duration (7 —

), (1.2) yields

a, =Clp,|y,)é(w,-w). (1.3)
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In this case, a, is non-zero only when @ = w,, and a single eigenstate of V, is populated.

On the other hand, in the limit of very short pulses 7— 0 and we get from (1.1) and (1.2)

v, =CY (o, |vo)e, - (1.4)

n=0

This result indicates that excitation with an ultrashort pulse, i.e. one possessing a broad
frequency spread relative to the energy level spacing of the system, reproduces the
ground state wavefunction, multiplied by a scaling factor, on the excited state PES. This
is consistent with the semiclassical method advanced by Heller and coworkers'*'¢ for the
elucidation of spectra of complicated systems. In this inherently time-dependent
approach, spectra are calculated from the Fourier transform of the appropriate
autocorrelation function (of y,(0) with yi(#)). The first step is to assume that a vertical
transition produces the ground state wavefunction, multiplied by the transition dipole
moment, in the excited state.'* This wavepacket can then be propagated and the Fourier
transform yields the absorption spectrum. Both Heller's model and equation (1.4) are
applicable whenever the density of states of a system is high compared to the frequency
distribution of the excitation and are used as the basis for many theoretical models of

wavepacket dynamics.'>"’

1.2.3 Dynamics and Probing
Once the wavepacket has been created it will begin to evolve in time according to the

time-dependent Schrédinger equation:

L ow (1)
ih P =Hy\(1). (1.5)
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Subsequent time evolution of the wavepacket on V| can then be described by selection of

the appropriate Hamiltonian. This may be done in a full quantum-mechanical calculation,

but semiclassical methods have proved effective, particularly at early times.'>'*??

In order to monitor the progress of the wavepacket experimentally, we use a second
(probe) pulse to cause a transition from V, to some final state V,. If we monitor an
observable associated with the transition from V; to V, we can directly determine the
dynamics of the system along V,. A schematic is shown in Figure 1.1 (a). At some time 7
after the initial excitation, the system is irradiated with the probe pulse, which will be

absorbed by the excited molecules if the central frequency w of the pulse corresponds to

the resonance condition 4w = Vi(q) — Vi(q), where Vy(q) is the coordinate-dependent

energy of potential surface V,. To model the time-dependent behaviour of the system, a
three-level model can be applied.” The time-dependent Hamiltonian of the system can be

considered to be a sum of contributions from the (unperturbed) molecular Hamiltonian

A  and the effects H o and H - of the pump and probe interactions respectively:
Hon=H, +H,+H,, (1.6)
where the molecular Hamiltonian

H,, = H,|0)o| + A11] + A,)2)(2

, (1.7)

and 1:1,, indicates the Hamiltonian of the system in state n. The time-dependent

Schrédinger equation (1.5) can be written'’
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(b)

JV

>
0 T

Pump-Probe Time Delay

Potential Energy

Probe Transition Probability

Figure 1.1 Schematic of time resolved pump-probe spectroscopy.

(a) The pulse causes a vertical transition to the excited electronic state. Several
rovibronic levels are accessed, producing a phase coherent wavepacket which
propagates in time as shown. As the wavepacket propagates, it spreads out along
the potential energy surface (PES). Subsequent probing by absorption of a second
pulse itors the progress of the packet evolution along the PES.

(b) Periodic modulation in absorption efficiency of the probe pulse as a function
of pump-probe delay time.
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The solution of (1.8) is complex, but can be simplified by making certain

assumptions. Firstly, we assume no direct coupling between the ground and probe states,

ie. V(1) = V(1) = 0. The electric field is assumed to be classical and the dipole and

Totating wave approximations applied. For a pump pulse centred at t = 0 and a probe

pulse occurring some time  later, where 7 is larger than the pulse duration, we can

write?*
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wy(z) = % exp(iFL,1) y, exp(—iFl,t () E, (O)dt (1.9) (a)

=0

() = exp(~=ifl )y, (®)
i 1 .~
v, = h J‘exp(zH]I),umexp(—lHOI)l//OEl(f)d’ ’ ©

where E(f) and E5(f) represent the electric field strengths of the pump and probe pulses
respectively and u indicates the dipole moment of the appropriate transition. Equations

(1.9) show that by separating the pump and probe pulses in time, we treat the pump-probe

process as a sequential excitation.

Equations (1.9) (b) and (c) describe the behaviour of the wavepacket on V|, the state

of interest. If we combine (1.1) and (1.9) (b), we can write

w,(t) =Y a, o, exp(=iH1) (1.10)

n=0

where ﬁ, is the Hamiltonian for motion on the potential surface V, and ¢, are the
eigenstates of V. Applying the time-independent Schrédinger equation to (1.10) yields

(assuming H, has no explicit time dependence)

vi()=) a,p,exp(-iEt/h), (1.11)

n=0

Where E, is the energy of eigenstate ¢,. If there is a well-defined phase relationship
between the states ¢,, we can expect to observe periodic behaviour in the wavepacket on

V| and therefore in the probability of the transition to V,. This can be understood

quantum mechanically as a consequence of the interference between the populated states;

——

00 20 g
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we can also visualise a wavepacket as a classical-type particle oscillating on the potential

energy surface.

An observable related to the transition efficiency from V, to V, will depend on the

population of molecules in state V,, i.e.

2

1) = [(w, ()] ¥, ) (1.12)

To describe the time behaviour of the pump-probe signal we therefore require a solution
to 1.9 (a). We can assume that the wavepacket does not move significantly during the
excitation, i.e. & « A, where A is the width of the wavepacket at the time of excitation
and & is a function of the duration ¢, of the probe pulse. This is the ‘frozen wavepacket’

approximation.23 Applying it to 1.9 (a) allows us to ignore the kinetic energy operator and

gives™

w,(7) =£ Iexp[ia)(q)tlunEz(t)y/,(r)dt, (1.13)

where Zaxq) = V2(q) — Vi(g), the coordinate-dependent potential energy difference

between V, and V. Substituting (1.13) in (1.12) gives

2
’

1 ~ 2
10 = {w Ol @B L@ v o) (1.14)
where E,(w)is the Fourier transform of the probe electric field:
E,(w) = C].E(t)exp(iwl)dt . (1.15)
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It can be seen from (1.14) that the time dependence in the signal intensity originates
from (1) only. We can therefore directly relate modulation in signal intensity /() to the
evolution of the wavepacket on V). The method chosen to describe /(%) depends on the
system being examined, the characteristics of the pulses and the type of dynamics we
wish to study. Of particular interest to this study are vibrational and rotational dynamics

and dissociation processes; a brief discussion of each is presented.

A. Vibrational Dynamics

When a number of eigenstates of V, are populated, Equation (1.11) shows that the
wavepacket will exhibit periodic behaviour, depending on the population of the states ¢,
and the energy differences between them. In the case shown in Figure 1.1, where V, is
sufficiently bound for the wavepacket to persist in this state longer than a vibrational
period of the molecule, it will return to the Franck-Condon region for the excitation to
V3. Figure 1.1 (b) shows the changes in V|, — V, absorption efficiency that would be
expected for a system such as the one shown in Figure 1.1 (a) as the time delay between

the pump and probe pulses is varied.

Examination of Equations 1.11 and 1.14 shows that the time dependence in the signal
intensity comes from the exponential portion of the wavepacket ;. When this is squared,
the result will be a rapidly varying term describing the coherence between V, and V, and
a slower component that oscillates as the cosine of a frequency characteristic of the
energy difference between populated levels.”*?® There will be both vibrational and

Totational contributions to this oscillation. In many cases, the different timescale of these
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processes allows them to be treated separately. For example, the modulations shown in
Figure 1.1 (b) are attributable to vibrational oscillation of the wavepacket on V. The
slowly varying change in maximum amplitude of each oscillation is a consequence of the
rotational dynamics. Neglecting the rotational contribution to the signal for a moment, the

vibrational portion of the signal evolves as:*’
1,() = 23 4,, cos(2m E,(v,,) - E,(v )]t) (1.16)
if

where the constant Ay; contains the non-time varying terms. Equation 1.16 allows
vibrational dynamics to be modelled very simply as a sum of cosines. Furthermore, the

vibrational spacing yields information about the shape of the potential energy

surface 207

B. Rotational Dynamics

When one excites a molecule using a polarised light source, the transition probability
depends on the angle between the polarisation of the light and the transition dipole
moment in the absorbing molecule. Whether the relevant transition corresponds to a
simple electronic excitation to a bound state, or a repulsive state excitation resulting in a
chemical reaction, the result will be a population preferentially aligned with the electric
field vector of the exciting radiation. Excitation with a polarised source thus produces an
anisotropy in the sample, which can be measured using a pump-probe technique by
recording time-resolved data with the polarisation vector of the probe pulse aligned either
parallel or perpendicular to that of the pump. As with vibrational excitation, the timescale

of rotational coherence allows the corresponding excitation to be determined.'??'2>3%-3%

10
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Equation (1.11) contains contributions from all the populated rovibronic states of V;
both vibrational and rotational dynamics will therefore be observed. However, if the
pump and probe pulses are polarised it is possible to separate the isotropic and
anisotropic contributions to the signal. Two sets of experiments are performed; in the
first, the probe laser is polarised parallel to the pump and the signal collected at different
pump-probe delay times 7. In the second, the process is repeated with the polarisation of

the probe laser set perpendicular to the pump. The isotropic contribution to the signal can

then be isolated using the following formula:*®
1(1 )l.mlmpu‘ = 1(’)“ +21(’)L (1 . 1 7)

where /(¢), indicates the signal intensity with pump and probe polarised parallel to each

other and I(¢), the corresponding signal for the perpendicular configuration. The time-
dependent rotational anisotropy is extracted from the data using the formula

_0),-10),

rn= 1), +21(),

(1.18)

Separation of the signal in this way into isotropic and anisotropic portions allows us to

study them independently of each other.

In order to analyse the anisotropic portion of the data, a model must be constructed to
describe the time evolution of the molecular alignment.“ This model was initially

constructed by Baskin and Zewail*' for the case of single photon pump and probe

transitions. To illustrate the model, refer to Figure 1.2. If f:n are the unit electric

11
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polarisation vectors for the laser pulses then from Equation 1.14, the time-dependent

signal due to rotational anisotropy can be expressed as®’

2

150 = AD((0)- 4

-8, (1.19)

where fi,(0) and fj1,(¢) are unit vectors along the directions of the pump and probe
transition dipoles and A(r) contains the isotropic portion of the signal intensity. The fi, (¢)
are time-dependent because the molecules are tumbling in space. However, since the
pump transition defines the zero of time for the reaction, the pump transition dipoles are
denoted as fi,(0). The angle ¢,(f) betweenfi,(0) and ji,(f) contains information about

the rotational dynamics of interest.

The averages in (1.19) take into consideration the contributions from individual
molecules and can be viewed essentially as a summation (or rather average) over a
collection of individual molecules. Since the transition dipoles fi,(0) and fi,(#=0) (at
time zero) are molecule—fixed vectors, they are determined completely if the molecular
orientation is specified. The molecular orientation can be characterised, for instance, by
the three angles 0, ¢y, % defined in Figure 1.2. Here, 0, and ¢, define the orientation of

i,(0) while y,; specifies rotation about i, (0). The time evolution of the probe dipole

I, (?) is governed by the angular momentum j of the species being probed. The quantity j

is conserved at least until collisions take place; this is a relatively long period of time in a
rarefied gas phase experiment. The average over the molecules can be replaced with an

average over 0, ¢;, %1 and j as long as the population of the species being pumped with

12







Figure 1.2 Definitions of the polarisation and transition dipole vectors and the angles
between them. The space—fixed vectors £, and €, denote unit vectors along <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>