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Preface

. i
Several years ago, I joined a project to implement what was known in the Lee

group as "The Grand Plan": design and build an amplified tunable picosecond
Uuv/vuv lasef system and use it to probe the photodissociation of the chloroethyl
radical (from a photolytic radical source, also to be bﬁilt) excited to the fourth
evertone of its C-H stretch vibration.” The appearance of chlerine and. hydrogen atoms
. from the dissociatioﬁ was to be detected by a 1+1 resonantly'enhanced multi-photon
ionization scheme with an overall temporal resolution of roughly tWo picoseconds. ‘I
wish I could report here how "The Grand Plan" was accomglished. I cannot. I will
report the development of the UV/VUYV laser system and describe the ehemical
_experiments that were attempted using the VUV light as a probe. ’I"hese exberiments
poinf out the limits of using ion detection with ultrafast, high intensity lasere. -
Concluding this part, I wi}l reaseess "The Grand Plan" in light of what has\ been
learned from these experiments.

In the second part, and v;/ith more emphasis on cherhistry, I will deseribe some
| . of my Photofragment Translational Spectroscopy (PTS) experiments. These studies
were motivated by combustion chemisiry; Cyclopentadiene, and the cyclopentadienyl
- radical, are important intermediates in the combueﬁon of aromatic hydrocarbons.
Thiophene, a five member sulfur containing ring that is isoelectronic with
cyclopentadiene, vis an important species in the combustion of fuel ‘sulfur.

Thué, the title of my thesis: my personal attempt to directly measure the



| xii
dissociation lifetimes of molecules has been transformed into measurements of the
energy‘dispos-al in chemical _reactions. Of course, the temporal experi'ments were
designed to give in‘forrnatioﬁ on the movement of energy through the molecule ‘and all
the PTS data was taken in the time domain. Perhaps I am just trying' to be confusing,
or I'm striving too hard for a uni_fyi_ng theme, but in a very serious sense, I think that
looking at chemicai dynamics from both time and energy perspectives has been
invaluable to my undérstaﬁding of these processes. Considering chemical dynamics in
terms of normal modes and local modes, with couplings that lead to intramolec;llar
vib:atidnal energy transfer, anditheh in ferms of eigenstates and the dephasing of

wavepackets is something I highly recommend.
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Abstract
.Chemical Dynamicé in Time and Energy Space
by
James Douglas Myers
Doctor‘ of Philosophy in Chemistry
University of California at Berkeley
Professor Yuan T. Lee, Chair

The development of a versatile picosecond ultraviolet/vacuﬁm ultra\}iolét
temporal spectrometer is described in detail. Its infen'ded use --'measuring internal
energy redistribution in isolated molecules -- is also d»iscussed. A detailed description
of the double-pass Nd:YAG amplifier and the dye anlplifiefs is given with the pulse
energies achieved in the visible (.1 m]J), ultraviolet (50-150 p.j), and
vacuum ultraviolet (1}010 photons). The amplified visibl_efulses_are shown to be of
sub—picosecoﬁd dufation and near transfoﬁn limited. The instrument's temporal
response ( <10 ps) is derived from an instrﬁment limited measurement of the
dissociation lifetime of rr;ethyl jodide at 266 nm. The ‘methyl iodide éxperinlent 1s
used to discuss the various sdurces of noise and backgr‘ounc.i'vsignals that are intrinsic
to-this type of experiment.

In the second part, non timg:-resolved experimenis'nleasﬁring the braﬁching
ratio-and kinetic energy distributions of products from the 193 nm photodissociation of

cyclopehtadiene and thiophene are presented. These studies were done using the



molecular beim Photofragment Translational Spectrosc.opy (PTS)' technique. .

The results from 'th'e cyclopentadiene expériment confirm that H atom
elimination to yield tﬁe cyclopentadienyl radical is _the dominant dissociation channel
(>96%). A barrier of 2 5 kcal/mol can be understood in terms .of the delocalization of
the radical electron of the cyclopentadienyl fragment. A concert_ed elimination -
yielding cyclopropene and acetylene was 'avlso observed and is proposed to occur via a
| bicyclo-{2.1.0]pent-2-ene intermediate. Two other channélé., yielding acetylene plus
the CH,CHCH triplet carbene, and CH, plus 1-buten—3-yﬁe, are pé_stulated to occur via
ring opéning. The implications og the experimental results for bulk thermai dxidétion
and pyrolysis models are discussed.

The thiopheneb experiment shows six competing diss;jc;iation channels, including
elimination of thiirene (c-CH,S) and acetylene from a bicycli_c iniermediate‘. Atomic
| sulfur is produced, but not via the path equivalent to CH, loss in cyclbpentadiene. SH
a.ﬁd CH, are also observed as they Were in bulk studies, confinning the 'pririlary
nature of these products. | CS plus CH,, HCS plus propargyl radical, and H,
-elimination aré also seen. The postulated interrnediate§ for the various thiophene

dissociation channels include bicyclo, ring opened, a.nd- posSibly ring contracted forms.

Al



.Chapte'r I: The Design and
Construction of a PicoSecond UV/VUV

‘Temporal Spectrometer

Introduction

The instrument to be déscribed in this chapter was originally designed as part
of "The.Grand Plan”, an experiment that would directly measure the timescale for |
energy transfer ffom a well locaiized vibrational 'mode’ into another mode - the
- dissociation reaction coordinate. Siri_’ce the laser system design specifications are
largely based on the requirements of "The Grand Plan”, the experiment itself will be
described first. The plan is " grand". for several reasons. First is the nature of the.
excitation - | absorption to a local mode of a C-H stretch. With the energy initially
well localized in the C-H stretéh and bends, the experimental results could thén be |
compared to expecté.tions from a very classical picture of enérgy transfer from one
bond to another'. Second is the size and nature of the fnolecule - a seven atom
radical, °CH2CH2C1. While the weék C-C1 bond (~20 kcal/mol) in this radical is

essential for the experimént, this does not detract from the inherent interest in studying



radical species. The chloroéthyl radical would be prepared in a rather 'grand' fashion
as well: a high density, cold, clean radical beam would be prepared by UV photolysis
éf a precursor immediately prior to expansion. Such a source would be of obvious
utility in many experiments. Some early develqpment work on a photolytic radical
source was done in connéct_ion with this project, but it was terminated With the hope .
that other efforts within this research group would be fruitful and could provide a

_ working source design before the laser system was operationaf. A third " grand™
attribute was the flexibility of the proposed laser system. .It was designed to provide
two amplified light pulses, 1 picosecond in duration, for pump and probe excitations,
each iridependently tuneable frdm the infrared to the vacuum ultraviolét (VUV). In
the visible.range, the peak power output was to bé 1 gigawatt (GW), with expériments
possible at pov‘ver den_sities in excess of 1 terawatt/cm’. Such a laser system would
allow studies of a wide variety of chemical systems and would allow e_xperime_nts _
measuring lifetimes as a function of pump wavelength and probe wavelength. The
detection scheme -- laser ionization, resonantly enhanced or direct, followed by
time-of-flight mass spéctrometry -- was to provide another independeht'vari'able, either
to confirm the idéntity of the product and separate it from aﬁy background ions, or to
allow simultaneous monitoring of multiple species. While "The Grand Plan" is
perhaps a pretentious moniker for an experiment, it is less so than the label "perfect"
that has been applied to others,Aand it truly is an amazing proposal, especialiy
considering that it was envisioned before 1985.

Before I go any further, I wish to emphasize that, while it at times felt like a



personal burden, "The Grand 'Plnn" was eOnceived and worked on by a large number
of people. The early "Picosecond Group" consisted of Yuan Lee, Andy Kung, Tim
Minton,‘ Gil Nathanson, Howia.rd Nathel, Ma.rion Helfand, Natasha Chestnoy, and
myself  This group did the early feasibility calculations and decided on such things as

the 1onizat10n scheme and the basm choice of a double pass Nd:YAG based amphfier

B for the laser system By the t1me money was available for construction the oroup had

| shrunk to Yuan Andy, Manon and myself Marion concentrated on the deswn of a
radical source and testing the chosen 1+l VUV+UV ionization scheme for Cl atoms. B
Some of this workis detailed_in het thesis3.v Andy Kung has ‘functione'd as a :
consultant mroughout the lifetime of the project-and was heatvily involved in the 1initial -
design 'and construction' phase.- Yuan has funded and guided the project,. and has been

" most involved in seleeting interest_ing‘chemical systems for study. James Chesko, a

graduate student, atndivMa‘tt' Coté; a post-doc, spent a substantial part of their lives

. helping to make the systetn _operati'onal. P_eter Weber, and later Albert Stolow and

Laurent’N_ahon, spent their post-doctoral s_tays designing and building photoelectron

spectrometers for the svystem;vf The systern' is now primarily in the hands of J arnes' |

”Ch_esl(o:, with Yuan end'Andy continuing to advise. |

: In this chapter, I would like to deseribe the signal'calculations. that led to the

| speeifications for the picosecond laser s_.’ystem. This Wi_ll be followed by ..,a description

of the laser system that was built. l)ata on the nerfortnence of the .syster.n is also

given. The VUV output of this system, while powerful, is somewhat sh.(')rt of the

design estimate. Some of the factors contributing to the discrepancy will be discussed. -



Finally, "The Grand Plan" will be reevaluated, with emphasis on new options for '

achieving many of the original goals.
The "Grand" Signal Calculation:

Whilé "The Grand Plan" has been described prev.iously, this thesis was cited as
providing detail_s3. Hence,'va_lthough I will not' attempt to give fuil derivations for the
estimafes in this section, I wﬂl try to provvide a reasonable amount of detail. “

The estimate folr the achievable radicél denSity at thé interaction région was
based oﬁ assuming a 1% se_ed ratio of é precufsér, CHZICHZCI, in argon. vRadicéls‘ '
were to be generated by photolysis: at 266 nm using the four'thv harmonic of a
Q;s'witched (~10 hanosecond) Nd:YAé laser. An ’estimate:of 10% was used for theb >
conversion efficiéncy of precursors to siable chloroethyl radicals. One concern was .
~ that secdndary dissociation of the chloriﬁe atom woﬁld occur. Yuan suggested that

- ethylene added to the beam cou}d scavenge any free chlqrine atoms and thereby
- regenerate the chloroethyl radical. It was as.sumc-d that conditions could be found
-where effibieht cooling of thé radicals would occur Without exéessivé recombination or
p'o.lylmerization. - Using an estimaté of iO“‘ tdrr as an obtainable pressure 'in the |
interaction-reg'ioﬁ, and an interaction voi‘ume of 1 mm’, these nilrnbers 1_ed to an ’
estimate of ~3 x 10° radicals/cm® and 3 x 10° radicals available for the experiment.
The absorption cross section for photo-exciting the radicals was based on a

guess of 10" cm? for the fundamental C-H stretch transition and a factor of 10
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decrease for each overtone. With an estimate for the C-Cl bond dissociation energy Qf
20 kcal/niol“, excitation would have to be to the second (v=0 to-v=3) or third (v=0 to
v=4) overtone. To observe .the competition of the Cl loss channel with the ~ 30
kcal/mol H atom loss channel, and to move higher in energy whe.re the C-H stretch
local mode character woﬁld be more fully developed, the third and fourth (v=0 to v=>5)
overtones were chosen as the target transitions. Thesé were crudely estimated to lie
near 11,000 cm™ and 14,000 cm’, respectively. A propdsed 1 mJ of light at these two
photon energies would cb‘rrespon,d to ~4.6 x 10*° and 3.6 x 10*° photons respectively.
Given the .01 cm? interaction area and absorption cross sections of 10%' and 10% cm?®
and a quantum yieid of 1 for Cl atom production, these phpton fluxes yield 1.4 x iO3
and 1.i x 10 CI atoms produced per pulse.

(Did'I mention that obtaining the abs_orption spectrum of the chloroethyl radical
was part of the plan? It was hd_ped that this task could be done using a high energy,
eésily tuneable nanosécond Nd:YAG pumped dye laser pulse for the absorption step,
followed af long times by a picose.cond'\probe of the atomic disédciatioﬁ ‘plrio'c_luc_:ts.
This 'coincidence’ absorption spectroscopy scheme is very similar fo that uséd in our
lab to measure the infrared absorption spectra of cluster ions. T he combination of
lasers would have a larger signal than tﬁe airailable all nanosecond (Quanta—Ray »
DCR-1 Nd:YAG lasef and PDL dye' laser) or all picqsegond setups. (The high power,
-narrowba;nd laser vs'ystem developed elsewheré in the group wpuld be the bést
choice®.))

‘Two detection schemes were proposed. Both» relied on the high peak power of
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“the proposed picosecond pulses to greatly enhance nonlinear processes. In one

scheme, the nonlinear process would be a two photon absorption of the Cl atom which
‘would ionize by absorbing an additional photon (2+1 Resonantly Ehhanced _
Multi-Photon Ionization). In the second, nonlinear mixing in a noble gas would yield
photons. at the 5™ or 6™ harmonic of the visible light, at 118.9 nm. A one photon
- absorption in the Cl atom at the VUV wavelength, with additional absorption of a UV
photoh (the second harmoﬁic of the visible) would again yield CI' ions (1+1 REMPI).
The 2+1 REMPI scheme was estimated.using a value of ~-10 qu of 234 nm for
tﬁe dvailable UV energy in a 1 ps pulse. The original calculétion of the expected ion
yield incorrectly treated the absorption process as a three photon nonresonant transition
( estimated o, — 10™ cm®s® based on results for cesium dimers’), rétﬁer than a two
~ photon transition resonant with a real ‘intermediate state with an additional one photon
absorption step. Using these numbers, estimates of ~ .02 and .002 ions/lﬁser shot for
the third and fourth overtoné excitations were derived. Using the Correct Cross segtion
(6, = 10" * cm* ®), the ionization efficiency should be 100%, yielding 1.4 x 10° and 1.1
x 10? ions/ shot. It should be noted though, that the nonresohant calculation should
apply to ionization of the u‘nexcited‘ radical as well as precursor molecules in the
beam, as a lower limit. Due to the much greater density of these species, there could
bbe >40 radical ions and =400 precursor ions per shot. While the mass
spectrometer would separate the CI* ions from £hese species, if the fadical or
precursor r_nolécules dissociatively ionized (at 15.9 eV total energy = 3 x 234 nm) to

CI' ions, they would interfere with the signal.



For this reason, as well as the calculational ertor, attention turned to a 1+1 |
scheme where no high power.< ~250 .nm laeer beams weuld irradiate the sample. | The
‘orviginal calculatien for the 1+1 VUV scher_ne was more promising;' USing the strong
Cl’D « °P absorption at 188.9 nm (oscillator strength f=0.068), it was estimated that -
~10"° vUv photons. Would b'e'required to saturate the transition acroSs the .01 cm?
itlteraction area. The residual UV left from prodacing the VUV -photons' would be
sufficient to also saturate the.seco'rid step. vStaIting with 1 ntJ of visible light, it was
estimated that a 20% conversion to the UV could be achieved using a nonlinear -
dotlbling erystal. The conversion from UV and visible to VI.'JV. was 'hypothesized o

. have a conversion ‘effieiency of > 0.1% '°. This yielded an estimate of 0.2 uwJ of VUV
light, cortesponding to >10" photorts and giving a cotnfortabie mafgin. The advantage
~ of the VUV scheme relative to the 2+1 ionization seheme is in the Wavelength of the .
required UV light. Two proposals were made,. one'.for doubling of 713.4 nm light te
356.7 nm, followed by tripling of the AUVAin:' Xe gas, and the other for cvlboubling 5945 -
nm iight to 297.25 nm and then mixing 2 UV phOtons with one visible photon,_ again
bin‘ Xe gas. ‘Both would pfoduce VUV at 118.9 nm. In either case, the uv photon that
would complete the ionization step is much less energetic- than the 234 nm photons
that wouid be present in the'é+l scheme. (The total UV pulse e\riergy? ~100 pJ, would |
- be roughly 10 times greater at the longer wavelengths than at 234 nm aince the longet
wavelength UV can be produced directly b.y douEling tlte output of a 532 nm pumped
‘dye ampiiﬁer.) It .was h‘oped that the lenger wavelength ptxotons Would not be se

readily absorbed by the other speciee in the beam, so that confounding chemistry could
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be kept to a minimum. Further, th¢ three photon absorption would provide less energy
than in the 2+1 case,‘théreb'y réducing the likelihood of dissociative jonization.

~ Thus signals of > 100': ioné per 'sh'ot could be obtained at long ﬁmes (when all
~of thé dissociati_on has occurredj, which would bg‘ a‘comfortablve margin for
obéervations at shorter times given the near unity detection efficiency for ions. It was -
hoped that ‘a‘t leéét one of the three detection schemes would provide a sufficiently low
backgroundv of CI' iof_;s_, with the likeliest éandidates being the two 141 VUV schemes.
Thus work was beguh to develop a >3 x 10%cm? chloroethyl radical source, a dual
beam 1 ml] tuneable picosecond laser system capable of producing ~ 10" VUV
| photons/pulse, and a single atom sensitivity Cl1 detection scheme. To date, we ha\}e |

only had success with the laser system. |
The Picosecond Laser System:

The picosecond _las'ér system descﬁbed here has often been deséﬁbed as the
'Fouﬁer transform’ of the narrowband laser system built,downsfairs from it by
Cromwell, Trickl, Lee and Kung". The lasef systems sha..re_vthe common ideal of
#chieving trans'form-l.imitedvlaser pulses, pulses whose; frequency bandwidth is at-the
minimum possible for a given pulse duration. (At this limit, the pulses woﬁld bé
smooth Gaussians in both time and frequency space.) The two sys:tems differ in fhat
they -afe designed to produce very nal;:ow pulses in complementary doméins. . Give;n

the similarity in their goals, and the fact that Andy Kung devised the initial ‘designs
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for both systems, it is not surprising that they share a common architecfure. Both use
.pulse amplification of a commercial, near transform-limited source followed by
| nonlinear mixing in crystals and rare gases to achieve their high power, high energy ‘
- UV and VUV eutputs. Evan 'Cromwell has given a Very'detéiled description of the |
narrowband laser system that would be very useful for upderstanding the wofkings of
Iﬁany of fhe elements common to both systems,- sueh as Faraday Rotators, spatial
filters, prism dye cells, and nonlinear mediz®.

Schematics for the picosecond laser system, through'the amplified visible light
stage, are shown in Figures 1 and 2. The rough breakdown between them is that - .
Figuee l centains the commercial ligh_t source and the' Nd:YAG amplifier chain, while
Fig{lre 2 shQWS'the dual dye amplifier system. Before going _into the details of the
| optical cha.'i‘n,'I'd like to describe some of the early design choices that were made and
the reasoning behind them. o '

As for the nanosecond laser system, ﬂexibility was to be a main _ingredieﬁt of
the picosecond laser system. While it had to be capable of performing in "The Grand
Plan”, thought was given to providing as much tunability‘as possible for future -
experiments. Unlike for the narrowband system, a ~"1;roven (and reliable) commercial"
§ choice for the heart of the system and for the pumi) of the dye amplifiers was nof
available. The only commercial choice for picosecond light pulse\s were based on a
mode-locked Nd:YAG pump laser and synch-pumped dye lasers (I'li describe their |
opefatien briefly later in the chapter). To achieve one picosecond light pulses from

such a combination, either the output of the Nd:YAG laser had to be.compres'sed to~5
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ps before pumping the dye laser, or a saturable absorber jet had to be added to the dye
laser cavity. We eventually chose a system based on the latter technology because of
the specifications claiming slightly shorter light pulses. -

Several options were considered for a dye amplifier pump. One option that
was rejected ea.rly was a copper vapor laser runriing at'several kilohertz.. While this
system had an advantage of ~5 to 50 e‘ver a 10 Hz Nd:YAG based system in average
power,_il would have provided milch less ene.r_gy per pulse and hence less peak power,
which would decimate the yields from the nonliilear conversion steps. Thi‘s, and the
copper vepor laser's finicky nature, narrowed the choices to Nd:YAG based systems.
Two bro.ad choices were availal)le: one could use a commercial Q-switched Nd:YAG
laser l(~10 ns output) to pump the dye cells, or one could amplify a pulse selected from
the mode-locked Nd:YAG laser (< 100 ps output). Estimating 10% conversion in the
dye amphfiers ~ 10 mJ at 532 nm would be required for each of the two 1 mJ dye
pulses A~ 50% doubling efficiency from the Nd YAG fundamental to the green leads
to a specification of >40 mJ at 1064 nm. This is true for the short pulse case. For the
10 nanosecond pulse, the energy requifement is several times higher due to the short-
energy storage time of the standard dyes.

The energy specification vi/ould be easily met by commercial nanosecond
Q-switched de_:YAG lasers. Two faeters weighe.d against them. The fiist is that the
long pump pulse length would ellow a large amount of time for amplified spontaneous
emission (ASE) to build up. 'This basically means that it isv easy for the amplifier to

function as a single-pass laser without any input seed pulse from the picosecond dye

\
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laser. The ASE puise would be very long and ver.y broad and would deplete the gain
that is needed for amplifying the seed pulse. Techniques to reduce the ASE, such as
spatial filteriﬁg and the use of saturable ab_sofbers placed between amplifier cells, do -
exist, but th_ey would complicate the optical chain'>. The ASE problem should be
much reduced with a short pumﬁ pulse since the seed pulse can be sent fhrough the
amplifier‘ as soon as gain is established, before the initially weaker (starting from 1
noise photon) ASE can build up. |

The second factor was flexibility: The shorter pump pulse would not only
simplify the dye amplifier, it would: provide all of the Nd:YAG harmonic frequencies
at peak powers near that of the amplified dye laser beam. These; harmonics could Be
used in a variety of nonlineaf mixing schemes to provide new wavelengths. vB\ecause
ther-switched pulses are more‘than 100 ﬁmes longer than the mode-locked pulse, the
péak power of the Q-switched pulse is rﬁore than a factor of 10 below that of the
proposed amplified mode-locked pulse, and any mixing process would suffer lower
out.put by at least this factbr using fhe ionger pulses. (It is the difference in the length
of the two mixing pulSes that is impdrtant. Mixing .two long, lower peak power pulses
can be made ‘efficient by using a long mixing crystél, but>such. a crystal. will lengthen
a short pﬁlse.) One proposed miﬁing scherﬁe was douBling of the dye laser follow.ed
by sum frequency generation with the Nd:YAG fundamental to produce tunable UV at
and below 266 nm. Such a versatile pump source for future éxperiments could not be
resisted. | |

Finally, there were two options for producing an amplified mode-locked pulse:
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linear and regenerative amplification. The first, with.‘the variant of double pass
amplificatidn, is the conceptually simpler of the two. The mode-locked pulse is sent
through a gaﬁn-medium, in this case just a flashlamp pumped Nd:YAG rod. There are
no 'active' components and the pulse follows a preset opﬁcal path. In this case, since
the mode-locked Nd:YAG laser runs at a repetition rate of 76 MHz while the amplifier
runs at 10 Hz, a single mode-locked pﬁlse must be sélected from the high rep rate
, tféin. This can be accomplished through the use of a fast optical switch called a
Pockels cell. This dévice is only used as a fast shutter here, blocking all bﬁt one of
the pﬁlses from entering the amplifier chain. |

A regenerative amplifier differs in that the optical path for the.’ pulse is. :
'determihed by active components. In a regen, Pockels cells are used as switches,
sending the pulse in one of two di_reqtions. The regen concept is then to make a
simple laser cavity, Wii:h a gain medium surrounded by two end mirrdrs, and use one
Pockels cell to switch a pulse into the bcavity, and a second one to switch it out after it
has made several passes through the gain medium and has thereby been amplified.
The number of passes through the gain medium is not set - it is a function of the
delay between the firing of the two Pockels cells. This delay is theoretically user
controlled. The inherent jitter in a Pbckels cell circa 1985 was one of the big
drawbacks of this type of system. If the second Pockels cell does not fire on time, the
pulse can be trapped within the cavity and build to a high enough energy to damage
the Nd:YAG rod, the Pockels cells, the polarizers, and the mirrors. The one Pockels

cell assembly that had been tested (Quantel PF 302) was based on a krytron high
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voltage switch and was known to have both a £ 10 ns jitter and a long term drift.

This did not compare well with the inter-pulse spacing of 13 ns from the mode-locked = -

Nd:YAG 1aser, nor with a reasonable round trip time in the regenerative amplifier (a
' fu_hctioﬁ of the cavity length). While a regen does’ have the advantage that the single

round trip gain ¢an be made relatively low and that the Pockels cells act as cavity

beam blocks when they are off, thereby limiting ASE .the jittery _nature of the then
curfent generation of Pockels cells was considered a fatal f.lav;/.
| The ASE. problerﬁ of  a multiple stage lin'earﬁarr_lplifier: was thought te be 'easvilly o
managed'ble,' so this design was eventually chosen. In contrast to the schematic in
Figufe 1, the original desig_ri called for a single Pockels cell, followed by one Nd:-YAG;
head (Nd:YAG rod and ﬂashlaﬁps) in'_a .do‘uble bass cenfiguration followed'by two
\

heads in single pass geometry. ASE was to be controlled by a saturable absorber cell

attached to the end mirror of the ‘double passed head, and a spatial filter if necessary.

~ This was hoped to give > 40 m]J in a single pulse. As can be seen from the

- schematics, the system 'ended_ up being much more complex. The increased

complexity did pay off though -- the amplifier can produce ~fnor_e than 3 times the

in-itia_ll design pulse energy.
The Photon Soﬁrces:

Based on the coﬁsiderétions above, a commercial mode-locked Nd:YAG/ synch

‘pumped dye system was purchased. The original system used a Quantronix 416
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Nd:YAG laser, which, during its year in the lab had a Mean Time Between Failure
~ about 1/2 as long as the Mean Time Between Failure and Repair. After a year, the
Quantronix lase; was replaced with Coherent's Antares 76—S_ mode-locked Nd:YAG |
~ laser. Spe_cifications. of 18 W of 1064 nm light and 2 W of the vsec'énd harmonic (532
nm) at a 76 MHz pulse repetitioh rate wefe easily met. However,_ the.KTPldoub'ling
crystal had a very shorf lifetime before sustaining optical damage at the 2 W limit.
Running v'vith ~1.6.W of green light, split equaily to pump .twcv) dye lasers proved to be
an abcéptable soluﬁon. |
| The.dye lasers are Coherent 702_'1 synch—pumped dye lasers with model 7220
cévity dtnhpers. .Thesev lasers must hgve their opﬁcal cavity length tuned to exactly
' ﬁatch that of the pump laser. This allows the dyé pulse fo return to the gain dye jet
e§ery timé a new 532_nm pumﬁ pulse arrives. Because the dye pulse.ca.n Qquickly 3

deplefe the gain accumulated in the gain jet during the 532 nm pulse, it is much

shorter than the 532 nm pulse. Thus, the dye pulse.is ~ 5 ps long vs. ~ 70 ps for thé »

green pulse. By adding a saturable absorber jet, which removes the front’edge of the
dye pulse oh 'eve’ry pass, shortening and sharpening the pulse, tunéable pulses less than
1 'ps'long can be obtained. Cavity dumping, diffracting the pulse out of the cavity -

‘using an acousto-optic crystal, allows extraction of most of the intra-cavity pulse

| energy. Thus ~ 10 nJ/pulse may be extracted from the cavity cOmp_ared tothe ~1nJ

that can be obtained by using a partially reflecting end mirror for the cavity.
Tuning of the pulse wavelength is accomplished by rotating an intra-cavity

birefringent filter. Unfortunately, any change in the wavelength of the pulse changes
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the optical length of the cavity due to the chaﬁge in the index of fefraction of the
cavity components (dye jetS, acousto-optic crystal, air) with wavelength.' This -
necessitates a compensatory change in the cavity length to maintain a short pulse.
Although creating a compufer controlled servo loop to adjust the cavity length while
scanning the wavelength was conterhplated, it was néver .brought to fruiti.on. Another
sinﬁlar problem with tuning is that the requirg:dv saturable absorber (;oncentration 1s a
function of vwavelength.v ’fhese two factors led to most of the .developrnént efforts
being performed with the dye lasers near 594 nm and 7 10 nm, the original
wavelengths for "The Grand Plan”. |

The Antares laser has ports for simultaneous output of the 532 nm and 1064
nm light. The 532 nm light was all used to puﬁp the dye lasers. The 1064 nm light
wés sent to our 'homebuilt' Nd:YAG amplifier. The Antares 1064 nm output was
non-ideal as a\seed beam 'in several ways (besides being invisible!). The beam

pointing, divergence, spatial mode, and polariiation all changed slowly as the

flashlamps and the KTP doubling crystal aged. These were substantial effects which

could reduce the maximum possible amplifier output by a factor of three over the 400
hour flashlamp lifetime and the ~100 hour lifetime of a given spot on the crystal. The

pointing and focussing changes were presumed to occur due to changes in the thermal

focussing in the Nd:YAG rod as the’lamps aged and darkened and more energetic

flashes were required to maintain the laser output. The polarization and spatial mode

effects occurred in the doubling brystal. The polarization of the 1064 nm beam could

be changed while maintaining 532 nm power by rotating the crystal about two axes.
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The spatial mode change occurred as the crystal was slowly damaged by self
ebsorption. of the 532 nm light (a problem that has been lessened/eliminated in newer
models). Tﬁe mode could be restored By mdving to a new spot on the crystal.
Similarly, the other changes could all be compensated by adjustments 'under the hood'
of the Antares. We also placed A/4 and A/2 wavep}ates in the- 1064 nm beam path to

allow compensation of polarization changes outside the laser housing.
The Nd:YAG Amplifier Chain:

The‘18 V(’ of 1064 nm light from the Antares implies an individual pulse
energy of ~ 240 nJ. This correspdnds to al~ 100 nJ spatially clean, linearly polarized
input pulse for the ampliﬁer chain (details follow)v. The design goal then represents
amplification by a faetor dof ~ 10°. Measurements on the individual_ I\}d:YAG heads
showed small signal gains of 10-30 depending on the head. Thus, a-four pass sysiem,
in which the pulse weuld certainly not be in the small signai regime in the fourth pass
and weuld therefore experience even less gain than the estimates above, was unlikely
to be sufficient. Tests on avfour pass design confirmed this.

A five pass design was developed. This opticai chain has a small. signal gain
in excess of 5 x 10°. Many df the featuree of the finalr system are designed to cdmbat
ASE end laSing within the amplifier. With the extremely high gain of this system,
anti-reflection (AR) coated optics (R = 0.25%) make perfectly good end mirrors for a

laser cavity. Similarly, a photon can experience a gain of 10™° in a single round trip

f‘—
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of the cavity, a process r'equir‘ivng. only 'one"end niirror'.

A final design clonsideration for the ampl_ifier chain is the necessary degree of
- suppression of unwanted seed pelees from the Aﬁtares llaser._ Origiqally, one Pockels
cell‘was going to be used to selecf one pulse (at 10 Hz) from the 76 MHz train -of
pulses from the Antares. The extent to which a Pockels cell can transmit one pulse
and feject others is primarily a function of the polarizers used QUteide of the cell.
When no voltage is applied to the electro-optie erystal of the Pockels cel.l, it simply
transmits light. If it is surrounded by .eroesed polarizers, the _ﬁlight will be attenuate;d,
by a factor equal to' the polénization_r_atie ef the :polabrizing opties. For commercial
Glan-Laser prism polarizers around a Poekels cell, a polarization ratio of._~leOO vcah be
' obtained. When the Pockele- cell has the correct 'half wave' voltage app'lied‘ to the -
cfy_stal, it will r'otate the polaﬁzation of the transmitted light by 90 degrees, allowing it
to pass through the second polarizer W’ithoet attenuation. Thus a sepp_ression ration of
1000 can be obtained in one stage. | -

A reugh calculation can be done to estimate the required suppressien.

~ Assuming a 100 usee flashlamp pulse .for the Nd:'.YAG am_pliﬁef heads and fu’rth-er'
” 'assuming the gzﬁn in the heads is constant over that tifne yields 7600 as the nu.mberrof '
'pulses that wil‘l be amplified per pulse. If there is no saturatioﬁ and all pulses' are | |
amplified by the same factor, the selected pulse, with 1000 times the initial energy of
a single 'sﬁppresSed' pulse, .Will maintain its _advamage in pulse energy.' However, with
7600 of the 'suppressed' pﬁlses.beinvg amblified, theselec‘ted pulse has only..~10%-of the

total energy _of‘ the amplified pulse train. - Clearly this is not desirable. Further, the
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ability of the 'suppressed’ pulseé; coming every 13 nanoseconds,‘ to redﬁce the gain
seen by the seleéted pulse has not beén included. Thus, to éttain maximum energy in
 the selected puise, wii:hou_t é long accompanying train of $100 pJ pulses, a total pﬁlse
suppression of >>10,000 is required. The .eas,ie:st way to accomplish this is with a
second IvPo'ckels celi. The suppressioﬁ from the cells is rﬁultiplicétivé, 50 that two cellls.'
should provide a suppression/rejection factor of 1(°.
All of these criterié, and more, are met by fhe final amplifier design shown in

Figure 1. After the 1064 nm beam leaves the Aﬁtareé, it is sem throﬁgh a "'nm Laser"
model 200FNC 10 Hz shutter. This shutter lets through a ~ 5 ms slice of tﬁe pulse
train at 1Q Hz. Its main function is to reduce the energy incident on the later optics‘
by roughly a factor of 20. This proved crucial in éttaining good perfohhance from the
Pockels cells: with ~ 20 W of incident powef, the electro-optic cfys‘tals weré subject fo
enough thermal stress to cause a slight rotation of the transmitted laser beam's
polarization, lowering the sqppression ratio to less than 100:1. With <1 W incident
- light, the Pockels cells achieved suppression better ﬁm 1000:1. This shuttér also
helped to reduce the laser beam energy .'duri.ng'alignment.

| After the shﬁtter, the beam passed ;hfough a M4 and a A/2 waveplate (only the
A2 wavépl_éte is shown in the figure). As stated above, these were _adjusted to
optimize the Vbearin transmission fhfough the rest of the system. Since the next optic is
the input polarizer of the first Pockels ce}l, the optimum rotati'or'l of the plates is the
- one providing the most vertically polarized light. The two Pockels cells and the driver

are from Medox Electro-Optics.' (Incidentally, the technology of these cells is a vast
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improvement over the krytron based cell described abqve - no drift and ~ 2 ns jitter -
making. a regeherative amplifier a serious alternative t§ the system as built. They
wére not avajlabie' when construction o\f the system was bégun.) The input and exit
polarizers for the first cell are Glan-Laser prism polarizers. The second serves double
duty as it is also the input polarizer for the second cell. The output polarizer for the -
second stage is ;ctually a couple feet further along the beam pém, in the Fa._réday
rotator assembly. This setup produced a sup'pression» ratio of 300:1 for the secondl
stage, which is still sufficient, and it eliminated the need for another separate polarizer.

After two turning mirrors, the beam Waé sent through a spatial filter assembly
consisﬁn’g of a +100 mm lens, a 50 pm diamond wire die pinhole, and a + 50 mm
lens. This yielded a clean Airy patterﬁ beam with an apprc;ximater 2 mm width.»’ The
‘transmission of the pinhole was ~50%. - (See Evan Cromwell's thesis for details.) It
was discovered during testing (ASE measureménts) that one face of the pinhole was
much more reﬂective than the other, and the more reflective side waé subseqﬁently
oriented toward the input lens and away from the high gain amplifier.

- The Bearn from the spatial ﬁiter was left with a slight divergence (equivalent to
that from a ~ -1 meter'leﬁs) to help compensate for thermal leﬁsing in the amplifier
" rods. The beam then entered a Faradajisolator, Electro-Optics ‘Technology' model
18451-5. This device uses two thin film polarizers '(TFPs) at its iriput, and two more
at a 45° relative polariza'tion. aﬂgle at the output. Thé int_ervening material rotates the
1ight.fr0m the input dirécﬁon + 45° so thaf it suffers no transmission losses while

rotating light going in the opposite direction by - 45° causing it to be completely
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(~300:1) blockéd by the iﬂput polarizer (again see Evan's thesis). The purpose of this »
isolator was not so much to protect the seed laser as it was in the narrowband laser
system, but to 'protect’ the amplifier from any reflective surfaces in the beam parh. As
stated above, even AR coated surfaces that are aligned well .will cause huge amounts
- of ASE in the amplifier chain. In this system, both the face of the spatial 'filter; and
the Pockels cell crystals (which have to be well aligned to provide maximum
supﬁression) 'coﬁld produce_double pass ASE. With the Faraday isolator in place, the
ASE could \be reduced to < 5 mJ/pulse (<5% of the /ovutput energy).
| The light is then passed through. another A/2 waveplate to rest.orev_ its
polarization to vértical (the isolator keeps the linear polariZation, but the output is 45".'
from vertical).  The light pulse paéses through a th1n film pr)larizer (TFP) oriented to
transmit vertically polarized liglrt and is then reflected from a second TFP oriented to
pass horizontal polarizations. The angles of the second TFP are adjusted to reflect rhe
llight. pulse down thé axis (_).f thé Nd:YAG amplifier chain.

The principle of the double pass section of the amplifier is relativvely simple.
The irlcoming pulse, wirh a vertical polarization, passes through a A4 waveplate and
‘becomes circularly- vp'olarized. It then passes through the amplifier heads, bounces off
‘the end mirror, and passes again throﬁgh the A/4 plate, which changes its polarization
_from circular to ‘horizlontal. When the pulse reaches the TFP which» originally injected
it into the amplifier, it passes through unhindered because of the overall 9¢°
polarization rotation it received in the double pass of the A/4 plate.

The Nd:YAG heads used were Quahtel models 408-07 and 410-07, built in
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1982, that were available from an earlier laser system. The 408-07 head was
originally designed to hold a93 x 7 mm Nd:YAG rod cut at Brewster's angle for use
in aﬁ oscillator. This rod was replaced with a Nd:YAG rod cut with a 2/2° wedge as
is used in the other heads. (The wedge prevents lasing within the rod itself.) The
other head used a 115 x 7 mm rod.

These two heads have two flashlamps each, one above and one below the rod.

- This geometry introduces some thermal birefringence in the Nd:YAG rod, leading to

 distortions in the polarization of the beamfront. After passage through polarizers, this

leads to distortions-in the beam profilev(most noticeably, to an elliptical beam). This
effeet could be minimized (but not eliminated) by mounting one of the two heads on
its side so that the'birefringence of the two rods tended to cancel each 'other.vv

The thermal load on the rode was also manifested ae a thermal lensing effect as

was mentioned above. The magnitude of this effect was measured to be large enough

" to make each head act as an ~ 6 meter convex lens. To compenSate for this, thenput

beam was madel somewhat diverging. The end mirror of the double pass section had a
3 mete'r radius of curvature (a diverging mirrer) to further compeneate. Witfl th_ese
optics, the output beam from the double pass section was roughly' collimated ‘and ~3
mm in diameter. |

The smail beam diameter relative to the size of the rods was required for two
reasons. The first is that the housing of the fofmerly Brewster angle head would clip

a beam bigger than ~ 5 mm. The second was for ease (relative ease) of alignment.

Because of the thermal focusing, it was not possible to fully align the beam without
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running the amplifier heads. The single amplified seed puise was still too weak after
single passing the two heads to be visible with an IR viewer (Find-R-Scope). The
alignment brocedure thus consisted of roughly Ia,ligning the pulse train through the
quiescent heads, viewing it after each head, and then running the amplifier and
observing the pulse after the double pass section. It was found to be difficult to align
the beam through the double pass section with only this diagnostic if thé beam was
near the S mm limit. Aligning a 3'mm beam was a feasonable possibility. While
such a small beam probably caused some ldsé of gain due to the smaller extraction
~ volume, this was not a major problem. (At least larger diame;er beams were never
observed to yield more power, whilé diffraction rings would start to appear.) The
output of the double pass section was usually several mJ and sometir‘nesv as much as
20 mJ, though the latter required very fresh flashlamps and a tailwind.

Saturation of the last amplifier with such a small beam would be more of a
concern. Consequenﬂy, our design includes‘ a nbn—focusSing telescope to expand the
beam by a factor of 2 in diameter. Again, the beam was made slightly diverggnt
going into the amplifier. The last amplifier was a 1.15 x 9 mm Nd:YAG rod pumped
by four flashlamps (Quantel model 410-09). Output from this étage in excess of 200.
mJ has been observed, although damage to tﬁe Nd:YAG rod was also coinciden;ally '
observed at about the same time. It is not clear that the two are causally related: it is
easy to misalign the beam and cause hot diffraction rings which would damage the
rod. Thﬁs 200 mJ/pul‘se may be a sﬁstainable energy output, however, the pulse

enefgy is usually run at the 120-150 mJ/pulse level, with a ~ 6 mm diameter beam, to

&
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avoid testing this hypothesis.

The one feature of the amplifier that has so far been skipped are several optics

~ designed for suppressing ASE. This includes the extra TFP before the injection TFP
and the TFP after the injection TFP. These two optics increase the polérization purity '

of the beam. This is important to stop the follbwing type of process. If light from the

double pass section were to be vertically polarized and reflect out of the amplifier

toward }the ‘Antares, it could reﬂegt off a surface SUCh as the pinhole (with an

“attenuation of 300 from the isolator), and return to the amplifier. After one trip

through the amplifier, it should be horizontally pola'rized and should leave the double

pass section headed toward the last amplifier stage. However, the injection TFP does

reflect a few percent of the horizontal light back toward the Antares again. This

f would set up a cavity with a net gain and cause a rapid buildup of unwanted photons.

By inserting an extra TFP the losses for this 'typé of path can be increased enough to
Stop ’th‘e process described.
. Another method used to reduce ASE was the placément of irises along the

beam path. It was pﬁrticularly. 'importa.nt. to have an iris directly after the Faraday

- isolator to hide its reflective 5 mm diameter housing from the amplifier and another

bét_ween the two double pass heads. The latter iris héiped to limit the ASE to the

small volume of the rods used by the seed beam. This stops ASE that might gain

strength near the edge of the rod and then diffract into the central portion and extract

gain there.

A third method was used to reduce reflections from downstream optics. A 9
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mm Fardday isolator was pléced aftef' the last telescope. This reduced any. back
reﬂectiéns f;om downétream optics by a.factor of ;300‘. UnfOrtunately, it was very
easy to damage this optic, and it was evlenn.lally removed.
it was also realize.d that the expansion teleScope beforc; the last head was .also

contributiﬁg back reﬂections,'evgn if the lenses wére slightly skewed. To stop this, a
7»/4_ waveplate was placed before the telescopé. Any reflection from the telescobe then
returned toward the double pass section with a 90° ,fotation' of its .polarization and was
consééu'ently rejected by the TFPs. A compensating A/4 plate .w_as required after.the
‘last. amplifi‘er..to restore,.li.near polarization _béfore the beam enteréd the doubling
crysté_l.- (These- optics are not shown in the schematic.).

| Despite ifs complexity,. once this design was settled_ upon, it could b_é made (0
work. Misalignments did h_ot causé_ damagev to optigs, Just-a reVersible décrease in the
output pulse power due to a rise in ;he ASE. (It was qﬁite surprising to find that
- adjusting the angle of a crystal used to mix the_ 1064 nrri light with }the. dyé_ amplifier
~light, 2 meters past the end of the amplifief, covuldvcause a 50% reduction in output
.pulse power dﬁe to increased ASE.)  Its major drawback is probably the sensitivity to
the fluctuations in the se_',ed beam from the Antares noted abo‘ve. Alignment is not
3 triviél, and any change in the seed beam requires Staftihg over at the beginning of the
optical chairi.' In this incarnation, the amplifiér suffered from the ége'of the Nd:YAG
‘heads and electroniés which péssed their tenth birthday before retireméﬂt. A-

semi-commercial Tegenerative amplifier is now being built to replace this design®.
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‘The Dye Amplifiers:
Y

. The dye amplifier chains are structurally quite sim_ilar to those of the
narrowband laser system, sharing the same prism dye cells®, with the overall design
adapted from that of R. Falcone™. Although it was originally part of the design to
double pass the second cell as in the narrowband system, it was found not to be
necessary. - The maiﬁ differences in the design stem from the shért pump pulse. This
. puise, 532 nm light from doubling the Nd:YAG ampiifier output iﬁ a KDP or BBO
crystal, is roughly 70 ps long. (Typical energies were 15-20 mJ per dye amplifier -
chain (30-40 mJ total).) To maximize the gain seen by the dye seed pulse, and to
‘minimize ASE, the pump pulse had to irradiate the dye ~0-150 ps before the seed pulse
arrived. This number is only approximate, and must ob.viously represent an ‘average’
value given the side-pumped geometry. Since the length of the last amplifier cell
corresponds to 200 ps the_ arrival time ofy the pump beam relative to the seed beam
has a 200 ps spread over the iength of the cell with the sholrtes-t'delays at the cell
- entrance. (The pump beam is shaped to fill the amplifier cell with two cylindrical
lenses in the same way as for the narrowband system.) The opticaﬁ delay lineé in each
of the dye beam paths allowed tuning the delay of each beam‘ to maximize gain. The
pump beam did ndt have individual delays for the six dye cells: it was found that
'individually delaying the pump to each cell (by physiéally moving'the pump turning
mirrors) did not have much of an effect, whig:h is perhaps'not surprising given the

‘averaging inherent in the geometry.
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The second effect of the short pump beam was a greatly reduced ASE. problem.

The dye amplifier could actually be run with no ASE suppressing devices and have
the seed pulse completely deplete the ASE. This could be dramatically seen by
running the amplifier with no seed beam and observing the very broad spectrum of .the
~ 0.5 mJ ASE pulse by dispersing it off of é grating and then allowing a seed pulse to
enfer the amplifier. The broad spectrum would collapse to that of the .dye laser, with |
an estiméte of <1% of fhe' enefgy remaining in the ASE pulse. (this technique also
helped when trying to set the seed pulse delay.) In actual operation, we did employ a
large, ~200 pm, pinhole at the focus of a + 50 mm/+ 150 mm expanding telescope
between the first and second célls. While this pinhole transmitted the entire seed
pulse, its insertion would drop the free running ASE to <100 pJ, which again was
furthef depleted when a seed pulse was present. |

- The last major design difference vbetween the narrowband and picosecond dye
arﬁplifier-s is the use of 'relay imaging' in the latter. While the narrowband system
used spatial filters é.nd underfilling of the gain volume to achieve a smooth,
near-Gaussian beam'profile without diffraction nngs caused by clippiﬁg at the dye cell
walls, the picosecond system uses relay i‘maging to accomplish a simiiar effect. The |
concept of relay imaging is to use telescopes to relay the image of an initial hard
aperture to the location of the three dye cells.  Since the beam at these locations then
looks like a hard edged disk, it can nearly fill the cell without any iri_tens‘ityat the cell
walls and therefore trafzersg: the cell without being clipped and diffracted by the cell

walls. While the beam profile contains diffraction rings from the initial aperture, the



uniform disk shape can be recreated at any locétion, such as at a nonlinear crystai, by'
use of the propér telescope. In practice, a 2.8 mm aperture is relayed by a 43
reduc.ing t'e'lescope. fo the fi;st 1 mm diameterceli, and then by x3 and vx2 enlarging
- telescopes 'to the 3 mm and 6 mm diameter cells. |
With 'an input dye- pulse of ~5-10 nJ, thése amplifiers provided 1 mJ output.
pulses. This"level_, assuming no broadening of the input pulse, répreSents peak power
densities of ~ 5 GW/cﬁf (1 ps autocorrelation width, 6 mm diémeter beam). This Wés
| _esﬁmated to be near the.makimum that cogld be achie{red without significant
, "pem.lrbations of the pulse by nonlinear opticalb effects in the dye solution. Higher :
_ énerg.ies_, up to 3-5 mlJ, Were pEtained .whe.n using correspondingly longervseed pulses
' (5-_5 ps). | |
| In addition, fhis power dehsity limit cannot be exceedéd in the first two cells,
- which liﬁlits their output to ~ .30 ny aﬂd ‘. ~ 250 Wi respecti\}ely. ,Thils translates to‘ a
limit on the first cell's gaﬁn factor of 30(507 It was found that up to i0,000 times gain
could _Be .a.chieved in this'cell, but it was purposefully reduced to ~.5.(’)O-1.00(v)£by

| decreasing the dye concentrgtioﬁ. Similarly, the second cell gain waé then limited to ~ _
| 50 to keep the energy of the puise below 250 pJ (this was less d.i.fficult).A_
At these power densitigs, one should be concerned with changes to _the pulse's
_'t'emporal profile due to gain saturatioh. It was somewhat surprising to -see,how'well
the autocorrelatidn trace of .the aimpliﬁed light pulse matched that of the seed pulse
(the autocorrelatidn width of the pulses is Qiscﬁssed more quantitatively later).

Specifically, if the seed pulse was sharp with no 'wings', the output pulse showed no
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wings, and if the seed pulse had more of é "Prussian helmet' shaper with a centrél spike
"ahd la.rée wings, the ratio of thesé twd features was maintained in the output. Perhaps
in retrospect this can be rationalized cbnsidering th?it thé synch-pumpe'd dye laser
pulse is already the product of saturation effects and in fact owes some of its short
length to depletion of the gain in the dye jet by the front edge of the pulse and

consequent differential amplification of the leading edge of the pulse. '
UV Generation:

For various experiments, both of the visible bicosecond pulses fro.m'the. dye
dmplifiers ,héd to be converted into the ultra\}iolet. To reach wavelengths from ~355
nrﬁ to ~ 290‘ ﬁm, simple doubliﬁg inlemx1 cﬁ x_3 mm KDP crystals was used.
‘Conversions efficiencies of ~ 15-20% were achieved, yielding 150- 200 pJ of UV light.
For shorter wavelengths, spéc.if.ically ~266 nm, an additibﬁal nonlinear stage waé

~ required. In tI_.xis‘ setup, the uncoﬁ§erted 1064‘ nm light from the Nd:YAG arﬁplifier
was separate frbm its second harmonic by a dichroic mirror and'wésr'sen‘t fhrough an
optical deléyvline_' and combined with the doubled 7 1A0 nm light.(i.e. ‘355 nm) from the
-dye amplifier using a second dichroic mirror. The 355 nm generation stage was
-changed slightly by the additibn of a double Freshel Rhomb A/2 poiarization rotator
and a +‘3 reducing telescope placed before the doubling crystal. The rot—ator'change‘
‘the visible pulse's polarization to horizontal (from vertical), producing verti(‘:ally.

polarized 355 nm light. The telescope both reduced the beam size to ~ 2 mm diameter
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and served to re-image the visible pulse at the doubling crystal. The IR and UV

beams were overlapped temporally as well as spatially and sent through a BBO crystal

to yield 266 nm light. The wavelengths were then separated using a Pellin-Broca

prism. The 266 nm pulse was estimated at 40 uJ. Our results for pulse energy are

'very similar to those reported by Roberts et. al at 248 nm using essentially the same

technique (coincidentally; their results were published the day we made 266 nm ;
light)"®. Their results also show that no pulse broadening ( actually a slight
cbmpreSsionT) occurs in their dye 'zimpiiﬁer, which runs at essentially the same peak
powef density as ours. |

Incidental to producing the 266 nm light, we also produced ~237 nm light 5y
mixing the dye light with its second harmonic, and ~425 nm light by' miking the dye

fundamental with the 1064 nm light from the Nd:YAG amplifier. These capabilities

‘were not seriously pursued, but they do point out the versatility inherent in the system.

VUV Generation:

Several inereasingly sophisticated designs for producing VUV were

~ implemented in our laboratory. From the first design with a simple cell containing

xenon and a lithium fluoride (LiF) 'window into the chamber, all have produced
detectable VUV signals. Using a windowless design, with a quartz capillary tube from
the xenon cell to the chamber's, we made VUV light at ~99 nm for use in detecting H,

via 1+1 REMPIL. We then switched to a series of tests requiring separation of the
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VVUV photons from the residual (and much more numerous) UV photons. The design
fqr these experiments consisted of a Xe cell with an LiF window followed by an LiF

_ prism. A pump beam could be combined with the VUV in the LiF prism and sent
collinearly into the chamber. The last design is that desc_:ribed in Evan Cromwell's ’
thesis, employing a Xe pulsed molecular beam for tripling, and a vacuum
monochrometer for separating the VUV from the UV and visible light. Not only the
design, but the actual equiﬁr‘nent, iﬁcluding the jet, monochrorheter, vacuum chamber,
‘ion optics, and detector, were taken from the'narr(')wbvaﬂd system when its focus

drifted away from VUV production.

| Two changes wére required. to 'optimize’ the VUV output from the picosecond
process. The first was to reduce the Xe pressure at the nonlinear mixing region.-
Whereas ths nanssecond VUV output increased monotoﬁically as the laser vbeam focus

| was moved closer to the Xe pulsed valve, the maximum ps VUV output occurréd_ '
‘when the beam focus was ~ 2 mm from ths Xe orifice. v'For the picdsecond pulse, there
was always a visible spark at the focal region, suggesting that at higher Xe densities,
attenuation of the VUV occurred due to an increase in absorpﬁon by the plasma. - The
other change was ts use a phase matched mixture of xénon and vargon in the jet".

| Matt Cété calculated a phase matched ratio for our 1189 A wavelength of ~ 14:1
{Ar}:{Xe}. Experiment showed a maximum in the conversion efficiency at a ratio of ~

12 with an increase in VUV output by a factor of 3 over pure Xe.
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System Specifications:

. Several of the power spec_iﬁcations have already been mentioned in the
discussion above. They could all be obtained simply by re_adiﬂg a n{lmber off of a
power meter. Other specifications, such as the pulse lengfhs, frequenéy bandwidths,
VUV power, and ' overall temporal resolution of the instrument, are not so easily

obtained. Their derivation is described here.
Visible Wavelengths:

The visible wavelength pulse energy, 1 mJ, was mentioned above. A typical
autocorrelation width, measured on a hdmebuilt autocorrelator, is shown in Figure 3.
for a 710 nm pulse. The full width at half maximum (FWHM) is 1.0 ps. This is the

same width as the unampliﬁed'pulse measured on the same equipment. (It is actually

. shorter than the autocorrelation of the unamplified pulse as measured on a Sp_ectfa

Physics model 409 rotating quartz block autocorrelator (~1.2 ps). This commercial
au;oéorrelator is the one used to adjust the cavity lengths of the dyé lasers to minimize
the pulse widths.) For the sechz'pulée shape expéctcd from this system, this implies a
pulse width of 650 fs.

"The frequency spectrum of the amplified pulse was not quantitaﬁvely
measured. However, both the unalﬁplified and amplified pulses were dispersed using

a diffraction grating and were observed by eye to have the same bandwidth within
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30%. Experiments using “self—stabil_ization" (also called "coherent seeding") of the
. synch-pumped dye laser'® showed that the normal frequency bandwidth of the laser
‘could be reduced by roughly a factor of 1.5. This simﬁie and elegant technique, which
'seeds' the dye laser with a tiny (as low as 10 portion 6f its own output just slightly
ahead (in time) of the main pulse, has been shown to produce pulses with a AtAv
product below that expected for 2 sech® pulse shape in a cavity dumped Coherent 700
 series laser”®. Our narrower ‘bandwidth when using this technique couldv largely be
maintained in the amplifier, suggesting that this system normally échieves roughly the

same 1.4 times the sech’ limit reported by Roberts et. al.”” and with the "self

‘stabilization" technique can perhaps do better.
UV Wavelengths:

No attempt.was made to direétl'y measure the length of the UV pulses. As
stated ai)ove, - 20% conversion to ~ 200 uJ- could be achieved in the doubling process,
with an overall 5% con{rersion to ~ 266 nm in the two stage doubling and mixing
process. (The cé)nversioh from doubled dye light to 266 nm is ~25% due to the
strongeyr 1064 nm mixing beam. The latter has. roughly the peak power of the visible

light, i.e. 5 times that of the doubled dye light.)

VUV Wavelengths:
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~The attainable VUV energy has not yet been stated. The best estimate come

| from measurements of the number of ions that could be ‘produced By. nonresonantly
ionizing gas ina rhblecular beam. The'mo‘st recent measurements, using the a'mplifiet
designs above, ihvolve CH,I ionization. M_easurements on.some earlier cqnfiguratio‘ns
used NO gas for ionization,"however this measuremeht has not yet been done .f0r. VUV
from the Xe jet/monochrometer combitlation. -For the CvH31 measurement it is
estunated that the- number density in the pulsed molecular beam at the interaction
vreglon was ~ 3x10‘2 CH3I/cm (~107? torr with a 10% seed ratlo) ‘Using VUV light at
118.9 nm, an estimated 500 CH3I+ were observed. Using an esumated molecular'beam
wi}dtﬁh of ~ 2 mm, this corresponds to a 1.2 x 10° iontzation efficiency fora 1 c‘m2
t;eam (this arbitrary laser l:team area cdncels dut in the célcdlation of the total.n‘umber’
~of photons) With an assumed ionization cross section of 10" cm?; this yields ~10°
photons/cm? and thus a total of 10° photons Wlth an estimate’ of 10“% for the oratmg
_ eff101ency at this wavelength, the total VUV photon yield is 101°/pulse (This
measurement is cruder than I would like, but laser power supply failures and other-

| circumstanees made it impossible td rtlake a more accurate measurertlent befere the

. scheduled installatidn of the new tegenetat’ive amplifier. Stnce the new system should
- prbduee eésentially the same visible light pulse, the ‘V'U_V output should also be the

- same. Hence; measurements on the new system should be able to F'refine the estimate
above for VUV poté'vet'from the present design.) - ~

‘This photdn ﬂux is an order of magnitude less than was hoped for. The

present conversion efficiency seems to be limited by breakdown in the xenon gas. .
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This breakdown, a very visible spatk in the gas, was not anticipated as a limitihg
fa_ctor in the design calculatibns. Since this problem can be reduced with a softer
| ‘focus' tn the Xe jet,. the VUV generation may not be fully optimized. However, the
ability to saturate the ionization of Cl atoms for "The Grand Plan" is no longer certain.
A frequertcy bandwidth limit for some VUV light produced from a 3-4 ps
visible pulse can b‘e inferred from our work on .szl‘-i-l REMPI detection. The vistble
vpulse energy for this work was 3-4 m], yielding the same peak power densities as for
the shorter 1 ps 1 mJ pulses above Usm0 the same C'I1, 1ntermed1ate state as used
for some of the H work done with the narrowband laser system, we trtpled ~297 nm
hoht in atoon to yield ~99 nm photons and observed H; by resonant 1omzat10n through
the C'T1, state. We were able to observe H, initially in the J=O,1, and 2 rotational
states. . All three were clearly resohted. Ftom the J=0, J=1 transition separatiovn‘v
(100868.1 cm" - 100804.2 cm?! = 63.9 cm) and the width of the obéer_Ved ionization
pea.ks relattve to this séparation v(_~'1/3), an estimate of < 20 i 1bandwidth in 'the VUV
can be made. Since the duration of this pul_sel_i's.u.nknown', this number cannot be used |
to catlculate how close to the transform limit the pulse is. A 4 ps pulse would have a
transform limited bandwidt_h_ (sech’ shape) of ~4 cm. If the VUV pulse is getting
shqrter in the nonlinear steps as the square 'root of the order of the process as one ‘
would expect for Gaussian pulses with no saturation effects, it would be 4—\/ 6=1.6ps
long, corresponding to a transform limited bahdwidth of 10 ern".v This Would imply
our VUV pulse is roughly twice the transform limit. |

No measurements of this nature have been made for VUV at the 5® or 6®
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harmonics of the 1 ps starting visible pulses. While the peak power density in the
shorter visible pulse is the s\am_e as in the pulse measured, which suggests that the
factors tending to lengthen and lbroaden the pulse should be similar for the two pulses,
there are some factors that could Causé differences. For the shorter pulses, we now
use a phase-matched mixture éf Ar and Xe ‘to get slightly more power (3x). Howevef,
~ Mahon et. al. have shown that phase-matching in the 118.9 nm region should only
occur over a>< 1A bandwidth, raising the qﬁestion of the effect of the Ar/Xe gas
mixture on the pulse shape®. A more minor effect present for the 5 ha.rrﬁonic case,
which requires mixiﬁg of the UV and visible light in the Xe jet, is the ~200 .fs offset of
the two» pulses due to the different delays the two wavelength-exﬁefienée in traversing
the quartz window of the vacuum chamber. The only.measurement to-date that can’

address these questiohs at all is the V}JVRJV cross correlation described below, and

this measurement can only place a rather long upper limit on the pulse length.
Cross Correlation/ Temporal Resolution:

A cross correlation of the arnplifi_ed visible pulses was obtainéd by sending the
| ‘unfocused pulses ffom the two dye amplifiers through a 3 mm long"KDP crystal at a ~
10 degree angle with respecﬁ to each other. The crystal was adjusted to the correct
angle to yield the sum frequency UV light at ~323 nm. The central 1 mm region was
passed through a slit and monitored With a photodiode. One of the two pulses was

delayed using a»cémputer controlled delay stage. The diode signal as & function of
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this delay is shown in Figure 4. The FWHM of the peak is roughly 4 ps. This is

much longer than expected simply from the pulse lengths, which would yield a cross
correlation width equal to the autocorrélation widths, i.e. 1 ps. The extra width is |
likely to cofne from jitter between the two synch-pumped dye lasers. Although both
are pumped by the same doubled Nd:YAG pulse, which synchronizes them to within |
the Nd:YAG pﬁlse width, there is still some timing jitter within the pulse width. This
comes mainly from the different responses of the two dye lasers to a;nplitude
variations in the pump pulsé. Each dye laser's pulse occurs when the integrated gain.
from the pump pulse exceeds the cavity losses. If this does not occur at exactly the
same poinf on the pump pulse in the two lasers,v changing the amplitude of the pump
pulse will change not only the time required to build up the necessary gaiﬁ iﬁ each
laser, but also the relative timing of thié event in the two lasers.

“ This inter-laser jitter is thé important quantity for a pump-probe experiment and
is the factor thaf adds width to the cross correlation. This jitter will depend on the |
timeécale over which it is measured since it will depend not only on high frequency
~ noise in the pump pulse, but longer term 'drift iﬁ the pump power as well. The cross
corfelation shown in the figure was taken over a two minute interval. Shifts of the
position df the cross correlation peak of 3-5 ps were observed over 10 minute
intervals. Adjusting the dye lasers' leﬁgth and eﬂd .mirror angles to minimize their
pulse widths and maximi.ze their power, which cha.riges their losses and hence the
timing of the dye pulse relative to the start of the pump pulse, could shift the position

~ of the peak by > 15 ps. Thus, temporal resolution for a visible/visiblvevpump-probe
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oxperiment using this ~laser system would be < 3-4 ps as iong as the scanning took less
than 2 minutes; or if the relativo timing of the.:vt'wo pulses were recalibr.ated on this
tirﬁescale. Withou_t such measures, 5-8 ps resolution would be expected. Tho

- temporal resolution could bé increased to ~ 1 ps, limited by the pulse widths, if part of
the pulses were sent (0 a single shot.ﬂ cross correlator. This would allow monitoring tho
exact oumeprobe delay for each shot and the data points could then be binned as a
function of thls delay. '(This idea led to the concept of removi;ig th.e'delay stage
entirely and banging on the laser tablé to cause a ldrgo enough jitter to cover tho |
required time range. Impler_nentétion of Vt‘his cohcept was not pursued.) | |

&

' FA cross correlation of the UV and VUV pulses was al'so ob‘t_ained.‘ Tk.le.

nonlinear medium used was a'moiecular beam of CH,I. In essence, .a pump-probe

experiment to measure the dissociotion lifetime of CH,I excited at 266 nm was

pérfofmed. However, the lifetime of CI.-ISI.is ‘known to be < 70 fs at this excitation

en‘ér\gy,.whic'h islmuch less than our instrument irefsolution. ‘Hence, the obseﬁed signal

riéétime is the'instrument responso and can also be viewed as the integgal'of the’

: UV/_VUV Cross oorrelatioh. |

.This is the most complex vrnéasurement' ever Arr-lade with the picosecond syétem
~and is as close as ono cé.n get 1:o measuring ché_inical dynamics _withoufcompleting an
-éxperiment. It is poééible'that replacing methyl iodide with bromobeniene,’ which :

_ rhight-hav_e 5 measurablo lifetime, would bo_ the only required ohangé to ob;ain

chemical dynamicsv data. ‘(Power supply. problems have preve_nted. any quick attempts

at this goal.) The CH,I data does represent more than just a cross correlation
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me'asuremen; however, and will be discussed in terms of an experiment in the next
section. Eor the purpose of this section, only the fact that an instrument response ;
limited signaﬂ can be obtainedris important.

Two such signals ére actually."observed. The first dérivgs from methyl iodide
absofbing a 266.nm photon and dissociatihg with the m_g:thyl fragment that .isvpro.duced

being ionized by the VUV light:

| Thus, monitoring the rise of CH; yields the instrument response. Another pfocess :
oc_curs' which shows a drop as a function of time delay between the 266 nm and 118.9
| nm light:

118.9 mm 266 nm :
CHT - > CHIY - > CI—I-S_I**_—_‘ ----- > It

* - This proCess occurs only if the VUV pulse arrives at the.'s,a.mple before the UV pulse.
The drop in I' signal again shows the instrument's temporal resolution.

Unfortunately, the competing processes shown below also occur:

They differ from the above processes only in that they produce ions of the
complementary fragments. They should rise and fall, respectively, with the instrument

‘response time, and tend to cancel the signal from the first two channels. The
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measurement here shows that the first two channeis are dominant. Thus, a chahge of
opposite sign is seen when observing the CH; and I" ion peaks in the time-of-flight
mass spectrum, though the magnit;lde of the change is decreased by the latter -
processes and there is no regibﬁ where the fragment ion signals go to zero. This leads
to very poor signal to noise ratios.

The suﬁtraction of the two pa;rtially power normalized (see below) spectra
(CH3-T"), rescaled to go from 0 to 1, is shown in Figure 5; The calculated fit is to the
integral of a 10 ps FWHM Gaussian. While the signal itself is clear, the fisetime isv '
definitely difficult fo determine given the low éignal‘ to noise ratio. The 10 ps cross
correlation width should probably be considered as 10 £ 5 ps.

- This is possibly somewhat loqger aﬁd defihitely léss precise than the visible

’. cross correlation width. The data acquisition time for the UV/VUV cross correlation
was roughly 10 minute;, several times longer than .for the visible mea’sur_e’ment.
Because of ;his, the source.of any real difference between thptﬁvo cr;)ss cérrelation
widths is ambiguoﬁs. While it could represent broadening of the UV and/or VUV

- pulses, it could also represent the larger r?mge for jitter over longer timescales.. From
the estimates for temporal jitter/drift over 10 minutes from the visib'l'e measurement, it
can be seen that no b;oadening of pulses is required to account for _the uv/vuv

signal risetime.

Noise:
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While the nonlinear doubling and mixing processes used in this laser system

-

provide the wavelengths necessary to do expeﬁments, they also make such
experiments difficult because they amplify the fluctuations present in the fundamental
beams. . With SO many nonlinear steps, this laser system produces UV and VUV pulses
with large ﬂuc_tilations even though the pump laser fluctuations are relatively small.
Specifically, starting frqm the mode-locked Nd;YAG laser with a speciﬁcation of 2%
noise (1064 nm), we observe ﬂuctuétions in the pump-probe ion signal, which
| combines the fluctuation of both the UV and VUV beams, of ~100%.

| This is roughly what one woﬁld expect simply from the fluctuations in the
commercial lasers assuming no saturation at any of the amplification or mixing sféges.
The final value should be proportional to the square of the pump.dye lasér fluctuations
times the fiftﬁ poWer of the. probe dye laser ﬂuc_tuations. In additiotho the noise in
the Nd:YAG p'umpl laser, there is additional noise in the synéh-pumped dye.lasers due
to such things as vibrations from the dye circulators used to run the dye jets. Our
Nd:YAG amplifier chain certainly adds noise to the system as well.

Given this fluctuation, it is clear that shot-to-shot power normalization can
greatly enhance the overall signal to noise ratio of an experiment. So far we have not
directly measured the VUV energy each shot which clould be doﬁe using the platinum'
photodiode créated for use Qﬁ the narrowband system. We have attempted to measure
VUV fluctuations by monitoring an ion, such as CH,I" in the case above, that should
only depend on the VUV photon flux. Unfortunately, the dynamic range of our |

detector is insufficient to simultaneously monitor the abundant CHI* and the fragment
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iqns without saturating the pafent signal to some extent. Seeding a small impurity in
the beam, yielding an ion signal at a noninterfering mass, should aliow improved ‘
normaliiation attempts. Similarly, monitoring the 160% pump beam is also possible so
that complete power normalization is theorctically possible. The exp’erirhentally

achievable signal to noise ratio after full power normalization is not yet known.

CH,I: An Experiment:

In addition to yielding an estimate for thé laser system's temporal resélution,
the measurement of the CH,I dissociétion lifetime described above also represents“’a'
fuil experiment: 1thas the same degree of difficulty as a measurement on a longer
lived molecule. As such, calculations regarding the observed amounts of signal and
background should be-widely applicable to similar experiments on longer lived -
molecules. In particular, the factors contributing to the low signal-to-noise ratio here
must be addressed in any proposed experir_ngnt, including "The Grand.Plan".

Starting. with a stable molecule and using a pulsed beam helps to give about
three orders of magnitude more starting material in the CHsI'experiment felative to
"The Grand Plan". Similarly, the cross-section for ultraviolet absorption in methyl
iodide ié 3-4 orders of magnitude greater than the overtone cross-sections for the
ghioroethyl radical (~10"® cm? for CH,I absorption). This factor is partially offset by |
the fact that we can ohly generate ~ 1/50™ as many photons at 266 nm as we can in the
visible (1 mJ vs. 40 uJ). Overall, there should be roughly 2x10* to 2x10° times more

dissociative CH,I molecules than there would be chloroethyl radicals. This yields an

¥
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estimate of 1.6 x107 dissociating CH,I molecules (assuming a 1 mm interaction
~ length).

To maximize the detection of the CH, and I fragments relative to CH,]l, it is
necessary to produce them in as small a Volume as possible. This is true because of
the inefficiency of nonresonant detection: as lohg as neither the pump nor probe stepé
are saturated, reducing the interaction volume increases the two laser signal.

It is important io note that, for single photon excitation and singl{e photon
detection, with equal excitation and detection volumes, the fragment ion signal is
invers‘ely.proportional-to the interaction area. This is in contrast to the one (VUV)
phdton signal.yielding. CH,I" which is independent of the spot size. Decreasing the

'sp-ot size, thereby maxirhizing the fragment ion (specifically.I*) signal relative to the
p\arent ion signal, was imertant for this experiment because monitoring the I' ion
became difficult as the CH,I" signal became l_arge. With the mass resolution of our
detector, these two ions could not be completely resolved when vthe CH,I" signal was

->1000 times larger than the I signal. -

The inve'rse. linear dependehcé of the pump-probe ion signal on spot size is also
in contrast to fhe inverse quadratic dependence expected for cohe}ent two photoﬁ
processes. Coherént processes can only occur when the absorbed photons are
overlapped in time as well as vspace. Our lower limit on laser spot size was .dictated '
not by focussing ability, but by the appearance of ions from coherent multiphoton

processes involving only the 266 nm light. These jons, both CH,I" and fragment ions,

became abundant enough to obscure the two laser signal as the spot size was



decreased below an estimated diameter of 200 pm. At this limit, these ions were

| probably beingvproduccd mainly in hot spots in thc beam and in any case represented

a small fraction of the excited molecnles. At ~ 200 um, the excitation efficicncy is ~17
%. Given the 10° VUV-photon estimate Iabove, the ionization efficiency is ~ 3x10°,
assuming a 10™* cm* VUV cross scction. Thus, a mulriphoton 266 nm 'proces.s,' with
an efficiency only ~107 times tba’t of single phofon eXcitation, 'would yi_elda
backgrOund roughly as large as the expected signal.

These considerations of the dependence of the 'signal' ions and the various

'background' ions as a fnnction of laser spot size imply an optimum spot sizc. If the B
spot is too large, the signal becomes small, and small compared to background from o o i
one (VUV) ohoron ionization. If the spot is too small, the one (2V66 nm) laser '\v L

’ background ovcrwh_elmsfthe two laser signal. vIn' all cases, a rnatch of the 266 nm and ‘

: VUV spot sizes is the best choice. Using the experimentally determined 200 um
optimurn spot size, the figures above yield predicted CH; and I* signals of ~ 50 ions . - V
' | per shot. This is roughly an order of magnitude larger than observed. - The estimated
crocs-sections above, as well as Ihe_cstimate for tbe's'pot size, .couid'be‘ off by enougb
to .account for }the difference. ‘.

- Even with the lower .observed signal of a fcw ions per shot, and with the '
difficulty of aligning two 200 um laser beams (both invisible, one unablc 10 propagate
jin air) to ¢ross within tbe molecuiar bearn, and with the i‘ldctuations in laser poWer,
rhis's_ignal le.vel would. be ;casily' observ:ablc if there Were no background. Even a

reasonably small (roughly as big as the signal) constant b‘ackground that depends on-
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only one of the two laser beams can be dealt with by a.t.wo laser signal minus one
l;ser signal subtraction .sche_me. However, as described n the sectidn_above, in
addition to tWo laser ionizzﬁion of the fragments, two _laser _frag‘me.ntation of the ions
can occur. These two typeS of processes occur for pump-probe_ and brbbe-pﬁmp
temporal ordering of the tWo.léser pulses. Thus they tend fo cancel eagh other's signal
.chénge'r_as. the pulses are. scanned through zefo relative delay. For CHL under our
conditions, CH;’ is produced mainly by_ fragmentation followed by ionizatioﬁ, but thé
| ionization/fragmentvationb 'chénnel yiel'd is_neavrly, 90% as large. For F the
fragmentation/ionization channel has only half the yield of fhe ioniza.tion/fragmentationl
- route, yielding an I' signal that decreases as one delays the probe laser. |
These interfering processes are the‘bmost disturbing of the é%(perimental
difﬁcult@es.. Since both pathways i'vn\'ro'lve the same photons, changing the laser_powérs »
or the spot size will not change their relative contributions. The relative yields arei
propérties of the molecule iﬁelf. Furthe'r,‘ while for CHI the témporal profilés for the
fraginentation/ibrﬁzation and iqnization/fragmentation pathways are ‘mirror irhage_s of
‘each othef ébout time zéro, in a molecule with a measuraBlédi'ssociat_ioh lifetime this
is no longer true. ﬁxe fragmentation/ionization pathway 4wi11 grow in ovéf the'
- dissociation timescale. The ionization/fragmentation péthway is still instrument
limited however, because the ionization step is 'instantanéous’ and the dissociation
occufs after the second laser pulse and does not influence fhe observed dynamics._
Thus the combined signal will no longer have a simple shape.

In the CH,I case, the interfering pathways become a problem because of the
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nonresonant detection séheme. If the CH,I molecule were studied using resonant
ionizaﬁnn of the I atom with high efficiency, not only would the signal bs larger, but
there would be no corresponding resnnant enhancement of the interfering pathway.
Certa_inly "The Grand.Plan" has this detection advantage (ignoring the fact that we
‘have not yet been able to detect a C1 REMPI signal with this system). However, it
also has a very inefficient excitation step. Thus, normally negiecte(i mulﬁ-photon
processes, acting on the largé unex'cited radical," or even precursdr,'popUlations might -
| produce unexpected, intérfering signals. As noted in the signai calculation of "The
Grand Plan" above,' three photonnonre.sonant procésses can produce nearly the same
nunibcr of ions (at the precursor mass) as were expected for the CI' signal. Any :
resonances would increase these signals. If the lower VUV powér actually obtained,
the VUV's non tiansform limited bandwidth, and the different tiine profiles of the UV
and VUV éoinbine to reduce the Cl ionization efficiency, theinterferencs of
nonresonant and/or resonant channels'r_nay become very significant. If "The Grand

. Plan" ever achieves the signal level :'calculated‘ hsre, it may stillvbe doomed by these
unanticipated multiphoton background signals'.

One could avoid the problern\ab‘ove by distinguishing befween the two
ionization pathways. While both pathways prnduce the same ions, the energetics of
the electron from the ionization step should be different and characteristic of the -
ionizing species. Thus photo-electron spectroscop'y (PES), the direction planned for
the immediate futurs of the picosecond system, should allow observation of the

L,

fragmentation/ionization pathway in isolation.
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Additionally, since PES can distinguish internal states of the ionizing species, it
allows measurement of not only dissociation lifetimes, but of internal conversion and
inter-system crossing timescales and even intramolecular energy redistribution. .Thus,
photo-electron spectroscopy may allow many of ';The Grand Plan's" goals to be
achieved, without r_equiring radicals or resonant detection, and without the problems of

ion detection described above.

Conclusion:

In some sense, this must be considered a-very preliminary-report although
VUV light has been produced in our lab for several years now. The picosecond
system is still undergoing evolution for a Qariety of réasons, not the leaét. of which is
the temperamental nature of the aging eqﬁipment. Despi.te‘ our best efforts to date, the
system has so faf remained t00 volatile to allow optimization of the detection scheme
or for more than a cursory study of molecular dynamics. At varioué stages of this
projéct, we héve investigated iodobenzene, vbromobenzene, and NO, with the inteﬁt o
measure their as yet unknown dissociation lifetimes. Unfortunately, exploding power
supplies and the like aiways seemed to appear at the least opportune moments.

Yet, in another senée, vast progress has been made. Starting from a bare lab,
‘three tables full of lasers and optics have been aligned (!) and used tb observe
molecular dissociation with a time resolution of a few picoseconds. Useable amoﬁnt

of a variety of VUV and UV wavelengths have been produced. Hopefully (as always)



47

the replacement of the 11 year old laser;e'quipment in the Nd:YAG amplifiér with a
new semi-commercjal regenefﬁﬁv_e amplifier, and a switch to photdeléctron detection,
will push the prbjeci 'b}}er the edge' iﬂto_ a working temporal spectrometér._ And' as
always, the very 'cool' "Grand Plan", and its as yet un-named descendants (are you

working on this James?), remain just another technical acComplishment Or two away.
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] _' F_igure Captions

Fig. 1-1.
| - Schematic of the Picosecond Laser System: Commercial Pump Lasers and

| Nd:YAG Amplifier Chain. ‘The optical components are shown in foughly their .
correct positions on a 4 x 8 foot laser fable. All of the components except

: mirrors are labelled in the‘ drawing. Not shown are a A/4 waveplate after the
IOVHZ shutter, two more A/4 waveplates surrouﬁding the -60 mm/+100 mm
telescope, and irises after the 5 mm Faraday Isolator, between the first.two
Nd:YAG heads, and before the telescope mentioned above. See the text for a
more detaiiéd description of the components. - | |

vFig. 1-2.

- Schematic of the Picoseéond Laser System: Dye Amplifiers. FT,he op“tical chain
is shbwn very approximately on a 4 x 8 ft. laéer table. The optical delay lines
were adjustable with micrometer driven translation stages. The optics for the
dye laser beams a:é labelled for the 594 nm chain (the left chain) in the

. diagram. The optics. are identical for the other chain. The three dye cells iﬁ
each chain (shown as rectangles at the end of the fans’ of 532 nm light) are 1
mmad x 20 mm, 3 mmo x 30 fnm, and 6 mmgp X 60 mm. The 532 nm light
from the Nd:YAG amplifier is sép.a'rated from the 1064 nm light by a dichroic
mirror and then split into equal portions to pﬁmp the two dye cell chains. The
partial reflectors further _spllit the green to pump the fhree cells with 4%, 15%,

and 81% of the light respectively. Cylindrical lenses are used to shape the 6 -



51

mm circular 532 nm beam to fill the input area of théh three dye cells (i.e. -
forming a2 4 mm x 20 mm beam for the first éell. See Evan Cromwell's thesis
for details.). Not shown are two autocorrelators a.ndv the second harmonic and
mixing optics used 10 produce ultravii)let light (297 nm and 266 nm for thé
. CH,I experiment discussed in the text.). |
Fig. 1-3.
Autocorrelation of the 1 mJ, 710 nm output of tiie dye amplifier. This trace
was recorded .using the ’homiei)uilt' autocorrelator described in thé text. The
FWHM of ihe peak is i.O ps. This is éqﬁal to the autocorrelation width of ihe
unainplified output of.the, dye 1aser\.using the same autocorrelator.
Fig. 1-4. \
Typical cross-correlation of the 1 mJ 594 nm and 1 mJ 710 nm amplified dye
laser pulses. This trace was recoided with the optical setup described in the v;
text over a roughly 2 minute interval. .The FWHM is < 4 ps and is typical.- for
a two ininute interval. Over longer intervals, the peak position ‘shifts by
several ps. Thevpea.k width is much longer than expected_‘from the pulse
widths_bf the amplified pulses (~1 ps). Both the width and the jitter are caused
- by changes in the v.relative tiining of the two dye lasers pulses. |
Fig. 1-5.
- UV/VUYV Cross-correlation / Instrument Temporal Response. The signal
shown here has a complex origin which is explained in the. text.

Experimentally, it is the difference of the power normalized CH; and I* ion
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signals from a CH,I precursor in a molecular beam i_rradiated at 266 nm and
1v18.9 nm. The signal is plotted aé a function of the relative delay of these two
pulSeé. Positive time is defined as the 266 nm light arriving first. The smooth
trace is the integral of a 10 ps FWHM Gaussian centered at the estimated time
zéro. The risetime of the signal is estimated as 10 5 ps from comparison of
the two traces. Since the relevant molecular processes (dissociation, ionization)
occur much faster thai_1 this risetime (< 70 fs), it represents the overall

instrument response time of the picosecond spectrometer.
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Chapter II: 193“:',“ Photodissoéiation of

Cyclopentadiene |

Introduction:

The dissociation of cyClopentadiene' (CHg) toan H étom and the
- cyclopentadienyl radical(CsHy) réquires only 78 kcal/mol. This iow value is due to
‘resonance stabilization of the radical electr_on in the cyclopéntadien’yl ring. However,
the most thermodynamically sta.b.le dissociation pathway is not H atom lbss but
- opening of the ring and formation of methyl acetylene -(propyne_) and aéet;’rlené (66.1_
kcal/mol). The activation energy for this channel is "notrvknown,‘ but a _sifnple -
calculation based on group additivity (despribed in a later section)- yields a barrier of
' _~87 kcal/mol to ring opening and a second very high barrier (>118 kcal/mol relative to
C,H,) for hydrbgen migration. A variety Qf :other channels are the?r.nodynamically
acéessible with 193 ﬁm eXcitati_on. Theyf are listed in Table 1.

. Interest 1n the ﬁnimolecular dissociation of cyclopeﬁtadiene has arisen in.
severai systems in combustion 'chemis_trvy. Thé p'henoxy_.radical has been found to
undergo unimoleculér decomf)osition to CO and cyclopentadienyi radical in thefmal

decomposition studies above 1000 K'*?. This reaction has also been observed in

infrared multiphoton dissociation studies 'usihg the molecular beam photofragment
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translational spectroscopy technique'. Butler et. al. have suggested that this reaction is
‘ part of a common 'reaction pathway of aromatic hydro;arbonss. Their work on the
oxidation of alkylated aromatics shows that side chains oxidize before the aromatic
ring, lea'ving be.nzene‘ or phenyl radical®*’®’. The phenyl radical is then oxidized to
phenoxy which then dissociates to cyclopentadienyl radical. In Butler et. al.'s
turbulent flow rez;ctér study cited abo{re, the oxidation of cyclopentadiene itself was
Studied to extend knowlédge of this pathway’. It was found that cyclopentadiene
exhibits production of CO, with a concentration vs. time prqfile unique from that of
other hydrocarbons, suggesting an unusual réaction mechanism. Specifically, the COz |
was produced early, before the peak of CO prqduction, it occurred without a- '
rheasurable-temperafure rise, and it vincreased rélative to CO cdncentrations -at higher
fuel to 6xygen ratios. These anomaliesl could not be fully explaiﬁed, but mechanisfns
which postulated cyclopentadiene -dissociation to :CH, or acetylene which would then
react to produce C‘()2 were described. Another mechanism relying on a large H'atom
population due to the weak C—I‘{ bond in cyclopentadiene waé also investigated.

Cyclopentadiene has also been éﬁown to be important in the buildup of
hydrocarbons from smaller precursors. Dean'® has shown that cyci-opentadiene is
~ largely responsible er the autocatalytic e'ffe‘ct in the p;oduction of ethan¢ and larger
hydrocarbons during.methane pyrolysis.v He describes how cyclopentadiené, oﬁce
formed, catalyzes the dissociation of methane into methyl and H radicals. The ‘wea.k

C-H bond in cyclopentadiene allows a cycle of dissociation to cyclopentadienyl radical

and subsequent abstraction of hydrogen from methane to occur very rapidly. Dean's
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analysis did not require the existence of other unimolecular dissociation reactions of
cyclopentad@ene, although if they existed they would limit the catalytic cycle above.
These studies suggéstcd that investigating the unimolecular dissociation
pathways of cyclopentadiene with a technique that isb sensitive to minor channels could
be of use in _hnderstanding combustion reactions. Fundamental questions about the
competition bvetween ring openiﬁg, H atom loss, H, loss, and isomerization to bicyclic
structures could a.lso be a_nswered. -The present study uses 193 nm excitation followed
by analysis of the photoffagment translational energies. _Cyclopentadiene's: absorption
bands near 193 nm have been assigned to se\}eral'Sp-Rydberg <-- X transitions’. The
nontboﬁding character of the excited electronic state and the large size of the
- cyclopentadiene make it reasonable to expect that internal conversion to the ground
electfonic state should be faster than dissociation. Thl;s, a photolysis experiment can
be expected to probe the same pbten_tial surface as tﬁe thermal experiménts, although
with a much higher average ehergy (‘temperature' >3600K). It turns out that 193 nm
photolysis probes an energy that is near the rﬁost proi)able energy for dissoCiating
| molecules at 1000 K, making this experiment very felei/ant to the thermal work..
-Theré has been c.)ne previous study of the unimolecular dissociation Of cyclopentadiene
in the gas phase by 193 nm laser excitation. This study by Yi et. al!2 used laser
induced ﬂuor’esCén_Ce (LIF) to measure the translational energy of the H atom product.
The quantum yigld for H atorﬂ was found to be .85+.07 with a Maxwell velocity
dist.ributio.n described_ by a temperature of 3690 K. The identification of other

channels could not be accomplished with the LIF technique, but H, elimination was
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proposed as the only other channel.
Experimental:

Our studsr was done using thé ﬁoleculm beam 'Photbfragment Translational

Spéctroscopy (PTS) technique." The main apparatus used for this study has _béen
described previou’sly”. It consists. principly of a vacuum chamber with a differentially
pumped rotatéble moleéula.r beam source that can be crossed by a laser beam at right
angles, and a mass-resolved time-of-ﬂight spectrometer. The 'spectrometer cohsists of
a 20.7 cm ﬂight path, electron bombardment ionizer, qliadrupole filter, and a Daly ion
‘counter”. A schemaﬁc is shéw_n in Figure 1. Signal was recofded using a
‘multichannel scaler triggered by the laser. Photofragments were detécted as a function
of mass, lab velo.city, and the angle between the molecular beam and the fragment's
lab velocity. Data wais analyzea to yield thevbranching ratio bethen the various- |
dissociation channelsv and the Centerfof—mass translational energy_distribu’tion; P(E), | ”
for products from each channel using staﬁdar'd techniques'®. This invo_lvesvattempfts to
fit all time-of-flight spectra with a single set of molecular dissociaﬁon parameters
- (fragments masses, P(E)s, and the -bragching ratio of the dissociation channels, etc.).
A new interactive version of the program CMLAB2 is used to perform the required
iterative convolution of the inolecular pafametérs with the instrument response
function. The program also computes all coordinate tra.nsfoﬁnations necceéary to

yield laboratory frame time-of-flight spectfa from the given center-of-mass

~
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distributions. The original CMLAB2 program, developed by'X. Zhao, is described in

his thesis along with the matﬁerﬁaﬁcal formalism of the calculation®.

Cyclopentadiene Wés prepared by cracking dicyclopentadiene as described in a
standard organic chemistry lab text'”. The dicyclopentadiene was obtained from
Aldrich Chemical Co. Helium at a pressure of 760 torr was bubbled through the
cyclopentadiene at a temperature of -16 C to yield a mixture of 7% cyclopentadiene in
helium. »This mixture‘ was meteféd through a needle valve and then expanded through .
a .3 mm nozzle into the chamber. Pressure behind the nozzle was kept around 95 torr,
limited by the pumping speed of the chamber. The nozzle was heated to 100 C to
eliminate significant dimer forrhation (dimers were observed as a laser dependent
off-axis signal at the parent cyclopentadiene mass, m/e‘66) . The molecular beam was
coﬂimated by two 1 mm diameter skimmers. Pressure in the source region was .
3x10* torr. The beam/laser interaction region was maintained at 107 torr.

The »beam was characterized by recording time-of-flight spectra of the beam at
0 degrees. A detector aperture of .13 mm was used to reduce the particle flux into the
detector. Spectra were recorded at several masses and were used to determine the ion
ﬂight constant, beafn vélocity, and the Velo_city spread of the beam'®. (The pfograrﬁ
KELVIN.EXE wés used'®.) Data were also taken at 1, 2, and 3 degrees when it
became obvious from the analysis‘ that the beam Vmust have some variation across its
width.

Lambda Physic EMG 103 MSC and EMG 262 MSC excimer lasers, lasing on

the 193.3 nm ArF transition were used as the photolysis source. The spot size at the
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intg;action region varied from 1x3 mm to 2x6 mm and pulse energy varied from 25 to
.1 mJ at the in_teraction region. The majority of déta was taken at less than 10
mJ/cm® The experiments were run between 70 ‘a.nd 200 Hz, depending on the laser's
capability at the time. |

Thé api)aratus described above was used to take time-of-flight speétra of
masses frdm,66 to 12. H and H2 could not easily be detected on thiS apparatus due to
high backgrounds and low signals (H. and H, are. much lé_ss massive than their
conjugate fragments. For a'gi?en energy release, conservation of lineér momentum
makes 'H and Hzlti.le fastest fragments by far Since a large recoil velocity disperses
- frag_ments into a large volumevbe.f'ore detection, and because the. detecti'oh-effi.cienc;y
is _i_n&ersély propoftional to veloéity, the signal is much lower fbr hydrogen than for
more ma;ssiv‘ev.fragments., The ionizatioh e\fﬁcie_néy:for‘ H and H, is also much smaller'.
than that for heavier fragments.) Experiments to directly measure H and HZ products
Were performed,_but on a second apparafus using a pufse_ﬁd mt;lecular bveam... The |
’sfandard con_figuratioh for machines of this type has also been defailed prévioﬁsly”.
E NOnnally usedvf,or crossed rﬁolécular beam experiments, this machine was quified to
ailow very high sénsitivity photodiss_ociatiop echrimehts. A simila‘r setup hasbbee"n
used on another fnach_ine in'\our groﬁp to measufe photolyiic H and D atoms from
several _rholecule§2°._ A'pu.lsed molecular beam Valve“ with 2 1 mm diaméter orifice
| was mountedz vertically in the 'source chamber. It was baqked by 760 torr of 10%
»cycllopentédiene seéded in ﬁelium which was prepare'd' as befpre. ‘The laser beam -

crossed the molecular beam 5 mm above the valve, in the source region.
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. Photofragments were allowed to enter the main chambe_r thr_ough two large (2-3 mm)

_skimmers and were detected by placing the mass spectrométer along the skimmer axis,
at 90 degrees relative to the molecular beam.

| Thus; in this geometry, the fnole_cular beam, laser beam, and detector were

mutually perpehdicular and only photofragments' with labofatory recoil velocities
perp_éndicular to the molecuiar beam could be d_etec_ted.' .This meant that only
fragments ﬁvith a cen’ter 6f m_ass_velocity greater thah the beam velocity could reach

the detector; For H2 detection and a beam velo.city of 10° cm/second, this corresb'onds
to a\low energy éutoff of 1 kca]/mol which is better fha.n could be aChiev_ed fdr the
vc‘yclopent'adienyl fragment m the rotating detector -setup (where we Were_ 1imited toa
minimum laboratory anglé of ~8 degrees due to the backgroimd'froin cracking in the
ionizer of parent molecules near the beam akis). The‘-Setuﬁ on this machine was
eétifnated to pfovide roughly 3000 times vas much signal as the ﬁrsf‘ setup due to the
reduétion in the nozzle to interaction region dista.nce and to the use of a pulsed instead
of continuqus‘ source. An exact calib;atidn was not performed. Spectra Weré'taken_ at
Varidus pulsed valve to laser time delays in-or_der to maximize the signal and to
detérrhine if there were any effects oh the product Velocity'distributions due to

: secbndary Colli»sions in the molecular be'am; Thc only variation of the spectra was in

the slow, time dgpendent background due to the pulsed valve alone. -
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Analysis and Results:

The largest mass Ifo4r which signal was detected was m/e 65, GH{', as

expected. This corresponds to H atom loss from cyclopentadiene. Experimental

_ conditions for inve‘stigaiing dissociatioﬂs from single photon absorption were
determined by a power dependence Study at m/e 65 and m/e 64. (Studies over a
'narrower range of laser fluence were done at all masses‘v to confirm thét single photon.
evér’lts. were the source of photofragments.) Figure 2 shows the results of this study.
The data were taken' with two different laser beam spot sizes, with two differe_ﬁt
methods of measuring the lasér power. This is probably the.major source of scatter in
the data. Also plotted in the figure is a line representing linear powér‘dépende_nce.

As can be seen in the inset, the data deviates from this line above 5 mJ/cm?. The
other curve bn the ﬁgure_represents the data of Yi et.al.' on H atom ﬂuoreécence VS.
laser ﬂuerblceT The fnatching of the data above to Yi's is subject to 'an_ arbitrary scaling
of the Y aﬁis. I Have chosen to put Yi et. al.'s lowest poiﬁt (~ 7 m¥/cn?) at .9 of linear
dependence. This fits their data within the uncertainty of mi_ne, but is otherwise
arbitrairy. This‘would imply that nearly all of Yi et. al.'s dafa are somewhat saturated.
This would cause their estimate for the qu'antum yield of H atoms to be systematically
low. Since absolute fluence measurements are harder to make than r‘elvative ones, it
might be reasonable to assume a systematic error in the 1asér fluence values for my
data or Yi et. al.'s and to adjust the relative scali.rlg"of the fluence axis between the

data sets. Our spot size measurements are done by measuring the extent of a burn
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pattern on photographic paper made by multiple laser shots. An error 'of 50% in
estimating the laser spot size by this method would not be impossible. This would
mean that the linear region 'extends to roughly 10 mJ/cm® and that the lowest fluence -
portion of Yi et. al.'s data Would also be linear. However,vit does not appear
reasonable to include the data from 15 to 25 mJ/cm? in this regipn as Yiet. al. do. It
is clear from the additional data in the presént experiment that what Yi ét. al. took to
be scatter about a linear power dependence is a real saturation effect. (This also
becomes more apparent if Vone requires the point 0,0 to be part of Yi et. al.'s data set.)
Thus, the caution about saturation during the quantum yield measurement could still
apply as the measurement, acco;ding'to their paper, waé done at "<25 mJ/cm® " which
includeé fluence ievels that partially saturate the _transition.

* Another point to note from this study is that both m/e 65 and m/e 64 exhibit

the same saturation effect. The time profile of the photofragments at these two masses '

are identical as well. This suggests that both signals arise from cyclopentadienyl
fragments, which soﬁetimes lose a second hydrogen during ionization in the detector.
Since the saturation at both masses pérsists to fluences well above that at which Yi et.
al. see ‘a multiphoton effect in thevH atom signal, a two photon procesé involving

absorption. by cyclopentadienyl radical leading to the loss of a second H atom cannot

explain both data sets. Indeed, the difference befween the H atom data and the m/e 65

data shows an approximately cubic power dependence, suggesting that at least three
photons are involved in producing the additional H atom signal. This point will be

discussed further in conjunction with the results from my high fluence data later in
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this section.

Based on this power dépendence study, iny data at,ﬂuehces 1ess than 3 ’
mJ/cm? Were used to determine the branching ratios and translational energy
distributioﬁs (P(Er')s) for single photoﬁ dissociation of cyclbpentadiene. Th¢
dissociationvchannelé discovered will _b‘e discusséd in order of increasing symmetry'of

conjugate fragment masses ( decreasing mass of the heavier fragment). A Newton

~ (velocity space) diagram that shows the extremal laboratory velocities and angles for -

various possible reaction channels based on thérmodynamic limits is provided in
Figure 3. Results obtained at higher fluences will be discussed at the end of the

section.

“H ATOM ELIMINATION:

As stated above, signal was observed at m/e 65, correspvondivng'to H atom loss

from cyclopentadiene. | Signal with the same time-of-flight profile was observed at all

~ m/e ratios corresponding to possible fragments of the cyclopentadienyl radical as well -

as at m/e 32 - 30.. The latter are probably doubly éharged_, ions with masses from
64-60. They have been previously observed in the mass spectrum of

cyclope_ntadienézz. The highest signal was recorded at m/e 39 with roughly three times

more signal than m/e 65. Other prbminent masses (>4% of the total) were m/e R
| 64-61,38, and 37. The.H atc')fn' elimination channelvis SO dominant that it accounted

~ for at least 25% of the.ions formed at every m/e except 52, even at mass-to-charge
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‘ratios that had less than .OS%» of the total H atom loss vsignal.'

Tir_’ne-of—ﬂight(TOF) spectra at m/e 65 for laboratory angles ij, 10, and 14
degrees are shown in Figure 4. Shown in Figure 5. is the TOF specﬁum'for H atom
taken with the pulsed valve setup. The lines fhrough the data points are the fit to the
| spectrum from CMLAB2 EXE usmo the P(Er) shown in Figure 6.

Before descrlbmg the P(E;) in detaﬂ I think it is worthwhile to dlSCllSS the -
”unique analys1s d1ff1cult}es presented by the H atom ehmmatmn channel. They stem
primarily from the very uneqﬁal distribution of translational enefgy between the
cyclopentadienyl and H atom phetofragments due to the conser{/atiOh of lineer
momentum dunn0 the dissociation. The H atom receives 98. 5% of the kinetic eneroy,
65 times as much as the cyclopentadienyl fragment. As can be seen in the Newton
diagram (F1gure 3) even the fastest cyclopentadienyl fr,agments w1ll only reach a
laberetory 'angle of 16.5 degrees. Their maximum center of mass veloc-ity"is roughly
one quarter of the bealh Velecity. As it tumns out, more than 90% of the signal has
less ‘.than 20% of the ther'medynemically é.llewe_d maxhnum irenSIationai enefgyb, and’
’cor'respondingily, less than 30% of the maximum poss'ible v_elvocity. This presents two
major problems. One is that for accurate determination of the P(E) with a resolution
of 2 kcal/mol, one must measure the lahofatory vehﬁcity and anguiar distributions of
“the prodhctsr to precisions better than the velecity (~9%) and angular spfea‘d (=2) of the
molecular beam.. At this level of resoiutien, the ‘representation of the molecular beam
as a cone _Wiﬁl separable velocity and angular distributions as well as the choice of a

'supersonic' functional form for the beam velocity introduces errors into the calculated
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fit of the data. (The beam actually has a small, low velocity tail that is not fit by the

~'supersonic' functional form. It was also noticed that the velocity spread is somewhat

larger (~12% FWHM) at the edges of the beam than in the center (~9% FWHM).)

These errors make it impossible to fit data taken at different angles with the same

P(E;) using the measured beam parameters. The use of ‘effective’ beam parameters,

boosting the velocity spread to ~ 11% in the simuiatiori, allows the construction of a
single P(Er') to fit data from all lab angles, but may introduee small distortions to the
true P(Ep).

'. The eecond problem etems froni the fact that the background from crackihg of -
parent cyelepeﬁtadiene in the detector overwhelms the cyciopentadienyl radical signal .

within 7 degrees of the beam. - This means that.cyclopen'tadienyl fragments from

dissociations with less than roughly 13 kcal/mol of translational energy cannot be seen.

The P(E;) below this cutoff, ‘down to roughly 3 kcﬁl/mol, can be obtained byv looking
at the H e‘torvn«directly ata 90 degree iab angle. ’Hov’vever, the H atom deta is not
sensitive to the high energy pertion of the P(E;) because the detector is‘ inherently less
sensitive to faster fragments and because each microsecond of time fepresents man)} _
more velocities at high trens.lational'e‘nergies. Thus, for high enefgy H atoms, the
signal is small .(and noisy) and the P(E;) is.hot uniquely determined by data wfth al
m.icrosecond time resolution because many high energy points on the P(ET) contribute -

to very. few time bins. This makes the syntheéis of the H atom results,. which _

determine the low energy portion of the P(E;), and the cyclopentadienyl results, which

determine the high energy portion of the P(E;), somewhat arbitrary with regard to
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scaling. The two data sets do éverlap for about a 6 kcal/mol region, but the beam
effects noted above could easily introduce a 10% error in the height of the P(E;) at |
low energieé relative to that at high energies. Note fhat this error only affects the
s‘lope' of the' P(E;) between 13 and 19 kcal/mol and the relative scaling‘ of the regions
on either side of this range, i.e. it does not affect the shape of .the. P(E;) within the low
and high energy regions. (This sort of error in the P(E;) will affect calculatéd yields
for the reactioh channels. Since the sizes of the other channels are determihed relative
to fhe H at_bm loss channei using data at 10.degrees or greater, they are really‘ being
compared only to the high energy portion of the H atom signai. Calculating the true _
branching ratio requires estimating the amount of signal for each channe] that is not |
seen from their P(E;)s. Fortunately, due to the dominance of the H atom channel, the
quantum,yield ‘of H Atom'product would be changéd only 0.6 % by the possible 10%
error in the P(Ey) above.) | |

To sorr;e extent, the scaling problem also exists when trying to fit thé
cyclopentadienyl data at the various angles, since each angle is most sensitive to a
different portion of the .P(Er‘) with only a few kcal/mol of useful overlap. However, in
this case,. the fact that ‘the beam conditions were .the same for theb cyclopentadienyl
data at the three different aﬁgles introduces a useful constraint: one can require that
 the qalcuiated to experimental signal ratio remain constant over the data sets. This
ratio is a measure of the total reactive flux required to produce a given experimental
signal. It is the factor required to scale thé calculated signal, resulﬁng from a total

reactive flux of one (arbitrary unit), to the experimental data. All Jacobian factors in
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the transformation of a given cente;—of-mass distribution.to the laboratory frame at a
given angle are taken into account. Holding this ratio constant betweenv data sets
taken at different laboratory angles is equivalent to requiring that all of the data_
represent the same physical event, riafnely a given number of dissociating molecules.

This procedure was used to construct a P(E;) from the cyclopentadienyl data.
An 'éffecti\}e' molecular beam was used in the fitting. The ro.ovt mean squared velocity
was maintained at the measured value (13.3 x 1_04 cin/s), but the speed ratio was

lowered from measured value of 11.4 at the beam center to an effective value of 9.

The cyclopentadienyl data files represent 20-40,000 laser shots. The constant - L

background is subtracted and the data are smoothed by 7 pdint'averaging for analysis. o
The H 'atorp data was processed differently because it has much more laser .
induced noise. No smoothing was attempted because the H atom time-of-flight data $

has much highér frequency components than the m/e 65 data. The molecular beam
was arbitrarily assigned a velocity of 15 x 10* cm/s with a speed ratio of 10.

(l;ecause of the kinematics, chmging the beam velocity by even a factor of 3 does not
appreciably affect the calculated spectrum.) The noise in this data, a severe version _of
the high frequency ringing common in all of the data, has been postulated to involve
modulation of the transmission of the quadrupole mass spectrometer by the RF
emissions of the excimer laser 2. It is broportional to total count rate. The H atom
signal is only 1-3% of ‘the background lével and occurs very close in time to the

triggering of the laser. Both of these factors make the H atom data very noi'sy‘

" (20-50% modulation at high freqliencies, even after 200K to 400K laser shots). To

Fey
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reduce this effect, the trace shown (Figure 5) is the subtraction of data taken at 8
mJ/cm? from data taken at 25 mJ/cm? fluence. From the discussion of Yi et.a al.'s
power dependence data above, one can conclude that the 25 mJ/cm* data should show

some saturation, but should not include much of a contribution from multiphoton

processes. This, and the fact that the two data sets do not appear to differ in overall =

shape suggests that the procedure ié not introducing spurious signal. Thé main benefii
of this procedure, other than improved aesthetics, is an improvement in the fit to the
higherl energy H atom signal. This portion of the P(E;) is already well d\efivned by the
m/e 65 data. In the individual data sets, there is a large negative spike of laser noise
in. the high velocity portion of the .spectrum and it was not clear Whether the P(E;)
derived from the m/e 65 data was consistent with the H atom data/. Aﬁer the
subtraction, it is cieﬁr that the two data‘ sets are consistent. It should also be noted
that this subtraction does not affect the shape of the data in the low H atom velocity
region. - Both spectra have the same shape in this region.

There are certainly many places that small errors can be introduded into the
characterization of the H atom elimination channel as described above. Yet, e\;en with
these caveats, there is a ldt of useful information in the derived 'P(Er) (Figure 6). The
most obvious feature of the P(E;) is the peak at‘~ 5 kcal/mol. One could question
whether this is an experimental artifact since it is determined solely from the H atom
time-of-flight. Such an értifact would arise if slow H atoms were depleted by some
mechanism. However, n-propyne was studied uéing the same experimental setup and

was observed to have no barrier to H atom loss, corresponding to a P(E;) that peaks at
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" zero translational energy®. ‘The time-of-flight spectra for the two molecules are quite

different. Thus, if the peak is artificial, there must be a chemically specific g

‘mechanism thai depletes slow H atom signal, which I consider un_like_ly. It should be

‘noted that the point at 0 kcal/mol is not well determined by the data and is therefore |

Somewhat-arbitrary. However, the point at ~2 kcal/mol is weil determined and must be
lowér than the next Wo points to fit the data. - o
Converéién of _the_ 5 kczil/rriol peak into a limit on thé barrie;' '.to_H atom loss
can be accomplished as f_ollowsl .Assume an RRKM type P(E;) at the tra_nsition staté
And consider the cha.ngeé in the product distri.buti_o:n to occur as the products descend
the barrier. If all of the po"tentiél energy is converted td traﬁslational energy; tllle}
ininimum observed translationa.ll eneréy, which would also 5e the maximum"of the
P(E,) distribution, wouid be thc.height of the barrier. If some of the potential energy
of ‘thé barfier becomesl internal energy, lowef translationai enefgies wouid be observed

and the maximum of the P(E;) could also be shifted to an energy below the actual

ban_rier. Thus, 5 kcal/mol is a lower limit to the barrier height to H atom loss in

cyclopentadiene.

Shown in Figure 7 aré some limiting cases for the H 1oss P(Er) from Figure 6.

. The first is an RRKM type P(E;). This was calcuiated using ab-initio frequencies for

cyclopentadiene and the cyclopentadienyl radical *. The cyclopentadiene H loss

‘transition state was assumed to have the frequencies of the cyclopentadienyl radical

with two additional low frequency bending modes. I assigned frequencies to these

modes based on results for CH, loss from ethane. In the ethane transition state, bend
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frequencies are roughly 20% of their value in the ground state molecule®®. Thus T

assigned these modes frequencies of 310 cm™, roughiy 20% of a normal C-H bend at

1500 cm™. (Using cyclopentadiene frequencies for the transition state and lowering

two of the bends and removing one stretch (the reaction coordinate) produces an

almost identical P(E;) and ‘none of the observations below would be changed.)

Obviously the RRKM P(E;) differs from the best fit P(E;) because it peaks at

zero kinetic energy. A second, less obvious difference occurs in the high energy tail

of the distribution. - The best fit P(Ey) is roughly 10 times larger than the RRKM VP(ET)

in the 30 kcal/mol region. At higher energies, the misfnatch becomes several orders of

- magnitude (~4). This is further evidencé for a barrier in the H atom loss channel. A v

much better fit to the high energy data can be obtained by créatinglan RRKM P(E;) .

with only 65 kcal/mol available to translation (vs. 70 kcaljmol without a barrier) and
then- shifting it 5 kcal/mol.

~ Thus, the entire best fit P(E;) would be consistent with an RRKM picture |

. where energy was completely randomized in the transition state and some additional

tranélational energy was imparted to the ffagm'ehts by repulsive ercés.as the produ.cts:
descended a barrier‘s_omewhat gréater than 5v‘-1‘<ca'1/mol. .

Yi et. al. claimed‘thaf the.H atom translational ehérgy distribution é_ould be fit
by a 3690 K MaxWell-Boltzmann (M-BS _distribution. This "curve, as well as one for
2500 K is shown in 'Figure 7. Our P(Ep) actuai}y peaks at highér energy than the |
3690 K curve, but it also falls off faster at higher energies; Both have-a half width

muqh larger than the RRKM P(E;) and it is easy to believe that our P(Erj would yicld ‘
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a temperature near 3690 K if it were converted to a M-B distribution based on the half "
width alone (as Yi et. al. did).
As can be seén from the figure, our P(E;) cannot really be fit by a M-B

distribution. However, above roughly 12 kcal/mol, it is fit surprisingly well by the

2500 K M-B curve. I consider this merely a coincidence since below 12 kcal/mol, the

two curves are very different. In the discussion section I will argue that an

- interpretation of the P(E;) in terms of a temperature is not useful.

:CH, ELIMINATION:

A second channel appears at m/e 52. On the assumption that this is the
unfragmented dissociation product, this channel is identified as methylene loss. As

shown in Figure 8, fragments from this channel have a much higher velocity, by

roughly a factor of 2, than those from the H atom 16ss channel. ‘Tons from this

channel are concentrated in the m/e 52-49 region. The P(E;) for this channel is shown
in Figufe 9. It is a smoothly decreasing curve with 2 maf(imum translational energy of
17 kcal/mol. This corresponds well with the thermodynamic limit for dissociatioﬁ to
'grouﬁd state methylene and 1-buien-3-yne ( max Er-—-‘17.0.kc‘a1/mol). A

It is interesting to note that the maximum energy release here is only one

- quarter of that in the H loss channel, but the fastest mass 52 .product is still much

faster than the fastest mass 65 product. This makes analysis of the methylene channel

much less sensitive to the molecular beam characteristics. It also moves the signal
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farther from the beam axis, reducing the background and allowing detection of much
smaller fluxes, as well as allowing determination of the P(E;) to much lower energies.

Even s0, there are stili s()mé difficulties to be faced When intérpreting the data.
The points below ~2 kca]/mbl produce fragments with the same vélocities as the
fragments from the H loss channel. This makes the P(E;) somewhat arbitrary in. this
range. Since the fragmentation pattern of the mass 65 and 52 species are unknown,
changing the height of the first three methylene P(E;) points and changing the linear
combination of the two channels will reproduce the fit to the time-of-flight spectrum.
Specifically, a peak away from zero, up to 2 kcal/mol, would be consistent with the
data. The choice for these points as shown in Figure 9 is based on arbitrarily
cohtinuing the pseudo-exponential curve that fits the higher velocity products. (This
'pséudo-exponentjal is an exponential curve modified tog have a definite cutoff value.
The program FUNC.EXE was used®.) ‘This type of curve is typically a good initial
guess for a P(E;) form and in this case no modification was required to fit the data
other than.changing the exponential factor. Whether such a form for the P(Er) is
consistant with the expected kinetics will be discussed in a later section.

Often, one could look at the lighter conjugate ‘fragment, in this case methylene
at m/e 14-12, to get information on't.he lower energy portion of the P(Ep).
Unfortunately, the channels described below completely coverb the region of the
time-of-flight spectrum where methylene would appear and make a determination of
its distribution difficult if not impossible. (I chose impossible.) As shown in Figure

10, a methylene contribution with the proposed' P(E;) is consistent with the data.

]
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C,H, ELIMINATION:

The spectra at masses down to m/e 40 can be explained by the two channels

" above. At mass 40, a new faster signal appears. At a lab zingle of 10 degrees, it is

almdst iost in the noise. However, at 20 degreés,' it can be seen'at m/e 40 and m/é 39
as shown in Figure.ll‘. It is especially clear at m/e 39 that the signal contains two |
components: al faét spike, and a slbwer blob. Both are faster than signals from the
" previously descfibed channels. Another pointv_to notice is that the félative ratio of thé.
two cdmponents is different at the tﬁvo ion masé ratios. -
: . _ . , ‘

It is tempting, given the nois¢ at m/e 40, fo try to fit this signal as a spike with
a slow ;cail at mass 40 (CH, + Csz) with a.new slower channel at mass 39 (C;H, +
C,H,). There are severai reasons thai I believe this is ﬁot the correct scheme . The
first concerns .the Shabe of the required mass 40 channel P(,Ef)" The data at m/e 39
requiré a peak in the P(E;) at 20 kcal/r_nol.' The good signal‘to noise ratio and the fact
- that the peak in the TOF spectrum is well sepafated make this a secure result. To fit
the m/e 40 data with only this P(Er).'and the twov'high.er inass channels requires that a
kink' be put in the P(E,). The P(Eﬂd'ov&'n to ~15 kcal/mol is defined by the m/e 30
data. To fit the m/e 40 data, the P(E;) must have a flat portion from 15 kcal/mol -
- down to ~8_kcal/mol. Thé mass 52rchar'1nel can proVide sigﬁal at times longer 'than that
' 'corfesponding to 8 kcal/mol. Such a P(Ep), With a plafeau and then a peak seems |

“highly unlikely. Thus it appears that a second channel at mass 40 is necessary to yield
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reasdnably ‘smooth P(E;p)s. Another concern is that there does not appear to be any
faster signal at m/e 27 that Would’correépond to the conjugate fragment of mass 39.

In fact, m/e 27 can be fit very well by assuming a crack from the slower component at
m/e 39, i.e. the m/e 27 spectrum has the same shape as the slower compohent at m/e
39 and 40. This-is in contrast to tﬁe data at m/e 26, \?vhere.the conjugate produéts of
‘both the fast and slow m/e 39 and 40 c_iompohentsv appear. Spectra for m/e 27 and 26

at 20 degrees are shown in Figure 12. 'In order to maintain the mass 39 channel

hypothesis one must assume that all of the conjugate mass 27 product fragments in the

ionizer. This seems unlikely.
Such interpretational contortions are not necessary if one assumes two mass 40
channels. In fact, by fitting the data at m/e 39 (good signal to noise) with two mass

40 channels, all of the data at m/e 40 to m/e 15 can be fit without any changes other

than the relative ratios of the two products and their conjugate partners (to account for

_their different cracking patterns). The larger relative amount of ‘slow‘channel pfoducts '

at m/e 40 vs. m/e 39 can be rationalized as being due to the greater propensity for
internally vibrationally hot products, i.e. the -s10wér channel, to dissociatively ionize.
Thus, in the ‘fdllowing sections, I will adopt the more aesthetic interpretation of the

data as arising from two C,H, + acetylene channels. - |
Slow Acety_lené: '

Determining an exact P(E;) for the slow acetylene channel is not possible. As

|
v

3
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was true in trying to determine the methylene loss P(E;), cracking from a higher mass

/
channel obscures the lower energy portion. In this case, any signal below ~6 kcal/mol

could be replaced by fragments from thel methylene channel. From the m/e 39 data, it .
appears that. there is a pfob}em .in detennining the higher énergy side as wéll. The
dccomi)dsition of the dafa in the m/e 39 spectrum into two channéls as shown assigns
sorhe of the, signal with only 8 kcal/mol to the tail of the fast channel. Such an
assignment would oniously be arbitrary if based on this spectrum alone. In faét, two
other constraints have been used. The first is to assume that the m/e 27 spectrum,
which shows no fast peak, is the true shape of the slow channel. This is equivalent to
requiring that the shape of a given chaﬁnel’s TOF spectrum does not change at the.
various m/e valués it can crack to. This has been implicitly assumed in all of the
fitting so far, excegt to explain the differencé in the cracking pattern of the fast and»
slow acetylene chénnels. In.t.hat case, as I will argue later, it is likely that a difference
in structure of the C,H, product bétween the two channels is also involved in making
the fast channel product less likely to crack; i.e. a diffefence in the heat of formation
of the C,;H, products leaves -the fast channel product‘ even colder relati\}e to the slow
channel product than one would expect frdm the difference in t‘ranslationél egergies.

If you believe this, then there is no contradiction here. If you don't believe, :then you

would suspect that using the m/e 27 data to derive the slow channel P(E;) makes it

_slower than it should Be. The effect cannot be too drastic since the m/e 40 and m/e 39

data do conétrain_the P(E;) as weil. However, the high energy cutoff of the slow

channel at ~35 kcal/mol could be too low.
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The second constraint used to obtain a P(Er) for the slow channel is an
assumption that it has a pseudo exponentiai form. As stated previously, this 'foﬁn is
usually a good épproximatioﬁ for a statistical, lsirnple bond fupture type dissociation.
This form seems empirically justified here in ihat it fits the»m/é 27 data fairly well.
Other than that, it is somewhat arbitrary.

| With these constraints, the P(Er) 1s féund to_be as shown in Figure 13. It
peaks at zero energy and éxtends to 35 kcal_/mol,with an average ehergy; <Er,>, of
6.9 kcai/mol. A peak away from zero, buf less than 6 kcal/mol would be consistent
with the data.. However, the only experimental suggestion for such a P(E;) is the fact
that With a monotonically decreasing P(E;), all of the data with m/e ratios bélow 40-
. ‘can be fit without any contribution from the .methyléne_ elirﬁination channel. Whﬂe
this may be somewhat surprising in contrast to the H loss channel, which had visible
sighal at all m/e ratios, it is not incomprehensible. The mefhylene channel is less-than
1% as large as the H atom l(‘)ss.channel, and because of the thennodyr.l.amics, produces
much coldér fragments. Also, it is known that internally cold C4Hv4 does not produce
vnvlany fragments below m/e 49 2. Thus the experimental evidence is inconclusive on

this question.
Fast Acetylene:

This channel is the easiest to analyze of all four. As mentioned above, its

‘P(Ep) has a peak at 20 kcal/mol. The portion above ~6 kcal/mol is fairly' well
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~ determined by the spectrum at m/e 26 due to a relatively small contribution of the

slow mass:26 channel. The m/e 26 spectrum also has good signal to noise. The P(E;)

for the fast acetylene loss channel is shown in Figure 14. The high energy tail is a

pseudo exponential form extending to 60 kcal/mol. ‘The middle range was fit point by

~ point to the data and the lower portion was aesthetically dropped to zero. As with the

H atom loss channel, the peak in the P(E;) implies a barrier to reaction. In this case,

one can infer a barrier of at least 20 kcal/mol for acetylcne loss. -

BRANCHING RATIO

The branching ratio for the four channels described above was calculated from

“the TOF spectra at 10 and 20 degrees.The general procedure is as follows. The

CMLAB2 i)rogram reports the weighting of the channels for a given spectrum. These

weightings can be thought of as the branchirig ratio of the ions at this m/e ratio. This

. value should be independent of the laboratory angle because it has already been

corrected for the kinematic effects (the mass ratio of the products and the shépe of the
P(E;)) that determine how large a contribution a given yield of products from a

channel will have at a given lab angle. (The number of signal counts expected from .

"one unit of reactive flux in a given channel is reported as the INTEGRAL for each

channel in CMLAB2.) The two additional factors that must be considered to arrive at |
the true branching ratio are the summation of ion signals from all m/e ratios and the

ionization cross section for each product.
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The first factor is easily handled using the new CMLAB?2 program. A new

output, the ratio of the’calculated to experimental TOF spectrum, is used to determine

BN

~ the relative weighting of the different m/e data. This number is a measure of the

number of dissociation events required to produce the observed signal. These

numbers, normalized for the number of laser triggers and laser power for each TOF

spectrum, caﬁ be summed over all m/e ratioé to give a total relative yield. Dividing

vthe calculated/eiperimental ratio for a given m/e TOF spectrum by the relative total

yields the fraction of dissociation évents appearing in that spectrum. The fracﬁon_ of o

ioh counts from a given product is then the vsum of the weighting for ihat product at o

an m/e ratio multiﬁlied by the fraction of events occurring at thaf m/e ratio, over all | ,

m/e ratios. : | - ' N
At this point, one has the branching ratio of the ions from each possible

product. This can then be corrected by dividing by the relative ionizati01.1 Cross )

sectibn for each prodﬁct to yield the branéhing ,ratio of neutral products. Cross ' o

sections for the products in this experimen; were calculated using the rhethod of Fitch |

and Sauter Z'. This method is especialiy convenient siﬁce the only required input is

atomic composition of the product - no details of structure or bonding‘ are hecessary.

This point and a general discussion of calcuiating ionization éross'sections can be

found in the thesis of A:-M. Schmoltner. Uncertainties in relati{ie Cross sections_

produced by different methods of 25% are reported therein. Uncertainties of this size

must also be assumed for the data herein. (This reference also conveniently

reproduces the formula and atomic values necessary for the calculation.)
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_The result of all of this. calculation is the follgwing ratio:

| Product : Relative Yield.
CH, 650 |
cH 53
CH, 085
CH( 128
- CHL(D) 132
- CHs) 75 o R S e
C;HZ(S) 64 | - - o L
The (f) and (s) staﬁd for the 'fast' and 'slow' channels re_spectively. No .Value is | |
| feponed for H étbr‘n’ since m/e 1 was not'meésufed.felativétb the other m/e ratios. | o

For the same reason, it has been necesSary to hope that cracking to m/e 1, which was

not measured, does not significantly change the results above. This is equivalent to.

assuming that the signal at m/e 1 from cracking is small and/or representative. of the

ratio above.

In a perfect world, ‘the yields for the two products of a dissociation channel
would be the S'ame, -This is' probably true within the uncertainty for both a‘cétylene

loss channels. However, there is defiriitely' a problem with the methylene loss channel.

' The methylén'e peruci can easily be increased by a factor of 4 by requiring that signal

at m/e 14-12 be fit using the maximally reasonable amount of methylene contribution.
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It tﬁms out that the methylene éignal }ooks very much like a combination of th¢ slow
- 40 énd 26 products together. Using a least squ.a;res fitting procedure, these tw_i)
| channels account for much of the sigﬁal at m/e 14-12. This coﬁld easily be an .
artifact; the replacement of one component (methylene) by two (slow 40 and 26) gives
-a better fit to noisy data simply because of the inéreasé in degrees of freedom.

At the same time, the _‘conjugate’produc;t of methylene,‘mass 52, is being
over—repfesented.': T ﬁe number shown above, 53 is the average of vzilues_ obtained
from the 10 degreé data (7.9) and the 20 degree data(2.6). The large disparity
between these values stems.‘ from twd effeéts; At 10 dégreeé, the dominant prdduct is

- mass ‘65 from the H .lo_ss channel. _Inspéction of the least squares fit to 'thé dafa shbws
that maSs 52 is often increased beyond a»reasonable value to fill in the fast side of the
mass 65 peak; This isnproba"bly a m’anifestatidn of a slight increase in béarh velocity :
‘which shifts the mass 65 peak'to slightly higher velociti‘es than calculated. This effect
causes overe'stimatiion' by a factor of 3 at a few masses. This‘effect ddeé not occur at
20 degrees. waever,_ an éffect simi_lé_r fo the oﬁe that ﬁndéréstimaies the methylene
contfibution is at. work. Beléw m/e 40, any mass 52 contribution can be replaced by

. the slow maés 40 product. Thevsi'ze of this underestimati()n is .diffic,ult to calculate.:

My answer to this is to aVerage the vélﬁes fo_r mass 52 and 14 to arrivé at a |

l.value for thé methylene loss channel yiéld in hopes that the.above problems largely
cancel. The value, 3.1, seems reasonable to me. Similarly, I'll average the yield of )
the two products from a channel to estimate the yield of the channel for the acetylene

- channels as well. Doing this, and normalizing the total yield to 100% gives:
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}

Channel:  65+1 52414 fast 40426  slow 40426

% Yield: 96.6% 0.5 % 1.9 % 1.0 %

The soﬁrces of errof in these ratiés are numerous, but the overall conclusions
are certainly valid. From consid_erations of the shape of the H loss P(E;) discusséd
abdve aﬁd ionization cross section uncertainties, the yield of that channel could be off
by a éouple percent. However, the roughly 1:4:2 relative ratiQ of the other three
channels' should be f_airly‘ secure. Even the uncertainties in ionization cross section and
the dther unknown described gb_ove are unlikely to change the relative ordering of. the

yields of these channels.

MULTI-PHOTON EFFECTS:

UV'Photodissociation exi)eriments don't demand mﬁch more from a laser than
that it be a black (orange?) box With a power knob. Tn our group, it is often referred
to as 'us.ing‘ a laser as a siedgehammer‘-. This sec;ion dé;séribes the zipplication of a
very large sledgehammer to c’yclopehtadiene. As one might expect, with all of tile
difficulties in analyzing and Separating product channels described above, increasing
the laser powér and thereby; éddin_g a.nothgr dimension of confusion, makes rigorous
@ﬂysis impossible. However, several interesting qualitative: results can be obtained.

The first set of results comes from a series of TOF spectra at ~200 mJ/cnf at

m/e 65-m/e 60, shown in Figure 15. There are large jumps in the width of the TOF
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spectra between m/e 64 and 63, m/e 62 and 61, and m/e 61 and 60. Slight increases

occur at m/e 65-64 and m/e 63-62. Based on this data, as well as the m/e 2 TOF

spectrum shown in Figure 16, I have fit this data using a sequence of four reactions:

Reaction: , <Erns Er Max

- kcal/mol ' kcal/mol

CH,~ CH; + H 776 - 10

CH; » CH, + H, 462 34
CH,-» CH + H, 1268 68
CH->C, +H 1914 70

The'secoﬁdary and higher reactions above were all mode_lled as sgcondary'
processes with pseudo-exponential P(E;) curves. The latter constraint is obviously
wrong based on the m/e 2 spectrum as well as from the cracking pattern data. (The.
- amount of fragmenting of the m/e 65 product should be the same as at low power.
This will not be the case if the secondary processes produce as much low en‘efgy m/e
64-60 product as the pseudo expone;htial P(E;)s suggest.) In the m/e 2 spectrum
shown in Figure 16, a barrier of at least 4 kcaUmol for at least one.of the two H,
channels would improve the fit.

An alternative explanation with only sequential H atom loss channels cé.nnot be .

ruled out. The pattern of large increase in width followed by small increase as one
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.. goes down in m/e from 64 to 60 coﬁld be fit as a series of fast and slow H atofn ioss _
‘channels, perhaps due to variation in bond energies,‘ orr‘ due to stimulated ldss of an H
atom followed by spohtaneous vlos.s of a seébnd H atom er each absorption event. It
is likely that H, forms in at least oné of the steps due to'. the felati‘veljr large .am_oun‘t of
m/e 2 signal at high'power (see below regarding data at m/e <=52). A reaction
mechanism with competing H and H, loss chanbnelsv would still be consistent with all
Qf the data.
No attempt was made to_determirvle.the photon order of tﬁe'Various products. A

st_udy of power de.pe_ndence at each m/é could in principle determine »tﬁis. However,
| the system is underdetermine_d in prgctice due to the large degree of overlap of the
proposed channels. - |

. The major conclusion from this data is that all six H'atqms. éan_ be removed
from éyclopentadiene. This conclusion relies only on the fact thatr six different
peakwidths are obs_érved in the m/e 65 - 60 TOF spectra.

TOF spectra for Iower‘m/e values were taken at laser fluences between 35 and

.7_0 mJ/cm® at a 'vériéty of angles. Again, -thiS work should be"consid_eredmore, of a
sﬁrvey than an attempi to rigoroﬁsly define the multi photon procésées. Besides the
cﬁannels descriﬁed above, three"new cha}nnels are required to.‘ exblain the observed
TOF spectra. Figu're_( 17 shows the four Specua where: new products appea.r.' |

* ‘The TOF spectrum at m/e 51 is mérkedly faster th@ at low power. The m/e
.'52‘ spectrum does not change, suggesting that the new product has ‘mass 5»1. Itl is

' pbssible to fit this channel two ways. The first is to postulate H atom loss from the
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primary mass 52 channel. This requireé a pseudoexponential P(Er) with- an <Erms> =
27 kcal/mol and a high energy tail past 150 kcal/mol. Such a high energy tail would

_requiye‘pntting at least two 148 kcal/mhl photons into the nlass 5‘2'product. The
second alternative is to postulate decomposition of the cyclopentadienyl radical, with
loss of CH, (or two. photon dlssoc1at10n of cyclopentadlene producing for instance
CH3 and mass 51). Such a channel could be fit with a pseudo exponential P(E,) w1th _
<Erns =_6.3 kcal/mol and Er‘Max = 33 kcal/mol. The mass 51 signal is relatively
| intense compared to the mass-52 product, suggesting that 1f mass 52 is the precursor,
this is a major deCOmposition.pathway for mass 52. Canersely, if mass.65 is the
parent, jt would be a minor pathWay involving et most a few percent yield.
- The m/e 50 spectrum shows an even faster channel than the m/e 51 data. Data
at a ﬂuence of 14 mJ/cm® show that this new channel is of higher order than the mass
51 channel. ie at least thfee photon overall: This channel'coul'd be fit as a secondary
product of the cyclopentadlenyl radical using a P(E;) with a barrier of 18 kcal/mol
extending out to 85 kcal/mol. Dissociation of any of the CSH,l would require a similar
_P(Er). Diss;ciation from mass 52 or 51 seer_ns- unlikely since translati'onal energies >
: 200 kcal/mol would have to be 1nvoked. At 45 mJ/cm the mass 50 channel is laroer ’
" than either the 52 or 51 channéls, but still only a few percent of the CSH,, channels
The last identifiable 'chennel appears at m/e 39. It appears as a broadening
(toward faster time) of the fast 40-26 prirnary channel. There is no broadening on the
slow §ide of the peak. -One can fit this as a secondary H loss channel from .the fast

mass 40 pfoduet. However, the lack of broadening toward the slow side would then
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imply a substanti/al barrier to H atom loss (> 15 kcal/mol), yielding a fast forward
peak, and a slow backward peal; that v‘v.01i1d be slow enough to be under the broad
- slow mass 40 channel. If this possibility is rejected, the remaining options involve
dissociation of a C, or Cs species. Either of these would requiré a sﬁbstantialvb»a'rrier,
on the order of ’30 kcal/mol, to reproduce the TOF spéctrum. As shown in Figure 17,
- the m/e 26 spectrum aJS(; shows a new fast component. A dissociatibh 6f mass 65 to
| 39 and 26 can fit both tﬁe m/e 39 and 26 spectra. While this doesvnot rule out a
chzmnel such as mass 52 yielding 39 and 13, a mechanism to give a 30 kcandl )
barrier for this reaction eludes me. Furfher, inspection of m/e 14 - 12 show no signal |
faster than the proposed mass 26 channel that is clearly above the noise level.
The 39-26 channel was used to yield the fits shown in Figure 17. The.P(Er)

used is exactly the same shape as the P_(Er) for thé.fast maés 40-26 cha.nnevl (shown'in .
Fiéure 13), but with 2 maximum energy of 96 kcal/mol. (The incrément per point in
the P(E;) ‘was raised from 2.6 to 4 kcal/mol.) The overall yiélé of this channel is still
relaﬁvely small. In fact, the secondary channels involving two hydrocarbon fragments |
(i.é. channels thaf break the.carbon framework.'in t§vo) are of{vthe same order of
magnitude/ as the pﬁmary hydrocarbon channels. The point ﬁere is that since the
primary hydrocarbon channels represent less than 5% of the yield, it is likely that the
secondary hydmocarbon éhahnels are also minor cha.nnels.. I would estimate_ that they
represent lé;ss than 30% of the secondary products, but thié ié definitely crude given all
of the overlap of \}arious 'éhannels, etc. This means that Hvand H, loss from C;

species are the predominant secondary and higher processes.
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Discussion:

H ATOM ELIMINATION:

H atom loss is normally well described as a simple bond rupture.v The reactioh
coordinate is simply(!) the C-H bond length. As the bdnd len_gthens, the attraction
betWeen the atE)ms smoothly decreases and the electro.ns in the bond becomé
non-bonding radical eiectrons localized on the C and_H atoms. The tra.nslatioﬁal'
energy'}d.istﬁbution in sﬁbh a dissociatioh, peaking‘ near zero and décreasing smoothly,
can be described well by variational RRKM theory. |

The translational energy distribution for H atom loss from cyclopentadiene
derived from Yi et. al.'s work and in more detail from this experiment dpes not fit
this -pictufe._ It peak;s, several kcal/mol away from zéro energy and the high energy tail
is rhuch lérger than RRKM theory .'would predict. With the data in hand, it is fairly
easy to undérsta.nd why the cyclopentadiene dissociation does bnot follow the pattern:
the radical electron left with the cyclopéntadienyl fragment doe'sv not remairi localized -
on the carbon. atom - it delocalizes around- the ring to all ﬁve carbon atoms. This is
the same phenomena‘responsible forvthe éxtraordinary stability of the cyclopehtadienyl
radical énd for the weakness bf the cyclopentadiene C-H bond. In propane, the C-H
bonds of the methylene group are roughly 99 kcal/mol.” In cyclopentédiene, this is
lowered to 78 kcal/mol, a drop of 21 k_cél/mol.

Delocalization of the radical electron changes the forces between the nuclei. It

NS .
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can cause a repulsion of the H atom, leading to increased translational energy. It can
also cause vibrational excitation of the cyclopentadienyl radical. From the
experimental translétional energy distribution, one can infér albarrier of at least 5
kcal/mol. The limiting value assumes tﬁat all of the energy released by the electronic
rearrangement caﬁ appear as translation, which seems unlikely in this case. The
reaction coordinate is not simply the C-H internuclear distance. The motion is a
combination of this C-H boﬂd lengthening witﬂ a bend of the methylene hydrogens to
bring the remaining H atom into the plane of the ring and with a rearrangement of the
carboﬁ-carbon'bond lengths from a pattern of long and short | (single and double: |
bonds) to five equai bonds (neglecting Jahn-Teller distortiorf9). For the entire barrierr:
to appear as translation, these 0?her motions would have to be possible without
vibrationally exciting the cyclopentadienyl tadical. An accurate estiméte of the
amount of vibrational excitation in ll;he cyclopentadienyl fragment is difficult, but it'is |
nbt unreasonable to expeot several kcal/mol, yielding an estimated barrier of §
kcal/mol or great.er_.‘ |

Whﬂe such a. barrier would be surprising for a simple bond fupture, the
complexity of moﬁon in this dissociation is perhaps more aptly described as
‘concerted. This term is often reserved for a reaction in which'. more than one bond is
broken, but perhaps a better definition requires qnly that more than one bond changes.
its bond order. A barrier occurs in the 'standard' concerted reaction as electronic
rearrangeinent creates two stable closed shell molecules at \lrery sﬁdl separations.

Thése molecules gain kinetic energy from their mutual repulsion as they descend the
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reaction barrier. They also become vibrationally excited as the electrons from the
breaking bonds either create new bonds or streﬁgthen existing ones in the product
moiecules. H loss from cyclopentadiene shares many of these features. Although
only a single bond is broken, the bond order changes in several bonds. Additionally,
although the products'in this case are not stable molecules, the delocalization of the
cyclopentadienyl fadical electron away from the breal_<ing bond causes repulsion
between the fragments and vibrational excitation of th_e cyclopentadienyl fragment.

| - It should be pointed out that Yi et. al. do not believe that a barrier exists in this
reaction. The difference seems to be largely one of interpretation rather than a
cénﬂict between our respective experimental results. The translational energy
distribution obtained in this work and the one inferred by Yi et. al. are both shown in
Figure 7. As was mentioned abové, the curves are quite different except perhaps in
their prediction of the halfwidfh of a doppler peak for the H atoms. Since the choice
of a Maxwell—Boltzmann dis‘tribuﬁon by Yi et. al. was based on theéretical arguments
rather than their experimental ﬁndings, and since ‘their published spectrum ié definitely
non-Gaussian (a M-B distribution Wmﬂd yield a Géussian line shape) it is not clear
whether the two sets of experimental results differ. An earlier work on
methylsubstituted benzenés from the same laboratory by Park et. al. noted thaf
distributions with a barrier produce doppler profiles with noticeably flat tops®. It
should be obvious thaf the Maxwell Boltzmann P(E;)s shown in Figure 7 could be
considered indicative of a barrier and that it is not necessary for a distribution to peak

at zero to yield a peaked doppler profile. The important parameter is how fast a P(Ey)
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 distribution gues;to zero. (Our P(Er) is shown having a nonzero value at IO kcal/mol.
* This is ,physically imf)ossible. The contradiction arises beeauée the 0 kcaJ'/m_ol point
~ represents contributio_né be;ween O; and ~2 kcal/mol in our discrete _P(Er).), It is easy to -
s.eel that-a distribution that goes to zero more .slowly ;han a M-B distribution will
produce a sharper doppler profile.' Thus a barrief that produces no slow prouuct's'
because it funnels its. energy exclusively into tranSlation, the ease .for Which Park et.
al;'s argument is true, is not consistent with either Yi et. al..'s nor our data. From SOIu'e
- crude -calculaiious, it appears that an appropriate choice for the'forrr.l of the P(Er) ffom
this _Workbbetween. 0 and 2 keallmol would put the fwo experifneuts_ m ag(re'ement-
except fof the uigh veloeity tail. Itbwas_ noted abov‘e ﬂiaf Yi et. al...may have used a
laser fluence high enuugh 0 uave significant amounts ef multiphot_oh pr,ocessee
oecurring. If so, one would expect that.this mulﬂpuoton 'signalj could ‘inc_rease their
‘measured linewidth, pefhaps giviug rise to the brqad base in theif specuum.

”I"he Maxwell-Boltzmann disuibution wae chosen by Yi'.et. al. based on a
theory that the vibrational temperatufe-of the molecule after photon absorption should
equaluthe t;anslati’onal temperatufe of the‘- H atom after diesociation.« '-This' theoretical
. model is argued to be a conéequence of the H atoru's "lcl)w ulass. The vexperimentally
measured H_ "atom velo"city‘ divs.tri'buti_ous forvs‘everal .molecules are elmﬁed te be in
agreeruent with this th.ebryvand at odds with an eXplanatiun in terms of‘ a pot:ential‘
'barri'eﬁo';lz, H.owever,_such» a general theory of H atum loss from large m.q.‘lecules
, obviou_sly violate's-t-he .conservation uf energy -as the’dissociation energy‘appruaches .the .

. photun energy: if the bond energy in the pfesent case were 148 kcal/mol, the H atom B
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could not have any translational enérgy while the theory predicts a distribution with a-
temperature of 53500 K, the same as for the molecule with the true bond energy of 78
| kcal/mol. |
Given this flaw, it is Eempting to _dismiss this line of thought completely. I
will ph;sue it slightly _further to point out that the arguments based on tﬁe .low relative
rﬁ_ass of the hydrogen atom ca.nnof lead to a-peaked P(_Er) without .a' barrier, a fact
independent of thether or not the entire distribution cons_e'r‘ves energy. .Tll‘;i.s leads to
. the conclusion that the essential ing‘redient of a barrierless mpdel for peaked
translational energy distﬂbuﬁons is really an exotic multidimensional transition staté.
The sta:ting point fof Yi et. al.'s picture of the dissqbiai_ﬁoh iS a |

Born—Oppenheimer like apbro‘ximation that the H _atém‘ is decoupled from the motic_ins
‘ éf the cyc'lopentadiene skcléton. The reaction‘is-then to be considered as a seﬁes of
nonadiab_atié trénsitioﬂé to excited'_'hydron_ic' states 6f the cyclopentadienyl radical, and
eventually to a continuum 'hydronic’ state where the H atom is free. 'The ter.rninology
above is mine. Y1 et. al. describe their theory as the "adiabati; Jmotio_n hypothesis" in-
which the H atom 'equil‘ibrate's' to the vibrétional temperature of ‘the excited molecule
and then passebs' through thevtransivtion state, keeping its ‘temperature’, before t_he ca_rbon
skeleton ‘can 'relax’. (The fact that nonadiabatic transitions must occur _fof the initial
eqﬁili_bration points 6ut the limited validity of the approximaﬁon.)

| T he description -above is meant-to emphasize the analogy with the electronic .'
process of ionization. (Yi et. al.'s theory 1is equivalent to claiﬁing that because.the

electron is so light, it can maintain its original thermal kinetic energy distribution
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while leaving the molecule, regardless of the ionization potential.) The intuitive |
picture of ihe H atofn leaving the cyclopentadienyl radicél 'before it can 'relax’ is, inv
tﬁis language, clearly equivalent to the electronic process of verticél ionization in
which the vertical ionization potential is larger 'thanvthev'value obtaingd by removing
the electron sufficiéntly‘slowly to keep the ionic core in its ground state. This mai(es
it clear that the decoupling of the H atom from the slower carbon motions implies a
~ barrier to dissociation. Further, this type of barrier would be invisible in the
translational energy disﬁbuﬁon because it only excites the cy_clopéntadienyl ‘r'ac‘iical,
just as vertical ionization results in excitation of the '_i_onic cOr_e.rather than -increasedk'
" tfansiational energy of the electron.

The experimental fact that the H atom translational energy distribution is
peaked away from zero implies one of two things. The first would be an .inc'omplete v
éeparaﬁon of the timescales for motion of the H atom and the carbon skeleton (non -
Frank-Condon transitions betweeﬁ the hydronic states!). The cyclopentadienyl radical
is then able to vibrationally 'relax' by kicking the H atom before the.yvseparate. The
secbnd possibility is that there is an electronic 'kick'. Unlike the ionization case, _the H'
atom, equivaleﬂt to the ionizing electron, is not the fastest particle in the system.
~ While the H atom may découple from the carbon I'noti‘ons, the electrons are still faster
than the H atom. Thus, as the electrons reai"range, the force on the H atom may
become repulsive, yiélding a barrier visible in the translationél energy distribution.
The first possibility represents a breakdown of Yi et. al.'s assumption whﬂe tﬁe latter

is independent of it, but both represent barriers in the potential. (These are the same
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ét_“fects I invoke elsewhere to explain the existance of a barrier.)

In order for the H afom to end up with a translational energy distribution with
a 'temperature' through a barrierless, RRKM type process as Yi et. al. suggest, one
must invoke a three dimensional reaction coordinéte, i.e. one in which not only the
stretch, but the bending coordinates as well, are unbound und contribute to the final
translational energy. A one dimensional transition state with no barrier yields a P(E;)
peaked at zero (aS is a one dimensional Maxwell-Boltzmann velocity distribution), not
the type shown in Figure 7, and would not yield a Maxwell-Boltzmann distribution of
speeds. This point is independunt of any effects due to the H atom being much lighter
.and faster than the carbon .skeleton.

The concept of a multidimensional transition state is not diffinult to
comprehend. Consider a diatomic molecule. It is equally easy to dissociate the
molecule in the X,y; or z directions. Thus, by symmetry, the transition state is

_ mulﬁdimensional,- and one should expéct a translational energy peaked away from

- zero. Normally, this problem is thought about in different conrdinatns, namely the
bond stretch and two rotations. In this coordinate system, the transition state is
nominally one dimensional and one invokes a non-physical centripetal barrier to
in_clude the coupling of some rotational energy into translation. ThlS pseudopotential
barrier again causes the translational energy peak away from zero. (In this sense, all
transition states are multidimensional, which explains why all P(E;)s must peak
slightly away from zero.)

In Yi et. al.'s theory, the C-H bends would also have to contribute almost all of
' L
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their eﬁergy to the H atom translational energy. »To reach the limit of a 3-D Maxwell
Boltzmann _P(ET) Withoﬁt a potential barrier requires.that thesé bends be free internal |
'rotat_ions at the ﬁansition state. This is not the case for 'simple. bond ruptures, e.g. H
atofn loss erm' r_hethane“. Further, if the bends become free rotors due to a very
loose transition state, much of their energy will result in ffagmént rotation, réther than
translation, due to angular momentum constfaints. ‘A transition state that can
eﬁiciently couple three degreés of freedom into translation is very hard to imagine.

This discussion poiﬁt_s out that one cannof use the low mass of the H atom to

~ explain the peaked translational energy diétribut_ioné observed in.cyclopentadivene, -
“indene, methyl sub.stituted benzenes, or methyl substituted pyrazines>*.- Further, it
does not Seem reasonable 't'o_positbthat all of thes'e molecuies shafed an e'xéﬁc, tight,.
3-dimensional transition state. This implies that the observed traﬁslational venergy?v "
distributions for all of thes'e molecules sﬁouid be'reinte'rpreted as arising from_p@tenﬁal
- energy barriers. All bf the species notéd above s‘hould» have a paftially delocalized

- radical electron on thevmolec_ular vfragment which coould give fise_: to potential barriers

for the reasons dis‘cﬁssed above for cyclopentadiene.
:CH, ELIMINATION:
The CH, loss cpanﬁel seems almost mundané by comparison. The translational

energy distribution péaks at zero and extends out to the thermodynamic limit for the

production of the most thermodynamically favored products, ground state triplet *CH,
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and 1-buten-3-yne. 'The smooth nature of the curve near 10 kcal/mol suggests that
butatriene is not beinglformed as methylene's partner (max Er:9.‘6' kcal/mql). This is
the only other thermodynamically accessible C4H4 species.

Similarly, production of singlet 'CH,, which is thermodynamically possible in
concert with l-buten-v?).-yhve (max. E; = 8 kcal/mol), would not ée_em to be indicated by
the P(Ef)' ”-How.evér, this point bezifs further cbnsideration". To fit the P(Eg) as shown -
('Figure‘9), the_3CH2 channel would havé to be barrierless. This might be somewhat
'surpfising given that a barrier of ~ 4 kcal/mol is observed for °CH, 'elim‘inationbfrom
ketene”.. Further, .studies of ketene dissociation have shown that singlet methylene
A eliminaﬁon quickly (within 125 cm™ of the threshold, and Wiihout a barrier) becomés

the dominant channel as the dissociation energy increases’>*>*

. This suggestg that the 
obserVed_ methylene lo_ss P(E,) for cyclopentadiene may représent a barrierless 'CH,
elimination vchannel, peaked af iéro enérgy .and exte'nding to ~ 8 _kcal/mol, and .a 3C‘H2
 elimination channel, peaked away from.'zercv) ﬁnd extending to th_e thermodynamic limit
of ~ 17 kcal/inol“. ﬁowever; the electronic sta{es__ of the CiHy diradical may be

| different énough ffom thvosevo‘f kétehe to inyalidate the ‘,compariSOh._ As v?és |

v ﬁentioned abové,. the P(Er) fdr methylene.loss is nof well vdete’rmined below ~2
kcal/mol in_tlﬁs experiment due to overlapping signal from the H atombeli_mination
channel and could actuélly peak at 2-3 Ikcalv/rr'lol and repfesent 3C_I—I2 product.

However, if the P(ET) does peak at zero, roughly 80 % of the product flux would have

< 8 kcal/mol and could therefore represent 'CH, product. Given the uncertainty, the

- singlet/triplet methylene branching ratio cannot be determined from the P(Ep).
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However, consideration of the large overall yield of CH,, and the evidence from
' ketene; would suggest a prominent role for the 'CH, or a barrierless ’CH, channel.
This point will be discussed further below.
The presence of CH; fragménts implies that rin;g opening occurs. Dissociation
from the ring to yield cyclobutene is not thermodynamically allowed. Similarly, a
" hydrogen migration can also be inferred. Ring opening would produce the
°CH,CHCHCHCHpe diradical. Diréct-dissociation of this diradical would yiéld CH,
and two acetylene molecules. ‘Again., this process ré’qpires more energy than is
available.
Two ﬁydrogen migration pathWays_can lead to a viable dissociation geofnetry.
These would’lbe a 4,2 shift yielding °CH2CH2CHCCH°, or a 3,5 shift yielding the |
‘Symmetric oCH2CHCCHCHZo . Both would yield CH, and CH,CCHCH
(1-buten-3-yne) as dissociation products.
| To differentiate between\th_ese two pathways, and to prove the feasibility of this
méchanism' requires an .estimate of ‘the reaction barriers along the way. The heat of
| formation of the"imermediate radicals can be crudely estimated in the following way.
The AH; of the stable molecule that differs from the desired radical by the addition of
a hydrogen atom at each ‘radivcal‘ site is estimated via Benson's groﬁp additivity rules®.
Then, an’assumptit)n is made that the two radiéal sites will not ihteract in the finai
diradiéal. The energy to form the diradical is then calculated from estimates of the
CH bond strengths at the radical sites and the AH; of the hydrogen atoms. Bond

strengths are estimated by comparing the starting molecule with similar but smaller



molecules whose bond strengths are known.

described above is shown below:

CHq Ring Opening:

Diradical: °CH,-CH=CH-CH=CH>?

CH,-CH=CH-CH=CH, by Benson's rules

H from CH,, bond energy = 85 from CH,=CH-CH,

H from CH, , B.E. = 114 from CH,=CH-CH=CH,

2 H - H,

for c-CsHs — °CH,-CH=CH-CH=CH>o

AH., = 113 - 32

100

Such a calculation for the three radicals

" AH, (kcal/mol)

18

-104

113

-32

81 kcal/mol
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CH, Loss:

Diradical: oCH,-CH=C=CH-CH,°

AH, (kcal/mol)
.‘CI-‘I3-CH=CH-CH=CH2 by Benson's rules (same as above) 18
H from CH,, bond energy = 85 from CH,=CH-CH, | 85
H from CH BE. = 102 from CH;=CH-CH=CH, 102
2H-H, | o | © 0 -104
101
for -CH, — °CH2-CH=C=CH;CI-IZ° - 3
| | AH,, = 101 - 32 = e keal/mol

CH"2 Loss:

Diradical: °CH,-CH,-CH=C=CHe <> oCH,-CH,-CHe-C=CH

AH. (kcal/mol)

CH,-CH,-CH,-C=CH by Benson's rules (same as above) ' 34
H from CH;, bond energy E 103 from C.H3-CH2-CH3 103
H from CH BE. =389 from CH,-C=CH ) 89
2H—H, ‘. | | -104
| C 122
for c-_CSH; - CH,-CH,-CH=C=CHo _ | a2

MH,,=122-32 = 190 keal/mol
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This method is certainly unrealistic. The most obvioué example is for the
symmetric radical where both ,rzidical electrons should have some resonance
stabilization. The calculation.above assumes that one electren is localized while the
other is stabilized by an allyl type reeonance. While the a{ferage resonance energy for
the electrons may not be as great as in °C,H,, the total is probainly greater leading to
the conclusion that t}ie energy for the diradical should be lower than 69 kcal/mol |
above cyclopentadiene. Beyond this alferation, rtlie heat of formation for all three
radicais must be considered to have error bars of many kcal/mol.

To estimate the barrier to ring opening, one needs to know whether the
i'esonance stabilization of the CH, group is fully developed in the strained cyclic.
geometry. Given that the cyclopentadienyl radical develops 21 kcal/mol stabilization
for delocalization over 5 carbons iri this geometry, it may not be a bad assumptidn,that
the CH, radical electron is able to delocalize well. This leaves only the ~6 kca.l/niol
strain energy to contribute to the reaction barrier. Thus.a vahie of ~87 keal/mol should
be a reasonable estimate.

Given the likely errors already and the difference in stability Qf the two
radicale resulting from H atom migration, no attempt will be made to be precise about ¥
the barriers to H atom migration. Instead, I will assume a value of ~10 kcal/mol. Both
processes are transfers across two‘ ca.ibon atonis, with the 3,5 tiansfer having t}ie
energetic advantage that the hydrogen is transferring to a radical site. I will further
assume that the full barrier applies above the AH; of -the least stable of the reactant and

product diradicals. This assumption should overestimate the barrier since the stability
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‘of the more stable form may sti11 be felt at the transition state. Thus a barrier of 100
kcal/mol relative to the cyclopentadiene ground state is the estimate for the 2,4
migration, wh.iie.a barrier of 91 kcal/mol applies for the 3,5 migration to the
symmetric diradical. All of the energies'discussed abotfe, as well as those pertaining
o the other channels are displaYed in Figure 18.
o : Even at this crude level, it is. obvious that the symmetric diradical is the rnore '
important intermediate fn CH2 formation. It is also clear that the rate"limiting step in
the dissociation will be the fina‘f loss of CH‘ with a barrier of = 131 kcal/mol, due -
: mamly to the thermodynarmc (1n)stab111ty of the products As noted before overlap
‘with cyclopentadrenyl ion fragments from the H loss channel in the TOF spectra ;
would make a P(Er) with a peak at’ 2 kcal/mol con51stent w1th the data |
The enttre proposed sequence. of events leadlno to CH2 is then' photon
absorption and fast convers1on to the ground state, ring opening to a drradlcal, H atom
Inigration ﬁelding a v'ery stable symmetric dirad‘ical, and finally bond rupture of this
radical to yield CH, and I-buten-3-yne. - | |
The only expenmental observatron regarding the CH, channel which rnay be
surprlsrng is the estimate- that it accounts for O 5% of the drssoc1at10n products With
a barrier more than 45 kcaJ/mol above the H atom channel, this channel mrght be
expected to be unobservabiy small - As W1ll be descnbed below a very crude
| harmonic RRKM calculat1on of Arhenlus A factors and actrvatlon energres supports v
thrs mtultron an A factor more - than 4 orders of magmtude larger than that of the H

. atorn loss channel is requlred. to account for the amount of product from this channel. _



104
The experimental errers in estimating the branching ratio and P(E;), etc. which would
affe_ct the A factor should not be able to lower its value by more than an order of
magnitude, implying that the 'overabundance' of CH, ie real. Aftet diseussing the
other charmels:, I will retﬁm to. consideration of the CH, yield and argue that the

reaction path developed above is consistent with the experimental branchirig ratio.
C,H, ELIMINATION:

o Acetylene produced in the diésociation of cyclopentadiene‘seems to0 be. fdrmed :
thi*dugh' two distinct mechanisms. One pathway.shows evi_dence' of a large barrier, 2
20 kca]/moi, 'that- .results in a large translational venergy release. The translational
enehgy release extends eut 0 a maximum of .~60 kcal/mol. The other pathway leads to
very little translational energy (<Ep..> ‘— 7 kcal/mol) The translauonal energy
release is estimated to extend to roughly 35 kcal/mol for th1s channel with the. exact
~ value obscured by the other channel These channels have only a shghtly higher yield
‘than the CH, channel twice as large in the case of the slow channel and roughly a
factor of 4 for the fast channel |

The thermodynamics for acetylene production from cyelopentadiene
dissociation are Amu.ch diffemeht from those for CHl'production. There are three
 possibilities for foifmi_rig:pairs of stahle melecules for which the AH,, is far below the
148 kcal/mol 's_upplied by the pheton. Diséoeiatio_n to acetylene and allene or methyl

acetylene actually requires less energy than the H atom. loss. These product pairs, more
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stable than .the H atom »and cyclopentadienylvradical pair by 10 and 12 kcal/mol
respectively, are the most stable dissociation products. The third possibility, forming
acetylene in'conceft with cyclopropene requires 10 kcal/mol more than H atofn loés.
Various excited‘staté products are also possible and will be discussed more later_.-_

Based 'on.thermodynamic's‘alone,_ these channels have the possibility to be the
major dissociation products. However, it is obvious that the possible mechanisms for
forming these- products all havé banie}s which will make them kinetically less favored.
~ One obvious route for _acetyiene production would be through ring opening, with its
barrier of 2 87 kcé.l/mol. This is not likely to be the rate limiting step howevér since
an H atom migration is also required fbr formation of acetyléné with allene or mefhyl
aCe;tylene. Other channels, which lead to less stable products»would also be expected
to have.barriers higher than the ring opening step.

Rather than following the methods of the laét section to compute Barri_ers, I will
make use of information available for the methyl acetylene-ailene'isoinerization. The
argument for the relevance is that the diradicai from ring opening, GH,(RO), . can be
considered as a C;H, diradical with one of the electrons stabilized by reaction with
acetylene. The various barriers for the present system can thén be estimated by ._u'sing
the values from C;H, and an estimate as to whether the stabilization energy provided
by -thev addition of acetylen¢ applies in the uansitién states.

The .stabili'ty of the C,H, diradical relative to C5H6(RO) can be estimated by -
noting’ that adding‘acetylene to it results. in the formation of one caibon-carbon single

‘bond and a reduction in stfength of the acetylene triple bond to that of a double bond. |
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Taking 100 kcal/mol as an average value for a C-C single bond, and 70 kcal/mol for

the breaking of one m bond of a triple bond suggests that the CH, diradical is
stabilized by roughly 30 kcal/mol upon reéction with acetyléne to yield C;Hg(RO).

CsHg(RO) was estimated above to lie 81 kcal/mol above éyclopentadiene.
Thus, this line of reasoning yields an energy of 111 v_kcal/mol for GH, diradical and
acetylene relative to cyclopentadiéne vs. 88 for cyclopropene and écetylepe, and
therefore a C,H, diradical .e.nergy' 23 kca]/ﬁlol -above cyclopropene. This later energy
has been caiculated to be 24.8 kcal/mol for thé most stable form of the GH,
diradical®’. This suggests that there is perhﬁp_s some additional stabilization beyond
_the 30 kcal/mol expected. This could be due to some resonance stabilization (~ 2
kcal/mol) of the second electron by the addition of acetylene. However, the agreénie’rlt
is probably Wellvwithin thé overall error. The calculated structufe for this diradical |
~shows it to bé a triplet carbene.v Both results support the present reasoning based on
independent radica.l electroné. |

I'll note brieﬂy hére that the energétics for the pfoduct_:ion of acetylehe and the
C;H, carbene just describéd make .it a poiential reaction channel. Although these
products are much less stable than the others described so far, they are only 113
kcal/mol unstable relative to cyclopentadiene. Further, the dissociation to such a
- radical might be expected to occuf without a barrier. To determine the probability for
reéction via this channel, one must then consider whether thg: barrief for H atom
‘migration to the more stable productsvwill be above or below this valué.

With these points in mind, I'll turn to a discussion of the allene-methyl
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acetylene system'in detail before exploring tﬁe cOnsequénces for GH4(RO)
.d_issociatic-)n. To convert allene fo methyl acetylene nominally requires a 1,3 hydrogen
shift. However, the barrierl for a dfrect transfer has been 'calcillatéd to be 94..9'.,
kcal/mol by_Honjdu et. 51.58'39. The most 'energétically favored pathway invollves a
.multistep process with‘al cycloprdpene»intermediate.' This process can be described as
a sequence of H atom migratibhs; alz2 shift,: é 1,3 shift and finally a 2,1 shift to the
: methyl acetylene_ produc;t. The diradical after fhe 1,2 shift is _stabilized by ring closure -
“to cyclopropene. Honjou et. al. _ca.lcﬁlated two largé barriefé on this pathway; 68.4
kcal/mol for the initial 1,2 shift and a 63.4 kcal/mol barrie_r vfor 1,3 migration. Both:

’ vaJués are rela;ive to allene.‘ The final 2,1 shiff would be expected to be much lower:
in energy. The 2,1 shift required to 'isomeriz.e from viﬁylidene to acetylene has a
barrier of ~ 3 kcal/mol*. It is not élear whether this value is relevant in the présent«
case, since vinylidéhe has a_'siﬁglet ground state and the CELCHC: diradical has a
| triiﬂet ground state (the singlét state is unstable by 11.8 kcal/mol”’). Pef_haps a better
va.lué might be Benéon_'s suggestion of 11 kéal/mol fof 2,1 H atom shift'in al3 |
diradical“; This yield_sari estimate for 2,1 shift to pro_duce methyl acetylene be_tWeen
48 and 56 kcal/mol relative to allene. | |

| ' One might ciuésﬁon whether riﬁg closure of the transition sta;te is g_sséntial to
this scheme. The energy of the diradic_ai has been calculated to be thy 45 kcal/mol
(tri_plet carbene) and 57 kcal/mol (single_t carbenej ‘z.lbove alléne (using a valﬁe éf 20
“keal/mol for the stability of cyclopropene relative to allene)”’. These energies afe still

below the H atom shift barriers. Further, the geometry of the tranisition states for
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these H atom transfers have been Calculated39'41. The 1,2 tra’nsition state has a <CCC
bond angle ofv' 170 degrees and 'rhe 1,3 transition state has a <CCC bond angle of
aimost 90 degrees._ Both of these_ suggest that there is not significant stabilization of
‘the diradical by _ring (_:losure at the transition states.

i The last‘note.s on‘ trle _C-3H4 s:yvstem ’concern.tn‘e involvement of the radical
electrons in t:hev transition state. For tne initiai 1,2 shift,.a © bond is orokenv and J;he "
diradical is formed. The reverse of this process, which is reievant to thlS discussion,
involves radical electrons on carbons 1' and 2 forming a w bond during the shift. Both
radical electrons are involved. o |
i ~This is in contrast to ‘the subsequenr 1,3 shift which creétes-the :CCHCH,
- carbene from the oCH—CH CH,e° >:CH- CH=CH, diradical. Here one of the
electrons is more of a spectator If the electron that remains on carbon 1 were
involved 1_n another bond, the energy of the transition state mlght merely shift by'the
stability of the 'new bond. |
‘The 'lasr tra_nSition state to examine is"the 2_,.1 shift in tlre :CCHC.H3 carbene.
| ~ While this b_arrier is-well below the other 1V;’0, like the_ first 1,2 shift, the transition |
' in_Volees both radical electrons. In both of these c;s_es, one might, the_nbexpect that if
one of the radical electrons were involved in .eddiﬁonal bonding, thebond must be
broken, and that_en'ergy.’cost incurred, before the H atom shift can occur.
fWith this information, I'11 return to consideration of the GHy(RO) diradical.
Dissociation of this radical to allene and acetylene requires a 2,3 hydrogen shift,

analogous to the reverse of the first step in allene isomerization. Arguing that this

!
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transition requires the localization of both radical electrons in the future allene moiety
implies that the 30 kcal/mol stabilization of CsH4(RO) relative to CH,=CH-CH: will
not result in a concomitant change of barrier height for this H atom shift. This leads
to an estimated barrie'r height 68.4 kcal/mol above the products. This converts ta
barrier 136.4 kcal/mol above cyclopentadiene.

For meth_yl acetylene and acetylf;,ne pvroducts, the barrier would not be as high.
Here, the reaction pathway iQVOIVeS two barriers equi\}alent to the 1,3 shift and 2,1
shift in the allene isomerization. The first transition, transferring an H atom from the
centrél carbon to the CH, group, might be expected to be stabilized by the stabilization
of the 'spectator’ electron. ‘Thus,. fvhile the barriér is‘63.4‘ kcal/rhol abovga allene for
the three carbon system, the barrier ié only 33.4 kcal/mol relative to allené plus
acetylene in fhe five carbon system. This barrier is only 101.4 kcal/mol relative to
cyclopentadiene, and is below the barrier to dis_Sociatio'n to the CH,CHCH: carbene
and acetylene. | |

- The second barrier along ﬁhis-ﬁéth to methyl acetylene, which is not rate

limiting in the C;H, case, becomes important here. Like the shift required to produce
allene, this shift involves both radical electrons. Heﬁce, as before, the transition state
| is not likely to be stabilized by a process that pulls the radical electron away from the
Cv3H4 moiety. Thus the full barrier of 48-56 kca]/fhol relaﬁve to allene shoﬁld appiy
for cyclopentadiene dissociation to methyl acetylene plus acetylene. The barrier here
is then. 116-124 kcal/mol relative to cyclbpentadiene, making this the rate limiting step

for this pathway.
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Thus, in the final analysis, the pathways for both acetylene plus allene and
acetylene plus methyl acetylene have high_er barriers than a simple dissociation to
acevtylene‘ plus the CH,CHCH diradical, which, assuming no barrier for the formation
of the triplet ground state diradical, requires ohly 113 kcal/mol. This picture would
suggest that photodissociation at 1.93 nm (148 kcal/mol) woﬁld yield mass 26 and 40
products with a mondtonically decreasing translational energy distributidn extending
out to roughly 33 kcal/mol.

| (The possible similarity between this channel and CH2 elimination should be
noted. Both channels involve ground state triplet carbenes. Hence, one mighi expe;t
a smali (~ 4 kcal/m—olj barrier for triplet CH,CHCH production. Further, one might
expect the singlet diradical to be the dominant channel above its threshold. However,
it ié not clear what effect the substitution of a CH,=CH- group for the methylene
hydrogen will havé on the chemistry of the diradical. Because of the uncertainties,
this line of thoughf will not be continued through the discussion.)

Given the effort I have éxpended in deveibping the diradical loss piéture, it is
flot surprising that this descr_iptioﬁ fits one of the observed dissociation channels. The
translational energy releasé df the 'slow' acetylene observed in the experirnent was fit
with a pseudoexponential fﬁnction exténding to 35 kcal/m(l)l.' (This was long before I
knew abdut the excited states of QH4._) The diradical mechanism would also help to
explain the crackihg pattern for this channel relétivev to the 'fast' channel. For the sl(;w
acetylene channel, all of the C,;H, product has at least 47 kcal/mol internal energy.

The slowest fragments, with at least another ~17 kcal/mol of internal energy could
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overcome the isomerization barriers and yield vibrationally hot GH,, while the
remainder of the fragments must remailn in the diradical geometry. Both the
vibrational excitation and the weak CH bonds in the diradical (remdving an H atom
allows the formation of a CC = bond yielding a ‘mono’ radical) Wouid be expécfed to
enhance cracking of the C3H4 to C3H3* in the ionizer.  This mechanism, where most of
p . :

the energy not appearing in translation belongs td the C;H,, would predictlmolre
cracking of the C,H, from this channel for a given translational energy release _than for
a different cﬁannel that divided the internal energy more equitably bétween the two
fragments. In particular, the inérease in cracking of the vdiradical due to its weak
bonds is likely to be much larger than the normal increase as translation%l energy
release decreases. This idea helps to justify the assumption used in obtaining separate
P(E;)s for the fast and slow acetylene channels that the P(E;) for A channel did not
change as a function of which déughter ion was selected while the ratio of the P(Ep)s
from the two channels could change.

The. slow. channel was estimated to account for 1% ofv the dissociation yield.
Two corhpaﬁsons 's.hould be made here. One is a cofnparison of. the slow acetylene
" channel (113 kcal/mol barrier) with the CH, elimination channel (131 kcal/mol
barrier). The large enhancement of the yield of CH, can clearly be seen when 6ne
~considers that an increase in the barrier height of 18- kcal/mol only reduces the yield
‘by a factor of two relative to slow acetylene.

The second comparison is with the fast acetylene channel. If the fast channel,

which is a factor of two more prevalent than the slow channel, were produced via the
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H migration channels discussed above, one would expect the higher barriers to reduce
its yield below that of the slow channel. While the CH, yield suggésts that this
argument is not ﬁecessarily valid, it is hard t.o imagine a mechanism for ehhancing the
“fast channel reiative to the slow channel if they both are produced directly from the -
C;H,(RO) diradical. |

This logicbwould also apply for a cyclopropené channel going through the
C5H6(R05 diradical. Following the arguments used for the H migration barriers, one
can compute a barr_ief of 130 kcal/mol:relative to cyclopentadiene for the C;H((RO)
diradical to close to a three membered ring and dissociate. As for the other transition
states that irivolve participation of both electrons, this one is not assumed to-be -
stabilized rglative to thai in the C;H, systém. Thus, it is unlikely that this mechanism
can explain the observed yield of fast acetylene. The other features of the fast

“channel - a barrier of =20 kcal/mol and a maximum translational energy release near
.60 kcal/mol - would be'consistent with this mechanism.

Theré is anothefinteresting possibilitylwhich seems to fit all of the available .
data. This pathway is a two step prdcess involving isomerization of cyclopentadiene
to a bicyclo[2.1.0]pent-2-ene and concerted elimination of cyclopropene and acetylene
from the isomer.

Bicyclo[2.1.0]pent-2-en¢ is formed from cyclopentadiene by rearraﬁgement of
the © bonds to form one © bond and a sigma bond 'betweenv the carbons adjacent to the
CH, group. The transition is similar to thé formation 6f cyclobutene frqm 1,3

butadiene, but the barrier is much higher because the cyclopentadiene reaction must
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proceed via a symmetry forbidden disrotary transition state due to the constraining .
- CH, group. Frovm experimental and theoreticalvyork, the bicyclo comnound 1is
“estimated to lie 47 kcal/mol a'hove cyclopenta_diene' witha barrier to forrnation of .'74 '
kCal/mol, again relative to cyclopentadiene. This is the lowest barrier to geometry
o changev ameng all of those discussed, suggesting that this isor_nerization is facile
vcomp'ared'to H atom loss and ring Qpening;. '.

The barrier from this isomer to products is more difficult to estimate. In the -
simplest picture,.two single C-C bonds are broken, one 'single. bond becomes a double‘
bond, and a donble bond become's atriple bond. Using values of 100, 80 and 70 |
kcal/mol respectively for the individual bond energies, a difference in stability of SO
, kcal/mol can be calculated. This snggests that ro_nghly 50 kcal/mol of energy is
required to weaken vthe single bonds before the electronsbwill rearrange. This'lead.s to.
a barrier of 97 kca]/mol to reaction. If one accormts for the fact that the cyclopropene
T bond is weaker than normal by roughly 10 kcal/mol dne to ring strain the barrier
' estimate would rise to 107 kcal/mol relative to cyclopentadiene |
| This 1s wonderfully close to the experrmentally deduced >= 108 kcal/mol
‘ barr1er The agreement is certamly a fortuitous coincidence. This srmple picture
ignores the release of the strain energy of the four_carbon ring and does not fully
account for the.strain energy incurred by forming the 7 honcl in the three carbon rinO.-

One way to show the limitation of this picture is to apply it to cycloadditron of
ethylene to form cyclobutane This process has an activation energy of 43 8 kcal/mol

relative to two ethylene‘s w1th a AHrxn of ~ 18 kcal/mol®. Thus the reverse barrier is ~62
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kcal/mol. The loss of two 100 kcal/mol single bonds and formation of two 80 .
kcal/mol 11: bonds would yield an estimated barrier of 40 kcal/mol %elétive to
eyclqbut_ene, 22 kc‘al/mol bElow the experiinental activation'eriergy. If this error is due
to strain energy in the transiﬁon state {Benson gives a value of 26.2 kcal/mol fof the
cyclobutane strain energy“), 6he might expécf that the error in the bipyclo_systérﬁ may
FbFVe much smaller beéause Iof the offsetting confribUtions' frorﬂstrain in the two ﬁngs;
,(Benson gives a cyclobutene Straj_n energy of 29.8 kcal/mol and a change‘ in strain.
| upbn going from cyclépropané to cycldpropen;: Qf ‘53.7' -27.6 =: 26.1 .kcal/mol yielding |
._ a net release of 3.7 kcaUmqi.) |
This type of concerted- dissociation would certainly resu_li in a large repulsion
between the fragmenis and a peaked translational energy distribution. A, The fact that
this channel has a higher yield than the Slbw acétylene channel and-the expectation
' ~that th1s transiﬁon State is likely to have higher vibrat_ional-frequencies than thé linear |
diradicéi' seeiﬁ to imply that the total barrier ‘is.les's than 113 kcal/mol. Thﬁs a bar_rier . |
' tov reaciion slighﬂy a}bové 108 kcal/mol"i's suggested. 'These 11m1ts v__vould yield é-
reiatively high pércentdge of évailéﬁle energy 'appeariﬂg in translation, eVeﬁ for ab
' cbncerted’reacti,on. If _the true Bﬁrrier for dissoéiation is much above this estimate,

the assignment bf the fast acetylene product to this channel might be in jeopardy..
' BRANCHING RATIO:

Given the above description of the dissociation pathways, the eXpe_rimental
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branching ratio makes qualitative sense. H atom loss, the lowest energy channel by 24
kcal/mol is dominant with 96.6% of the yield. The fast acetylene channel, with the
next lowest barrier near 108 kcal/mol, accounts for 1.9%. The slow acetylene
pathway, with a barrier around 113 keal/mol, has a slightly lower yield of 1%, and
fhe highest energy channel, CH, at 131 'kcallmol, accounts fqr the remaining 0.5%.
| ‘As one would expect, the highest energy barrier along the reaction path has a
large. effect on the product yield. Assﬁming a statistical distribution of energy at the
transition state, this effect is just a reflection of the fact that the number of ava_ilable;
dissociative stat;:s increases rapidly as a function of available energy (in this case
photon energy - barrier height). AVailable energy is not the only factor that affectsl the
number of dissociative states: the vibrational frequencies and momenté of inertia of the
transition state also affect the state couﬁt._ |
Sucl; effects are definitely important iﬂ the cyclopentadiene system. The |
easiest way to see this is to look at the theoretical branching ratio of four H ato?n loss
channels,‘all with the same traﬁsition geometry and forces, but with different barriers,
| corrésponding to those above. Thé frequeﬁcies for cyclobentadiene and the H atom
loss traﬂsiﬁqn state used for this calculation were discussed in the results section. The
calcuiated ratJio is 1 :8x10%: 1x10*: 3>‘('10'8 for the equivalents of the H, fast C;H,,
slow Csza and CH, channels respectively. While the bam‘ers to reaction may be‘
slightly different than those T've estimated, it is clear that the discrepancy between this |
- distribution and the experimental ratio cannot be accounted for by energy

considerations alone.
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Obviously, the vibrational frequencies of the various transition states must be
quite different. In particular, one might expect that the highly constrained ring
geometry of the H loss channel would cause it to have higher frequencies than for the
Tlinear' difadicals and hence to have a lower relativé contribution than expected from
barrier heights. The bicyclo transition state might also be favored relaﬁve to the H
loss channel as the variqus bending modes of the ‘acetylene' with respect to the
‘cyclopropene’ drop in frequency due to the increase in distance between the two
‘fragments'.

The CH, channel seems tQ be favored not only with respect to the H atom loss
channel but also with respect to the two acetylene channels. Thé floppiness of the
diradicals relative to the cyclic transition state for H atom loss can explain some of the
CH, channel's enhancement relative to H loss, but it’s enhancement relative to the
'slow' acetylene channel requires an additional factor since the 'slow' channel also

~proceeds via a straight chain diradical |

_ Such a factor is hard to imagine for a pathway with a barrier, aé might be true
for the *CH, elimination pathway. Howevef, for a barrierless pathway felatively close
to threshold, one would expect ‘a very loose transition stafe and therefor_é an enhanced
rate. ‘This is the limiting case for which Phase Space Theory applies®. The loose
transition state can be understbod if one realizes that for a barrierless transition near
threshold, the minimum state density, i.e. the 'bottleneck’ one would cail the transition
state, occurs at the top of the centripetal barrier. This 'pseudo‘.barrier (see thg H atom

loss discussion) is located at much larger inter-fragment separation than would be
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expected for a true poténﬁal barrier. At these large distancés, t.he fragments are nearly
| free rotors, which gféatly enhances the state coupt at thé‘ v‘blottlenéck'. It should be
noted that, as the excéss energy is vincreased. (e.g. for the possible singlet CHHCHCH
plus acetyléne chénnel), the transition state shifts to shbrter inter—fragment distances
and the enhancement relative ta channei with a true barrier is reduced.

Anoiher facfor which could enhance the othef pathwayS r_elati\"fe to H atém loés
would be evolution oﬁ an electronic excited surfacé. For -iﬁstarllce, if the ring opened
diradica; v\}ere formed on an eléctronic excited surface and conversion then occured to.
thé ground staté, the t?anSiﬁon stéte fdj H atom elimination would Be the ring cloéure
barrier. YThis is because the ring closure barrier is higher than the barrier for H atdm -
loss fror.n;the cyclopentadiene geometry. Thusv, the CH, to H atdrh branching would
be determined by how well CH, loss 'com.peted with ring closure.- This would enhance.'
the yield of CH, cqmpared to its value when starting on th_e eléétronic_ ground state in.
iﬁe ;:yclopentadiene geometry. A r_igordus éalculation of the branching ‘ratio expected
between tile H and CH, loss channels, starting from the cyciopentadiene geometry, |
coﬁld be .compa;red With the experimental value to infer the importance of excited
eléctronic statcs in this reactidh;»

- Such a calculation is i_lot Apos_sible with the limited knowledge I héve' of the
barrier heights and tfanSition state frequéncies. 1 hﬁve, however, gone in the ré\}erse .
direction and attempted to deduce thé general 'frequency pattern' ffofn the exf:erirhental
data to allow some coﬁinarison of the results of this experiment with the bulk thermal

work mentioned at the start of the chapter and to answer the question of how large the
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y_ield of the minor channels might be expected to be at 1000 K. The concept of fhis
calculation is that even if the frequencies picked fo; the transition state are not right,
as long as they chrectly predict.thev_reaction rate, and, fp: barrierless reactions, the
P(Er) of the products as well, /they can4 be used to derive apprbximafe Arhenius A
factors and activation energies”. These factors then allow calculation of the thermal
reacﬁon rates. Wﬁile the calculation here will be quite qualitative, it does show that
the photodissociation data bobta_ined in this experiment can be applied to yield
: informatioﬁ useful for the‘rmal combustion studies. The limitations here are in the
crudeness. of ‘;he éalculatidn, not the data: the data are sufficiently precise that they
should constrain more quantitative calculations as well.

'Becéuse of the multiple wells and the possible excited state dynamics, etc. one
cannbt really expéct the thermal behavior to be fit by an A.rh.eniu.s‘ model. One should
ceﬁainly question the Valid_ity of using such numbefs to. rhodel the therrnai br@ching
' \‘ratio. However, at thev IOOEOK femperature of interest heré,: -fhe most probable
dissociation energies f_ortuitously turn out to be siightly beléw the .148 kcal/mol energy
- used in this experiment. Thus, the ‘A factors that will be calcﬁlated here are used .
mainly as a way to smobtﬁly extrapolated the observed branching ratio and implied
dissociation rates (based on an éstimate for the H atom loss rate) to zero at the
estimated barrier heights. Since this experiment yields the branching raﬁo near the
most probable dissociation energies at 1000 K, the exact choibé for the extrapolating
“function is not cﬁtical and the errors from assuming Arhenius behavior should be |

small. At higher temperatures, the most probable.dissociation energy will be much
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higher than 148 kcal/mol. The extrapolation of our 148 kcal/mol data to higher

energies based on the Arhenius parameters derived here could then introduce serious
iiherrors. Thus,'e'ither higher energy photodissociation data or a better (non-Arhenius) |

model are required to estimate thermal rates above 1000 K.

In the first step of the calculation, the rate of H atom loss is calculated for a

148 kcal/mol exciration- using RRKM theory. The barrier fer H atom loss was set at

84 kcal/rnel, just above the lower experirrlental limit. FA harmonic state-density was |

calculated for the cyclopentadiene molecule using the kriownv normal mode a

frequeneies.' As described in the results section, the frequencies for the H atorn loss

transition state were‘estirnate_d as thos_e of the cyclopentadienyl radical with two
’ additio‘nel 310 cm™ bending rrlodes. The sum of states was also done in rhe harmonic
approx_irnation. The caleuiatiorrs were performed using‘ a variant of the RRKM
program written by Hase and Burrker (Quantum Chemistry Program Errehange #22;4)2
~ The result is a dissociation rate of 4x10° per’ second. This is approximately 40 times
above the experimental lower limit of 10’ per secend determined by Yi et. al.

This value was then uéed to set the rates fer the ether'chanrlels baSed ‘on the

branching ratio and the degeneracies for each channel (2 for H atom»and CH, loss, 1
~ for the acetylene channels). Barriers for each channel were estirrlated frorn the
av’ailable theoretical and experimental data as discussed above. These values are 131
. kcal/mol for. CH, -less; 113 kcal/mol for slow acetylene, and 108 kcal/rrlol ( the lower
limit) for fast acetylene. (The possibility that’tl_le methylene channel is c’ompos’ed of

" 3CH, and 'CH, channels is ignored here. The conclusions drawn below are not greatly
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affected by such an omission.) The same denSity of states for the cyclopentadiene
molecule was used. Initial frequencies for the three transition states were estimated by
assuming the transitior} state bon&ing to be exactly halfway between feactant and
produc;s. “Thus, the bond between CH, and the 1-bufen-3-yne fragment was treated as
a one electr_pn bond, WMIe the forming tfipl'e bond was estimated as order 2.5_.
Frequencies were ihen assigned to each dégree of freedom based on average values

_ tabulated by-Benson *. (Note that the CoCH, bond mentioned above is the r’eacti.on

v coo_rdinate and was not assigned a frequency, but the methylene rock frequenci‘es were
affected.) No attempt Was made tb calCulﬁte nprmal mode frequencies. /

RRKM rates were then calculated. For the 'barrierless' CH, and slow acetylene'
ché.nnels, the'translational' energy distribution of the products was also calculated. The _
estimated frequencies were adjusted to produce agreement with the rétes estimated via
vt.he H atom loss rate and the brariching ratio and with the experimental. translational
energy distributions. To fit the observed ratés, the frequeﬁcies of the lowest freqﬁency
" modes had to be greétly reduced»fr'orh the‘ initial values described above. The final
_‘frequencies are listed_‘fin. Table 2.

These pérameters were then used to célculate. the dissqciation rates for a wide
rangé of energies. The harmoni_c state density of the cyclopentadiene moleculé was
also calculated over a Wide energy range. This state density was weighted by the

- Boltzmann faétOr e BT yielding the thermal populatioﬁ-of these states for terhperatures
of 500 to 4000 K. Then, the dissociation rate for each cha;nﬁel wés' determined forv

each temperature by multiplying the normalized populations as a function of energy by
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the corfesponding reactiori rate for states at that energy. An Arhenius plot of the
natural logarithrﬂ of the rate vs. 1/T was used to extractv A factoré and activation
enefgies (from the intercept and slope respectively). K

The results are shown in Table 3. The most striking feéture is an estimated A
factor of hearly 10% for the CH, loss channel.. All four A factors are fairly la_rge.
They couid all be lower by roughly a factor of 40 assuming the rate of H atom loss is -
near the vexperimental lower limit determined by Yi et. al. A lower rate for H atom |
loss wo’u1d be reasohable, consider_ingvthat a calculation inchiding anharmonicity wouid
predict a lower rate. -The harmonic approximation is undoubtedly zi péor one in this
case; since the state density dbviously cannot be harmonic in all degrees except thé, |
' f_eaction coordinate if there are multiple dissociation pathways. This factor is .perhaps. ‘
sﬁfficient to bring the acetylene-A factors into a reasonable raﬁge, but the CH, channel
continues to stand out. | |

As discussed above, the 'high' yieid_for the CH, channel can be understood in
terms of an expected loose transition state, and perhaps excited state dynamics. The
extreme A factor calculated here is an értifact of neglecting these méchaniSms.
Neither of these;méchanisms Will cause as large a dependence of the dissociation rate
on energy as would the fixed loose transition state model implied by the calcvulation.
For instance, the loos.e transition state expected for a barﬂerless channel bécomes
tightér. as the energy increases. If an A factor were calculatéd using _daﬁa from higiler
_energy experiinents, it vx‘/oﬁld‘not be so 1arge. 'Thus, as discussed above, thé |

dissociation rates are not really fit by an Arhenius model.. While the large yield of
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methylene is real, the derived A factor should not be overinterpreted.

The thermal branching ratio calculated for 1000 K from the parameters in
Table 3 is |

1 v8.2x1.0'6 : 1.5x10* | . | 3.4x10°

fof H,v fast C,H,, slow C,H,, and CH2 respectively. .It is clear from these numbers
tﬁat the H 1oss channel is very dominant near 1000 K. It would seem unlikely that
such small yields could explain the qualitative difference between Butler et. al.'s
oxidation study of cyclopentadiene and the similar Studies of aromatic fuels.
Similarly, it would seem ﬁnlikely that the catalytic cleavége Qf methane by.
'cyclopentadiene discovered by Dean could be affected much by such minor channels. . |
The numbers presented here should allow the calculations necessary io confirm these
impressions.

While the 'minor channelé are therefore likely to be unimportant, the models in
both studies will certainly be affected by the new value for the barrier height for H
atom loss which is at least 5 kcal/mol Iblarger than the previously estifnated value.
Similarly, the estimate from this work that there is a diradical form of CH; accessible
by a relaﬁvely low H migration barrier (~91 kcal/mol relative to cyclopentadiene) that
- is likely to be the most probable form of C;H at 148 kcal/mol above cyclopentadiene
could also have a large impact on the-models. The reactivify of such a diradical
would be much different than that of the cyclopentadiene form of C;H,. Such a -
diradical might therefore account for some of the anom.avlies in the oxidatien studies.

Lastly, while the acetylene elimination channels may be slow compared to H atom
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stable molecules With_out ihtermediate monoradicals. | It is again unclevar wifhout

= further calculation whetherbthese reactions'c}an corﬁpete with monoradical pathways
under the conditions present during me‘thane'pyrolysi_s or in other sooting

: envifonments.' |
MULTI-PHOTON EFFECTS:

The original p'urposé of the high pév:ver survey was to investigate the lche_mistry _
of thé c_yclop_entadienyl radicél. HoWever,,i’n the courSe of analysis, it has bec'ome less
clear that this is actually what waé- studied. From ﬁhe_ crude RRKM éalCulation above,'
the diséociation rate of cyclcpgntadiene was estimated as < ‘4x108 per second. It 1s |
b'like’l.y that the real value is at least somewhat below t_his, bui aboﬁre the 10" per sécond
limit set by Yi. ett.. al. 'This suggesté that the cyc_lbpentadiene _molecule- may not _'
dissociate during the laser pulsé and that some ‘of our.tw'o photon signals are due to.
dirécf dissociation of cyclqpentadiené moleculés ‘withy'296' kcal/mol. of internal energy.
Highef ord_¢r events alrho_st ceﬁainly invdlve photon absorption by the fr‘agments sincé
the highly ex_cited cyclobentadiene ca.nn_ot: b‘evexpectedi to linger. |

_ An érgument against this picture comes from the fact that the m/e 65 spectrum
is not broadened at. high laser power. One w()ﬁld expect vthat if two photvon"excitedv
| ‘cyc;llopeﬂtadiene disSociated to H atom and cyclolplentadienyllradiCal, the trahslational

energy release would be larger than for the one photon ﬂrocess and hence the
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time-of-ﬂight spectrum should broaden with increased laser power. That this 1s not
observed suggests that the cyclopentadiene single photon dissociation is rapid, and/or ;
_' that the cyclopentadienyl fragment's absOrption cross-section is much larger than that
| of the excited cyciopentadiene molecule; and/or that two photon excited
cyclopentadiene .diss'ociates mainly to. polyatomic fragments. The latter two .tactors |
could explain the data wrthout requiring a fast primary dissoc1atlon to cyclopentadienyl \
radical |

A determination of the precursor for the polyatomic fragme_nts is possible in
principle: find the two m'omentum matched fragrnents. and add their masses together to
yield the precursor mass. This information would distinguish between the two- .
processes above. A mass 66 precursor 1mp11es direct two photon dissociation while a
. 'mass 65 precursor implies a cyclopen_tadienyl intermediate. The latter case appears 0.
be true for the new channel detected at m/e 39 and m/e 26. Unfortunately, the
~ problem of dissociative ionization makes this determination suspect. Even the_ primary ‘
'slow‘ acetylene channel shows a large 'amount of fraomentation of the mass 40
product to m/e 39. A two photon process leavmg the fragments with even more
mternal energy, might appear only at m/e 39 W1th v1rtually all of the hypothetical mass
40 product cracking in the ionizer. Thus, a determination of the precursor is not
possible frorn the experimenta1 data.

One can still make some interesting obServations about the' dissociation. 'Two
‘of the three polyatomic channelsi appearing at m/e 50 and m/e 39 - m/e 26 (conjugate

fragments), show peaked translational energy distributions, implying barriers to
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dissociation >18 kcal/mol and‘ >30 kcal/mol respectively. ‘These barriers represent
only 1/4 to 1/3 of the available energy as estimated by the high energy tail. (One
might argue that the fail is from the dissociation of very highly internally excited
intermediates and not from the same population of intermediates that accounts fqr the
peak in the translational energy distribution. However, at least fer a ejmlopentadienyl
radical intermediate, the average internal excitation is only ~ 8 kcal/mol less than the
‘maximum possible (based on the translational energy diétribution for H atom loss).
Thus, the high energy tail is unlikely to be more than 8 kcal/mol above the one
expected from a homogeneous inteﬁnediate population.) These barriers suggest
concerted tren_sition states where the transl.ational energy release is governed mainly by
repulsion of the forming products. Fbr the m/e 39 - m/e 26 p.roduct pair, one might
propose a mechaniem similar to the primary fast' acetylene channel with dissociation
occurring frem a bicyclic structure. Dissociation of CH, from the bicyclic
intermediate would also be energetically allowed in a multi-photon dissociation.
These channels are in contrast to the m/e 5i channel which ha$ a maximum
translational energy release of only 33 kca]/mol (assuming loss of carbon in the final
step). This channel overlaps with the primaryvCH2 loss channel 4making it difficult to
determi.neif there is any peak away from zero in the translational energy distribution.
The low energy release argﬁes against a concerted loss and also against a CH, + mass
51 channel, with the latter based on thermodynamic stability of the products (~115 to
135 kca.l/mol relative to cyclopentad1ene depending on the form of CH,). This

suggests that multiple dissociations occur -- either H followed'bby CH, or vice versa.

-
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A secondary losé of H would be argued against by the >150 kcal/mol translational
energy that would be required in this step to fit the data. It is difficult to reconcile
such a large energy release with estimates of the thermodynamic stability of the
products assuming two photon absorption. The best explanation éeems to require a
cyclopentadienyl intermediate. If true, the goal of observing radical dissociation has
been achieved; cyclopentadienyl radical excited to an average internal energy of ~210
kcal/mol (148 kcal/mol + ~64 kcal/mol from f.he primary step) yields CH, as a product.
- The last obsérvation I'd like to discuss is the branching between hydrogen loss
and C-C bond cieavage at very high powers. The time-of-flight spectra clearly .show
that the majority of multi-photon pfoducts are in the CSI-I11 series. ’fhey also show that
bare. C; is a product. | Cs must have survived through at least four dissociation events
that eliminated all .sixrhydrogens. This is a remarkable tribute to the 7 bonding ability
of carbon. (Forgive me - it's been a long chépter.), After an initial H atom 1oss, all of
the C-C _bonds. in cyclopentadiene acquire at least a partiél multiple bond character.
Thié méans that the remaining C-H bonds will always be the weakest bonds in the
molecule. In this light, it is not so surprising to observe C products.
If Cs forms vin the molecﬁlar beam, it may also exist in outer space. Many
other highly unsaturated molecules and radicals based on carbon chains, including C,
(linear and cyclic) aﬁd C;H have been observed in interstellar and/or circumstellar.

clouds*46

. The question does remain as to the nature of the product in our study.
The above description implies that the C; product should be cyclic assuming that the

initial H loss yields the cyclopentadienyl radical. However, work by Raghavachari
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and Binkley indicates that a linear C; structure is more stable'than a cyclic one47. o
Formation of cyclic Cs in this reaction would then be thermodynamically‘ d_isfavored.
but it might still be the most kinetically favored path starting vfrom cyclopentadiene. If
this is true, the observation of C, in this ‘exp.erim'en_t may. not have direct application to
estirriatinry the likelihood of C; existing in interstellar clouds. The formation. of G in
outer space is thought to proceed via carbon 1nsertion reactions leading to linear CSH48
The 1mportant information would then be the probabihty of H atom loss from linear
'_ .CSH relative to C-C bond rupture |

Due to the averaging in our experiment especrally for the hrgher order

processes, it is 1rnpossible to estimate the ther_rnochemistry of the interrnediates and the |
final Cs species.‘ It rrtéty be possible to assess whether ring :opening occurs at’ter a
primary H loss from studying the cyclopentadienyl radical directlyb.' A comparison of
the ’e_xperi_mentally derived therrnodynamic stability of a C;H, pro’duct with theoreticalf
results for 'cyclic and linear struc'tures could answer the ques"tion. (I am not aware of
theoretical work on these spec1es ) The expenmental number is techmca.lly deriveable
'from the present experiment Iti 1s 180 kcal/mol (Eph(,“m + EInt primary Ermax) I reoard _
this number as too speculatlve to warrant ana1y81s due to the followrng concerns.
«’First; it is’derived by assuming that the dissoCiating radical,s have an average internal
energy of. 210 kca]/mol (max Ey = 218 kcal/mol), based on the assumption that only
‘,on_e photon'is absorbed by the radical. It further. assumes the exis_tence of a conjugate
H, product, which is not unequivoc_ally}_observed, in order to deterrnine the i

translational energy-release' from the TOF spectrum. (The observed 'HZ may be from
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other reactions and the vvdissoc_iati;)n under‘discussion may occur via two H atom
eliminations). These problems could both be addressed by a direct study of the
cyclopentadienyl radical. As'suming an H, loss p;o.cess yields-‘a maximum observed
translational energy éf ~34 kcal/mél. If this 'v,alu’e is not representative of the

thermochemistry, i.e. if the fragments aré always vibrationally excited, then a direct

study of the cYclopentadienyl radical will not yield an improved estimate.

N

Conclusions

This photodisséciation study of cyclopentadiene has yieldéd a wealth of
informatiqn. The most basic result is confirmation that H atom loss yieldingb the
cyclopentadienyl radical is the major channel. The qua.ntﬁm yield calculated from our
results, 96.6 %, is significantly larger than the pre_viou/s .estimatc of 85x7% by Yi et.
al. | This resulf, -and our H atom loss translationai enéfgy distributi'on sﬁggest thét vthle
previous Work suffers frofn saturation énd ‘multi-photon processes. Thg- peak away
from zero in the translational energy‘dlistribution, found qualitatively in both studies,
has been shown‘to be 5 kcal/mol. vIt hés been interpreted in this work as evidence of a
potential barrier as lai.ge as 8-10 kca]/ﬁlol in ‘_the H loss channel due to repulsivé forces
between the fragments caused by delocalizatiqﬁ of the Cyclopentadienyl radical
electron into thé ring. | |

Three otherv primary _Channels were identified for the first time. They are, in

order of decreasing yield, adetylené and cyclopropene (1.9%), acetylene and the GH,
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‘triplet cafbené (1%), and CH, and 1-b11_ten;3-yné (0.15“70'). The acetylene plus
.cyclopropeﬁe reaction coordiﬁate is shown to include a barriéf > 108 kcal/mol above
cyclopentadiene based on its P(Er). The latter two channels appear to be barrierles’s.
The translational énergy distribution for the acetylene plué CH, carbene channel gives
support for the theoretical calculated energy for this radical (~ 25 kcalv/mo'l‘ above
cyclopropene). The surprisingly hi_gh Yield of CH, is suggested to be due to a very
lbose transition state for CH2 elimination, fhough /the félétive importance of 'CH, and
| 3CI_.-I2 cannot be 6bta,ined. Loss of H,, suggested by Yi et. al was not obséfve;d.
The foiir obsérved channels span .a sumrisiﬁgly wide variety of transition state
: geometrie's. While H atom loss occurs directly from the ring, _acetyleﬁé and - |
cyclopropene appéar to form in a .concsefted reaction from. a bicyclic gedme@. The |
second aéetylene loss channel proceeds via ring opening followed directly by
dissociation to ‘the'C3H4( carb‘ene.. CH, production requires H'migration after ring
| oﬁening. "lI‘he. resulting symmetric diradical, CH,CHCCHCH,, is suggested to be the
- most probable form of éSHG at 148’kcﬁUfnol above cyclopentadiene. | Esti_matés of the
‘v_arioué bérriers encountered on these reaction i)aths seem to be in accord with simple
| gfoup édditiv_ity estimates. Further reﬁnemen"t of these values from the present daté
Wiil requiré a model calculation that ac'countvsvfor the multiple well nature of the
potentia.l energy surface.

/ Attempts wére made to relatei the fesults above te-thermal Studi_es of meth-ane '
v p};rolysis and cyclopentadiene oxidatiqﬁ. Based on admi'ttedlyv crude calcu.lations,. thg’

- minor channels are estimated to account for less than :02% of the unimolecular
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dissociation products at 1000 K. The estimated thermal 5ranching ratio shouid help
constrain kinetics models in these two systems. Seyeral other résults from this study
are perhaps more interesting with regard to the thermal studies above. The most -
relevant is probablyv the conclusion that there is a barrier to H atom loss. Another is
the estimate that a very stable diradical form of C5H6 is accessible from
cyclopentadiene via a barrier dnly a few kcal/mol (~ 5) above the new vaiue for the H
atom loss barrier. The existence of the acetylene loss channels may also prove
interesting. Run in reverse, these channels fepresent pathways to form
cyclopentadiene with barriers relative to cyélopropene and acetylene of only 20-45 °
keal/mol. " |

The higher laser power studies aléo provide a 'few tantalizing results that
suggest the dissociation channels of the cyclopentadienyl radical. In a pessimistic
sense (if you have just doﬂe this eXperiment), the ﬁﬁcertai-nties in the analysis of the
multi-photon results point oﬁt‘ the need for a good source of coid radicals for
photodissociaﬁonVexperiments’. In a more balanced sense, these results, though
uncertain, are the first information available on the,éyclopent‘adienyl dissqciation
channels. The dominant channel seems to be H, loss, though the nature of the C;H,
fragment cannot be determined. H atom lo§s cannot be ruled out, but no positive
evideﬁce was found for its occurreﬁce. Other channels include CH, loss and possibly
a concerted Split into acetylene and mass:39. The acetylene plus Vma;ss 39 channel
could be a misassignment of the dissociation of two photon excited cyclopentadiene

yielding acetylene plus cyclopropene. The highest power results showed evidence for



CsH and C, species, with unknown geometries. These results suggest that bare C

should be present in interstellar clouds.
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Product 1 Product 2 AH_ " Erym
c-C.H, H 78 70
c-CH, H, ~88 T ~60

l-t;uten-3-yne CH, | 131 17

butairiene CH, 138 10

H,CCCCH |  CH, 114 | | 34

HCCHCCH CH, 133 T s
allene acetylene _ 68 80
propyne , acetylene 6§ 82

cyélopropene acetylene 88 : 60
CH, | CH, - 113 35

Table 1. Heat of Reaction and Maximum Translational Energy Release
for some Thermodynamically Accessible Photodissociation Pathways of

Cyclopentadiene at 193 nm.
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Cyclopentadiene
3105.0 3091.0 3075.0 3043.0 2900.0 2886.0 1580.0 1500.0 1378.0 v1365.0
1292.0  1239.0 1106.0 , 1100.0° 1090.0 994.0 959.0  941.0 925.0 915.0

- 891.0 805.0 802.0  700.0 664.0 516.0 350.0 .i

H Loss Transition State
3061.0 3048.0 30'3‘9'.0_ 3029.0  3024.0 1404.0 1364.0 1337.0 12750  1201.0
1080.0 982.0 - 955.0 917.0 903.0 894.0 834.0 805.0 767.0 710.0

7020 652.0 4970 484.0 310.0 310.0

b . - CH, Loss Transition State
3100.0 31000  3100.0 3100.0 3100.0 3100.0 1950.0 .1650.0 ° 1450.0  1150.0
1150.0  1150.0  1150.0 11500 1150.0 - 1000.0 600.0°  600.0 600.0 600.0

600.0 85.0 . 20.0 20.0 20.0 20.0

Fast C;H, Loss Transition State’
3100.0 31000 3100.0 3100.0 310Q.0 3100.0 1950.0  1450.0 1300.0 1150.0
1150.0 1150.0 ‘1 150.0 1150.0 1150.0 1000.0 1000.0 700.0 . 700.0 700.0

P : : 7000 3820 2750 1200 1200 500

Slow C,H, Loss Transition State
3100.0 3i00.0 3100.0 3100.0 3100.0 3100.0 1950.0 1950.0 1150.0 '1150.0
1150.6 1150.0 1150.0 1150.0  1150.0 1150.0 g 1150.0 1000.0 ’700.0 700.0

" 700.0 500.0 - 400.0 300.0 40.0 10.0

Table 2. Vibrational Frequencies used in RRKM calculations.

Frequencies are in cm™.
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Slow C,H,

Channel H Loss CH, Loss Fast C,H,
| Loss Loss .

A Factor (per |43x10° | 9.5x 10" 8.7 x 10 8.7 x 10

second)

Activation 87.7 11334 115 111.4

Energy

(kcal/mol)

Table 3. Calculated_Arherﬁus' parameters for Cyclopentadiene

Dissociation. Values based on experimental translational energy

distributions and branching ratio at a 148 kcal/mol excitation energy.

The calculation was done using simple (single well) RRKM theory

~ under the harmonic appfoximation with best fit frequencies.
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Figure Captions

Fig. 2-1.
Simplified Schematic of the R_étating Soufce Machine. (1) - Molecular Beam
Sourcé, (2)(3)(4) - Vacuum regidns at 10%,10°, and 107 torr respectivély, (5) -
Interaction Region where the lasér beam, perpendicular to the plane of the \
page, crosses the molecular beam, (6) - Electrqn Bombardment Ionizer, (7) -
Quadrupole Mass Spectromefer, (8) Daly type 1on ‘Dete.ctor and Photomultiplier
Tube, (©) - Laboratory angle between molecular beam and fragment recoil
direction.

Fig. 2-2. | -
H Atom Loss Power Dependence. ~Signal counts at m/e 65 and m/e 64 are
plotted vs. laser fluence. Assuming no secondary H atom procéss, both should
réﬂect‘the, amount of primafy H atoms producéd. :I'he vdéta from Yi et. al. is
for H atom LIF signal vs. laser fluence. The yertiéal scaling of this data
relative to the data from this work is arbitrary a.nd was adjusted to yield the
best fit between thé two data sets at lower powers. Both data sqts show a
saturatioﬁ affect while Yi et. al.'s data show the onset of a higher order H atom
producing process as well (which would not show up in our m/e 65 data). The_
inset shows the lowest laser fluence region in gre'ater detail.

Fig. 2-3. |
Newton Diagram. This diégram shows the maximum laboratory angle and

velocity thermo_dynémically possible for the four proposed primary channels.

\



140

.

The channels and their maximum center of mass translational energies are:
CH;s + H‘- 70 kcal/mol (the H atom limit is off scale), C;H, + CH, - 17
kcel/mol, .cyclic CH, +CH, - 60 kcel/mol, CH, + CZ.IH2 - 80 kcal/mol. _ The
. last value represents the total available for the methyl ecetylene form of CH,,
not the triplet carbene (~35 kcel/mol max. E;_).
Fig. 2-4.. o
~ m/e 65 Tiﬁle-of-Flight Spectra. Data (circles) are shown at laboratory angles

of 7 10, and 14 degrees. All three spectre were fit (solid lines) using the H,+

C,H; P(E,) (Fig. 6.) and an 'effective’ beam velocity as described in the text. B

Fig. 2-5. | | S o
m/e 1 Time-of-Flight Specﬁai Data (circles) taken at-a. laboratory engle of 90
lldegreesiising the pulsed velve beam source and the alternative reaction
\ georﬁeuy described ih the tekt. The data rep"resentsv a sueuaction of two data
. files at different‘eowers. This was done to reduce noise from RF modulation
,_Of the’very large ba_cl_{groﬁnd signal. Thevfit (solid' line) uses the same H +.

CsH; . P(Er) (Fig. 6.) used to fit the m/e 65 data. Signal at times longer than

90 j.tsec can be dﬁe to cracking of 'fast' acetylene in the .ion,izer to yield m/e 1.

Fig. 2-6. \
H + CHy Translational Energy Distribution (P(Ep)). The curve represents the
normalized product flux as a function of total center-of-mass translational

energy for the H + C,H; dissociation channel. 70 kcal/mol is the maximum

thermodynamically possible translational energﬂr.

N
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Fig..2-7.
H + C;Hs; Translational Energy Distribution with theoretical fits. Squares
show the experimentally derived P(E;) as shown in Fig. 6. Also shown are an
RRKM fit'(dashed lihe) cre‘atéd using parameters des'cribevd ih the text. The
* solid and gray lines show Maxwell Boltzmann distributioﬁs at 2500 K and
- 3690 K respectively. The latterr was suggested as the appropriate theoretical
form by Yi et. al. The 2500 K curve is showﬁ because it fits the high energy
tail ( 30-70 kcal/mol, not shown) of the experiméntally derived curve
surpriéingly well.
Fig. 2-8. |
C,H, Time-of-Flight Spectra, 10°. Shown aré data (circles) taken at m/e 52 and
m/e 51 that show contributions from the C,H, product. The data was fit using
two contributions: mass 52 product from the C,H, + CH, channel with the |
P(Ep) shoWn in Figure 9 (the faster signal) and mass 65 from the CSHSI +H
channel with the P(E;) from Fig. 6. Both are seen to dissQCiatively ionize to
m/e 51.
Fig. 2-9.
CH, + C‘;H4 Translational Energy Distribution (P(E;)). The curve represents the
normalized produci flux as a function of total center-of-mass translational
enefgy_ for the CH‘2 + C.“H“ dissociation channel. 17 kcal/mol is the maximum
: thermodynamically possible translational energy for ground state *CH,

production.
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Fig. 2-10.
m/e 13 Time-of-Flight Spectrum, 10°. The data (circles) at m/e 13 are shown
with a fit (heavy black line) composed of .four contributions : (from fastest to
slowest) mass 26 and mass 40 from the 'Fast’ acetylene channel; mass 14 from
tﬁe CH, + C,H, channel, and mass 40 from the 'Slow' acetylene channel. This
shows that the data are consisteﬁt.wiﬂ-l the proposed CH, + C4ﬁ4 channel.
However, the dissoéiative iqnization of the mass 26 product'from' the ‘Slow'
acetylene channel Would produce a contribution (not shown) almost identicai to N =
that of the mass 14 product, making it impossible to determine the true source
of the observed signal.
Fig. 2-11.
C;H, Time-of-Flight Spectra, 20°. Data (circles) are shown at m/e 40 and m/e "
39. The calculated fits (heavy black line) have two major contributions due to
mass 40 from the 'Faét’ (black line) and 'Slow' (gray line) acetylene channels.
A minor contribution from cracking of mass 52 product appears At m/e 39.
Note that both 'Fast' and 'Slow' acetylene channels produce mass 40 and 26
product pairs and might therefore be considered to be one channel. However,
the largke difference in the ignizaﬁon behavior of the.mass 40 producté, as
evidenced by the large change in branching ratio beiween the two chénnels at
the two mass to charge ratios shown, suggests that the mass 40 products are
structurally different and should be treated as arising from separéie dissociation

channels. The P(E;) distributions used to calculate the 'Fast' and 'Slow' mass
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. 40 contributions are shown in Fig.v 14 and.Fig. 13 respectively. -
Fig. 2-12. | |
v - ' C,H, Time-of-Flight Spectra, 20°. Data (circles) are shown at m/e 27 and m/e
26. The calculated fits (heavy black line) shows fou_r»cdntribﬁtions that arise
- from the mass 26 and mass 140 produéts of -thé ‘Fast’ ch'anﬁel and the mass 26 .
" and mass 40 products of the A'Slowl" channel (in order from fastest’ to slowest
(left to right in the graph)).' Note that no co‘ntribu'tion frém the nominal maés
| 26 species are reqﬁired to fit the data at m/e 27, suggesting that.the a_ssignment
bf the 'SioW' éhannel as a mass 40-26 split of cyclopentadiene is better fhan an
§ o . 'assignment as a maés 39-27 combination. |
Fig. 2-13. | |
_ ’Slbw‘ C,H, + C,H, Translational Energy Distribution (P(E;)). The cUi’vg
' representé_the normalized pro_dﬁct flux as a function of total center-df—m_ass
» . o tra_nslétional energy.'fovr the 'Sldv_v" CH, + GH, dissociatioﬁ éhannel.v 35
kcal/mol is the maximurh thermodynamically po_ssible tfanslational en’ergy‘
| assuming acetylene and the ground sfate triplet carbené_ CH, as products.. A
'maximufn of 80 .'k'cal/mol is thénﬁodynamiéally possible for dissociation to
acetylene and methyl acetylene, the most stable p_roducts.
Fig. 2-14. | | | | |
i'Fas‘vc' C2Hv2,-+‘-’C3H4 Trﬁnslationa.l_Eﬁergy _Distribﬁtion (P(Ep)). The -éurve | .v
represents the norma_lized i)roduct_ flux as a function Vof‘ total center-of—r_nass'

translational energy for the 'Fast' GH, + C,H, dissociation channel. 60
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kcal/mol is the maiimum thermodynamically possibl_e translational energy
assuming écetylené and cyclopropene products. ’,Agai'n‘, a maxnnum of 80
kcal/mol is thermodynamicélly possib}e for dissociation to the most stable
products. The P(E;) for this channel shows a peak at ~ 20 kcal/mol.
Fig. 2-15. |
High Laser Power Time-of-Flight .S‘pectra', m/e 65-60, 1*. Data (circles) are
shown for m/e 65-60 at r’oﬁghly 200 mJ/cm?® laser fluence. The calculated fits
-(solid line) have up to four componeﬁts based on the four step model‘deséribed
in the text. They are pnmary H lpss (medium dash),'s_e_condary H, loss (long
dash), tertiary H, loss (short dash), and quaternary H loss (dots). These
- components, listed v;in'border from slowest to fastest, Were all fii as éeéondary
channels using CMLABZ. The assignment of these channels is based on the |
fact that thé secdndary channel first apﬁears at m/e 63, the tertiary at m/e 61,
and the quafemary at m/e 60. : ; |
Fig. 2-16. '.

: Higﬁ Laser Powé'r m/e 2 Time-of-Flight Spectrum, 9(F. Data (circl'es). taken at
a labor;itory angle of 90 degrees using _thé puléed valve'_beam molecular soufce
and the alternative reaction geoinetry_ described in the text. The caichlated - |
curve (heavy black lipe) is_ compoéed of contributions from the proposed
secondary and tertiary (again fii as a secondary channel) H2 loss channels with
pseudoexpdnential 'P(Er)_ disuibu’tioﬁs as described in tﬁe text. No attempt was ‘

made to adjﬁst the P(E;)s to fit the m/e 2 data. Instead they were taken. o

.
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. directh from .the fits to the m/e 65-60 data shown in Fig. 3-15.‘ Note »that a

’ P(Er) with a pea(k away fr.om‘zero would reduce the long iail in the calculated
time-of-flight curve and would fit the data at m/e 2 better. This is consistent
with ﬁndings from the m/e 65-60 data as described in the text. |

Fig. 2—17 . | | |

High Lasér Power Timc-of—Flight_ Spect(fa,, m/ei 51,50,39,26, at 15. Data
(circles) are shown at the ’three mass to charge ratios that show new
hydrocarboh fragmentation (non hydrogen loss) channgls. Also shown is m/e
26 in which new signal appears, but all of which cari be achounted for by

| dissociative ionization of the other multiphoton channels. The three new
channels are described in the text an(i will be described here as secondair}i 51,
tertiary 50, iihd,secoﬁdary 39. The assignment of these channels‘ is not clear -
and the names here are for identification purposes only. See the text for a
discussion. The total calculated signal is shown as a hezivy black line in each

- spectrum. - The m/e 51 spectrum is coinposed of primary mass 52 from the
CH, + CHZ channel (giay liné) ahd a faster signal from the secondary mass 51
chan_nel (thin black line). Thev m/e 50 spectrum has the same two slower |
componénts plus a new faster signal frorh the iertiary 50 channel (thirinest
black line). The m/e _39 spectfuin show the‘primary 'Fast' and 'Slow' mass 40
signals (thick and thin black lines, respectively) and a fast signal from the
secondary 39 channel (gray line). The m/e 26 specirum is fit with five

contributions which are, in order of fast to slow, 'secondary 39' mass 27,
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primary 'Fast' mass 26 'secondar)-f 39" mass 39, primary 'Fast' mass 40, and |
primary '‘Slow' mass 26. No new signals at m/e 26 are apparent above the
.nois‘e.

Fig. 2-18.
Energy Level Diagram for cyclopentadiene and many of the therrnodynaIniCally
allowed dissociation channels. The arrow sﬁows the photon energy of 148
kcal/mol for the wavelength used in the dissociation (193 nm). The diagram is
roughly to scale_(~2 kcal/mol) for all spécies and barriers with the AH bf each
species rellati.ve to cyclopentadiene shown ih kcal/mol. The products shown
include the *CH, lo's_s channels with the two allowed C,H, geometries (fér left
column), the intermediate symm;trié diradical reached by ring opening\ and H .
ato m migratioh (2nd column), acetylene plus three of the possible'CjH4
geometrieé - triplet carbene, allene, and methyl acetylene (third column), the
diradical feached by. direct ring opening at the methylene group of
cyclopentadiene (fourth column), cyclopentadiene itself (fifth column),
cyclopentadienyl radical plus H atom (sixth column), bicyclo[2.1.0]pent-2-ene,
and acetylene plus éyclopropené (far fighf). The barriers from cyclopentadiene
are ~87 kcal/mol for riﬁg opening, and 83-88 kcal/mol for H atom loss (dashed
line = minimum consistent with tﬁe ciata, solid line = likely estimate). The
ring opening can be followed by three H atom migraﬁons with barriers near
124, 118, and 91 kcal/mol, or by dissociation to acetylene and the triplet

~ carbene C;H,. The lowest barrier to H migration leads to the stable symmetric
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~diradical and to the CH, product. The barrier to isomerization to the bicyclo
compound is: 74 kcal/mol, with a further barrier >108 kc¢al/mol to dissociation
- to acetylene and cyclopropene. The origin of the numbers given here are

described in the text.
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Chapter III: 195 nm Photodissociation

of Thiophene

Introduction:

Thiophene is a heterocyclic analog of cyclopentadiene, with a sulfur atom
replacing the CH, group. Thiophene is a carn'ér_ of sulfur in fossil fuels and much
research has been done expioring the chemistry of sulfur atom addition to C-C double
and triple bonds that can lead to the formation of thioi)hene and substituted
thiophenes'. Our study was additionally motivated by the possibility for comparison
of thiophene dissociation with fhat of cyclopentadiene.v

One might expect thiophene's chemistry to mirror that of cyclopentadieﬁe
except for phenomena based on the weak C-H bond of the methylene group, which
would suggest that all ‘of the minor dissociation channels of CycIopentadienewﬂl be
major dissociation pathways in thiophene. There is some evidence to support this
view. - The lowest electronic transitions for these molecules are very similar and are
postﬁlated to involve the m-" transition of the conjugated diene system®. The
similarity of the spectra has been alternatively interpreted as proof that the sulfur atom
does not significantly pert;irb the electronic structure of the diene syétem, and as proof

that, since the sulfur electrons should be involved in homocyclic conjugation, that the
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methylené_ group of cyclopentadiene also produces this effect via‘hyperconjugation.‘ It
| seems likely that the' 193_ nm absorption in thioﬁhene 'would- also be similar to that Qf
B cyclopentadiene, involving the '3p;Rydberg %-- X transitions of the diene systent.
Thiophene is also similar to Cyclopentadiené in thai it is suspected to have a bound
» 'bic‘y'clic vaiéncé igomer, although'this isbr‘ner has only been isolated in substituted.
thio_pliénes i | |
Thiophené and ‘cycl'opentadienealsd uhderg'o many similar vphoto'isomerizatioris

in solution. However thére are differences’. Whiler much éf the pho_toisqmerization |
chemistry of cyclopentadiene can be understobd in terms of 13 Sigmatropic walk
rearrangements of the' CH, group in‘the bicyélo[Z.l.O]pent-2-ene isomer, and 1;5
substituerit shifts’, the chémistry of Ihioph_enc cannot. In additibn to the_
rearrangements jlist mentioned, thiophehe _can‘undergo swainping of the carbons at the
2 .and 3 positions. Sevéral proposals have been madg to expilain thes/e isomerizations
- including ring contraction to cyclopropene intefmediaies in equilibrium with ﬂie
' ‘biéyclo isomér, tri-cyclic zwitterions involving the sulfur d orbitals, and multiple
intermédiates that have two of the five ring atoms twisted 90°: out of .the ‘plarie of the
remaining three atomss; All of ﬁﬁs sugg-ésts that thiophene can explore an even wider
range of geometiies during ph-otodissociatiqn than éjlclopema(iiene. '

,‘Sever‘al gas phase photodissociation studies have ‘been done on thiophene. Two
stl.ldies'in\iolving flash photolysis of thiophene réport observation of SH and»C,;H3
9,10

radicals™®. The authors suggests that these are primary photoproducts, though the

shortest time delay used was 5 psec (.25 torr thiophene in 100 torr of argon). Other
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studies have identified stable species from irradiation of thiophene and substituted
thiophenes in the presence of various other gases and inferred the primary kinetic

12 These studies were done at slightly lower excitation

photodissociation products
energies than the present study (213.9 nm, 228.8 nm, and 253.7 nm, the last via
mercury sensitization, vs. | 193 nm). Primary channels yielding acetylene and thiirene
(the C,H,S episulfide), ring opening to the diradical (which is then consumed in
. bimolecular e{fents), and ‘CS and lmethyl acetylene, as well as .an intvermediate. |
-posiulated to be the bicyclo isomer were proposed. The last species was assumed to
yield allene and CS. The authors precluded the possibiiity of sulfur atom production |
based on a lack of the expected episulffdes (thii;anee) and thiols upon addition‘ of
olefins to the gas mixture. | |

| : Anpther study, which _analyzed the infrared Iﬁulti-photon dissociation of
fﬁiophene ehould also be menﬁonedi3. . The thermodynamivcs cited in this work are at’
~ odds with ‘accepted values, but should not affect their kinetics scheme. The authors
propese that all of the }thiophene undergoes ring opening to the diradical followed by
fragmeniatibn.in one of three way‘sr; acetylene and thioformylmethylene (CHCHS)
diradical, SH and C4H3,- and CS and formylmethylene (CHCHCH.Z')’ diradical. 'These |
species then reacf bimolecularly to yield the products actually oberved.

The presert study, observing the 193 nm photodissociation of isollated

thiophene molecules via Photofragment Translational Spectroscopy,' is the first to.

directly observe the photoproducts.
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Experimental:

This study was.done in essentially the same ’fnann_gr as the cyclopentadiene
study in Chapter II. All data was taken using the molecular beam Photofragment
Translational Spectroscopy (PTS) téchnique on the Rotating Source Machine described
in that chapter.

Thiophene was obtained from Aldrich Chemical Co. Hglium at a pressure of
320 torr was bubbled through the thiopheﬁe at a temperature of 0 Ctoyield a |

mixture of ~5% thiophene in helium. This rﬁixture Waé metere'd through a needle Qalve :
to a pressure of ~90 torr and then expanded through a .3 mfn ﬂozzle into the chamber.
The nozzle was heated to 65 C to eliminate sigriificant dimer formation The

molecular beam was collimated by‘ twoil mm diamete; skimmers. Pressuré in the
source region was 3x10* torr. The beamy/laser interaction region was maintained at

107 torr.

The major experimental probk;m in dealing with thiophene was its effect on
rﬁechanical pump oil. After running a‘molecular beam int§ the vacuﬁm chamber for a
12 -hbur day, the meché.nical pump oﬁ the source chamber would only pump down to
400 mtorr (vs. <100 mtorr normally).‘ This occﬁrréd even with a nitrogen flow into

'the pump ballast, and the ultimate pressure did not improve with ﬁme. Changiﬁg the
pump oil daily solved the problem, but also brought complaints from the people
working on other experiments within ~50 yafds due to the obnoxious odor. Similariy,

wearing gloves during the procedure greatly improved one's social interactions during

N
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the rest of the day.

The -beam was characterized in the same manner as for cyclopentadiene.
Time-of-flight spectra were recorded with the detector looking directly into the beam
(0 degrees) for the 15 most prominent mass to charge ratios. The data were then used
to yield the beam velocity and Width as Weli as the ion flight qonstzint.

Laxﬁbda Physic EMG 103 MSC and EMG 202 MSC excimer lasers, lasing at
193.3 nm were ﬁsed as the photolysis source. The spot size at the interaction region
Was measured to be 1x4 mm. Pulsé energy varied from 1.5 to .15 mJ at the
interaction region. 'The majority of data was taken at laser fluences of 5.0 mi/cmz and
20 mJ/cm?® The exﬁeriment‘s were run at 100 Hz. - This experiment show much morev-
laser induced noise m the timé-of-ﬂight spectra than did the cyclopéntadiene
experiment, a fact which I on'giﬁally attributgd to lower ‘Qv_eral% signals in the present
case. HoWever, failure of the excimer laser soon after completion of this experiment
éuggésts that i; may have been producing more RF noise than norrpal during the data

acquisition.
Analysis and Results:

The analysis of this expeﬁment proceeds as for cyclopentadiene.
Time-of-flight mass spectra were recorded at mass t0 charge ratios from 84 to 12 at
laboratory angles of 10° and 20°, with some spectra at 30° and 50°. A thorough power

dependence study was done at m/e 51, a mass to charge ratio that shows reésonably
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clean signals from two channels. The shape of the time-of-flight spectrum did not
change with increased laser power, while the total signal counts varied as shown in
Figure 1. Below 20 mJ/cm?, there dées not ;ppear to.b_e any deviaﬁon from linear
behavior. Above that, multi-phofbn dissociation begins depleting the signal. The
curvafure is unﬁkely to be dué to saturation, sinée the total ionization cross-section
normalized ion signal for thibphene at 20 mJ/cm? is still at least 10 times less thaﬁ '
that of' cyclopentadiene at 3 mJ/cm® (The ﬂuenceé are near the highest limit .of the
 linear power regipn for thg réspective molecules, and the other conditions afe
approximafely equa.l.) This implies that either thiophene has a'vlarge radiative decay
channel that lowers the dissociétion qﬁatﬁum yield, or that the curvature is due to
‘multi-photon events ‘that lower the ion signal at mass 51. .There is certainly evidence
for the latter process occurring in higher power time-of-flight spectra at lower m]e
ratios. Lastly, it should be noted fhat the 193 nm region of the cyciopentadiene _
spectrum is highly structured and that a large difference in cross section bétween
cyclopentadiene and thiophene at 193 nm would not be inconsisient with a similar
assignmént for the excited state in both molecules *.

To avoid multi-photon signals in the time-of-flight spectra, the laser fluence
was kept near 20 th/cm?. The power dependence of signals detected in these spectra
wére checked by repeating the experiment at ~50 mJ/cm® The lower power results

were sometirhes quite noisy due to the lower overall signal level in this experiment
* relative to cyclopeﬁtad_iene. At m/e ratios where there was no new signal in evidencé

at the higher fluence, the higher fluence spectra were used to improve the precision of
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.the derived translational energy distributions (P(E)s). The P(E)s were then checked to
see that they fit the low fluence results within the noise.

There is one final complication in the analysis of the thfophene data which
.resﬁlts from the natural isotope abundance ratio of sulfur. Sulfur exists naturally in
the ratio 95% : .75% : 4.25% for mass 32 : 33 : 34 .respécﬁvely. The carbon ratio
of 98.9% : 1.1% for mass 12 : 13 should also be considevred. Because of tﬁis, a
prdduct such as CZHZS should appear not.only at mass 58, but also at 59 and 60 with
intensities of roughly .95 : .0295 : .0425, ;espectively. Thus, a signal at m/e 60 with
less signal at m/e 59 does not indicate a C;H,S + C, channel. This issue must also be
facved, .zﬁong with the confounding issue of diséociative ionization, when trying to
determine the existence of S and SH products from the m/e 35-32 spectra. This will
be discussed in detail later in the section.

As for cyclopentadiene, the dissociation channels will be discussed in order of
increasingly equal mass partitioning between the fragments. The bfanching_ ratio

between the channels is presented at the end of the segtibn.
HYDROGEN (H,) ELIMINATION/ DIMER DISSOCIATION:

The highest mass to charge ratio with visible signal is 82. The signal to noise
for this m/e ratio is very poor, due to both a fairly large background count rate and a
very small signal. The same time-of-flight profile appears in isolation at m/e 81, 80,

and 70-68 with up to ten times the count rate of m/e 82. No evidence of signal at the
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"~ level of that ét m/e 82 was seen At m/e 83, though it should be noted that the
: Background at m/e 83 is ten times higher than at m/e 82. No signal was séen at rriass‘ ‘
~ 84 either. This ion would be expected from a dimer dissociaton. No attempt was
made to detect an H, pfodubt directly as was done in the cyclopeﬁtadiene experiment
due to 'the‘much lower signal in this casé. T will interpfét the,spectrum here'as an H, |
loss yielding C4HZS with a few notes about a dimer interpretation and then re'conside‘r:
the; possibilities in the diéc_ussion Section._ |

The timé-bf—ﬂight spéctra, along with calculated fits éssuming H, 1(_)vss,v are’
 shown in Figure 2. for m)e 82 at 13°, as well as for @e 68 at 10° and 20°. The . -
derived P(E;), again assumi-ng H, loss, is shoWn .:in Figur'e‘ 3. This P(Ep) is a
'pseudoexplone.ntizﬂ extending to ~84 kcal/mol, \&ith an ai/erage translatidﬁal energy
release of 10.5 kcal/mol. The high energy taii is réquired .tov fit the spvec.:tra at 2(r.
This tai.vl showé linear powervdependenc‘e, with even faster products appearing at higher
energy; | Similarly, a spectrum at 6°, which is sénsitive down to ~ 7 kcal/mbl, shows no |
evidence of a barrier. | | |

This channe] is a very minor oxie. If it were from .dimefs, it would‘ represenf
6n1y a 1-2% dimer population in”the bea.r‘n.(assuming no change in cross section or
nbndissociativ_e decay rate for the monorﬁer thiophene units).” A P(ET) w1th only a: few
( < 5°) kcal/mol woﬁl\d fit even -the ‘fast mass 82 signal since the conjugaté fragmerit

wduld be another thiophene molecule.
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ACETYLENE ELIMINATION:

A ncw channel éppea.rs at m/e 58 as shown in Figure 4. Also sh'owo is the m/e
26 spectrum at 50° which shoﬁvsﬂa component momentum matched to the m/e 58
signal. No such signal is apparent at‘m/e 27. There is some sighal buried in the noise
at fn/e 59 and m/e 60 that is sufficient to account for the expected isotopic
: components of a nominél mass 58 fragment. This channel is then assigned as
dissociation to mass 58 and mass 26 (CH,S + CéHz)~ |

The only inconsiétehcy in this assignment is the.relative abundance of tﬁe two
fragments: the macs‘ 58 fragment appears to be lcss thﬁh ha'lfv as abundant as its mass
26 counterpa.n. .Somc of this inequity may be duev to incorrect estimatés for the
ionization cross section of the products a factor that will be discussed more in the
‘section on branching ratios. However it seems that some other factor is required to
explain the full magnltude of the discrepancy. One possibility is that the mass 58
fragment is beihg destroyed by secoﬁdary dissociation.' Since the. méss, 26 ond mass
'58- pcaks are easily fit by the same P(E;), it does not seem likely that a spontaneoﬁs
secondary proce’.ssb that preferential_ly depletes internally hot mass _58 can explain the
"obce;vaﬁoos. Increasing the laser power from 20 to 70 mJ/cm2 only'incréasés the.
mass 58 signal by' 66%, vs the 140% increase seen Vat ro/e 51, v.suggestihg tﬁat a
st_imu_lateo secondar'y 'proces’s is depleting the mass 58 signal. No attefnpt was fhade to
analyze this multiphoton process due to the congestion at lower mass to charge fatios _

from the other primary Channels. It is likely that the secondary fragments from this
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channel have been misassigned to other pnmary channels. This does not affect the
deri{/ed P(E;)s for fhe other channels, since all of them can be determined at masses
where the mass 58 secondary pfoducts cannot appear. However, it will affect the
estimated branching ratios to some extent. This will be discussed more in the

. appropriate section.

- As can be easily seen from the. time-of-flight speétra, the P(E;) for this channel
peaks away from zero. It is shown in Figure 5. The P(E;) extends to ~ 41 kcal/mol |
with a peak at 18.7 kcal/mol. The average is also near 18.7 kcal/mol. vThis P(E;) is
reminiscent of that'frdm the acety_lene loss channel in cycldpentadi_ene. Aside from
the difference in maximum translational ehergy,' the two differ in that thiophene's
aéetyiene loss P(ET) is more symmetric about the peak (vs. higher probability on the
high energy side fof the cyclopentadiene channel). I wish only to note here that fhe
signél on the low energy side of the .péak is real and is required, down to at least 5
kcal/mol, to fit the observed signal. (Below this, the H, loSé chanhel can provide

. signal.)

- SULFUR ATOM ELIMINATION:
.. 4
Any signal that appears at m/e 52 cannot be accounted for by either of the
* other channels without invoking nuclear fission during dissociative ionization. Thus,
the m/e 52 signal shown in Figure 6 muSt imply a new channel. Assignment of the

m/e 52 signal to a new channel is also supported by fact that the recoil velocity
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distributions of the fragment detected at m/e 52 and m/é 58 are distinctly different.
This signal only appears in isolation at m/e 52. A conjugate fragment at mass 32
would be consistent with the signél at m/e 32 as shown in the iower half of Figure 6.
The derived P(Er). for this channel is shown in Figure 7. It extends to 15.6 kcal/mol
with a peak awéy from zero at about 2.6 kcal/mol. The average translational energy is
4.66 ’lgcallmol. Because of the fairly even mass distribution and the lack of interfering
channels,’ the P(E;) is well determined to less than 0.65 kcal/mol (1 point in the P(E;)

as shown).
- SH ELIMINATION:

At first glance, the time-of—ﬂightvspe'ctrum at m/e 51, shown in Figure 8 does
not appear different from the m/e 52 spectrum. Closer inspectiqn re§eals that the
rising edge is definitely slower. The upperv graph of Figure 8 shows the spéctrum fit
only ’with the mass 52 + 32 channel. The lower | graph shows a fit as.suming a new
- channel. The exact shape of the new channel is very uncertain. Some additional
information abouf the shape comes from a fit at m/e 33 where the conjugate fragment,
SH, should appear. This is é,hown iﬁ Figure 9. At m/e 33, it is possible to have |
additional contributions from the mass. 58 + 26, and 32 + 52 channels, and two other
channels described below.

This channel is ih some sense the exact opposite of the mass 52 channel in that

there is absolutely no mass to charge ratio where it exists by itself. The shape of the



P(Ep) is therefore difficult to ascertain. It must obviously h'ave‘ a lower maximum
tré.nsiatipnalg energy than the rﬂass 52 channel in order fo' fit the slower rising. edge of
the m/e 51 spectrum. The low energy part of the distribution is also difficult to
dé;ive; Assuming thaf the H, channel is not a dimer channel §v0u1d limit thé a
contribution from diésociative ioni'zation of the nominal mass 82 fragment to m/e 51 to
. roughly 4% of what appears at m/e 50 since mass 51 can then only be BC *C,H,.
Based on the re_latively‘ small‘ contribution of the mass 82 fragment‘ af m/e 50, it |
follows from this msmpﬁon that the m/e 51 spectrum only ‘céntains signéﬂ from-th‘e
mass 52 and mass 51 products; Within noise limits, the contribution 6f the mass 52 |
product at m/e 51 can be fixed' by fitting ‘the, fast edge of the ﬁme-of—ﬂight sp'.ectrum.-
The mass 51 é(ET) must then account for all remaining sigﬁal. ‘This procedure_

- suggests that is peai(ed veryr ﬂear zefo and extends past 8 kcél/mol. If there is
off-beam-axis mass 84 signal from dimer dissbciation, it may contribute to the m/e 51
spectrur.n,' Which would allow a small (1-2 kcal/mol) peak away frdm 2erQ in the mass
v51 ,channél; I have chdsc?n ﬁ pseudoexponential ,P(ET)’. with a maximum e_ne;rgy of 12
kcal/mol and an avérage of 2.5 _kcal)mol as a reasonable gﬁeés. This guess is
consistent with the m/e 51-48 spectré_, as well as béing con_sisfént with the less
demanding constraint of the 'coﬁjﬁgate frégment‘s conuibﬁtion fitting within the m/e
35-32 spectra. An encouraging bsign is' that the"yields assigned to the mass .5 1 and

_ mass_33' products by fittin;g all of the time—o_féﬂigh't spectra with the channels aﬁd
P(E;)s l_disc_usse}d here afe roughly equal (mbrg: preéiéely, they are in the same ratio as

for the conjugate fragments of the other channels - see the branching ratio section for
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a discussion).

C,H, ELIMINATION:

Yet another channel appears at m/e 45 (HCS) and at m/e 47 in small amounts.
Only suifur c'ontaining'ffagments can yield ion_s in the m/e 47-44 range. Thus,
contributions from the mass 82 and mass. 58 fragmeﬁts above could appeaf, but
contributions from mass 52 and mass 51 fragments cannot. The latfer innt is
particularly important since the time-of-flight spectrum at m/e 45 is very similar ‘to the
time-of-flight contribution of .the_mass 51 channel. - The time-of—ﬂight spectfhm for
: m/e.4_5 is shown in Figure 10. The deriyed ‘P(Ep), a pseudoexponential, is shdwn ih
Figure 11. It has an <E;> = 2.65 kcal/mol, with a maximum energy set at ~25
~ kcal/mol. The latter value is fairly unéertain due to the overlapﬁing mass 58 |
contribution at the faSteSt part of the spectrum. I estir_riate _tha't_the maximum could be
as low as ~13 kcal/mol without-affecﬁng the fit, as long as the curvature of the rest of

the P(E;) remained the same.
C,H, ELIMINATION:
The absolutely last ché;nnél‘required to fit the daté is seen most prominently at

m/e 39 as a fast shoulder on the mass 39 contribution from the channel above. This

spectrum is shown in Figure 12. The only other channel to have a translational energy
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distribution with a large peak away from zero that would fit the m/e 39 spectrum is
that of mass 58. However, mass 58, CH,S, cannot crack fo m/e. 39. Thus a new .
channel is required in the proposed schema.

The argument for assignment of this channel to a mass 44-40 split is a liftle
more éomplex. Figure 13 shows spectga from m/é 44 and m/e 40. The m/e 44
speqtrum shows a fast peak that will momentum match with the fast signal from m/e
39. The m/e 45 spectrum (Figure 10.) does.not shbw such a feature above; what oné
would expect for isotopes of a nominal mass 44 fragment. However, the mass 58
frégment can appear at m/e 44 (and m/e 45) and is almost fast enough to fit the m/e
44 signal. With a small amount of secondary dissociation (CH,S — CS + CH,) the
m/e 44 spectrlim could probably be fit. |

This woﬁld not expiain the m/e 40 spectrum, which, although noisy, iﬁdicates
the presence of a fast component. Unfortunately, this mass to charge ratio was not
stﬁdied as much as now séems appropriate due to.my mistaken belief during the data
acquisition that this feature could be explained by the mass 58 channel (it can't). The
signal at m/e 40 is_ roughly 15-20% of what appears at m/e 39 in the fast channel.
This i's IArge: than any expected isotope effect, and is a larger amount than isvobserved’
for the slower nominé.l mass 39 componpnt. Iﬁ other words, vthe fast component is
enhanced relative to the slow component in the m/e 40 spectrum when ‘co‘mpared to
‘their abundances in the m/e 39 spectrum. An effect from 13C1-2C2H3 should produce
identical spectra at m/e 40.and 39. Such a chang'e in relative raﬁb can only be

explained by postulating that the fast signal is from mass 40 which undergoes efficient
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dissociative ionization to m/e 39 in the detector.

Thus the simplest consistent picture is the assignment to mass 44 and mass 40.
With this assignment, a P(E;) was dedved. It is shown in Figure 14. It has a
maximum translational energy of 30 kcal/mol and a peak at 8.75 kcal/mol. Both of
these values are fairly well defined by the m/e 39 data. For energies le_:ss than §
kcal/mol, the P(E;) is somewhat arbitrafy and has been picked to drop smoothly to
'zéro by ~ 2.5 kgaUmol. If is possible that the P(E;) should drop more slowly at ’
energies less than that of '-the peak (more like the mass 58 + 26 P(E,) in Figufé 5.)
which woﬁld lower the '<ET> from the 12.34 kcal/mol for the P(E;) as shown. With
the postulated P(E;), this channel also has a rough balance between mass 44
fragments, observed at m/e 44 and m/e 32, and mass 40 fragmeﬁts observed at m/e

40-36, 27-24, and 14-12.
BRANCHING RATIO:

. The calculation to derive the branching ratio for photddissociation from the
time-of-flight data has been described in chapter II. The same proce_duré is used here
with modification desc_ribed below.

With so many dissociation channels, and with the bverlap of their contributions
due to dissociative ionization in the detector, incorrect assignment of signal toa
_ . J

product, which would affect the branching ratio, becomes a concern. Table 1 shows

the percentage of the total ion yield as a function of mass to charge ratio. It shows
\
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that the three most probable ions were m/e 26,39 and 32, all of which have multiple
: contributing channels. In fact, most of the signal occurs at mass to charge ratios
where multiple channels contribute. The exact partitioning of signal counts to the
various channels is uncertain to the extent that the signal from one channél has the
same temporal shape as that of another or a corhbination of others. Thisv does occ/ur,
especially at the lower mass to chafge ratids such as 32 and 26 where almost all of the
channels can contribute. |

Since the gracking patterns of the various products, with internal energy
distributions appropriate to tﬁis experiment, are not known, I've mainly reliéd on.the ‘
ieast squares fitting routine of CMLAB2 to assign signal to the various product |
channels.. I have made exceptions to this general principle to enfdrce isotopiq ratios;
i.e. the signal from the nominal mass 32 product is held at m/é 33 and m/e 34 to <.
~10% of its contribution at m/e 32 (_10% was chose‘n'tQ allow for the possibility of
some leakage of adjacent masses in the quadrupole spectrometer). Ahother exception
was made in the case of very noisy spectra Where fitting individual spectra with the
least squares routine gave very different product abundances for spectra at the same.
m/e ratig; but different angles, i.e. spectra which should have the same product -
abundances. ‘In these cases, an aesthetic fit which agreed withih thg: noise limits of all
applicable spectra was created. Sincé the noisy’spe'ctra were usually the lowlsignal
spectra, this latter procedure probably _ddes not introduce much error.

The branching ratio of the ions attained from this procedure is shown in Table

2. The neutral product ratio, assuming ionization cross sections derived by the method
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of Fitch and Sauter are also shown in the table”. All five channels for which both
fragments are visible (all but the H; channel) are deficient in the sulfur containing
fragment. Excluding the méss 82 fragment, the remaining fragments have a ratio of
about 62%. : 32 % for the abundance of non-sulfur products vs. sulfur containing
products. |

, This relative mismatch could have seireral eXplanations. The molst horrifying
would .be that the experiment was done on a mixture of compounds that was oniy ;
| ~ about 2/3 thiophene with the other third being pﬁre hydrocarbons. An impurity of this
magnitude seems highly improbable. Another, more believable, alternative is that the
estimation of ionization cross sections is incorrect. Since Fitch and Sauter's method fs
based on the additivity of atomic cross sections, the disc;epancy could be expiajned by
an overly large value for tﬁe sulfur atom®®. Their values for the atomic cross sections
we.re obtained by linear regression analysis of the known cross sections of 179
moléculés. However, only two of them contain sulfur and both were inorganic,
making the vaiue for the sulfur cross section‘questionable. If the value for sulfur is
.lowered from 3.8 x 10%*.cm? to 1.8 x 101 cm?, the ratio of sulfur to non-sulfur
cbntain_ing products frorh this experiment would be one to one. (For comparison, the
values for carbon and hydrogen and oxygen are 1.43, 73 and 1.1 (x 10 cm?)
respectively.) Fitch and Sauter's work also shows that the cross sections are smaller
for atorns involired in © bonding (such effects are not included in the analysis leading
to the numbers uéed hefe), suggesting that a reduction of the sulfur contribution is

reasonable given the bonding in the products, e.g. CS. The last column in Table 2
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reports the relative product ylelds assuming a 1.8 x 10 ' cm? cross section for sulfur ,

"The last factor 1 can thmk of that would affect the sulfur t0 non-sulfur rauo is
misassignment of the products. If jon signals from a 1:1 yield of mass 44 and 40 _
products were misassigned as belonging to mass 58 and 26 fragmént_s,“it would appear

that the ratio of neutrals is 1 : 2.56 in favor of the non-sulfur fragment (using Fitch

and Sauter's original cross sections). It does not seem likely that the assignment of

~signal to various channels can be off enough to account for the entire effect seen.

However, there could be some contribution from misassignment, which would reduce

“the change in the sulfur atom cross section from Fitch and Sauter's value required to

balance the product yields.

Looking at the last column of Table 2 gives some encouraging results:

balancingv the ‘total sulfur to non-sulfur product yield also balances that ratio

independently for the 51+33, 45+39, and 44+40 channels. For calculating the

brauéhing ratio, I will assume that the mass 82+'2. cha'nnelvivs also balance_:d, si'nce: the
H, wés not observed: This leuvés the mass ‘58_%26 and 52+32’channe1s. The first has
7. 5% and 15.5% of the signal at mass 58 and .26 respectwely, while the second has |
10% and 19% at mass 52 and 32. The mass 58+26 channel is m1ss1ng sulfur
containing product while the masu 52+32 channel is sulfur rich. It was noted above

that there may be some secondary dissociation of the mass 58 fragment whiéh would

- lower its apparent yield.. The other three products could also. be dissociating, thqu‘g'h »

there is not much e{ridence for this happening at the 20 mJ/cri® fluence level. It is

~-probably more: likely that misassignment of the products ‘at m/e 32 and below are the
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cause of the inequalities. Further, there doeé not seem to be a good way to determine
where the errors lie, i.e. whether the moré dbundant mass should have its yield
redu'ced, or the less abundant one have its yield inCreasgd. There vare simply too many
parameters t0 manually adjilvlst. Given thi.s,_I will resort to summing the yields bf the
conjugate masses to give thevtotal yield for the _dissoqiation chénnel. One might
conéider the extrémes df assurninglone or_the .otherbof ‘the _conjuga_te product yieldé to
be correct as an indicator of the size of the possible error, i.e. the mass 58+26 channel
has a yield of 23+8%.

The estimate of the relative dissociation yields for the six channels is then:

82+ 2 : 58426 : 52432 : 51433 : 45439 : 44+40

5% : 23% : 29% : 9% : 20% : 14%

The likely errors in these values are all relative to the size of the yield. Based

on this and the estimates for the mass 58+26 and 52+32 channels, one can infer errors »

of ~+35% of the stated value for each channel.v
Discussion:
HYDROGEN (H,) ELIMINATION/DIMER DISSOCIATION:

_ To determine the best assignment for the signal that appears at m/e 82 and

<
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lower mass to charge ratios requirés consideration of the thermodynamic and kinetic
-implications of the assignment. A dimer dissociation is the easier option to consider.
A dimer should only be bound by a very small amount and it Would make sense for
the'P(E;) to pegk at zero, as it would ina simpvle bond rupture, and for it to only
extend for a febv kcal/mol since mdst of the energy would likely remain as intemal_
.energy in the thiophené monomers, assuming an RRKM like process (for at least the
photoexcited monomer). .Thus a dimef dissociation seems feasible. This model's
upper limit for the required dimer population of 1-2% of the molecules in the bearxl
also seems to be Within reason. The oniy inconsistency with this hypothesis. i‘s‘ that
thefe is, at m/e 84, less than 1/5 the signal expected assuming the known dissociative
jonization pattern of thiophene“. Similarly, the dea._rtﬁ of signal at m/e 83 is at least a
factor of 3. | |
’fhé H, loss hypothesis seems to be consistent with at least thermodynamic
arguments. For- instance, H, les frbrn oné of he double bonds in the ring should have
a AH,, of ~ 46 kcal/mol‘ assuming two 110 kcal/mol C-H bonds are broken, a 104
kcal/mol H-H bond is formed, and a 70 kcal/mbl C-C & bond is formed. Any increase
in ring strain would increase this value. Given the 148 keal/mol of the excitiﬁg |
phqton, é >80 kcal/mol maximum translational energy seems feasible. H, loss from a
ring opened diradical could _also yield a AH,, in the same range.
The problem for thé H, hypothésis is one of kinetics and excess energy

‘distribution. For this channel to be so minor compared to the others discussed below,

it must hai}e a barrier wellv above 100 kcal/mol, at least 40 kcal/mol above the
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presumed products. It would be very surprising if H, loss, a concerted elimination
with a large barrie'r', would show no evidence of a peak away from zero in the P(E;).
For comparison, the P(E;) for loss of H, from ethylene shows a peak more than 20
kcal/mol away from zero V.

This suggests very strongly that at least some of the signal is from dimers. .If
the H, channel also existé, with a feasonable P(E;) similar to th(;it of H, loss from
ethylene, it must contribute less than 1% of the total photodissociation yield, whereas
a peak on the order éf 7 kcal/mol would give an H, yield of 3-4% and bé more

‘consistent with the m/e 84, and m/e 83 data.
ACETYLENE ELIMINATION:

Breaking thiophene into a maSs 58 (CH,S) and av mass 26 (GH,) .'fragment is
the équivalent of breaking cyclqpehtadiene into mass 40 (G,H,) ‘and mass 26 (QHZ).
In cyclopentadiene, two different mechanisms produced the. produCt combination, with
different structures for the mass 40 fragxhent, and different P(‘ET)s. ~One of the'se‘
mechanisms yielded a C;H, carbene and acetylene from the riﬁg opened
diradical,without a barrier to reaction, while the other produced cyclopropene and
~acetylene from thevbicycllo valence isomer of cyclopentadiene with a barrier of more
than 20 kcal/rﬁol. The thiophene 58+26 channel would, on the basis of the P(Ep)
which indicates a barrier to reaction of > 19 kcal/mol, seem to proceed via a

mechanism of the latter type. This mechanism, proceeding through the bicyclo

RO

it
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valence iscmer of thiophcne, would yield aceiylené 'a'nd,thiirene. (cyclic CH, S) From
‘an ab initio calculauon y1eld1n0 a AH,,m = -60 kcal/mol for S(1 ,) + HCCH —> thiirene,
.and AH; values for the reactants, 93.1 and 54.2 kcal/mol respectlvely, the AHr of
thiirene is found to.be ~87.3 kcal/mol'. Using a value of 27.66 for the AH; of
'thiophenc then yields 113.84 kcal/mol for the AH,,'m of thiophenc dissociating to- |
acetyléne and thiirehe.. This yields a maximum possible tran‘slati"cn'al lenergy of ~34
kc)zlljfnol for photodissociation via this route with a 193 nm photon. - The P(E;) derived
from this experir_nent hac a maximum of ~41 kcé]}mol. 'Ifis poSéiblc to reduce this
- value by 3-4 kcannol before there is a noﬁceaﬁly worse fit to ihc dataL. This close of
an agreerhent wiih the theorctical estimate lénds credence to the proposed. mechanism.
'Assumiﬁg this assignmenfis correct and working backward then yiclds an
cxperimehtaliy determined maxmlum AHf for thiirene of ~84 kcal/mol.

~ The peék in the P(E;) wcﬁld then impiy a barrier of at least ~129 kcal/mol for _ |
“dissociation via this channel‘; The barrie'r invthiiop»hene would then be much higher
than the >7 ~108,1§ca1/mol in cyclopeniadiene but the difference is almost exclusively
due to the felatlve thermodynamm stab111ty of the products in the two cases. One' |
would expect that since the barrier is due to repulsive forces betwccﬁ the leavmo
acetylene and the ;w_c carbons in the three membered ring in both cases, that the
. barrier.rclative'to the prodﬁcts wQuld be the same .in both caé,es. Thic appears to Be
the case.

It is interesting to invéstigate the energetics in ther_ihicphene system of the

. other mechanism that occurs in cyclopentadiene, ring opening and dissociation to
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| acetylene and a diradical, and to consider the evidence for its occurrence. | The
relevant energies for this mechaﬁisrﬁ are the b.arrier for ring o_pening to the .
°cSCHCHCHCH® diradic'al and the overall AH_ . The stability Of the diradical above
has been estimated at 99.7 kcal/mol above -thiobhené baséd on Benson'é rules”. Given
Benson's estimate for the‘ri_kr’lg'.:sj;rai'n in thiophehe, 1.73 i(éanol, one would éxpeét the
barrier to ring. opening Would then be less than 1'01.4‘kca1/m01 _(the ring strain would |
only contribute to a barrier if the ’bond must be brokén before the geometry can
change enough to release the strain). As in cyclopentadiene, this is well vbelow the
overall heat of reaction and this barrier will not be important for the mechanism. The
heat of reaction can be determined from.the same set of ab initiq ciaiculatioﬁs cited __
abové which puts "the lowest states of the eCHCHS®~ diradical 14 keal/mol above |
thiirene. The thioketocarbene structure, :CHCHS,'i.svfound to lie 17 kcal/mol above |
the 1,3 d_iradical. The theoretically derived AH,, for thiophene .yi_eldiﬁg 'acetylene and
~the most stablev QHZS difadfcal is vthen. 127.84 kca.l/n_iol. If one assumes that the
_théoretical value of 14 kcal/mol for the re}ativé energy of the diradvical and thiirene is
correct but uses. the valué for thﬁrene' éxperiment_;ﬂly ‘dveri_ved above, the AHM_
becomes ~124.5 kcal/mol._ This is below .the. estimate for the barrier in the ;:ohcerted
mechénism s’ugéesting iheit thié _dirédical chanhel could be competiﬁve with the
éoncerted process. Dis-sociatioﬁ to the thioketocarbene would require 144.84 kcal/mol
(theoretical values), and would certainly not be competitive with the other mechanism.
o The maximum uaﬁéla’tional energies expected for thé lowest eneljgy .ciiradi'cal

plus acetylene channel would then be ~23 kcal/mol. While there does not seem to be
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| an RRKM-liké pseudoexponentiél channel at mass 58, it is .notv clear whether the low
energy tail on the mass 58 P(E;) éould indicate a small arnounf of a 'slow' channel.
(One would then reassign some the slowest signal attributed to the mass 82 channel as
mass 58 to raise the mass 58 P(E;) to a second low peak at zero energy.)
In cyclopentadiene, the assignment was confirmed by ObserVing a change in the
._ratio of the ‘fast' and 'slow' channels at different mass to charge ratios due to a
‘difference in fheir ioniiation cracking patterns. In cyclopentadiene, the big change
was between m/e 40 and m/e .39. Here there is not much difference between m/e 58
and m/e 57, but there is a large change at m/e 45, HCS". This cﬁange has so far been‘
assigned as a new HCS + CH, channel with perhaps somewhat exaggerated maximum;
E; of ~20-25 kcal/mol (above ~10-12 kcal/niol the signal could be assigned instead to the
fast' maSS 58 channel). It must be realized that the saipe m/e 45 time-of-flight
conbtri.bution,‘ when considéréd as a produét of mass 58 recoiling off mass 26 instead of
mhass 45 off of mass 39, fequires a P(Er) that extends well beyond 20 kcal/mol to
~ about 40-48 kcal/mol -(a factor of 1.93,times_th’e old limit). Restricting the P(Er)’to,
less than ~23 kcal/mol (mass 58+26) would not change thé fit to the data since the 'fast’
mass 58 channel .can providé any required signal above 'this énergy. Thﬁs, there is
evidgﬁce for a 'slow’ acétylené losé channel in thiophene. ~ Given the expécted low
» barrier for the 'slow" 58 channel, it would actﬁally be hard to understand its complete‘
| abseﬁce unless there is a bzlirrier td dissociation of the diradical. Such a réaséignmen;
would have some 'ripple’ eff_écts, but none that would invalidate the assignment. For

instance, signal previously assigned to the mass 39 parfner of maSs 45 appearing above
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m/e 26 would have to be reassigned mostly to the fnass 52 channel. The 9% yield ,of
the mass 45 product §vould drbp to about a 6% yield for the new 'slow' 58 product due
to the change in the aésumed ionization croés section. The ~45% of the old mass 39
signal appearing at m/e 26 and below would be sufficient, given the corre‘ct,ionizatioﬁ
Cross sections, .to roughly match the 6% yield of the new mass 58 fragment wifh
another.S% for the mass 26 product. Thus ihe 'slow' mass 58+26 channel would
‘account for ~12-i4% of the total yield.
The old mass 39 signal reassigﬁed to the mass 52 channel would raise the mass
52 yield from ~ 10% to ~15%, vs 19% for the S atom. This helps to remove the
otherwise inexplicable deficit of mass 52, and would raise the overall yield of the S
: ﬁtom loss channel to ~34% from 29%. The other channe}s would bnly .be miniiﬁally '
affected, with théir branching percentage chﬁnged by only a percent or two. |
A last note on mechanisms for pfo.ducing mass 58 and 26 deals with a
cénqerted mechaniém proposed by Verkoczy et. al._‘. It would produce the same
products as the concerted process described above, thiirene and acetylene, but does not
invoke a'stable intermediate bicyclo structure, though it does involve a bicyclic
transition state. A bond Would form between the sulfur atom and carbon 3, while
carbons 4 and 5 form the acetylene triple bond and break their bonds with the sulfur
atom and carbon 3. Whﬂe thé mechanism as described is for the addition of thiirene
to acetylene to yield thiophene, this type of mechanism seems to have been first
proposed to explain the production of thiirene and N, in the photodissociation of five

membered ring, cyclic SNNCHCH. While this mechanism thus seems to have
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experimental support, it.is not clear that it should be considered as concerted. A

~ concerted reaction dccurs when, if oné bond is broken, the energy that would be
gained by forming the new bonds is ‘greater than the energy required 10 break the rest
of the old bonds, causing the ‘Simultaneous’ rearrangement of all the électrqns. This is
equivalent to saying that the intermediate diradicai is not a fninimﬁm on the energy -
surface, or at least it is not below the energy of the final products.. For inétance, in
the 'fast' acetylene loss mechanism above, two C-C single bonds are broken and two &
bonds are formed. If one C-C borid is broken, the energy gained by forming the m
bO;ldS (~150 kcal/mol) is greater than the energy required to break the remainirig C-C

~ bond (~100 kcal/mol), and the intermediate diradical. will unstable with réspeqt to-the
'products. For the'Verkoczy mechanism, if the C-S bond is broken, one can fbrm am: .
bond in acetylene (~70 kcal/mol) and a new C-S bond to form the thiirene ring (~14
vkca]/moll)_ while a C-C single bond (~100 kca_l/mol) must be broken. The intermediate |
dirédicai is stable relative to the products by ~ 16 kcal/mol. In such a case, one would
exp‘e'ct'that the bonds would break in a sequential manner and the reaction is better
thought of as a; two Step process -Qf ring opening to the diradical'followed by the !

. dissociation step. If this is true, it does not seem likely fhat this rhechanism would
producé fragments with a highly peaked translational energy'distribution as we
observe. Similarly, though its products are more stable than the proposed .'slow’

- mechanism above, it should have a barrier relative to the 'slow' mechanism due to the 4
expected barrier to forming the thiirene ring (see thev cyclObentadiene chapter for a. '

more detailed description). Thus, I believe that the concerted dissociation from the
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bicyclo isomer and dissociation to the diradical from the ring opened isomer of

thiophene remain the best mechanisms to explain the observed dissociation yield.
SULFUR ATOM ELIMINATION:

Sulfur atom elimination appears to be the’ major elimination channel for
thiophene photodissociatedv at 193 nm. In cyclopentadiene, fhe equivalent channel,
CH, loss appeared to occur via ring opening and H atofn migration to yield ihe
1-buten-3-yne form of C,H, with a maximum translational energy of ~ i7 kcal/mc;l. In
thiophene, the éqﬁivalent chaﬁnel would be much lower in energy due to the increased
stability of the sulfur atom relative to CH,. The AH,,, would be only 108 kcal/mol,
allowing a maximum translational energy of 40 kcal/mol. The observed translational
energy release in this disslociation has a discernable maximum of only 16 kcal/mol
suggesting either electronic\allly excited S('D,) atoms (yielding a maximum E; of 13.6
kcal/mol) or a less stable form of CH, is i)roduced.. Three other less stable forms of
C,H, are energeticélly possible in the thiophene reaction: butétriene (AH_ =114
kcal/mol, max E; = 33.6 kcal/mol), 3-methylene cyclopropene (AH,,=134.7 kcal/mol,
max E; = 13.3 kcal/mol), and Cyclobutadiene (AH_=137.6 kcal/mol, max E. =104
kcal/mol)'®. Direct triple dissociation to two acetylenes and a sulfur atom requires
147.26 kcal/mol.

The closest match for the maximum E; would be for the 3-methylene

cyclopropene form, though the theoretical AH; would have to be lowered ~ 2 kcal/mol



- t0 93.5 kcal/mol in 'ordef tb‘explain the Whéle observed distribution. One_Would |
.expecf a b’aﬁier somewhere along the reaction coor_dinatev for this mechaﬁiSm since H
at(.)ﬁlv(tran'sfer to'jield the CH2 group attached to the ring mﬁst occur. This'mechanisﬁl
woﬁld be consisfent‘with the expectation .that the ring contracted form of thiophene

“can be form_'ed»by photoexcitation aé proposed in the Van Tamelen-Whitesides
meéhanismG. |

This mechanism would argue against the importance of the ring opened
diradical pathWay.‘ If the ring opened radical were formed, one might expect a barrier
s1m11ar to that in the cyc.lopentadiene’_for.3,5 I.-I:atom migration (esﬁrhated at ~10
kcal/mol) to é.llow dissociatibn to.bthe stable 1-buten-3-yne isomer. While tl.le. ring

-Qi)ened diradical heré is ~19 _kcal/mol higher.rélaﬁvé to the startin.'g. material, the total
estimated barrier would only be‘ ~ 110 kcal/mol. It is unclear why éuch_a channel‘is
not observed. The vestimate for the barrier could be much ioo low,. preventing this
channel from.-competing with-the. possible 'slow’ 58+26 channel above, or the ring
opeﬁed diradiqél niay not be an importa;nt intennedi'flte. due t0 more stable r‘ingA
éontracted_ forms. A third possibiiity' is that the triplet grouﬁd state S atom is not
produced and only the'.excited S('D,) form is allowed. The tfiplét/sihglet question
here is analogoué to that vovf iCH2 Vs. 3CH2:pr0du_Cti.OI.l in CPD. _v However, unlike the
expééted barrierless transition siate for 'CH,, a singlet sulfur channel would have o
have a _bar’ri‘e‘rb based_\ on thé observéd'_ P(Ep).

Finally, it should be noted that bwhile S atom pfoduction is a major chénnel |

here, it has been ruled out in other photodissociation experiments'’. This does not.
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imply-a eentradiction though. These studies were done at longer wavelengths'than: the
- present one, and the. maximum photon energy was ~133.7 kcal/mol (213.9 nm), witn an
estimate ef another 8-11 kcalllnol of _tnermal energy available (T = 305'C). From the-
~2.6 kcal/mol peak in our P(E;) one can infer a barrier of at least 135 kcal/mol to
dissociation to S atoms. This would make S etonl loss much less likelyvin tne longer
wavelength study; and impossible :for ali' but the shortest Wavelength e;nd hignest

temperature conditions used.
SH ELIMINATION:

_ The SH channel does not appear by itself at any mass to charge ratio and its
derived P(E;) is therefore somewhat arbitrary. 'However_, the two l_imits that it must
peak at or near (~2 kcal/mol) zero energy and that it cannotextend beyond the mass

52+32 P(E;) limit of ~16 kcal/mol are not in question. The derived P(E;) with a

[

maximum E; of 12 kcal/mol suggests a AH,, of~136 kcal/mol. With the known values -

"fo.'r the AH; of SH (34.'1' kca]/melj and thiephene'(27 .82 kca]/mol_) this leadsr to
estimate of 129.7 kcal/imol for the AH, of the C,H, radical formed as fhe conjugate
: | fragment. This is in excellent agreement with theoretic»alvpr_edietions for the |
HCCHCCH radical; cis form AH, = 129.92 kealimol, trans form AH, = 13022
kca]/niollg. This assignment weuld also be in agreement with the structure proposed
by' Krishnamacnari and Venkitachalam for 'th_e structure .Of the transient CH, radical

they observed in the flash photolysis of 'thiOpheneg. There is a lower energy structure,
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'H,CCCH, predicted to lie at 111.34 kcal/mol, which would allow a maximum
translational energy of ~ 30 kcal/mol for SH loss'f»rom thiophene; This pathway would-

~have a barrier due to the required H atom migration (in addition to the H atom transfer

to the sulfur atom) which probably explains its apparent unimportance relative to the

HCCHCCH pathway.
C,H, ELIMINATION: -

The m/e 45 and m/e 39 signals have been discussed above in térms of the m/e

45 signal being caused by dissociative ionization of a mass 58 product. Here, these

signals will beréonsidered as conjugate mass 45 and 39 products, and the derived
energqtics_will be compared with the known thermochémistry.‘ The question of thé
correct as_signm'ent. for these signals can then be reexamined.

The AH; of HCS, the conjugate fragmerit of CH,, can be derived from the
knoWh AH; of HZCS (~24 'kcal/mol) and a theoretical estimate for the dissociation
energy to HCS and H atom of 85.2 kca]/mbl”. With the H atom AH; of 52.095, this
yields AH; (HCS) = 57.1 kca]/r.nol.' An earlier approximate experimental value for the |
HZCS bond diééociatién energy would put the AHf (HCS) at 63.3 kca]/ﬁol.

The C,H, radiéa’l AH; has also been calculated. The lowest energy propargyl

structure, H,Ce-CCH, is estimated at 80.7 kcal/mol'. The cyclopropen-l-yl radical is

- estimated by Collin et. al. to lie ~ 52 kcal/mol above the propargyl form, which using

the propargyl AH; above yields a AH; of 132.7 kcal/mol®. . However, using estimates
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for the C1-H (110 kcal/mol) and C3-H (101' kcal/mol) bond energies in cyclopropene

and its AH; of 66 kcal/mol, yilelds,a cyclopropen-1-yl APL of ~124 kcal/mol and a
cyclopropen-3-yl AH; of ~115 kcal/mol.

| Thus the AH,, for thiophene dissociating to HCS and the three CjH; radiqal
forms above are: (propargyl) ~110 kcal/mol, (cyélopropén—3~yl) ~144 kcai/mOl, énd
(.cyclopropen-l-yl) §153 kcal/mol. The'propargyl radical would be the only péssible
form of C,H, and woul;i yield a maxirﬁum translational energy of ~38 kcal/mol. The
P(E;) determined ,frbm the proposed C,H, channel in this experiment only extends to ~
<25 chﬁol and possibly only to 15 kcal/mol. The latter value would imply thatk the
C,H, radical must form with at least 23 kcal/mol internal energy all of the time. This
would be a somewhat surprising result, but would be cdnsistent with the r¢sults from
the photodissociation of allene at 193 nm (using the same technique as used here, on
the same machine), where Jackson et. val. found that the GH, radical formed by H loss
from allene had to form with ~ >>26 kcal/mol interhal energy to explain the
- time-of-flight spectrail. They conclude that excess vibrational energy is the most
reasonable explanation. | |

The only question not addressed so far is the height Qf the barrier for the
required 4,5 H atom migration to reach an S=CH---CH=C=CHZ intermediate. In
allene, the barrier tb forming cyclopropene, which is largely the barrier to H atom
migration, is ~69 kcal/mol”. Assuming a similar barrier in the 'SCH substituted allene’
shown above, which presumably lies more than 69 kcal/mol below the separated HCS

an.d C,H, products (i.e. the SCH----CH; bond is greater than 69 kcal/mol), would
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imply that the H atom barrier is below the overall AH_,.. o
Thus the ass1gnment of the m/e 45 31gnal to an HCS plus proparoyl QH3
vradlcal channel seems reasonable It would seem that there is roughly equal evrdence
- pointing to the two possible m/e 45 assignments (‘slow’ 58+26, or the present 45+39
~ channel). The other photod1ssoc1atlon experiments cited above do not seem to favor
one mechamsm elther The existence of the diradical QH2$ has been proposed by
Nayak et. al., but their evidence against the thiirene form seems to rely ona grossly
-inaccurate value for the thiirene CS bond eneroy (56 3 kcal/mol vs the 14 kcal/mol
.value_c1ted above and the ~ 25 kca]/mol value for the C-C bond rn cy_clopropene)”.
HCS and the C,H, radical have not been proposed as prir_nziry prodncts before, but it is .
unclear whether they would appear kinetically. different from' aCS + GH, channel 1n

an experiment measuring only end products.
C,H, ELIMINATION:

~ The QH; + CS channel is the second channel for t;_hiophene dis.sod_at'ion that
appeérs to have a snbstantial}barrierl (58 +26 is the other one). The P(E) shows a
peak at 8.75 kcal/mol and extends to 30 kcal/r_nol. Using a CS heat of ,formetion of 60
kcal/mol, one can infer that the C3H4 species formed in this study has a AH; <= 85.8 -
kcal/mol®, vThi.s 1s well abosre thet for allene or methylztcetYiene (~46 and 44 kcal/mol)
a.nd cyclopropene (~66 kcal/mol). It is below the AH; of the CH2CHCH carbene .(~'91

kcal/mol). The allene and methylacetylene possibilities would both re‘qu_ire rnultiple H.
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atom transfers, perhaps sharing the intennediate proposed for the -HCS loss

mechanisfn. With a faj}ly low barrier estimated above for the first H atom transfer,
~ the transition state would then involve the frénsfer of the second H atom. The
cyclopropéne form could 'be created with a siﬁgle ,H atom transfer from the ring - |
| contracted form of thiophene. Gi.ven the questions over the true geometry and
bonding nature of this structure, it does not seem feasible to estimate the H atom
transfer barrier from a theoretical viewpoint. The peak in the P(E;) would imply a
barrier greater than 127 kcal/mol relative to thiophene, .but _With(jut further insight into

the possible transition state geometries this fact does not help differentiate between the

possible products.
BRANCHING RATIO / COMPARISON WITH'CYCLOPENTADIENE:

The branching ratio for the channels described above is juxtaposed in Table 3
w1th the derived AH_, values and the estirﬁated barrier heights relative to 'thiop\hene .forv
the transition states on the various reaction cbordinates. The easiest thing to. note is
~ that all 6f the likely barriers are within about 10-1i kcal/mol (except perhaps for H,
loss) and the yields vary by less than an order ;>f magn_itude. Even without a
calculation, it would seem that only a couple of .ordvers of magnitude differenCe
between the 'A f;c';ofs' of the channels would explain the observed yieids;. This is in

stark contrast to the cyclopentadiene case where an 'A factor' of ~10?° was needed to

‘explain the CH, yield while the other channels had 'A factors' in the ~10% range.
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Given_the limitations to the RRKM cédculation done in the cyclopentadiene
ehapter, and the increased ambiguiﬁes in the transition state geometries for thiophene,
it does not seem worthwhile to repeat that effort here. However, qualitative -
comparisons based on the ideas discussed in the cyclopentadiene chapter can still be
made. - ‘ |

The channel predueing'thiirene and acetylene is the one with the closest
correspondence 10 a cyclopentadiene (CPD)" chaﬁﬁel. Just like the cycloprop.ene plﬁs
acetylene in CPP, it has a bieyclic transition state and has roughly the same exit
barrier. The main difference comes from the relative instability of the thiirene product
which puts this channel's barrier at > 129 kcal/mol ebove thiopheﬁe. Tts yield is about
23% here though, simply because there is no equivalent of the very low barrier H loss -
channel of CPD.

The energetics of the ring opening step remain about the same as in CPD,
relative to the barrier for the bicyclo transition state: in both cases the barrier! for ringb
opening is ~27 kcal/mol below the bicyclo b'arﬁer. The equivaleﬁt of the 'slow'
~acetylene channel in CPD .is shifted lower by about 11 kcal/mol in thiophene. Thie
actually puts its berrier lower than the 'fast' channel. However, depending on the
_ aesignment ef the m/e 45 data, the relative yield of the 'slow’ acetylene channel is

either equalto‘ (~ 1/2 of the 'fast' acetylene yield) or much less than that in CPD. This
~ would seem to argue for either a barrier to 'slow' acetylene plusthioformylmethylene
formation, or simply fer the reduced importance of the ring opened diradical and

associated dissociation channels. One might expect the latter since the diradical's
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’importance in CPD depends on its lower frequencies offsetting its ~81 kcal/mol
ihstability vs. the CPD ground state. Shifﬁng ;111 of .the channels higher in energy by '
~20 kcal/mol in thiophene w'ould _reduce the relative importance of the geometries with
the lowest frequencies because their relative state densities would drop more than that
of the geometries with deeper wells and higher frequen::ies. These arguments apply to
the transition states as well as the .diradical intermediate.

'fhe S atom channel, nominaliy equivalent to the :CHZ loss ‘.channel iﬁ CPD,'
does not seem to. proceed vi‘e the same mechanism. If it did, its yield fnight be
expected to increase significantly due to the stabilify of the S atom relative to CH?(~26 _
kcai/mol). "I.’he energy .for its transition state, et ~168-111 kcal/mol, would be the
lowest of any channel, significantly below the.131 kcal/_fnol required in CPD. The
~energy of the transition states for the other channels are all elevated relative their
values in the CPD system. The S atom channei would have the same advantage as -

_ vCH2 loss in CPD of low freqUenciee from a straight chain (non-cyclic) transition state.
Thus, one would expect and increase from the roughly '1.:4 ratio seen for the CH,: fast
acetylene channels in CPD. | |

An increase is:indeed seen: S atom loss seems-to be the major channel by a
factor of - 1.2 to 1;5 over the fast acetylene/thiirene channel. However, both the P(E;)
and the other photodissociation studies cited above suggest that the products formed
must have a much higher energy~re1ative te thiophene than the 108-11 kcal/mol for the
~ above mechanism. It was proposed earlier in the section that the C,H, isomer with a

cyclopropene ring would be the closest match energetically to the derived value. From
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the high yield for fhis channel and the fact that its barrier, at 135 kcal/mol, is one of
the highest among the observed diSsociation pathways, it would seem that the
* transition state should be-ver'ylloose. It is unclear that the isomer with a 3 membered
ring would meet this requirement., since it should not have many low frequencies to
boost the yield. |
The possibility exists that the S atom does dissociate from the lineér diradical

but only to excited products. }The excess energy in the products V\[/O_llld bé ~24 |
kcal/mol. This could mean excited S('D,) atoms, or vibrationally excited C,H,. -The
loose linear diradical transition state could help explain the high yield of S atoms even
with the high observedb AH,. o ’ , »

~ The three channels above are the only ones with possible eqhivalents observeci
in cyclopéntadienc. The new channels that appear in tﬁiophene are ones that have
their barrieré lowered in thiophene relétive to the channels above. The SH + C‘,H.3
channel has almost exactly the same total Avaz.is the equiyalént CH, + C,H, channel in
CPD. Due to the ~ 4 kcal/mol lower AH; of thiophene relative to CPD, its AH,, is
shifted upward by 4 kcal/mbl to 136 kcal/mol. | Its ~9% yield, the lowest of the 5 main
charzmelsk, would be consistent with .it having the highest barrier. Similarly, since it has
a barrier (~132 kcal/mol) higher than any of the obserVed channels in CPD, 1ts absence
in that system is -understandable. An additional pbssibility is that the H atom transfer
to the leaving methyl group may have a higher barrier than the equivalent transfef to -
the ,sulfur‘atom, further increasing the difference expected for this pathway in the two |

!

systems.
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The CS, and possiblve HCS channels are actually shifted downward from théir
equivalents in CPD, due to the stability of the sulfur containing equiva;lents of
vinylidene and the vinyl radical. CS, AH; = ~60 kcal/mol, is 34 kcal/mol mdre stable
than‘the. equivalent vinylidene?. Similarly, with a AH; = ~57 kcal/mol, HCS is more
stable than C,H, by ~14 kcal/mol'’. Thus channels lying at 144 kcal/mol (with a 2153
kcal/mol barrier) and 120 kcal/mol (with an ,'"143 kcal/mol barrier) shift to 114
keal/mol (~123 kcal/mol barrier) and 110 kcal/mol (barrier of 133 kcal/mol) and
becqme competitive.

The relatively low yield of the CS channel, ~ 14 %, despite its low barrier
relative to the other channels, is consistent with its concerted natufe. Similarly, a
yield of 21% for HCS is not unreasonéble for a channel with a ~ 133 'kcal/rhol barrier if
it has a fairly loose intermediate such as the linear diradical.

The only channel yet to be discussed is the possible H, elimination channel.
The yield for this chanhel does not appéar to be greater than 5% even though its
barrier cannot possibly be as high as thqse for the other channels. | Similarly, H atom
loss does not seem to occur even though it is energetically feasible. For comparison,
benzene dissociation at 193 nm yields 80% H loss and 16% H, loss®. The only
substantial difference between the two systems that could influence the yield of these
products is the 'ﬂoppy' nature of the thiophene ring. If the thiophene ring quickly
distorts, to a bi- or tri-cyclic isomer, or the ring contracted isomer, or the open chain
diradical, at least .several of which have barriers below the hydrogen dissociation

barriers, hydrogen loss may be suppressed.



203
| Conclusion:

- Thiophene certainly fulfills the expectation that a five membered cyclic dlene »
systexn ‘will have rnany competing channels if there is not a 'w'eak C-H bond as in
cyclonentadiene: all six_'identiﬁed'channels in thlophene have yields. vyithin rouglxly a
'f_actor: of 6 of | eaoh othet.

Al of the observed channels, except for H, loss, h_ave barriers in excess of | 125
| kcal/mol. The low yiel'd of H, would then .have to be explained'in .terms of a distorted
| e)tcited state of thiophene. A ‘reasonable’ picture of the excited state may be that _of
five balls in a bag, yvhere bicyclo, tn"-cyclo, ring contracted,and ring opened forms of
the thiopllene skeleton are all more liltely than the pentagonal geometry we usually
think of.

~ The largest channel is sulfur atom loes, with nearly 1/3 of the yield. - The fonn
ofr the C,H, species left”behind ie not elear: the best cho’ice from tlle derived
: thermodynazmcs is 3- methylene cyclopropene but the rap1d rise of th13 channel
between 213.8 nm and 193 nm- d1ssocmt1ons requlred to f1t all of the relevant
expenmental data suggests a very floppy transition state which would perhaps suggest
a Vibratlonally excited linear C4H;, instead. o

' The ne.Xt largest channel, bproducing thiirene and acetylene, is a concerted
:'dis'soc.iation from the bicyclo form of thiophene. This is the sam.e.mecha'nis‘m that was

‘seen to produce eyCIOpropene and acetylene from cyCIOpentadiene. The barriers in the
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two systems are hearly idenﬁcal suggesting thatthey arise from repulsion of the. |
-acetylene and the -C=C- pé.rt of the resf)éctivé ringé as one would expect for concerted
eliminations. -

The other acefylene loss channel in cyclopentadiene, assigned to dissociation
from thé ring opened diradical, is not clearly in evidence in thiophene, though the
signal at m/é 45 can be-interpreted as thioformylmethylene pr_oduced via this
mechanism. Reg;irdless of the decision oﬁ this, the yield for tﬁis cha.ﬁnel is still lower
~ relative to that for the thiirene form of mass 58 than one would expect based on the
yields- of the equivalent channels in cyclopeﬁtadiene and the fact that the relative
bé.rriers have shifted 1Q'kca1/moi in favor of this channel in thiophene. Hoi;vevér, the
lower yield is understandab_lé in light-of the fact that the ring ’_openéd‘diradical of
thiophene is ~ 20 kcai/mol less stable in thiophene than in cy_clopen’;adiene .and the
: :importance of this intermediate geometry and the transition state (in terms of ﬂﬁmbef
of states) is thereby reduced‘ in thiophene.. | |

- Several additional channels appear in_thviophe}neb that are not-seep in.
cyclopentadiene. TThe SH loss channel, which seems to oceur from a linear diradical,
s nearly iséenergetic with CH, loss from cyclopentadiéne. Its visible yield in
thiophené is due pﬁ_mérily to the fact that all of thé lower energy pathWays available
~ in cyclopentadiene become much less favorable in thiophene. The dissociation energy”
for this channel identifies the C4H3 s_pec_ieS as HCCHCCH. The barrier to H 'atorﬂ |
transfer to the sulfur atom does ﬁot appear to cause a peak in the translational energy

: distribuﬁon and is probably quite small.
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Dissociation to HCS and C,H, is a second possibility to explain the m/e 45
data. The proposed mechanism would be ring opening followed by 4,5 H atom
migration and bond cleavage to yield HCS and propargyl radical. The dissociation -
energy required for this channel does not correspond to vibratiorially cold propa.tgyl
radical or to the vibrational ground state of any other form of C3H3. In fact a
minimum of 23 kcai/mol of energy must be in vibration of the fragments. This value
is quite close to that previously: obéeived for the minimuin intenia.l energy of GH,
produced 1n allene photodissbciatio'n. If this assignment of the tn/e 45 signal ié
correct, it would strengthen the idea that the C;H, rtloiety undergoes a ‘geometry
change as it breaks away. from a partner fragment.

It does not seem that a definitive answer to the origin of thé m/e 45 signal can
bé made. Its existence is certainly not in question as it is one of the clearer |
time—of—ﬂight signals. However, neither ext)erimerital'npr_theoretical evidence
| conélusifely identifies it. In fact, thermocliemiéal and kinetics mgumenm Woultl
V-suggest that both possibilities shpu_ld occur, and that may well be the case. Through

chemical coincidence, the two: channels have different energetics but nearly identical
experimental footprints. |

The ﬁnai channel, CS loss, is the second to show a substantial barrier,
indicating a ’con’certed reaction. -’fhe mechanism must transfér an H atom from C2, but
' the derived P(E;) does not indicate the geometry of the C;H, species formed. vThe
-C3H;,species must be vibrationally excited allene, methyl acetylene, or cyclopropene:
the diradical forms cannot be reached. A diradical partner would also be inconsistant

\

Ez )

43
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with the barrier to reaction. 'This does not help much in defining thebtransition state
geometry. |

Finally I will attempt an answer to the question of whether thiophene behﬁves
as acyclopentadiene molecule without a weak C-H bond. The two molecules share at
least one mechanism involving dissociation from the bicyclic isémer. They may also
share channels that go through the riﬁg opened diradical. However, one of these,
S/CH, loss, would produce vibrationally hot C,H, in thiophene and cold C4H4v1 in
cyclopentadiene. Two other char_mels'in thiophene, SH + C,H, and HCS + C,H,, also
seems to involve the ring opeﬁed diradical, but their analogues in cycloi)entadiene are.
~higher in energy and should not compete well with the observed channels. The other.
thiophene channel, CS + C,H,, and the S loss channel, cou_ld be indicative of ring
contracted or more exotic intermediates. Both produce hydrocarbon fragments that
must be vibraﬁo#ally hot and/or cyclic. Thus, overall, the differences in dissociation
seerﬁ to be rﬁainly a func'tion of the changed thermodynamics of the producf fragments
rather than completely new mechanisms appearing in thiophene. However, there are
indications, beyond the Ifaict that thiophene has'tv.vo more observed dissociation |
“channels than cyclopentadiene, that its photodissociation chemistry, like its solution

photoisomerization chemistry, is more complex than that of cyclopentadiene.



% of signal

5.67%

m/e mle. % of signal
82 0.09% 44 6.03%
81 0.16% 40 - 0.89%
80 0.08% 39 1 9.34%
72 0.00% 38 5.78%
M| 004% a7 3.21%
70 . 0.07% 36 1.47%
69 0.33% 36 0.00%
68 0.45% 35 0.20%
60. 0.04% 34 0.65%
59 0.13% 33 3.32%
58 1.89% 32 8.83%
57 3.78% 28 0.00%
56 1.11% 27 0.73%
52 - 3.71% 2 10.65%
51 5.14% 25 6.15%
50 6.37% 24 1.67%
49 416% 16 0.00%
48 173% 15 0.62%
48 0.00% 14 0.93%
47  0.46% 13 1.39%
46 0.62% 12 212%
-

Table 1. Dissociative Flux as a Function of
' ' Mass-to-Charge Ratio.
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Mass lon Branching Ratio Neutral Product Ratio ~ Corrected Neutral

| O Product Ratio
82 4.482% 2503% 2439%
- 58 9f210% 7.185% 7.473%
26|  13.570% 19.725% 15.514%
52 17.364% 12.7_53% 10.019%
32 7.181% 11.835% " 19.201%
51 5.505% 4407% 4623%
33 2.252% © 3424%  4339%
45 7.320% 7.752% 0. 114%
39| 14.284% '1_3.928%' 10.955%
4679% 5.636% 7.410%

40 9.671% 8.486% 6675%

- Table 2. Product Branching Ratios. Column 1 - Branching Ratio of the
raw ion flux. Column 2 - Neutral Branching Ratio obtained by dividing the
lon Branching Ratio by jonization cross sections derived by the method
of Fitch and Sauter. Column 3 - Neutral Branching Ratio derived using

. the method of Fitch and Sauter with. an altemative value of 1.8 x 10

2 : ‘ : :
cm for the S atom contribution to the cross section. (In all columns, the
H2 ratio (not shown) is assumed to be equal to that of the mass 82

fragment.)
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Altemate Heat of

Barrier Height

Branchi
R:ctiong Branching Reaction (keal/mol)
Ratio (kcal/mol) ¢ mo
H,Loss(8242) | <.04 |  <.04 . 64 29 >120
fast' | - _
Acetylene | 0.23 0.24 ' 110 >129
Loss (58+26) | '
Sulfur Atom ' — ' -
Loss (52+32) 0.29 0.35 - 132 - >135
SH Loss | |
0 0.
61433) | 0.09 0.1 136 \136
C;H, Loss : : \
0.2 <133 <133
(45+39) ' ,
_ ‘slow' | - ‘ .
Acetylene . 0.14 - >124.5 >124.5
Loss (58+26) | v
H, Loss o
GH,Loss | 14 0.15 118 >127
(44+40)

Table 3. Relative Yields," Heats of Reaction,
~ and Estimated Banier Heights for the Thiophene
Dissociation Channels o
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Figure Captions

Fig. 3-1.
m/e 51 Power Dependence. The integrated signal count from ﬂle. time-of-flight
spectrum at m/e 51 is plotted vs. the estimated laser fluence in mJ/cn?
(squares). The dotted line represents a linea; extension of the low fluence
signals to high fluence. From vcompa.rison of the rﬁeasured signals with this |
line, it is estimated that.secondary proéesses beéome significant above 20
mJ/cm?.

Fig. 3-2.

| H, Loss/ Dime; Dissdciatibn Time-of—Flight Spectra. In the top half of 1-:he

figure, time-of-flight spectra at a labératory angle of 13’ are shown fqr m/e 83
and m/e 82. Assignment of most of thé signal to H, loss comes from thé lack
of signal at m/e 83. If the signal at nﬂe 82 were solely from dimer
dissociation, the expected signal at m/e. 83 would be greater than 50 counts for
the speptrum shown (see teit for details). The lower two specfra show }signai
from the same H, loss channél appearing at m/e 68 at 10° and 20°. The signal
at 20° implies that the P(E;) forvH2 elimination, shown in Fig. 3-3, must have a
high energy 'tail.

Fig. 3-3.
H, + CH,S Translétional Energy Distribution (P(Ey)). The curve represents
tile normalized product flux as a function of tot_al center-of-mass translational

energy for the H, + C,H,S dissociation channel. This P(E;) could have some
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contﬁbution from.mi_sintefpretation of dimer dissocigtion signal (see text). |
Fig. 3-4. | |
CH,S + Csz Timc-df-Flight SII)e‘ctra.‘ - The m/e 58 (GH,S) spectrum at 30° is :
shown in the top hglf. éf the figure. The specﬁum for_ the chjugate GH,
" fragment is shown in the m/e 26, ‘50" in the lower half; The datajis represented
- by circles. The hea\?y'black liné is the fit to the daia using the P(E.T) shown in
Figure 3-5. The grey line in the lower spéctrufn represents signal from other
channeis. From power dependence meas_urements at smaller angles, a small
" fast sécondary contriblution.'is expected in the rﬁ/e 26 spectrﬁm Shovs./n here.
Fig. 3-5. | |
| CH,S + CH, Translétional Enérgy Distributiqn (P(Ep). The curve'represerl'tsv
the normalized product flux as a function of tétal Céﬁtér-of-mass translational
energy for the C,H,S + C,H, dissociation chaﬁnel. 34 kcéUmol is the
theoretically defiired maximum therrnodynarﬁically Ipossib.le translational energy
for production of thii;ene and acetylene. Thé vP(.Er) shown hére gxtends to 4>1‘ '
'kcaUmpl and éannot bAevt'runcated to less than ~37 kcal/mol without producing a
visibly Worse fit to the data, suggesting that the tfleoreﬁcal Vahie for the AH; of . -
| thiirene is too high by at least 3 kcal/mol. o |
Fig. 3-6. |
m/e 52 and m/e 32 ‘Time-of-Fliivght Spectra. Thes§’ spectra, at a labofatory
angle of 20° show contributions from the CH, '(mass 52)-+ S (mass 32) :

channel. In each graph, the data is represented as circles and the total signal
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by the heavy black line. The calculated m/e 52 signal is composed of |
contributions from_ mass 52 (thin black line) and mass 51 (gray line) signals.
The ma_ss 52 (C,H,) fragment has the P(E;) shown in Fig. 3-7. The nominally
mass 51 sighad can appear at mass‘52. because of isotopic effects and
bl_eedthrough of vthe‘adjaeent masses in the quadrdpole mass s_pectrome'ter.. The

 mass 32 (S) frzrgment conjugate to the mass 52 'fregrnent isshow'n in the lower
graph bas the thin black.line. Other_ chdnnels.apparent are miass 58 from the
C'_ZHZS + C,H, channel (thick dark gray line), mass 33 frorn_the C4H3 + SH
ch.ennel (thin dark cray line), and mass 45 from the possihle HCS + QH3
channel (hght gray hne) The fast lump in the m/e 32 spectrum that is not fit
is secondary signal.
Fig. 37 o
| C, H + S -Transletional Eneroy Distribution (P(Ep)). The curve represents the
’ ; normallzed product flux as a function of total center—of—mass translauonal
| '_ energy for the CH, +S dlssocratron channel 13 3 kcal/mol is the theoret1cally v
- | derived maxrmum thermodynam1cally possible translauonal energy for
dlssocratron to S atom and the proposed 3-methy1ene cyclopropene form of -
| CH,. The derived P(Er) for this channel shows a peak at ~2.6 kcal/mol.
Because this channel can be observed in isolation-at m/e 52, the P(E;) is well
determined down to ~0.65 kcal/mol (the first nonzero point).
Fig. 3-8.

m/e 51 Time-of-Flight Spectrum. The m/e 51 spectrum at 20" is shown twice
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- in this figure. It is fit once without .as,'suming a mass 51 + 33 channel (upper
graphj, and once with the proposed mass 51 +33 channel (lower gra_xph). As
can be seen, the latter fit to the data is superior. The data is shown-as circles
vin both graphs with the total fit shown as a heavy black line. The mass 52
contribution is shown)as a gray line while a bossible contribution from the
H,/dimer channel is showh as a thin black line (a dimer channel mass 84
product could crack to mass 51 while the nominal mass 82 fragment from an
H, losé channel could onlylappear here due to isoope effects of ieakage of m/e
50 signal to m/e 51). The P(E;) for the proposéd 51 (CH,) + 33 (SH) is
shown in Figure 3-10. |

vFig. 3.9, -
m/e 33 Tiﬁe—bf-Flight Spectrum. The m/e 33 spectrum is shown for a 20° -

: labofatory angle.. The data (circlés) and the total calculated signal .(thick black

| line) are shown albng with the mass 33 SH cont_rjbution (medium blaél; line)
nominal mass 32 S signal (thick vg‘ray line) aﬁd ‘mass 45 HCS_' signal (thin gfay
line). An almost nonexistant contribution fron the mass 44 CS fragment is also
shown (thinnest black line). The fast signal that is not fit by the calculated
~curve is known to be from secondary channels from pow?:r dependence studies.
" Fig. 3-10. | |
CH, + SH Translational Energy Distributioﬁ (P(ET)). The curve rep;esents
the normalized product flux as a function of total cenvter’-of-m‘ass translational

energy for the C,H, + SH dissociation channel. The maximum Uanslaﬁonal
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energy of this P(E;) is 12 kgal/mol which is in excellent agreement with the

maximum thermodynamically possible translational energy for. dissociation to

SH and the HCCHCCH forms (cis and trans are .3 kcal/mol apart) of GH,.

- Fig. 3-11. |
m/e 45 Time-of-Flight Spectruni. The m/e 45 spectrum is shown for a 20°
laboratory angle. The possible origins of this signal are discussed in the text.
Here it is fit as the mass 45 (HCS) fragment. from an HCS +CH, channel
using _the P(E;) shown in Figure 3-12. The data (circles) and the total -
calculated signal (thick black line) are shown along wit}; the ‘maj;or mass 45

| HCS contribution (medium black liﬁe) and minor mass 58 GH,S (gray line)

and mass 82 C,H,S (thin black line) contributions.

Fig. 3-12;
'HCS + C;H,' Translational Energy Distribution (P(Ep)). ’fhe curve repreéents
the ﬁormaiized product flux as a function of total center-of-mass Uanslaﬁonai
"energy fof the possible HCS + QH3 dissociation channel. The maximufn
translational energy'of this P(E;) is =2 ~14 kca])mol would agree with an
assignment to HCS and internally excited probargyl radical. Aitematively, thi_s
P(E,) cbuld represent a 'slow' mass 58 (SCHCH diradical) + 26 (acetylene)
which is observed maihly at m/e 45 due to dissociative ionization of the mass
58 species. For this interpretation, the energy scale should be multiplied by
1.93. The apparent maximum translational energy would then be ~27 kcal/mol

which would be just over the the expected thermodynamic limit (~23 kcal/mol)
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for this assignment. | See the.text for details. |
Fig. 3-13.
| m/e 39 Time-of-Flight Spectrum. The m/e 39 spectrum .is shown for a 2(f
o laboratdry angle.- The data (circles) and the total calculated signa.l (thick black
~ line) are ;hown along with the fast m’z.iss_4'0C3H4' .si‘gn_al that appears mainly af
m/e 39 due to dissoéiative ionization (thi‘nvv blac;k line). " The slower Signal is fit-
as a combination of mass 39 (thick gray line) ahd méss 51 v(thin gray line) |
- products. See the text for an altemativé explanation of the slow signal.
 Fig. 3-14.
Am/e. 44 aﬁd.nﬂe' 40 Time-of-Flight Spectra. The ﬁﬂe 44 spectrum is showﬂ for
a 30° labofatory angle in the upper gfaph. The data (circles) and thevtotal
- calculated signal (thick ‘bla.lck line) are shown with contributions from the mjc‘lss
44 CS fragment from 4 CS + C,H, channel (thin black iine) aﬁﬁd from the 'mass -
45 HCS' fragment (gray lline). “The lower graph shows the m/e 40 ‘sbectr’uiri at
20°. Contribﬁtions from the mass 40 C;H, fragment (gray line) and possibly
leakage of mass 39 C,H, signal to m/e 40 (thin black line). The conjugate Cs»
.and C,H, fragments are assumed to have the 'P(Er) shown in Figure 3-15.
Fig. 3-15. | '
CS + C3'I_-I4 Ttaﬁslaﬁonal Energy Distribution (P(Er)). The curve represents. o
fhe_ normalizéd produc;,t flux as a function of iotal center-of-mass translational
' energgf for the CS + QH4-dis$dciatioh channel. The P(Er)'shows a peak at

8.75 kcal/mol and has maximum translational energy of 30 kcal/mol. This
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P(Er) would be in agreement with assignments of the C;H, fragment as

. vibrationally excited allene, methylacetylene, or cyclopropene..
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H2 Loss / Dimer Dissociation

Time-of-Flight Spectra
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H2 Loss / Dimer Dissociation

Translational Energy Distribution
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| CHS+CH,
Time-of-Flight Spectra
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Acetylene Loss (58+26)
Translational Energy Distribution
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Sulfur Atom Loss (52+32)
Translational Energy Distribution
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m/e 51 Time-of-Flight Spectrum, 20°
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m/e 33 Time-of-Flight Spectrum,

20°
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SH Loss (51+33) Translational
Energy Distribution
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m/e 45 Time-of-Flight Spectrum,
| 20°
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m/e 39 Time-of-Flight Spectrum,
20°
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CS+C.H,
Tilhe—of-Flight Spectra
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Mass 44 + Mass 40
Translational Energy Distribution
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