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Abstract

The photodissociation dynamics of aromatics and biomolecules have been
investigated by multimass ion imaging technique. The photoisomerization and
photodissociation mechanisms of aniline, 4-methylpyridine and phenol were studied.
Various dissociation channels including the ground state dissociation with or without
exit barrier and excited state dissociation along with N-H/O-H bond distance were
observed. The “seven membered ring isomerization” of these aromatic molecules was
discussed and compared with toluene. These series of studies established the basic
understanding of aromatic molecules under UV irradiation. The suggestion of the
deactivation from the optical bright state (= z* state) to the dark state ( repulsive = o*
state) through conical intersection has been made to explain the ultrafast decay
pathway to dissipate the absorbed UV photon energy of aromatic and biomolecules.
The results are the H-atom transfer (proton-electron concerted transfer) on the excited
state or internal conversion to the ground state., The detail studies of photodissociation
dynamics of phenol and 1-napthol was performed to_ test the idea in these chemical
systems. By extending the research'to biomolecules, the chromophores of amino acid
tyrosine and tryptophan:‘were studied. Fhe p=methylphenol, p-ethylphenol,
phenylethylamine and p-(2- amlnoethyl)phenol reveal the affects of “floppy” side
chain and different functional groups (é"g amino and ‘hydroxyl groups) on the
photodissociation dynamics.of these‘chromophores. Likewise, the studies of indole,
3-methyl-indole, tryptoamine.and tryptophén are also-the way to go deep into the
photochemistry issue of ‘amino acid_gradually. The. photodissociation dynamics of
L-tryptophan in a molecular beam and‘its relevance to the origin of life on earth will
be briefly discussed. The photodissociation: of “N-methyl-pyrrole, anisole and
N-methylindole is the another illustration of the non-hydride heteroaromatic
molecules with N-CH3/O-CH; = ¢ * state. 7-azaindole, 2-aminopyridine and
8-Hydroxyquinoline were studied to clarify the repulsive N-H/O-H 7 o* state which
opens up a new aspect to describe the excited-state photophysics of DNA model
compounds.
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Chapter 1. Introduction

The chemical dynamics and molecular spectroscopy of isolate molecules have
been extensively investigated with the techniques of molecular beam and laser light
source. The detail understanding of structures, dynamics and functions has already
being a tremendous achievement in the field of physical chemistry. The attraction of
new techniques applied to the molecules reveals the new horizon for human kind to
pursuit the quest of changing world. Historically, the studies of diatomic and triatomic
molecules were the outset of discovery and the beginning of knowledge of quantum
mechanics of polyatomic species. During the past decays the maturation of laser and
molecular beam techniques combined with the ab initio calculation have proved that
the achievements can be far beyond the imagination of applied chemistry. Naturally,
the treatment of even more complicated species will be the next step. The
photochemistry and photophysics of bio-relevant molecules has been studied with
various kinds of aspects, but mainly. in the condensed phase. The complicated
interaction between solvent'and.solute molecules raises the difficulty to account for
the experimental data in,a simple manner. Definitely, the condensed phase is the main
“playground” of biomolécules. However, the simplification of the studies of
biomolecules in the gas phase has a chance to give a clue to compare with theoretical
calculation in an isolated ¢ondition. It bri;—gé"'ftﬁe‘ wave of studying biomolecules in the

molecular beam and becomes ‘one th *he hﬂ_tv topicé in physical ehemistry nowadays.

Among the vigorous studies, é new paradigm of non-radiative decay in aromatic
molecules which had been proposed by Sobolewski-and Domcke' attracted most of
the interest. The paradigm was from“the results of the ab initio calculation of the
excited state potential of pyrrole, phenol“and indole. They suggested the deactivation
from the optical bright state (x z* state) to the dark state ( repulsive = o* state)
through conical intersection to account for the ultrafast decay pathway to dissipate the
absorbed UV photon energy of aromatic and biomolecules. Moreover, the DNA base,
adenine, had also been suggested to intrinsically photo-stabilized in a similar manner.
The new mechanism raised countless studies in this topic. From February 2002 to
June 2008, it has been cited by 217 papers (from the database of ISI Web of
Knowledge), as shown in table 1.

Journal | Science | JACS JCP JPC A CPL CPC | PCCP | Others
& B

Numbers 5 17 44 41 13 8 33 56
of paper




Table 1. The citation number of the Sobolewski and Domcke’ PCCP paper up to June
2008 (from the database of ISI Web of Knowledge)

i.e. JACS: Journal of the American Chemical Society
JCP: Journal of Chemical Physics
JPC A. & B : Journal of Physical Chemistry A and B
CPL: Chemical Physics Letters
CPC: CHEMPHYSCHEM
PCCP: Physical Chemistry Chemical Physics

One of the topics which had been discussed extensively is the dynamics of
phenol-ammonia cluster. It has been a benchmark example of the excited state proton
transfer (ESPT)” in the gas phase. @ompareito.the proton (H") transfer, the new
H-atom detachment (proton=electron - concerted tramsfer) mechanism which was
supported by experimental® and theoretical "studies recently can be considered as a
revolutionary in the idea -of “photo-acidity” in“wvarious-chemical systems. Similar
arguments had also been arisen in|the 'l-naphthpl-ammonia cluster case. The detail
studies of photodissoeiation dynam;cs'fé'aphenol and ' 1-napthol performed by our
group was described in the chapter 5 ':*ﬁ ‘ =)

Phenol and indole molecules gre the touchstone-molecules of the 7 o* state
along with O-H/N-H bond: Furthermore; they ar:e,also the chromophores of amino
acid tyrosine and tryptophan.” The' stepiby-step. studies of p-methylphenol,
p-ethylphenol, phenylethylamine and p-(2 aminoethyl)phenol reveal the affects of
“floppy” side chain and different functional groups (e.g., amino group) of the
chromophore, as discussed in chapter 6. Likewise, the studies of 3-methyl-indole,
tryptoamine and tryptophan are also the way to go deep into the photochemistry issue

of amino acid gradually. The details will be presented in chapter 7.

The origin of life on earth is a ceaseless question to curious mankind who want
to trace where they come from, just like the homesickness of foreigners. The big
question happened billion years ago left a clue to trace---the homochirality of amino
acids. The amino acids in the human body are only the L-form amino acids, which is
the most significant event that can be pursued. There are various scenarios to explain
the homochirality, including <i> the parity violation in the weak interaction; <ii>
asymmetric adsorption on chiral surfaces; <iii> spontaneous resolution; <iv>
asymmetric photodissociation. The mostly probable scenario is the asymmetric

photodissociation because of the circular dichroism (CD) spectra of amino acids. For



instance, the CD spectra of L-tryptophan have a reverse sign in ~213 nm and ~193 nm
region. The photodissociation dynamics of L-tryptophan at these two wavelengths in a
molecular beam and its relevance to the origin of life on earth will be briefly

discussed in chapter 8.

By extending the research on N-H/O-H 7 o* state, another illustration is the
non-hydride heteroaromatic molecules with N-CH3/O-CHj. The photodissociation of
N-methyl-pyrrole, anisole and N-methylindole at 248 nm and 193 nm has been
investigated using the multi-mass technique. Large recoil velocity of methyl radicals
is observed which indicates the N-R/O-R 7 & * state plays an important role in the UV
photochemistry of biomolecules with this functional group. This topic is presented in

chapter 9.

Excited-state double-proton transfer (ESDPT) has been considered as a model
mechanism of DNA base pair. It has triggered an enormous effort in various filed of
physical chemistry. Here, 7-azaindole, 2-aminopyridine and 8-Hydroxyquinoline were
studied and the results were reported in’ chapter 10.-Experimentally, the clarification
of the repulsive N-H/O-H =z & % state opens up™~a new. aspect to describe the

excited-state photophysicsiof, DNA medel compeunds.

Moreover, the photodissociatign'@ies of aniline _and 4-methylpyridine in
chapter 3 have discovered |a new | phgﬁqr;leria, so=called “seven-membered ring
isomerization”, in the photoisom}etﬁzatioh of | nitrogen "atom contained aromatic
molecules. In chapter 4, another irﬁlportant aromatic molecule, phenol, has also been
studied. The major dissociation channels‘at 193 nm include cleavage of the OH bond,
elimination of CO, and elimination of H>O. Only the former two channels were
observed at 248 nm. The comparison between experimentally measured
photofragment translational energy distribution and theoretically ab initio calculated

potential profile has also been made.

This thesis is not only the reflection of the tendency, the studies of the
photodissociation dynamics of biomolecules in the gas phase, but also the new
development of molecular beam techniques in the area of photodissociation dynamics.
Honored in 1986 with the Nobel Prize, Professor Y. T. Lee developed a so called
“General Type” machine, which composed of a molecule/molecule (or molecule/laser)
crossed-beam and a rotatable detector with electron bombardment to ionize the
neutral species in a ultrahigh vacuum condition (~ 10" torr). The detector is located
at an angle from the molecular beam axis and is displaced some distance from the
photolysis volume. One can measure the velocity (by measuring time-of-flight profile)

and angular (by rotation of detector) distribution of products to elucidate the reaction



mechanism in detail. However, there are some disadvantages. First, the velocities of
the photofragments are measured in the laboratory frame; they have to be converted to
the center-of-mass frame for data analysis. Second, photofragments are usually
ionized by electron impact and detected by the quadrupole mass spectrometer.
Fragments ionized by electron impact easily produce daughter fragment ions through
the fragment cracking due to the high energy of electrons. If the mass of the daughter
ions is the same as that of the primary fragment masses from another dissociation
channel, the data analysis will be complicated due to the interference from the
daughter ions. Finally, only a single mass at a given angle can be detected each time.
It makes the measurement time consuming for large molecules having many product

channels in the photodissociation process.

Another challenge of the large molecule photofragment velocity measurements
is in the studies of UV photodissociation of polyatomic molecules like alkenes and
aromatic molecules. Molecules excited by the UV photons quickly become highly
vibrationally excited in the electroni¢ ground state through fast internal conversion,

and dissociate on the ground state
A + hv — A* (excitation), (1)

A*—A*  (internal conversion), (2). '7-;-_“;,_;_

A*5B+C (dissociation). (Zji)

Here, A* represents molecules in the excited state, and A* represents highly
vibrationally excited moleculesin the eleetronic ground state. The dissociation rates
of these molecules may be very slow and the lifetimes of At are in the microsecond
region. In the conventional ion-imaging techniques and time-of flight mass
spectrometry, the fragment detection is through the multiphoton ionization or VUV

photoionization by the same laser pulse or using a second laser pulse
B + nhv - B™; C + nhv — C" (fragment ionization) 4)

The delay time between the pump and the probe laser pulses is usually very
short in these experiments. The delay time is less than 5 ns when the pump and the
probe laser pulses are the same, and the delay time is as long as several hundred
nanoseconds when the pump and the probe laser pulses are from two different sources.
The short delay time ensures that the fragments flying with different velocities are
equally sampled before they leave the detection region. Since the delay time is much
shorter than the lifetime of the excited molecules (Ai), most of these molecules do not
dissociate into fragments when the probe laser pulse arrives. As a result, the probe

laser can easily cause dissociative ionization of the excited molecules due to their



large internal energy
Af+nhv 5D +F (dissociative ionization) (%)

The photofragment translational energy distributions of the dissociative
ionization [reaction (5)] are different from those of the products obtained from the
dissociation processes [reaction (3)]. However, if the masses of fragments B and D
happen to be the same, the images or the broadening of the arrival time of fragments
B* and D" will be overlapped. These two reactions can not be distinguished from the
images obtained by the conventional ion-imaging techniques or from the broadening
of the features in the time-of-flight mass spectrum. The probability that B and D have
the same value of mass is high for large molecules having many dissociation

channels.

A new idea to measure the product translational spectra was proposed by
Professor Y. T. Lee and the instrument was' constructed in Professor C. K. Ni’s
laboratory”. The goal wasto overcome the difficulties of the other available
techniques mentioned previously--Basi€ally, a'mass-spectrometer with a long entrance
slit and a position sensitive.detectorare combined with a-pulsed VUV laser to detect
the translational spectroscopy,of many differént photofragments simultaneously. The
translational energy spectroscopy is méé;;g_(;d in|the center-of-mass frame, based on
the displacement from the origin q)f the"-ﬁgr;tef-of-mass frame, thus eliminating the
effort of conversion between' the llé‘.lborat‘ory frame and 'the center-of-mass frame.
Fragments are ionized by a VUV laser_pulse| with ‘the photon energy above the
ionization threshold. The VUV photon energy. is" ¢hosen such that the fragment’s
dissociation after ionization is minimized. Long'delay time between the pump and the
probe laser pulses (>10 ps) is used m order to distinguish the reactions between
dissociative ionization and neutral molecule dissociation. Photofragment translational
spectroscopy of many different fragments from large molecules can also be measured

simultaneously, and the data analysis is straightforward.

All of the experimental observations for the present study were taken using the
multimass ion imaging technique in the Chi-Kung Ni’ laboratory of the Institute of
Atomic and Molecular Sciences. The multi-mass imaging technique is able to
measure the complex dynamics of photofragmentation in the aromatic molecules and

biomolecules.
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Chapter 2. Experimental techniques and methodology

. Overview

Detail description of the multi-mass ion imaging technique was given in detail

12,34
elsewhere.'>>

Brief description is given in this chapter. This apparatus consists of a
molecular beam, a photolysis laser beam, a VUV probe laser beam, a mass spectrometer,
and a two-dimensional ion detector. The schematic diagram is shown in Fig. 1. The
molecular beam, photolysis laser beam, and VUV laser beam are perpendicular to each
other. However, the crossing points of the photolysis laser beam and the VUV laser beam
with the molecular beam are not the same. The crossing point of the photolysis laser
beam with the molecular beam is several centimeters upstream with respect to the
crossing point of the VUV laser-with the molecular beam. Molecules in the molecular
beam are photodissociated by a photolysis laser pulse. Due to the recoil velocity of
dissociation products and center-of=mass velocity, 'the. fragments are distributed on an
expanding sphere on their flight.to the.ionization.region, and are then ionized by a VUV
laser pulse. The distance and time delay-betweemthe VUV laser pulse and the photolysis
laser pulse are set such that the time de‘ﬁ"-matphes with the arrival of undissociated
molecules. This time delay ensures that the ~YUV laseribeam passes through the center of
the fragment sphere and, therefore, theEfragfﬂént’s velocity distribution is measured in the
center-of-mass frame. The VOV lasd::r‘ pulse genefates a segment of photofragment ions
along the laser path through thé-¢enter of fragmenir sphere by photoionization. There
could be many fragment ions of different masses. within this segment according to the
photodissociation mechanisms of parent molecules. Each fragment has its own intensity
distribution along the segment. The length of the segment is proportional to the fragment

recoil velocity in the center-of-mass frame multiplied by the delay time.



Fig.1. Schematic diagram of the multimass ion imaging system. (1) Nozzle, (2) molecular
beam, (3) photolysis laser beam, (4) VUV laser beam, which was perpendicular to the
plane of the paper, (5) ion extraction, plates, (6) energy analyzer (7-9) simulation ion
trajectories of m/e = 16, 14, and 125 respectivelyy. and (10) two-dimensional detector,
where the Y axis is the mass-axisiand the X axis (perpendieular to the plane of the paper)
is the velocity axis. | |

e
- ’-"_

After the ions have been generalte:d byizhe VUV laser pulse, a pulsed electric field is
used to extract the ions into_a mass‘t §pectrometef in order:to separate different masses
within the ion segment. The entrance ‘ofithe mass-spectrometer has a long slit parallel to
the VUV laser beam to accept the ions produced at various positions in the line of VUV
laser irradiation. The mass spectrometer basically is a radial cylindrical energy analyzer.
In this instrument, the pulsed electric field used to extract ions is very short so that the
electric field is turned off before any ions leave the extraction region and enter into the
energy analyzer. The momentum, P, of the ions obtained from the pulsed field can be
expressed by the following equations:

;“Zf .""{Z!:J ma dt= f m(q;‘:}"m}a.’l:f gk dt. (1)

Here, m is the mass of the ion, a is the acceleration of the ion by the electric field E in the
extraction region, ( is the charge of the ion, and F is the force. The range of time t in the
integral is equal to the duration which the ion is accelerated by the electric field. In
conventional time-of-flight instrument, the electric field is turned on all the time when

ions travel through the extraction region. Because different masses require different time



to travel through the extraction region, the range of time t in the integral of Eq. (1) is
different for different masses. Thus, the momentum obtained from the electric field is
different between different masses, though the energy is the same. However, in our
instrument, the pulsed electric field is turned off before any ions leave the extraction
region, thus the range of time in the integral of Eq. (1) is the same for all masses.
Therefore, all the ions will be accelerated to the same linear momentum along the
direction of the field. In other words, the ion’s translational energy that is obtained from
the pulsed electric field is proportional to the reciprocal of the fragment’s mass. Different
fragment ions entering the radial cylindrical energy analyzer can be separated according

to the difference of energies obtained from the pulsed electric field.

Since the VUV laser beam passes through the center of the fragment sphere,
fragments ionized by the VUV laser have the recoil velocity in the direction of the VUV
laser beam axis. These recoil velocities would not ‘be affected by the pulsed field or the
energy analyzer. During the flight through the energy analyzer, the length of the fragment
ion segment generated by the VUV laser keeps expanding according to the fragment
recoil velocity. Meanwhile, 1ons'of different masses startiseparating from each other in
the energy analyzer. At the/ exit jport lof the energy, analyzer, a 7 cm x 8 cm
two-dimensional ion detecter i8 used to de‘f"é-a—'the 10n position and intensity distributions.
In this two dimensional detectory one diret:tion is the recoil welocity axis (X axis, as
shown in Fig. 1) and the other 18 the mass axis (Y axis, as shown in Fig. 1). The recoil
velocity distributions in the Center—é)f-mass framé of many, different fragments can be

obtained simultaneously from the position and intensify distributions of the image.

The change in distance between the erossing points of the photolysis laser and VUV
laser with a molecular beam has to match with the delay time between these two laser
pulses, according to the velocity of the molecular beam to ensure the ionization laser
passes through the center-of-mass of the products. This adjustment also changes the
length of fragment ion segment in the image. The relation between the length of the ion
image and the position of the photolysis laser is shown in Fig. 2. If the molecules are not
dissociated after the absorption of the photolysis photons, those molecules with a large
internal energy will stay within the molecular beam. They fly with the same velocity to
the ionization region and are ionized by the VUV laser, resulting in dissociative
ionization. The ion image from the dissociative ionization is very much different from the
fragment image due to the dissociation products of neutral molecules. The image from
dissociative ionization is a 2D projection of the photofragment ion’s 3D-recoil velocity

distribution. It is very similar to the image from the conventional ion imaging techniques



and is a disk-like image. With the VUV laser fixed in position, only the intensity of the
disk-like image changes with the delay time between the two laser pulses, but the size of
the disk-like image would not change with the delay time. Therefore, the ion image
resulted from the dissociative ionization can be distinguished easily from the image
resulted from the dissociation products of the neutral molecules by the shape of the
image.

detector
VUV laser beam— t\

molecular beam
photolysis laser

/ position I

b
gkj\u;

photolysis laser
position IT

o,

5 t1 £ w
I~ I

Fig. 2. Relationship between the‘lengths-ef the line, shape images, resulting from different

photolysis laser positions and/the disk-like-image from the dissociative ionization. [1]
represents the crossing point for the ﬁlOlhc“é-}.lTaf“ beam and the VUV laser beam, where
dissociative ionization ‘oceurs. [2] ELl | [3] represént the lengths of the fragment ion
segment created by the VUV .laser photmomzatlon from, two different photolysis laser
positions. [4] and [5] represent the lengths of the fragment ion image on the detector from
two different photolysis laser positions:f6] represents the disk-like image. t; and t, give
the two different delay times between the photolysis laser pulse and the VUV laser pulse.

At is the flight time in the mass spectrometer.

I1. Vacuum chamber, molecular beam, and laser beams

The vacuum chamber consists of a source chamber, a differential pumping chamber,
and a main chamber. The molecular beam is formed by the supersonic expansion of gas
through a pulsed nozzle. It is then collimated by two skimmers, and enters the main
chamber. The molecular beam first interacts with the photolysis laser beam in the main
chamber, and then with the VUV laser beam. The VUV laser beam is generated by
frequency tripling or four wave mixing of UV/ visible (VIS) laser beams in rare gas.
After the generation of VUV radiation, the coaxial UV/VIS and VUV laser beams are

sent to a homemade vacuum monochromator to separate the VUV laser beam from the
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UV/VIS laser beam. The VUV laser beam alone is sent to the ionization region. A
concave grating with 1200 1/mm and radius of 114 cm is used in the vacuum
monochromator. The distances are set such that the focal point of UV/VIS laser beams is
120 cm away from the grating. The concave grating refocuses the expanding VUV
radiation onto the molecular beam, which is 82 cm away from the grating. The grating is
set near the normal incidence (18°) and the first order of the VUV radiation from the
grating is used, as shown in Fig. 3. The crossing position of the molecular beam with a
VUYV laser beam is fixed. However, changing the position of the photolysis laser beam
can change the crossing position of the photolysis laser beam with the molecular beam. In
general, the distance between these two crossing points is set to be long for the detection
of fragments with a small recoil velocity, whereas it is set to be short for the detection of

fragments with a large recoil velocity.

Concave grating

monochromator
355 nm

118 nm _
VUV lager

pulsed nozzle
skimmers B

Aﬁ’ =
Bl | sA

A%,

Photolysis
laserbeam

He cell

AMolecular heam

355 nm
(from THG of Nd: TAG laser)

Fig. 3. Schematic diagram of VUV laser generation and monochromator setup. Focus the
355 nm laser by a UV lens (f = 20 cm) into a Xe cell (~ 10 torr) to generate 118 nm VUV
laser. Then, separate the 355 nm and 118 nm by a concave grating and refocus the 118

nm VUV laser onto the molecular beam.

In general, the generation of molecular beam is generated by bubbling carrier gas
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(rare gases, including He, Ne, Ar, Kr) through a glass sample cell. We used this method
for the compounds in liquid phase under normal condition (1 atm., room temperature). If
the samples are solids, a metal sample cell was used. It is maintained at high temperature
in order to have sufficient vapor pressure from the solid phase. Both sample cells were
placed outside the vacuum chamber and the mixture of sample vapor and rare gas was
transferred through a heated sample line into a pulsed nozzle in the vacuum chamber. The
mixture is then expanded through a pulsed nozzle to form a molecular beam, as shown in
Fig. 4(a). The temperature was gradually increased from the sample cell to the nozzle in
order to prevent condense of sample in the sample line, moreover, to reduce the

formation of clusters in the molecular beam.

Some biomolecules have very low vapor pressure. Some functional groups of these
molecules are reactive to the material of sample line and nozzle. For example,
compounds with amino group will react with the, O-ring and the metal of sample transfer
line. We found that the O-ring got damaged and the rush happened on the metal surface.
To reduce these problems, we design an oven attached onto the front of the nozzle to
minimize the contact time of'the sample gas with the reactive components, as shown in
Fig. 4(b). A long plunger has been madé_‘;ggr :the purpose to control the exit port of the

= 1| .
oven. The pulsed nozzle (General Valx;’/e,-,ﬁes" 9) was modified so that the plunger can

|

extend to the oven. The oven is mainh)imadtl by stainless steel. There is a glass container
inside the oven and polymer coatin$ ‘

n the most of the metallic surface, including the

. . i1
plunger and oven. But there isistill some metallic surface exposures to the sample gas.

(3) Inside Vacuum @  Outside Vacuum

Sample transfer line -

_| Sample cell

(b)

Long plunger General valve

Supersonic expansion
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Fig. 4. Schematic diagram of different nozzle setup. (a) Typical setup for generation of
molecular beam. (b) Special design for putting the sample in a oven attached to the

general valve.

The decomposition of compounds still occurred. For example, tryptophan and
tryptoamine thermally decomposed with CO, and CH,NH; loss respectively, as shown in
Fig.5. After heating up the oven, the black and sticky substance, like bitumen, was found
and bound on the metallic surface. In order to dissemble the oven, the menthol was used
to dissolve the bitumen. The bitumen was only found on the metal surface. The glass
container and the surface coated with polymer had no such substance. Moreover, the

bitumen stuck on the exposed metal surface due to the ablation of coated polymer after

heating.
Os, -OH
hH 3
hHg
| B N metal .y
P —_— . COy
H A b

MH-
metal T
Pl A H
H

Fig 5. The thermal decomposition of tryptophan and tryptoamine in a metal oven.

A suspect is raised naturally: according to the above observation the metal surface
might play a catalytic role when heating up these samples. Additionally, T. Hashimoto et
al’ suggested the construction of the oven with plastic polymer. They can generate an
amino acid, L-phenylalaine in a molecular beam and detected the parent molecules by
resonance enhanced multiphoton ionization spectroscopy. Thus, a non-metallic oven

might be the solution.
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Fig 6. Schematic diagram of non-metallic ovens (type I and type II) attached to the

nozzle.

Fig. 6 shows two types of non-metallic ovens which we have constructed. Type I
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was made by graphite or ceramic. The high-density graphite that we need is not dense
enough and it causes a leak. It needs to use with caution because the oven made by the
machine-able ceramics is fragile. In addition, the heating coil can only be clamped on the
oven; hence the heating efficiency is not good. Type II was made by stainless steal and a
graphite cup was inserted inside. The oven is mechanically strong outside and chemically
inert inside. The heating efficiency of Type II oven is much better because the welding of
the heating coil on the oven can be made. The front surfaces of the pulsed valve in both
types are covered by a polymer sheet (Heated nozzle p2, made by polyimide) and an
extended polymer plunger (Heated nozzle tip, made by polyimide) was used. The
performance of the non-metallic oven in the experiment of DNA base, adenine is shown
in Fig. 7. Only the parent mass was detected when the non-metallic oven at 110°C was
used. On the other hand, the seriously thermal decomposition occurred for the metallic
oven when the temperature was just.inereased to~ LO0'C. It shows that a molecular beam
containing biomolecules can be produced from.the nen-metallic oven in front of the

nozzle. In this thesis, most of the biomelecules were studied using this non-metallic oven.

1500 1500

. . —— With non-metalic oven
—— Without using non-metalic oven

MH

1000 1 _—
QL

Adenine

1000+

500+

A

20 40 60 80 100 120 140 20 40 60 80 100 120 140

mass (a.m.u.) mass {(a.m.u.}

500+

Intensity (arb. unit)
Intensity (arb. unit)

Fig 7. The time-of-flight mass spectrum of DNA base, adenine was proved by 118 nm
laser. It shows that the validation of the non-metallic oven to generate a bio-molecular

beam.

I11. Mass spectrometer

One of the key components in the system is the mass spectrometer. Fragments are
ionized by a VUV laser pulse between a pair of plane parallel-plate electrodes (6 x 14
cm). One of the plane electrodes has a slit of 1 x 10 cm, which is covered by a metal
mesh. The slit is parallel to the VUV laser beam and is the entrance of the mass

spectrometer. lons are accelerated by a pulsed electric field present between the plane
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parallel-plate electrodes, and pass through the slit before they enter the mass

spectrometer.

The mass spectrometer is a homemade radial cylindrical energy analyzer. A radial
electric field is produced by an electrical potential applied to the inner and outer
concentric cylindrical electrodes. The radii of the outer and inner electrodes are 26 and 18
cm, respectively. In order to reduce the fringing field effect, fifteen U-shaped concentric
cylindrical electrodes, which are mounted on two grooved parallel ceramic plates, are
placed in equal distance between the inner and outer cylindrical electrodes, as shown in
Fig. 7. The distance between these two parallel ceramic plates is 12 cm. The voltages of
these concentric cylindrical electrodes Vi with a radius R; are related to the central

concentric cylindrical electrode voltage V, with a radius Ry by the following equation:

I'rf = I’r[) +2 I,[) ]n( JRJ ’/'RU) .

The cylindrical electrodes subtend an:angle -of 127.3° to. obtain first order focusing.
However, this focusing condition is valid only forthe-incident ion kinetic energy related
to the central cylindrical electrode voltage Vo by E='qViy, where E is the ion kinetic
energy, in which the velocity 1s/in the plar_le;: hperpendicular to the VUV laser beam.

At the exit port of the energy analyzgjl%'frine tungsten wires of 30 mm diameter are
spot welded on every other concentiié cylindrical electrode;-as shown in Fig. 8. These
wires effectively reduce the fringipé field and; also provide high ion transmission
efficiency. An 8x 10 ¢cm metal ‘mesh, hayifig.a \}oltage equal to the central cylindrical
electrode voltage, is placed between -the analyzer exit port and the two dimensional
detector to reduce further the fringing field effect. Tons from the exit port of the energy
analyzer pass through this mesh and fly to the detector. The detector is an assembly of
z-stack microchannel plates and a phosphor screen. Signals are recorded by a

charge-coupled device (CCD) video camera, and are accumulated in the computer.

(el
___.-uﬁiiiiiﬂ?ll—ﬂ'ﬁ’ﬁf_;l_iﬁﬁj‘?-- .
AR AR <l
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Fig. 8. Exit port of the energy analyzer: (1) stainless steel plates to support the ceramic
plates, (2) grooved ceramic plates to support the concentric cylindrical electrodes, (3)
inner cylindrical electrodes, (4) 30 mm diameter tungsten wire, (5) a total of 15
concentric cylindrical electrodes separated equally between the inner and outer

cylindrical electrodes, and (6) Outer cylindrical electrode

IVV. Methodology

After decades of development, the photofragment translational energy measurement
has been recognized as a powerful method to investigate the reaction mechanism. Mutual
interaction between atoms, which is rationalized in terms of potential energy surface,
binds them together as a molecule. The basic idea of this method is to measure the
photofragment recoil velocity in order to justify the potential surface that the fragments
pass through. In other words, breaking the molecules into pieces and the measurement of
the recoil velocity actually is a waysto understand “the" potential energy surface. Brief

description of the methodology isigiven below.

| —

A. Ground state dissociation withoui anvexitbarrier

| | uﬁ'

Internal conversion [(I1C) of;' jthe ‘ii}‘itially prepared excited state yields a
microcanonical ensemble of .Vibratioﬁal states on the“ground state potential energy
surface (PES). In the absence of a barﬁer, unimolecular dissociation of a microcanonical
ensemble can be treated classically in“terms of Liouyille’s theorem; a system with an
equilibrium distribution in one part ‘of phase space evolves with an equilibrium
distribution in other parts of phase space, so that all parts of an undivided phase space are
in equilibrium. The consequence of this is that energy is randomized with equal
probability among all vibrational levels (up to the fixed excitation energy) and all product
states have an equal population probability. It means that the intramolecular vibration
energy redistribution (IVR) is completed. As a result, the photofragment translational
energy distribution is monotonically decreased as the translational energy increase and

the most probable translational energy is close to zero, as shown in Fig. 9. and Fig 10.
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Dissociation
{Slow)

Infra-mole cular vibration energy redistribution (IVR) completely
The photofragment translational energy distribution-- *“Statistically”

Fig. 9. Ground state dissociation mechanism without exit barrier.
F it
=
Photofragment translational energy élistribution
CeHzNH, — C;H; + NH,
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o
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Translational energy (kcal/mol)

Fig. 10. The photofragment translational energy distribution of C¢HsNH, — C¢Hs +
NHo.

B. Ground state dissociation with an exit barrier

The presence of a barrier along the reaction coordinate of the ground state surface
forms a dynamical bottleneck, which divides phase space into reactant and product
regions.® The energy available to products can be divided into two independent
reservoirs:  statistical and impulsive energy reservoirs. There is the available energy in

excess of the barrier, and the other is the barrier height with respect to the exit valley. As
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a result, the photofragment translational energy distribution is peak away from zero. The
peak position can be very close to the barrier height in the case of late barrier, as shown
in Fig. 11 and Fig 12.

Ground state dissociation over a barrier

L C.
(Fast)

Exit barrier

Fig. 11. Ground state dissociation over a Barrier'-ih the exit valley.

Photofragment translational energy distribution
CiHNH, — C.H, + NH,

2.5

— [
o =
I I

Probability (arb. unit)

Translational energy (kcal/mol)

Fig. 12. The photofragment translational energy distribution of C¢HsNH, — C¢Hy +
NH;,

C. Repulsive excited state dissociation

Molecules excited by UV photon are promoted to the electronic excited state.

Because the transition occurs “instantaneously”, i.e., much faster than the nuclear motion,
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the molecule does not change its shape during the transition. In general the molecules on
the excited state right after excitation are not in the equilibrium structures. If molecule is
on the steep slope of a repulsive excited state, dissociation occurs quickly. Even if the
initial excited state is a bound state, molecules could cross over to a repulsive excited
state through conical intersection between potential surfaces. This 1is called
“predissociation”, as shown in Fig.13. The peak of photofragment translational energy
distribution is far away from zero and the maximum translational energy can reach the
maximum available energy. For example, photodissociation of phenol at 248 nm is given
in Fig. 14.

rdissociatio

\

LAY

Fig. 13. Predissociation | ,
. |
l \ il

Photofragment translational energy distribution
C,H-OH + I 248 nm) - C;H.O + H
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= 03] >
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05
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0.3
0.2
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Translational energy (kcal/mol)

Fig. 14. The photofragment translational energy distribution of CéHsOH — C¢H4O + H.

The correspondent multi-mass ion image of aniline at 193 nm which dissociates in
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the ground state with or without barrier has shown in Fig. 15. The photodissociation of
aniline (m/e = 93) at 193 nm has two channels on the image: one is C¢gHsNH, — C¢Hs
(m/e = 77) + NH,, ground state dissociation without barrier; another is C¢HsNH, —
Ce¢H4 (m/e = 76) + NH;, ground state dissociation with an barrier. The m/e = 78 is the

naturally abundant C,3 isotopomer of C¢Hs.

m/e

76 | — . | —
77
78 .

Fig. 15. The multi-mass ion image of aniline at 193 nm. The delay between pump laser

(193 nm) and probe laser (118 nm) is 14 ps.
The multi-mass image clearly shows that the centé'r-of—mass velocity distribution of
different channels smmltane@usly The fast recoﬂ velocity- of m/e = 76 reveal a “hump

shape” image and the slow one shows a lﬁ’),e shzﬁ)_e 1}nage

H '-" MY
The image from predissociati 1@6}2&1 1L1 Fig/ 16* The photodissociation of
phenol (m/e = 94) at 248 nm in diffei: t dem tll’l’l# C6H50H — C¢Hs0O (m/e =93) + H.

The line image increases the length ‘f gréduallyk) comes.a “hump shape” image due to

the fast recoil velocity of photofragme

m'e Veloci lt\ axis

93+

o4}

95|

_—
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94
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Fig. 16. The multi-mass ion image of phenol at 248 nm. The delay between pump laser
(193 nm) and probe laser (118 nm) are (a) 53 ps and (b) 95 ps.
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In summary, we describe the main idea of the multi-mass ion imaging techniques
and the experimental setup, including the molecular beam, VUV laser and detection
scheme. A brief introduction of the methodology of photofragment translational energy
distribution is also given. The following chapters will present the studies of various

aromatic molecules and biomolecules separately.
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Chapter 3. The photodissociation and photoisomerision of aniline and
4-methyl pyridine

Abstract

Photoisomerization and photodissociation of aniline and 4-methylpyridine at 193
nm were studied separately using multimass ion imaging techniques. Photofragment
translational energy distributions and dissociation rates were measured. Our results
demonstrate that more than 23% of the ground electronic state aniline and 10% of
4-methylpyridine produced from the excitation by 193 nm photons after internal
conversion isomerize to seven-membered ring isomers, followed by the H atom migration
in the seven-membered ring, and then rearomatize to both methylpyridine and aniline
prior to dissociation. The significance of this isomerization is that the carbon, nitrogen,
and hydrogen atoms belonging to the alkyl or amino groups-are involved in the exchange
with those atoms in the aromatic ringduring the 1Somerization.

Introduction e

-

The UV fluorescence quantum Eyields-ﬁ)f most aromatic.molecules decrease rapidly
with the increase of photon energy.t%**>“For these molecules, the most characteristic
monomolecular processes inthe condensed phase -after excitation to the S, state is
photoisomerization with formation:-of.the derivatives of fulvenes, benzvalenes, Dewar
benzenes, and prismanes, as well as isomerization with a change of the alkyl substitute’s
position in the aromatic ring.® " ¥ 9% The generally accepted view is that
photoisomerization of this kind proceeds by the intermediary formation of isomers like
fulvene, benzvalene, and Dewar benzene with their further rearomatization. It has been
suggested that all isomerization processes of benzene and its alkyl derivatives can be
described in terms of ring permutation.** Fig. 1 shows some of the ring permutations of
benzene and xylene. Note that not only the positions of the alkyl group can be changed
during the ring permutation isomerization, but also the carbon atoms within the aromatic
ring can be exchanged during the ring permutations. One important characteristic of the
ring permutation is that the carbon and hydrogen atoms belonging to the alkyl group are
not involved in the exchange with those atoms in the aromatic ring. The ring permutation
has been observed in benzene and alkylsubstituted benzene in the condensed phase and
the gas phase after the excitation to the S; state. ****** Similar ring permutations were

23



also used to describe the isomerization of nitrogen containing heterocyclic aromatic

molecules.*>%

(a)

O- - O
O 1]~ -

L]

- - -0

-

(b)
CH3 Hs CH;
r,@CH3 I\( I CH; r\@
4 \1# 4 CH;

Fig. 1 Some of the isomerization‘pathways of benzene and Xxylene through ring
permutation. : =

|

In contrast to the photaon emissi&o‘ and!i_somerization folfowing the excitation to the
S, state, no UV fluorescence™®..or istherizafion has been-observed after the excitation to
the S, state. Photodissociation- after fnternal conversion.to the ground state was found to
be the major channel in the S, state” for benzene and alkyl-substituted benzene. All
dissociation mechanisms of benzene and..alkyl-substituted benzene, including toluene,
and xylene, ethylbenzene, and propylbenzene after the 193 nm excitation to the S, state
have been interpreted as the direct C-H bond or C-C bond cleavages after the internal
conversion to the ground electronic state,:20:#1:22:23:24.25.26.2T o the other hand,
photochemistry of heterocyclic aromatic molecules in the S, (n =  2) state has received
little attention. Not much information about the photodissociation of heterocyclic
aromatic molecules is available.

Under collisionless conditions, energy in the molecules is conserved (except the
deactivation by photon emission) and molecules would not be deactivated and stabilized
through the isomerization. If the initial photon energy is larger than the dissociation
threshold and no photon emission occurs, molecules eventually dissociate into fragments.
However, the dissociation rate and dissociation channels after isomerization can be very
different from that of molecules before isomerization.
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Photodissociation of ds-toluene at 193 nm in a molecular beam was studied.?® In
addition to the major dissociation fragments, C¢HsCD,, Cg¢Hs and CD3; from the
dissociation of CgHsCD3 — CgHsCD; + D and C¢HsCD3; — CgHs + CD3, observations of
the heavy fragments C;H4D3, C¢H4D, C¢H3D2, and CsH2D3, and the corresponding lighter
fragment partners, CD,H, CDH,, and CHzas shown in the figure 2, suggest the existence
of the other dissociation channel, i.e., isotope exchange prior to dissociation. The
respective fragment ratios for CH3:CH,D:CHD,:CD3 are 5.6+0.9:9.5+ 0.2:6.2 +1.1:100.
Translational momentum matches of two fragments in each dissociation channel further
confirm that each fragment pair, C¢Hs and CD3, CgH4D and CD;H, C¢H3sD, and CDHy,
CeH2D3 and CHg, is from the dissociation of CgHsCDs.

VCIULILY MALD

(a) IR =L T Mass 15, CH,
R - Mass 16, CH,D
s . Mass 17, CHD,

155, 13, CD;

(b) -

fMass 77, C H;
Mass 78, C;H,D
Mass 79, CH,D,
Mass 80, C;H,D,

Mass Axis

Mass 93, C;H,CD,

. Mass 94, CgH,DCD,
(0 Mass 95, C,H.CD,
Mass 96

(©)

Fig. 2 Photofragment ion images of C¢HsCDs in three different mass regions. The image
of mle 76 in part b results from two-photon dissociation. The parent molecule m/e 95 and
mle 96 and 97 due to the *3C natural abundance are also shown in image c.

Photodissociation of CgHs*CH3; was also studied. In addition to the major
dissociation channel, C¢Hs"*CD3 — CgHs + *CHs, the observation of *CCsHs and CHs
indicates that the methyl carbon atom is also involved in the exchange with aromatic
carbon atoms prior to dissociation. The experimental ratio of fragments CHs:**CHj is
21:100.

Our observation of a small amount of CD,H, CDH, and CH3; and their heavy
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fragment partners, C¢HsD, CeHsD,, CsH,D3, from the dissociation of CgHsCD3 clearly
indicates that direct C-H bond and C-C bond cleavage is not the only dissociation
mechanism. Another dissociation mechanism must exist, which allows for the exchange
of D atoms in the methyl group with H atoms in the aromatic ring prior to dissociation.
The small amount of CHs resulting from CgHs **CHs dissociation indicates that not only
are hydrogen atoms involved in the scrambling, but also that carbon atoms in both the
methyl group and the aromatic group are involved in the exchange. The translational
energy distributions measured from various isotope-substituted fragments were found to
be very similar. They indicate that those molecules entering the other channel for isotope
exchange must isomerize back to toluene before dissociation. The results can not be
explained by the existing isomerization mechanisms for aromatic molecules, i.e., ring
permutation, because the ring permutation involves only hydrogen and carbon atom
exchange within the aromatic group.

A reasonable isomerization mechanism that explains the experimental results is the
isomerization from a sixmembered ring (toluene) to a seven-membered ring
(cycloheptatriene). After isomerization.to a seven-membered.ring, isotopic scrambling of
the H/D and carbon atoms /occurs .through~H' or D, atom migration around the
sevenmembered ring. In the end, the rearomatization of cycloheptatriene to toluene and
the subsequent dissociation through C-C -?‘_o‘ond cleavage . results in the formation of
fragments CD,;H, CDH; and CHs, and their-heavy: fragment partners, CgH4D, CgH3D»,
CeH,D3CH. The same mechartism can be used to explain the formation of the respective
photofragments CHa, *CHa, CeHs. CsCHs from the ‘dissociation of CsHs *CHs. This
particular isomerization pathway is supported by ab-initio calculations.

Similar H and D atom exchange prior to dissociation was also observed from the
photodissociation of dg-mxylene at 193 nm in a molecular beam. In addition to the major
dissociation products, C¢H4CD3CD,, CsH4,CD3, and CD3 from D atom elimination and
C-C bond cleavage, various isotope substituted fragments, including CgHsDs, C7H3Dy,
and C;H;Ds, and some of their light fragment partners, CD,H and CDH,, were also
observed. The isomerization mechanism that was described in a previous section can be
used to explain the observation from d6-m-xylene. This six-membered ring to
seven-membered ring isomerization in xylene is also supported by ab initio calculations.

In this work, we extend the study to photoisomerization of aniline and
4-methylpyridine. The results suggest that the isomerization from six-membered ring to
seven-membered ring after internal conversion also plays a very important role in
nitrogen atom contained aromatic molecules. A comparison of 4-methylpyridine and
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aniline with potential energy from ab intito calculation and toluene has been made.

Experimental

The experimental techniques have been described in chapter two and only a brief
description is given here. Aniline or 4-methylpyridine vapor was formed by flowing
ultrapure He (or Ne) at pressures of 500 Torr through a reservoir filled with liquid sample
at 20 °C. The aniline/He or 4-methylpyridine/He mixture was then expanded through a
500 um pulsed nozzle at 50 °C to form a molecular beam. Aniline (99.8%), d5-aniline
(99%), and 4-methylpyridine (99%) were purchased from Acros Organics.
d3-4-methylpyridine (98%) was from Aldrich. These chemicals were used directly
without further purification. The amounts of impurities were checked by both TOF mass
spectrum and NMR spectroscopy. Mass spectrum shows that the total ion intensity of m/e
values other than that of parent molecule“is. less ‘than 1% in both aniline and
4-methylpyridine. In addition, NIVIR spectroscopysshows-that no 4-methylpyridine can be
detected in aniline, and no aniline.can'be detected in‘the 4-methylpyridine (less than 0.3%
according to the S/N ratio of'the spectrum), |

[
—

Results
l. Aniline

Figure 3 shows the photofragmention images of aniline. Fragments of m/e = 92, 91,
90, 78, 77, 76, 17, and 15 were.observed. The study of photolysis laser power
dependence in the region of 1.2~10 mJ/cm?® showed that m/e = 90 was due to the two
photon dissociation and all the other fragments were from one-photon dissociation.
Fragments resulted from multiphoton dissociation will not be discussed in this work.
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Figure 3. Photofragment ion images of-aniline in-three différént mass regions. (a) mle =
15~17, (b) mle = 75~94, and (c) 91~95. Tne..puﬂm énd probe delay time between two
laser pulses were 2.5, 15, and 83 s, re pecpmy ',I'Ille delay time in (c) was very long
such that the fragment mle = 91 flight out oﬂhg dqte;ctlon reglon
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Images of mle= 92, 91,.77;-and 76 represent four major dissociation channels of
aniline, i.e., H, Hz, NH,, and NH3eIimi‘n'ations, respectively. Some of the light fragment
partners with ionization potentials lower than the VUV photon energy were observed, as
presented in Figure 3a. In addition, the image intensity of m/e = 78 is 2.8 times larger
than that of **C isotope of m/e = 77, indicating the existence of fragment CsNH,. It
corresponds to the minor dissociation channel of CHjz elimination. This channel can be
further confirmed by the observation of its light fragment partner CHs, as shown in
Figure 2a. The momentum matches between the heavy and light fragment partners also
exclude the contribution from three-body dissociation, like the dissociation of clusters, or
the contribution from cation dissociation. Some fragments corresponding to the ring
opening dissociation channel like m/e = 66, 54, 53, 52, 41, 40, and 39 were also observed.
However, they were all very small and will not be discussed in this work

28



[F}

o

<! -
] -
=
Fos E
£os 2
Z z
® 0. E
f ]
=0z -4
e a
X
0 10 20 30 40 £0 &0 TO €0 ) =0 0 30 30
Translational energy [ kcal/mol) Translational energy [keal fmol)
20
©
(e) 2ol @)
- 5 ,.:
-~ t -
= 1.5k
£ o LA
el l
2 £
I s
m= 0.5 -
= Q.
3 | T
= -9
& o0 0.0
1] 20 40 GO 0 0 0 a0 @
Translational energy [keal/mol ) Translational energy (kcal/mal)
20 (e)
= .
= I3
=
g
Zos
<
=3
Q.
o0 l
0 20 0 &0

Translational energy (kealf/mol )

o l ‘L ?i \
Figure 4. Photofragment translational energy-distributions of (a) CsHsNHz — CsHsNH +

H, (b) CeHsNH,; — CgH3zNH, + Ha, (C) CéHsNHz = CgHs + NH,, (d) CeHsNH, —CgH4 +
NHjs, (e) C¢HsNH2; — CsNH,4 + CHs. Arrows indicate the maximum available energies in
each dissociation channel.

Photofragment translational energy distributions obtained from the image are
illustrated in Figure 4. Translation energy distribution of H atom elimination shows two
components. The ratio between the fast and slow components is about 3:1. For the slow
component, the average translational energy release is small and the probability of
fragment translational energy distribution decreases monotonically with the increase of
energy. These are the typical characteristics of the dissociation from hot molecules. On
the other hand, the average released translational energy for the fast component is large,
and the peak of the distribution is located at 24 kcal/mol. It must result from a repulsive
state, or a state with a large exit barrier. Image intensity profiles of m/e ) 92 at the
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photolysis laser polarization parallel and perpendicular to the VUV laser beam are shown
in Figure 5. They have the same shape and intensity, indicating the isotropic fragment
distribution of both the slow and fast H atom components.

150

100

Intensity (arb.)
3

0 100 200 300 400 500

CCD Pixel
Figure 5. Image intensity profiles of mfe~= 92 atithe photelysis laser polarization parallel
(thick solid line) and perpendicular (thirrsolid line) to the VUV laser beam.
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Two-component translational | energy="distribution ‘Was also observed in H,
elimination channel. The ratio’ betwéen the fast and slow'components is about 10:1. For
the NHs, CHs, and NH, eliminations,. however,. there' is only one component in the
translational energy distribution. A dissociafion rate of (4.5 + 1) x 10° s was obtained
from the mle = 91, 78, 77, and 76 product growths with respect to the delay time between
pump and probe laser pulses. The same dissociation rate suggests the dissociation of

these channels must occur in the same electronic state.

Isotope substituted ds-aniline was also studied. The fragment ion images are shown
in Figure 6. It shows that CgD4, corresponding to NH,D elimination is the major products
from the ammonia molecular elimination channel. However, small amount of fragments
mle = 79 and 78, corresponding to the NHD, and ND3 elimination were also observed.
For amino group elimination, NH, elimination is the dominant process, as it is shown at
mle = 82. But small amount of fragments corresponding to NHD and ND; elimination
were also found. Although fragments of CsD3H, CsD3H,, CsD4H, CsDs, corresponding to
the eliminations of NH,D, ND,, NHD, and NH, have the same masses as those of
CsND2H,, CsNDsH, and CsNDy, corresponding to the eliminations of CD3, CD,H, and
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CDH,. However, the study of nonisotope labeled aniline suggests that the contribution
from methyl group elimination is much smaller than that from ammonia and amino group
elimination. In addition, the image intensity distribution of ammonia elimination is very
different from that of amino group elimination. They can be separated from each other
easily. Similar isotope substituted fragments were also observed in both H atom and H,
elimination channels. In these channels, H atom, HD, and D, molecule eliminations are
the major channels and D atom elimination is the minor channel. However, no H,
elimination was observed. The observation of these fragments indicates the D atom and H
atom exchange to some extent prior to dissociation.

Velocity axis

(a)

Mass axis

(b) 98

Figure 6. Photofragment ion images ?f d5'§nr ne (ap mlei= 78~83 (b) m/e = 94~100.

Iy |‘;

The relative intensities of these |£otope substltrhted fragments and their translational
energy distributions are shown in Flgure 7. Although ‘the translation energy distribution
of H atom elimination channel has two.components; however, the distribution of D atom
elimination channel has only one component, and it decreases monotonically with the
increase of energy. It suggests that dissociation mechanisms of H atom and D atom
elimination are different. For the analogous H,, NH,, and NHj3 elimination channels, the
translational energy distributions of these isotope substituted fragments show very similar
distributions to each other, indicating the similar dissociation mechanism.
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I1. 4-Methylpyridine. ‘& } ‘,'E |

4-Methylpyridine shovv_s,ver)% éimilar dissociation”channels to those of aniline.
However, fragment relative intensities arevery different, Photofragment ion images from
the photodissociation of 4-methy|pyridine at.193'mm are shown in Figure 8. The study of
photolysis laser power dependence in the region of 7~28 mJ/cm?® showed that m/e = 90
and m/e = 91 resulted from two photon absorption. Images of m/e = 92 and 78 have the
largest intensities, they represent two major dissociation channels of 4-methylpyridine,
i.e., CsNH4,CH; — CsNH,4CH, + H, and CsNH4CH3 — CsNH,4 + CHa. It is interesting to
note that images of mle = 77and 76 with small intensities were observed. They
correspond to the NH, and NH; eliminations. In addition, fragment ions with small
intensities of mle = 66, 54, 53, 52, 41, 40, and 39 were also observed. However, these
signals are very small and they will not be discussed in this work.
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Figure 8. Photofragment ion images of 4-methylpyridine (a) m/e= 75~80. (b) m/e =
90~95.

The fragment translational energy distributions obtained from the ion image are
presented in Figure 9. Compared te the maximum available energies, the average released
translation energies are all very small. They are ‘bnly 5.4%, 7.1%, 19.4%, and 6.6% of the
maximum available energies for H atom, CHs;, NHs, and NH; elimination channels,
respectively.
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Figure 9. Photofragment translational energy distributions of reactions (a) CsNH,CH3; —
CsNH,CH, + H (b) CsNH4CH3z — CsNH4 + CH;3 (C) CsNH4CH3z —CgH4 + NH3 (d)
CsNH4CH3; — CgHs + NH,. Arrows indicate the maximum available energies in each
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dissociation channel.

The similar dissociation channels were also observed in the photodissociation of
ds-4-methylpyridine. Photofragment images are shown in Figure 10. m/e = 96 was from
parent molecule, m/e = 95 was from the contribution of H atom elimination as well as
some incomplete isotope-labeled d,-methylpyridine (5%), and m/e = 94 corresponded to
the D atom elimination. Photofragments of m/e = 78, 79, 80, and 81 were mainly from
CsNH,4, CsNH3D, CsNH32D,, and CsNHDs, as a result of CD3, CHD,, CH;D, and CHj3
elimination. Since the ionization potential of NH; is larger than the VUV photon energy
we used in this work, no amino radicals could be ionized. The relative branching ratios of
CHD,, CH,D, and CHg; elimination channels can be obtained directly from the intensity
of light fragments in order to avoid the interference from ND,, NHD, and NH,
eliminations. Fragment ion intensity ratios were found to be CD3:CD,H:CDH,:CH;3; =
91:3.6:4.5:0.9. Since the branching ratios of the analogues NH, and NHj; elimination
channels are very small, we  did not" intend. to observe these channels for this
isotope-labeled compound. The' observation of warious D atom substituted methyl
radicals indicates that H and D atoms ‘ex.crllange lbe:fore dissOc_':i,ation.

Velocity axis

-15
-16
17
-18
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Figure 10. Photofragment ion images of d3-picoline (a) m/e = 15~18 (b) mle = 77~96.

Dissociation rates of (1.4 + 0.8) x 10° s* and (1.8 + 0.5) x 10° s were obtained
from product growths with respect to the delay time between pump and probe laser pulses
for CsNH,CH3; and CsNH4CDs3, respectively. The dissociation rate of CsNH4CDs is only a
little slower than that of CsNH4CHs.
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Discussion
I. Dissociation and Isomerization Mechanismes.
A. 4- Methylpyridine.

Previous studies of methylpyridine mainly focused on the excitation to the S; and S;
states. The fluorescence quantum yield and intersystem crossing quantum yield decrease
rapidly with the decrease of photon wavelength from 290 to 250 nm.26 Fluorescence
quantum yield changes from 10 at 290 nm to less than 2 x 10° at 250 nm and the
quantum yield of intersystem crossing also drops from 0.8 to 0.04. Internal conversion to
the ground electronic state becomes the dominant process. However, very little study has
been done at the region of 193 nm. Since the methyl group is not an electronic
chromophore in this region, UV absorption of 4-methylpyridine at 193 nm only correlates
to the excitation of the electrons of the pyridylring. The excitation of the pyridyl ring
results in an excited state, stable with respect to dissociation. Dissociation must occur
either through the coupling of/the stable and-repulsive :states, or after the internal
conversion from an initial excited state.to ' lower electronic state. Since the dissociation
in the ground state usually results in|a limited release of kinetic energy due to them
extensive energy randomization among vibfrational degrees;-of freedom and has a slow
dissociation rate, the observation ofsmall“kinetic energy release and slow dissociation
rate suggest all of the 4-methy|pyridi‘ne molecules' rélax‘to the ground electronic state
through internal conversion prior-te dissociation, The results can be represented by the
following reactions.

C5N H4CH3 + ]’lV193nm —> C5N H4CH3* (excitation) (1)
CsNH,CHs* —> CsNH,CH5* (internal conversionto Sp)  (2)

Here, CsNH4CHs represents 4-methylpyridine in the electronic excited states, and
CsNHCHs* represent 4-methylpyridine in the ground electronic state, respectively.

After internal conversion to the ground electronic state, 4-methylpyridine
molecules could dissociate through various possible dissociation channels. Statistical
transition-state theory has predicted that, given comparable pre-exponential factors for
different bond fissions, the reaction pathway with the lowest energetic barrier should
dominate the dissociation. Since the C-CH; and methyl C-H bond energies are relatively
small compared to the other bond energies in the aromatic ring and this dissociation have
no exit barrier because of the production of two radicals in the ground electronic state, H
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atom and CHj3 eliminations are expected to be the major dissociation channels.

Indeed, they are the major channels observed in the experiment. These dissociation
channels are described by the following reactions.

CsNH4CH; ¥ — CsNH4CH; + H (direct dissociation after internal conversion)  (3a)
CsNH4CH; ¥ — CsNH,4 + CHs (direct dissociation after internal conversion) (3b)

However, the observation of CgHs shows that a small fraction of 4-methylpyridine
molecules go through a complicated isomerization prior to dissociation. To produce
fragment C¢Hs and NH, from 4-methylpyridine, H atoms in the molecule must migrate
until nitrogen atom gathers two H atoms and then C-N bond breaks. This involves
successive H atom migration and ring isomerization. The similar isomerization must
occur in order to generate fragments C¢Hy and NHgs. Since the minor channels observed
in 4-methylpyridine correspond tosthe major channels in aniline and they have the similar
translational energy distributions, some of the 4-methylpyridine must isomerize to aniline
before dissociation occurs. A reasonable isomerization mechanism that explains the
experimental results is the isomerization similar-to that, of toluene and xylene found in
our previous experiments. The isomerization starts|from the change of 4-methylpyridine
to a seven-membered ring isomer. = -

After the isomerization o thé:seve'r%-;membered ring’isomer, the exchange of
relative nitrogen and carbon -atoms! bositions occur through H migration around the
seven-membered ring. In the end,\ the rearomatization” of seven-membered ring to
sixmembered ring produces both-methylpyridine:and aniline. The subsequent dissociation
produces all kinds of fragments we observed. in the experiment.

CsNH4CH3* — ¢c-CsNH;* (6 to 7 membered ring isomerization) (4)
c-CeNH;* — c-CeNH;* (H atom migration in 7-membered ring) 5)
c-CeNH;* — CsNH,CHs* (rearomatization to methylpyridine) (6a)
c-CeNH;* — CgHsNH,* (rearomatization to aniline) (6b)
CsNH,CHs*— CsNH,CH, + H (dissociation after rearomatization) (7a)
CsNH,CHs" — CsNH,4 + CH; (dissociation after rearomatization)  (7b)
CesHsNH," — CgHs + NH, (dissociation after rearomatization) (7¢)
CesHsNH," — CgHa + NH3 (dissociation after rearomatization) (7d)

CeHsNH," — CgHsNH, + H, (dissociation after rearomatization) (7e)
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Although reaction 7e was not observed in 4-methylpyridine due to the obstacle of
multiphoton dissociation, it is likely to occur since it is one of the major dissociation
channels of aniline.

The observation of CDs;, CD,H, CDH,, and CHs;, from ds-4-methylpyridine
indicates some molecules undergo isotope exchange prior to dissociation. These
exchanges can be achieved by the H and D atom migration around seven-membered ring
in reaction 5. Fragment isotope ratios of [CH; + CH,D + CHD,] / [CDs] from
ds-4-methylpyridine suggest that 10% of 4-methylpyridine isomerize to seven-membered
ring isomers and then rearomatize back to methylpyridine prior to dissociation.

B. Aniline.

Aniline is one of the aromatic molecules, that the UV photochemistry has been
studied extensively. High resolution laser induced fluoreseence spectroscopy of the S;
state has been investigated, and' the fluorescence lifetime ‘and quantum yield of each
vibronic level were obtained:?° At shows that the. fluorescence lifetime is about 5~9 ns
and quantum yield is 0.1~0.2, depending on the-vibronic levels. Intersystem crossing is
the main nonradiative process lin the |S; statesrelaxation. The rate of intersystem crossing
as large as 8.2 x 10" s™ was found:** The décay of thettriplet state generated from the S
state through intersystem crossing i \}ery fast. Triplet state lifetime at the energy level
corresponding to band origin ‘of:the S, state (294 nm)‘is 5653 ns, but it decreases rapidly
as the energy increases. Lifetime-as short as 168:ns Was observed at energy 3800 cm-1
above the S; band origin.* Although. the intersystem crossing rate from S; to Ty is fast,
however, no phosphorescence was observed in the gas phase due the rapid decay from T;
to So.

Compared to the studies of the S; state, the photochemistry at 193 nm has received
little attention. Early experimental investigation®' % and recent theoretical study*
suggest the absorption of 193 nm photons corresponds to the excitation of electrons of the
phenyl ring (z-z*). Internal conversion of the phenyl ring electronic excited state at such
high energy level usually is very fast. The dissociation therefore is expected to be very
similar to that of 4-methylpyridine, i.e., dissociation occurs in the ground state and the
channels with low dissociation barrier heights are the dominant processes. Indeed,
cleavage through weak chemical bonds such as N-H and C-N bonds was found to be the
major dissociation channels. Dissociation occurs in the ground electronic state is further
confirmed by the fact that the maximum translational energy release of the H; elimination
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reaches the maximum available energy of the reaction C¢HsNH, — CgH3NH; + H,. Since
the fragment with maximum translational energy corresponds to the products C¢H3zNH,
and H; produced in the ground electronic state and the ground state of these two close
shell fragments only correlates to the ground state of the parent molecule, the dissociation
must result in the ground electronic state.

The observation of fragment CsNH; and CHs; from aniline and various
isotope-substituted fragments such as NHs, NH;D, NHD, from ds-aniline can be
explained by the similar isomerization and dissociation mechanism described in
4-methylpyridine, i.e., the isomerization from aniline to seven-membered ring, followed
by H and D atom migration in seven-membered ring, and then the rearomatization to both
aniline and methylpyridine prior to dissociation.

Although there are many similarities=-between the dissociation properties of
4-methylpyridine and aniline, however, seme difference was also observed. For example,
the elimination of close shell melecules,like<H,;, NHs, plays a very important role in
aniline, but they were not observed In the direct dissociation of 4-methylpyridine. In
addition, the fast component /in thetranslational energy: distributions of H atom
elimination was only found inaniline. [Thisscomponent must result from the dissociation
in the excited state of a repulsive potentiéil,%k from an electronic state with a large exit
barrier. Since the reverse reaction of H at'cim elimination ‘has no barrier in the ground

electronic state, the fast companent must result from the dissociation in the electronic
excited state. Very recently,.it Was proposedithat in-several aromatic molecules, a = o*
state exists in the vicinity of Sy state,**¥*% andithe potential energy surface of this state
is essentially a repulsive state along the .N-H-coordinate. It is possible that the fast
component of H atom elimination we observed in the experiment resulted from this state.
Since the fragment distribution of the fast component is isotropic, dissociation does not
occur directly on the repulsive potential energy surface. Instead, dissociation must occur
indirectly through the coupling between the repulsive surface and other excited states on
a time scale much longer than the parent molecule rotation. On the other hand, H atom
elimination also has an exit barrier in the triplet state. Dissociation from the triplet state
cannot be totally excluded without the additional information about the intersystem

crossing quantum yield at this wavelength.

The isomerization and dissociation mechanism of aniline can be summarized as
followings.
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CeHsNH; + viganm — CsHsNH,  (excitation) (8)
CeHsNH,~ — CgHsNH,* (internal conversion to So) 9)
CeHsNH, — CgHsNH + H (dissociation from excited state) (10)
CeHsNH," — CgHsNH + H (direct dissociation after internal conversion)  (11a)
CeHsNH," — C¢NHs + H,, (direct dissociation after internal conversion)  (11b)
CesHsNH," — CgHs + NH, (direct dissociation after internal conversion)  (11c)
CeHsNH," — CgHs + NH3 (direct dissociation after internal conversion)  (11d)
CsNH4CH3* — ¢-CgNH;* (6 to 7 membered ring isomerization) (12)
Reactions following reaction 12 are the same as reactions (5)~(7).

According to this isomerization ‘and dissociation mechanisms,the ratio [ND3 +
NHD_]/[NH2D] observed from ds-antline indicates that 23% of aniline in the ground
electronic state isomerize to seven-membered ringyfollowed by H/D atom migration, and
then rearomatize to aniline prior te dissociation.

Although the slow dissociation ratesand translational energy distributions obtained
from the experimental measurement |suggest.that both'aniline and 4-methylpyridine
dissociation occurs on the ground electronid_ state (except the_fast component of H atom
elimination in aniline), the possibility that“isomerization occurs to some extent in the
excited state before molecules reach the ground state‘through internal conversion cannot
be totally excluded. This kind of-isomerization, like pyridine undergoes ring opening
isomerization in the excited state; has been observed.®* However, the different
intermediates produced directly in the electronic excited state from 4-methylpyridine and
aniline, respectively, must be able to isomerize to each other with low enough barrier
heights in order to explain the experimental results. Due to the lack of excited-state
potential energy surfaces at this moment, there is no compelling evidence to claim their
intermediacy in the present case.

I1. Potential Energy Surface.

This particular isomerization between six-membered ring and seven-membered
ring is supported by ab initio calculations. The energies of isomers and various transition
states along the isomerization and dissociation pathways from ab initio calculation are
shown in Figure 11. In the calculation, the geometries were optimization by B3LYP/
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6-31G* and the energies were calculated by G3 scheme. The dissociation of
4-methylpyridine has barrier heights of 91.0 kcal/ mol for C-H bond cleavage, and 105.9
kcal/mol for C-C bond cleavage. The isomerization of 4-methylpyridine to
sevenmembered ring starts with the H atom shift from methyl group to the carbon atom
next to the methyl group, followed by the formation of bicyclo-isomer as an intermediate,
and finally the isomerization to form seven-membered ring isomer. The sixmembered
ring to seven-membered ring isomerization has a barrier height of 88.7 kcal/mol. Since
the barrier heights are all very close in energy, isomerization to seven-membered ring
competes with C-C bond and C-H bond dissociation. Althoughmost of the
4-methylpyridine molecules dissociate directly through C-C and C-H bond cleavages
after the internal conversion, however, experimental data shows that at least 10% of
4-methylpyridine molecules isomerize to seven-membered ring prior to dissociation.

150' CH, — NH.
4 L KRN\ e
i gl O O
Y _ 3 ™~
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Figure 11. Energy diagram for isomerization and dissociation of 4-methylpyridine and
aniline. The energies were computed at the G3 level of theory and the geometry
optimized by B3LYP/6-31G*.

Dissociation and isomerization barrier heights in the ground electronic state of
aniline show the similar properties to that of 4-methylpyridine. Eliminations of H atom,
H,, NH2, NH3 have barrier heights of 86.4, 104, 116, 100.7, and 72 kcal/mol, respectively.
Isomerization of aniline to seven-membered ring isomer also starts with the H atom shift
from amino group to the carbon atom next to the amino group, forming a
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bicyclointermediate, and then followed by the isomerization to seven-membered ring.
The barrier height of the isomerization is only 102.4 kcal/mol, which is very close to
various dissociation barrier heights. Isomerization to seven-membered ring therefore
competes with the direct dissociation channels in the ground electronic state. Most of the
aniline molecules in the ground electronic state dissociate directly, but at least 23% of
aniline in the ground-state isomerize to seven-membered ring.

It is interesting to note that there are four different sevenmembered ring isomers,
depending on the positions of H atoms. Among these isomers,
1-aza-1,3,6-cycloheptatriene and 1-aza- 2,4,6-cycolheptatriene can be produced directly
from 4-methylpyridine and aniline respectively after the six-membered ring to
seven-membered ring isomerization. The other isomers including
1-aza-2,4,7-cycloheptatriene and 1-aza-1,3,5-cyclo-heptatriene require further H atom
migration around the sevenmembered ring. For example, 1-aza-1,3,5-cycloheptatriene
can be produced from 1-aza-1,3,6-cycloheptatriene through 2,5-H shift, and 4,7-H shift of
1-aza-1,3,5-cycloheptatriene’  cans® generate © ‘d-aza-2,4,7-cycloheptatriene.  The
isomerization between 1-aza-1,3,6-cycloheptatriene andi1<aza-2,4,6-cycolheptatriene can
be achieved through 1,5-H shift. The barrier heights between these seven-membered ring
isomers are only about 32~40 kcal/ mol. Conseguently, H and*D atoms can easily migrate
around the seven-membered ring: due to fhe low | barrier .heights, resulting in several
seven-membered ring isomers. The éxéhangé'of Hiand D atom and the change of relative
nitrogen and carbon atoms” positioné all come from'these'H or D atom migration around
the seven-membered ring. '

The potential energies corresponding. to-the elimination of close shell molecules
including H, and NH3 are also shown in Figure 11. NH3 elimination starts from the
migration of H atom in the position 2 toward N atom of the amino group, followed by
forming the CgH4-NH3 complex, and then NHj; elimination occurs. It has the lowest
dissociation threshold. The maximum available energy is as large as 75 kcal/mol. As a
result, the photofragment translational energy release in this channel is relatively large.

In contrast to NH3 elimination, there are many dissociation channels leading to H,
elimination. They can be classified into two types of H, elimination, according to the
values of the exit barrier height. The H atoms can be both eliminated from phenyl ring
and produce 2-aminobenzyne and 3-aminobenzyne. The calculation shows that they are
endothermic by 80.6 and 83.8 kcal/mol and have the dissociation barriers of 113.4 and
119.3 kcal/mol, respectively. The exit barrier heights for this type of elimination channel
are as large as 32.8 and 35.5 kcal/mol, respectively. This type of H, elimination occurs
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through the H atom migration in phenyl ring, and then H, dissociated from the parent
molecule through three-center elimination. It is similar to the benzene H; elimination
mechanism.®” Another channel belonging to this type of elimination is the H elimination
from seven-membered ring. The barrier height is 114.6 kcal/mol, and it is endothermic by
81 kcal/mol. The exit barrier of 33 kcal/ mol in this channel is similar to the values in the
other two channels. For the other type of H, elimination, H atoms can be both eliminated
from amino group, or one is from amino group and the other is from phenyl ring. This
type of H, elimination has dissociation barriers of 104.2 and 11 kcal/mol and is
endothermic by 103.1 and 105.7, respectively. In contrast to the other type of H;
elimination, the exit barriers are small. They are only 1.1 and 4.3 kcal/mol.

The photofragment translational energy distribution of the H, elimination shows
two components, indicating two different dissociation mechanisms. For the fast
component, the average released translational .energy is large, and the peak of the
distribution is located at 23 keal/mol. 1t must result from a dissociation channel with large
exit barrier, i.e., both H atoms aré eliminated from phenyl ring and benzyne-like
derivatives are produced, -or from the seven-membered:.ring isomer. This can be
confirmed from the fact that the maximum, translational energy of the fast component
reaches the maximum available energies of*these reaction CsHsNH, — CgHsNH, (or
c-C¢NHs within experimental ‘error) |+ Hg,‘i_:orresponding to.the products CgHsNH, (or
c-C¢NHs) and H, produced in the grdund electronic state. On the other hand, the slow
component has limited translationalienergy released: It must result from a dissociation
channels with small exit barrier, ‘corresponding.to both H atoms eliminated from amino
group or one from amino group and the other from phenyl ring. However, this type of H,
elimination is less than 10% of the total H, elimination.

I11. Comparison to Photodissociation of Toluene.

Toluene has the similar structure to those of methylpyridine and aniline. Since the
photophysics and photochemistry processes of toluene have been studied extensively, it is
thus interesting to compare the photodissociation of methylpyridine and aniline to that of
toluene. Toluene in the S; state produced by 200 nm excitation was found to undergo fast
internal conversion to the Sy and S; states with a lifetime of ~50 fs.*® Dissociation rate of
toluene after 193 nm excitation under collision-free conditions was found to be 2 x 10°
5.8 The fast relaxation from the S, and S; states to So, and the slow dissociation rate
suggest the dissociation occurs from the vibrationally excited ground electronic state after
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internal conversion. In the ground state, 75% of hot toluene dissociate directly through
methyl H atom and CHj; elimination. However, 25% of toluene isomerize to
seven-membered ring and rearomatize back to toluene, and eventually they all dissociate
through H and CH3 elimination channels from six-membered ring. No dissociation from
sevenmembered ring isomer was observed.

4-methylpyridine has very similar dissociation properties to those of toluene. Most
of the 4-methylpyridine dissociates through methyl C-H and C-CHj3 bond cleavages after
internal conversion. Since seven-membered ring can isomerize to both methylpyridine
and aniline, the ratio of [CH3 + CH2D + CHD2]/ [CD3] from ds-4-methylpyridine
suggest that more than 10% of 4-methylpyridine molecules isomerize to seven-membered
ring and then rearomatize to six-membered ring prior to dissociation. On the other hand,
aniline shows different dissociation properties from those of toluene. Excited-state
dissociation plays an important role at this photon‘energy. 75% of H elimination occurs
in the electronic excited state. Although the-NH, and ‘H atom eliminations from the
ground state and the isomerization«to seven-membered ring are analogous to those of
toluene, however, the elimination of closed shell.molecules,.like H, and NH; in aniline,
were not observed in toluene. Indeed, closed shell molecule elimination channel has not
been observed for any alkylbenzenes in this:photon energy region.

Compared to 25% of-toluene, at least 'i(;)% of 4-methylpyridine and more than 23%
of aniline in the ground state isomerizé to seven-membered,ring and then rearomatize to
sixmembered ring prior to dissociation,. Fhewresults demonstrate that this isomerization
not only plays a very important “role-in toluene and.xylene, but also plays a very
important role in nitrogen atom contained-aromatic molecules. The significance of this
isomerization is that the carbon, nitrogen, and hydrogen atoms belonging to the alkyl or
amino group are involved in an exchange with those atoms in the aromatic ring during
the isomerization. They cannot be achieved by the other isomerization.
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Chapter 4. The photodissociation of Phenol

Abstract

The photodissociation of phenol at 193 and 248 nm was studied using multimass
ion-imaging techniques. The major dissociation channels at 193 nm include cleavage
of the OH bond, elimination of CO, and elimination of H,O. Only the former two
channels are observed at 248 nm. The translational energy distribution shows that
H-atom elimination occurs in both the electronically excited and ground states, but
elimination of CO or H,O occurs in the electronic ground state.

Introduction

Because of its antioxidative properties, the photophysics and photochemistry of
phenol (CsHsOH) are of great interestito varioussfields-of science and technology. The
following paths of a phenol.molecule excited to its first ex0|ted singlet state (S;) in the
condensed phase have been suggestedl %

CeHsOH (S1) — CgHsOH (Sg) + Av (ﬂuorgscence)
— CgHs0H/(So) + E (mternal conversion)
— CgHsOH (T4) + E (Intersystem crossing)
— CgHs0 + H (photodissociation)
— [C6H50H"---e]ag — CsHs0 + H
(photoionization in aqueous solution at high pH)

Laser flash photolysis of phenol at 253 nm with detection by both picosecond
and nanosecond emission and absorption has been performed to reveal information of
the deactivation channels of the first excited singlet state." The fluorescence lifetime
on phenol near 295 K was found to be a few nanoseconds. The photodissociation
yield of phenol was found to be ~0.1, nearly independent of solvent, but the quantum
yield of intersystem crossing varied between 0.2 and 0.3, with smaller values in
nonpolar media and larger ones in polar media. No dissociation occurred upon
excitation at 266 nm in the condensed phase because the photon energy was
insufficient for direct fission of the OH bond.

Most research on gaseous phenol in its S; state has been focused on its
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spectroscopy. Phenol and various phenol containing clusters have been investigated.
For instance, phenol ammonia clusters have been studied extensively by fluorescence
and multiphoton ionization.>*>%"#9% Accordingly, this system was considered to be
a model system to investigate proton-transfer reactions in the excited state in
molecular clusters, but further experiments indicate that, instead of proton transfer on
the excited-state surface, transfer of a H atom occurs on the S; surface,!*213:1415
Quantum chemical calculations show that an excited singlet state of = o* character,
being repulsive with respect to stretching of the OH bond, intersects the bound state
Si(r o**) near an energy level of 5 eV (~248 nm).**"*® Hydrogen transfer in
phenol-ammonia clusters was explained as predissociation of the S;(z o*) state via
this low-lying = o* state. The role of a repulsive = o* state in dissociation is
consistent with the large release of translational energy in the channel involving
H-atom elimination observed in the photodissociation of phenol in a molecular
beam.lQ,ZO

The excitation of phenol to the*S; excited state has also been investigated, but
varied conclusions have -been-derived: For “phenel in solution, Dellonte et al.?*%
studied the temperature dependence of internal“cenversion (IC) from S, to S;,
competing electron-salvation’ progesses, and the cleavage of the OH bond by
observing fluorescence quantum yields‘."flé_‘r_rate coefficient_of kic = 3 x 10" s was
determined, and the intersystem crqssing"-(JSC) to a dissociative triplet state with kisc
= 7 x 10" s was suggested. In contrast,'f time-resolved-photoelectron spectra after
two-photon ionization showed that| the internal} conversion from S, to S; is the
dominant pathway, with a time scale in the range 6f 150-350 fs.?® It also showed no
evidence of competing processes; such-as intersystem crossing to a triplet surface, as
previously postulated, or an intramolecular-vibrational energy redistribution (IVR)
process within S;. Absorption spectra of the gaseous phenoxyl radical were recorded
upon excitation of phenol to the S, state at 193 nm.?* The dissociation was explained
in terms of predissociation. Photodissociation of phenol at 193 nm in a condensed
phase studied by Fourier-transform electron paramagnetic resonance and transient
absorption spectroscopy also produced cleavage of the OH bond.?

In this work, we investigated the photodissociation of gaseous phenol at 193 and
248 nm. Distributions of the translational energy of photofragments and of the
vibrational and rotational states of CO were measured. We characterized the potential
energy hypersurfaces with quantum chemical calculations.

Experimental
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As the experimental techniques have been described in detail >?*%" only a brief
description is given here. Phenol vapor was prepared on flowing ultrapure He (or Ne)
at a pressure of 400 Torr through a reservoir containing solid phenol at 323 K. The
phenol/He mixture was then expanded through a pulsed nozzle (diameter 500 wxm)
maintained at 353 K to form a molecular beam. Molecules in that beam were
photodissociated with a pulsed UV laser, followed by ionization with a pulsed VUV
laser at 118 nm; a pulsed electric field served to extract the ions into a mass
spectrometer. At the exit port of the mass spectrometer, a two dimensional ion
detector was used to detect the ion positions and intensity distribution. In this
two-dimensional detector, one axis pertained to the recoil velocity and the other to the
mass.

Results
A. Photofragments and Translational Energy Distributions at 193 nm.

Figure 1 depicts the photofragment ion images obtained upon photodissociation
of phenol at 193 nm. Fragments with-m/z = 93;-(6, 66, 65,:64, and 63 were observed;
images with m/z = 94, 95, and 96 correspond. to phenol and its **C isotopes in natural
abundance The power dependence of thé'b’hotoiysw laser”in the range of 0.43-3.43
mJ cm™ showed that fragments wi th mlz E‘E 63 dnd 64 were produced via two photon
dissociation, whereas “all other fr‘ gme_nt-s' Wé_ane from._ one photon dissociation.
Fragments resulting from mull‘tirphotﬁoh dissociation are not discussed here.

Velocity axis

(a) of %
wn —— - ———— -93
so
©
w
= - 64
= - 66
- 76

Figure 1. Images of photofragment ions upon photodissociation of phenol at 193 nm.
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The delays between pump and probe laser pulses are (a) 49, (b) 81, and (c) 10 us.

The image for m/z = 93 corresponds to the phenoxyl radical. The images at two
delay intervals between pump and probe laser pulses are shown in Figure 1a and b. As
the interval between pump and probe laser pulses was increased, the length of the
image increased rapidly. This observation indicates that phenoxyl radicals are
produced from the dissociation of excited phenol via elimination of a H atom. Both
fragments with m/z = 76 and 66, corresponding to elimination of H,O and CO
molecules, respectively, have images of linear shape.

The image of the fragment with m/z = 65 possesses two components. A linearly
shaped component is superimposed on a disk-like component at the center; the latter
component resulted from the dissociative ionization of a heavier fragment by VUV
photoionization because of the small ionization threshold of this fragment. There are
only three possible fragments,'m/z =-93, 76 and 66, which are heavier than m/z = 65.
The fragment with m/z = 76-eannet”crack™into-one with m/z = 65 because the
difference of these two masses matches no observed.or cenceivable masses of atoms
or molecules. Because the mass difference is/small, fragment cracking from one with
mlz = 66 into another with m/z = 65|\wouldthave insufficient recoil velocity to produce
such a large disk-like image, As a resu.l-t,L the most.dikely fragment to generate the
disk-like image has m/z =93; the image at-the center spreading from m/z = 93 to 65
represents the dissociation of:an ‘ion with m/z = 93 into‘another with m/z = 65 during
the flight in the mass spectrometer. The translational energy distribution of the
H-elimination channel, illustrated in Figure*2a, has taken the disk-like image for m/z =
65 into account. The slow component in the distribution of translational energy in the
H-elimination channel results from only the disk-like component for m/z = 65, but the
rapid component in the distribution of translational energy in the H-elimination
channel results from ions with both m/z = 65 and 93.

The linearly shaped component with m/z = 65 corresponds to the fragment CsHs,
but its corresponding fragmentation partner HCO was undetected. The translational
energy (>30 kcal mol-1) obtained from the image is greater than the available energy
for the channel to produce CsHs + CO + H. The most likely explanation is that it
results from dissociative ionization of the central image corresponding to an ion with
mlz = 66; that is, CsHg with large internal energy. Unlike the disk-like image from
other fragments, the image of m/z = 65 is linear because of the large mass ratio
between CsHs and H. We cannot exclude the possibility of a three-body dissociation
channel to form CsHs + CO + H, which has a small translational energy located at the
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central part of the linearly shaped image for an ion with m/z = 65.

The translational energy distributions for photofragments in various channels are
shown in Figure 2. Except for the slow component in the H elimination (Figure 2a),
all distributions of translational energy show a large release of translational energy.
The observed maximum translational energy almost attains the maximum available
energy of each channel.

In order to examine the relevance the seven-membered-ring isomeration as we
discover in aniline and 4-methylpyridine, the photodissociation of phenol-1-*C was
also studied. For the channel involving elimination of CO, we observed only **CO but
no *2CO from phenol-1-*C. This result indicates that carbon atoms of the aromatic
ring do not exchange before dissociation occurs.
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Figure 2. Distributions of translational energy for photofragments from (a) C¢sHsOH +
hv (193 nm) — C¢HsO + H. Open triangles show the contribution from ions with m/z
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= 93, open circles show the contribution from the disk-like image for ions with m/z =
65, and solid squares denote the sum of these two, (b) C¢HsOH + Av (193 nm) —
CeHs + H20, and (c) CgHsOH + v (193 nm) — CsHg + CO. Open circles show the
contribution from ions with m/z = 66, open triangles are from the line shape image for
ions with m/z = 65, and solid squares denote the sum of these two. Arrows indicate
the maximum available energy.

B. Photofragments and Translational Energy Distributions at 248 nm.

The images of photofragment ions obtained upon irradiation of phenol at 248
nm are similar to those obtained at 193 nm, as shown in Figure 3. Fragments with m/z
=93, 76, 66, and 65 were observed, but only ions with m/z = 93 and 66 and a disk-like
component for m/z = 65 were from one-photon dissociation. At this wavelength,
elimination of H,O was unobservedin ‘the one-photon process. The proportion of
fragments with m/z = 93 cracking mto the: dISk like image with m/z = 65 due to
dissociative ionization is much smaller than that observed at 193 nm. The
distributions of translational energy of these dissociation channels are shown in
Figure 4. Rk ™\ ’,

‘ |
| ,,n"“. .‘_!. - ‘_',' I |
"',.- [ :2 I

Velocity axis

A 93
(a) .
(b)

Pe— - 76

Mass axis

Figure 3. Images of photofragment ions upon the photodissociation of phenol at 248
nm. The delays between pump and probe laser pulses are (a) 95 and (b) 10 us.
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Figure 4. Distribution of translational energy for photofragments from (a) CsHsOH +
hv (248 nm) — CsHsO + H. Open triangles denote the contribution from ions with m/z
= 93, open circles are from the-disk=like image of “ions with m/z = 65, and solid
squares denote the sum of.these'two, (b) CsHsOH+ 4v-(248 nm) — CsHg + CO.
Arrows indicate the maximum available‘energy. =
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Discussion 1 |
L 1 1
A. Dissociative Channels. : :

The results of the experiments- are" describable according to the following
reactions

CsHsOH + /v (193 or 248 nm) — CeHsO + H
CsHsOH + Av (193 or 248 nm) — CsHg + CO
CsHsOH + Av (193 nm) —> CgHa + H20

Although a small contribution of the following reaction cannot be positively
ruled out experimentally, theoretical calculations suggest that the contribution of this
channel is small (see below).

CeHsOH + hv (193 nm) — CsHs + HCO — CsHs + H + CO

The UV irradiation of phenol at 248 and 193 nm is expected to excite phenol to
its S; and S, (or Ss) states, respectively. As these states are stable, dissociation must
occur through the coupling of these bound states with a repulsive state or via internal

52



conversion or intersystem crossing to a lower electronic state, followed by
dissociation. For the H-elimination channel, previous quantum chemical calculations
show that an excited singlet state of =z o* character, which is repulsive with respect to
the stretching of the OH bond, intersects both the S; and S, states.®® H elimination
at 248 nm was interpreted as involving predissociation via this repulsive state.® H
elimination upon excitation at 193 nm might also be interpreted as a dissociation via
the = o* state through a coupling between S, and = &* or through a coupling between
S1 and 7 o* after internal conversion from S, to S;. The fast component in the
distribution of translational energy observed in the H-elimination channel must
correspond to dissociation via this repulsive = o* state. Although dissociation through
the triplet state has been suggested®*?? and the triplet potential energy surface
correlating to dissociation products H + C¢HsO might have an exit barrier leading to a
large translational energy release,”®*® the dependence of the quantum yield on
intersystem crossing and the independence of the quantum yield on dissociation on
solvents indicate that dissociation of phenol in solution does not occur in the triplet
state.! Furthermore, from studies of “photodissociation of phenol at 193 nm in a
condensed phase with, Fourier-transform electron- paramagnetic resonance and
transient absorption spectra;the results.indicate-that the triplet state is not involved in
the dissociative process.” ¥
=

The slow component in the translatibpal energy.distribution of the H-elimination
channel must correspond to dissociation from the ground‘state. The proportion of the
slow component that increases:as.the excitation \varies from 248 to 193 nm indicates
the importance of H elimination from the electranic .ground state at shorter UV
wavelengths. Perhaps the rate of internal conversion:to the ground state becomes very
large at a short UV wavelength. The analogous phenomena with a large yield of
internal conversion to the ground state upon excitation at 193 nm, in contrast to the
large yield of internal conversion and/or intersystem crossing to the other electronic
excited state upon excitation at 248 nm, have been observed in similar systems such
as ethylbenzene and propylbenzene.??°

The mechanisms for dissociation into CO and H,O differ from that for
elimination of a H atom. The average translational energies in the CO-elimination and
H,O-elimination channels are large. The observed maximum translational energy
nearly attains the maximum available energy for both channels. The difference
between the observed maximum translational energy and the maximum available
energy is smaller than the energies of the electronically excited states of these
fragments. As a result, fragments of both channels, CsHg + CO and CgH,4 + H,0, were
produced in their electronic ground states. As the ground state of these closed-shell
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fragments correlates only with the ground state of the parent molecule, the
dissociation must occur on the ground electronic surface.

B. Potential surface and reaction pathway

The following calculation in this paragraph was performed by Pro. M. C. Lin’s
group. The vertical excitation energies of phenol for the singlet and triplet states was
calculated with time dependent density functional theory (TD-B3LYP) using
Gaussian 03 and complete active space second-order perturbation theory (CASPT2)
using MOLPRO with the 6-311G(d,p) basis set, as shown in the figure 7. Eight active
orbitals and eight active electrons were specified in the CASPT2 calculation.
According to Figure 7, we predict that light at 248 nm is able to excite a phenol
molecule from the ground state to the first exited state S; for the isomerization and
decomposition reactions to proceed. Apparently because of the spin-forbidden nature
of the transition from Sy to T4, the reaction seems not'to occur in the triplet excited
state, despite the energies of the first three™triplet states being less than those of
photons corresponding to laser lines-at 248 or 193'nm.,

1479 8, *—5143.1 (193 nm)
1424— 1 |
1345 T,— | | kealimol
Col 789
- 1165
1153 (248 nm) 1510 CeHs# CO+H
10397, 11 [ 1024 1064 _1"5'5
10088 — ! | : 98.5\1S16
BT, — | | 100 TSt 958 ¥s17
Lo 936
86.3 T, L CsHs + HCO
- 50
L i \
L | M10 CsHg+ CO
So—' "ol

Figure 7. Schematic diagram of the energy for isomerization and dissociation
reactions of CgHsOH at the G2M//B3LYP/6-311G(d,p) level of theory and the excited
energy levels of CgHsOH at the CASPT2 level of theory.

Various dissociation channels of phenol in its ground electronic surface have
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already been calculated with the G2M// B3LYP/6-311G(d,p) method. Figure 7 shows
a simplified potential energy diagram for these channels. The structures of
intermediates (M1-M10) and transition states (TS1-TS17) have shown in the Figure 8.
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Figure 8. Geometries of the intermediates and transition states optimized at the

B3LYP/6-311G** level of theory
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If we neglect contributions of the channels via transition states TSi, TSg, TS,
TS16, and TS;7 due to their higher barriers, the accessible paths are describable as
follows

C,H,OH — C,H,0 + H (1a)
TS3 }
CH,OH — M1 — C,H,0 + H (1b)

C,H.OH —> M1 —> M3 —"> M7 — C,H, + CO (2a)

TS6H TSI3 TSI

C H,OH —> M1 —> M3 — M7 ——= C,H, + CO (2b)

CH.OH =M1 M2 22 CH, + €O (2¢)

C H,OH —> C H, + H,0 (3)

Direct dissociation of phenel to form CgHsO + H, reaction 1a, requires 89.1 kcal
mol®. The H atom might. migrate_from- the. OH group to form ortho-
cyclohexadienone (M1), followedddy H elimination, reaction 1b. The CO elimination
might proceed via several dissoCiative-pathways; the mast.feasible pathway, reaction
2a, begins with migration of the H atem from:the, OH group to form M1, followed by
further H-atom  migration alo‘ng‘:y""’the six-membered ring to form
meta-cyclohexadienone (M3); M3 “thien is'E)merizes to @ bieyclic isomer (M7) before
decomposition into cyclo-CsHe '+ CO via -T81£}. Althaugh this path includes three
intermediates and four transition- States,sthe.largest -barrier height is only 75.8 kcal
mol™. Reaction 2b proceeds similarly'to reaction 2a except for the last step, in which
M7 decomposes via TS15 with a barrier height:of 84.0 kcal mol™. The third channel,
reaction 2c, has a barrier height of 86.1 kcal mol-1. In principle, CO can also be
produced from fragmentation of the internally excited CsHsO formed in reactions la
and 1b. The theoretical barrier for the fragmentation of CsHsO to give CsHs + CO has
been computed at the G2M level of theory to be 52 kcal mol™ with a very tight
transition state. The total barrier for the formation of CsHs + H + CO is 141 kcal mol ™,
which is almost twice that of TS14. Accordingly, the contribution of this route to CO
should be negligible. The channel to eliminate H,O, reaction 3, proceeds via the
four-center elimination via TS2 with a barrier height of 86.4 kcal mol™. Elimination
of HCO is predicted to occur through TS16 and M9 from M1 and through TS17 and
M10 from M6. The barriers for these two channels are 98.5 and 95.8 kcal mol™,
respectively, which are greater than that of the CO elimination pathway by about 20
kcal mol™. In the isomerization and decomposition from M1, elimination of CO is
hence most favorable. Although phenol can isomerize to a seven-membered ring
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isomer (M6) with a barrier of only 83.4 kcal mol™, our experiment on phenol-1-*C
shows that this isomerization is unimportant in CO elimination under our
experimental conditions.

Conclusions

The major dissociation channels for phenol at 193 nm include OH bond fission,
CO elimination, and H,O elimination. Only the former two channels are observed at
248 nm. The translational energy distribution indicates that H-atom elimination
occurs in both the electronically excited and the ground states, but elimination of CO
or H,O occurs in the electronic ground state. Although phenol can isomerize to a
seven-membered ring prior to dissociation in the ground, the experimental data
reveals that this isomerization is unimportant in CO elimination. This character is
different from the toluene, aniline and 4-methyl=pyridine described in chapter 4.
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Chapter 5. The experimental evidence of # o * repulsive state in

phenol and 1-napthnol

Abstract

The photodissociation of phenol and 1-naphthol at 193 and 248nm was studied
using multimass ion imaging techniques under collisionless conditions. Only one
dissociation channel was observed, i.e. H atom elimination. The translational energy
distributions show two components at both wavelengths. The slow component
corresponds to the dissociation from the ground electronic state after internal
conversion, and the fast component results from the dissociation on the electronic

excited state. Comparison with the photodissociation of phenol was made.

Introduction

The excited state proton transfer (BSPT) in clusters has been studied extensively
by various kinds of techniques. These mé&,gds include the_frequency-domain studies
by nanosecond lasers and time-dopljains':,ﬁt‘pﬂdie‘s by.sub-picosecond lasers' 4507,
By detecting the light emission or io;h/eléétron éignal withtrespect to the wavelength
or the pump-probe delay time, nhe behavior |of /molecules immersed in solvent
molecules can be elucidated in detail. Inthe last several decades there is a tremendous
wave of interest in this topic.”A dynamic odel has been established to explain the
data. It is the proton transfer on the excited potential. Phenol-ammonia clusters are

one of the important systems of ESPT. The potential diagram is shown in the figure 1.

(«) (h)
Al At

PhO°-NH ;+*(NH,)
R .

(3]

PhOH*-(NH N

PhO* " -NH,*(NH;)

PhOH*-(NH )

PhO~-NH,*(NH,), |

PhOH-(NH.,),
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Figure 1. The schematic potential diagram of a PhO-(NH3), cluster (e.g. n = 5).
Arrow 1 represents the pump laser; excited clusters can be ionized before ESPT
(arrow 2) to the non-proton-transferred part of the ionic potential, or after ESPT
(arrow 3) to the proton-transferred part of the ionic potential. The ionic state has a
high barrier between non-proton-transferred and proton-transferred structures to
explain the observation of picosecond decays of the {PhOH- (NH3),!" mass peaks
and the rise times of the NH "4 (NH3),,.; mass peaks. Adapt from ref.9

According to Steadman and Syage **>%"*

, the picosecond experiments can be
understood with the following scheme. First of all, at time t = O the neutral cluster
PhOH-(NH3), in the ground state is excited to the electronic excited state by an UV
photon(see Figure 1, arrow 1). After the excitation, the major process is the proton
transfer from the excited PhOH*(S1) to (NH3)z on a timescale of 60+£70 ps. This
process is detected by ionizing the excited PhOH*-(NH3)#x cluster with additional UV
photon. Due to the ESPT progess, the'parent ion signal PhOH (NH3) , will decay with
respect to the pump-probe delay time(see Figure'l; arrow 2). It means that the
population of the initially-excited state is moving to the proton-transfer state (see
Figure 1, arrow E.S.P.T.). Correspondently, /the population of, PhO*-NH, (NH3),.;
which is generated from PhOH*-(NH3)',,'-;xt:l'yough ESPT progcess, will increase as time
goes by. The ionization from this p{ofton-"iﬁari'sfer state; PhOH*-(NH3),, , to ionic state
is dissociative. In the other words, once the ionization ‘take place after ESPT (see
Figure 1, arrow 3), it occurs:en the fPhO"-NHf(NHS),,- rpart of ionic surface. Then the
fragmentation PhO° + NH, (NH3),.; oceurs and_only-the NH, (NH3),.; fragment ions

are detected.

Consequently, the explanation has been made to account for the decay of
{PhOH- (NH3),}" parent ions, as shown in Figure 1(a), as well as the rising of
NH,4 (NH3),.; fragment ions, as illustrated in Figure 1(b).

The interpretation is self-consistent expect that the following assumptions have
to be made. First, it needs to have a significant barrier in the ionic state between the
excitation of non-proton-transferred and the proton-transferred forms has to be existed.
This is necessary to ensure the selectivity of the ionization processes from the
PhOH*-(NH3), state or PhO*-NH, (NH3),.; state to the corresponding ionic states.
Second, evaporation of the clusters after absorbing the UV photons should be less
significant to prevent the contamination of the monitoring parent ion or fragment ion
from the larger clusters. Usually, the evaporation process is not easy to avoid with
simple means and the careful interpretation of experimental data should be considered.

Nevertheless, these results show a successful marriage between the laser techniques
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and molecular beam methods.

Recently, Jacoby and co-workers have shown that the REMPI spectra of
PhOH—(NH3); and PhOH-(NH3)s show well resolved vibronic structure when the
(NH3),1H+ mass peaks are monitored, while excitation spectra of P\OH—(NH3),.; mass
peaks are structureless.'’ Pino ef al. have reported that the (NH3);sH™ mass peaks can
be observed even if the ionization laser delay is 200 ns from the ultraviolet laser for

112 The result indicates the product, (NH3)3H+, is generated

excitation to the S state.
from the ionization of a long lived neutral species. Instead of the excited state proton
transfer, these experimental data were interpreted as the H atom transfer in the S; state.
This hydrogen transfer mechanism is also supported by the infrared dip
spectroscopy'® and time-resolved infrared spectra'® of the photochemical reaction
products of phenol-ammonia cluster. Although the model of proton transfer in the
excited state has been used to account for the transient signal that has been observed
by ultra-fast laser techniques, the evidence of the detection of neutral H(NH3), shift

this paradigm to a new one.

Ab initio calculations have been performed for the electronic ground and the
excited singlet states of phenoliand the.complexes of phenol with ammonia.'™'®"7 An
excited singlet state of 7 o * character,.which! is repulsive with respect to the
stretching of OH bond w4s found. The ;8‘* potential e€netfgy function intersects the
bound potential energy -function of Sl(iﬁ 7*). Hydrogen: transfer reaction in the
phenol-ammonia clusters was explamed as the predisseciation of the Sy (z 7*) state
by this low lying 7 ¢ * state.

Except for these calculations, the first experimental observation of the phenol #
o * potential energy functions was reported by our group.'® In this work,
photodissociation of phenol at 248 nm'® and 193 nm" was studied. Direct evidence

of the H atom elimination from this repulsive potential surface was demonstrated.

In addition to the phenol-ammonia clusters, 1-naphthol-ammonia clusters have
also been proposed as another model system of photo-induced ESPT?’. The major
features of the experiments on 1-naphthol-(NH3)n that have led to the suggestion that
the ESPT mechanism is involved in these clusters include (1) the strong red-shifted
emission from clusters larger than n?4. This red-shifted emission is similar to the
ESPT in solution; (2) the similarity between fluorescence excitation spectrum of 1-
naphthol and two photon excitation/ionization spectrum of 1-naphthol-(NH3)4; (3) a
60 ps decay observed only for cluster sizes n = 3 and 4; and (4) no sign of red-shifted
emission observed when weaker bases such as methanol were used as solvents in the
clusters. However, these experimental features are considered not to be good evidence
to support the EPST in 1-naphthol-(NH3), clusters [25]. On the other hand, no long-
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lived neutral species (NH3),H has been observed from photoexcitation of
I-naphthol-(NH3)n. The question arises as to whether the hydrogen transfer or proton
transfer is present or not in 1-naphthol-(NH3)n clusters. In this work,
photodissociation dynamics of 1-naphthol was investigated. Experimental evidence

for the H atom elimination from the repulsive excited state is given.

Experimental

The experimental techniques have been described in chapter two and only a
brief description is given here. Phenol vapor was prepared on flowing ultrapure He (or
Ne) at a pressure of 400 Torr through a reservoir containing solid phenol at 323 K.
The phenol/He mixture was then expanded through a pulsed nozzle (diameter 500 xm)
maintained at 353 K to form a molecular beam. 1-napthol vapour was formed by
flowing ultrapure Ne at pressures of 600 Torr through a reservoir filled with sample at
373 K. The sample/Ne mixture was then.expanded through an 800 um high
temperature (383 K) pulsed nozzle to form the molecular beam. Molecules in that
beam were photodissociated withsa pulsed UV laser, followed by ionization with a
pulsed VUV laser at 118 nm; a pulsed.electrie-field served to extract the ions into a
mass spectrometer. At the exit port of the.mass spectrometer, a two dimensional ion

detector was used to detect the.ion ;‘)o?siti‘(y“r';:!L and|intensity distribution.
| &

Results

I. The photodissociation of phenol at 248 nm'and 193 nm

A. Photofragments and Translational Energy Distribution at 248 nm

Fragment ion of m/e = 93 (CsHsO") with large intensity was observed from the
photodissociation of phenol at 248 nm. It corresponds to the H atom elimination. The
images of m/e = 93 obtained at various delay times between pump and probe laser

pulses are shown in Figs. 2(a), 2(b) and 2(c).
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Fig 2. Images of fragment ion m/e = 93 at delay time (a) 13 ps (b) 53 pus and (c¢) 95 ps.

Images of parent ion m/e = 94 as well:as the*@ parent ions were also shown.

As the delay time between pump and probe laser pulses increased, the length of
the m/e = 93 image increased rapldiy Thls (r*'orrqsponds to the C¢HsO fragment with
large recoil velocity. The photofra ! e:gganslqtlonal energy distribution obtained

from the image is shown in Fig.3. l m' ; !
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Fig. 3. Total translational energy distribution of reaction C¢HsOH + Av (248 nm) 2

CeHsO + H. Arrow indicates the maximum available energy.

It shows that the average released translational energy is large, and the peak of
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the distribution is located at 15 kcal/mol. It is interesting to note that the maximum
translational energy reaches the maximum available energy of the reaction C¢HsOH +
hv (248 nm) = C¢HsO + H. In addition to m/e = 93, fragment ions of m/e = 76, 66,
and 65 with small intensities were also observed. However, these signals are very
small and they are not related to the H atom elimination. The detail description of

these fragments was described in chapter 4.

B. Photofragments and Translational Energy Distribution at 193 nm

Figure 4 depicts the photofragment ion images obtained upon photodissociation
of phenol at 193 nm. The image for m/e = 93 corresponds to the phenoxyl radical.
The images at two delay intervals between pump and probe laser pulses are shown in
Figure 4a and 4b. As the interval between pump and probe laser pulses was increased,
the length of the image increased.rapidly. This ebservation indicates that phenoxyl

radicals are produced from the disso¢iation of excited phenol via elimination of a H

atom.
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z | @ — . — el 93
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Fig. 4. Images of photofragment ions upon photodissociation of phenol at 193 nm.

The delays between pump and probe laser pulses are (a) 49, and (b) 81 ps.
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Figure 5. Distributions of translational energy for photofragments from CcHsOH + hv
(193 nm) 2> C¢HsO + H. Open triangles show the contribution from ions with m/z =
93, open circles show the contribution from the disk-like image for ions with m/z = 65,

and solid squares denote the sum of these two.

C. Discussions

UV absorption of phenol at 248 nm corresponds to the excitation of the S state
and 193 nm corresponds to the excitation of the S, state. Since §; and S, are stable
states, dissociation must occur through the coupling of this bound state with a
repulsive state, or after the internal conversion or intersystem crossing to a lower
electronic state. 7 ¢ * is a repulsive state and Sy , 77 , and 75 are the electronic states
which have energies lower than that of ;. Dissociation must occur on one of these
states. The large translational energy release in the H atom elimination channel
indicates that the dissociation'must oécur from an exeited state of repulsive potential,
or from an electronic state with-a lasge exit bartier. This eliminates the dissociation
probability on the Sy state. The“potential energy surface of the triplet state that
correlates to the dissociation products ofitwo radicals in the ground state may have an

21,22 Therefore, it is

exit barrier and the released translatioﬁae_nergy can be large.
possible that the large translation;all er;;fgy releasel results from the triplet state
dissociation after intersystem €rossing. However, photodissociation of phenol at 193
and 253 nm in the ¢ondefnised | phase  studied /by~ Fourier transform electron
paramagnetic resonance and transieént absorption speetroscopy shows that triplet state

is not involved in the dissociation process.**

Recent ab initio calculation shows that the 7 ¢ * state, which has repulsive
potential-energy functions with respect to the stretching of OH bond, intersects not
only the bound potential energy functions of the S\( 7 7 *) excited state, but also that
of the electronic ground state.'>'® The minimum of the Sy(7 7 *) state is located at
4.5 eV above Sy ,25 and the 7 7 *- 7 ¢ * conical intersection is at ~5 eV. The internal
conversion from S; to Sy and intersystem crossing from S; to 7} are the dominant
decay channels for the phenol molecules after the excitation by 4.5 eV photons.*®
However, as the excitation photon energy increases to more than 5 eV, the
7 m*-7 o* conical intersection must greatly enhance the predissociation of the
optical excited 7 7 * state by the optically dark 7 o * state, resulting in the H atom
elimination on the repulsive 77 ¢ * state. The conical intersection between 7 ¢ * and
So provides the other population transfer from 7 o * to Sy and the dissociation

products are produced in the electronic ground state. The observation of large
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translational energy release in our experimental measurement indicates that H atom
elimination must be a dissociation process on the repulsive 7 ¢ * surface. It provides
a direct evidence of the 7 7 *- 7 ¢ * predissociation mechanism of phenol at 248 nm.

Similar argument can be made for the photodissociation of phenol at 193nm.

Il The photodissociation of 1-naphthol at 248 nm and 193 nm

As we mention in the introduction, another model system of ESPT which has
been studied during past decays is 1-naphthol clusters. In contrast to phenol case, little
is known about the existence of the repulsive 7 o* surface of 1-naphthol.
I-naphthol-amonia clusters excited by femtosecond laser to the S; state which is
located at 3.86 eV (~321 nm in wavelength) has been studied, but the dynamical
process of higher electronic states (i.e. S, or S3) is still unknown. In the work
photochemical processes in the S, or S; state by exciting at 248 nm ( ~ 5 eV) and 193

nm (~ 6.4 eV) photon excitation respectively were investigated.

A. Photofragments and Translatignal Energy Distribution at 193 nm

e

The ion image of m’e =.143 and ﬁ?'m the figure 5(a) and (b) was recoded at
different UV-VUV pump-probe deﬁa;P/ tiI‘H'B_. The [length ofion image of m/e = 143,
which correspond to the H-atom logs channel, ¢hanges. rapidly as the pump-probe
delay become longer. At pump-probe delay time of 105 18, the resolved translational
energy distribution shows the bimodal:distribution. The relative intensities between
the fast and the slow components are about 1:0.81. The average released translational
energy of the fast component is large, and the peak of the distribution is located at 45
kcal/mol. It is interesting to note that the maximum translational energy distribution
reaches the maximum available energy, which is the photon energy minus bond
energy. A disk-shape image at m/e = 115 was observed when pumping by 193 nm and
probing by 118 nm laser. The size of disk-shape image of m/e = 115 become longer
gradually when the pump-probe delay time is longer, as shown in the figure 6(a) and
(b). But the disk-shape image disappeared when using 157 nm laser as a probe. The
source of the disk-shape image is from dissociative ionization of hot C;oH;O

fragments by 118 nm photons.
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Fig 6. (a) Ion image of m/e = 115. (b)Image intensity profiles of m/e =115 at delay
time 10 1 s (dash line) and 40 « s (solid line). Pump = 193 nm, Probe = 118 nm

B. Photofragments and Translational Energy Distribution at 248 nm

The ion image of m/e = 143 was obtained at this wavelength as shown in Fig.
7(a). A line shape image indicates the H atom elimination channel of this molecule.
Since the photon energy is much smaller at 248 nm, the length of the image at 248 nm
is shorter than that at 193 nm. In order to separate the slow component from the
interference of parent ion image, the longer delay time at 248 nm was used. Although
the experimental delay time between pump and probe laser pulses is as long as 145
s, the length of the image of m/e=143 is still very short due to the small available
energy. The probability of the slow component shown in Fig. 7(b) includes the
interference from parent molecules; The slow ¢omponent was estimated to be ~ 60%
of the fast component. The peak of the fast component is located at 15 kcal/mol, and
the translational energy as mueh as*30 kcal/mol./can be released. It reaches the
maximum available energy Qf the reaction C;oHgO+hy (248 nm) —C;,H;,O + H. The
distribution of the fast component indicates that it results from the electronically
excited state. No disk shape image Waé ghgﬁrved by 248 nm laser pumping and 118
nm or 157 nm as a probe. The reason is "t-}%a‘tﬂthé fragments of m/e = 143 do not have

sufficient internal energy to cracking after the ionization.

For both wavelengths 'H atom_loss is.the -only dissociation channel that we

observed.

145 us

e I
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C. Discussions | F

The first absorption band of 1-ﬁaphtﬁ61 is located. in the region from 370 nm to
270 nm. The second absorption band stats. from 270 mm, and the third absorption
band begins at 230 nm. The absorptionrof 248 nm and 193 nm photons corresponds to
the excitation to the S, and S (or Si) states, respectively. The two components in the
translational energy distribution suggest H atom elimination results from two
mechanisms. The most likely interpretation is similar to the phenol dissociation
mechanism: the slow component results from the ground state dissociation and the
fast component results from predissociation of the repulsive state. However,
dissociation from the other excited state, like triplet state, cannot be totally excluded
due to the lack of the potential energy surface at this moment. On the other hand,
differences between phenol and 1-naphthol also exist. The percentages of the slow
components at both 248 nm and 193 nm are much larger than those of phenol,
indicating the more important internal conversion in 1-naphthol. In addition, due to
the relatively low O—H bond dissociation threshold (3.56 eV, compared to 3.86 eV of
phenol), H atom elimination becomes the only dissociation channel on the ground

state and CO and H,O eliminations were not found in 1-naphthol.

The photoionization cross section of hot fragments was nearly identical for
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different internal energized fragment when the ionization photon energy is more than
0.5 eV above the adiabatic ionization potential of fragments”’. This argument was
confirmed by the momentum match measurements of corresponding fragments in the
photodissociation experiments which the VUV laser ** or synchrotron radiation ** are
used to ionize fragments. Moreover, the experiments by tuning the VUV laser slightly
above the ionization potential of the fragments are also support the arguments.”’ Due
to the non-linear polarized pump laser and the isotropic distribution of ground state
dissociative products, the ratio of ion intensity of slow and fast component is equal to

the branching ratio of ground and excited state dissociation.

If the residual energy of the ion, which is equal to the photon energy of VUV
laser minus the ionization potential of neutral parent molecule, is large enough, then
the cracking of parent ion will occur. This is the so called “dissociative ionization”.
Similar to the hot parent molecules, the hot fragment will crack if the residual energy
in the hot fragment ion is large enough. When phetoionization wavelength is 118 nm,
the disk-like ion image of m/@ = 115*was observed, as shown in the Fig. 4(a). Since
the disk shape image becomes-§lightly Tongerin. the velocity axis as the pump-probe
delay time increases as shown in‘the'Fig. 4(b), itis from the dissociative ionization of
the hot naphthoxyl radical. The reason for the'slight changes in image length is due to
the small kinetic energy of the hot naphthe;,yl radical. But no disk image of m/e = 115
was observed when 118 nm 1§ replaced bYF 157 nm. So the ion intensity ratio of slow
and fast component of m/e/= 143 can[be determined from'the data which 157 nm laser
was used as a probe. From the expeiimental data; the ratio of slow component and fast
component is 0.81:1 at 193 nm. There are .thé branching ratios of bifurcation
pathways on the excited state potential “surface. The ion ratio of slow and fast

component is 0.61:1 at 248 nm.

In the phenol case ™, the S, state is located at ~4.5 eV vertically above the
ground state and the threshold of the conical intersection from 7 7 * to 7 ¢ *state is
~ 5 eV. The portion of the slow component that increases as the excitation varies from
248 nm to 193 nm indicates the importance of H atom elimination from the ground
state at shorter UV wavelength. It is likely that the rate of internal conversion
becomes very large at short UV wavelength. The similar results have been obtained in
the 1-naphthol case. About 20% increase of ground state dissociation is observed at
short UV wavelength.

The major dissociation channels for phenol with 6.4 eV (193 nm) include the
OH bond fission, CO elimination, and H,O elimination. Even the photon energy
reduces to 5 eV (248 nm), the former two channels are still observed. Only single

dissociation channel, H atom release, occurs in the I-naphthol. This is similar to

71



indole. Both molecules are larger than phenol in terms of numbers of atoms. These
large molecules with more internal degree of freedom redistribute the photon energy
in the ground state prior to the dissociation. The result is only one dissociation
channel was recorded in the experimental time window, which is as long as one

hundred microsecond.

The high resolution photofragment translation spectroscopy of H-atom loss of
pyrrole and phenol has been studied by velocity map ion imaging technique "> and
H-atom Rydberg tagging time-of-flight (TOF) methods’. These measurements detect
the light fragment, H-atom, which has larger recoil velocity compared to the
corresponding heavy fragment naphthoxyl radical. These high resolution techniques
reveal the detail dissociation mechanism by resolving the internal energy distribution
of co-fragment. In order to detect the high velocity H-atom, the delay time between
pump and probe laser is set to be less than 10 ns. Otherwise, the fast H-atom will fly
out the probe region. Depending on the size of molecules, the ground state
dissociative lifetime of the aromatic molecules is in the range of hundreds nanosecond
and tens of microsecond after-dbsorbing UV phetons.-In the other words, these high
resolution techniques can-detect the fast excited state-dissociation, but they are
unfavorable to detect the ground state dissociation products. The multimass technique

we used provides complementary inforn{é%'_jgn to the high resolution techniques.
P

|

Conclusions

We present data on the. photodissociation of phenol and 1-naphthol using
multi-mass technique. The major dissoeiation channel of at 193 nm and 248 nm is OH
bond fission in the ground state and excited state. The ratio of the ground and excited
state dissociation was determined by resolved bimodal photofragment translational

energy distribution.
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Chapter 6. The photodissociation of p-methylphenol, p-ethylphenol,
phenylethylamine and p-(2-aminoethyl)phenol, chromophores of the
amino acid tyrosine

Abstract

The photodissociation of p-methylphenol, p-ethylphenol, phenylethylamine and p-
(2-aminoethyl)phenol, chromophores of the amino acid tyrosine, was studied separately
for each compound in a molecular beam at 248 nm using multimass ion imaging
techniques. They show interesting side-chain size-dependent dissociation properties.
Only one dissociation channel, that is, H atom elimination, was observed for both p-
methylphenol and p-ethylphenol. The photofragment translational energy distributions
and potential energy surfaces from ab initio calculation suggest that H atom elimination
occurs from a repulsive excited state. On the othér hand, the H atom elimination channel
is quenched completely by internal conversion andfor intersystem crossing in p-(2-
aminoethyl)phenol. Only C-C' bond cleavage was observed.from phenylethylamine and
p-(2-aminoethyl)phenol. The photofragment translational energy distribution shows a
slow component and a fast*component. Th“gifast component results from dissociation on
an electronic excited state, but the 1slow'ﬁ;c0mp0nent oceurs only after the internal
conversion to the ground electroni? state! ‘Comparison with the photodissociation of

phenol and ethylbenzene is made.

Introduction

The amino acids are some of the most important biomolecules. Aromatic amino
acids like tyrosine, tryptophan, and phenylalanine have very large UV absorption cross
sections. However, the fluorescence quantum yields of these molecules are very small.
They indicate the existence of fast nonradiative processes, which efficiently quench the
fluorescence.'***** The nonradiative process was assumed to be the ultrafast internal
conversion.”” As soon as the electronic energy becomes vibrational energy after internal
conversion, the highly vibrationally excited molecules quickly dissipate the vibrational
energy to the surrounding molecules through intermolecular energy transfer before
chemical reactions take place. This so-called photostability prevents the unnecessary

photochemical reactions of these molecules upon UV irradiation.

Phenol is a chromophore of the amino acid tyrosine. Recent ab initio calculation
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suggests that the low fluorescence quantum yield of phenol is due to the dissociative
character of the electronic excited-state potential energy surface, instead of fast internal

678 The calculation shows that absorption of

conversion to the electronic ground state.
UV photons in the range 290-240 nm corresponds to the photoexcitation of phenol to the
S1 7 o* excited state. The second excited state has a significant antibonding ¢ *
character with respect to the OH bond distance. The population of the bright state, S;, can
be transferred to the dark state, S,, through a conical intersection. As a result, instead of
internal conversion to the ground electronic state, predissociation through z o* and 7 o *
coupling results in rapid quenching of the fluorescence. Indeed, the H atom elimination
from the repulsive electronic excited state of phenol has been verified in a recent
molecular beam experiment.” A similar dissociation channel was also observed from

indole, a chromophore of the amino acid tryptophan.'

Since phenol is different from tyrosines-it.lacks aside chain of the functional group
CH,CH(NH,)COOH, it would be very interesting to_determine the photodissociation
properties when the chemical funetional group‘istadded to phenol. In this work, we
reported the photodissociation of p-methylphenol, p-ethylphenol, phenylethylamine and
p-(2-aminoethyl)phenol. We demonstrate ithat the |dissociation properties could change
dramatically as the side chain is added to p}_i_"enol. ‘

i
|| <=

Experimental Y | 1

The multimass ion imaging technigues have been deseribed in detail in our previous
chapter and only a brief account is given here. p-Methylphenol (or p-ethylphenol) vapor
was formed by flowing ultrapure Ne at a pressure of 600 Torr through a reservoir filled
with a p-methylphenol (or p-ethylphenol) sample at 80 °C. The p-methylphenol (or p-
ethylphenol)/ Ne mixture was transferred through a 90 “C flexible stainless steel tube to a
pulsed valve and then expanded through a 500 pm high-temperature (100 “C) nozzle to
form the molecular beam. The method to generate a p-(2-aminoethyl)phenol molecular
beam is different from that of p-methylphenol. A glass container which contains a
phenylethylamine or p-(2-aminoethyl)phenol solid sample located inside a stainless steel
oven (100 “C) was attached to the front of a pulsed valve. The plunger of the pulsed valve
extended to the exit hole (diameter: 500 pm) of the oven. The molecular beam was
formed by expanding the p-(2-aminoethyl)-phenol/Ne mixture at a pressure of 600 Torr
through the exit hole of the oven.
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Computational

The computation studies briefly described here was performed by Pro. Chang in the
Department of Science Application and Dissemination, National Taichung University.
The geometries of the ground states and some low-lying conformers of p-methylphenol,
p-ethylphenol, and p-(2-aminoethyl) phenol were optimized at the B3LYP/6-311++G(d,
p) level. Harmonic vibrational frequencies were calculated to confirm that the obtained
geometries correspond to the equilibrium structures. In order to interpret the experimental
observations, we computed the potential energy curves for the ground and excited states
of these molecules as functions of the O-H distance, in intervals of 12 pm, while fixing
the other geometrical parameters at their equilibrium values. The potential energy curves
were calculated by using the state-averaged complete active space self-consistent field
(CASSCF) method with the 6-311++G(d, p) basis set. The active space adopted in the
CASSCEF calculations was ten electrons distributed in- ten orbitals, denoted as (10, 10).
All the calculations were performed using'the MOLPROQO 2006.1 package.

Results
A. p-Methylphenol. | o

The only fragment ion,we obsetr\/*jﬁe froﬁl the photodissociation of p-methylphenol at
248 nm using the 118 nm photeioniZation laser beam i$ m/e = 107, corresponding to the
heavy fragment from the H atom elimination channel. The photofragment ion images are
shown in Figure la, and the corresponding translational energy distribution is shown in
Figure 2. The probability distribution‘in the region less than 5 kcal/mol is obscured by the
strong interference from parent molecules. Only the distribution larger than 5 kcal/mol is
illustrated. It shows that the average released translational energy is large, and the peak of
the distribution is located at 18 kcal/ mol. It is interesting to note that the maximum
translational energy almost reaches the maximum available energy of the reaction. These
are the characteristics of the dissociation from an excited state of a repulsive potential or

from an electronic state with a large exit barrier height.
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Figure 1. Photofragment ion images from (a) methylphenol, (b) ethylphenol, (c) and (d)
p-(2-aminoethyl)phenol.
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Figure 2. Photofragment translational energy distribution of the reaction CH;C¢sH4OH —
CH;C¢H4O + H.

The translational energy distribution is very similar to that of H atom elimination
from photodissociation of phenol at 248 nm. The large translational energy release in the
H atom elimination channel of phenol at 248 nm was explained as the dissociation from a
repulsive potential energy surface.” Indeed, a similar repulsive potential energy surface
along the O-H bond distance of p-methylphenol was also found from our calculation.
Figure 3 shows potential energy curves of the first four singlet electronic states along the
O-H bond distance. The ground state is a stable state with respect to the O-H bond
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distance. The first electronic excited state, 7 o *, shows a potential well at a short O-H
bond distance. It crosses with a repulsive potential, 7 o *, at a large O-H bond distance.
This calculation suggests that methylphenol can dissociate through the repulsive potential
energy surface as long as the excitation energy is large enough to overcome the barrier

height at the crossing point.
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Figure 3. Potential energy. curves o% {7 meﬁlylph@-nol as functlons of the O-H distance
calculated at the CASSCF(10, 10)/6 3{1 ++G(@, p) level

;.

The fragment translational energy distribution and potential energy surfaces suggest
that the H atom elimination occurs from the‘repulsive potential surface along the O-H
bond (eq 1):

CH;C¢H4OH — CH;C¢H4O + H (l)

The potential energy curves in Figure 3 were calculated at the ground-state
geometry of the most stable conformer. The structure is shown in Figure 4a. The ground-
state structure of the other stable conformer is shown in Figure 4b. For this conformer,
we calculated the three lowest-lying states at two structures, one at the equilibrium

structure of the ground state and the other at O-H = 210 pm. It was found that while the 7
o * state lies higher than the ground state and the 7= & * state at the structure of the ground
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state, it becomes the lowest one at O-H = 210 pm. Accordingly, the potential energy
curve of the 7 o * state must intersect somewhere with that of the 7 o* state and that of

the ground state, respectively, similar to those in Figure 3.

(a) 0 cm! 0-H = 96.26

"I) 10.9°

(b) 10 em™! 0-H=96.27

Figure 4. B3LYP/6-31 1G++(d P) OptlmIZﬁd ecil(ulhbrlum structures of the ground state p-
methylphenol and relative energies of oﬂn:forﬂn?rs with selected bond lengths (in pm)
and bending angles. D'is the d1hedrerl angﬁ-retwle?n the methyl group and the benzene
ring (nearly parallel). : *‘ ' I

B. p-Ethylphenol.

Similar dissociation dynamics was found from the photodissociation of p-
ethylphenol at 248 nm. Only the fragment ion of m/e = 121 was observed, as illustrated in
Figure 1b. This corresponds to the heavy fragment resulting from H atom elimination.
The photofragment translational energy distribution is shown in Figure 5. It shows that
the average translational energy is large, and the peak of the distribution is located at 18
kcal/mol. The electronic potential energy curves along the O-H bond distance are
illustrated in Figure 6. A similar repulsive potential along the O-H bond distance was
found. The experimental data and potential energy surface calculation suggest that H

atom elimination occurs through the following reaction (eq 2):

C2H5C6H4OH - C2H5C6H4O +H (2)
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Figure 5. Photofragment translational energy distribution of the reaction C;HsCcH4OH
— C,H5CcH40O + H. 1 -
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Figure 6. Potential energy curves of p-ethylphenol as functions of the O-H distance
calculated at the CASSCF(10,10)/6-311++G(d, p) level.

The potential energy curves in Figure 6 were calculated at the ground-state
geometry for the most stable conformer. The corresponding structure is shown in Figure

7a. The ground state structure of the other stable conformer is shown in Figure 7b. From
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the calculation of the three lowest states at the equilibrium structure of the ground state
and in the vicinity of 200 pm, we confirmed the existence of a repulsive potential, 7o*,

along the O-H coordinate for the other conformer.

(a) 0 cm! ()-H = 96.28

D =917

[ gl
Figure 7. B3LYP/6-311G++(d, p) opt miz_c{&?qui#i' rium structures and relative energies
of the ground-state p-ethylphenol oth o conformers with'selected bond lengths (in pm)
and bending angles. D is the dihe;d;al angle between the ethyl backbone and the benzene

ring (nearly perpendicular).

C. phenylethylamine

Interesting photodissociation properties were found from the photodissociation of
phenylethylamine. No fragments corresponding to H atom elimination were observed.
The fragment ions m/e = 91 was found at 248 nm using the 118 nm photoionization laser
beam. The ion images of m/e = 91 elimination at different pump-probe delay time are

illustrated in Fig. 8.
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Figure 8. The ion image for m/e = 91 at (a) 12 us and (b) 15us pump—probe delay time,

respectively, with 248 nm laser excitation

The translational energy distributions at 248 nm show two components, as shown in
Fig. 10.
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Figure 10. Photofragment translational energy distribution of reaction

C6H5CH2CH2NH2 + hv (248 nm) g C6H5CH2 + CHZNHQ

The ion images of CH3 elimination at 248 nm are illustrated in Fig. 11. In contrast
to the photodissociation at 248 nm, the translational energy distributions at 193 nm show

only one component, as shown in Fig. 12.
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Figure 11. The ion image for m/e =91 at (a) 10 ps and (b) 17 us pump—probe delay time,
respectively, with 193 nm laser excitation
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Figure 12. Photofragment translatiornllcllienergy distﬂi]f)q_j[_ion of reaction

CoHsCH,CH,NH, + A (193 fifn) - CoHsCH, +CH,NH,

D. p-(2-Aminoethyl)phenol.

Significantly different photodissociation properties were found from the
photodissociation of p-(2-aminoethyl)phenol. No fragments corresponding to H atom
elimination were observed. Only the fragment ions m/e = 30, 106, and 107 were found at
248 nm using the 118 nm photoionization laser beam. Fragment ions m/e = 106 and 107
have similar intensity distributions along the velocity axis. It suggests fragment ion m/e =
106 results from fragment cracking of m/e = 107 due to the excess VUV photon energy.
This can be confirmed from the fact that only fragment ions m/e = 107 and 30 were
observed as the VUV wavelength was changed from 118 to 157 nm. The dissociation can

be described by the following reaction (eq 3):
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NH,C,H4C¢H4OH — NH,CH, + CH,C¢H4OH 3)

The photofragment translational energy distribution of the reaction shown in eq 3 is
illustrated in Figure 13. It is obvious that there are two components in the distribution.
The two components in the distribution indicate that there are at least two mechanisms
involved in the dissociation of p-(2-aminoethyl) phenol at 248 nm. For the slow
component, the average translational energy release is small and the fragment
translational energy distribution decreases monotonically with the translational energy.
These are typical characteristics of a dissociation from hot molecules. On the other hand,
the average released translational energy for the fast component is large, and the peak of
the distribution is located far away from zero. These are the characteristics of dissociation

from an excited state with a repulsive potential energy surface, or from an electronic state
with a large exit barrier height.
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Figure 13. Photofragment translational energy distribution of the
NH,C,H4C¢H,OH — NH,CH, + CH,C¢H4OH.

reaction

Similar translational energy distributions have also been found in the
photodissociation of ethylbenzene, propylbenzene, and ethyltoluene at 248 nm.'"'*"* For
ethylbenzene, propylbenzene, and ethyltoluene, the alkyl group C-C bond cleavage is the
major dissociation channel. The photofragment translational energy distributions of these
molecules show a slow component and a fast component. Since the alkyl group is not an
electronic chromophore at 248 nm, an electronic excited state with a repulsive potential

along the C-C bond is not expected to play a role in this photon energy region. The
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dissociation mechanism was interpreted as the slow component in the translational
energy distribution resulting from the ground-state dissociation and the fast component
resulting from the triplet-state dissociation. The fast component resulting from the triplet
state was confirmed from the ab initio calculation that a large barrier does exist in the exit
channel. An analogous dissociation mechanism can also be applied here to explain the

photodissociation of phenylethylamine and p-(2- aminoethyl)phenol at 248 nm.

We also performed similar calculations for p-(2-aminoethyl)-phenol. Figure 14
shows the electronic potential energy curves along the O-H bond distance of the most
stable conformer of p-(2-aminoethyl)phenol. The repulsive characteristic of the potential
energy surface along the O-H bond distance of p-(2- aminoethyl)phenol was observed.
The structures of the most stable conformer and the other conformers are illustrated in
Figure 10. For the other conformers, we calculated the three lowest electronic states at the
equilibrium structure of the ground state and in.thevicinity of 200 pm. We confirmed the
existence of a repulsive potential, zo*,” along ‘the O-H coordinate for all the other

conformers.

- ot no*

Relative energy (eV)

50 100 150 200 250
O-H distance (pm)

Figure 14. Potential energy curves of p-(2-aminoethyl)phenol as functions of the O-H
distance calculated at the CASSCF(10,10)/6- 311++G(d, p) level.
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Figure 10. B3LYP/6-311Gt+(d, p) optlmlze’d equilibrium structures and relative
energies of the ground-state p-(2 ammoethyl)phenol of several conformers with selected

bond lengths (in pm) and bendmg angles D is the dlhedral angle between the ethyl

Discussion | kr[ y ||

The results of these three. ami‘a acid chrorlp%)phores reveal interesting side-chain
size-dependent dissociation propertLes Since the alkyl group and amino group are not the
absorption chromophores at 248 nm, photoexcitation of p-methylphenol, p-ethylphenol,
phenylethylamine and p-(2-aminocthyl)phenol at 248 nm photons all correspond to the
excitation of the phenyl ring. However, the decay of the excited phenyl ring is very
different between these three molecules. For both p-methylphenol and p-ethylphenol, the
major relaxation of the excited phenyl ring is through the coupling between the zz* and
mo* states. As a result, H atom elimination from a repulsive state is the major dissociation
channel. These observations demonstrate that the dissociation from the repulsive excited
state plays an important role in small tyrosine chromophores, including phenol, p-
methylphenol, and p ethylphenol. As the side chain changes from H, CH3, or C;Hs to
C,H4NH,, the dissociation properties change dramatically. The change could be due to
two effects from the side chain. First, the change of the location of the repulsive potential
energy surface could render it inaccessible under current photoexcitation conditions.
However, our calculations show that the repulsive characteristic of the potential energy

surface along the O-H bond distance exists in all three molecules. In addition, the energy
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of the repulsive potential energy surface remains in the same region that the energy from
the absorption of 248 nm photon is enough to reach the repulsive part of the potential
energy surface, although it does not necessarily indicate that the absorption spectra and
coupling strength between the zz* and 7wo™ states remains the same. An explanation of
the similar electronic potentials of these chromophores is that these states correspond to
the transitions from the 7 orbitals of the benzene ring to the ¢*(OH) and z* orbitals,
while the methyl, ethyl, and aminoethyl groups do not significantly change the electronic

structures of these low-lying states.

The other effect of the side-chain is the increase in the S;- Sy internal conversion
rate and/or S;-T; intersystem crossing rate which competes with the predissociation from
the repulsive potential energy surface. Since the internal conversion and intersystem
crossing rates are proportional to the density of states, the replacement of a H atom by a
side chain increases the densityl of states substantially due to the low vibrational
frequency modes, like torsion, in the side chain. Obviously, the increase of the internal
conversion/intersystem crossing /raté 1s not largesenough in p-methylphenol and p-
ethylphenol to compete with' the predissociation from the:repulsive potential energy
surface. However, the internal conyersion, rateyor intersystem crossing rate in p-(2-
aminoethyl)phenol is large enough that fﬁpelpredissociation from the repulsive state is

quenched completely. | | i
Y-
Internal conversion to the ground state also| ¢an oceur through the other channel,

that is, from the zo™* state to the groﬁnd state through ‘the second conical intersection in
the vicinity of 200 pm. In addition;; intersystem Cressing can occur via a similar
mechanism if a conical intersection between- the triple state and the S, state exists.
Nevertheless, the results of these alternatives in p-(2-aminoethyl)phenol are the same,
that is, they quench the population of the S, state and make the H atom elimination from

the repulsive state impossible.

Since the energies of different conformers are very close, more than one conformer
existed in the molecular beam. In addition, the rotational barriers for the methyl, ethyl,
and 2-aminoethyl groups are about 10-20 cm™ for these molecules calculated at the
B3LYP/6-311++G(d, p) level, indicating that they can rotate freely. The results therefore
are the averages according to the populations of each conformer in the molecular beam.
Although we cannot determine the relative contributions of these conformers, the
experimental results show that all of the conformers of methylphenol and ethylphenol
existing in the molecular beam only dissociate along the O-H bond on the repulsive

potential energy surface. On the other hand, none of the conformers of p-(2-
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aminoethyl)phenol that existed in the molecular beam dissociate on the repulsive
potential energy surface. They only dissociate through C-C bond cleavage on the ground

state and/or the triplet state.

Comparison of these four chromophores reveals an interesting side-chain effect on
the dissociation dynamics. A future challenge is to find out the dissociation dynamics of
the conformers that currently do not exist in the molecular beam, the larger chromophores,

or tyrosine itself.
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Chapter 7. The photodissociation of indole, 3-methyl-indole,
tryptoamine and tryptophan

Abstract

Photodissociation dynamics for various tryptophan chromophores was studied at
193 or 248 nm using multimass ion imaging techniques. The competition between
internal conversion to the ground electronic state and dissociation from the repulsive
excited state reveals size-dependent photostability for these amino acid chromophores.
As the size of chromophore increases, internal conversion to the ground state becomes

the major nonradiative process.

Introduction

One important photophysical =characteristic of amino acids is their low
fluorescence quantum yields upon_excitationgby -ulfraviolet (UV) light."*** Such
behavior indicates the presencesof fast nonradiative. channel that efficiently quench
the fluorescence. This nonradiative process/is assumed‘to be the ultrafast internal
conversions to the ground electronic¢ s"[fajlfej_‘_The so-called “photostability” for these
molecules can prevent undesirable 1‘photdgglemical reactions from initiating after UV

6189 suggest that the low

irradiation.”” However, recent thqo‘reticaI‘--‘calculations
fluorescence quantum yields’: for | phenol, imidazele; ‘and indole (the respective
chromophores for the amino.acids t}}rosine, histidine; and tryptophan) are due to the
dissociative characteristics of"the excited electronic state potential energy surface,

rather than the direct fast internal conversion to'the ground electronic state.

Figure 1, taken from Ref. 7, shows a section through multidimensional diabatic
potential energy surfaces for the ground and first excited 7 o* and zz* states of
indole molecules as plotted against N—H bond distances. The first excited zz* state is
bound with respect to N-H bond distance, but the 7 & * state is repulsive. The diabatic
7 o* potential correlates with the ground state products, CSNH6 +H. Although the
absorption of UV photons corresponds to excitation to the zz* excited state,
population of the zz* state can be transferred to the 7 o * potential through a conical
intersection. As a consequence, instead of direct internal conversion to the ground
electronic state, dissociation from 7z & * provides an alternate explanation for the rapid
fluorescence quenching. Similar repulsive potential energy surfaces (PESs) such as
that of 7 o* were found for phenol along O—H bond and imidazole along N-H bond.
The zz* potential minima in both indole and phenol lie below that of the 7 o * PES

(in the area near equilibrium geometry at the ground electronic state), whereas in
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imidazole the 7 o * state is lowest in energy and can be accessed optically.
Dissociation from these repulsive excited states has been verified in recent molecular
beam experiments.'®!'"'*!3!* Because dissociation from an excited state having a
repulsive potential energy surface is swift, quenching is incomplete even in the
condensed phase. As a result, dissociation from the repulsive state and the reactions
following generation of radicals from dissociation become a potential problem in
amino acid photostability.

L RT*
5&& Ta*
4 -
S A
2 34
ey
<] - In
1
AN
0 Y—vg——— T T
1.0 1.5 2.0
RNH(A)

Fig. 1. Potential energy profiles, for the gl‘ound and first excited zz* and 7 o * states of
indole plotted against the N=H bond dlstance (adapted from Ref. 7).

|
11

Tryptophan is the most photochemically, active 'amino acid. Tryptophan has a
greater capacity for absorbing UV photons than that for other aromatic amino acids,
along with an ultraviolet spectrum, which extends to longer wavelengths. In this work,
the photodissociation dynamics for various tryptophan chromophores, including
indole, 3-methylindole, tryptamine, and tryptophan was investigated. We report the
competition between internal conversion to the ground electronic state and
dissociation from the repulsive excited state in these chromophores and provide an
explanation for the amino acid photostability.

Experimental

The experimental techniques have been described in chapter 2 and only a brief
description is given here. Basically molecules in a molecular beam were
photodissociated by a pulsed UV laser beam at 193 or 248 nm, then photofragments
were ionized by vacuum UV (VUV) laser at 157 nm (and 118 nm for indole,

3-methylindole, and tryptamine). The masses of fragments were identified along with

91



their translational energy distributions using multimass ion imaging techniques. A
homemade high temperature nozzle was used in this experiment. For 3-methylindole
and tryptamine, a stainless steel oven maintained at 383 K was attached to the front
port of a pulse valve. The inner surface of the oven was covered with glass and the
plunger of the pulsed valve was extended to the exit port of the oven to control the
opening of the oven. Compounds dissolved in methanol were sprayed on glass wool
and dried by hot nitrogen gas before putting into the oven. For tryptophan, it was
mixed with graphite powder and the oven was coated with graphite. Ultrapure He (or
Ne) at a pressure of 400 Torr flowed through the oven and the sample/rare gas
mixture was expanded through the exit port of the oven to form molecular beam.
VUV photoionization and time-of-flight mass spectra were used to check the content
of the molecular beam before the photodissociation experiment was performed.
Molecules in that beam were photodissociated with a pulsed UV laser, followed by
ionization with a pulsed VUV laser at 118 nm; a pulsed electric field served to extract
the ions into a mass spectrometer. At the exit port of the mass spectrometer, a two

dimensional ion detector ‘was- used to detect the ion positions and intensity

distribution.
Results | =8

I. The photodissociation of mqole zit 248 nm and:193 nm

Hydrogen atom elimination, i$ | the only dissociation: channel for indole, both at
193 and 248 nm."'® Figure 2(a) and’ (b) show: the multi-mass image and the
photofragment translational energy distributionfat 193 nm and reveals fast and slow
components. The average translational energy released by the fast component is large.
The distribution for the fast component indicates that the dissociation occurs either
through a repulsive potential or from an electronic state having a large exit barrier.
Because there is no significant exit barrier for the H atom elimination in the ground
electronic state, the fast component in the translational energy distribution must result
from dissociation in the electronically excited state. On the other hand, the average
translational energy release for the slow component is small and the photofragment
translational energy probability decreases monotonically with energy. These are the
typical characteristics for statistical dissociation from a molecule undergoing internal
conversion to the ground electronic state having no exit barrier.

(a)

———
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Fig. 2 The multimass image (a) and photofragment translational energy
distribution (b) of CgNH; — CgNH;+ H at 193 nm.

A similar two-component translational energy distribution was observed for the
photodissociation of indole at 248 nm; as illustrated in Fig. 3. Although molecules in
the = o* can go through the second conical intersection and produce fragments in the
ground state, as shown in Fig. Iythe dissociation properties from a repulsive state, i.c.,
large kinetic energy rélease, may remain as long as_molecules dissociate into
fragments quickly and directly without going ’into the potential well of the ground
state. The observation of H atom/ elgmlnatlon from the excited state supports
predictions derived from ab initio Ta culﬁtrorns For the photolysis wavelength at 193
nm, the dissociation from the ‘grou state can ﬁroduce fragment in the excited state,
or in the ground state after undergoTng the conlcal interséction at long distance (1.8 A).
However, the 248 nm photon energy is only large enough to produce the fragment in
the ground state. As we will show-in'the text below, fragment that ended in the

excited state or the ground state is not important in the photostability of amino acids.
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Fig. 3 The multimass image i(a) and. photofragment translational energy
distribution (b) of CgNH; —= CgNH;+ H.at 248 nm.

I1. The photodissociation of 3—mé:[j_1yl‘_in‘dole at 248 nm and 193 nm

In the study of 3-methylindole, '%ﬁhylindole ions (m/e=131) and a trace
amount of dimer and 3- methylithole-I—tZO q:lhster ions ‘were observed in the
molecular beam. When the mole{:u ar beam Was irradiated by 193 nm photons,
fragment ions with m/e=130 and 1H6 were observed by“157 nm photoionization and
m/e=130, 116, and 15 were observed-by, 118 nm-photoionization. They correspond to
the fragments of H atom and CHj elimination channels. The ion intensity ratio
between m/e=130 and 116 is 60:1, indicating that the H atom elimination is the major
channel. However, only H atom elimination was observed at 248 nm. The
translational energy distributions are shown in Figs. 3(c). Because the methyl group is
not the absorption chromophore in this UV region, photoexcitation of 3-methylindole
only correlates to the excitation of the indole ring znz*. However, the decay
mechanism for the excited indole ring is different from indole. For 3-methylindole
photodissociation at 193 nm, the relative intensity of the fast component decreases
and that of the slow component increases, indicating that the cleavage of N-H or C—H
(from CH3) bonds from the ground state becomes more important. In addition, CH3

elimination from the ground state was observed.
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Fig. 3 The photofragment translational energy distribution (a) CgNH¢CH; +
hv (248 1’11’1’1)9 CgNHsCHg + H or CgNHéCH2+ H (b) CgNHéCHg + hy (248 Ill’l’l)9
C8NH6 + CH3 (C) CgNH6CH3 + hy (193 Ill’l’l)9 CgNH5CH3 +Hor CgNHsCHz +H

I11. The photodissociation of tryptamine at 248 nm and 193 nm

The content of tryptamine in the molecular beam checked by mass spectra
shows tryptamine ion (m/e=160) and-a-small ‘amount (10%) of indole ions (m/e=117).
The existence of indole is'due tgthethermal déeemposition of tryptamine in the oven.
Since we know the  dissociation’ channels ‘and .fragment translational energy
distributions of indole, we can subtract the interference from indole easily. The result
shows that the photofragment ions ofih{ﬁptamine include m/e=130 and 30. The
momentum of line shape component of rh/vp¥l30 mateches with the momentum of m/e
=30, indicating the C-C/bond c‘le}avage\:; CsNH¢CH;,NH, —CsNHcCH,+CH,NH,.
Because dissociation through: a CfC bond generates two radicals, this type of
dissociation on the ground electroitic state does-not feature an exit barrier. The small
translational energy release, as shown in Figs. 4(a) and 4(c), indicates that this
channel must occur from the ground electronic state after internal conversion. The
other component of m/e=130 is a disk-like image. The size of the disk changes with
the pump-probe delay time, indicating that it is from heavy fragment cracking due to
excess VUV photon energy. The most likely fragment is m/e=159, corresponding to H
atom elimination. The photofragment translational energy distributions, as shown in
Figs. 4(b) and 4(d), suggest that the dissociation occurs from the repulsive excited
state. Since the amino group (NH;) is also an absorption chromophore in this UV

15,16,1 . .
>1617 3 large translational energy release can occur from amino group or NH

region,
group of the indole ring. The relative ion intensities of the disklike image and line
shape image of m/e=130 are 3:1 and 1:1 at 248 and 193 nm, respectively. It suggests
that the internal conversion to the ground state prior to dissociation is important in

tryptamine.
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Fig. 4 The photofragment translational energy distribution (a)
CsNHcCH,CH,NH, + Av (248 nm)— CgNH¢CH,+ CH,NH, (b) CsNH¢CH,CH,NH,
+ hv (248 nm) - CgNHeCH,CH,NH + H or CsNHsCH,CH,NH2 + H (c)
CsNH¢CH,CH,NH, + Av (193 nm) — CgNH¢«CH, + CH,NH, (d)
CsNHsCH,CH,NH; + hv (193 nm) —  CNH(«CH,CH,NH + H or
CsNHsCH,CH,NH2 + H

IVV. The photodissociation of tryptophan at 248 nm and 193 nm

Tryptamine (50%) was found intryptophamumelecular beam due to the thermal
decomposition of tryptophan in the'oven. Fragmentions.with m/e=130, 74, and 30
were found at both 193 and 248 nm! Fragment ions with m/e=30 and part of m/e=130
were from dissociation of tryptamlnea Frawnt ions with m/e=74 and part of
m/e=130 result from dissociation.of] tryptoﬁhan correspondlng to the reaction
CgNH6CH2CHNH2COOH—>C3NH6CH2+CHNH2COOH

‘ ! 1

Probability {arh. unit)
Probability {arh. unit)

Translational energy [keal/mal ) Translational anergy | keslimaol ]

Fig. 5 The photofragment translational energy distribution
(a) CgNH(,CH2CHCOOHNH2 + hy (248 Ill’l’l)—> CgNH(,CHz + CHCOOHNH2
(b) CsNH¢CH,CHCOOHNH, + Av (193 nm)— CgNHcCH,+ CHCOOHNH,

Discussions

Comparison of these four amino acid chromophores reveals unique side chain

96



size-dependent dissociation properties. UV photoexcitation of the indole ring results

in an excited state that is stable with respect to dissociation. Dissociation must occur
indirectly, either through coupling of the stable state with the repulsive state (z o *) or
after internal conversion from an excited electronic state to the ground electronic state.
Branching ratios between dissociation on the repulsive potential and dissociation on
the ground electronic state depend on the competition between the two nonradiative
transitions, the transition from  * to  * and from __ * to the ground state. The rate
constant & for radiationless transition between a pair of states depends on two factors.
One is the overlap of wavefunctions and energy mismatch, which can be described by

Fermi’s golden rule,
2
kip= ?(W_AH W;)%p,

H is the perturbation operator, ¥; and Wrare the respective wave functions for the
initial and final states, and p, is the dengity of states and.is given by the number of
energy levels per energy unit inithe final-state at the energy of the initial state. The
other factor is the accessibility oficonical intersections. As the chromophores in our
study vary from indole to tryptophan; the respéctive side chains for these molecules
increase. Because floppy sidelchains contﬂn‘a large number of low vibrational
frequency modes, the density of states 1ncreases rapidly. The estimation of the density
of states shows that the increase in thge denslty of states forthe ground state is larger
than that for the repulsive state-at the photoexc1tat10n enérgy level."® This is due to
the large energy separation betwden the ground and Teépulsive states. As a
consequence, the increase in the radiationless transition rate between zz* and ground
electronic state due to the overlap of wave functions and energy mismatch is far
greater than that between zz* and 7 o *. Meanwhile, internal conversion is very
efficient through conical intersections. As the size of floppy side chain increases, it
may introduce more conical intersections. These conical intersections not only
increase both zz* to Sy and zz* to = & * radiationless transitions, but also increase the
7 o* to Sy radiationless transition if molecules are in the 7 o * state. If molecules go
to the potential well of the ground state through some conical intersections between
z* and Sy, energy is randomized prior to dissociation. The dissociation rate or kinetic
energy release are the same as those from direct internal conversion or through
conical intersection from zz* to SO. As a result, large amino acid chromophores are
much easier to end up in the ground state through various internal conversion
pathways and energy is randomized prior to dissociation. Dissociation from the
excited state for these large chromophores is completely quenched. Similar side chain

size-dependent dissociation properties have been found in the other smaller amino
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acid chromophores.'”” Although under collisionless conditions, molecules upon
absorbing UV photons eventually dissociate into fragments, either from an excited
state or the ground state, dissociation on the ground state is slow and therefore it can
be easily quenched in the condensed phase due to rapid intermolecular energy transfer.
Our results show that large chromophores only dissociate on the ground state. This

provides a mechanism for the photostability of amino acids in the condensed phase.
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Chapter 8. The relevance of tryptophan photodissociation in a
molecular beam and the origin of life on earth

Abstract

Photodissociation dynamics of L-tryptophan was studied at 193 or 213 nm using
multimass ion imaging techniques. The competition between internal conversion to
the ground electronic state and dissociation from the repulsive excited state was
investigated. The ground state dissociation at both wavelengths is the only one
channel and the dissociation rate has been measured. The suggestion of the

importance of L-tryptophan in condensed phase has been made.

Introduction

It is a long-standing and-stillsan opcnproblem to determine the origin of
biomolecular homochirality,, that'is, to explain why, essentially all amino acids in
proteins are L, while all sugars (riboses'and deoxy-riboses) in RNA and DNA are D.
Many scenarios have been envisaged'fg‘ﬂg}(plain this thomochirality. All scenarios
involve at least two steps: the first step is"-];;ne"creation of an enantiomeric excess (e.e.)
from a racemic mixture of the ch§ideréd chiral molecule. This step is the most
debated one. The e.e. might;stem from an asymmetric-adsorption on chiral mineral
surfaces like quartz or clays', from the consequences at the molecular level of the
violation of parity in the weak “interdction > 1 (the so-called Vester-Ulbricht
hypothesis), from a spontaneous resolution®, or from asymmetric photoreactions®’.
In all these cases, the e.e. generated among chiral molecules is very low (from 0.001%
to about 10% in the best cases). For this reason, a second step is needed, namely the
amplification of the e.e. from low values to high values (up to 99.5%, see Ref. 8. Soai
et al®). Interestingly, it seems that the chiral initiator may be the molecule itself but
also another chiral molecule’. A recent review of these processes is provided by
Podlech'.

Numerous asymmetric mechanisms have been suggested and tested
experimentally, including the influence of circularly polarized light (CPL) as an
external chiral force.'"'"*"* Astronomical sources of CPL,'*"> which might produce
enantiomeric selection in interstellar organic molecules, were observed in the IR
range. '® Moreover, gas chromatographic—mass spectral analyses of the four

stereoisomers of 2-amino-2,3-dimethylpentanoic acid (DL-a-methylisoleucine and
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DL-a-methylalloisoleucine) obtained from the Murchison meteorite show that the L
enantiomer occurs in excess (7.0 and 9.1%, respectively) in both of the enantiomeric

pairs."’

It is found that the circular dichroism (CD) band of tryptophan centered at 210
nm (stemming from the carboxyl chromophore) is concealed by bands with opposite
sign at 193 nm (stemming from other chromophores, i.e. benzene ring, in the case of
tryptophan).'® It suggests L tryptophan has larger absorption coefficient at 193 nm for
right circular polarized light and D tryptophan has larger absorption coefficient at 213
nm for the same circular polarized light. The speculation has risen: if there two
electronic states have different dissociation efficiency, they may result in an
enantiomeric excess (e.e.) from a racemic mixture. Since the new design of
non-metallic oven is able to produce a sufficient concentration of tryptophan in
molecular beam. The photodissociation experiment of tryptophan at 193 nm and 213
nm has been carried out in this chapter. The relevance to the origin of homochirality

of amino acid has been discussed.

Experimental

The experimental te¢hniques have Bpge'n described in chapter 2 and only a brief
description is given here. Basii‘ca;llly 'Inolecules in “a; molecular beam were
photodissociated by a pulsed.UV laser beam at 193 or.213 nm, then photofragments
were ionized by vacuum UV (VUV) laser at 118nm of 157 nm. The masses of
fragments were identified along with'their translational energy distributions using
multimass ion imaging techniques. A homemade high temperature nozzle was used in
this experiment. It is the non-metallic oven as described in chapter 2. Ultrapure He (or
Ne) at a pressure of 400 Torr flowed through the oven and the sample/rare gas
mixture was expanded through the exit port of the oven to form molecular beam.
VUV photoionization and time-of-flight mass spectra were used to check the content
of the molecular beam before the photodissociation experiment was performed. In
order to generate 212.8 nm laser, the mixing of the 355 nm and 512 nm from single
Nd:YAG laser in BBO crystal has been used, as shown in Fig.1.
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Figure 2 depicts the 'plioto;.&agment‘, iOIl' “ images obtained from the
photodissociation of tryptophan at 193. nm. Fragments of m/e = 130, 74 were
observed. Fragments of m/e = 130 and 74 correspond to CsNHgCH, and
CHCOOHNH; radicals from C-C bond cleavage, CsNHcCH,CHCOOHNH, —
CsNH¢CH, + CHCOOHNH,. The images of fragment m/e= 130 and 74 are mainly
line-shape. Comparison of the momentum distributions between m/e=130 and the sum
of m/e=74 confirms this dissociation channel.

Figure 2. The ion image for m/e = 74 at 20 ps pump—probe delay time with 193 nm

laser excitation
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The translational energy  distribution of C-C bond cleavage,
CsNH¢CH,CHCOOHNH,; — CgNHcCH,; + CHCOOHNHo,, is illustrated in Fig. 3.
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Fig. 3. The photofragment translational energy distribution

CsNHsCH,CHCOOHNH, "+ hvﬁ (193 nnlf)9 CsNHsCH, + CHCOOHNH,

The ion images of C-C bond?l\éqvag{_%i"‘,2l2.8 nm are illustrated in Fig. 4.
Photodissociation of tryptophan at 2 24 'E'E‘hbi{vs similar dissociation channel. The

J'ﬂ . .
translational energy distributions.at212.8 mn shFT) one components, as shown in Fig.

5. ‘ l = |
= aN | l

Figure 4. The ion image for m/e = 74 at 20 us pump—probe delay time with 212.8 nm

laser excitation
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Fig. 5 The photofragment translational energy distribution

CsNHsCH,CHCOOHNH; + Av (212.8 nm)— CgNHcCH,; + CHCOOHNH,

The photofragment franslational” energy distribution indicates the ground
dissociation mechanism at both wavelengths. No faSt‘component was observed, which
suggests the internal “conhversion in tryptophan at, both: wavelengths is major
deactivation channel after UV 1rrad1auml Tl?e product build-up curve has been

measured at both wavelengths, as s}ﬂwniﬁig 6
||
(a) (b)

1400 - The bulid-up time of product = 076 us -
L L the build-up time of product = 0.2 us

Intensity {arb. unit}
=
3
£

Intensity (arb. unit)
o
2
2

T T T
0.0 0.5 1.0 15
pump-probe delay time {us)

T T T T T T T
0.0 05 10 15 20 25 EX]
pump-prebe delay time {(us)

Fig. 6 The product build-up curve by changing the pump-probe delay time at different
pump wavelength (a) 212.8 nm and (b) 193 nm.

The curves are fitted a single exponential growth: the dissociation rates obtained

from these curve are 5 x 10° s and 1.28 x 10° s' at 193 nm and 212.8 nm,

respectively. The difference is only about a factor of four. Compared with the
available energy (78 kacl/mol and 64 kcal/mol at 193 nm and 212.8 nm, respectively),
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the difference is only about a factor of four.

The results show there is no significant difference in dissociation mechanism at
these two wavelengths. The four times difference of dissociation rate is not enormous,
but it is still a possible origin of the homochirality of life on earth in the billion years
of evolution. Amino acids have been synthesized in simulated interstellar ice in the
laboratory."” Dissociation could occur in the interstellar ice grain or comets. A future
challenge is to find out the dissociation dynamics of amino acid in the simulated

condition by measuring the dissociation yield and identification of photoproducts.
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Chapter 9. The  photodissociation  of  N-methylindole,
N-methylpyrrole, and anisole

Abstract

Photodissociation of N-methylindole, N-methylpyrrole, and anisole at 193 and
248 nm in a molecular beam has been studied in separate experiments using
multimass ion imaging techniques. CH; elimination was found to be the only
dissociation channel for these molecules at both wavelengths. The photofragment
translational energy distribution of anisole contains a fast and a slow component at
both wavelengths, corresponding to the dissociation from the repulsive excited state
and the ground electronic state, respectively. On the other hand, fast component is
dominant for N-methylindoel at 248 nm, and only the slow component was observed
at 193 nm. The absorption coefficient of N-methylpyrrole is too weak to study at 248
nm, but the photofragment translational energy distribution at 193 nm includes a large
portion of slow component and a small portion of fast component. A comparison with
the photodissociation dynamics.of phenol, pyrrole, and indole has been made.
f:.'.f.’_ﬂ

Introduction | !

One important photophysica1 éharaéferistic of aromatic biomolecules is their
low fluorescence quantum yields u15>on exeitation byr ultraviolet (UV) light ', Such
behavior indicates the presence “of fast nonradiative channel that efficiently quench
the fluorescence. This nonradiative process is.assumed to be the ultrafast internal
conversions (IC) to the ground electronic state. The so-called “photostability” for
these molecules can prevent undesirable photochemical reactions from initiating after
UV irradiation”>. However, recent theoretical calculations has pointed out that excited
electronic states of 1mc™ play an important role in the photochemistry of aromatic
biomolecules, in particular those containing hydroxy and azine groups like phenol,
indole and pyrrole.” For indole, the first excited I7n* state is bound with respect to
N-H bond distance, but the 1nc* state is repulsive. The diabatic 1mc™* potential
correlates with the ground state products, CsNHg + H. Although the absorption of UV
photons corresponds to excitation to the 1nn* excited state, population of the l1nm*
state can be transferred to the 1mc™® potential through a conical intersection. As a
consequence, instead of direct internal conversion to the ground electronic state,
dissociation from lnc™* provides an alternate explanation for the rapid fluorescence
quenching. Similar repulsive potential energy surfaces of 1mo* were found for phenol

along O-H bond and pyrrole along N-H bond. The only difference is that the 1nm*
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potential minima in both indole and phenol lie below that of the 1nc™ PES (in the area
near equilibrium geometry at the ground electronic state), whereas in pyrrole the 1nc™

state is lowest in energy.

Evidences to support the theoretical calculation were found in early and recent
experimental results. Photofragment translational spectroscopy was used to study the
photodissociation of pyrrole at 193 and 248 nm under collision-free conditions. In
addition to some ring opening dissociation channels, cleavage of the N-H bond on the
repulsive electronically excited state of pyrrole was observed before the theoretical
prediction.® Recent H atom photofragment velocity map ion imaging and H Rydberg
atom high resolution translational spectroscopy disclosure more detail information of
the H atom elimination channel and supports the theoretical calculation.” H atom
elimination on the repulsive excited state of phenol and indole was first observed
using multimass ion imaging/molecular beam experiment.*’ Recent H Rydberg atom

high resolution translational spectroscopy further reveals the detail dissociation
0

mechanism and vibrational mode depéndence.!

The dissociation mechanismimay change as the-H atom is replaced by a methyl
group. For example, difference’of delayed luminescenee between N-methylindole and
indole in the gas phase with the laserirradiation wavelengths of 266 nm and 230-250
nm has been reported.'! Delayed anﬁihfgﬁ'én fluorescence which spectrally matches
fast fluorescence was observed fc;r | N-rriEthylindole. However, there is no similar
fluorescence for indole. Instead; a deiayed Ul-umin;escence band with wavelength at the
maximum 535 nm was observed, which was iﬁterpreted as luminescence of free
radicals formed as a result of dissociation of the N—H.bond of indole. No free radical

from the dissociation of the N-C bond of N-methylindole was observed.

On the other hand, anisole seems to have the same dissociation mechanism as
that of phenol. Photodissociation of anisole has been studied at 193 nm in the gas
phase.'” Transient absorption spectra in the range of 210-300 nm shows two broad
bands and which were assigned to phenoxyl radical. The phenoxyl radicals are
produced in the time range of shorter than 1 ns on irradiation with the ArF laser light.
The photodissociation mechanism was proposed to be predissociation. On the other
hand, both phenoxyl radicals and phenoxymethyl radical were observed from the

transient absorption spectrum of anisole in acetonitrile at 248-nm laser photolysis."

The photophysics of jet-cooled N-methylpyrrole molecules following excitation
to their first excited singlet state (242.7~237 nm)) has been investigated by resonance
enhanced multiphoton ionization spectroscopy/velocity map imaging of CHj;

photoproducts.'* Direct dissociation on repulsive excited potential energy surface
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yields fast CH3 fragments, but this product channel is only observed in a narrow
wavelength range near the absorption band origin. Slow CHj; fragments were
observed at all the photolysis wavelengths. These slow products are attributed to
dissociation of highly vibrationally excited ground state molecules formed by

radiationless transfer from the excited state.

In this work, we study the photodissociation of N-methyindole, N-methylpyrrole,
and anisole using multimass ion imaging techniques. Comparison to previous studies

was made.

Experimental

The experimental techniques have been described in chapter 2 and only a brief
description is given here. Vapor of each compound was formed by flowing ultrapure
He at pressure of 400 Torr throughya reservoir filled with liquid or solid sample at 50
°C. The compound/He mixture was .then expanded .through an 800 um high
temperature (70°C) pulsed nozzle o form théwmielecular beam. Molecules in the
molecular beam were photodissociated by an UV phoetolysis laser pulse (Lambda
Physik Compex 205; pulse duration: ~20,ns).Basically molecules in a molecular beam
were photodissociated by a pulsed I%L}aser beam at 193 or 248 nm, then
photofragments were ionized by Vaj_cpum' W (VUV) laser at 118 nm. The masses of
fragments were identified along with their' translational energy distributions using

1 |

|
multimass ion imaging techniques:.! |

Results and discussions
I. Anisole

Figure 1 depicts the photofragment ion images obtained from the
photodissociation of anisole at 193 nm. Fragments of m/e = 93, 65, and 15 were
observed. The study of photolysis laser power dependence in the region of
0.15mJ/cm* ~0.87 mJ/cm® showed that they were from one-photon dissociation.
Fragments of m/e = 93 and 15 correspond to C¢HsO and CH3 radicals from C-O bond
cleavage CsHsOCH; — C¢HsO + CHs. The image of fragment m/e=65 is mainly a
disk-like image and superimposed with a line shape image. It is from the dissociative
ionization of phenoxyl radical by VUV photoionization due to the excess VUV
photon energy C¢HsO + hv(118nm) — CsHs™ + CO. This cracking pattern has been
observed from the photoionization of phenoxyl radical generated from the

photodissociation of phenol."”” Comparison of the momentum distributions between
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m/e=15 and the sum of m/e=93 and 65 confirms this dissociation channel.

m/e

i

Figure 1. The ion image for m/e = 93, 65 and 15 at 15 ps, 15us and 0.7us pump—probe

delay time, respectively, with 193 nm laser excitation

The translational energy distribution of CH; elimination is illustrated in Fig. 2.
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Figure 2. Photofragment translational energy distribution of reaction

C¢HsOCHj; + hv (193 nm) - C¢HsO + CH3

The ion images of CHj; elimination at 248 nm are illustrated in Fig. 3.
Photodissociation of anisole at 248 nm shows similar dissociation channel and
fragment cracking pattern. The translational energy distributions at 248nm show two
components, as shown in Fig. 4. These components are the fragments that resulted

from the dissociation of anisole with large recoil velocity and small recoil velocity,
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respectively.

m/e

Figure 3. The ion image for m/e = 93, 65 and 15 at 14 ps, 14us and 2 ps pump—probe
delay time, respectively, with 248 nm laser excitation
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Figure 4. Photofragment translational energy distribution of reaction

C¢HsOCHj; + hv (248 nm) - CgHs0 + CHj;

For the slow component, the monotonic decrease of the probability with the
increasing translational energy is the typical characteristic of dissociation from a
molecule undergoes internal conversion to the ground electronic state with small or no
exit barrier. On the other hand, the fast component is the characteristic of dissociation
from a repulsive excited state, or dissociation from an electronic state with an exit
barrier.
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The photodissociation of phenol at 193 and 248 nm has been studied using
multimass ion-imaging techniques and step-scan time-resolved Fourier-transform
spectroscopy.’” The major dissociation channels at 193 nm include cleavage of the
O-H bond, elimination of CO, and elimination of H,O. Only the former two channels
are observed at 248 nm. The translational energy distribution shows that H-atom
elimination occurs in both the electronically excited and ground states, but elimination

of CO or H,O only occurs in the electronic ground state.

Comparison between anisole and phenol shows similarities and differences.
First, dissociation on the repulsive excited state is observed from both molecules. It
indicates the properties of the repulsive excited nco* state and the coupling between
the bound state and the no™ state do not change very much as H atom in hydroxy
group is replaced by the CHj3 group. Dissociation from the repulsive sate still remains.
Second, the only dissociation of anisole on the ground state is CH; elimination. On
the other hand, phenol shows various dissociation channels on the ground state.
CsHsO-CHj3; bond energy (64 keal/mol)-smaller than C¢HsO-H bond energy (88
kcal/mol) is one reason that O-C-bond€leavageis the dominant channel for anisole.
The other reason is that the-migration of H atom fromyhydroxy group to aromatic ring
is the first step for CO elimination channel inphenol. The'corresponding step for
anisole becomes the CH3 migration. Thls-sf@p becomes impossible due to the large
barrier height. As a result, CHj ehrmnatlorhbecomes the only dissociation channel for

anisole. 1

|

I1. N-mehtylpyrrole

The first electronic excited state is located at ~ 241 nm. Transitions to and from
this state were shown to give rise to the structured bands observed around 240 nm.*
The absorption coefficient of N-methylpyrrole at 248 nm is too small to study.
Therefore, we only study the photodissociation at 193 nm.

Figure 5 depicts the photofragment ion images obtained from the
photodissociation of N-methylpyrrole at 193 nm. Fragments of m/e = 66 and 15 were
observed. The study of photolysis laser power dependence in the region of 0.08
mJ/cm® ~0.67 ml/cm® showed that they were from one-photon dissociation.
Fragments of m/e = 66 and 15 correspond to C4NH4 and CHj radicals from N-C bond
cleavage C4NH4CH; — C4NH4 + CHj. The translational energy distribution of this
channel is shown in Fig. 6. It includes a large portion of slow component and a small

portion of fast component.
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m/e

Figure 5. The ion image for m/e = 66 and 15 at 8us and 0.3 ps pump—probe delay time,

respectively, with 193 nm laser excitation
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Figure 6. Photofragment translationh]t energy distribution of reaction

C4NH4CH; + hv (193 nm) =+ C4NH;+ CHj

Photofragment translational energy spectroscopy has been used to study the
photodissociation of pyrrole at 193 nm and 248 nm under collision free conditions.’
Five primary dissociation channels were observed at 193 nm. Two channels resulted
from the cleavage of N-H bond with one channel following the internal conversion to
the ground state and the other originating from electronically excited pyrrole. Another
two dissociation channels involved HCN elimination producing vinylmethylene and
cyclopropene, respectively. The last channel involved IC to the ground state followed
by ring opening and N-C bond cleavage to form NH+ CCHCCHCHo.

Unlike the observation of ring opening dissociation in pyrrole, no similar
dissociation channel was observed in N-methylpyrrole. Only the cleavage of N-C

bond with the majority from the internal conversion to the ground state and the
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minority from electronically excited state. The reason that there are no analogous ring
opening dissociation channels is similar to that of phenol and anisole, i.e., the ring
opening dissociation in pyrrole requires the migration of H atom from N-H group to
start the process. Replacement of H atom by CHj; group simply hinder the ring
opening dissociation channels. Previous study in the region of 242.7~237 nm shows
that dissociation from the excited state was only observed in a narrow wavelength
range near the absorption band origin. Our results show that dissociation from excited

state still can be observed at 193 nm, although it is a minor channel.

I11. N-methylindole

Fragments of m/e = 116 and 15 were observed from photodissociation of
N-methylindole at 193 nm. Figure 7 illustrates the photofragment ion images. The
study of photolysis laser power dependencerin.the region of 0.1 mlJ/cm® ~ 0.67
mJ/cm® showed that they were from“pne-p.‘tlipton dissociation. The match of the
momentum distribution between-these two fragments- suggests they come form the
same dissociation channel: CsNH¢CH; — CsNHs =+ CH3,.

i |

m/e

116 [= | — |

Figure 7. The ion image for m/e = 116 and 15 at 19 ps and 3 ps pump—probe delay

time, respectively, with 193 nm laser excitation

The photofragment translational energy distribution of this channel is illustrated in
Fig. 8.
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Figure 8. Photofragment translational energy distribution of reaction

CsNHcCH; + hv (193 nm) - CgNHg + CH3

it

Photodissociation of N-methyliﬁdble at, 248 .nm shows the same dissociation
channel. Figure 9 illustrates the photofragment ionr'i"hlagcs. The translational energy
distribution obtained at 248/ is shown in Fig. 10.

| Ni=JQ\ |
m/e

116 |- H—_

15 - B —

Figure 9. The ion image for m/e = 116 and 15 at 20 ps and 2 pus pump—probe delay

time, respectively, with 248 nm laser excitation

The translational energy distributions at both wavelengths show only fast

component, indicating the dissociation from the repulsive excited state.
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Figure 10. Photofragment translational energy distribution of reaction

CsNH¢CH; + hv (248 nm) — CsNHg + CHs

Photodissociation of indole atel193 and 248, nmr under collision-free conditions
has been studied using the same techniques. H atom elimination was found to be the
only dissociation channel ‘at both Wavelengths The photofragment translational
energy distribution obtained at 193 hm com'.ams a fast and a.slow component. 54 % of
indole following the 193 nm photpexmtat;on dissociate from electronically excited
state, resulting in the fast component. The'rest of 46% indole dissociate through the
ground electronic state, giving rise to thesslow|component. Similar two-component
translational energy distribution‘was observed at 248 nm: However, more than 80% of
indole dissociate from electronically excited state after the absorption of 248 nm
photons.

Comparison of indole and N-methylindole shows the similar wavelength
dependence of the competition between the dissociation on the ground state and the
repulsive excited state. As the pump photon energy decreases, internal conversion to
the ground state and eventually dissociate into fragments becomes less important.
Population transfer from the excited bound state to the repulsive excited state
becomes the dominant channels. Our result is in contrast to the conclusion from the

delayed luminescence study of N-methylindole and indole."'
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Chapter 10. Photodissociation of DNA  base  model
compounds---7-azaindole, 2-aminopyridine and 8-Hydroxyquinoline

Abstract

The photodissociation of 7-azaindole, 2-aminopyridine and 8-hydroxyquinoline
at 193 and 248nm was studied using multimass ion imaging techniques under
collisionless conditions. Only one dissociation channel was observed, i.e. H atom
elimination. The translational energy distributions show two components at both
wavelengths. The slow component corresponds to the dissociation from the ground
electronic state after internal conversion, and the fast component results from the

dissociation on the electronic excited state.

Introduction

More than half century ago-thesdouble=helix. structure of DNA molecules was
proposed by Watson and Cricks They pointed out that _the rare tautomers of DNA
bases might disturb the geneti¢ code.’ In 1963, Lowdin preposed the proton tunneling
model of the origin of spontaneous muté'fx"éﬁ_s in the DNA base pairs.” Since then, the
proton-transfer reaction has l?een '_,Fxtensively investigated with double
hydrogen-bonded model ‘molecules. The: 7-azaindole’"dimer (7-Al;) has been
considered as a model DNA:base paif, and_it is one of the'most widely studied double
hydrogen-bonded dimers. 345673240 ei2 Taylor, Bl:Bayoumi, and Kasha'> were the
first to observe the excited-state double-proton fransfer (ESDPT) reaction in 7-Al, by
measuring the fluorescence spectrum in solution. Numerous studies have focused on
the mechanisms of ESDPT in 7-Al, in solution, matrix, and in the gas phase using
various spectroscopic techniques. Theoretical studies have been carried out to
investigate the hydrogen-bonded structures, potential energy surface, and molecular
dynamics of 7Al. It has been proposed that ESDPT is the main concept to explain the

dynamical process.

Although numerous attempts have been made to clarify the mechanism, the
conclusion is still controversial. Two mechanisms have been proposed for ESDPT in
7-Al,. Zewail and co-workers carried out the femtosecond time-resolved experiments
by detecting the transient ions in a molecular beam.” They obtained decay profiles of
the normal dimer (base pair) and its isotopomers by varying the excess energy in the
S1—Sy region. Each decay profile was fitted to a bi-exponential function. Two time
constants 650 fs and 3.3 ps were obtained when the excess energy is near zero. The

short and long decay components were ascribed to a single-proton transfer from the
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normal dimer to a zwitterionic state (intermediate state?) and from the intermediate
state to the tautomer, respectively (Fig. 1). They proposed a ‘‘stepwise mechanism’’

(or sequential mechanism).

The other mechanism of ESDPT is ‘‘concerted mechanism’’ (Fig. 1), which was
proposed by Kasha and co-workers from a quantum mechanical intuition and
steady-state electronic spectra in solution. They consider that the excitation is
delocalized on the two monomer units in the lowest excited state of 7-Al, due to a
strong exciton resonance interaction. According to Kasha, Catala’n, and co-workers’s
work, the geometry of 7-Al, in the lowest excited state is C,, since the two monomer
units are equivalent, therefore, the two protons should move simultaneously on a
potential energy surface that has no potential minimum between the geometry of
initially excited and the tautomer.

Stepwise mechanism

Normal Intermediate Tautomer

Concerted mechanism
N\ S

M

Normal Tautomer

Fig. 1. Two mechanisms of ESDPT in 7-Al,. The normal dimer undergoes
single-proton transfer by photoexcitation to produce a stable zwitterionic state
followed by second proton transfer to generate the tautomer in stepwise mechanism.
Two protons simultaneously transfer by photoexcitation of the normal dimer in the

concerted mechanism, where no stable intermediate state exists. (Adopted from ref.
12)

The mechanism of ESDPT in 7-Al, in solution was extensively studied by two
groups. Takeuchi and Tahara carried out femtosecond fluorescence up-conversion
measurement in solution. They examined the decay profiles by varying the excitation
energy. When the pump photon provided excess energies, each decay profile was

fitted to a bi-exponential function. However, a single exponential decay was observed
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when the red-edge of the S;—S, absorption was excited. The single exponential decay
was ascribed to the concerted mechanism. Zewail and co-workers also investigated
ESDPT in solution with femtosecond fluorescence up-conversion and the transient
absorption measurements. They obtained similar time constants to those of Takeuchi
and Tahara. The long decay component (1-1.1 ps) was assigned to ESDPT in both
research groups. However, the interpretation of the short decay component is different
between these two groups. The short time constant 200 fs was ascribed to the S,—S;
electronic relaxation by Takeuchi and Tahara, but it was assigned by Fiebig et al. to
the single-proton transfer occurring within 250 fs from the normal dimer to an
intermediate state.

Recently, 2-aminopyridine (2-AP) dimmer offers alternative interest to
investigate the excited-state dynamics of H-transfer reaction. Ab initio calculations
characterized the potential energy surface for the locally excited 'zz* (LE) and charge
transfer 'zz* (CT) states of the planar AP.dimer along the intermolecular hydrogen
transfer coordinate, as shown inFig. 2.'* Aceording to the calculations, an electron
transfer from one aminopyridine' molecule-to the other (LE — CT transition) should
be followed by a proton/transfet along the N-H coordinate, leading to a net hydrogen

transfer. The electron-proton transfer~thus creates a pathway for rapid excited-state

relaxation of optically bright electronic s“ﬂes.?‘ ‘
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Fig. 2. MRMP2 minimum-energy profiles of the lowest 'zz* (LE) state (solid squares)
and the lowest *zz*(CT) state (triangles) of the 2-AP dimer, calculated as a function
of the NH-stretch reaction coordinate. The energies of the 'z (CT) state (solid
triangles) and the ground state (circles) were calculated at the geometry of the *zz*
(CT) state.(Adopted from ref. 13)

Femtosecond pump-probe spectroscopy'> of (2-AP), clusters confirmed the
theoretical prediction of fast excited-state relaxation mediated by H-transfer. Upon
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excitation by 274 nm photons, the monomer (n = 1) and larger clusters n > 4 show a
lifetime of 7;= 1.5 ns, equal to the radiative lifetime estimated from high-resolution
spectra of the monomer.'® The dimer displayed a much shorter lifetime of 7, = 65 ps,
which was assigned to the H-transfer relaxation channel in the near-planar, doubly
hydrogen-bonded structure. For the trimer, both the long-lived 7; and the short-lived 7,

contributions were observed and assigned to different cluster geometries.

Compared with 7-Al,, 2-AP, was also verified as a net H-atom transfer
(electro-coupled-proton transfer) instead of proton (H") transfer. The new model of
non-radiative decay of this aromatic biomolecules includes the repulsive 7z o* state.
The H-atom transfer on the excited state could be recognized as <i> the deactivation
from the optical bright state ( 7* state) to the dark state ( repulsive 7 o * state or 'zz*
charge-transfer states ) through conical intersection, <ii>then, a repulsive potential
along with the N-H/O-H stretch reaction coordinate resulted a fast release of a

H-atom.

Another model molecule of DNA base, 8-hydroxyquinoline (8-HQ), has also
been discussed.'”'®" The proximity/of the twosfunétional groups in 8-HQ is similar
to that observed in 7-azaindele. Therefore, the similar ESPT mechanisms are expected.
Besides, the reactivities of both functlonal groups already “exhibited in a cooperative
way in the ground state, ,especially | wheﬂ.S HQ forms a complex with metal ions.
8-HQ is an outstanding complexing agqpt a bidentate, ligand, considered as the
second chelating agent in 1mportancé after EDTIA.2 Besides its chelating properties,
8-HQ is a fluorogenic ligand; 1.e.; it shows.a vety low quantum yield in aqueous and
organic solutions. Fluorescence arises-from catien Binding with most metal ions. It is
then used for fluorimetric determination of metals.”’ However, this fluorogenic
character is not yet fully understood. In particular, the very low fluorescence emission

in most media has never been really explained.

In this chapter, we provide the experimental evidence to prove the existence of
repulsive potential on the 7-azaindole and 2-aminopyridine for the first time. Together
with these studies, the 8-hydroxyquinoline has also been examined to get a further

understanding of the behaviors in the excited state.
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Fig. 3. Molecular structure of 7-azaindole, 2-aminopyridine and 8-hydroxyquinoline

Experimental

The experimental techniques have been described in chapter 2 and only a brief
description is given here. 7-azaindole, 2-aminopyridine and 8-Hydroxyquinoline
vapor was formed by flowing He (or Ne) at pressures of 500 Torr through a reservoir
filled with solid sample at 363 K. The mixture was then expanded through a pulsed
nozzle (diameter 800 xm) maintained at 393 K to form a molecular beam. Molecules
in that beam were photodissociated with a pulsed UV laser, followed by ionization
with a pulsed VUV laser at 118 nm; a pulsed electric field served to extract the ions
into a mass spectrometer. At the exit port of the mass spectrometer, a two dimensional

ion detector was used to detect the ion positions and intensity distribution.

Results
I. Photodissociation of 7-azaindole at 248 him and 193 nm

No signal of m/e = 117 (C7H5N2f)';vga:s“ detected after 7-azaindole absorbed the
248 nm UV photons. Here, we only [gi'&em ‘;the data of the photodissociation of

7-azaindole at 193 nm, | "‘E B

|

A. Photofragments and Translatitj{)nal Energy bzistribution at 193 nm

Fragment ion of m/e = 117“(Ch7H5N2+) with 1arge .intensity was observed from
the photodissociation of 7-azaindole at 193 nm. It corresponds to the H atom
elimination. The images of m/e = 117 obtained at 79 ps delay time between pump and
probe laser pulses is shown in Fig. 4. The line shape image of m/e = 118 is from the
residual parent molecules in the vacuum chamber. The intensity of m/e = 117 is very
small compared to the intensity of m/e = 118. The forward convolution in the data
analysis shows that the contribution from these residual parent molecules is not

important.

m/e Velocity axis

Figure 4. The ion image for m/e = 117 at 79 us pump—probe delay time with 193 nm

laser excitation
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This corresponds to the C;HsN, fragment with large recoil velocity. The
photofragment translational energy distribution obtained from the image is shown in

Fig. 5.
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Figure 5. Photofragment translational en@:gy_ distribution of reaction

I
I 1 1

It shows two components. The relativeintensities between the fast and the slow

components are about 1: 0.87. The average released translational energy of the fast

component is large, and the peak of the distribution is located at 45 kcal/mol.

| Zoe=g ||
C7HeN, + v (193 nm), — THSHIZ +H

I1. Photodissociation of 2-aminopyridine at 248 nm and 193 nm
A. Photofragments and Translational Energy Distribution at 248 nm

Fragment ion of m/e = 93 (CsHsN,") with large intensity was observed from the
photodissociation of 2-aminopyridine at 248 nm. It corresponds to the H atom
elimination. The images of m/e = 93 obtained at 93 ps delay time between pump and

probe laser pulses is shown in Fig. 6.
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m'e Velocity axis

Figure 6. The ion image for m/e = 93 at 93 pus pump—probe delay time with 248 nm

laser excitation

The photofragment translational energy distribution is shown in Figure 7. It also
contains two components. However, the intensity of the slow component is relatively
small compared to the intensity of the fast component. The slow component was
estimated to be ~10% of the fast component. The peak of the fast component is
located at 18 kacl/mol. The translational energy as much as 30 kcal/mol can be

released. It almost reaches the maximum available energy of the reaction CsHgN, +

hv(248 nm) - CsHsN, + H.

Probability (arb. unit)

0 10 20 30 40

Translational energy (kcal/mol)

Figure 7. Photofragment translational energy distribution of reaction

CsHeN, + hv (248 nm) — CsHsN, + H

B. Photofragments and Translational Energy Distribution at 193 nm

Fragment ion of m/e =93 (C5H5N2+) was observed from the photodissociation of
2-aminopyridine at 193 nm. It corresponds to the H atom elimination. The images of
m/e = 93 obtained at 61 us delay time between pump and probe laser pulses is shown

in Fig. 8. Another line image of m/e = 92 had been observed. Due to the slow recoil
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velocity, it was assigned as the cracking of slow component (small translational
energy, large internal energy) of m/e = 93 (CsHsN;) after ionizing by 118 nm laser.

m'e Velocity axis

Figure 8. The ion image for m/e = 93 at 61 us pump—probe delay time with 193 nm
laser excitation. The m/e = 92 line image is from the dissociative ionization of m/e =
93.

Since the cracking of m/e = 93 (CsHsN) into m/e = 92 is the H loss, the image
intensity profile of m/e = 92 would not change significantly. It can be directly added
onto the image intensity profile of m/e = 93 without any correction. The reason is that
the mass ratio of m/e = 92 and H 1s er;pfmous;T.,Even though there is a recoil-kick from
H to m/e = 92, it will not cause huge change on th‘é" velocity of m/e = 92. In other
words, m/e = 92 will stay in.the same Ve10c1ty dlStI'lbthlOIl as m/e = 93 before cracking.
The photofragment translational energy d]létrlbutlon was taken into account the
distribution of m/e = 92, as shown i Fl—“ ,2 |It| also contains two components. The

slow component was estimated to b%: 300{10’[“ the fast€omponent.
1
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Figure 9. Photofragment translational energy distribution of reaction

CsHgN, + Av (193 nm) - CsHsN, + H

I11. The photodissociation of 8-Hydroxyquinoline at 248 nm and 193
nm
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A. Photofragments and Translational Energy Distribution at 248 nm

Fragment ion of m/e = 144 (C9H6NO+) was observed from the photodissociation
of 8-Hydroxyquinoline at 248 nm. It corresponds to the H atom elimination. The
images of m/e = 144 obtained at 120 ps delay time between pump and probe laser

pulses is shown in Fig. 10.

m/e Velocity axis

1 +—

Figure 10. The ion image for m/e = 144 at 120 pus pump—probe delay time with 248

nm laser excitation

The line shape image ofim/e =145 is from the residual parent molecules in the
vacuum chamber. The intensity-is.wvery small compared to the intensity of the
molecular beam. The forwardsconvolution in the data “analysis shows that the

contribution from these residual parent molecules is not\important, as stated above.

Since the available energy (equal te-;be photon energy minus the bond energy)
at 248nm is small, the length of the 1m@lge at 248nm is very short. Although the
experimental delay time between pun};p and'probe laser pulses increases to 120 ps, the
length of the image of m/ew=:144l is still.not very' long due to the small available
energy. The center part of the image is therefore ‘interfered by the image of parent
molecules. The photofragment translational energy is shown in Figure 11. The slow
and fast components are not separated clearly. The uncertainty of the slow component
is relatively large due the large background from parent molecules. The slow
component was estimated to be 1.6 times of the fast component. The peak of the fast
component is located at 25 kcal/mol. The translational energy as much as 47 kcal/mol

can be released. It almost reaches the maximum available energy of the reaction

C9H7NO + hy (248 nm) - C9H6NO + H.
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Figure 11. Photofragment translational energy distribution of reaction CoH7NO +
hv (248 nm) - CoHgNO + H. The data with energy less than 10 kcal/mol which is

interfered with the parent molecules 1snot shown in the figure.
: e

B. Photofragments and Translational Energy Distribution at 193 nm

. r'. |\. || . :
Fragment ion of m/e =144 (C Hg’l@*ﬁ)ﬂ,‘;yvitp large intensity was observed from
the photodissociation of 8-hydroxy. ind llnﬁ"gt 193 nm. It corresponds to the H atom

i

elimination. The images of7i/e = IT obtained a'lt E?O us delay time between pump and
g 11/

probe laser pulses is shown in‘Fig.
‘ |

m/e Velocity axis

Figure 12. The ion image for m/e = 144 at 80 us pump—probe delay time with 193 nm

laser excitation

The photofragment translational energy is shown in Figure 13. It also contains
two components. The slow component was estimated to be 2.5 times of the fast
component. The peak of the fast component is located at 55 kcal/mol. The

translational energy as much as 80 kcal/mol can be released. It almost reaches the

maximum available energy of the reaction CyH7NO + Av (193 nm) - CyHeNO + H.
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Figure 13. Photofragment translational energy distribution of reaction CoH7NO +

hv (193 nm) - CoHgNO + H. The data with energy less than 2 kcal/mol which is

interfered with the parent molecules is riot shown in the.figure.

Discussion

One of the important characteristiéﬁ_,of the heteroaromatic molecules is the low
quantum yields of fluoréscence. The*é%cfhcé of fast honradiative process was
assumed to account for .the efﬁci}: 1t qu'&"nching‘ of the-excited state. The internal
conversion through nz* and® 7| 7;] * in the DNA base, e.g. adenine, has been
suggested to explain the “pho't‘()stabﬁility” of genétié oode 223 The DNA bases relax
to the ground state by internal. conversion. They dissipate the photon energy to the
surrounding molecules and prevent the breaking of chemical bond. Alone with these
studies, the ultrafast conical intersection from the initial excited state (bright state) to
the 77 o * state (dark state) has also been suggested ***°. This dynamic pathway on
the 7 o* state provides a fast dissociation which can compete with the
intermolecular energy transfer. Here, we study this issue by measuring the
photofragment translational energy distribution to understand the photodynamic

behavior of these important molecules.

7-Al, dimer has long been considered as a DNA model of ESDPT process. Both
the gas and condense phase studies are recognized a fast relaxation of 7Al,. The
controversial explanations for this lie in the “concerted” or “sequential” double proton

transfer in a 7-Al,. Little research has been focused on monomer. The answer that we
describe here is the existence of the 77 ¢ * state.

The first absorption band of 7-Al monomer is located in the region ~290nm.
The second absorption band starts from 277 nm. The absorption of 248 nm and 193
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nm photons corresponds to the excitation to the S, and S; (or Sy) states, respectively.
No obvious signal correspondent to H-atom loss channel was detected at 248 nm.
Compare with the conical intersection (CI) point of adenine (~ 5.5 e¢V) and indole (~
4.5 eV), it seems that the CI point of 7-Al also lie above 5eV, the photon energy of
248 nm. The two components in the translational energy distribution suggest that H
atom elimination at 193 nm results from two mechanisms. The most likely
interpretation is similar to the phenol dissociation mechanism: the slow component
results from the ground state dissociation and the fast component results from
predissociation of the repulsive state. However, dissociation from the other excited
state, like triplet state, cannot be totally excluded due to the lack of the potential
energy surface at this moment. From the measured translation energy distribution, the
fast-component and slow-component provides an evidence of dissociation on different
potential energy surfaces. The ratio of fast and slow component is equal to the
branching ratio of the excited and ground state pathway. The probability of the
excited state dissociation is 13 % more than that of the ground state channel.
According to the experimental .data, it i§ suggested this intrinsic molecular dynamics
of 7-Al monomer could,providé another aspect tonrealize the ESDPT mechanism of
7Al, dimer.

2-AP dimer and its isotopomict~have, been characterized by femtosecond
time-resolved mass spectroseopy.| Coﬁﬁﬁéfable isotope effects for the partially
deuterated clusters indicate-that H-Fat%om fi}gnsfer is the rate-limiting step”®. Ab initio
calculations of the potential energy profiles identify. the mechanism: conical
intersections connect the locally e%‘cited wt.state and the electronic ground state
with a charge-transfer 'zz* state'*. “The experimental data shows that an obvious
fast-component in translational energy distribution at both 248 nm and 193 nm. The
observation of translational energy distribution of 2-AP monomer under UV
irradiation indicates the dissociation occurs on a repulsive surface. This finding leads
to consider the possibility of H-atom transfer in 2-AP dimer. Moreover, the
probability of the slow component changes from ~ 10% (at 248 nm) to ~30% (at 193
nm). It indicates the internal conversion may play a more important role on the higher
electronic excited states than the lower the lower ones.

Fast and slow component have also been observed in the study of 8-HQ at 248
nm and 193 nm. Again, the fast component and the slow one are the distinctive
feature of the excited-state and the ground-state dissociation channels, respectively.
Unlike 7-Al, 2-AP, the branching ratio of the excited state dissociation in 8-HQ is
small. However, it still remains as an alternative pathway for the relaxation of the
excited 8-HQ.

Nevertheless, the studies of 7-Al, 2-AP and 8-HQ investigate the possibility of
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excited state dissociation by measuring the photofragment translation energy. This
finding provides useful information in ab initio calculation of the excited potential
surface in theoretical approach. Even though the measurement of translational energy
is a time-integral technique, it has been recognized as a valid approach to investigate
the ultrafast molecular dynamics. By using VUV laser and innovative multi-mass
imaging technique, one can avoid the complicated interference from UV multiphoton
pump/probe and the overlapping signals from the dissociative ionization and real
probe-after-dissociation events. A future challenge is to find out the dissociation
dynamics of the dimmers by measuring the possible recoil velocity in a molecular
beam.

Conclusions

The major dissociation channel for 7-azaindole, 2-aminopyridine and
8-hydroxyquinoline is the H-atom loss channel. The. translational energy distribution
indicates that H-atom elimination occurs in both'the electronically excited and ground
states. The branching ratio can be directly determined by velocity distribution. It
provides the information ofthe bifurcation on the excited state.
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