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Abstract

The energy transfer of highly vibrationally excited molecules plays an important
role in many chemical processes. A number of experimental and theoretical works have
focused on the energy transfer dynamics of highly vibrationally excited molecules. In
this thesis, the methylation effects in. the.energy transfer between Kr atoms and highly
vibrationally excited 2-methylnaphthalene in the. triplet state were investigated using
crossed-beam/time-sliced velo€ity-map ion imagingstéchnique at a translational
collision energy of <520 icm™. Cémpatison of the energy transfer-between naphthalene
and 2-methylnaphthalene shows that th;: ?d%ﬁrence in total collisional cross sections and

.,.EI
the difference in energy transfer probability-g!ensity functions are small. The ratio of the
total cross sections:y is c(ﬁaéhthalene): 0(2 = methylnaphthalene) = 1.08 +
0.05: 1. The energy transfer probability density ‘function shews that naphthalene has a

1 and

little larger probability at small T = V/R energy transfer, AE, < 300 cm™
2-methylnaphthalene has a little large probability at large V. — T energy transfer,
—800cm™! < AE4 < —100 cm™!. However, these differences are close to our
experimental uncertainty. No significant difference in the probability of very large energy

transfer, such as supercollisions defined arbitrarily as AEq; < —1500cm™!, was

observed. No obvious methylation effect observed in this work may be due to the larger

\Y%



size of molecules we used than that (benzene and toluene) in the previous studies. That
reduces the influence of the methylation effects in our experiments. The other possibility
is that methylation effects may be due to the subsequent successive collisions or internal
rotation at room temperature. The energy transfer may result in large difference due to the

rotational effects.
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1. Introduction

Collision energy transfer of highly vibrationally excited molecules plays an
important role in many chemical processes. For exothermic reactions, such as
recombination reaction depicted in Figure 1.1(a), products formed as highly energetic
molecules need to dissipate the extra energy into the surrounding molecules to be

stabilized. On the other hand, in the endethermic reactions, such as unimolecular

=5
dissociation shown'in Figute 1.1 (b); teactants have to accu{hﬁlate energy via collisions

with bath atoms or molecules to cress<the reactiop-barrier.
g 1 I !

(a) Bond formation (b) J* - dissociation
A ——) A+ B

AB*

| }

|
)

AB AB

Figure 1.1 Two examples of chemical‘reactions. (a) bimolecular reaction: recombination,

(b) unimolecular reaction: dissociation.

In 1922 Lindemann first pointed out the importance of collisional energy transfer for
the excitation and deexcitation processes in unimolecular reactions in the thermal system'.
The Lindemann-Hinshelwood formulation involves a three-step mechanism for the

first-order unimolecular reaction.



Kk
A+M-SA+M (1)
ky
AX+M->A+M (2)
k3
A* - products  (3)
In step 1, reactant A is activated by collisions with bath molecules, M. Step 2 describes

the collisional deactivation of A” by bath molecules. Step 3 represents the degradative

relaxation process that may 1nte91@¢|:pﬁ(£&-b£@_&.e specific reaction rate constant
b Yy 4 r 2 & R
can be expressed as . e J - . e

£ N
S Al §&
L

B hry
.,x-' :g.;r:"!-.

For [M] - 0, ﬁie limiting expressio

e decrease of

The kyy,; tends to become constant at high pressure.

However, the assumption contained in the original Lindemann scheme is the strong
collision assumption®. Reaction (2) leads invariably to deactivation of A" due to the
steady-state approximation. The population of activated molecules should follow

Boltzmann distribution at all pressure, to keep a sufficient amount of molecules undergo

2



reaction. The population of activated molecules may decrease either by reaction (2) or by
deactivation through collision with bath molecules reaction (3). Thus, collisions of
reactant (A) with bath molecule (M), i.e. reaction (1), keep the population of activated
molecules constant. This fact indicates that each collision has to transfer enough energy

to maintain the Boltzmann distribution of activated molecules. The predicted plot of ky;

against [M] is shown in Flgure 1-.% Ufgtsﬁ&g‘ibﬂiﬁo?(SC) However, in real systems

H":'M .IILI-.- -J| %‘ —L i -':'11.:*
most of the collisions -d{g we colhsrém's Ene 'nsferng_(f%ugh collision is not
i e
’15' d > < i
large enough to ri_i!tmtaln the ann distributio ivated V_O'EGules. As aresult,
the kypj 1s nof'_'b'.s large as it is predi indema 1 lwood fCST:mula The plot

Figure 1.2 Schematic plot of k,; vs. [M] for weak or strong collisions

To accurately describe the unimolecular reaction it is necessary to introduce energy

transfer probability distribution, and energy dependence of reaction rate constant k(E) in



the master equation’.

0

OOZ(E)[M]P(E', E)[A(E, t)]dE + f Z(E)[M]P(E,E)[A(E, t)]dE’
0

d[AGE,B)]
dt _fo

—k(E)[A(E, D]
Z(E)[M] is the number of collisions per unit time for molecule with energy E, Z(E) is the
number of collisions per unit time per unit concentration for molecule with energy E, [M]
is the concentration of bath molecules, and P(E’, E) isithe energy transfer probability
distribution of transferfting energy E/ =E (= AE)"in a collision. To find k,,; for weak
collisions, one has to solve thé master equation. The Z(E)[M] and.P(E’E) are required

to solve the master equation. The energy transfer probability distribution is essential for
| g
i

the comprehensive understanding of the'hergy transfer processes, whichhas set the goal

i
1

for scientists and is striving toward 1jn these zlc,cades.

Collision energy transfer of ﬁighly Vibrationally.excited molecules has been studied
for several decades using various methods. Barker™ et al. and Dai’s group’ have used
infrared fluorescence (IRF) to study energy transfer processes, whereas, transient
ultraviolet absorption (UVA) method has been used by Hippler and Troe®. In those
experiments the molecules of interest were mixed with bath gas in a cell irradiated by an
UV or visible laser, and then the IR emission or UV transient absorption was detected.
The experimental data provides the information of internal energy of excited molecules as

a function of time. The average energy transferred per collision (AE),; and its

4



dependence on the internal energy can be obtained. Flynn’, Mullin®, and co-workers have
used quantum state resolved transient IR absorption techniques to study collision energy
transfer by monitoring the energy uptake of the colliders (such as CO,, CO, H;O, etc).
Luther and co-workers have developed a multiphoton ionization method (kinetically
controlled selective ionization; KCSI)’ to study energy transfer of highly vibrationally
excited molecules. This method ecan provide information about the energy transfer
probability distributions. The other reseatrch groups.like Seyy, Mori, et al. study this topic
using similar methods as mentioned above'*'?. However, those experiments were all

performed in a'eell near room temperature. Most of them provide the average energy
| g
i

transfer, or part of the energy transfer probability distribution (P(E, E")) from the fit of an

i
1

empirical formula in/thermal distribiltion an&-multicollision conditions. It’s not
straightforward to reveal the enér:gy transfer mechan.ism zind enetrgy transfer probability
distribution directly from those experiments:

In 1980s, Oref et al. studied the chemical reaction of quadricyclane and cyclobutene
induced by collision activation with hot azulene and hexafluorobenzene, respectively'>™".
Highly vibrationally excited donor molecules (azulene or hexafluorobenzene) were
prepared by irradiation of mercury lamp, and subsequently collided with cold acceptor

molecules (quadricyclane or cyclobutene). After collisions, if the acceptor molecules

obtained energy larger than E;, AE > E, they may undergo chemical reaction, where

5



E, is the reaction barrier. The reaction barrier from quadricyclane to norbornadiene is 33
kcal/mol; and from cyclobutene to 1,3-butadiene is 32.4 kcal/mol. In those experiments, a
large amount of energy transfer was observed, although the probability is low. They
defined such a large amount of energy transfer in a single collision as supercollision.
They also studied the effect of supercollisions in rate constant by simulation. They
calculated the reaction rate coefficients of gas-phase chemical reactions as a function of
supercollision probability. The simulation shows that these supercollisions have a very
important contribution to the rate of chemical reactions; even the probability is

significantly low. For example, it was.found that athigh temperature the value of the rate
|
" ——

coefficients increase by factor of 3 and 11 or 0:1% and 0.5% supercollisions,

i
respectively'*'%, - i

Although a large number of éxperiments have b.eelll P_grformed in the past years, the
energy transfer mechanism remainsunielear. Theoretically, classical trajectory calculation
have been widely employed to understand the energy transfer mechanisms of highly
vibrationally excited molecules. Bunker and Jayich started the trajectory calculations
about energy transfer in 1970’s"”. More recently, classical trajectory calculations have
been carried out for different molecular systems by Schatz?’, Nordholm?', Troe*,

Luther23, Gilbert24, Lim®, Oref'” %26 and others®’°. The calculations provide the

energy transfer probability distributions as well as the possible mechanism.

6



Several factors affecting the energy transfer processes have been demonstrated in
classical trajectory calculations, such as internal energy, vibration modes, rotation of
energy donor molecules, intermolecular potential between energy donor and acceptor
molecules, impact parameter, duration of collision, relative velocity, and mass of energy
acceptor molecules. Few experiments had been performed to study these effects for
comparison. The internal energy.dependence of average energy transfer is measured with
UVA and IRF techniques, and. the results"were compared with classical trajectory
calculations® @ >3 The mass effect was observed in the energy transfer of highly

vibrationally exeited azulene with He, N¢, Ar, Kr.and Xe in thermal system31 @),32 (@)

|
®

Deuteration effect was studied experimélglﬁil-y—-;ﬁiifh benzene, benzene-dg, toluene and
i

toluene-dg in Barker/s group®”, and t:heoreti(;a'lly by (_}ilbert24 @ Oréf.caleulated the
energy transfer probabilfty betweén-Ar and benzene usmg glassical trajectory calculation
and he suggested that the wide angle totions such-as rotation and/or out-of-plane
vibration, play an important role in energy transfer process as well as in supercollisions™.

We have combined the crossed-molecular beam and time-sliced velocity map ion
imaging techniques to study the details of collision energy transfer of highly vibrationally
excited molecules, especially the energy transfer probability distributions, the mechanism

of energy transfer and supercollisions. We characterized the energy transfer process in a

single collision condition, and obtained the shape of energy transfer probability

7



distribution directly from the scattered highly vibrationally excited molecules. The
supercollisions were also identified by our experiment. We have investigated the
translational energy dependence’, vibrational energy dependence, mass effects, isotope
effects™®, and rotational effects with our techniques®’. This thesis will be focused on (1)

the design of crossed-molecular beam machine; (2) the generation of pure, intense highly
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2. Experimental Techniques and Methodology

The experimental setup in our lab includes the excitation and ionization laser systems,
a differentially pumping single-beam and crossed-molecular beam vacuum chamber, and

a time-of-flight mass spectrometer with a time-sliced velocity map ion imaging system.

2.1 Single-molecular beam apparatus
The single molecularbeam apparatus inous laborator; is shown in the Figure 2.1
The vacuum syster that we employ consists of three step-differentially pumping

chambers: source chamber, differéntiallyspumped chamber, and main chamber. The

i
le,

source chamber is used to.generate skifmg.led molecular beam, which is pumped by a
2000 I/S (OSAKA VACUUM,.LTD., mode-l: TG2000M) turbo molecular pump. The
differentially pumped chamber 15"used to reducerthe background in the main chamber,
which is pumped by a 300 I/s turbo molecular pump (BOC EDWARDS Technologies,
LTD., model: STP-301). It also pumps the monochromator chamber for VUV laser
(118 nm laser) propagation. The main chamber is inside the differentially pumped
chamber which is pumped by a 300 1/s turbo molecular pump (BOC EDWARDS
Technologies, LTD., model: STP-301). It is shown in the side view of the machine
(Figure 2.2). During the experiment, pressure inside the differentially pumped

chamber and main chamber remained at 8 X 107® and 5 x 1077 Torr, respectively.
13



The pressure is measured by Micro-lon Gauge (GRANVILLE- PHILLIPS, model:

355001-YQ).

To STP 300
Turbo Pump
To STP 300
Turbo Pump

157 nm mirror chamber
MCP/Phosphor

Differentially
pumped chamber

Field free region

Monochromator

Source chamber To 0SAKA

Turbo Pi_unp

Figure 2.1 Schematic 3-D view of single-molecular beam apparatus
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is generated from supersonic expansion through nozzle (with 0.2 mm diameter orifice)
operated at 30 Hz. and then collimated by two skimmers 30 mm apart. The distance
between the first skimmer and nozzle is 15 mm. The molecular beam is skimmed by
the first sharp-edged skimmer (Beam Dynamics, Inc., model:1) with 1.5 mm diameter
orifice, and followed by a homemade skimmer (Figure 2.4) with 2 mm diameter

orifice. Both photolysis laser and the VUV laser beam crossed the molecular beam at
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the center of the ion optics. The VUV laser beam propagation is on the plane which is
formed by the molecular beam and photolysis laser beam, and perpendicular to the
TOF mass spectrometer flight axis. However, the angle between the photolysis laser
beam and VUV laser beam is about 10°. A small tube connected main chamber and
differentially pumped chamber is used to guide the unscattered molecules which are

remained in the molecular Q@apdﬁ@ﬁd&tﬁfm? chamber, in order to reduce the
A b

.'i"::--. L .#' _:5':%1 TR

"

i - ..-.? 4 1

background pressure ﬁil}qé main chamber “. L
g A - W N

— S 2 i

At

157 nm laser

266 nm laser

Skimmer 2

Skimmer 1

Figure 2.3 The schematic diagram of single-molecular beam apparatus.
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2.2 Crossed-molecular beams apparatus
The angle-fixed crossed-molecular beam apparatus has been developed in our

laboratory®. Figure 2.5 shows the 3-D schematic view of our setup.

To STP 300
Turbo Pump

157 nm mirror chamber

To STP 300

i P g MCP/Phosphor

Differentially

To OSAKA 2000

Turbo Pump Field free region

Monochromator

Source chamber

To OSAKA 380
Turbo Pump

Figure 2.5 Schematic 3-D view of crossed-molecular beam apparatus

The vacuum system of crossed-molecular beam is similar to the single-molecular

beam apparatus. It also consists of three step-differentially pumping chambers: source

chamber, differentially pumped chamber, and main chamber. The source chamber is

separated into two subchambers to generate two skimmed molecular beams. One of
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the subchambers is used to form the molecular beam by different carrier gases, and is
pumped by a 400 1/s turbo molecular pump (OSAKA VACUUM, LTD., model:
TG380M). The other one is used to generate a rare-gas atomic beam, and it is pumped
by a 2000 1/s (OSAKA VACUUM, LTD., model: TG2000M) turbo molecular pump.
The differentially pumped chamber and main chamber are pumped by two 300 I/s

turbo molecular pumps (BOC FDWA@S-"TC'CHHO fgles LTD., model: STP-301),

= - _. 5 -\.
A -4 “’i' ¥ L
individually. The ma,ln (j-l}lé_mber 1B inside the‘@lﬁierentlal_._}é pun'rped chamber. It is
:"'. - | - '
shown in the top and side
] - §
:l.;_ Wl §

Ll By

F@‘ MCP/Phosphor

Field free region

Differentially
pumped chamber Main Chamber

Monochromator

157 nm mirror chamber

Xe cell
355 nm laser

Figure 2.6 Top view of the crossed-molecular beam apparatus
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During the experiment, pressuré inside the (fifferentially pumped chamber and
main chamber remained at 8 X 107® and 5 x 1077 Torr, respectively. The pressure
is measured by Micro-lon Gauge (GRANVILLE- PHILLIPS, model: 355001-YQG).

We use three designs for the crossed-molecular beam experiments. The side views
are shown in Figure 2.8, 2.9, and 2.10. Supersonic expansion of pulsed nozzle 1 and 2

(with 0.2 mm diameter orifice) operated at 30 Hz, generate both molecular and atomic
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beams, respectively. Then they are collimated by two skimmers 30 mm apart. The
distance between nozzle and the first skimmer is about 15 mm. The molecular beam is
first skimmed by a sharp-edged skimmer (Beam Dynamics, Inc., model: 1) with 1.5
mm diameter orifice, followed by a homemade skimmer (Figure2.11 (a)) having
orifice diameter 2 mm, before entering the main chamber. In case of atomic beam, it is
skimmed by a skimmer (Beam: Dynamics, Inc., model: 1) with 2 mm diameter orifice
and later by secondhomemade skimmier (Figure 2.11 (b)) with'3 mm diameter. The
collision angle is fixed at 25° or 60°. The beam intensity.profiles were measured using

a fast ionization gauge (Beam Dynamics, Inc.,model: FC-1), and the full width at half
|
" ——

maximum (FWHM) are approximatélﬁf& and 60 us forithe molecular beam and
i
atomic beam, respectively. TheseE two be';ms crossed at the position 4.8 mm below the
center of 1on optics. Before C(?lllisions, molecules 1n r;lo_l_ecular beam were pumped by a
pulsed UV laser to generate highly.vibrationally excited molecules at about 20 mm
below the center of ion optics. After collision with rare gas in atomic beam, the
scattered molecules were ionized by pulsed ionization laser sheet at the center of the
ion optics. Then the ions were extracted by ion optics. The unscattered molecules and
atoms fly out of the main chamber through two small tubes, which connect the main

chamber and differentially pumped chamber. The tubes help to reduce the background

pressure in the main chamber. The relative distances between nozzles, skimmers,

21



crossing point of molecular beam and atomic beam and crossing point of laser beam
and molecular beam are identical for all designs. It is possible to increase the distance
between nozzle and skimmer up to 17 cm for 25° collision angle, as shown in Figure

2.10. This can improve the velocity speed ratio of molecular beam.
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Figure 2.8 The schematic diagram of 25° collision angle apparatus.
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2.3 Time-sliced velocity map ion imaging techniques

The image technique for application in chemical dynamic study was first invented
by Chandler and Houston in 1987°. The next substantial advance came in 1997 with
the technique of “velocity map ion imaging” by Eppink and Parker”. The electrostatic
ion lenses are employed to achieve velocity focus in velocity map ion imaging method.
Under this condition, the particles with the same initial velocity vector map onto the
same position on the 2-D detectot independent'of the initial pesition. This approach
increases the image resolution dramatically.

Kitsopoulos developed a new approach fo.measure the Speed and angular
| g
i

distribution directly from image without using the conventional method like inverse

i
1

Abel transformation, known as “%lice im;ging”5 . Inicontrast to'the Kitsopoulos’s
design, Suits reportecf “directr current slice imaginé” to fecord the central section of ion
cloud®. They have the advantaget6-avoidsausing grids or pulsed electric field which
might distort the ion cloud and therefore compromise the resolution of the velocity
mapping. Meanwhile, another method called time-sliced imaging developed by Kopin
Liu. A weak extraction field is used in ion optics, which leads to spread the ion
turnaround time to several hundred nanoseconds, allowing high resolution for the
selection of longitudinal velocity’. The time-sliced ion images were recorded by a fast

gated intensified charge-coupled device (CCD) camera. This design provides a
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powerful tool for crossed-molecular beam experiments, by making cylindrical
symmetry an insignificant parameter. We use Liu’s design of ion optics, but with some

modification of the detection system in our machine.

2.3.1 Ion optics
The ion optics consistsof 29 concentric electrodes. The inner and outer
diameter of each'electrode is 60°'min and ‘90"mm, respectively. The electrodes are
mounted on 8 ceramic rods, as shown in Figure 2.12: Ceramic spacers are used to

keep the distance between adjacent|electrodes. Each adjacent electrodes are
|
" ——

connected by a resistance ~2.3 MQ ﬁgﬂéfate a homogeneous gradient electric

i
field. The electtfodes’are separ%tted int(; two sections to generate different gradients.
The first part consists of lq!electrodes with 8.8.m;n _i_gterval between each electrode.
The second section eonsists of 20 electrodes-with 6.77 mm interval between each
electrode. Two steps acceleration were generated by this ion optics. We apply a
voltage of 1300 V for the repeller electrode and keep the final electrode grounded.
Voltage applied at the extractor electrode is 1002 V for image mode and 897 V for
TOF mode. Image mode is used to focus the ions for velocity mapping, and TOF

mode is for the best TOF mass resolution. The high voltages provided by high

voltage power supply (Stanford Research Systems, Inc. model: PS350) are divided
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by a homemade high voltage divider. The length in the field free region of TOF-MS

is about 67 cm.

Ground

1002V or
897V

1300V
L e
BNl 2 W%
Figure 2.12 The of ion optics. .~ W e
o, L @ B
_.__ x'_-:';'-. ."-"f _- bt = -
2.3.2 Detector
A position sensitive detector is used in our detection system. The schematic
diagram is shown in Figure 2.13. The scattered molecular ions hit the surface of
z-stack microchannel plate (MCP) detector (40 mm diameter) and produce
electrons. The electronic clouds collide on a fast decay phosphor screen (decay to

10 % within 5 ns).
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accumulated by a computer. A mesh was mounted just in front of the MCP to shield
high voltage applied to the front surface of MCP. The voltage applied on the MCP
front and back surfaces are -4300 V, and -1613 V, respectively. The phosphor screen
was applied to 2200 V. The voltages was supplied by a high voltage power supply
(Stanford Research Systems, Inc. model: PS350) with a homemade voltage divider

for MCP, and a homemade power supply for phosphor. The MCP was gated using
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with a high voltage pulse generated by a high voltage pulse generator (Directed
Energy, Inc., model: GRX-6.0K-H). The voltage applied to MCP reaches the value
sufficient to detect single ions 1us before the arrival of the ions. The width of the
high voltage pulse is about ~1pus. The real-time ion-event counting method with a

threshold to eliminate the low level noise was used®. The spatial resolution has

further been improved by ﬁ@:@Mﬁ&lon of ion impact rather than
, ,_;. 2 izt S =
accumulatmg th ;r?rea of ﬁ'h]inmat ixels. Fq‘auéLFde31gn the low-level

i
Ol "

1k I
noise fromﬂ!ic CCD car scriminated, and ector inhomogeneity is
2 N

B "4’“‘"' ’ b &,
reduced bylreal time 1 ing technique« TOF signal was meiﬂred by a PMT
(EASTEC CO., m ons emitted from the

by o h;

phosphors‘_ef‘e-;,- ektronix, Inc , model

L .:i?'.-"‘- -

R ol . , r
TDS 5054). A:‘_s_t_a-iél\e‘:ss _-t_g_- nounte sm-in tflont of ,t&.e MCP is used to
L] "'-;:l T ) II
-E; ¥ e i 3

block the intense unee,atltered .r.dhs to avoid gﬁrau 1@"51-'p0351ble damage of the

e S iaTy oy (o) s (&

detector.
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2.4 Operation conditions

While studying the collision energy transfer between naphthalene and

2-methylnaphthalene with Kr, both skimmed molecular beams were crossed with a

skimmed Kr beam at a fixed collision angle of 60°. In this section, the generation of

the molecular and atomic beams, laser beams, and the details of some associated

.i;':" X -y

/!
2.4.1 Moleculaf'b.nc_i__'qtoml "'-':_
’!-- "1!':'."' 1 'i';_?
L 4 Azulen:%.:beam ::'I*
= =
The azulene nsion through

e
Even Laj}if \f-ﬁ'l:/e d15'l'ne.’5$r in orifice
M‘-"ﬂ-. " f'u'_:_'? : f
which is de %B' ,_/J i 1s Qper"a‘ted,\a:_t OHz. Azulene
| r ALY o
e . : i
(99%, ACROS ORGANICS}MS kept at fi mfexi'ture and carried by

-L"!? _j"..njl,l.-.-u j'.. F

ultrapure He gas (99.999%) to supersomcally expand through the valve.
L 4 Azulene-Kr cluster beam
Azulene vapor was formed by following the mixture of 3% Kr in Ne at a
pressure of about 60 psi through a reservoir filled with azulene sample (99%,
ACROS ORGANICS) which is kept at room temperature. The Az/Kr/Ne mixture

was supersonic expansion from the pulsed valve.
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Naphthalene and 2-methylnaphthalene beams

Both rotationally cold naphthalene and 2-methylnphthalene beams were
generated by supersonic expansion from Even-Lavie valve (model:
E.L.-7-3-2000). The diameter of the orifice is 0.2 mm. The nozzle was operated at

30 Hz. Naphthalene (99+%, ACROS ORGANICS) and 2-methylnaphthalene

(95-97%, ACROS ORGAW{#@%!O 90 °C and carried by ultrapure

g

J B A I* L]
Kr gas (99. 999%?}‘3:% Torr).] then ded fr -ﬁ}@ﬂmlve The valves were

‘.g 8
"‘.
also heatelﬁ) 190 °C

£ o
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ters and'condensation. The
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generate rr’lgi-%

33



Evan-Lavie
valve

Sample cell
filled with

solid sample 1/8” stainless

steel tube

1/4” stainless
steel flexible

1/4” copper tube tube

connect to gas

cylinder 1/2” stainless

steel tube

R TSR

ner anq{?&i'ﬁr gas system.

- 1 =B
Molecular or atﬁ_ﬁllc?.- - Te'm’be_ﬁéwre Temperature
rl‘l.- N | g™}

- s o
beam iy, ' sure., Qf,ﬁnozzle of sample cell
Vi, = ':'%--.l L,

S, GiE
Naphthalene 51-!.I-.c__|1§1;1 = ~:_I1<r L] %’.&pm 1.:'I| 190 °C 90 °C
RN i
LRl
2-methylnaphthalene 540 cm™ Kr 30 psi 190 °C 90 °C
Kr collider 300 psi 100 °C

After expansion from the nozzle, molecules in the molecular beams were

excited by 266 nm laser beam to the S, state. Most of the molecules become

highly vibrationally excited molecules at triplet states via intersystem crossing.
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The details will be discussed in the next chapter.

Kr beam

Ultrapure rare gases were used in atomic beam. The atomic beams were

expanded from the other Even-Lavie valve (model: E.L.-5-3-2000) operated at 30

Hz in room temperature. After warming up for an hour, the temperature slightly

increases to about 60 °C. WM@{@?_QH}I fluctuation due to the
A .ff’ -k k.. -j.-:-;
temperature dlfﬁg':rlnc we heaﬁhe nozzﬁp to 100\(\6 1€ deta11 conditions are
A )]é - =
.-I J 1
also hste Table 2. br)
| _.\.-‘—.. et iy
1 o
- =
= e » &
Laser system ey
2 bl
Excitation lager ' F
. ’1; __E{J\ .-‘::- ""'\ y
A pulsa?_.@_i% m ase t o{ I, ehe;-%y ‘calibration was

A

H%G laser (Spectra Physics

generated from seogm}' harmnﬂw of aiQQ- S\%ﬁhed
i
'5? ) __J.;r J'{__ I 1
Lab 190, pulse duration: ~7 ns). T'ﬁe beam diameter used for the photodissociation
of I is 3 mm and the intensity is 600 mJ/cm?. It crosses the I, beam at the center of
the ion optics.
A pulsed UV laser at 266 nm was used to pump azulene, naphthalene and

2-methylnaphthalene to generate highly vibrationally excited molecules. The 266

nm laser beam was provided from the fourth harmonic of a Q-switched Nd: YAG
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laser (Spectra Physics Lab 190, 30 Hz, pulse duration: ~7 ns). After passing
through an iris, the diameter of the laser beam was 5 mm, and with a laser fluence
of about 25-30 mJ/cm®. It crossed the naphthalene or 2-methylnaphthalene beam
at about 2 cm upstream from the crossing point of molecular and atomic beams.
A pulsed UV laser at 248 nm was used to dissociate Azulene-Kr clusters. The
248 nm laser beam is provided by'an excimer laser (LAMBDA PHYSIK Inc.,
model: COMPgx 205), The 248 1im lasérbeam size after passing through a
rectangular iris was about 2 x 8 mm® at the ionization region. The laser fluence

is about 6 mJ/cm’ for each shot, |

|

Tonization laser oy T

A pulsed \UAY Iaseri at 118.24 Amused fc.Jr .th_eg ionization of 1odine atom and
azulene was generated by nonlinear eptical-process. A pulsed 355 nm laser with
30 mJ/pulse from third harmonic of Nd: YAG laser was focused into a cell filled
with Xe at 10 Torr using a lens (f = 25 cm), as shown in Figure 2.6. The 118.24
nm laser beam was generated by frequency tripling in the Xe cell, and
subsequently propagated with fundamental 355 nm laser beam into the vacuum
monochromator chamber. The VUV and UV beams were separated by a concave

grating having 600 line/mm and radius of 98.5 cm (Richardson Grating
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Laboratory) in the monochromator chamber and then was focused at the center of
the ion optics. Only the VUV laser can be sent into the main chamber and the
beam diameter at the ionization region is less than 0.5 mm.

Apulsed 157 nm laser sheet (GAM laser, Inc., model: EX50, 30 Hz, 2-ns time
jitter) was used to ionize the scattered molecules after collision. The laser beam
path was filled with dry N; gas to increase the penetration of the VUV laser beam.
The laser beam'was focused by a’cylindriéal MgF, Jens (f'= 40 cm) which is
mounted inside the 157 nm laser chamber, as shown.in the Figure 2.5 and 2.6. The

focal point is just located at the cénter of the ion optics.'In order to provide
|

homogeneous deteetion sensitivit}t'i’;—-t‘ﬁé different veloeities of scattered

i

L
molecules, we large ionization laserbeam size. The beam size we used at the

ionization region.is about 10 X 0.4¢mm’,

Time delay

The relative time delay of all the instruments was controlled by three digital
delay pulse generators (Stanford Research Systems, Inc., model: DG 535). We
keep the ionization laser time fixed. The delay time of all other instruments was
changed relative to the time of the ionization laser. The time sequence is shown in

Figure 2.15. To optimize the experimental conditions, we tuned the delay time of
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the nozzle to get the best overlapping between the molecular beam and ionization
laser beam by monitoring the ion signal in TOF mass spectrometer. With the fixed
delay time of nozzle, we tuned the delay time of excitation laser beam to either
deplete most of the molecules (in case of azulene) or enhance the ion signal (in
case of naphthalene and 2-methylnaphthalene). Before changing from TOF mode
to the image mode we use1a.$1‘,ﬁl-ﬁlgss -s{bejl,-ﬁm ‘-I.ﬁ block most of the ions to MCP.

..|| .‘- g "i‘ -
After we chang!; to im. .ﬁiage que‘fnost of'ﬁelons are_\_laéi‘:_i@g(_i by the stainless steel

AL el

= I' - |_.:-\.

g /
pin; few dhh@_l_'l_‘l are ked by the pin cted b _MC_IP Then we tune
& Q) e 18

the MCP gating time so served from the

- -
oscilloscope. Th om theéqattermg

'-Il:-. e, 4 r'; y F"i.
moleculds Si’l'l ce &Jla;‘.beam are

T .‘- " gﬁ | “. N '7
blocked by ptn., he best. ar,z and atqr;g']lm beams will be
& ~'~'-;'5r e e g
reflected from the ehhancenmﬁé of ion mgﬁa'fdue to thh 'scattered molecules. All
o
Aogs

1 .
these measurements are performedJII usmg MCP/PMT/oscﬂloscope After the
optimization, we can tune the intensifier delay time by monitoring the image to

gate at the center of the ion cloud.
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2.5 Apparatus calibration

The mass calibration of TOF-MS, velocity calibration of velocity map, and the
sensitivity calibration will be described here.

2.5.1 TOF-MS calibration

We use two stages acceleration in our TOF mass spectrometer, which is similar
to Wiley-McLaren setup'’,-as shown in Figure 2:16. The relationship between all

parameters can be derived fromthé classicalimechanics.

S1 Sé D /MCP

S0

-

V1 Ve Ground Ground

Figure 2.16 The schematic dAiagrarnfof the time-of-flightimass spectrometer. The
spectrometer divided into two parts. The first part is the ionization- acceleration
zone divided into first and second acceleration steps of respective length S1 and

S2. The second part of length D is the free-flight region.

The TOF-MS can be divided into two main parts. The first part is the
ionization-acceleration zone divided into first and second acceleration region of
respective length S1 and S2. The second part of length D is the free flight region

which is without electric filed. The ion with mass M, charge q, initial velocity
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Vo = 0, is generated at time zero and the initial position is SO away from the

extraction plate. The flight time in the first acceleration region is

2MSO0
qE,;

tl =

where E; is the electric filed in first acceleration region.

The flight time in the second acceleration region is

where E,is the i i ond acc "l'-u‘ﬁ
4 f wa ki
—
= : 5
The flight time in the field-fre ar—x £ r‘-i.
. | =T 5
' 1 i
2 s s e
I, };}:}\ L6 ﬁ,i‘: !
= i .
The total ﬂi:gﬁég ¢'in " , é’;fﬁ %-.
o Ly H2)
T o, '

t=tl1+t24+1t3 = +
\/fw—q (E;S0 + E,S1)
E 250  [2(E,SO + E,S1 D
=2$0(—1)+ o [HE — ),
E; qE; qE; \/2q(E;SO + E,S1)
xVM = A+ B x VM

D

. Ey . ,@ 2(E{S0+E,S1)
where A = 250 (Ez)’ B= qE, + qE2 + 2q(E{S0+E,S1)
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In our experiment, the time-of-flight distant parameters (SO, S1, D) are fixed,
and V1, V2 can also be adjusted for optimum focusing of TOF mass spectrum. In
terms of the equation mentioned above, A and B are constants, so the flight time
becomes proportional to VM.

We use azulene to calibrate the TOF mass spectrometer. Once we increase the
pressure of carrier gas, the Az-RG clusters are easily formed. The TOF spectrum we
got is shown in the Figure 2.17/with various'mass being identified. The fitting curve
in the Figure 2.18 shows the best fitting parameters. The equation is also shown in

the figure. According to this equation, we can calculate the flight time of different
|
" ——

mass, and identify the mass of ion# = 1.

0.00 o
] oF 2l W
ug i a8 3
-0.054 180 g 2
AN o N o O
4 o0 el PCE
§ “ea g*d
-0.10 4 ICI;J g g or;m ﬁ‘v
P ' RN O
‘5 -0.154 AR
c ] S S 0 5 O
Q N % c = 5
£ 0204 @ © g N
= ) o = < <
] S <
- - /
0.25 g X T=0.22616+1.99353(M)"?
N .
-0.304 2 Azulene+Kr (300psi)
1 Azulene
-0.35 —
20 30 40 50 60 70
Time (us)

Figure 2.17 The mass spectrum of azulene and azulene-Kr, clusters at 300psi carrier gas

pressure. The fitting equation is also shown in the figure.
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N
o
[

w
(3]
[]

Equation y=a+b*x
Adj. R-Square 1 1

Value Standard Error
Time Intercept 0.32021 0.02728
Time Slope 1.98684 0.00159

Flight Time (us)

N
al
[]

' |Linear Fit of Linea Intercept 0.02262 4.11188E-16
L rFit300p_Time

o - Linear Fit of Linea Slope 0.19935 2.44497E-17
H _:'_I_.L “ds S5 |rFit300p_Time

Figure 2.18 The azrigge and
azulenq'_:_Krn clust r. The best n the ﬁ&'e with R
o, | L
(coefficient of de

2.5.2 Energy caﬂ-:hratl and en riy resolution

I'-."J-

| _. A2
Diatomic m'gbculé:r-‘f_gds th _a.te:lfor%elo'iity calibration, because
i 1 :Et'é.'
the mass is close to the ﬁ'lasﬁE ? m 3 :i-gs?v‘-eqm}ed M; =127, My, =

128, Myaph = 128, My _menaph = 142). The dissociation product (I atom) is
simple, so that the exact final kinetic energy of fragment can be easily calculated.
2 Photodissociation of I, at 532 nm! ®

The schematic diagram of the calibration experiment is shown in Figure 2.19
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moleculr beam 532 nm

laser

118 nm laser

Intensifier

CCD camera

Concave
grating

expandlrig th?-z/A 1 L ral 1\';'%1-1V4;';|(General Valve,
' | Q0 &
0.7 mm orlﬂ‘e: (‘lglﬁet )J_- S ttl-len doll-glnated by two
. G ) 4 _-5__ } P 1 iy 4
skimmers. A pulsed"l$§2 nm iafser beam (s%&}ﬁd h ’c of Nd: YAG laser)

AL“? _j"..njl,l.-.-ul! j'..b

crossed the molecular beam to dlssoci'élte I, at the center of the ion optics. After
0.2 ps, a VUV laser beam was shined to ionize the fragments. All the ions were
extracted by the ion optics and collected by TOF-MS with time-sliced velocity
map ion imaging technique. The chemical reaction is shown below:
1yt 3
I (x I 0) + hv(532.10 nm) — 2 1( PE)
2

I ( 3P§) + hv(118.24 nm) - I*( °P,) + €~
2
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The kinetic energy is easily calculated from the energy conservation:
hv(532 nm) = 2KE(I*) + Dy (1)
hv is the photon energy of dissociation laser, and Dy (= 1.54 eV)'" is the bond

energy of I,

~ KE(I*) = (hw(532 nm) — Dy(1;))/2 = 0.395 eV

enter of'ion ¢

The kinetic ene
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lower kinetic energies. The VUV Taser pulse was 3-5 ns earlier than UV laser
pulse. I, was ionized by VUV laser first; it was dissociated by UV laser beam and
cracked into I and I". The chemical reaction is shown below:

I (x 1z;,v = 0) + hv(118.24 nm) - 13 (x 21, orX I e

3/28 1/2g)

I + hv(532.10 nm) - I*( °P,) + I*( *Ps/,)

The image is shown in Figure 2.22. The I intensity vs. radius plot shown in
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Figure 2.23 is partial angle integrated form the image. It can be converted into
intensity vs. energy spectrum, as shown in Figure 2.24. The peaks can be assigned
as listed on Table 2.2. From these data we can obtain the energy resolution at this
low kinetic energy region. The energy resolution at 67, 155, 317, 1168 and 2208
cm’ are about 22% (15 cm™), 15% (23 cm™), 8% (26 cm™), 3.5% (41 cm™), and

3% (67 cm™), respectivels _jr J|L-_,-.£L-"-'£"E:|,{i;.1 -ﬁ'

> Y Lo : T A
i ij_j’i-r. 3 =Y
g e g o G,
A= ;{'n 4 y
X103
100
80
}58 60
YA
fid- 40
20

2
Figure 2.22 Time-sliced image of I* ion. The ionization laser (118.24 nm) is about 5 ns

before photolysis laser (532.10 nm).
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Figure 2.23 Partial angle integrated (frotn 65° to'115% and from 245° to 295° relative to

the molecular beam direction) % Jemintensity as a function of radius from Figure

2.22. o
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Figure 2.24 Partial angle integrated (from 65° to 115° and from 245° to 295° relative to

the molecular beam direction) I* ion intensity as a function of energy from
Figure 2.22. The peaks of v = 0 — 4 correspond to I," in the state of X 2II, /28

state with vibrational quantum number v = 0 — 4.
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Table 2.2 The assignment of different ring in Figure 2.22, and the peaks in the Figure 2.23

and 2.24

Peak [+17 < 1,7" Obs.-calc.? NP
a 5P% 2P0, + 5P* 1S, « X *II , v=2 -7 3
b 5P% ?Pl), + 5P* D, « X °Il, , v=25 ~15 2
6S ?Py,, + 5P* °P, <X 2H3/2g v=12 +14 4

4

c 4
4

d 4
4

e 2
3

f 2
3

h 5PS ?PJ, +5P* 'D <X I, v=17 +5 2

3/2g

* in unit cm-1 Absorptlon photon number of 532 nm
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Sensitivity calibration

@ Sensitivity matrices’

In our crossed-molecular beam techniques, two beams are allowed to
cross each other for several microseconds. The scattered molecules with
higher velocities will fly away from the ionization region in the laboratory

frame during the crc*ss.m%-peﬁlod‘r The s S(ig.ﬁtered molecules having slower

'i a" - e .#' :::";1 = 'E‘:l:..
velocity 1i| the 1 boratory'ﬁ'ame tenEhQ remaug_g.l i'hp detection zone, which
L'l.._ - II ¥ - -E-'
havx}:‘_"_ﬁi g_}_llgr pro ted, a {__gnsliiﬁwn in the Figure
'l;:!l_ :I -l:!I i
i e
2.25. Therefore, a nsformation is necessary to account
~ ~
- = LI
the non-un vity . program_-wrltten by C.
"_-Il::'. . . F"i.
L. Liu was u 1ty'7‘2""['hqibas1c idea is
EF ) = ﬁr_ﬁll A0
el ﬂgz-" o -":- 1"|
shown i in igure 2,
I o -::.: '\:\..__::.;f' l_f _ - __— ':'q.ﬁ_.? Jlll

The 1on1-z'axmn laseﬂpropagates :F;'fli'rng X dlreﬁtlon so that the ionization
SHopegel®
sensitivity along X axis remains umform but it varies along the
perpendicular direction (Y axis). The molecular beam with velocity vy in
the laboratory frame collide with atomic beam with velocity vy, the
velocity in y axis direction are represented as vy g, and vgg,,, respectively.

The velocity of center-of-mass in y axis direction is v¢opy. The velocity of

scattered molecule is v, and along the y component is v,,. The ionization
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laser irradiates at time zero, and after a period of time, t, the scattered
molecule is at the position (1700 My — ﬁy)t. If the position remains in the
ionization region, it can be ionized and detected. The sensitivity is counted
as 1. If the position is out of the ionization region, it is counted as 0,
representing no detection probability. Since the front part of the molecular
beam have collisionsfew microsecond ahead of rear part of the molecular
beam, the scattered molecules resulting from.the front part of molecular
beam tend to fly/out of the ionization region. In addition, the intensities of

different parts of themolecular and atomic beam are different; the collision
|
"

probabilities are different. 7"[.‘71Te7r_’et:;d'r’er, the concentration of the molecular
i

beam and atomic beam: n diffe}cnt parts needs to be‘cansidered, too, as
shown in F.igure 2.72'5. i

The spatial and temporal iatensity profiles of the molecular beam and
atomic beam are obtained either from ion intensity in TOF-MS or from fast
ionization gauge. The velocities of atomic and molecular beam can be
measured from images. The area of the ionization region was measured
from VUV beam size. All these parameters are needed in the calculations.

The sensitivity matrix Sp (vx, vy) can be obtained, where v, and v, are

the velocities along the X (ionization laser beam propagation direction) and y
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directions in the Lab frame, respectively. The sensitivity matrix includes the
ionization sensitivity and the concentration of hot molecules in the beam.
€ Real images of scattered hot molecules

The raw images E\, (vx, vy) obtained in our experimental setup are

from the hot molecule scattering results, represented by the terms as
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Figure 2.26 The schematic diagram of basic idea to simulated the sensitivity probability
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2.6 Methodology
According to the energy conservation, the initial total energy is equal to the final
total energy.

M* (UV photon excitation) + RG - M + RG

Evib + Etranst = Evib/rot' + Etranst’
Evib IR Evib/rot - Etransl e Etransl
In our system, the initial total energy inchudes the initial internal energy of

molecules, and initial translational energy of both molecules and rare gas atoms. The

initial internal energy is the UV excitation photen energy. The initial translational
|
" ——

energy can be obtained from the Veldc—‘:fﬁre_’s;‘f’rrnolecular beam and rare gas atomic

i
beam. The final total energy inclu:des the ﬁnal internal energy of the molecules and the
final kinetic energy. of both rpélecules and atoms..T llle__ﬁnal velocities of the scattered
molecules can be measured from:the image. The'final velogities of the atoms can be
calculated using the momentum conservation. We can calculate the final internal
energy of the scattered molecules using energy conservation. Then the difference of
the initial and final internal energies can be obtained. Therefore we can know how
much energy can be transferred from vibration to translation or from translation to

vibration/rotation. Figure 2.27 shows an example of the recorded image, including

Newton diagram, the initial velocities of molecule and atom beam in the laboratory
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frame, the relative velocity, and the elastic collision circle. The elastic collisions are

distributed on the elastic collision circle according to their deflection angles. The

image inside the elastic collision circle represents the decrease of the molecular

velocity in the center of mass frame. It represents that the energy transferred from

translation to internal energy, implying the energy up collisions. Thus in energy up

collisions, the internal energy- e MO -:a'b:..rl\il__fr‘__: The image outside the elastic

collision circle re ts the incteasé of th ecular.ve
internal ener: &1 the mol '

il
the crease, corresp 0 th.eé%@; down collisions.
s i '-\!_-.’ L L™
. % : Sy %
=

The energy%ﬁransfie ed from|translation to/vibration/rotation.
B

® %3

I
: YRR 2

CA LT
' LA I_r "

Figure 2.27 An example of image we took. The Newton diagram including the initial

velocities of molecule and atom in the laboratory frame, the relative velocities,

and the elastic collision circle is also revealed.
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3. Generation and Characterization of Highly Vibrationally Excited

Molecular Beam?

3.1 Introduction
The energy transfer of highly vibrationally excited molecules has been studied for
several decades’; most of these experiments were performed in the bulk systems as
described in Chapter 1. Bulk collision experiments'suffer from extensive averaging
over thermal velocity distfibutions,populationidistributions, and multiple collisions,
thus washing out nich of the details. By contrast; scatteting.eXperiments

incorporating molecular beams|offer'single-cqllision conditions and narrowed velocity
g
———

distributions. Therefore, more acurate i_glfonnation concerning energy transfer
probability functions in energ}f transfer p£c;cess can'be obtained. Although the
molecular beam techniques have been developedfor miany years, no energy transfer
experiments involving highly vibrationally excited molecules using molecular beam
techniques have been carried out so far. One possible reason may be due to the lack of
intensive hot molecular beams. When the relative concentration of hot molecules in
the beam is too low, background noise from the original cold molecules reduces the
signal-to-noise (S/N) ratio, making the measurement more demanding. A pure, intense
highly vibrationally excited molecular beam improves the S/N ratio in these scattering

experiments, thus enhances the measurement capabilities.
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There are various methods available to generate highly vibrationally excited
molecules.
a. Collisions with the walls of a high-temperature vessel:
This method is developed in the early 1970’s in its simplified form’;
molecules enter a thermostatic reaction vessel and have a mean residence time.

The vibrational energy of ih.q fea!gEnt 1{ 1ngﬁea?d via collision with the walls of

= = ':l'- . of _. e
45 v B
the reactor. Th_eh,irite__ 1 energy‘tﬁat moi‘e&ﬂc can a.;;‘_cnnrb!]ate via collision
-"-. ]
depends o'i"Mh ___'gas W, sion efficiency 1ng on thé'materlal of the
A T "“-r-:h- =
- |-\1: 1% 1. |:’ ._-_| - I.
reactiof?ivessel, the temperature of the can only increase up w few hundred
I.I h
degrees Centigra " !
K] o r-;
b.  Shock tuT:Je__ ef'-erl \g o

| '\-l': .- s
Shock ’cuibﬁ: fp%rl ralg-sfer 1anH1:mat10n at very high
| = ' 5 !
:l - by '___3__ .': - .! =
temperatures’ (thouSands K)—T-he sheck tubeis diyjdpﬂﬁnto high pressure and

B S OTE]e o1 S

experiment sections. The pressure of the experiment section is several Torr;
whereas the pressure in the other high pressure section is tens of atmospheres.
When the valve which connects the two sections is opened suddenly, the gas flows
from the high pressure section into the experiment section, then it produces a
shock wave. A rapid increase in the vibrational energy of the molecule via T-V

energy transfer take place in the shock tube.
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c. Infrared multiphoton absorption’:

CO; laser was employed to pump a molecule to a high internal energy levels
in the ground state via multiphoton absorption. The technique is applicable to
many molecules containing C-F bonds. In order to model the population
distributions after Infrared multiphoton excitation (IRMPE), it is required to know
the pulsed line shapes, temporal and spatial evolution of the temperature profile
during the pulsé, laser power and'fluence. ™"

d. UV photon excitation®

An efficient way of obtaining vibrationally excited 'molecules with very
|
" ——

narrow. internal energy distribution-in.the ground electronic state is UV photon
i

excitation. The moleeules absorb UV photonito a high electronic excited states

followed by intetnal conversion to.the ground state.

On contrast to the first three methods, the UV photon excitation generates hot
molecular beam with very narrow internal energy distribution. The width of the
internal energy depends only on the initial internal energy distribution of the molecules
and the UV photon energy. The resulting nascent internal energy distribution is
described by a Boltzmann distribution at initial temperature (~few K at molecular

beam experiments) shift by the energy of the UV photon. Using a narrow light source,

61



such as narrow band laser, we can make the internal energy distributions quite narrow.

The basic idea is shown in Figure 3.1.

Figure 3.1 The sc

vibrationall
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3.2 Experimental setup
3.2.1 Overview
The method of UV photon excitation via fast internal conversion (IC) can
provide a very narrow distribution of internal energy. In order to generate a pure,
intense highly vibrationally excited molecular beam, the following molecular

properties are desired. 3 il L{'?.[':—:frﬁ;?fgl_. e
4 ok *‘& - <G

a. The UV _l;?:s]b__ ion crOSS'-E'ectlon'aaEﬂJe molegél?s’-g‘t the first UV photon

& '-I:' II - ._-
:"_:!:{ 5‘.;{’ ' L)
shdﬁ_ld_@_;c_ larg ure each molec abs%gl;\g‘ﬂ_rgast one photon
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of photon emission reduces the excited molecules decay via this channel.
Low fluorescence quantum yields are achieved by the proper selection of
UV photon wavelengths and molecular species. For example, most
aromatic molecules have large fluorescence quantum yields in low

vibrational levels of the S; electronic excited state after absorbing UV

photons. However, fluorescence quantum yields decrease rapidly with
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increasing photon energy. Internal conversion becomes the dominant
process for the higher energy levels of aromatic molecules.

If the UV photon energy is larger than the lowest molecular dissociation
threshold, the dissociation rate of the hot molecules needs to be slow.
Longer dissociation lifetime can make sure the molecules can be detected
before chemical bond cleavage. The slow dissociation rate for highly
vibrationally excited molecules can'be easily.achieved by reducing the UV
photon energy to smaller than the lowest dissociation barrier. It can also be

satisfied when UV photon energy is-slightly larger than the dissociation
|
" ——

threshold in'large polyatoﬁﬁ&ééules. For example, the dissociation

i
lifetimes (t) for benze%ne and Foiuene are greater than © = 300 ps, after
248 nm pﬁoton ex’c'itation7.
It is imperative that mo$t of the molecules absorb only one photon in order
to produce high concentrations of hot molecules. Therefore, the second UV
photon absorption cross-section must be sufficiently small. Unfortunately,
the second UV photon absorption cross-sections are not generally available
from literature.

When the molecules absorb multiple UV photons, they should be either

dissociated into neutral fragments rapidly or ionized. The molecular
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fragments can fly off the molecular beam due to the recoil velocity. The
concentration of the fragments decreases rapidly along the molecular beam
axis; therefore the contribution of these fragments can be neglected. lons
generated from the multiphoton ionization are repelled by the appropriate

electric field and therefore do not contribute to the background.
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transfer experiments because of the well-known photochemical and
photophysical properties. In this work we choose azulene and UV wavelength
at 266 nm as an example to generate and characterize a highly vibrationally
excited molecular beam. The energy diagram of azulene and corresponding
photon energy is shown in Figure 3.2°. The absorption cross-sections of

azulene at 266 nm is as large as 1.7 X 10716 ¢cm?, ° absorption of a 266 nm
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photon corresponding to excitation to the S, electronic excited state. Optical
excitation to the S; state results in an extraordinarily fast internal conversion to
the Sy state with a very high quantum yield'’, ®;c ~ 1. Intersystem crossing
(ISC, S; — T;) and fluorescence plays no role in the decay channel''. Internal
conversion (IC) is also the dominate process with a quantum yield of

®c =~ 0.96 in the S, state'?. The quantum yield of intersystem crossing is
insigniﬁcamt11 @ Excitation to the higher electronic states S3-Ss also produces
highly vibrationally'exeited S; azulene by IC via the S, state® . C-H bond

cleavage has the lowest dissoclation threshold (~113 Kcal/ mol'’) which is
| g
i

larger than the 266 nm photon*energy. The energy of two 266 nm photons is

i
1

larger than'the 10nization iaotentiaJI- (P = 7.42 eV?). Theréfore, azulene does
not dissociate into smaller fragments after’absorbing a 266 nm photon.
However, azulene could be‘ionized when’absorbing two 266 nm photons.

2
16 ¢m®), low fluorescence

Large absorption cross-sections (1.7 X 10~
quantum yields (®f = 0.04 at S, state), slow dissociation rates, and

dissociation/ionization when multiphoton absorbed satisfy the requirements to

generate highly vibrationally excited molecules.
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multiple 26@5}1 1otons are o via-the 01omzat10n of azulene
1 |'.

at 157 nm and 118%%&{@&3 ions are used to characterize

the molecular beam.

Az + hv (266 nm) — Az*(S,) — Az*(S,) (1)
Az + hv (157 nm) —» Azt + e~ )
Az*(Sy) + hv (157 nm) —» Az* + e~ 3)
Az + hv (118 nm) —» Azt + e~ 4
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Az*(Sp) + hv (118 nm) - CgHg™ + C,H, + e~ (5)

The excitation of azulene to the Sy state following by fast internal
conversion to highly vibrationally excited levels of ground state is shown in the
reaction (1). Azulene at low vibrational levels of the S state can be ionized
after absorbing a 157 nm or 118 nm photon which is shown in reaction (2) and

(4). Reaction (3) showi thqﬂmtﬁ-zuféne,-ﬁm éacules Az*(S,), do not dissociate

J-' - -J- :l' I-I -
.i_\_ e ] .i ‘1:-
after being Ks,mzed y 157 nm’ hoton&l’:‘l,owevex{ e-_sg-me hot molecules
,'L"l.. - ’ -.'E-'
1omzed:'l?.§7 _1__1_8 nm i {"__ﬁa .-ments Reaction (5)
1;:.:' . Y ' o W
(= "-f:J N &
is one of the major cati hannels. We used rear‘tlon (5) here to
~ —~
. CI
represent all t !
"_-Il::'. e, - F';
We \?s'g th eds{!re ﬂ:e amount of hot
i Gl s 3} LY
_-‘- .i_::.- -"I,'I.
azulene Il‘l*ﬂ_l mol((c
1 i'-::' .;._-_::-:I- l-i: - ':.q.ﬁ.n.:. k "’"I
a. The aztﬁene 10n-1{1-ten31ty I .(FﬁﬁsS to- cha'rge ratio, m/e = 128)

B 57 joy o 15 i

obtained from the 157 nm photommzatlon without 266 nm UV laser
irradiation (as shown is reaction (2)) represents the initial cold
azulene intensity in the molecular beam.

b. The azulene ion intensity I, (m/e = 128) obtained from the 157
nm photoionization with 266 nm UV laser irradiation represents the

sum of excited (single photon absorption) and unexcited azulene
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intensities in the molecular beam. The difference between I; and I,
is due to the fragmentation or ionization of azulene molecules, which
absorbed two or more 266 nm UV photons. The cationic azulene was
repelled out of the molecular beam by an electric field before 157 nm

VUV laser pulse arrived.

c. The azulene .11) __péteiiﬁ%l-{gw .{— 128) obtained from the 118 nm
i J- ..*.‘ —L- g b3
phd\tmo ization Jwrtﬁ'out 26'6%11 Uuv laﬁs‘:ccr\ n}qdlatlon (as shown is

Ké’: "l-].

' reaction zulene. intensity in the
& 1:':“ \
i' = Bl
g e dlfferem due to the
o .-!.
= e at the_:q_;@zspectlve
;5 Pt
ﬁl ionlintensity 28) obtai .(;f he 118
".'% z l./n 2 | ]_q- ) tg{lr!,_e rom the nm
":l‘-. .:-'-_-I-?I.- ey - _!. -.I ,

photonﬁmzatlon:v\itth 266 nm laserlm&dlatlon represents
;-.I-.-i? j ! j I- b

unexcited azulene 1ntens1ty in the molecular beam. If the molecules

absorb a 266 nm UV photon, it may crack into smaller ionic

fragments when 118 nm VUV photoionization was applied. Azulene

molecules that absorb two or more 266 nm UV photons dissociate

into fragments or cations, then were repelled out of the molecular

beam by the electric field before VUV laser pulse arrived.
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The respective probabilities, Py, P;, and P,, for azulene molecules

absorb one, two, or multiple UV photon under 266 nm laser irradiation can be

obtained from the set of intensities I;, I,, I3, and I, by following equations:

Py =1,/13 (6)

P,=1-1/1 (7)

Py

1mbn"'!al qﬁparatus shown
QG &

57 nm'fasi:.beam all8 nm

Vlbratlonaﬂ excite
2%, i
in Figure 3. 3'-'@_1;751\12'(31;9 k
@ Y
g ., - r'?-,.I
laser beam, a dlfferam;a’ﬁlly pu:rﬂfped melecu.i'ﬁbea "b'h'ine with 29 electrodes
i
'5? G __J '&"jf.-j"" 1

ion optics, ion detection system, and 1gn51 processing electronics. The ion optics is

originally designed for velocity map ion image, however, we can change the
voltage applied on the optics to time-of-flight mode which minimized the width of
each time-of-flight peak.

The 266 nm laser beam with 3 X 8 mm? after passing through a rectangular

iris is used to pump the azulene to the S4 excited electronic state. After internal
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conversion, molecules are populated on the highly vibrationally state of electronic
ground state Sy. The highly vibrationally excited azulene can be ionized by either
157 nm laser or 118 nm laser. The 157 nm laser pass through an iris (2 mm diameter)
and focused by a lens (f = 40 cm). The laser beam diameter is less than 1 mm at
the ionization region. The 118 nm laser propagated in the opposite direction to the
157 nm laser. We estimatedithat the VUV laser beam diameter is less than 0.5 mm
in the ionization region.

The azulene beam i§ formed by supersonic expansion through a pulsed nozzle

and collimated by two skimmers.inithe souree chamber. The pressure of the main
|
" ——

chamber remained at. 4 X 1078 Torr-when the nozzle was operated at 30 Hz. The
i

molecular beam, VUV laser beam, and:t'h,e flight axis of TOF ntass spectrometer are
perpendicular to each other: All laserbeams cross the molecular beam at the center
of the ion optics. The delay time-between the-UV and VUV laser pulse was 1ps.
The ions are accelerated into the field free region by ion optics and then detected by
a chevron microchannel plate (MCP) detector. After amplification of the signal by a
fast preamplifier (Philips Scientific, model: 6954), the mass spectrum was recorded

with a digital oscilloscope (Tektronix TDS 5054). The spectrum was averaged for

2000 laser shots at each UV laser intensity.
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3.3 Results and discussion
The ion intensity ratios, I,/I; and I,/I; were measured as a function of UV

laser fluence, as shown in Figure 3.4. The area below the red curve corresponds to the
number of azulene absorbing zero photon; the area between two curves corresponds
to the azulene absorbing only one photon; the area above the blue curve corresponds
to the number of azulene abserbing multi-photon. The result indicates that the
probability of zero photon absotption (P,) decreases rapidly-as the 266 nm laser
fluence increases. As the 266 nm laser fluence reached 34 mJ/cm?, P, approached

zero, indicating that all of azulene.moleculgs,absorb at least one photon. The amount
| —
i

of azulene molecules absorbing/ moréthan'one photon also increases the increase of

i
1

laser fluence. However, the incr:easing *r;te, of multiphoton absorption is not as fast as
the decrement of PO-. As a croilsequence, the prol;ability of azulene absorbing only
one photon also increase as theddser fluence increase before P, reaches zero. The
maximum value for one photon absorption (P;) is 75 % as the laser fluence is 34
mJ/cm?. Under this condition, the amount of cold azulene molecules remaining in the
molecular beam is less than 1 %, which is below the sensitivity of our detection

system.
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Figure 3.4 Ton (m/e =/128) intenSity asia function of 266 nm'lasér-fluence. The delay
time between pump and probe lasempulses 18 Ipus. Open circles (I;/1;) and open
triangles (I, /1) represent probe,lﬁ;';.cdagams at 157 and' 118 nm, respectively.
Solid curves are used.as a guide, Sépilrating tegions that represent the relative
molecular beam intensity of zero, on!g,_ and multiple photon‘absorption. Intensity
due to the ’C isotope natural abundance has been subtracted.

In order to ensure that the molecules dissocrate quickly before VUV
photoionization, we measure the dissociation lifetime of azulene after absorbing two
or more photons. There is no product appeared within 100 ns to 20 ps under high
laser fluence condition. The dissociation lifetime of azulene after excited by a single
193 nm photon is approximately 20 ps'*. Y. A. Dyakov et al. studied the azulene
dissociation channels using Rice-Ramsperger-Kassel-Marcus (RRKM) theory. It

indicates that the dissociation rate after absorption of two UV photons is four orders
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of magnitude greater than that at 193 nm'®. Therefore, the dissociation lifetime for
azulene after absorption of two 266 nm photons is too fast to be observed in this time
window. It is possible that most of the molecules absorbing multiple photons become

cations. The cation formation and the fast dissociation of azulene molecules after

absorbing multiple photons indicates that the signals obtained from reaction (2) — (5)
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3.4 UV and VUV laser wavelength option

There are a number of molecules have similar molecular properties. They satisfy
the requirements described above and could therefore be used to generate pure,
intensive highly vibrationally excited molecular beams. The VUV laser wavelengths
required in the characterization of the relative concentration of hot molecules in the
molecular beam need to be adjusted for each species investigated. The VUV photon
energies of the two photoionization pulses(e'g., 157 and 118 nm) are required to be
high enough'to ionize cold molecules, but not too high to dissociate the molecules

into smaller ionic fragments afterionization. £heVUYV photon energies for both
|
" ——

pulses should be between the ionizé‘&ﬁﬁ&téﬁtial (IP) and the lowest appearance

1l i
potential (AP). After UV photor:l excitat;'on, one ofithe VUV photon energy (e.g., 157
nm) has to be low eflough t9 ensure the Hot moléc{lle_g 7would not be cracked into
smaller ionic fragments after photeionization. On the other hands, the other VUV
pulse (e.g., 118 nm) with large enough photon energy is demanded in order to crack
hot molecules into smaller fragments after photoionization. This particular set of
requirements ensures that the relative concentration of the hot molecules in the
molecular beam can be obtained accurately using Egs. (6) — (8). The recommended

choice of the two VUYV laser pulses is shown in Figure 3.5. The photon energy of one

pulse (VUV)) is slightly above the IP of the molecule and the photon energy of the
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other VUV pulse (VUV,) is slightly below the AP of the molecule. The energy

difference between IP and AP (e.g. AE) is the maximum UV laser photon energy that

can be used to excite molecules. If the UV photon energy is larger than AE, hot

molecules having sufficient energy will cracked into smaller ionic fragments after

photoionization at both VUV wavelength. In consequence, the molecules are
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4. Photodissociation of Azulene-Kr van der Waals Clusters at 248 nm

and 266 nm

4.1 Introduction
Van der Waals (vdW) clusters are characterized by low dissociation energies,
large bond length, low-frequency vibrational modes, and by keeping many of the
individual monomer properties'. The study of these clusters is fundamental to an
enormous variety of chemical andsphysicalphenomena;iincluding inelastic energy
transfer, photofragmentation dynamics, line broadeningy theoties of hydrogen-bond,

and transition between gas and ¢ondensedsphases. The intermolecular interaction
i
N

potential in these clusters is dominate.d_%)y dispersion forces. Similar interactions
occur in several biological ph.enomena slez:h as in the tertiary structure of proteins, the
vertical base-base interaction in"DNA and thevintercalation of drugs into DNA, as
well as in the chemical phenomena such as salvation, cluster growth and matrix shifts
in vibrational and electronic spectra. Consequently, these studies can be expected to
elucidate the nature of the interactions not only in the fields of chemistry and physics,
but also biology. Due to the importance of these phenomena in chemistry, physics,
and biology, several thematic issues of Chemical Reviews have been dedicated to
studies of vdW clusters®. Taking the above into account, it has been extensively

investigated for several decades both experimentally and theoretically, mostly by
81



spectroscopic means.

The vdW clusters are attractive candidates for studies of cluster relaxation
dynamics because of the key role in energy transfer processes of intramolecular
vibrational redistribution (IVR) and vibrational predissociation (VP)’. Therefore, the
photodissociation of vdW clusters has been widely studied in variety vdW systems
within infrared or UV-Vis region. In the infrared photodissociation experiments™>, a
single infrared photon is absorbed il some well-defined vibrational mode within a
vdW cluster. Since vdW bond energy is smaller than a.quantum ‘of a molecular

vibration (typically several hundred wavenumber), intramolecular energy transfer to
| g
i

this bond can be detected by observing photoproducts caused by the bond rupture.

i
1

This process has'been referred t:o as Vib;atjonal predissociation (VP). In the UV-Vis
experiments, aromatic molgchles as chromophm:es dre frequently involved in the
vdW clusters. The aromatic members ofithe clusters are excited by UV-Vis photons
to a low-lying vibronic level of the first excited singlet state. Following dissociation,
the vibrational distributions of the bare aromatic partner was monitored by UV-Vis
fluorescence or multiphoton ionization®. Recently, velocity map ion imaging
technique and velocity resolved TOF mass spectrometer has been applied to
determine the photofragment recoil velocity distribution of vdW clusters following

VP’
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In all studies UV excitation of vdW cluster dissociation discussed above, only
the molecules in the electronic excited state were probed. No products populated in
the ground electronic state can be obtained in these experiments. In all these studies
the level of vibrational/rotational excitation was relatively low. Most of the internal
vibrational/rotational energies are less than 4000 cm™, although some of them are
extended up to about 8000 cm™'. In contrast, if the cluster fragmentation takes place
when the aromati¢imolecule becomes highly vibrationally exeited, the comparison of
half-collision (HC) and full-eollision (FC) could be achieved under similar initial

condition. The full-collision (FC).indicates the,actual collision between separated
|
" ——

species. Half-collision (HC) 1s a caéé@ﬁﬁ?ﬁolecular reaction; the products are

i
dissociated from'a stable precur:sor such:as, vdW clusters. Then the photodissociation
of highly Vibrationaily excife!d vdW clusters can.pI:O\_l_ide the' information about
energy transfer of highly vibrationally excited molecules®; Although the energy
transfer in FC depends strongly on the orientation of the colliding pair, on the
rotational energy and the relative kinetic energy of the colliding pair, nevertheless, all
of these parameters are fixed in HC. However, since the intramolecular potentials are
the same for HC and FC, it is interesting to find the energy transfer mechanism of the

two processes and to compare the average amount of energy transfer, (AE), in HC

and FC conditions.
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4.2 Experimental setup

The single-beam imaging experimental apparatus used in photodissociation of
azulene-Kr clusters is similar to that in the previous study of hot molecules
characterization'’, and I, energy calibration''. The details have been described in
Chapter 2, and the schematic diagram is shown in Figure 4.1. A molecular beam of

azulene-Kr cluster was fomi@i ﬁMﬁ@%ere of 3% Kr in Ne with 60 psi
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product, azulene, was 1omzed:iby }-VEJFY_J?se.rjagam a!' 157 nm generated from an
excimer laser. The delay time between UV and VUV laser pulse was 1 ps in order to
ensure the cluster dissociated completely before VUV laser pulse arrived. The VUV
laser pulse (157 nm) provideds enough photon energy to ionize the electronic excited

azulene molecules, but not too high to dissociate the molecules with large internal

energy after photoionization. Due to the conservation of energy and momentum,
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energy transfer from azulene to the translation of Kr and azulene can be obtained
from the recoil velocity of azulene. After VUV photoionization, the resultant ions are
accelerated by a suitable electronic field provided by ion optics. The azulene recoil
velocity distribution was measured using TOF velocity-map ion imaging techniques.

Both the photolysis laser beam and the VUV laser beam crossed the molecular
beam at the center of the ion optics. The polarizatioen direction of the UV laser beam
was parallel to thelplane of the detector. The UV laser.beam size after passing
through a rectangular irisiwas about 2 x 8 mm" at the:photodissociation region, and
the intensity was about 6 mJ/em” for cach laser shot. The corrésponding laser

|

fluences were 1.2 and0.3 MW/cmzt:b‘T"Z-G%“and 248 nm, reéspectively. The fluence of
i

the VUV laser used was about E.O u/ pl]}s,e at 157 nm. The lasér entered the main

chamber through a c.ylindri(?a!1 focusing lens .The. 1e;se__rbeam size was estimated to be

about 0.4 x 3 mm” at the.ionization region.

Although, we optimize to generate an azulene-Kr cluster beam, a lot of azulene
monomers also exist in the molecular beam. These monomers with the same velocity
were ionized by 157 nm photons and then focused by the ion optics into a small spot
on the detector. In order to reduce the saturation and possible damage of the detector,

a 2 x 25 mm’ stainless steel pin located 5 cm in front of the microchannel plate

(MCP) detector blocks the most of these ions generated from the azulene monomer
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photoionization.

The relative concentration of various vdW clusters were obtained by VUV (157
nm) photoionization, which is shown in Figure 4.2. The relative ion intensities of
Az-Kr: Azy: Az-Kr; are about 17.5: 0.9: 1. No other clusters were observed in the

TOF mass spectrum. Therefore, the Az-Kr is the major vdW cluster in the molecular

beam. ) %:15'::,&’.37!1@';3”@32&_{&
B -k _l% ¥
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Figure 4.2 Time-of-flight mass spectrum. Only azulene monomer and azulene-Kr clusters
were observed after 157 nm VUV photoionization. No larger clusters were found

in the molecular beam.
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4.3 Results and data analysis
There are several possible reactions that may contribute to the image of the
azulene scattering from vdW cluster dissociation, therefore produce background in
the image, including multiphoton dissociation/ionization, and “slow” dissociation.
Azulene molecules which absorb one 248 or 266 nm photon, do not dissociate into
small fragments within the delay time (1 ps) between pump and probe laser pulses
due to the higher dissociation threshold'?. However, absorption of two or multiple
UV photons results in fast dissociation or multiphotoniionization. Azulene cations

produced from UV multiphoton ioniZzation aresgenerated 1'us earlier than that from
| g
i

VUV photoionization. It can bedisefiminated casily by the different arrival time in

i
1

TOF mass spectrum. The dissoc.iation }i%etime of two-photon abserption is about four
orders of magnitude- shonef t:han that.at 193 nm .which is about 20 ps'> . These
fragments are generated before-VUV phetoionization. Therefore the fragments
generated from dissociation of azulene after absorbing two or more UV photons can
be easily separated by the TOF mass spectrum due to different masses. Unfortunately,
the fragment of azulene produced from H atom elimination of "*C isotopomer of
azulene contributes to the normal azulene ion signal, which is the dominant

photodissociation channel at 193 nm"”.
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Az(13C isotopmer, m = 129) + nhv(266 or 248 nm)
- (Az—1)(m =128) + H 3)

The ratio between m/e = 129 and 128 was found to be 0.1, suggesting
m/e = 129 totally contributed from "*C isotopomer due to the natural abundance of
1C. However, no ion signal at m/e = 127, corresponding to H atom elimination of
normal azulene (m/e = 128) was observed. It indicates that either the H atom
elimination quantum yield is tod Tow to be'detected or.the ionization potential of the
product is too high to be donized by the VUV photons: Therefore the contribution of

reaction (3) can be neglected. The. other effectds the “slow” photodissociation of the
| —
i

cations. The azulene eation formed-at'a metastable state will crack into smaller ionic

i
1

fragments after it left the TOF a:ccelerat;on region. Although'thé:smaller ionic
products have different magsés, the arrivaltime t.o thgzdetector is the same as azulene
ion. They produce the background of the image: They.can be represented by the
following scheme:

Az + hv(266 or 248 nm) — Az* 4)

Az* + hv(157nm) > C* + D+ e~ (5)

C and D represent the possible fragments which are produced by the azulene
cation cracking. In fact, the apparent potential (AP) of azulene is about 13.6 eV'*,

which is significantly larger than the total energy of UV and VUV photons (< 12.5

89



eV) such that reaction (5) cannot occur. In consequence, the image we obtained only
corresponds to reaction (1) and (2) and the following reaction:

Az — Kr + hv(157 nm) - Az~ + Kr (6)

The image intensity distribution corresponding to reaction (1) and (2) can be
obtained from the following equation:

[Image] = [Image],, = R[Image]os (7

[Image] représents the image form reaction (1) and (2), which is the real image
we want to obtain. [Imagely, represents the raw image when the molecular beam is

irradiated by both UV (266 ot 248 nm) and VA V(157 nm’) laser beams. It
| g
i

corresponds to the reaction (1), (2) and (6)™ [Image] ¢, which is corresponding to

i
1

the reaction (6), fepresents the il:nage wﬁcn the molecular beam is irradiated by VUV
(157 nm) laser pulsé only. RIIS the constant, whi.ch’ rgpresents the percentage of
Az-Kr left in the molecular beamafter UV photodissociation by 266 or 248 nm
photolysis lasers. It can be measured directly from the TOF mass spectrum using 157
nm laser pulse with and without UV photolysis laser irradiation. Figure 4.3 shows the
TOF mass spectrum when Az-Kr clusters were ionized by 157 nm pulse with and
without UV laser pulse. For the UV photolysis laser fluence at 6 mJ/cm?, the result
obtained by integrating over the individual peaks in Figure 4.3 shows that about 55%

of Az-Kr clusters dissociates into fragments, only 45% of Az-Kr remains in the
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molecular beam. Thus we have the value of R i1s 0.45. The contribution of reaction (6)

can be subtracted as shown in equation (7).
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The images of scattered azulene from dissociation of Az-Kr vdW cluster at 266
nm and 248 nm are illustrated in Figure 4.4. The recoil energy distribution is
obtained from the image intensity profiles integrated from the angle of 65° to 115°
and 245° to 295° relative to the molecular beam direction. This translational energy

distribution is shown in Figure 4.5. The image was blocked by a pin in front of the
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MCP detector at small energy region (< 45 cm’™), therefore the image at this
portion was not considered in the data analysis. The translational energy
distributions can be fitted to multi-exponential functions. The translational energy
dependence of the fragment angular distribution was obtained when the polarization

of photolysis laser was parallel to the plane of MCP detector. It was found that the
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Figure 4.4 Scattered azulene ion images: the left column represents the image studied in
the 266 nm photodissociation experiment; the right column was the images token
in the 248 nm photodissociation experiment. (a) and (e) [Image]on, when both
266/248 and 157 nm laser beams were irradiated on the molecular beam; (b) and (e)
[Image]osr, only 157 nm laser beam was irradiated; (c) and (f) [Image], obtained

from Eq. (7)
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Figure 4.5 Translational energy distributions of 266 and 248 nm laser photodissociation.
Energy less than 45 cm™ is obscured by the stainless steel pin and is not shown
here. The solid diamonds are experimental data; the solid lines are the obtained
from the least squares fit to (a) 40000 exp(— E/50) + 40000 exp(— E/160) +

5000 exp(— E/440) and (b) 850 exp(— E/80) + 170 exp(— E/380). Signals
beyond 1600 cm™ drop below the level of background noise.
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4.4 Discussion
The photophyscal and photochemical properties of azulene have been discussed
in Chapter 3. It is summarized briefly:

(a)  The internal conversion (IC) through S; — Sy and S, = S, is the
dominant photophysical process at the first (S;) and second (S,) excited
singlet state, respectively.

(b)  The lifetime of the S,/ and' S, state'was found to be very short.

(c)  Excitation to higher electronic states S3 — Sg._also produces highly

vibrationally excited Sg.azulene by-IC via S, state.
|
C—

Due to the fast nonradiative reIa;ﬁf_i’()*n“éﬁd low fluoreseence quantum yield, the
i

azulene moleculés can be easil}% generaged at highly vibrationally excited molecules
in the ground electronic statfe.! Becausethe highl};vi.br_gtionally excited azulene over a
wide range of energy is easily producedithrough IC from the electronic excited state,
it is frequently used in the study of energy transfer”. In full collision experiments, it
is easily achieved that most of the azulene molecules are populated at highly
vibrationally excited ground electronic state before collisions as long as the mean
collision time is longer than the excited state lifetime. However, it is not confirmed

that the Az-Kr vdW clusters dissociate into fragment after IC.

The lifetime of the S, state origin can be estimated to be about several hundreds
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of picoseconds from the absorption linewidth and fluorescence quantum yield'®. The
molecules can be excited to the vibrationally excited levels of the S, state after
absorbing either 266 or 248 nm photons. The lifetime is estimated to be shorter than
that of origin from the low fluorescence quantum yield and broad linewidth'®. The
angular distribution of the fragments is isotropic. It suggests the dissociation lifetime
is longer than a rotational period. Quasiclassical trajectory calculations in the study
of aromatic molectile-Ar ydW clustets also'shows the dissociation lifetimes are in the
picoseconds region, depending on the vibrational energy. For example, the lifetimes

of pyrazine-Ar are 132 and 81 ps.for|vibrational energies of 4000 and 8600 cm’,
| g
i

respectively' . Since the azulene molécules™excited to the/Sy state have excess

i
1

e

vibrational energies of 2084 e.m(.l 4812em’ by irradiation of 266-and 248 nm,
respectively, the vdW clust§r§ dissociation.rate i.n thej S, state was expected to be
longer than 130 ps due to the redticed vibrational energy in the S, state.

In addition, the maximum translational energy is the other evidence to indicate
the vdW clusters dissociate after internal conversion. We don’t have the information
of Az-Kr vdW bond energy at this moment. However, it must be in the order of
magnitude as benzene-Ar, which is 590 cm™,'® or slightly larger than that*¥. The
maximum translational energy is about 1600 cm™, as shown in Figure 4.5. The

maximum vibrational deactivation energy therefore is more than 2200cm™. It is
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larger than the excess vibrational energy of azulene in the S, state when azulene is
excited by 266 nm photon. This suggests that at least some of the Az-Kr vdW clusters
must be generated in highly vibrationally excited state in the lower electronic states
before vibrational predissociation takes place.

The vibrational predissociation of vdW clusters are usually characterized by
“energy gap law”"” and “momentum gap law’?® ?!; This explains the behavior that
the recoil energy distribution has‘a peak at'zere energy, and it monotonically
decreases with energy. The recoil energy distributions can be described by

multiexponential functions, as reyealed in thestext of the Figure 4.5, which are
|
" ——

frequently used as an empirical form;ﬁhﬁ-;'thé simulation.of the experimental data in
i

energy transfer experiments. Th:e small Jt:tmount oftvibrational'efiergy transferred to

the translational enérgy anq the'decreage of the I.)l‘().bzil_bility with the increase of

translational energy are similar.td.the observation of the other vdW clusters’.

In the HCI-Ar vdW cluster dissociation experiment, it was found that the
fragments that fly away were both translationally and rotationally hot**. For a
fragment with small momentum of inertia (i.e. HCI), large rotational energy may be
accepted with only modest change in angular momentum. However, a fragment with

large momentum of inertia (such as large aromatic molecules), it is difficult to accept

a lot of rotational energy without large changes in angular momentum. We can expect
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the relaxation to proceed through a nearly pure V — T channel, without angular
momentum exchange?'. Since the initial rotations of the vdW clusters from
supersonic expansion are almost zero, the large probability of translational energy at
E = 0 indicates that the orbital angular momentum for most of the dissociation
fragment pairs is close to zero. We can conclude that the rotational energy
distribution of azulene fragments must peaks at zero due to the conservation of
angular momentum. This kind of'distributionis similar to the rotational distribution
from the quasiclassical trajectory calculation of pyrazine-Ar vdW clusters'’.

The deactivation of highly vibrationally excited azulene ;Vith Kt has been

|

studied using infrared ﬂuorescencer(mﬁaﬁd UV absorption (UVA) methods in a
i

cell at room temperature. In the/IRF method, the average energy-transferred per

collision were 117 and 171 em™ at vibrational energiqs of 16,666 and 29,670 cm'l,

respectively'” ©

. It was also confirmed that the‘average energy transfer is strongly
vibrational energy dependent. However, in the UVA experiment, the average energy
transferred per collision were 228 and 230 cm™ at vibrational energies of 17,500 and

30,600 cm™, respectively'> ®

, which is vibrational energy independence. Recent
Az-X (X=He, Ar, Xe) energy transfer experiment using two-color kinetically

controlled selective ionization (KCSI) shown that the average energies transferred

are 112, 225, and 233 cm’! for azulene with internal energy of 30,000 cm’ in
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collision with He, Ar, and Xe, re:spectively15 @

. They also conclude that the average
energy transfer depends linearly on the internal energy. In the experiment of Az-Kr
vdW clusters photodissociation, the value of average photofragment translational
energies at 266 and 248 nm are 186 + 20 and 210 + 20 cm™, respectively. If the
total vibrational deactivation energy is taken into account, the vdW bond energy
should be added into these average values. The average energy transferred that we
measured from the'dissociation 6f Az-Kr vdW-clusters.become large. They are larger
than the average energy transfer from full collision experiments. The quasiclassical
trajectory calculations in benze:ne-Ar_8 and pyrazine-Ar17 systén;s also demonstrate

|

that the loss of average energy is mu.éli“—"!-a;g‘er than that inbinary collision.
i

In the previdus Az-Kr cross:ed-bearﬁ-s,tudies_g’ ' a huge amount of energy
transferred from hig.hly Vibra!tionally excited az&lelne_ _Que to“supercollisions were
observed from the distribution in‘the baekward’direction. The supercollisions were
observed at only high collision energies and as large as 2000 — 5000 cm™ energy
can be transferred. In the Az-Kr vdW clusters dissociation, the maximum vibrational
energy released is less than 1600 cm™. Even the van der Waals bond energy is taken
into consideration, the maximum vibrational deactivation energy become large. It is

still much less than the kinetic energy released in supercollisions. Therefore, no

supercollisions were observed in the Az-Kr vdW cluster dissociation. It can be
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understood because the initial relative velocity between azulene and Kr is too small

to induce supercollisions. In addition, the orientation between azulene and Kr in the

vdW cluster may disfavor the supercollisions.
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5. Energy Transfer of Highly Vibrationally Excited 2-methyl-

naphthalene: Methylation Effects

5.1 Introduction
A number of classical trajectory and quantum calculations have suggested that
the low-frequency vibration modes play important roles in energy transfer rather than
high-frequency vibrationgnodes'™. Oref has calculated the energy transfer quantities
and probability density functions.ef vibratienally excited benzene, toluene, p-xylene
and azulene using:classical trajectory calculation. The results’demonstrated that the

energy transfer was enhanced by low=frequency vibration of methyl rotors attached
g
—

with benzenoid moiety in donot mole'é_yklles such as toluene and p-xylene °. Lim
performed quasiclassical trajfactory calc{liations to investigate the collisional energy
transfer between vibrationally excited ethane/propané.and rare gases’. The study
indicates that energy transfer probability depends.on the nature of the methyl rotors
and it provides a gateway for energy transfer.

Methylation effects have also been studied in several thermal systems. Barker
compared vibrational deactivation of benzene and toluene using IRF techniques and
found that toluene can transfer more average energy compared to benzene in various
atomic and molecular collision partners®. Hippler et al. studied the collisional

deactivation by UVA techniques. Their report reveals that the average energy transfer
104



of isopropyl-cycloheptatriene is larger than that of ethyl-cycloheptatriene’. Park
explored the collisional quenching efficiency of the vibrationally excited
methyl-substituted pyrazine and pyridine in CO, gas bath using time-resolved IRF
techniques'®. The methyl substitution enhances the collisional quenching efficiency
and the average energy loss value (—(AE)). Weisman measured the loss of vibrational
energy from the triplet state.of pyrazine and 2-methylpyrazine containing 5000cm™
vibrational energy“. The average energy released in pyrazine system were found to
be 37, 62, 98, 106, 118 it for collision with He, Ne,Ar, Kr and Xe, respectively.

For 2-methylpyrazine the values are'64, 102,-453; 155, 152 cm’. Flynn and
|
®

co-workers have measured the eneféﬁf’aﬁ;ﬁéned from the highly vibrationally

i
excited pyrazine and 2-methylp5yrazine zc bath €O, molecules using high resolution
transient IR absorpti.on techn%queslz. The averag.e e.nefgy transfer derived from single
exponential fit is (AE)gq = 682:cm™~! for 2-methylpyrazine/CO, and (AE)4 =
536 cm™! for pyrazine/CO,. However, the methyl group does not make
2-methylpyrazine a more effective “supercollision” donor compared to pyrazine.
There is no single property in the donor molecule accounts for the observed trends in
the energy transfer. Mullin measured the energy gain in a number of rotational levels

of H,O (000) and CO, (00°0) resulting from collisions with vibrationally excited

pyridine, 2-methylpyridine (2-picoline) and 2,6-dimethylpyridine (2,6-lutidine)".
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When H,O is the collision partner, the amount of energy released to translation is less
sensitive to the methyl substituted donors, but the average energy transfer, (AE);stal,
for pyridine is slightly larger than 2-picoline and 2,6-lutidine. On the other hand,
when the collision partner is CO,, donor methylation reduces the amount of

translational and rotational energy imported to the CO, (00°0) high-J states. However
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5.2 Experiments
In order to improve the signal-to-noise ratio, an intensive highly vibrationally

excited molecular beam is necessary to reduce the background signal. In the previous
experiments of collision energy transfer between azulene and rare gas atom, we
generated a pure, intensive hot azulene beam to provide a good experimental
condition based on the property of the azulene molecule'®. That has been discussed in
Chapter 3. However, we providel anether method to overcome'this problem. We use
selective detection method and only detect the hot molecules. The cold scattered
molecules the system can be completely ignored",

|

The naphthalene and 2-methylna};‘1;t-h-afehe are excited.to the S, excited state by
i

266 nm photons. About 6% of e)écited ngp'hthaler}e is quenched to the ground state by
emitting photon, and 93% arﬁé in the highly Vibra;;io.na}!ly excited triplet state via
intersystem crossing. The rest 1% generated in-highly vibrationally excited ground
state after internal conversion'®. Most of the 2-methylnaphthalene (85 + 12%) also
formed at highly vibrationally excited triplet state after intersystem crossing'’. The
energy diagrams of naphthalene and 2-methylnaphthalene are shown in Figure 5.1
and 5.2, respectively. The amount of vibrational energy of naphthalene and

2-methylnaphthalene in triplet state are 16,194 and 16,462 cm™', respectively. If the

naphthalene or 2-methylnaphthalene absorbs multiphoton at 266 nm, they either
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dissociate into fragments or become ions. Both channels will not be probed at the

mass of naphthalene and 2-methylnaphthalene. The ionization potential of

naphthalene and 2-methylnaphthalene are 8.14'® and 7.91" eV, respectively. The cold

molecules cannot be ionized by a 157 nm photon (7.89 eV), only the triplet state

molecules can be detected by VUV ionization. Thus we can ignore the background

from cold molecule. Figure 5
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Figure 5.1 Energy diagram of naphthalene and corresponding photon energy.
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2-methylnaphthalene

A
IP=7.91eV
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Figure 5.3 The TOF signal of naphthalene and 2-methylnaphthalene probed by 157 nm

laser with and without 266 nm excitation laser.
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In addition, the velocity distribution of the molecular beam can be also be
improved using this method. The width of the molecular beam was about 1.5~2.5 cm
at the exit port of the nozzle, and the speed ration was about V/AV = 10 for the
entire beam, where V is the velocity of the molecular beam and AV is the FWHM of
the beam speed distribution in the laboratory frame. The 266 nm laser crossed the
molecular beam at the 17 cm-and 8 cm downstream of the nozzle for 25° and 60°
crossing geometry, respectively. /As the pulsed'molecular beam move forward to the
crossing point, the width of the beam increases gradually. When the molecular beam

arrives the ionization region, molecules with larger velocity, were located at the front
| g
i

of the molecular beam; molecules with-slower velocity were distributed at the rear

i
1

part of the beam. The diameter o:f the exgﬁation laser beam is'S mm. It only overlaps
with the center part of the mglécular beam:This e;icitation laser served as a “chopper”
and only selectively excited the cénter part of the molecular beam which the velocity
distribution is small. That can give a significant improvement about the speed ratio as
listed in the Table 5.1. The original speed ratio of Kr atom beam was slightly better
than molecular beam, which is V/AV = 14 measured by fast ionization gauge. It
expanded to a longer length when it reached the crossing point with molecular beam.
The excited molecular beam only crossed the center part of the Kr atomic beam which

the velocity distribution is also very narrow. The velocities of naphthalene and
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2-methylnaphthalene beam are the same because of the same experimental conditions.

However, the translational collision energy is slightly different due to the different

reduced masses of molecules and Kr.

rtainties in collision energies. AVy ,
city distribution in x and y
e labo frame; Uy, is the

. AV ;.‘:v(y %/2 +AE,,, is the

Table 5.1 Molecular beam speed ratigfm
and AVy are the FWHI 0 1w

directions; Vo i8S

molecular velocity in

uncertalntyf;-jhe colli Upnol- i
glhﬁh I-ﬁﬂ@;_l_ +AEcol
=
.Hene‘rgy . ?
= e
Naphthalene - 314 =12 43
2-methyl- ::"" 54
naphthalene ey

In the unit of cm™

°In the unit of pixel
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5.3 Results of methylation effects

5.3.1

Images and sensitivities

When molecules were carried by Kr rare gas and expanded from the nozzle, a
small amount of M-Kr van der Waals clusters were formed (M = naphthalene or
2-methylnaphthalene). After the irradiation by 266 nm excitation laser, the
clusters dissociate into fragments. Then they are ionized by 157 nm laser. The
generated ions With recoil velociy cannotbe blocked by the stainless steel stick in
front of the MCP. They generate a background in the images.

M ~ Kr + hv (266 nm) —~-M"(triplet state) + Kr
—
. —— -
M’ (triplet staté)+-~v (157 nm) -,M* + e
i

In order to subtract the background: f;om the clusters, two types of images were
taken during the .experime!nt-. The firstimage was taken when molecules were
irradiated by 266 nm laser beam andicollide’with Kr beam. The other image was
taken when molecules was only irradiated by 266 nm. The details of these two
kinds of image are listed in Table 5.2. We subtract the second type of image from
the first one to get the signal created by the scattered molecules only. Sensitivity

calibration is also provided the density to flux calibration. The beam profile used

in the sensitivity calibration is shown in Figure 5.4 and Table 5.3, and the
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simulated sensitivity matrix obtained for naphthalene and 2-methylnaphthalene,

respectively, is shown in Figure 5.5.

Table 5.2 The possible signal sources in the experiments excited by 266 nm laser with and

without Kr collision.

P rmmme

. Tk - -‘7- i
b -rie. —-11_’ Sources of the scattered
Experiments |~ - L ]
A ﬁgn - - molecules
A: molecules irrq,nt.i:-é'téd by 26 % 5 3
"‘-’.r .l': 5 s
with Kr beasph‘. s of, ﬂ.I:-"" |
:.._._.!' i P -:.!' I'I._:.
B: molecules iqﬁdlaﬁd ' e 2:_3
ithout Kr atom collision '
without KF-gto collisio =
1: excited molecules collid "
} ]
2: M-Kr cluster;;ﬂssociated o
. . o P
3: excited moleCt'ﬂE’s WIFhGut ock statnless steel stick
=t -7 I . L I?h...
) i '|'ﬁ" ¥
".-; -l"gII
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Figure 5.4 The distributions of hot (a) naphthalene and (b) 2-methylnaphthalene in the
molecular beams as a function of ionization laser time delay. The red curves

represent the Gaussian fittings of measured data
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Table 5.3 The distributions of hot naphthalene and 2-methylnaphthalene in molecular
beams. The first column is the 157 nm laser time delay; it represents the different
arrival time of 157 nm laser pulse. The second and third columns are the intensity of
hot naphthalene and 2-methylnaphthalene, respectively. The intensities measured
from TOF signal with 266 nm laser excitation are subtracted by the signal without
266 nm laser excitation.

157 nm laser time delay Intensity of hot Intensity of hot
(ns) naphthalene 2-methylnaphthalene

-10 4.395 1.555

4.945

10 3.865 2.09
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(a) Naphthalene (b) 2-methylnaphthalene-Kr
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Figure 5.5 Sensitivity matrices as a function of velocity in y direction for naphthalene-Kr

and 2- methylnaphthalene Kr C,If)lh?ons"'w]"t.{} 266 nm laser excitation.
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including the init iti | K-r@ea,m; relative
= 7 o A

velocities, center= ocities, and elasti¢ co swj’t-o;rcl-is If molecule and

?q.[ -mass
£ _;_-3_' IIV
Kr form comb'[@g-duf%.coll@;on e 1fgt1mc'§-.b¥ the"qiomplex is longer than

Al
the complex rotatlonaljpen!fidjle ﬁ};na,gf m}ls_t }hveilarge intensity in forward and

l‘r _; .

backward direction and is forward-backward symmetric. In the current
experiment, the peak at forward direction overlap with direct scattering in the
forward direction. However, the complex can be identified from the backward

peak. This is also obtained and discussed in the previous study'> ®.
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(a) Naphthalene (b) 2-methylnaphthalene

Figure 5.6 Raw scattered images Euvax" y~) .i"f n}phthalene -Kr and
2- methylnaphthalenewlfi’-cix'ﬂlsrcg_l with 266' nrrl'.'F asgr ?xcuatlon
4 e e . --. 7 =
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A .e"'F'-. - o
|
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(b) 2- methylnaphthalene
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'.-|.

Figure 5.7 Scattered images and Newdgﬂdfagnﬁinsfef naphthalene-Kr and

2-methylnaphthalene-Kr collision with 266 nm excitation laser. The images are

the scattered hot naphthalene and 2-methylnaphthalene images I h(vx, vy).

5.3.2 Energy transfer probability density functions
Angular-dependence intensity of the image can be calculated by a MAT-LAB

program, “all_angles”, which is written by C. L. Liu. This program is used to
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accumulate the intensities at different angles and radii from the images. We have

divided the image into 36 parts. Each part contains 10° scattering angle, as shown

in Figure 5.8.

80-100°

170-190° £\ |
\V

Figure 5.8 The energy transfer probability density functions were accumulated at each
10°. The whole image can be divided into 36 equal parts. The forward, sideway,
and backward scattering represent the different scattering angle of 30°- 40°, 80°-
100°, 170°- 190°, respectively.

The energy transfer probability density functions at various scattering angles

are obtained at each 10° from the image and are normalized so that
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[f do?/d0QdE dQdE = 1. The angular resolved energy transfer probability
density functions for naphthalene and 2-methylnaphthalene in collision with Kr
were shown in Figure 5.9-5.11. The small portion of the image in the forward
direction was obscured by the stainless steel stick, so we can only obtain the
energy transfer probability density function at near forward, sideway, and
backward scattering angle, which are at 30°- 40°, 80°- 100°, 170°- 190°,
respectively. Figure 5.9 shows the density*function.of energy down (V — T)
collisions. In order to.compare the shape of the density functions, the probability

density functions at sideway and backward.scattering directions were multiplied
| g
i

by different factors.to have the sameivalucs at JAE = 0. The shapes of

i
1

naphthalene and 2-methy1nal:)hthale1;e- for forward, sideway, 'and backward
scattering have 1o signiﬁéant differénce. In F.igure 5.10,the probability density
functions plotted in the same seale insorder-to compare the absolute values at
large energy down V — T collisions. The probability density functions at
forward region (0°- 10°) were shown here. The signal-to-noise ratio in the
forward direction at large energy down (AEq) collisions is not as good as that in
the sideway and backward directions due to the additional background
subtraction. Most of the forward collisions result in small amount of energy

transfer, but it has a significant contribution in large energy transfer region, too.
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The maximum value of AEy in forward direction is as large as that in backward
scatterings. According to the signal-to-noise ratio, the maximum absolute value
of AE4 is about ~3000 cm™. The maximum absolute values are about the same
for naphthalene and 2-methylnaphthalene. It indicates that the methyl group in

rotationally cold 2-methylnaphthalene does not play an important role in the

large energy transfer AE-dq @]ﬁ?‘ﬁﬂﬁfﬁ@mgns Figure 5.11 shows the
e |"-‘.- =
"I- e . ‘-li.- e -{ .:-

probability denh}g’ functions| oi[‘é'her UﬁEu) CQQ}:
' 2,

Q}F Figure 5.11 (a) and
‘:‘-J
s%gwaﬁnd backward

L

':"**" “éii':"' vy |
dlstrlbﬁhbns are multiplied b +F1 .ﬁ"(-::) égél (d) are
plotted in the sa ring has'i'd_g(tremely

& oy
large dlﬂt_e';;;ﬁlra;l c d'b‘iin cél'hsmns at small
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(a) Naphthalene (b) 2-methylnaphthalene

N

x11.8 (sideway)
x13.4 (backward)

x8 (sideway)
x8.5 (backward)

d*s/dQdE (x10°)

04
0 -1000 -2000 1 -3000 -4000 0 -1000 -2000 1 -3000 -4000

Figure 5.9 Angular resolved V — T(l}) p?ergy t_raPsfer probability density functions.
The green line represe]lts'ﬂear forward 'sc:z{t}_'efiﬁ'-gs (30°- 40°), the blue line
represents sidewaylls'cai:cerin.gl-’@B:f- 100"_’)&1‘1& the red line represents backward

- e

scattering (1_7l~06-' 1 9__@5_1" he si 'kward!."iég_ltterir}gs were multiplied
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Figure 5.10 Angular resolved V = T(R) energy transfer probability density functions.
The green line represents forward scatterings (0°- 10°), the blue line represents
sideway scattering (80°- 100°), and the red line represents backward scattering

(170°- 190°).
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5.11 Angular+esolved T— IV R eneig._;ransilﬁr probability 'dg‘nsity functions. The
green line represents forwar scattéi-rling's (30% 40°), the 1311;16 line represents
sideway scatteriqg- '(;80"- 100°), and the red line eprese}lf_s.backward scattering
(170°- 190°)-1n the upper,row;ithe sideway-and ba’x&kyvard scatterings were
multiplied by some faé?c:a'fs, respectively (as'-g_)howr; in_the figure). In the lower

. B = E
row, all three scatterings are plotted in the same scale.

Relative cross-sections and total cross-sections

Figure 5.12 illustrates the relative cross-section at different angles for both T
to V/R and V to T(R) energy transfer. It can be obtained from sinf multiplied by
the integration of image intensity at every solid angle of n?/81 steradians. The

cross-section of T — V/R is larger than that of V — T(R) at this collision energy
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(~530 cm™).. The result is similar to the naphthalene-Kr scatterings in the

previous study'> @,

Naph-Kr T to V/IR
Naph-Kr V to T(R)

— -=2-MeNaph-Kr T to V/R
e J'—f—fM&NE,ph Kr V to T(R)

1.0 4

0.8 4

0.6 4

do/do (arb.)

Figure 5.12 Angu'l'qr'dep_;c_-ril il \q 9‘-.- ss sec}ﬁons at
Ik, ing 7_3__ N

v B

The total energy pr;)géi)'fliﬁ dgagllt}{i_“q?fgangﬂf' h:z!'ﬁiithalene and
2-methylnaphthalene were obtained from summation of the probability density
functions at various scattering angles directly. The linear extrapolation to the
small portion in forward scatterings, which is obscured due to the blocking of
stainless steel pin was made. It increases the probability by 10~20% in small

energy transfer region. The actual distribution may be different from the linear
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extrapolation; the change of density functions due to the difference from the linear
extrapolation is not likely to be larger than 10~20%. As a result, Figure 5.13
provides a reliable probability density function. The total cross-section was
normalized to be 1 separately in order to compare the shapes of the energy transfer
probability density functions for naphthalene and 2-methylnaphthalene. The total

cross-section of T — V/ R1 g,@tﬁi‘lﬁi{b{:’ rﬁpnéhat of V- T(R) for both

aH -F -J. —L- -'\.J

N
naphthalene-Kﬂmrdﬁ%—methylnap'hthalerrgﬁir scatt%gs,qndlcatlng the energy
& d
transfer flfam T -V/ ore efficient at 's10rﬁ1::ge@ At small
‘!-.- "1!':'."' E,'_-' 'i:\_
T- V}'Rl energy fransfer, A naphthalene has stl'ghtly larger
-..| =~
probahdaty, and r probagi_jity at larger
o oy
V- T(Ra enrey

1"0'-6‘5.'% However, the

e Q0 48
small dlfferér e‘f;u*e (/loj_- ceﬁrtalnfles\I he inset in Figure
1 rl T ) 5, k! 'I .-

5-;:\. .\"'-_.5'-. .-‘-_ - !. 1
5.13 shows the hlgl'r,elilergy ta{l-of energy %‘Hv&?n V —»ﬁ'ﬁER) collisions, and it

s 5i°

demonstrates that there is no 51gn1f£ cant dlfference in the probability of very large

energy transfer, such as supercollisions.
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The total probability density functions-have to be scaled so that the area under
each curve is proportional to the relative absolute total collision cross-sections.
The absolute total collision cross-section o, is related to the ion image intensity,
Simage» the intensity of rare gas beam, I 4y, the intensity of hot molecular beam,

Imole*» the ionization cross-section of molecule in the triplet sate by ionization
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laser photons, 6457, and the ionization laser intensity, I;5, by the following
equation.

Simage & Irarelmole*cco1101571157 (D
Imole* 18 proportional to the intensity of molecular beam, I,,,5e, UV photon

absorption cross-section, 6,46, UV laser intensity, 1,4, and the intersystem

crossing quantum y1el.<ii ?@L"ﬁlﬁ'fﬁ'@!@& o
_ B e G

Imoleb'g-a-s'[ 66

L e

6 By
The ion 1$§r1£y Sic ; llisﬁi;I(‘)lr;?‘i!u'Elﬁoportional to the
£ ai AN

intensity of hot

‘_-“'_:} @ ‘TFI
Combining Eq %‘fﬁ@&the-z!i_-_solute;total:'ﬁ-fl5109lr -section can be
ey ey el

expressed by following equation:

Simage 1

Ocoll X
Sion Irare
Therefore, we only have to measure the ion intensity without rare gas atomic

beam, and the ion image intensity with rare gas beam. That will reduce the

uncertainty in the measurement of each parameter. The ratio of the absolute total
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collision cross-sections for naphthalene and 2-methylnaphthalene can be

expressed by the following equation:

Simage(naph) 1
_ GCOll(naph) _ Sion(naph) Irare(naph)
B Gcoll(rnenaph) a Simage(menaph) 1
Sion(menaph) Irare(menaph)

Simage (naph)

_ Sion(naph)_

Simage (menaph)
Sion(menaph)

Irare (menaph)

Irare (naph)
During the ‘'experiment, we put bothnaphthalene and 2-methylnaphthalene in
the molecular beam, and kept all other experiment cendition the same, such as UV

laser position, beam size, time.delay, and rare gas atomic beam etc. Then we
| g
g

measured the ion image intensity*and.ion intensity for.these two molecules

i
1

alternatively in a relatively s.hort per;'od of time to reduce the systematic error.
The ratio of the a{bsoluter total cross#séetion o.btained for naphthalene-Kr and
2-methylnaphthalene-Kr is 1:08 + 0:05. The green dash curve in Figure 5.13
shows the naphthalene probability multiplied by 1.08. Even though the
probability density functions of naphthalene are multiplied by 1.08, the
probability difference between naphthalene and 2-methylnaphthalene remains the

same due to the small difference in absolute total cross-sections.
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5.4 Discussion

The results of this study allow us to reveal the methylation effects in the energy
transfer of highly vibrationally excited molecules. We have investigated the energy
transfer of rotationally cold; vibrationally hot triplet state naphthalene and
2-methylnaphthalene with Kr.

The methylation effects inienergy transfer of highly vibrationally excited
molecules have beén studied using various meéthods in thermal systems, such as
infrared emission (IRF), UV absorption (UVA), and Kinetically.controlled selective

ionization (KCSI). The average energy transfer.pet collision was provided from these
|
" ——

experiments. However the actual qﬁe.lﬁﬁ_fy—-;they measured i8S the energy loss from the
i
donor molecule as a function of :time. Tl;'en the average energy transfer per collision
was obtained from the measgr!ed energy loss during.a__given period of time divided by
the collision number. In these studies thescollision number is estimated under
assumptions, such as calculation using Lennard-Jones bimolecular collision rate
constants or using the diameters of the molecules estimated from the critical constant.
Although, they can measure the average energy transfer directly, if the collision
number is overestimated, then amount of energy transfer per collision is

underestimated, or vice versa. In the other words, they can determinate the energy

transfer efficiency between different molecules directly, but they cannot distinguish
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the difference is due to the difference of total collision cross-sections, or due to the
difference of the shape of energy transfer probability density functions.

The result in this work provides different information from IRF, UVA, and KCSI
studies. Although we cannot provide the absolute collision cross-sections, the relative
total collision cross-section can be determined by this experiment. Therefore, the
difference in energy transfer efficiency between different molecules is due to the
difference of total ¢ollision cross-sections orin'the shape of energy transfer
probability density functions can be distinguished. Theresults show no significant

difference between the shape of energy transfer,probability density functions, and the
|
" ——

absolute total collision cross-sectiorishﬁ&ﬂiﬁon, no significant difference is
i
evident for very large V. > T er:aergy tr;nsfer, such as supercollisions.

Although there N sigl?i!ﬁoant difference in.th:e ?Pergy transfer probability
density functions and total collision cross-sections between naphthalene and
2-methylnaphthalene, it does not necessary indicate that the methylation effects is
small in these systems. One possibility is due to the rotational effects. The theoretical
calculations® and our previous study'® © have demonstrated that rotation plays an
important role in energy transfer. The initial rotation can enhance both AE; and

supercollisions. However, in this work we only compare the energy transfer of initial

rotationally cold naphthalene and 2-methylnaphthalene. The difference may be very
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large when the molecules are initial rotational hot. In our experiments, we only

measure scattered molecules after single collision. We cannot measure the final

rotational state distributions of naphthalene and 2-methylnaphthalene after the first

collision. However, the considerable difference between final rotational state

distributions of naphthalene and 2-methylnaphthalene is expected to be due to the

. Si Ince the rotational state distributions

'JI'-I:1 %
of naphthalene and . , tylnaphlﬁene aﬂﬁ; first.collision maybe significantly

ey L4,

|'.- s P
£ - ; e | (=]
i SIS, :r_l.'"':-" =
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6. Conclusion
The energy transfer of highly vibrationally excited molecules has been studied

using crossed-molecular beam via time-sliced velocity map ion imaging technique.
The energy transfer probability density functions can be obtained directly from our
experiment. In these few years, we have investigated the energy transfer of azulene,
naphthalene, 2-methylnaphthalene, with various rare gas atoms, and provide some
detailed information about energy trafsfer mechanism. Some factors that we have
studied play an important gole in the energy transfer as well as supercollisions, such as

collision energy and initial rotational énergy. Hewever some other effécts, such as
|
" ——

mass effects, vibrational effects, H/D —.ilﬁ)rt_’ogéferffects, et al..were found to be not
i

important in energy transfer and s:;upercoﬁis,ions. |

In the methylatioil effect§ !experiment, althoug.,h :ch?_re is no significantly difference
in the energy transfer probability-density functions and total collision cross-sections
between naphthalene and 2-methylnaphthalene, it does not necessary indicate that the
methylation effect is small. The measurement of energy transfer of rotationally hot
2-methylnaphthalene in the future is necessary to reveal the initial rotational effects.
Other experiment in energy transfer of the subsequent successive collisions is

necessary to figure out the methylation effects.

Our results of energy transfer probability density functions can be compared to the
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theoretical calculations directly. This in turn will help scientists and theoretists to

develop truly predictive model of energy transfer processes.
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