UC Riverside
UC Riverside Electronic Theses and Dissertations

Title

Pyrolysis of Organic Molecules Relevant to Combustion as Monitored by Photoionization
Time-of-Flight Mass Spectrometry

Permalink
https://escholarship.org/uc/item/0nz925fQ
Author

Weber, Kevin Howard

Publication Date
2010

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0nz925f6
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
RIVERSIDE

Pyrolysis of Organic Molecules Relevant to Combustion as Monitored
by Photoionization Time-of-Flight
Mass Spectrometry

A Dissertation submitted in partial satisfaction
of the requirements for the degree of

Doctor of Philosophy
in
Chemistry

by

Kevin Howard Weber

August 2010

Dissertation Committee:
Dr. Jingsong Zhang, Chairperson
Dr. Yadong Yin
Dr. Chris Bardeen



Copyright by
Kevin Howard Weber
2010



The Dissertation of Kevin Howard Weber is approved:

Committee Chairperson



ACKNOWLEDGEMENTS

Professor Jingsong Zhang
Professor Thomas Morton
Professor Eric Chronister
Jeff Lefler
Stan Sheldon
Dr. Dan Borchardt
Professor Fransisco Zaera
Professor Dave Bocian
Professor Leonard Mueller
Alan Nassimian
Wayne Kaylor
Daniel Adams
Dr. Kevin Simpson
Dr. David Hill
Dr. Rodney Jenks
Professor Yadong Yin
Professor Christopher Bardeen



DEDICATION

This work is dedicated to my family.

“In trust and believe that the time spent in this voyage...will produce ite/éuth in Natural
History; and it appears to me the doing what little one can to increagerteml stock of
knowledge is as respectable an object of life, as one can in any likeliheoe Su

Charles Darwin, Voyage of the Beagle, 1799

...some few may devote themselves to increasing the stores of knowtezlgantp of Science
must burn - Alere flammam.”

William Crookes, 1861

“It was a pleasure to burn.”

Ray Bradbury, Fahrenheit 451

FIAT LUX



ABSTRACT OF THE DISSERTATION

Pyrolysis of Organic Molecules Relevant to Combustion as Monitored
by Photoionization Time-of-Flight
Mass Spectrometry

by
Kevin Howard Weber
Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, August 2010
Dr. Jingsong Zhang, Chairperson

Flash pyrolysis coupled to molecular beam extraction and single photon
ionization time-of-flight mass spectrometry along with quantum cheroaalilations
are employed to study the pyrolysis of organic molecules with relevarmmenbustion
processes. Branching ratios for the molecular elimination and bond fission pathasy
achieved for ethyl and propyl iodides providing information about the nature of the
mechanism with relation to chemical structure. Similarly, the decompositi@series
of alkyl methyl ethers, whose anti-knock ability in commercial fuelstigbated to the
molecular elimination pathway, was investigated to examine the competitioimairyr
and subsequent homolyses at higher temperatures, which tend to promote “knock”. The
isomerization/decomposition of isoprene was looked at in detail with specrdiatto
the formation of soot precursor, most notably the “first ring” benzene. Cyclolemta
and methylcyclopentadiene are known to be highly sooting fuels and were pyrtdyz
study the initial steps in aromatization. The pyrolysis of cyclohexene pgyrdiene, and
1,4-cyclohexadiene were conducted to facilitate interpretation of aromatiation and
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to compare experimental results with well established mechanismsly Rimalpyrolysis

of methylcyclohexane, an important component some jet fuels, was studied.
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CHAPTER 1
INTRODUCTION

Radicals play an important role in variety of important processes such as
pyroylsis/combustion, atmospheric chemistry, polymerization, and biochgmistr
Unfortunately, they are typically highly reactive making their studfycdilt to achieve.
Traditional experimental methods have made great advances in uncovering knowledge
about such processes. Nevertheless, these methods are largely based on detection of
stable end products and interpretation of intermediate steps of the mechathism wi
complex kinetics modelin§® Typical experimental methods include flow reactors and
shock tubes, coupled with chromatographic and/or mass spectrometric detectecs. Dir
observation of intermediates using time-resolved spectroscopic methods hdsebeen t
focus of more recent investigatiohdnterpretation of the results from these methods is
difficult due to the interference of other species in the spectral rangedsnand the
complexity of the reaction mechanisms. Computational methods have greatly aided the
interpretation of these processes. Multi-reaction models can calculasntration
profiles if the rates of each reaction are known or can be estimated. S&sibivine
concentration profiles to each reaction can be calculated and in this manner the most
important reactions involved in the overall model can be elucidated. Accurate raolecul
geometries, heats of formation, and activation barriers can also be obtainedeooyn
assisting identification of the lowest energy pathways availabler{#ieélecompositions

generally follow the lowest energy pathways). Ideally, direct and ugaimié detection



of all reaction intermediates and products and their concentration distributiong in tim

would verify mechanistic details of the chemical reaction.

Characterization of the early stages of complex chemical reactionsulaaty of
the elusive “free” radical intermediates, can provide important infoom i
verification of current models and discovery of previously unconsidered reaction
mechanisms, thus providing a deeper understanding of the chemistry. In this work, the
limitations of traditional methods are overcome with the employment of a high-
temperature flash pyrolysis micro-reactor coupled with supersonic c@rlcthgacuum
ultraviolet (VUV) photoionization mass spectrometry (TOFRfSyhich enables the
direct identification of the initial reaction intermediates, including #utcal species. In
order to understand the initial steps of a reaction it must be halted in a short amount of
time with unequivocal detection of reactive intermediates and products. The approach
described herein quenches the reaction by utilizing a fast-flow microreeith a 20-
100us residence time, followed by a “freezing” out of the reactive intdiaes and
products in a molecular beam. This results in the effectual isolation of tla initi
intermediates in a supersonic jet without any subsequent reaction and effects the

decoupling of the key intermediates in the early time window from the rest ofitteore

The technique was originally developed by Chen and co-wdratshas been
demonstrated as a successful experimental approach. Briefly, the cheoiszl of

2



interest is “seeded” in an inert carrier gas which travels through a heul$2Gvhere the
thermal decomposition occurs. The heated mixture is then cooled upon expansion into a
vacuum chamber from which a molecular beam is extracted where the intéesiedia
products and unreacted parent molecules can then be detected. With sufficiemt iciluti
inert gas and short contact times, surface reactions can be minimized. A sodple m
indicates that under typical conditions <10% of the molecules (which are pyimaril

carrier gas) in the heater would suffer surface collisions while thphgese collisions
(~10-10° in the residence time) can efficiently transfer thermal energy inducing
unimolecular dissociation of the precursors and limited bimolecular reactioms, if t
residence time is sufficiently long. Further studies at higher samplentoataans can

be carried out to examine the bimolecular reactions.

The detection scheme in this work employs the usage of a time-of-flight mass
spectrometer (TOFMS) that affords the determination of the molecularahaach
species produced by ionizing a chemical species and determining its magstahia.
Most often mass spectrometers use a high-energy ionization source to maximize
efficiency with broad applicability. The large amounts of internal (vibratiane
electronic) energy installed in many resulting ions result in a signifemaount of
fragmentaion of the parent ion, thus complicating the spectra (while craating
“fingerprint”) and often the molecular ion in not the base peak or is not obvserved at all.

In this work a vacuum ultra-violet (VUV) photoionization (10.5 eV) ionization source



imparts significantly less internal energy to the resulting parent iontjudiaften the
base peak or only significant peak observed) and allows the identification cidreals
produced upon thermolysis. This photon energy is sufficient to detect most of the
polyatomic free radicals and all C3 and larger stable organic species watkctyion of
propane and butarfeThis approach is powerful for the direct observation of reactive
intermediates. This adventitious technique is herein employed to investigate the

mechanisms for a variety of hydrocarbon pyrolyses.

Many chemical reactions are known to proceed to a significant extenttby bot
radical and molecular processes. Such is the case in the thermal decomposikign of al
iodides and alkyl methyl ethers. It is known that the nature of the alkyl gndbpse
compounds can have tremendous influence on the degree of competition (branching
ratios) for these processes. The true extent of one pathway versus anothentites r
unclear due the transient radicals. In the first portion of this dissertagon t
decomposition of ethyl and the propyl iodides are investigated to charadteziaffect
on branching ratios as a consequence of possessing a primary versus sedaoyldary al
group. Next, the pyrolysis eért-amyl methyl ethers (TAME) and 2-methoxy
trimethylbutane (MTMB) is explored to produce additional information on electronic
versus field effects in thermolysis of tertiary methyl ethers. Thgserienents contribute
valuable insight to the fundamental knowledge of how these reactions proceed as a

function of the chemical structure and establish the reliabititlydility of this technique.



The remainder of this work studies the production of aromatic compounds
(particularly formation of the “first ring”), which are precursors of sfraim the
pyrolysis of small fuel-like hydrocarbons, specifically isogré®-methyl-1,3,-butadiene),
cyclohexene, 1,4-cyclohexadiene, cyclopentene, cyclopentadiene, and methyl-
cyclopentadiene. Combustion has been a great ally for humans since we stdiied ki
fires providing for heat in the cold, light in the dark, cooking of food, and more recently
electricity. For a fuel to be desirable it must be high intensity, transpsrtaid
controllable. Without question, the fossil fuels (hydrocarbons) best satiséy thes
descriptors. Today, with the incredible energy demands of the modern lifessglié, f
fuels are the dominant source of energy to fill our need. In 2004 hydrocarbon
combustion accounted for >80% of the total global energy budget and combustion will
undoubtedly continue to be an important source of energy in the future. Unfortunately,
the combustion of fossil fuels (hydrocarbons) produces pollution such as the greenhouse
gas carbon dioxide, nitrogen and sulfur oxides (leading to acid rain, smog, and ozone),
VOCs (volatile organic carbon compounds), and soot. The production of soot (and
particulate matter) is of particular concern for several reasons. Althooghan be
comprised of a complicated gallimaufry of compounds, at its core it is made up of
polyaromatic hydrocarbons (PAHSs) which can be carcinogemjclienzo (a) pyrene).
The role of high exposure to soot as a cause of cancer in adolescent chimney sweeps was
first noted by Percival Potts in London in 177Recently, studies in the 88 and UK

have found a range of carcinogenic PAH originating primarily from vehicle emsssi
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Additionally, soot can strongly absorb solar radiatiorit was proposed in 2000 that the
fastest way to fight global warming is the reduction of black carbon, methane, and othe
warming pollutants which can be more easily controlled than' €@ recent assessment

of the contribution to global warming from black carbon estimates the forcingd® be
watts per square meter, which is a larger contribution than methane and about B&f6 of t
from CO,."> Jacobson contends that up to 30% of global warming could be controlled if

you could control sodf Lastly, soot formation represents an inefficient use of the fuel.

Despite extensive study, the fundamental mechanisms and basic chemistry of
hydrocarbon combustion, even in the early stages of pyrolysis and oxidations, needs
further improvement**"** In this work the direct observation of initial reactive
intermediates is accomplished by the powerful experimental approach ahgaligsh
pyrolysis of the compound of interest with subsequent cooling and isolation in a
supersonic beam and analysis by VUV-MS, which can detect radicals and limits

fragmentation.
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CHAPTER 2
EXPERIMENTAL

Thermal decomposition experiments were accomplished in an apparatus that is
schematically depicted in Figure 2.1. It makes use of a Wiley-MacLgperlibhear
time-of-flight mass spectrometer (TOFMS, model D-651, R. M. Jordan Corhfmany
monitor pyrolysis products by means of 118.2 nm (10.48 eV) photoionization. A typical
resolution (m/Jm) obtained with this instrument has been assessed to be =r&Q0 at
1502 The main reactor chamber is pumped by a cryobaffled Varian VHS-6 diffusion
pump, and the mass spectrometer is differentially pumped by means of a turluenolec
pump. Pyrolyses were carried out by expanding the parent molecules, seeded in inert
carrier gas (typically helium or argon), via a heated silicon carbide tulmen(i.d., 2 mm
0.d., Carborundum Corp) through a pulsed valve into the photoionization region of the
mass spectrometer, similar to the apparatus described by Chen and cotvdters.
silicon carbide tubing was attached to a machinable piece of alumina by uselof a hig
temperature ceramic adhesive (Cotronics Corporation) that had a 2 mm i.d. channel to
allow the gas flow from the pulsed valve to the silicon carbide tube and was mounted to
the faceplate of a General Valve series 9 pulsed valve operating at 10 Huriiimaa
isolates the silicon carbide microreactor both thermally and electrigyriicah the pulsed
valve and was sandwiched between the faceplate and a MACOR disk to provide
additional stability. Two graphite electrodes (Poco Graphite) separateddmg were

press-fitted onto the silicon carbide tubing and were heated resistively. etlrecal



current was controlled by a Variac transformer and light bulbs hooked in pagalieti s

as current limiters.

Detector
o TOF Nass Spec.

. R+
Flazh pyvrolvsis (in - 20 ps) v
Pulred A\ gt tube. T+ 1400°¢ L
valve | L
/ slkimmer n
R- o UV
photolonization
// Supersonc
Heater jet
electrodes
10 Torr 107¢ Torr

Figure 2.1 Schematic of the photoionization time-of-flight mass spectromete

Nominal temperature was measured using a type C thermocouple (Omega)
wrapped around the outside of the heated portion of the silicon carbide nozzle. A
temperature calibration curve was plotted by inserting a thermocouple idsultte
ceramic adhesive into the heated nozzle and comparing that reagiag)(With the
nominal temperature {Imina), Which gives the empirical relationma (in °C) = 1.38
Thominai-200°C for Tomina™> 400°C. Heat dissipation by the inserted thermocouple may

have a greater cooling effect than the gas pulse, so the calibration egejaitesents

10



only a best approximation, and nominal temperatures reported are believedc¢arbgac
to within 50 K. With a near sonic velocity of the sample within the nozzle, thoeres
time in the heater has been estimated to be approximatesyw#ten helium is utilized as

the carrier gas.

The possibility of heterogeneous catalysis occurring on the SiC surface is a
complication with flash pyrolysis nozzles of this type. The issue was addresBeteby
Chen with the pyrolysis atbutyl nitrite;* (CHs)sCONO, which under homogeneous
pyrolysis conditions decomposestibutoxy radical and NO by cleavage of an O-N bond.
Heterogeneous decompositions can cleave the C-O bond prothicityd radical and
NO,, which were not observed. It was therefore concluded that the flash pyrolysis in the
system proceeds primarily as a homogeneous process. Neverthelessirthaton of
heterogeneous processes cannot be neglected. For example, it was discaveretitha
parameters are not reproduced accurately with this méttydolysis reactions with
well-defined activation energies were investigated with this expatahapparatus and
Arrhenius plots constructed in order to compare the experimental activatigiesrte
literature values. The result of this investigation revealed that the equeaily
obtained activation energies were ~60-70% of literature values. This resadléss a
indication that heterogeneous catalysis on the SiC surface is attertbhatagivation
energies. Due to these considerations, the flash pyrolysis technique desctitied i

body of work is best relied on for qualitative mechanistic insight.
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Short residence times in the microreactor are achieved by maintamgesy
sonic flow velocity throught the SiC tube. This occurs by supersonic injection ofghe ga
pulse into the tube. This expansion occurs upon increase in the cross-sectional area
between the pulsed valve faceplate orifice (0.75 mm) and the SiC tube (1.0 mm I. D.),
similar to the nozzle and test section of a supersonic wind ttinBepersonic flow
cannot be maintained throughtout the SiC tube, but a series of expansions and
compressions within the tube maintains an average flow velocity which is apprelyimat
sonic. With a high enough initial stagnation pressure, the pressure at the endiloé¢ the t
is sufficient to expand into the vacuum chamber as a supersonic jet. The cisticacter
of this expansion resemble those occurring from a capillary tube, with a laggle te
diameter ratio, which has been found to be similar to a sharp edged briflteough no
cross-sectional change occurs at the tube exit, wall friction or hedetraas achieve

flow choking in a capillary nozzle, and sonic velocity is reached just before thexitbe

Chen and coworketsested the difference in pulse width and velocity exiting
both the bare pulsed valve faceplate and with a pyrolysis nozzle attached and fieund litt
or no difference between the two above 1.0 atmosphere stagnation pressure. From these
results, they conclude that the flow velocity within the tube is near sonic, anohtiaetc
time within the tube can be easily estimated. The residence time withinrghgspsy

region of our source was estimated to be psa@ith helium as the carrier gas.
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After exiting from the heated zone the unreacted precursor and its pro@ucts ar
cooled by supersonic expansion. The degree of cooling increases with the rhass of t
carrier gas, and the rotational temperature of molecules in the je¢xgii@nsion has been
ascertained to be 50 K by Chen and coworkérsby means of multiphoton ionization
(the vibrational temperature tends to be higher). The present studies primiady ut

argon as the carrier gas providing the best balance of cooling and signsitygeality.

The use of a supersonic molecular beam coupled to flash pyrolysis in the
apparatus used in these experiments allows for the isolation of the moleculesuohder st
A molecular beam is extracted from an underexpanded, supersonic expansion from a
high-pressure reservoir to a low-pressure region. The same type of expansisn oc
from converging-diverging supersonic rocket nozzles. It is now possible totextrac
molecular beams from the core of expanding gas flow where the internal enatggt
of the molecules have been reduced to extremely low values without massive
condensation. The molecular populations are then concentrated into one or a few internal

states preparing coherent states excellent for characterization.

The unique properties of molecular beams are due to the supersonic nature of the

gas resulting in an underexpansion described below. The gas starts frongialaeg|
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small velocity, referred to as the stagnation stad{P The pressure gradient from the
initial pressure () to the background pressurg)Pauses acceleration of the gas flow
towards the source exit. This flow can be approximated as isentropic, neglecting
viscosity and heat conduction effects. The gas can reach the speed of sousdwatthe
exit when the ratio of the reservoir pressure to background presgiig bBcomes

greater than

G = [(y+1)/2]"(r/(v-1))

wherey is the ratio of heat capacities at constant pressure versus constant volidne, C
Alternatively, if the pressure ratio is less than this critical value |oeVill exit
subsonically, with an exit pressure nearly equalktovthout any further expansion. As

the ratio B/P, increases to be greater than G, the exit pressure becomes independent of

the background pressurg,, Bnd is therefore considered to be “underexpanded”.

There are two characteristic features of supersonic flow. Firstuipesisonic
expansion beyond the source exit as the flow area increases so does the velocity of the
flow, in contrast to subsonic flow. Second, supersonic flow cannot “sense” downstream
conditions due to the supersonic nature. Essentially, particles traveling imibe sa
direction with the same velocities do not interact with each other. Thus, the flew doe
not know the boundary conditions, yet it must adjust. Eventually, collisions with the
background gas in the expansion chamber will reduce the molecular beam flow to

subsonic velocity where in the flow can adjust to boundary conditions. This results in
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shock waves, very thin nonisentropic regions of large density, pressure, temparature,
velocity gradients. The location of these shock waves depends ogiRhprEssure ratio

and the nozzle diameter, d. The region where the first shock wave appears dawnstrea
from the nozzle is known as the “Mach disk”, and the region where the expansion creates

supersonic flow is called the “zone of silence”. The Mach disk is found at
Xm/d = (2/3)(R/P,)(1/2)

which is in units of nozzle diameters. To take advantage of the supersonic expansion
properties a “skimmer”, a hollow cone with a small aperture at the top, isipratiee

zone of silence to isolate the supersonic portion of the beam before it collaghees a
Mach disk. The skimmed portion of the beam is then directed into a differentially-
pumped high-vacuum region where it is not significantly affected by theylmackd gas

and continues to be supersonic.

Products of thermolysis were analyzed by time-of-flight mass spestinpmrhe
analytical mass spectrometer consists of a sample inlet, ion source nalggsraand
detector connected to a data system to collect and process the datadcoNésde
spectrometers cannot directly detect analyte molecules, only the iopineiparts and
therefore ionization methods are of particular importance tS M&alytes are ionized
by single photon ionization (SPI) with a wavelength of 118.2 nm (10.5 eV) by using the
third harmonic (355 nm) of a Nd:YAG laser with subsequent frequency tripling using a
low pressure (20-80 Torr) Xe cell which was directly attached to the vacuumbehd
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The vacuum ultraviolet (VUV) radiation was focused with a Migis through an

aperature into the photoionization zone while the fundamental 355 light diverged in that
region. The intensity of the VUV light was maximized by measuring the phataiomn
current of NO (IE=9.2 eV) in an ionization cell located at the back of the chamber. T

ion current produced was measured as a voltage drop between two electrodeiblizites
this cell, biased at 0 and +180 volts. The molecular beam the incipient VUV photon we
aligned and the signal optimized by adjusting the positions of the 355 nm focusirgy lense
and the molecular beam nozzle, and by varying the delay time from thegagiglulse

and the triggering of the laser so as to give a maximum intensity mass peakuwhiag

pure NO (Wz=30).

For ionization of a neutral molecule to occur an energy must be conferred that is
equal to or greater than the ionization energy (IE) for that moiety. ThelHined as
the minimum amount of energy which has to be absorbed by an atom or molecule in its
electronic and vibrational ground states by ejection of an elettrbtost molecules
have an IE in the range of 7-15 eV. The IE is the bare minimum energy required for
ionization of a molecule. Therefore, in the case of electron impact (El) timmizthe
classical ionization method for molecules having mass up to ~500 a.m.u., impacting
electrons need to carry at least this amount of energy. Of course, for ionizatioarto occ
the energy of the electron would have to be transferred quantitatively. Such ais event

of low probability and the ionization efficiency is close to zero when electronsonéywe
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the energy of the analyte IE. Every molecule has an ionization efficoemeg of its

own depending on the ionization cross section for that species. The ionization cross
section (given in units of square-meters) describes the area through whitipalecéng
particle must travel in order to effectively interact with the neutral ofeste When a
molecule is ionized some of the energy transferred is transformed into egtgyrees of
freedom, translational and rotational motion. Almost no molecular ions will be gesherat
in the vibrational ground state. The preponderance of the ions created are vibyationall
excited and many are above the dissociation energy level. Dissociati@mblecular

ion leads to the formation of fragment ions.

To maximize ionization efficiency electrons of 70-eV of kinetic enargy
commonly employeld in EI/MS. However, ionization with such as large amount of
energy is a “hard” ionization technique as analytes tend to be heavily fraghugan
ionization. The molecular peak is often barely visible (if detected at albhvdain
impair the identification of unknowns. This occurrence resulted in a demand for
fragmentation-minimized or “soft” ionization techniques such as single phot@aimm
(SPI). Photoionization is the photoinduced excitation of an electron into the ionization
continuum and the escape of the electron thus freed from the atomic or molecular core
When photoionization occurs by absorbing a single photon, the photon energy of the
applied intensity radiation must exceed the IE of the system. SPI with vacuam ultr

violet (VUV) radiation is capable of ionization of all organic compound classes,
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including the saturated alkanes C3 or greater with the exceptions of propane aed buta
The performance of VUV light sources is critical for SPI-MS as the gearass section
for SPI is only 2-20 megabarn (Mb ="#8n") which is approximately 1/100 of the
typical cross section for 70 eV EI MS. Despite this fact, the limits efctien (LODS)
for SPI MS are similar to those observed with El. This is the result of heavy
fragmentation under EI with the most intense ion carrying a low fraction ¢dtidgon
current. In contrast, SPI shifts the signal intensity to the molecular iknywk&h can
gain an order of magnitude in sensitivity. Additionally, high energy El hagea la
amount of chemical noise. Multiple analyte fragment ions are generatediyath E
mentioned previously, and bulk gas matrix (carrier gas, air, etc.) is iofipegdenergy
mass spectra are typically easier to interpret due to the enhancententnafiécular ion,
minimized fragmentations, and a fragmentation pattern dominated by a feagtehiatic
primary fragmentations carrying large portions of structural informatiarfortiinately,
disadvantages include decreased ionization efficiency corresponding to leasitVisy

and memory effects from slow desorption of sample from surfaces.

A potential limitation of this experimental apparatus is the occurrenceadfezie
impact ionization (EI) resulting from photoelectrons produced by scattehednitnin
the photoionization region. Efforts to eliminate this occurrence have beer’macte as
minimizing the 355 nm spot size and masking the photoionization region from the

diverging 355 nm beam. The efforts to completely eliminate the occurrente of E
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resulted in the loss of photoionization signal as well. A compromise was made to
minimize the EI contribution while retaining sufficient photoionization signal- 1,3

butadiene was used to estimate the extent of El in this system by comparistreviit
fragmentation pattern from Dannachend El was assessed to contributg 9 of the

overall signal.

The extent of multi-photon ionization (MPI) has also been considered. Large
fluencies are required to initiate a measurable MPI signal, thus due to the nibecofe
the 355 nm light in the photoionization region, multi-355 nm is not likely. MPE with 118
+ 355 nm photons (14.0 eV) is also unlikely due to the negligible fragmentation of the
room temperature spectrum of 1,3-butadierghotoionization fragmentation of 1,3-
butadiene at this energy would also result in the formaton of peaks sonthZs; 39,
and 53 peak&**with m/z 39 likely being the 100% ion peak (at 21.22 eVt 39 is
the molecular ion). All these factors indicate that the occurrence of El ahdr&P

minimized in this experimental regime.

Upon ionization by the ion source an applied potential (V) accelerates the ion
with charge = g into a field free drift region. The kinetic energy imparted tionhs
equal to the product of the voltage and the charge, K.E. = qV = (¥®vhere m is
mass and v is velocity). Inthe case of SPI, the charge will be unity, thatigdo s
positive charge with the magnitude of an electron. Considering that the vedocity i
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simply the distance (d) traveled per unit of time (t), it is easy to convesighal ion
current with time-of-flight ¢ information to the mass of the ion, a Jacobian
transformation. Including a small delay time delayféctor due to the time accelerating
before entering the field free drift tube the observed time domain can besegiey the

1/2

simple equation, t 5 & ty =am™“. lon current was monitored by a micro-channel plate

detector and data was averaged with a Textronix TDS3032 digital oscilloscope
(300MHz) averaged over 512 laser shots. The sampling rate was 10 Hz. and the

molecular beam pulse width was 20
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CHAPTER 3

ALKYL IODIDE PYROLYSIS

INTRODUCTION

The thermal decomposition of ethyl and propyl iodides, along with select
isotopomers, up to 1300 K was performed by flash pyrolysis with a 2@slithe scale.
The pyrolysis was followed by supersonic expansion to isolate the reactiireadiates
and initial products, and detection was accomplished by vacuum ultraviolet single photon
ionization time-of-flight mass spectrometry (VUV-SPI-TOFMS). Pineducts
monitored, such as GHCHgl, C;Hs, CHg, HI, 1, CsH7, C3Hg, and }, provide for the
simultaneous and direct observation of molecular elimination and bond fission pathways
in ethyl and propyl iodides. In the pyrolysis of ethyl iodide, both C-1 bond fission and Hl
molecular elimination pathways are competitive at the elevated temm@ssavith C-I
bond fission being preferred; at temperatazrd900 K, the ethyl radical products further
dissociate to ethene + H atoms. In the pyrolysispobpyl iodide, both HI molecular
elimination and C-I bond fission are observed and the molecular elimination clannel i
more important at all the elevated temperatures-gimepyl radicals produced in the C-I
fission channel undergo further decomposition to propene + H at temperagies<.
In contrast, bond fission is found to dominaterf@opyl iodide pyrolysis; at
temperatures 950 K then-propyl radicals produced decompose into methyl radical +

ethene and propene + H atom. Isotopomer experiments characterize thefexiefaice
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reactions and verify that the HI molecular eliminations in ethyl and propyesdi

proceed by a 1,2 elimination mechanism as opposed to a 1,1 elimination.

The dehydrohalogenation of alkyl halides have been extensively stadigdre
initiated by either homolytic fission of the carbon-halogen bond or 1,2 intramolecular
elimination €;). Although alkyl fluorides are resistant to dehydrohalogenation, alkyl
chlorides and bromides form alkene and hydrogen halide cleanly over intermediate
temperatures, predominately by E;2a process that continues to attract theoretical
interest™ Alkyl iodide pyrolysis has proven more complicated than for other alkyl
halides, long being known to produce a melange of alkene, alkane, and moleculat iodine.
The saturated compound and iodine are formed by the fast reaction of hydrogen iodide
and radicals with alkyl halide. The weaker C-1 bond results in greater dtorpet

between bond fission anginitiation events.

1,2-€

A 4

R,C=CR, + HI

[=>

R,CHCIR, 2]

R,CHCeR, + I

¥

bond fission

Scheme 3.1 Schematic depicting initiation events in the pyraysikkyl halides.
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The first quantitative kinetic measurements for the thermal decompositidkybf al
iodides were made by Ogg and JonesgopropyF andn-propyl” iodides. Iso-propyl
iodide was found to obey first order kinetics, and although both radical and molecular
mechanisms were postulated, at that time the relative contributions of bond fission and
molecular elimination were not accessible. However, in a subsequent study of bond
dissociation energies for organic iodides, Butler and Pdlamgrpreted their results by
considering both bond fission and molecular elimination pathways as partially rate
determining. In contrast igo-propyl iodide,n-propyl iodide decomposed with a rate
law order of 1.5 (rate = k[C}€H,CHl][1] > indicating the importance of radical
chemistry. Later, Benson and co-worKérsstudied extensively the pyrolysis of alkyl
iodides and believed the rate-determining step to be formation of hydrogen iodide. The
rate law fom-propyl iodide being of order 1.5 was then understood as HI formation
resulting from secondary hydrogen abstraction by an iodine atom following bond fission.
They confirmed thaiso-propyl iodide has a first order rate fHvand undergoes
elimination faster than iodine atom attack. The change in mechanism is exphaine
terms of (1) a stronger primary C-H bond, rendering H abstraction lelesdadi (2)
attenuation of the activation energy for the molecular elimination. Although a true
carbocation does not form in the gas phase, a strong correlation between hetasolyti
energies and activation energies for 4,Bas been demonstrat€dThe semi-ion
transition stat&**is highly polar and carbocation character is stabilized by polarizable
alkyl groups, in a situation akin to the regioselectivity observed in (the eengastion)

Markovnikov addition to alkenes. This is illustrated by dh€H; effect?® where it was
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documented that each additionaCHs results in an ~25 + 4 kJ/mol reduction of
activation energy for dehydrohalogenation. Ethyl iodide also decomposediagdora
first order rate law® Benson et al. believed that, although “surprising” due to being a
primary alkyl halide, the pyrolysis of ethyl iodide was completely ctarsisvith the rate
determining step being molecular elimination, yet they did not exclude thibiptyssf

up to 20% radical dispropriation. It was argued at this time that the pyrolyalisybf
iodides proceeded primarily by either one of two mechanisms, a radical nssshani
associated with primary iodides (except ethyl iodide), okl @ssociated with secondary

and tertiary iodides.

Yang and Conw&y attempted first to separate measurements of bond fission and
molecular elimination rates for alkyl halides with ethyl iodide usingueta flow
technique over the temperature range of 660 — 794 K. They argued that ethyl radicals
created immediately reacted with toluene in the flow system and by monitiogeing t
production of ethene and ethane, both rates were elucidated. Their work indicated
approximately 70% of the reaction proceeded via bond fission over this temperature
range. The work was considered inconcluéf\and it was suggested that the bond
fission pathway may contribute only ~2-20%. In comparison, more recently botleHerz
and Frank® and Mertens et. dlconsidered the molecular elimination pathway to be
negligible. The pyrolysis of ethyl iodide was recently studied by Kumaraff ewith a

shock tube coupled to atomic resonance absorption spectrometry (ARAS), directly
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observing H atoms over the temperature range of 1080-2020 K and iodine atoms over the
temperature range of 946-2046 K. Using the directly measured bond fission rates
analyzed with RRKM statistical theory and available experimental thetgp

demonstrated that the reaction proceeds predominantly via the radical mmc{@uhis

fission) with a branching fraction of 0.87 + 0.11 in relation to molecular elimination. The
resulting ethyl radical is unstable (in fact, this reaction has been usédl @sm source)

and rapidly decomposes to ethene and H atom. The most recent study on the pyrolysis of
ethyl iodide was by Miyoshi et. &t,also using a shock tube coupled to ARAS detection

of | atoms in the temperature range of 950-1400 K with analysis by RRKMistdtist

theory. They reported a C-I fission branching fraction of 0.92 £ 0.06, in good agreement

with that by Kumaran et. &l.

King,'® under Benson, reported the very low pressure pyrolysis (VLPR) for
propyl andiso-propyl iodides in 1971. In the VLPP experimental regimenthbeopyl
radicals rapidly decompose to form methyl radical and ethene. By monitbemgtes
of propene and ethene formation kinetic parameters for botf ariel C-1 bond fission
were elucidated fan-propyl iodide, while the decomposition isb-propyl iodide was
considered to proceed completely by &,2The decomposition of C3 and C4 alkyl
iodides have been recently examined by Miyoshi &tusing a shock tube coupled to
ARAS detection of | atoms over the temperature range of 950-1400 K. They determi

the C-I bond fission branching ratios of 0.6-0.9 for primary iodides, 0.2-0.4 for secondary

26



iodides, and <0.05 for tertiary iodides. Specificallyriggropyl iodide, the C-I fission
branching fraction is 0.74 £ 0.05 and has no temperature dependence, while the value for
iso-propyl iodide is in the range of 0.3-0.4, with a slight temperature dependence. Their
results were consistent with the semi ion-pair model for the moleculanation

transition staté®

Despite the large amount of work on the pyrolysis of alkyl iodides, direct
experimental observation of both the molecular elimination and bond fission pathways
has not been reported. The experimental approach of flash pyrolysis coupled to
supersonic expansion and vacuum ultraviolet (VUV) photoionization mass spectrometry
provides short reaction times to examine the initial steps of pyrolysis, supgecsoting
to minimize recombination and reactions of products and intermediates, and m¢himiz
ion fragmentation due to the low ionization photon enétd§.More importantly, the
bond fission and molecular elimination pathways in the initial stage of pyralsibe
directly observedimultaneously in this work, with minimum complication from

subsequent reactions

EXPERIMENTAL
Ethyl iodide (99+%) was obtained from Aldriaipropyl iodide (99+%) and
propyl iodide (98+%) were from Acros Organics. Perdueterated ethyl iodid&j39as

obtained from Jansen Chimica and the mixed isotopomers of ethyl iodide (98+%) and
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propyl iodide (99+%) from CDN Isotopes. The compounds studied were used without
further purification and diluted to 1-4% in argon or helium by bubbling the noble carrier
gas through the liquid at ethylene glycol/dry ice or ice/water batpestures. The

backing pressure of the gas mixture was maintained at ~ 1.5 atm for all exygerime

RESULTS

(1) Ethyl 1odide (CHsCHal, CH3CD5l, CDsCH,l, and CDsCD3l)

Stack plots of mass spectra for the low temperature pyrolysis S KH (2%)
in argon carrier gas and (12%) in helium, are presented in Figures 3.1 (a) and 3.1 (b),
respectively. Mass spectra for the high temperature pyrolysis g£id3Hin argon and
helium (at the same concentrations) are presented in Figures 3.2 (a) and 3.2 (b). The
mass spectra for the pyrolysis of isotopomers; @bl (2%) in argon, CRCHal (4%) in
helium, and CRCD.l (2%) in argon, are shown in Figure 3.3 (a), (b), and (c),
respectively. In Figure 3.1 (a), the spectral traces have heater &tunpgiof 295, 645,
770, 790, 810, and 840 K. At room temperature a large pealk 466 due to molecular
ion of the parent &s! [ionization energy (IE) = 9.33 €Y] is observed, with a small
photofragment peak at/e 29. The reported appearance energy (AE) of theOEhL
photoionization fragment from8sl is 10.44 e\?° close to the VUV photon energy. At
a temperature of 645 K an attenuation of signal is caused by a drop in number density
upon heating. As the temperature is increased to 770, 790, 810, and 840 K, p#aks at

127 and 128 corresponding to iodine atom and hydrogen iodide are clearly discernible
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and drastically rise in intensity. Since the appearance enerfatofie 127 from GHsl
is 14.8 eV?’ this peak is therefore a result of ionization of iodine atom (IE = 10.45 eV)
produced by homolytic cleavage of the C-I bond gfi€Lwith a bond energy of ~52.0
kcal/mol?”* The AE for HI is 11.7 eV? too large to be observed as a photofragment
in this system, and therefore the peakv& 128 is also due to photoionization of neutral

HI created by thermolysis of;8sl. The peak atr/e 29 increases in

] /e 127
— Q40K ‘ m/e 128
> 810K fJJLlL
§ | m/e 29 790K
-~ 770K
=
(@)
O —]
L 840K | M l
S | 810K | ) ]
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o 790K | L
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1 295K | .
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Figure 3.1 (a) Stack plot of mass spectra for pyrolysis Gf0EHA (2%) in argon with

internal nozzle temperatures from room temperature (295K) to 840K.
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intensity over this temperature region. Direct photoionization of the neutraladmual
product in the C-I fission is readily accomplished in this system (IE = 8.1%;eVv

however, GHs" fragment due to photoionization fragmentation g€l could also

. m/e 29
] 860K
830K

Signal (500mV/div)
|

| 610K ||

i 295K [

T T T T T I T I T I T
0 200 40 60 8O 100 120 140 160

Figure 3.1 (b) Stack plot of mass spectra for pyrolysis o§CEHHI (12%) in helium with
internal nozzle temperatures from room temperature (295K) to 860K. The masa spect

are shifted for clarity.
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contribute to then/e 29 signal. An additional consideration is that ethyl radicals rapidly
decompos¥ into H atom (not detectable in this apparatus) and ethene which has an IE =
10.514 eV slightly higher than the ionization photon energy and not detectable in this
modest temperature range. Figure 3.1 (b) is fosGHHI (12%) in helium at heater
temperatures of 295, 610, 755, 795, 830, and 860 K. At a temperature of 295 K, a strong
molecular ion peak is detectednale 156 along with a small G4&€H," photofragment at
m/e 29 having a similar relative intensity to the molecular ion observed in the argon
entrained sample (Figure 3.1 (a)). As the nozzle is heated to an internakiemspef

610 K, the molecular ion peakmate 156 decreases to less than half of the room
temperature intensity with concomitant growth of tie 29 peak. The intensity of the
m/e 29 peak is nearly equal to thee 156 peak in the helium data. In contrast, for the
corresponding trace in argon carrier ga& 29 is small. At the temperature of 755 K,

the parent peakye 156 remains approximately the same intensity as in the 610 K trace
while the peak atve 29 surpasses tmae 156 peak. Small peaksrate 127 and 128 are
now discernible, correlating to thermally produced | atom and HI. The peak 828 is
approximately two thirds the intensity wfe 127. As the nozzle is further heated to
temperatures of 795, 830, and 860 K, the intensity afiteel56 parent decreases

slightly. The peak atVe 29, now comprised of the photoionization fragment of the hot
parent molecule and thermally produced ethyl radical, is found to slightly secvdale

the peaks atve 127 and 128 exhibit significant increases in intensity. The pealeat

128 experiences a great increase in intensity and at 860 K it is slightlytlzeigehe

peak ai/e 127.
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Figure 3.2 (a) presents the pyrolysis of{CHal (2%) in argon at higher heater
temperatures of 865, 925, 995, 1020, and 1115 K. At 865 K the molecular ion decreases
in intensity while the signal a/e 29, 127, and 128 all increase. The relative intensity of
m/e 128 compared to 127 is observed to be approximately equal. As the temperature is
raised to 925, 995, 1020, and then 1115 K, the parent peak continues to decrease, as does

them/e 29 signal. At these higher temperatures the parent compound rapidly

ni/e 28 m/e 127
s lm/e 128
| 1095k t
1020 115K
§ 925K 99519{25K
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Figure 3.2 (a) Stack plot of mass spectra for pyrolysis gf0EHA (2%) in argon with

internal nozzle temperatures from 865 K to 1115 K.
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decomposes, and at temperatures of 1020 K or greater, none survives. As the parent
compound is pyrolyzed, the contribution of photoionization fragmentatiove#t9 is
reduced, but that due to thermolysis ethyl products should increase. However, as
mentioned previously, ethyl radicals rapidly decompose and at higher temge Ietier

m/e 29 is detected. Over this temperature range the intensityedf28 relative ton/e

127 steadily decreases, and peakwe/a28 and 254 appear corresponding to products
ethene and molecular iodine, respectively. Although the IE for ethene isyshgjiter

than the

photoionization energy, at these high temperatures cooling becomes less conaplete a
enough internal energy content may remain for a "warm" molecule of ethene to be

detected.

Figure 3.2 (b) is for CECHal (12%) in helium at higher temperatures of 930, 975,
1030, 1090, 1140, and 1210 K. At 930 K the intensityvaf29 is approaching double
that of the parent compoundrate 156. The intensities afve 127 and 128 are now both
approximately one third of th&/e 156 molecular ion. A small new peaknale 254 is
detected, resulting from the formation of molecular iodineWith a nozzle
temperature of 975 K the intensity of parewe 156 decreases slightly, th@ée 29 peak
remains of similar intensity, and the peakea 127 and 128 display drastic increase in

intensity. In the 1030 K trace both the pamare 156 ion and theve 29 peak noticeably
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decreases in intensity. A small peakrét 28, GH,, is now clearly observed. The peak
atm/e 128 at this temperature has increased to almost twice the péect86 intensity
with thenve 127 peak being approximately 90% of thie 128 signal. The molecular

iodine peak atv/e 254 once again more than doubles intensity in comparison to the
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Figure 3.2 (b) Stack plot of mass spectra for prolysis ofGEHI (12%) in helium with
internal nozzle temperatures from 930 K to 1210 K. The mass spectra are shifted for

clarity.
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previous trace. As the nozzle is heated to 1090 and then 1140 K, the pa&ks>&
andnve 29 continue to decrease in intensity while the peakgea28, me 127,m/e 128,
andnm/e 254 all increase. Although tinde 128 signal is increasing, over this
temperature range the signal relativerte 127 is decreasing. At the highest temperature
1210 K the parentye 156 and ethytwe 29 are barely detectable, while a smalH¢

signal atm/e 28 and a significant peak atm/e 254 are observable. The peaksa 127

and 128 are the dominant peaks and the relative intensitfed28 compared tave 127

continues to decrease as the temperature increases.

Figure 3.3 (a) shows the pyrolysis of partially dueterated isotopomgZH
(4%) in helium at temperatures of 300, 710, 815, 910, and 990 K. At room temperature,
a strong molecular ion is observedvde 158, accompanied by a minor g&D,"
photofragment atve 31. As 710K, then/e 31 peak increases relative to the pamalet
158 peak, indicating production of @ED, from thermolysis of CECD,l. At 815 K the
m/e 31 peak is slightly more intense as peakw/atl27 and 128 are clearly discernible.
With a nozzle temperature of 910 K the intensity of the molecular ion is drasticall
diminished with concomitant growth of | and HI peakséd 127 and 128 that display
comparable intensities. Tin@e peak at 31 is less intense and a smalkbk atwe 254
is observed. At the highest temperature 990 K, the molecular ion peékld8 is
hardly detectable, while the peaksrée 127 and 128 continue to intensify, still having

similar intensities. The peakme 31 is now small and the peakmale 254 is observed
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with similar intensity to the previous trace. Also, at 990rke 30 peak appears,

indicating decomposition of the GED, radical to CHD..
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Figure 3.3 (a) Mass spectra for the pyrolysis ogCBLI (4%) in helium with heater

temperatures of 300, 710, 815, 910, and 990 K.

The pyrolysis of CBCHzl (2%) in argon at temperatures 295, 700, 850, 1000 and

1200 K is presented in Figure 33 (b). The molecular ion is observe/d 259 at room
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temperature. At 700 K a GDOH, peak atne 32 is observed with approximately one

third the intensity of the
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Figure 3.3 (b) Mass spectra for the pyrolysis o&ECByl (2%) in argon with heater

temperatures of 295, 700, 850, 1000, and 1200 K.

molecular ion atn/e 159. Small peaks at'e 127 and 129 are barely detected. At 850 K

the parent peak at/e 159 is significantly less intense, as is thie 32 peak.m/e 127 and
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129 are the most intense peaks in this trace, w129 (DI) being approximately two
thirds ofm/e 127 (I). A small peak atve 128 is also observed. At 1000 K the parent
peak is no longer detected and a small pea&@B0, corresponding to GOH, from
thermal decomposition of the GOH; radical, is detected. Intense peaksva127 and
m/e 129 dominate this spectral trace witfe 129 having approximately half the intensity
of m/e 127, along with a smative 128 peak. At 1200 K theve 127 peak continues to
increase while thave 129 peak remains essentially the same intensity as observed at
1000 K. Again a smath/e 128 peak is detected while the peak of,CB, atm/e 30

exhibits modest growth.

Figure 3.3 (c) shows the mass spectra ofCIDI (2%) in argon at nozzle
temperatures of 300, 710, 815, 915, and 990 K. At room temperature a large molecular
ion peak at/e 161 is the only discernible peak. At 710 K the molecular ion is slightly
diminished, and a peak is observednst 34, along with small peaks iae 127 and 128.
While them/e 127 peak is | atom from homolysis, the peakvat128 correlates to HI.

Since no hydrogen is present in the fully dueterated sample (as the parespecassn

at room temperature indicates no impurity), it should come from surface exchange
reactions of DI with the silicon carbide microreactor. Tie 34 peak is largely due to

the C3CD, radical, demonstrating again the production of ethyl radicals in ethyl iodide
pyrolysis. At 815 K the peak ate 34 continues growth as the signalsna 127 and

129 drastically increase. The intensityn@é 127 for the | atom is approximately half of
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the signal at/e 129, DI. A small peak atve 128 is still present and a peaknae 254
emerges corresponding to the molecularAt temperatures 915 and then 990 K the
peaks at/e 34 and 161 quickly reduce in intensity and become barely detectable. A
new peak arises ate 32, indicating the decomposition of gCD, to CD,CD,, and the

m/e 127 and 129 peak continue to increase while maintaining the samneergitensities.

_ mie 127
| o tm/e 129
_ 915K JLA l
_ 815K i
—_
2 710K
3
2 m/f - 1 300K
g 2
a ] | N 990K
| | i “, 815K
1 710K/ l A
— 295Klr L
i m/e 34
| | t | i | | I I
0 50 100 150 200 250

m/e

Figure 3.3 (c) Mass spectra for the pyrolysis o5CD;l with heater temperatures from

295 K to 990 K.
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The peak at/e 128 is still present, although, the relative intensity indicates the
contribution of surface exchanged hydrogen iodide is minimal. The ped& 254 is

found to steadily increase in intensity.

(2) n-Propy! lodide (CH3CH,CHl and CD3;CD,CH2l)

Mass spectra for pyrolysis ofpropyl iodide (1%) in argon at temperatures 295,
760, 845, 975, and 1065 K are presented in Figure 3.4 (a). The spectrum at 295 K has a
molecular ion peak at/e 170 (IE = 9.26 eV}f and a photoionization fragment
CHsCH,CH," atm/e 43 (AE = 9.8 eVJ? At 760 K the parent peak decreases slightly
with concomitant growth of theve 43 peak. At a nozzle temperature of 845 K the
relative intensities ofi/e 170 and 43 remain unchanged. A new peak/@tl27 (I atom)
is now clearly visible, while a small peakrafe 128 (HI) is hardly detectable. At 975 K
both the intensities afVe 170 and 43 remain unchanged, while the peak$eat27 and
128 grow dramatically. As His not a reported photoionization fragmenhopropyl
iodide, thenve 128 peak is the HI product of thermal decomposition. A smialP54
peak is detected as molecular iodine. At the high temperature 1065 K, the pa&ks at
170 and 43 slightly attenuate, while tinée 127 and 128 peaks increase over three-fold
from the 975 K data. New peaksmae 42,n/e 28, and 15 are detected correlating to
propene, ethene, and methyl radical. The appearance of these peaks is contfistent wi
decomposition of tha-propyl radical to ethene + methyl radical, which is known to

occur in the conditions of very low pressure pyrolysis (VLPR}-pfopyl iodide™® and
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propene + H atom. The/e 254 peak of ;lis now over twice the intensity of the
previous trace. A new peakrate 142 is observed corresponding to methyl iodide;ICH
At higher temperatures (not depicted here) the relative amounte @27 and 128

remain nearly constant. Peaksré 15 andn/e 42 are still detected as well as a small
peak aive 28. The lack of a peak ate 43 indicates the complete decomposition of the
n-propyl radicals and at these higher temperatures whilevé254 peak attenuates as |

undergoes secondary pyrolysis.
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Figure 3.4 (a) Mass spectra for the pyrolysia-propyl iodide (1% in Ar) with heater

temperatures from 295 K to 1065 K.
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Figure 3.4 (b) displays the mass spectra of the pyrolysis of the isotopomer
CD3sCD.CHzl (1%) in argon at temperatures of 295, 720, 825, 965, and 1065 K. At 295
K the molecular ion peak/e 175 is approximately 70% the intensity of the
CDsCD.CH;" photoionization fragment at'e 48. The relative intensity of the parent ion
to photofragment ion is similar to that observed in the undeuterated sample. At 720 K
both peaks observed in the room temperature sample are found to be similar in intensity
At 825 K the intensity ofn/e 48 is greater relative to the molecular ion peak/atl75.

Also, a peak at/e 127, approximately 40% the size of the parent peak is detected. Upon
heating to 885 K the relative intensitiesnde 175, the molecular ion, amde 48 remain
the same while the peak intensitynale 127 grows many times to an intensity
comparable tor/e 48. Small peaks at'e 18, 30, 46, and 254 are now barely detectable
and correspond to GPDCD,CH,, CD;CDCH;,, and §, respectively. At 965 K both the
parent peak atve 175 and the-propyl peak atr/e 48 are greatly reduced, while thiée
127 peak grows and a peaknae 129, DI, arises to approximately 10% of thie 127
intensity. The peaks at/e 18, 30, 46, and 254 are more prominent as the peale 48
decreases in intensity. At this temperature, a small pealkedu5 is observed
corresponding to C§. At the highest temperature 1065 K, the parent peakest 75

and then-propyl peak atr/e 48 drastically diminish. The peaksmae 127 and 129
continue to increase with the same relative intensity to each other, whileake atn/e

18, 30, 46, 145, and 254 exhibit modest growths. The peak's 48, 30, and 129 are

more readily detected for the isotopomer than in the undeuterated pyrolysis. A peak a
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m/e 128 is not observable which indicates a negligible contribution from the surface

hydrogen exchange reaction of DI produced in the gas phase.
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Figure 3.4 (b) Mass spectra for pyrolysis of the isotopomeCORCH,I.

(3) iso-Propyl lodide (CH3CHICH3 and CD3CHICD3)

The mass spectra of the pyrolysigsoFpropyl iodide (2%) in argon at

temperatures of 295, 740, 840, 960, and 1065 K are presented in Figure 3.5 (a). The
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parent peakyve 170 (IE = 9.18eV]? has approximately half the intensity of the

photoionization fragment peak mte 43, CHCHCH;" (AE = 9.70 eV)*? At 740 K the
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Figure 3.5 (a) Mass spectra for the pyrolysissofpropyl iodide with heater

temperatures from 295 K to 1065 K.

m/e = 43 peak increases relative to the parent peak, and a new paakia8 appears
corresponding to HI. At 840 K the signalgwie 170 andn/e 43 remain essentially

unchanged while the peakrate 128 increases over an order of magnitude in intensity.
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A small peak atve 127, | atom, about 10% the intensity of the HI peak/atl28 is

seen, and peaks mie 42 and 254 are visible correlating to product propene (IE =%.73)
and b, respectively. At 960 K theve 170 and 43 peaks reduce in intensity as the peaks
atm/e 42 and 254 slightly increase. At the same timentecl28 peak more than

doubles while thewe 127 peak becomes ~ 50% of th&e 128 peak intensity. At 1065

K them/e 170 molecular ion becomes very small. Tile 43 peak is also reduced in
intensity as theve 42 peak grows, becoming equal in intensitynte 43. Atm/e 127,

128, and 254 the peaks continue to intensify. As found in the pyrolysipropyl

iodide, at higher temperatures the parent peakeal 70 and then/e 43 peak are no

longer detectable, and the peaknét 128 and 254 steadily decrease.

The mass spectra for the pyrolysis of{CBIICD; (2%) in argon at temperatures
of 295, 720, 825, 920, 980, and 1075 K are shown in Figure 3.5 (b). At room
temperature, the molecular ionrafe 176 is a little more than half the size of the
photofragment, CBCHCD;", atm/e 49, similar to the unlabelled compound. At 720 K
thenv/e 49 peak increases relative to thie 176 peak, and small new peaksrét 127
and 129 are observed withie 129 being approximately double the intensityndé 127.

At 825 K the molecular ion signal decreases significantlyntleel9 peak is of similar
relative size in comparison t/e 176, and new peaks @te 47 (isotopomer of propene,
CD3sCHCD,) and 254 () appear. Theve 129 peak, DI, is now the largest one, growing

by more than one order of magnitude, wittwa 127 peak approximately a third of the
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m/e 129 peak. As the temperatures of 920, 980, and 1075 K the moleculanmen at
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Figure 3.5 (b) Mass spectra for the pyrolysis of isotopomeCEIBCD; with heater

temperatures from 295 K to 1075 K.

176 and the peak at'e 49 disappear as the peaksrét 47, 127, and 129 increase in

intensity. Over this temperature range a smalebk atm/e 254 is detected.
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DISCUSSION

Comparison of Figures 3.1 (a) and 3.1 (b) illustrates the effects of cases m
this experimental technique that has been described previSushe carrier gas affects
the photoionization mass spectra in two ways: (1) the efficiency of samplegeaal
(2) the residence time in the microreactor. Photoionization fragmentatiemsisige to
the internal energy content of the parent molecules, especially when the AEs of the
fragments are close to the photon energy, and here ethyl iodide is such an example
(C.Hs" AE=10.44 eV° vs. 10.49 eV photon energy). Although helium will cool a room
temperature sample to <50 K rotational temperattaéter pyrolysis the cooling is less
efficient from the high temperature. The heavier argon gas provides for fiiciene
cooling which thereby results in the suppression of photoionization fragmentation. This
effect is evident when comparing the relative signatg/@®9 in Figure 3.1 (a) and 3.1
(b), which are due to both photoionization fragmentationzbfsCand photoionization of
neutral GHs from GHsl thermolysis. For both the argon and helium entrained samples a
photoionization fragment at/e 29 is hardly detectable when the samples are expanded
and cooled from the room temperature nozzle. As heat is applied the extent of
photoionization fragmentation remains minimal in the argon sample, and the growth of
then/e 29 peak is modest and seems to be mainly due to,t ermolysis. In
contrast, in helium (with also highegldsl concentration) the photofragment peaknégt
29 has significant increases, being almost equal in intensity to the parenieadVl at
a nozzle temperature of only 610 K. In both samples growth of/#29 peak is

observed concomitant with the growthme 127 and 128 as the nozzle is heated up to ~
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860 K. It may be that the amount of photoionization fragmentation over the 600-860 K
temperature range is fairly consistent. If this is the case, thd giaermally

produced ethyl radicals that accompany the detected iodine atoms can be appdoxima
by subtracting the intensity of ti@e 29 peak at the heater temperature of ~600 to 650 K
from them/e 29 signal at higher temperatures. One must also consider that the ethyl
radical readily decomposesH = 34.8 kcal mot)?” to H atom (not detectable in this
study) and ethene (not detected at lower temperatures). The effedivénesling is

also evident by comparing the peak intensitiawatl27 and 128 in Figures 1a and 1b.
Note that the intensity af/e 128 relative to 127 is smaller in the argon entrained sample
in comparison to that in helium. | atom and HI have similar ionization energies (IE
=10.43 eV*for | and 10.38 ef? for HI); however, the sensitivities for their
photoionization detection at higher temperatures in these pyrolysis expericoeld be
different due to the different dependence on the internal energies. | abtbmstéional

and vibrational energy to be cooled by supersonic expansion and are essentighlyiralwa
the ground state in both the argon and helium beams, while the ionization efficiency of
HI is found to be sensitive to the extent of cooling of the internal energy. Helium
provides less cooling for HI which results in a slightly more ionization in congparis

with 1 atom whose ionization is not affected by cooling. In contrast, argon provides a
greater degree of cooling for HI which results in a smaller peak with resplestiom

than in helium. The other factor affecting the sensitivity of | and HI deteidithe
residence time in the microreactor. The result of increased residerds grident

when comparing Figures 3.1 (a) and 3.1 (b). Note the intengitfedf27 is less than
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10% the parent Mpeak anve 156 at 860 K in the helium, while in the argon data at 840
K them/e 127 peak is greater than half thé Mtensity. The greater cooling ability of
argon and the sensitivity for detection of Hhale 128 has been discussed above. From
this one would expect less intense signalg/atl27 and 128 in argon. The velocity
through the microreactor is approximately sonic and therefore argon has a longer
residence time, roughly three times that of helium. As a result, it is plads#ilthe
difference is due to longer reaction time and more heat transferred to thesisysample

in the flow of a heavier Ar carrier gas (with the same heat capacitgr l&n summary,
the mass spectra in argon carrier gas are less sensitive to thaliatergy and are thus

used for subsequent analysis and discussion.

The pyrolysis of ethyl iodide was long believed to proceed primarily via
molecular elimination due to the inconsistency of first order kinetics with tadanas
observed for other primary alkyl iodides. However, the more recent studiestatlthat
in the temperature range of 950-1400 K bond fission is the dominant pf6&ashjch
is consistent with the semi-ion pair transition state th&b7y And based on the recently
reported kinetic parametefs?®the C-I fission branching fraction increases slightly with
temperature over 950-1400 K. Our data clearly show both the HI and | production, and
thus the HI + ethene and | + ethyl radical channels (Figure 3.1 and 3.2). In the
temperature range of 770-1100 K in this study, the C-I fission is observed to be slightly

more than the molecular elimination. The C-I fission branching fraction (firerargon
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data) is plotted as a function of temperature in Figure 3.6 (a). The averagsiGnl f
branching fraction is 0.7 £ 0.1¢)in the temperature range of 770-1200 K, with a
modest temperature dependence. Note that this fraction is based on an assumption that
the ionization cross sections of | and HI are comparable (ah#hweynearly the same IE),
which will be discussed further with the propyl iodide results. Also the fractim is
upper limit as there is a minor loss of | atoms due to,theoduction or some undetected
reactions of | atoms (although these are minimized by the short contact Gue
branching fraction is reasonably close to that by Kumaran et. al in Figufaf3.and the
value of 0.92 + 0.06 in the temperature range of 950-1400 K by Miyoshi’®twih our
values being smaller than these two previous studies and having a modest teenperatur
dependence. The/e 29 peak increases initially to the maximum around 900-1000 K,
and then decays at the higher temperatures, while the parent mass'taadly
decreases for the entire range. It is difficult to access the relativébatinhs to thane

29 peak from photoionization fragmentation and thermolysisdgiGthe co-product of

| atom); furthermore, at the higher temperature the ethyl radeaiély decompose to H

+ ethene. Nevertheless, the steady increase offéh29 peak up to ~ 1000 K,
concomitant with the decrease of the parent mass peak, especially in the acgan spe
where the @Hsl concentration is lower and supersonic cooling is more efficient, implies
a major contribution from the neural thermolysis and supports the direct observation of
ethyl radical from thermolysis. The co-product of HI in the molecular eliimima

channel is ethene. At the temperatures below 840 K, no etiie28 peak is observed,

possibly due to the slightly higher IE of ethene (10.514&t¥tan the photon energy and
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cooling of the ethene product. At temperatures > 86%WK28 peak is detected,
accompanying decreasing ethyl peak. This ethene product is more likely from
decomposition of ethyl radical product rather than the co-product of HI molecular
elimination. This is because that in the high temperature region the etheneqoeakds
with temperature much faster than the HI peak, while the ethyl radical iskoawadily
decompose to H + ethene and indeed its peak decreases with the increasirgguesnper
and ethene peak concomitantly. For ethene to be detected in this systenh aasnnat

of internal energyX 0.02 eV) need remain after the supersonic expansion. It is plausible
that the ethene produced from ethyl is hotter and the cooling at the high tengseisatur
less complete. A small amount gfi$ observed at high temperatures; the possible

sources are recombination of | atoms and/or abstraction reaction gHsk C

Molecular elimination in the pyrolysis of alkyl iodides is thought to proceed via
C1, C2 mechanism instead of 1,1 as the transition state energy barrier for 1 dlanolec
elimination has been shown to be theoretically prohibitive for the alkyl chlaaittks
bromides? The exclusive observation of HI in the pyrolysis ofsCBl (Figure 3.3 (a))
clearly illustrates that 1,1 molecular elimination is not occurring in thelysis of ethyl
iodide. The pyrolysis data of GDH,l and CR3CD»l in Figures 3.3 (b) and 3.3 (c)
support this conclusion and also illustrate a small contribution of DI exchange with the
surface of the microreactor. The perdeuterated ethyl iodide contains no hydrogen and

therefore any HI detected here must be the result of DI exchangemeaitti hydrogen
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residing on the microreactor surface (which is known to occur readily). Since itis
established from the early wérind our CHCD;l result that the 1,1 molecular

elimination is not feasible in ethyl iodide, the HI detected in theGEDI experiment

must come from another source such as the surface reactions (although a mirssj;proce
as the CBCDsl data show that DI can produce HI via the surface exchange, the small HI
signal in the CRCH.l experiment can be readily explained by the surface exchange of DI
(produced from 1,2 molecular elimination of €IM,l). These studies of the

isotopomers also confirm the mechanisms of the ethyl iodide pyrolysis, which urglergoe
competitive bond fission and unimolecular decomposition, with the C-I fission being
more abundant and ethyl radicals CHl,, CH;CD,, CD;CH,l, and CRRXCD,) produced

decomposing further to H + ethene at higher temperatures.

In the pyrolysis oh-propyl iodide, CHCH,CH,l has been known to primarily
undergo bond fission and under low pressure conditions the resulting propyl radicals
rapidly decompose into propene andsCH® The pyrolysis mass spectra of
CH3CH,CHqyl (Figure 3.4 (a)) show that the thermal decomposition onsets around 750 K,
and proceeds essentially exclusively through bond fissigndpyl + 1), with a minor
amount of HI (molecular elimination HI + propene). The C-I fission branchicgdra
of n-propyl iodide is shown in Figure 3.6 (b). The average value is 0.85 = @&P&(1
the temperature range of 850-1100 K, with the fraction increasing slightlyhaver t

temperatures. Our results are compared with those by MiyosHi®én Blgure 3.6 (b),
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and they are in reasonable agreement. The pyrolysis mass spectzCaLCHI

(Figure 3.4 (b)) are similar, with a predominant | atom peak, a minor DI peak, and no Hl
signal; this clearly indicates that the molecular elimination is maialyhe C1,C2

pathway inn-propyl iodide. A significant amount of photoionization fragmentation into
m/e 43 GH-" is due to the lower AE; nevertheless, tiie 43 increases with the
temperature, consistent with thgropyl + | bond fission channel. Although difficult to
detect, above ~1000K thmepropyl radical is observed to decompose into methyl radical
atm/e 15 and ethene at/e 28, as well as to propenerafe 42 + H (not detected). This
decomposition process is more clearly observed in the pyrolysis of isotopomer
CD3CD,CHjyl (Figure 3.4 (b)). A minor.lpeak is observed similar to ethyl iodide.
Interestingly, a small peak of GHn the pyrolysis of CHCH,CH,l and C3l in

CD3sCD,CHqyl are identified, while these products are not detected in the pyrolysis of
CH3CHICH3; and CRCHICD; (Figure 3.5). Several sources of the methyl iodide product
are plausible: recombination reaction of £athd |, CH abstraction reaction with

propyl iodide, or a (postulated) four-center elimination processpiopyl iodide. These
mechanisms are consistent with the fact that methyl iodide product areexieden
iso-propyl iodide, as CElis not a secondary productieb-propyl andiso-propyl iodide

does not have the four-center elimination to produce methyl iodide. The four-center
elimination process in-propyl iodide might be possible, as the methyl iodide product

appears at lower temperature before the secondasyduct.
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In contrast to the-propyl system, the pyrolysis ado-propyl iodide CHCHICH;3
is expected to primarily decompose into HI and propene via, $22The pyrolysis mass
spectra of CRHCHICH;z in Figure 3.5 (a) indicate that the thermal decomposition onsets
around 700 K, and molecular elimination is preferred over bond fission over the
temperature range studied. The C-I fission branching fractimo-piopyl iodide is
shown in Figure 3.6 (b). The average value is 0.30 + 0®pirflthe temperature range
of 770-1100 K, with the fraction increasing slightly over the temperatures. Sulsre
are in good agreement with those by Miyoshi ét ialFigure 3.6 (b), and this implies
that the ionization cross sections of HIl and | at 10.49 eV are nearly the same. The
pyrolysis mass spectra of @QOHICD; (Figure 3.5 (b)) are also similar, with competing |
and DI product signals but no HI peak, further supporting that the molecular eliminat
in alkyl iodides is predominantly via the C1,C2 pathway. A significant amount of
photoionization fragmentation into/e 43 GH-" is also seen due to the lower AE. The
m/e 43 peak increases with the temperature up to ~ 800 K, consistent wib-gnepyl
+ I dissociation. Theso-propylnve 43 peak then falls significantly at temperatures >
850 K, and concomitantly the propene productvat4?2 is detected above ~ 800 K and
increases with temperatures. The production of propene are due to dirgaifH2-
and/or secondary thermal decomposition ofithepropyl radicals. The observation of

CD3;CHCD; and CRCHCD; in the CRRCHICD3 sample also supports this mechanism.
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Our C-I fission branching fractions of ethyl iodide and propyl iodides arelbase

on the T and HI' peaks assuming the same ionization cross sections for | and HI. The
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Figure 3.6 (a) C-I bond fission branching fractions for ethyl iodide: Kumaraef(27),
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agreement of ouso-propyl iodide results with those by Miyoshi et. al (Figure 3.6 (b))

would indicate that the ionization cross sections of | and HI are the same at 10.49 eV
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Figure 3.6(b) C-I bond fission branching fractions fepropyl iodide: Miyoshi et. alA,

ref 28) and this work4); branching fraction forso-propyl iodide: Miyoshi et. ald{, ref

28) and this worksf).
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while the comparison of ethyl iodide in Figure 6a would imply that the 10.49 eV
ionization cross section of HI is ~ x4 of that of I. Since botmtrendiso-propyl iodide
results are in better agreements with the previous studies by MiyosHiat.is,
plausible that the difference between our ethyl iodide results andthose byatueha
al’’ and Miyoshi et. &F are not due to the ionization cross sections of | and HI. In the
context of the semi-ion pair transition state theory it is interestingahttid data
presented in this work ethyl iodide undergoesel i®-a large extent at the elevated
temperatures, while the C-I bond fission is always dominamtpnopyl iodide. The C-I
bond dissociation energies for ethylpropyl andiso-propyl iodides are all nearly
isoenergetic, being within ~0.5 kcal/mol of each offidurthermore, ethyin-propyl and
iso-propyl iodides have nearly the same pre-exponential A factors for the C-I bond
fission. Consequently, the difference of the C-I fission branching fractioneisdeed

by the relative rates of the 1s2ehannel in the three compounds.

Althoughn-propyl iodide has & value (symmetry number) that is 2/3 of ethyl
iodide, the presence of aamethyl group should accentuate the rate ofel’2However,
when one compares the ratio of pre-exponential A factors fas; ¥grsus bond fission
from the recent calculatiofis®a ratio of ~0.4 is found for both ethyl arsd-propyl
iodides while fom-propyl iodide that ratio is only ~0.2. In ethyl iodide amdropyl
iodide, both primary alkyl iodides, the activation energies for the;Jhcess are

lowered by ~15 kJ/mol compared to their C-1 bond dissociation energies. For the
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secondaryso-propyl iodide the activation energy for Ig2is calculated to be 30 kJ/mol
lower than the C-1 bond fission. As a result, the&l @ocess is competitive with the C-I
bond fission in the elevated temperatures for ethyl iodide despite being aypaikyhr
halide, while the primarp-propyl iodide decomposes predominantly by bond fission and

secondary-propyl iodide decomposes primarily by X;2-

CONCLUSIONS

Pyrolysis of ethyl iodide onsets at ~750 K. The C-I bond fission and HI 1,2
molecular elimination pathways are competitive over the elevated tataperange
from 750 — 1200 K, with the C-I bond fission being abaibf 1,2 molecular
elimination pathway. The C-I fission branching fraction is in reasonableragre with
the previous studies and increases with the temperature. At temperatures above 1000 K,
the ethyl radicals produced in C-I fission undergo further decomposition into Hriegthe
consistent with the previous reports. Molecular iodine is detected at temperatt880
K. The photoionization fragmentation of ethyl iodide is sensitive to cooling of its
internal energy, as shown in the comparison of mass spectra in helium and aigon carr

gases.

The pyrolysis oh-propyl iodide onsets at ~750 K, and the C-I bond fission

dominates at the elevated temperature range of 700-1100 K. At temperatuesstigaeat
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~950 Kn-propyl radicals from the C-I fission decompose to ethene and methyl radical
and propene + H. The product is detected above ~850 K and thel@irbduct is
detected above ~900 K. In contrast, ideepropyl iodide pyrolysis onsets at ~700 K;
both HI and | products are observed, and the 1,2 molecular elimination pathway is
preferred to bond fission at all temperatures presentedisdpeopyl radicals from the
C-I fission channel further decompose to propene + H at temperat8&sK. The 4
product is detected above ~850 K but nozldsldetected. The C-I fission branching
fraction of bothn-propyl iodide andso-propyl iodide are in good agreement with the

previous studies and increase slightly with the increasing temperature.

In all the three systems, isotopomer experiments verify that (1) the ldtuatat
elimination in ethyl and propyl iodides proceeds by a 1,2 mechanism as opposedtoa 1,1
mechanism, which has been demonstrated as prohibitive for alkyl chlorides and bromide
theoretically, and (2) a minimal surface exchange of DI occurs on the surfihee of

microreactor.
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CHAPTER 4

TAME

INTRODUCTION

At the onset of World War I in the early28entury it became critical to augment
the power of spark-initiated internal combustion engines to make aviation pds3ihée.
fundamental limitation to increasing the compression ratio (and thus the gontbgse
engines was occurrence of “knock”. Originally believed to occur during the essigin
stroke of the four-stroke engine, knocking or “pinging” was shown to result from pre-
flame chain branching reactions during the power stto¢hen a fuel mixture
decomposes in an uncontrolled manner ahead of the desired flame front, a sharp spike in
pressure results, offset from the power stroke, which rapidly destroys ihe eglinder
head and piston. Many molecules were found to prevent knoakgmgodine).

Although aniline was found to have superior anti-knock properties, the organolead
compound tetra-ethyl lead (TEL) was found to be most prattioa was rapidly
incorporated as an anti-knock additive to gasolines. The widely used octane number

indicates the extent of antiknock properties of a motor fuel.

Over the years, concerns about automobile emissions have increased. As cataly
converters were introduced into automobiles in the 1970’s, meettydutyl ether (2-
methoxy-2-methylpropane, MTBE) was employed as an anti-knock additive, dein

affordable, compatible, cleaner burning replacement for TEL, which was npatibie
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with catalytic converters. MTBHEert-amyl methyl ether (2-methoxy-2-methylbutane,
TAME), and ethyltert-butyl ether (2-ethoxy-2-methylpropane, ETBE) have since been
used as components of more modern gasolines due to their anti-knock properties, reduced

volatile organic compound emissions, and cost-effectiveness.

Unfortunately, MTBE is somewhat soluble in wétend, because of its pungent
odor? can render a water supply unpalatable at low concentrations. Incidents of leakage
from underground storage tanks into water supplies have caused MTBE to be outlawed in
many locales. As a result, higher-order homologues such as TAME (beingiagaieby
three times less water soluble than MTBEave been employed. Compounds that are
even less soluble such t@st-octyl methyl ether (2-methoxy-2,4,4-trimethylpentane,
TOME).®* tert-hexyl methyl ether (2-methoxy-2,3-dimethylbutane, MDMB), and other
related compounds® have been seriously considered as replacements for MTBE.
Nevertheless, the small@rt-butyl ethers TAME, ETBE, and MTBE continue to be used

because of the ease of manufacture and desirable properties.

The anti-knock ability ofert-alkyl ethers has been ascribed to a propensity for
thermal decomposition into alkene plus alcohalconcerted 1,2-intramolecular
elimination (1,2¢). Both products themselves confer high octane. Scheme 1 depicts this
process for the anti-knock compound TAME. The alkenes produced can prevent knock

by intercepting reactive radicals, particularly OH, in the cool-flaagéon, forming
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resonance-stabilized radicals (RSRs), which are less re&ttR/@he thermal
decomposition of alkyl ethers has been studfiéd.Among primary alkyl ethers,

dimethyl ether is found to decompose by a free-radical mech&rffSwhile diethyl ether
has both radical and molecular mechanisms oper&tfigDiisopropyl ether, a

secondary alkyl ether, decomposes mainly by molecular elimirfdtidhe tertiary alkyl
ethers MTBE:**TAME,***and ETBE'**are reported to react nearly exclusiveby

a molecular mechanism. The same trend is observed in the dehydrohalogenation of alkyl
halides (which also can decompose by a molecular or radical mechanism), for adtich e
alkyl substitution on an-carbon results in an ~ 24 kJritakeduction of activation energy
for molecular eliminatiori®> Thisa -alkyl effect is the result of a highly polarized four-
centered transition state, in which the alkyl substituent possesses a highaflegree
carbocation character. Additional-alkyl substituents stabilize the transition state
through hyperconjugation, giving rise to a situation similar to the regictsety

observed in Markovnikov additions to alkenes. A smdltatkyl effect has been
observed causing, at least in some cases, doubling to tripling of kinetic rates. Semi-ion
transition state theot{*®would predict molecular elimination from TAME to proceed at
a rate up to several factors faster than MTBE. Experimentally, MTBHEANE are

found to decompose at similar rafé§? and the situation is not clear cut. Consider that,
for example, the thermal decompositiontet-hexyl methyl ether (2-methoxy-2,3,3-
trimethylbutane, MTMB) proceeds primarija bond fssiort® as opposed to 1,2; due

to the highly sterically hindered tertiary center. Also, recent work on theypigaf

alkyl iodides indicate that molecular elimination of HI from ethyl iodide tm@a more
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important over lower temperatures than would be predicted by semi-ion transten st

theory?°

In this work we examine high temperature pyrolysis of the fuel oxygend#teT A
for which there is a relatively limited amount of published experimental dat@atix
of TAME has previously been observed by static rea¢tSigh pressure jet-stirred
reactor:> and in non-premixed flam&. The dominant decomposition reaction over
intermediate temperatures (~700K-1000K) is believed to be the formation of gHteth
butene (2m1b) and 2-methyl-2-butene (2m2b) with concomitant production of methanol
via the 1,2¢; process, while primary and secondary bond scissions become competitive at

higher temperatures. The molecular

oc, D~ )L/ + CHZOH

></ 2mlb
$‘ )\/ + CH3OH
b

2m2

Scheme 4.1The vicinal molecular elimination of methanol from TAME leads to 2-
methy-1-butene (2m1b) or 2-methyl-2-butene (2m2b) bothza70. The numbers in

parens refer to the path numbers in Table 4.1.



elimination product branching distribution, treated thus far as completelyistdtis

further investigated here. To determine the consequerfs€bk substitution on MTBE,
guantum chemical calculations along with experimental results are compameyibus
work on MTBE pyrolysis by the present investigatdr€hoo, Golden, and Bensoh,

and, most recently, Zhamgal.**** Our experimental approach - flash pyrolysis coupled
to supersonic expansion and vacuum ultraviolet (VUV) photoionization mass
spectrometry - offers short reaction times to examine the initial stepe thermal
decomposition, supersonic cooling to quench the subsequent reaction and to minimize
recombination of the initial products and intermediates, and “soft” VUV photoionization
to minimize ion fragmentation allowing for direct detection of transientrimediates.
Quantum chemical calculations of the transition state barriers for maieguhinations

of methanol and bond cleavage energies assist in elucidating the most likgbnrea

mechanisms.

EXPERIMENTAL

TAME (99+%) and 2-methyl-2-butene (99+%) were obtained from Sigma
Aldrich. 2-Methyl-1-butene (99+%) was obtained from Columbia Organic Chenical
Samples were used without further purification and introduced to the pyrolytiampar
diluted in helium, argon, carbon tetrafluoride, or sulfur hexafluoride by bubbling the
carrier gas through the liquid. The backing pressure of the gas mixture wéainea at

~ 1.5 atm for all experiments. The energetics of selected species involved in the
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decomposition of TAME were calculated using quantum chemistry methods.
Geometeries were optimized using the hybrid density functional theory methedls B
three-parameter functional with nonlocal correlation provided by Lee, Yadd?ar
(B3LYP) and the 6-31+G(2df,p) basis s&t&® Vibrational frequencies were calculated

at the same level of theory for characterizing the nature of the sesi@nd for

computing zero-point energy corrections. Numerical calculations for esarging

CCSD were carried out on the DFT optimized structures. All calculations were
conducted using the Gaussian 98/03 program pacRaBelative energies of the
compounds and pertinent transition states were listed on the basis of the enthalpies of
formation at 0 K. The energetics of the molecular eliminations and simple bond

dissociations are presented in Table 1.

RESULTS

(2) tert-amyl methyl ether (TAME)

Stack plots of mass spectra for the low temperature pyrolysis, up to ~1000 K of
TAME seeded in argon and sulfur hexafluoride are presented in Figures 4.1 (a) and 4.1
(b), respectively. In Figure 4.1 (a), with the nozzle at room temperatui@eautar ion
is barely detectable (M= 102 for TAME). A large M-CHCHs;" ion base peak a/z 73
is observed accompanied by a M-Cldeak atz 87 having 8% of the base peak
intensity. The photoionization of TAME has been previously repaftatAME

fragments with preference for expulsion of the larger alkyl group, as ha®bserved
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experimentally with other tertiary methyl ethéts!

Signal (100 mV/div)

mz73
m'z 70
- 4Oan 55
T l | m'z 87
mlrz o | . 1000K
NN M [ 950K
875K h ‘x.‘;?lii‘f‘tj L

295K N T

Figure 4.1(a) Stack plot of mass spectra for pyrolysis of TAME in argon with internal

O 10 20 30 40 50 60 70 80 90 100

m/z

nozzle temperatures from room temperature (~295 K) to 1000 K.

Scheme 4.2 depicts the photoionization fragmentation of TAME wiveré3 has
AE = 9.25 eV ana/z 87 has AE = 9.36 e¥’. A trace amount of 2,3,3-trimethyl-1-
butene used to facilitate mass calibration is observed as a siakak atr/z 98 and,

as the nozzle temperature is increased, its M-@iak anvz 83 is also discernible. A

small peak ain/z 78 is also noted, residuaéids produced from these pyrolysis
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experiments at higher temperatures. With a nozzle temperature of 575 K, thigyiofens

them/z 73 peak from photoinonization of the parent TAME decreases, while the intensity

"OCH,

><6(23 / )J\/ 9.36 eV
\ "OCHg
A

9.25 eV

Scheme 4.2 Depiction of the observed photoionization fragments in the ionization of
TAME (molecular ion atr/z 102 not observed). Appearance energies are from reference

50.

atm/z 87 (also from TAME) remains approximately the same. A new paakd0

with ~20% the intensity of thevz 73 peak is now detected, corresponding to
“isoamylenes” (GH1g): 2-methyl-1-butene (2m1b) and 2-methyl-2-butene (2m2b).

These are the molecular elimination products of TAME (see Scheme 4.1). Methanol
produced concomitantly by same process is not observed, due to its larger IE (18:85eV)
which exceeds the photoionization energy employed. The peaks associated wéitethe tr
impurities diminish in intensity except for th@z 83 fragment from 2,3,3-trimethyl-1-
butene, which now becomes visible. When the nozzle is further heated to temperatures of
875 and 950 K the intensities wfz 73 andn/z 87 steadily decrease as the parent
compound is consumed. The product peak/a70 grows to roughly one half, then

nearly equal intensities with respect to the base peakd3. Small peaks &tz 55

and 56 become discernible, as well as small peaké&dt5, corresponding to GH
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radical, and product acetonenalz 58. At 1000 K, the M-Ckf ion peak of TAME atn/z
87 is barely detectable andz 70 has increased to nearly double the intensity of M-
CH,CH;3" ion peak atwz 73. Them/z 56 peak has grown in relative intensitynéz 55.
Small peaks atvVz 58 andn/z 72 are detectable, corresponding to the oxygenated
products acetone 8s0) and 2-butanone (E50), as well as atvz 68 corresponding to
isoprene, GHg. A series of small peaks ove¥z 40-43 are observed and tm&z 15 CH;

peak intensity increases.

Figure 4.1 (b) presents a stackplot of mass spectra for the pyrolysis & TAM
with sulfur hexafluoride as the carrier gas. Although not pictured here, the room
temperature spectrum produces a MsCpeak with 8% of the intensity of the M-
CH.CHj3", the same relative intensity observed in the argon entrained sample. At a
nozzle temperature of 595 K the product peak/at70 is barely discernible while at this
nozzle temperature in argon, timéz 70 peak is already ~20% of théz 73 base peak.
The M-CH;" ion peak atn/z 87 is found to have approximately 10% of the intensity of
themvyz 73 M-CH,CH;s" ion peak, similar to the argon data in Figure 4.1 (a). With the
higher nozzle temperature of 875 K, th&z 70 product peak grows to ~10% of th&

73 intensity whilen/z 87 andn/z 73 peaks remain essentially unchanged. Nozzle
temperatures of 975, 1000, and 1050 K do not significantly change the intengities of

73 andn/z 87 while the isoamylene peakrafz 70 increases to greater than half of the

72



m/z 73 peak. New peaks iz 15, 40-43, 55, 56, 58 are now clearly detected and at

1050 K a small peak at/z 68 is observed.

] mz73

/N /

>
E m/z 70

>

S

Lo mz15  yz40mMz55
= l l m'z 87

2 1050K
= SR PR ) T 3 A 1§oo+<
U) _ L ‘ , . “\‘n,u u \k . 7 5K

875K |- e {:LLW

4 sk} e

LA L B B B B A B B
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Figure 4.1(b) Stack plot of mass spectra for pyrolysis of TAME in sulfur hexafluoride

with internal nozzle temperatures from 575 K to 1050 K.

The carrier gas was changed to examine the effect on the pyrolysis due to (1)
different residence times in the microreactor, (2) heat capacitesroér gas, and (3)

cooling efficiency of the gas. The velocity at the throat of the expansion is apptely
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sonic, having an estimated residence time gi2®ith helium as a carrier gas.Since
the speed tracks inversely with square root of mass, the residence timaemotargon
tetrafluoride and sulfur hexafluoride should be approximately three, five, atichex
longer, respectively. When helium is utilized as a carrier gas the pgrofyfAME
onsets at temperatures > 600 K (not presented here); however, with argorgearrier
pyrolysis onsets below 600 K (Figure 4.1 (a)). At a nozzle temperature of 875 K the
intensity ofm/z 70 relative tan/z 73 is approximately 25% in helium and 50% in argon.
The cooling efficiency for these gases are similar and, as theicdyecities are the
same, the difference in the onset and extent of pyrolysis must be due to tleadiffer
residence times. At temperatures > 950 K the spectra using helium or argon are
indistinguishable. For the polyatomic fluorinated gases the presence oflidegrees

of freedom increases heat capacities relative to the monoatomic gasdsnBesimes
are longer, and the onset and extent of pyrolysis are significantly delaygzhred to
ideal gas carriers. With sulfur hexafluoride as a carrier gas the onsgbbfsis does

not start until temperatures > 600 K (Figure 1b), and at a nozzle temperature of 1050 K
them/z 70 product peak is only roughly one half thiz 73 parent ion intensity, while in
helium and argonvz 73 peak is greatly reduced. The [M-§HM-CH,CHs]" ion ratio
(m/z 87 :mVz 73) for the pyrolysis in helium, argon, carbon tetrafluoride, and sulfur
hexafluoride carrier gases was determined. Within experimental Brcarréer gases
resulted in the same ratio of photoionization fragmentation, with the [N-Gih

having 13 + 4% the intensity of the [M-GEH,]" ion. This indicates that either all gases

are cooling with equivalent efficiency or that the photoionization fragment is not
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sensitive to internal energy content. Even though the observed photoionization
fragmentation pattern of TAME is unaltered by the choice of carrietlyga®nset
temperature for pyrolysis and the extent of reaction are significanterelif. Argon

was chosen for subsequent experiments to produce best quality spectra.

A stack plot for the high temperature pyrolysis (1110-1250 K) of TAME seeded
in argon is presented in Figure 4.2. At 1100 K lime 73 is detected, being
approximately 10% of thevz 70 base (§H10) peak. The intensity of the peaknalz 40,
CsH4, has increased drastically to nearly the same intensityza®) while the signals at
m/z 15 (CH radical),m/z 54 (GHe), Mz 56 (GHg), andm/z 68 (GHs), have all increased
in intensity. The production of,8g and a portion of the C$bignal is due to pyrolysis
of TAME (discussed below in Scheme 4), while the other signals are known products
from the pyrolysis of the isoamylenesHzo (vide infra)* As the heater is raised to the
higher temperatures of 1160, 1200, and 1240 Krila&’O peak steadily decreases in
intensity, and in the highest temperature trace, 12409/X78 is detected corresponding
to GHs, presumably from the self combinationmfz 39 GHs radicals. The peaks &z
15, 28, and 40 continue to become more intense. The isobutylene pgak@tegins
to slightly decrease in intensity while new peaks oventtzeange of 52-54 are observed.
At these higher temperatures th&z 68 peak remains relatively constant andrtie73
peak from TAME is hardly detectable. The half life for TAME® at a temperature of

1200 K is expected to be on the order of 70-180respectively, which is comparable to
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the estimated residence time of +80for argon. Experimentally, TAME is found

7] m/z 40
' nm'z 68

> - Mz 55

o _

S
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Figure 4.2 Stack plot of mass spectra for pyrolysis of TAME in argon with internal

nozzle temperatures from 1100 K to 1240 K.

here to decompose completely at this temperature, the Medthtm/z 87 and M-
CH,CHg ion atm/z 73 corresponding to the photoionization fragments of TAME are not

observed >1200 K. The reliability of the temperature measurement for the hazz|
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been investigated previoudlyand was determined to be accurate to + 50 K. Four-center
eliminations from tertiary centers have been reported as sensitive &ffeeis>*and
surface catalysis must be considered, however, at higher temperaturgsoielynot be

significant.

(2) 2-methyl-1-butene (2m1b) and 2-methyl-2-butene (2m2b)

In attempt to evaluate the contribution of product fragmentation and investigate
relative product yields, the pyrolysis of 2m1b and 2m2b in the argon carrietagas
conducted. Stack plots of mass spectra for temperatures from ~ 1100-1250 K are
presented in Figures 4.3 (a) and 4.3 (b). When comparing Figure 4.3 (a) to 4.3 (b the
mass spectra pattern of 2mlb and 2m2b undergoing pyrolysis are significafehgnt)f
Relative to the molecular ion signalraiz 70 for these isomers, a large amounnéx 68
is produced in the pyrolysis of 2m2b compared to 2m1b. This is explained by the
propensity of 2m2b to undergo molecular decomposition to evolve hydrogen gas and
produce 2-methyl-1,3-butadiene (isoprene) in preference to radical decoompassti

depicted in Scheme 4.3. This process is calculated by DFT to have an energybarrie
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Scheme 4.3 The disrotary 1,4 elimination of molecular hydrogen from 2-methyegebut

to produce 2-methyl-1,3-butadiene (isoprene).

61.5 kcal/mol. The pyrolysis of 2m1b, on the other hand, produces a greater amount of
signal atm/z 40, GH4. Although these two alkene isomers have distinguishably different
pyrolysis spectra, two difficulties prevented an accurate determinatibe cdtio of the
product GHip isomers in the pyrolysis of TAME: (1) differences in residence time for
products compared to authentic samples and (2) interference from competinggyroly
processes. In an attempt to determine the product isomer branching ratio fibivMBe
pyrolysis, the relative amounts wfz 40 andmz 68 in sample mixtures composed of 0%,
25%, 50%, and 100% 2m1b in 2m2b were monitored and compared with those of TAME
at higher temperature (Figure 4.2). It was apparent that the majority afutaole
elimination product is 2m1b, consistent with the previous sttidiize comparison
suggested a branching ratio value of 75 + 20% 2ml1b from TAME. Another noticeable
delineation between the 2m1b and 2m2b spectra is the amaufz @ observed. In

Figure 4.3 (a), pyrolysis of 2m1lb, a signairét 78 is detected at temperature$190 K.

In the pyrolysis of 2m2b presented in Figure 4.3 (b), a sigmalzat8 is only barely

detected in the hottest temperature trace at 1245 K. 2m2b undergoes molecular
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elimination of H in preference to £, (Mm/z 40) production. Conversely, 2mlb prefers
to decompose to4E, and likely rapidly loses H atom to form propargyl radicals, which

then combine to form &Es.

Comparing Figures 4.3 (a) and 4.3 (b) to Figure 4.2 it is apparent that the high-
temperature pyrolysis of TAME produces mass spectra similar to those @ddalyic
pyrolysis of isoamylenes. The most noticeable differences distinguigtengAME data
from the isoamylene pyrolyisis experiments, however, are greater anodumtsls, m/z
28, and/z 56 in TAME. The elevated amounts observed indicate that these fragments
are thermal decomposition products of TAME, due to additional product channels besides
the molecular elimination channels (1) and (2). One must also consider that, due to
longer residence times, the fragmentation patterns for the product isnamiighe
TAME pyroylsis will not be as far progressed as in the neat pyrolysi®, ll$igure 4.2,
peaks at/z 58 andn/z 72 corresponding to acetone and butanone are detected which
can only come from the thermal decomposition of TAME. These additional bond

homolysis channels are shown in Scheme 4 and will be discussed further below.
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Figure 4.3(a) Stack plot of mass spectra for pyrolysis of 2-methyl-1-butene in argon with

internal nozzle temperatures from 1090 K to 1240 K.
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Figure 4.3(b) Stack plot of mass spectra for prolysis of 2-methyl-2-butene in argbn wi

internal nozzle temperatures from 1110 K to 1245 K.

CALCULATION

Potential energies for the 1s2molecular eliminations of methanol to form
isoamylene and simple bond fissions in the pyrolysis of TAME are reported ia 4.4bl
and the bond fission pathways are presented graphically in Scheme 4.4 (in addition to the

molecular elimination channels (1) and (2) in Scheme 4.1). CCSD calculatians wer
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performed on structures optimized at the B3LYP/6-31+G(2df,p) level of theory.
Reported activation energiés®and values for the analogous processes reported for
MTBE?***are presented for comparison. The potential energy barriers for the molecula
elimination of methanol and both the isoamylenes from TAME are calculate&byd

be essentially isoenergetic, having a barrier of 53.7 kcal/mol to 2m1b and 53.8 kcal/mol
to 2m2b. These values compare favorably with the calculated activation energgfvalue
55.0 kcal/mol reported by Katliand slightly lower than the 58.5 kcal/mol value reported
by Goldaniga® The molecular elimination process for MTBE, considered isoenergetic
to TAME elimination by Goldaniga, is compared here in Table 4.1; its potentialyenerg
barrier was calculated to be 62.7 kcal/mol by Zhang et al. using the G3B8dfetOur
CCSD values predict that the molecular elimination activation energiesMETake

within 1 kcal/mol of one another; however, they are found to be grossly overestimated.
Although the secondary H atoms are more readily abstracted than the primattyeH’

DFT results predict that the energy barriers for path 1 and 2 are isoenengaiong

that the molecular elimination product branching is basically statistisdlas been
previously modeled® With 6 H available to react to form 2m1b and 2 H to form 2m2b,
thermal decomposition of TAME is expected to produce three times the amount of 2m1b
compared to 2m2b, consistent with our observation (and consistent with the results of
deprotonation of gaseotsst-amyl cation by strong base To evaluate the magnitude

of B-effect, the transition state for molecular elimination of methanol from ETB
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Scheme 4.4 Bond fission and radical decomposition in the pyrolysis of TAME. Values in

parens refer to the pathways in Table 4.1.

was calculated in this work using the same DFT method and was found to be 54.4
kcal/mol (as compared to the value of 62.7 kcal/mol by the G3B3 nféthibe: DFT
value is approximately 0.5 kcal/mol higher in energy than the moleculanation
calculated in this work for TAME. This attenuation of transition state energgiba
corresponds to a 65% increase in the rate of molecular elimination of TAME emhtpar

MTBE.

Both CCSD and DFT predict the 3,4 C-C bond (path number not included in
Scheme 4) to be stronger than other C-C bonds in TAME, being 6.3 and 8.5 kcal/mol

stronger, respectively, than the predicted next strongest C-C bond, the 1,210+CH
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(path 6 in Scheme 4.4). The DFT bond homolysis values other than the 3,4 C-C bond are

found to lie within the narrow range of 68.3 -71.6 kcal/mol. The magnitude of which

agrees poorly with the reported kinetic parameters reported by Goldamigah range

Process path# CCSD B3LYP TANE TAME" MTBE®
Molecular Elimination
CHyC(=CHy)(C,Hs) + CH;OH 1 72.7 53.7 55.0 58.5 62.7
(2m1b)
(CHg),C(=CHCH;) + CH;OH 2 73.7 53.8 55.0 58.5
(2m2b)
Simple Bond Fission
(CH3),COCH; + CHs 3 85.8 68.3 82.0
(CH3),C(CHs) + OCH; 4 86.8 69.6 84.0 85.9
(CHy),C(CHs)O + CH; 5 83.8 71.4 84.0 81.8
CH3C(C,H5)OCH; + CH; 6 87.0 71.6 84.9
CH,C(CH,),OCH; + CH; 93.3 80.1

Table 4.1 DFT zero point corrected (OK) and CCSD energy barriers for molecular

eliminations (paths 1 and 2) and simple bond energy thresholds (paths 3-6) for TAME

using geometries optimized at B3LYP/6-31+G(2df,p). Energies are imraalfor

comparisons, (a) Ref. 32, from kinetic modeling. (b) Ref. 33, also from kinetic modeling.

(c) Ref. 29. (d) Ref. 43 calculations based on the G3B3 theory.
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from 82.0 — 84 kcal/mol (see Table 4.1). The CCSD values are found in the range from
83.8 — 87.0 kcal/mol with improved accuracy. Both of these results indicate that at
higher temperatures all of the aforementioned paths could become competigsve. It
interesting to note that both CCSD and G3R2iculations predict that the O-gHond

(path 5) is the weakest bond of these ethers. Although this agrees with G3B3ioakulat
for MTBE*? it contradicts the experimental observervation that the GHoHd is the
weakest bond in MTBE (see discussion). The fission of the ethyl group to form ethyl
and isopropyl radicals is predicted to be the most favorable homolytic procB$3 by

(path 3). Also interesting to note is that the relative strengths of the alkoky-(Path

4) andt-amyl-OCH; (path 5) bonds are different for CCSD than for DFT. DFT predicts
thatt-amyl-OCH; (path 4) homolysis is 1.8 kcal/mol weaker tha@mylO-CH; (path 5)
homolysis while CCSD predicts path 4 to be 3.0 kcal/mol stronger. Consider that the
reported bond strength of GBI-CHs of 80 kcal/mof* Replacement of a methyl group

for the electron withdrawing groups vinyl and aryl strengthen that bond (e.g. 87 kcal/mol
CH;0-CHCH,** and 91kcal/mol for CED-CsHs>*). Although replacing ethyl with

methyl does not produce a noticeable difference in bond streng®©(CH,CH;z = 80
kcal/moP* one might suppose that if electron withdrawing groups strengthen that bond
to oxygen then electron donating groups should weaken them. From this and the
previous observation about C-C versus C-O bond strength it seems that DFT could place

the relative bonds strengths properly.
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DISCUSSION

The attractive feature of thelkyl methyl ether anti-knock compounds is the
nearly exclusive vicinal molecular elimination of methanol with concomitantdtion
of corresponding alkene over intermediate temperatures such as found in an engine
cylinder (~700-1000K). Over this temperature range TAME is found to primarily
decompose by molecular elimination, with an approximate 3:1 branching ratio of 2m1b
to 2m2b, via direct complex fission (153-as opposed to a radical mechanism. This fact
(both 2m2b and 2m1b are alkenes) is consistent with the notion that anti-knock properties
are related to the production of alkenes, having the ability to intercept rectaive
branching radicals to form less reactive RSR’s. Note that the blendingcresetane
number (BRON), a measure of the ability of a fuel to resist “knock”, for 2m2b (176) is
much higher than the BRON for 2m1b (146) indicating an increased resistance to self
ignition.

In our experiments the pyrolysis of TAME onsets at a slightly lower but
comparable temperature than MTBE, ~600K compared to ~700K for MTBE (the
accuracy of the temperature measurement has been determined to be £50K). The
magnitude of discrepancy between MTBE and TAME onset temperatures, basring a
surface effects, could be indicative of an actual reduction in the reactioly &aergr.

The observed attenuation of onset temperature for TAME compared to MTBE under the
same experimental conditions can be explained, in partpb@ld; effect calculated by

DFT to be on the order of a 0.5 kcal/mol. Previous Work**has treated the rates of
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molecular elimination of methanol for TAME and MTBE pyrolysis to be the saithe
reasonably good agreement with experiment. Pyrolysis of MTBE expesiperibrmed

in this work find an onset temperature of ~700K while previous work by this Hroup
found the pyrolysis to onset at a higher temperature ~800K. These observatiorns indica
that the condition of the nozzle indeed plays a role in this experimental regime. The
semi-ionic transition states for molecular eliminatiot-alkyl ethers are known to be

sensitive to surface effects and they likely play a role in this system.

There are more possible bond fission pathways for TAME than with MTBE
(Scheme 4.4). The 2m1b and 2m2b control experiments clearly demonstrate the elevated
levels of methyl radical, ethene, and isobutylene from TAME at tempera@besK.
Additionally, the oxygenated products acetone and butanone that are observed at these
temperatures are characteristic of the TAME pyrolysis (see Schenide CCSD (this
work) and other theoretical work on MTB®predict the O-Cklbond (path 5) as the
weakest bond. This is somewhat surprising as typically one would expect C-Ctdonds
be weaker than C-O bonds. The average C-C bond is 81 kcal/mol and average C-O bond
is 84 kcal/moFf® That would be consistent with the experimental observation that the C-
CHs bond in MTBE-d is in fact weaker than the O-GDond implying that alkyl bond
fissure should be the first observed homolytic process. From this previous observation
plus the fact that ethyl bond cleavage is preferred over methyl bond (for exainepl

bond energy CEHCH; = 88 kcal/mol vs. CECH,CHs = 85 kcal/mol)>* which both
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calculation methods correctly predict, it would be expected that ethylgedo form
isopropyl and ethyl radicals (path 3) as the most favored pathway. Both ratlisdys t
formed would rapidly decompose from ethyl to ethene + H and from isopropyl to acetone
and methyl radicals (path 5, Scheme 4.4). In Figure 4.1 (a) and 4.1 (b) the diestoevi

of bond homolysis at 950 K is the observation of methyl radicals and acetone, along
with very small amounts of ethene and ethyl. It should be noted that acetone and methyl
radicals could also be produced by the homolysis of the @bORd (path5) with

subsequent decomposition of the alkoxy radical to either acetone and ethyloadical
butanone and methyl radical. Smaller amounts of butanone (compared to acetone) are
observed and CCSD calculations predict that cleavage of thes®@id (path 5) to be

more favorable than cleavage of the Cs®idnd (path 6) by 3.2 kcal/mol. Isobutene is
observed over this temperature range which can only be produced by cleavage of the C-
OCH; bond (path 4). CCSD predicts path 6 to have an activation energy only 0.2
kcal/mol higher than path 4 while DFT predicts 2.0 kcal/mol higher energy. These
results both indicate that at temperatx&50 K all of the reaction pathways examined

in this work are significant yet the relative contribution of each pathway lsarncrhe

mass spectra are further complicated by the secondary pyrolysid bfdéhd 2m2b, the
primary molecular elimination products of TAME. The calibration experimamthe
secondary pyrolysis of 2ml1b and 2m2b indicate that 2m1b and 2m2b are less
thermodynamically stable than the isobutylene produced from MTBE. This being the

case, under harsher motor conditions TAME should not perform quite as well as an anti-
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knock compound in comparison with MTBE. This is reflected in the higher BRON value

of 116 for MTBE than the value of 111 for TAME.

Pyrolysis of 2-butanone (C4HgO)

2-butanone was obtained and introduced into the system with either helium or
argon carrier gas while maintained at ice bath temperature. Figure &dllsction of
mass spectra obtained from the pyrolysis of 2-butanone with helium as agasrier
With the nozzle unheated (RT) the spectral trace exhibits a large molecufaak 'z
=72 (IE = 9.52 e¥’). A photoionization fragment peak with ~12% relative intensity to
the base parent peak isnalz = 43, the acylium ion, £;0" (AE = 10.32 eV’). An
additional fragment peak at¥z = 57 is observed, £50" (AE = 9.90 eV°) with ~3%
relative intensity. A signal slightly less intense compared milit= 57 is found at/z =

29.

As the nozzle is heated to an internal temperature of 890 K the relative intensity
increase of thevz = 43 andn/z = 57 photoionization fragments is dramatic. At a nozzle
temperature of 960 a small peakv@z 15 is observed, the first indication of bond
thermolysis. Then/z 29 peak is found to be slightly augmented in this trace. At a nozzle
temperature of 1215 at/z 15 is clearly discernible as igvdz 28 peak, ethene, which

results from the rapid loss of H atom from ethyl radical (discussed furtlosv)be
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Similarly, the peak atvVz 43 has all but vanished as a strong peal/at?2
emerges. The peakmatz 57 is now hardly detectable and a very small peak is observed
atm/z56. Based on the relative intensities of these peaks it seems plausible that the

proprionyl radical is not only loosing H atom to form methyl ketenfe $6) but also

2-butanone (2%) in He
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Figure 4.4 Stack plot of mass spectra for the pyrolysis of 2-butanone with unheated
nozzle (RT) and over the temperatures from 890 — 1215 K in helium carrier gas. The

traces are shifted for clarity.
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Figure 4.5 Stack plot of mass spectra for the pyrolysis of 2-butanone with unheated

nozzle (RT) and over the temperatures from 950 — 1225 K in argon carrier gas. The

traces are shifted for clarity.
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expelling methyl radical, which would contribute to the signalatl5, to form ketene

(m/z42). Calculations were carried out to further elucidate the potential energy

landscape which are presented below. The acetyl radical is expected tcakose td

form ketene.

A stack plot of mass spectra from the pyrolysis of 2-butanone entrained in argon
is presented in Figure 4.5. In the trace with an unheated nozzle the spedtral trac
produced in very similar to the helium entrained sample. A large molecular ion peak is
observed at/z 72 accompanied by a prominent peakna43 from the acylium
photoionization fragment. Small fragments are observadzél9 andnwz 57. As the
nozzle is heated to 950 K the rapid increase imtlzel3 and especiallyyz 57 is
observed as in helium, however, the magnitude of the increase is markedly diminished in
this argon sample. This is likely the result of more efficient cooling of the meagen
carrier gas as has been observed previously. In the 1050 K spectral tradesthdeisce
of homolysis is observed, approximately the same temperature observed in heliam. A
nozzle temperature of 1225 K strong peaksvatl5, methyl radicaly/z 28, etheneng/z
42, ketene are detected. The paremtaf/2 is found to nearly be completely

decomposed at this temperature as found in helium.
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To assist the interpretation of the experimental results quantum chemical
calculations were performed at the CCSD//B3LYP/6-31+G* level of theory tisen
Gaussian 98/03 program package. First, to investigate the preference for thgs of e
versus methyl radial from the positively charged potential energycsutie single point
energies calculated using the CCSD method from B3LYP/6-31+G* optimized yexsme
were accomplished. The resulting DE values for the loss of ethyl radioaM™ is
thermodynamically 26.0 kcal/mol while loss of methyl radical has a val@2.8f
kcal/mol. These values indicate that thermodynamically the loss of mediodlres
preferred which correlates well with the literature AE value of 9.90 e\pjassed to
10.32 eV for ethyl loss. Th&DE for the two processes is ~.14 eV as calculated by
CCSD while experimentally the energy difference in AEs are .4 eV. @segonsider,
however, that the AEs are representative of the transition state for ermflghe alkyl
radical which does not necessarily correlate with the thermodynamic(¥@awexample
TAME). The mass spectra for 2-butanone from the governmental database

(http://webbook.nist.ggweports a spectra whem#z 43 is the base peak. Although it

may be that thevz 43 fragment is preferred one might argue that due to the high
ionization energies (~70 eV) employed subsequent fragmentation of thaerCiday be
occurring. Contrary to this, experimentally at ~10.5 eV we obsenvézté3 signal to be
much larger than atvz57. Scheme 4.6 depicts homolytic pathways expected to occur in
the thermal degradation of 2-butanone. From the neutral parent loss of ethyl versus
methyl radical is calculated to be endothermic by 83.8 and 84.7 kcal/mol. These values

are very similar and although a kcal/mol can result in a two-fold differienete
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(assuming the same frequency factor) it is not know how reliable these valudhare
subsequent decompositions of the radicals created was considered as well. Fsrahe los
H atom from ethyl radical to form ethene was calculated to have a eneggygiiifé of

35.7 kcal/mol. The loss of H atom from acetyl radical was found to have a value of 47.4
kcal/mol while loss of H atom from proprionyl radical was placed at 48.4 kcallnosk

of methyl radical from the proprionyl radical was calculated to have a BEG=

kcal/mol. The value would predict that the preference for decomposition of proprionyl
radical to form methyl radical and ketene is nearly exclusive. Overaingetratures >
~1000 K 2-butanone is found to decompose by both loss of methyl and ethyl radicals.
The ethyl radicals rapidly expel H atom to produce ethene. The proprionyl ayld acet
radicals are found to decompose to methyl radical with ketene and H atom with ketene

respectively.

Pyrolysis of acetone-ds (C3Ds0)

Acetoneds; was obtained from Aldrich (99%) and introduced into the system with
either helium or argon carrier gas while maintained at ice bath temgerdiigure 4.6 is
a collection of mass spectra obtained from the pyrolysis of acdgomigh helium as a
carrier gas. With the nozzle unheated (RT) the spectral trace exHdnig® anolecular
ion peakm/z= 64 (IE = 9.70 eV¥). A photoionization fragment peak is barely detected
atm/z = 46, the deuterated acylium ionsB30" (AE = 10.38 eV’). As the nozzle is
heated to 650 K the fragment peaknét 64 has grown to approximately one third the
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parent base peak intensity. This peak is entirely attributed to photoionization as no
deuterated methyl radical ez 18 is observed. As the heat is increased bringing the
nozzle to a temperature of 1025 K the parent peak at m/z 64 decreases in intelmsity as t
the photoionization fragment peakralfz 46 overtakes the parent peak signal and the first

indications of bond homolysis are observed, very small peak& 48 and 44 are barely
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Figure 4.6 Stack plot of mass spectra for the pyrolysis of acetandielium carrier gas

with nozzle temperatures up to 1275 K.
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detectable at this temperature. At a nozzle temperature of 1175Wzth8 and 44
peaks are clearly discernible as acetdsierdergoesDC(O)C-CD; bond cleavage and
the resulting deuterated acylium radical looses D atom to form deuterated kdétt a
temperature of 1275 K the trend continues as a new small peék28 is observed,
presumably carbon monoxide, CO, resulting from the decomposition of the acylium

isotopomer.

Figure 4.7 presents a stack plot of mass spectra from the pyrolysis ofeadgton
argon carrier gas. In the jet-cooled unheated nozzle trace (RT) themeakn$ a strong
signal with the —CBphotoionization fragment being barely detected, as in the helium
entrained sample. At a nozzle temperature of 675 K the photoionization fragmént at
46 increases to ~one fourth the intensity of the parent peak, slightly less thangasancr
observed in the helium sample. As the nozzle is further heated to 1050 K the first signs
of homolysis are observed with a €iadical starting atv/z 18 and the ketene
isotopomer being formed atz44. At 1175 K the signals at'z 18 and 44 are more
pronounced as the intensitiesnofz 46 and 64 decline. At the hottest nozzle temperature

presented here, 1250 K, a small peakvat28 is observed.
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Figure 4.7 Stack plot of mass spectra for the pyrolysis of acefaneargon in argon

with nozzle temperatures up to 1250 K.

CONCLUSIONS - KETONES

The pyrolysis of 2-butanone and acetalevas accomplished on the 20-60 ms
time scale in either helium of argon carrier gases. At temperatl@@0these
compounds undergo C-C bond homolysis to form acetyl radicals and in the case of 2-
butanone, competitive production of proprionyl radicals. The acetyl radicals raysdly |

H (or D as the case may be) either by photoionization or by thermolysis. Thepybpri
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radical is found to prefgs-C-C decomposition to H (D) atom loss and the ethyl radical
rapidly decomposes to H atom plus ethene. At temperatures > 1200 K acetylisadical

found to decompose by loss of methyl (or its isotopomer) to form carbon monoxide, CO.

CONCLUSIONS-TAME

The decomposition of TAME in argon was found to onset ~600 K which is
slightly lower than the onset temperature for MTBE in argon (~700 K) with the same
experimental set-up. B-CH; effect is estimated to be ~0.5 kcal/mol by DFT. Over the
temperature range applicable to an operating engine (700K — 1000K) molecular
elimination of methanol to form isoamylenes 2m1b and 2m2b are the dominant reaction
pathways. These eliminations are predicted to be essentially isoenkrgeing to a
statistical distribution of products, which is consistent with experimersgaltseof ~3:1
ratio of 2mlb to 2m2b. At temperatures >950 K primary bond homolysis is observed,
which is similar to MTBE in this system which undergoes bond homolysis above 1000 K.
In addition, secondary pyrolysis of the isoamylene alkenes, which are not asamthest

isobutene formed from MTBE, is found to occur.

REFERENCES
[1] T. Midgley Jr., Ind. Eng. Chem. 31 (1939) 504.

[2] T. Midgley Jr., T. A. Boyd, Ind. Eng. Chem. (1922) 14.

98



[3] A. Fischer, M. Muller, J. Klasmeier, Chemosphere 54 (2004) 689.

[4] A. F. Diaz, D. L. Drogos (Eds.), Oxygenates in Gasoline: Environmental Aspect
American Chemical Society (Oxford University Press), Washington, D. C., 1979.

[5] R. M. Stephenson, J. Chem. Eng. Data 37 (1992) 80.

[6] M. J. Papachristos, J. Swithenbank, G. H Priestman, S. Stournas, Ps,Halysiis, J.
Inst. Energy 64 (1991) 113.

[7] L. K. Rihko-Struckmann, R. S. Karinene, A. O. Krause, K. Jakobsson, J. R. Aittamaa,
Chem. Eng. Process 43 (2004) 57.

[8] L. K. Rihko, A. O. |. Krause, Ind. Eng. Chem. 35 (1996) 2500.
[9] J. Liu, S. Wang, J. A. Guin, Fuel Process. Technol. 69 (2001) 205.
[10] D. E. Hendrickson, U.S. Patent Application W09516763.

[11] L. A. Smith, H. M. Putman, H. J. Semerak, C. S. Crossland, U.S. Patent 6,583,325,
(2003).

[12] T. Evans, K. R. Edlund, U.S. Patent 2,010,356 (1935).

[13] J. Ignatius, H. Jaervelin, P. Lindqgvist, Hydrocarbon Process 74 (1995) 51.

[14] C. K. Westbrook, W. J. Pitz, Energy and Technology Review Feb/Mar (1991) 1.
[15] C. K. Westbrook, Chemistry and Industry (UK) Aug 3 (1992) 562.

[16] P. J. Askey, C. N. Hinshelwood, Proc. Roy. Soc. 115A (1927) 215.

[17] A. Maccoll, Progress in Reaction Kinetics, Pergamon Press, Oxford, 4 (1967).

[18] K. J. Laidler, D. J. McKenney, The Chemistry of the Ether Linkage, mésrse,
New York, 1967.

[19] K. H. Anderson, S. W. Benson, J. Chem. Phys 36 (1962) 2320.

99



[20] D. J. McKenney, K. J. Laidler Can. J. Chem. 41 (1963) 1984.

[21] G. R. Freeman, C. J. Danby, C. N. Hinshelwood, Proc. Roy. Soc. A245 (1958) 28.
[22] C. J. Danby, G. R. Freeman, Proc. Roy. Soc. A245, (1958) 43.

[23] G. R. Freeman, Proc. Roy. Soc. A245 (1958) 75.

[24] K. J. Laidler, D. J. McKenney, Proc. Roy. Soc. A278 (1964) 505.

[25] A. T. Blades, G. W. Murphy, J. Amer. Chem. Soc. 78 (1952) 1039.

[26] N. J. Daly, V. R. Stimson, Aust. J. Chem. 19 (1966) 239.

[27] N. J. Daly, C. Wentrup, Aust. J. Chem. 21 (1968) 1535.

[28] N. J. Daly, C. Wentrup, Aust. J. Chem. 21 (1968) 2711.

[29] K. Y.Choo, D. M. Golden, S. W. Benson, Int. J. Chem. Kinet. 6 (1974) 631.
[30] J. C. Brocard, F. Baronnet, Oxid. Comm. 1 (1980) 321.

[31] B. El Kadi, F. Baronnet, J. Chim. Phys. 92 (1995) 706.

[32] H. Bohm, F. Baronnet, B. El Kadi, Phys. Chem. Chem. Phys. 2 (2000) 1929.

[33] A. Goldaniga, T. Faravelli, E. Ranzi, P. Dagaut, M. Cathonnet, Twenty-Seventh

Symposium (International) on Combustion/The Combustion Institute (1998) 353.
[34] C. S. McEnally, L. D. Pfefferle, Int. J. Chem. Kin. 36 (2004) 345.

[35] H. E. O'Neal, S. W. Benson, J. Phys. Chem. A 71 (1967) 2903.

[36] A. Maccoll, Chem. Rev. 69 (1969) 33.

[37] S. W. Benson, A. N. Bose, Chem. Phys. 39 (1963) 3463.

[38] S. W. Benson, G. R. Haugen, J. Am. Chem. Soc. 87 (1965) 4036.

100



[39] K. H. Weber, J. Zhang, D. Borchardt, T. H. Morton, Int. J. Mass Spec. 249-250
(2006) 303.

[40] K. H. Weber, J. M. Lemieux, J. Zhang, J. Phys. Chem. A 113 (2009) 583.

[41] S. D. Chambreau, J. Zhang, J. C. Traeger, T. H. Morton, Int. J. Mass Spec. 199
(2000) 17.

[42] T. Zhang, J. Wang, T. Yuan, X. Hong, L. Zhang, J. Phys. Chem. A 112 (2008)
10487.

[43] T. Zhang, L. Zhang, J. Wang, T. Yuan, X. Hong, F. Qi, J. Phys. Chem. A 112 (2008)
10495.

[44] D. W. Kohn, H. Clauberg, P. Chen, Rev. Sci. Instrum. 63 (1992) 4003.

[45] A. B. Friderichsen, J. G. Radziszewski, M. R. Nimios, P. R. Winter, D. C. Dayton, D.
E. David, G. B. Ellison, J. Am. Chem. Soc. 123 (2001) 1977.

[46] H. Clauberg, D. W. Minsek, P. Chen, J. Am. Chem. Soc. 114 (1992) 99.
[47] C. Lee, W. Yang, G. Parr, Phys. Rev. B 37 (1988) 785.
[48] A. D. Becke, J. Chem. Phys. 109 (2001) 9287.

[49] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, V. G. Zakrzewski, J. A. Montgomery, R. E. Stratmann, J. C. Burant, S.
Dapprich, J. M. Millim, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J.
Ochterski, G. A. Peterson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D.
Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T.
Deith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe, P.
M. W. Gill, B. G. Johnson, W. Chen, M. W. Wong, J. L. Andres, M. Head-Gordon, E. S.
Replogle, J. A. Pople Gaussian 98/03, Gaussian, Inc., Pittsburgh, PA, 1998.

101



[50] J. C. Traeger, T. H. Morton, J. Phys. Chem. A 109 (2005) 10467.

[51] W. Tao, R. B. Klemm, F. L. Nesbitt, J. L. Stief, J. Phys. Chem. 96 (1992) 104.
[52] J. C. Brocard, F. Baronnet, H. E. O’'Neal, Combust. Flame 52 (1983) 25.

[53] W. J. Marinelli, T. H. Morton, J. Am. Chem. Soc. 100 (1978) 3536.

[54] A. J. Gordon, R. A. Ford, The Chemists Companion, Wiley, New York, 1972.
[55] J. Waser, K. N. Trueblood, Chem One, McGraw-Hill, New York, 1976.

[56] J. C. Traeger, Org. Mass Spectrom. 20 (1985) 223.

[57] J. C. Traeger, R. F. McLouglin, A. J. C. Nicholson, J. Amer. Chem. Soc. 104 (1982)
5318.

102



CHAPTER 5

MTMB

INTRODUCTION

tert-Alkyl methyl ethers have seen wide use as fuel additives for neaykyat®.
As replacements for tetraethyllead, the simplest homologues — restHylityl ether
(MTBE) andtert-amyl methyl ether (TAME) — present a new set of problems. Because
of their water solubility, leakage from underground storage tanks and pipelinesrhbreat
to contaminate the water table with volatile compounds that can be smelledpegrpart

billion concentrations.

Higher homologues have been discussed as alternatives to MTBE and TAME,
because they are expected to be much less soluble in water. More highly branched
methyl ethers have attracted particular attentiert-Octyl methyl ether (2-methoxy-
2,4,4-trimethylpentane, TOME) exhibits excellent antiknock propertes] approaches
to its large scale production have recently been desctifeveral patents and
procedures outline the preparation and utilizatioteafhexyl methyl ether (2-methoxy-

2,3-dimethylbutane, MDMB) along with other homologues and isoffters.

Conspicuously absent from this literature is the most highly branched exa@mple
methoxy-2,3,3-trimethylbutane, which will be abbreviated below as MTMB. While
general discussions of replacements for MTBE allude to this compound, very littl
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specific information has been providet. MTMB has been the focus of NMR studies of
internal rotatiort? because of its high degree of internal steric hindrance, and has recently
been studied (along with TAME, MDMB, TOME, and other homologues) by
photoionization mass spectrometty.However, the thermal decomposition of the

neutral compound has not been discussed heretofore.

Two aspects of oxygenated fuel additives have become of paramount interest.
The first is their antiknock activity in an automobile motor. The second is their gglubil
in water. Engine knock results from explosion of the fuel-oxygen mixture in front of the
flame front during the power strok&.If the fuel-air mixture at the far end of a hot
cylinder ignites before the flame initiated by the sparkplug arrivésada to the motor
can result (not to mention loss of power and inefficient use of fuel). A definitive
mechanism for the action of antiknock agents has not been described in the open
literature, but there is no shortage of published hypottfe3és behavior of oxygenated
compounds at high temperatures provides a guide to how a compound might function

when it comes in contact with a hot cylinder wall.

The second aspect addresses the fate of fuel that finds its way into the
environment. Partition of fuel oxygenates into ground water has caused considerable
alarm, regardless of whether they actually inflict environmental damdugeve serious
health effects. This paper addresses both aspects: the water solubiNt[2§1Bf
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MTMB, and TOME are compared with those of TAME and MTBE, and the primary
thermal decomposition channels of neutral MTMB at high temperatures ardoddses

monitored by photoionization mass spectrometry.

Traditional kinetic studies of bond homolyses have made use of scavenger
techniques>**in order to assess the extent to which free radicals are formed. These
methods examine the stable products derived from free radicals, rather thamglike
radicals directly. In recent years, photoionization mass spectrometrgd@msad a useful
technique for interrogating free radicil¢® In order for this approach to work, products
of bond homolysis must give spectroscopic signatures that differ from those of the
reactants or the products from other pathways. One of the most charactgnsticres
is that of methyl catiom/z 15), which arises uniquely from methyl radical at low photon
energies. In the present study, 118 nm photoionization of the pyrolysis products of
deuterated MTMB reveals the formation of methyl radicals, along with other psoduc

that are characteristic of bond homolysis.

MTBE TAME MDMB MTMB TOME

The approach in these experiments presents several advantages: (1) aclwritirea
to examine the initial steps of the thermal decomposition; (2) supersonic cooling, whi
guenches the reaction and minimizes recombination of products and intermediates; and
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(3) minimal ion fragmentation by the use of the 10.48 eV "soft" photoionization source
that imparts sufficient energy to ionize many closed-shell and fdseatspecies. The
supersonic cooling further reduces photoionization fragmentation by minimizing the

internal energy of the parent molecules and the pyrolysis products.

Previous work from these laboratories has dealt with thermal decomposition of
MTBE.'® Molecular elimination represents the predominant mechanism, as Scheme 5.1
portrays. The published Arrhenius activation parametess; 47 + 4 kJ mot; A=
10**9sY)!" correspond to dissociation of MTBE into methanol and isobutene, as the

upper pathway in Scheme 5.1 depicts for an isotopically labeled analogue.

molecular
>=CH2 + CD3OH

eliw
%—OCD3
MTBE-d; bom

homolysis

CH3' + '>_OCD3

2-methoxy-ds-
2-propyl radical

|
o + oo

Scheme 5.1 Depiction of the expected molecular eliminatia bond homolysis

pathways expected in the pyrolysis of MTHE-
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As we have previously reported in this journal, bond honmlysgins to compete
with elimination at temperatured®00K® While the thermodynamic threshold for
homolysis is much higher than tkgfor molecular elimination, the Arrhenius
preexponential factors for bond homolyses are also raughr @ > 10*°s* [17]).
Consequently, at suitably high temperatures moleculamgiron and homolysis
proceed with comparable rates. As in the case of most theex@mposition
experiments with neutral molecules (except those peddrmshock tubes or “wall-less

,,17)

reactors™"), it is difficult to rule out surface catalysis. However, theasled behavior

is consistent with the activation parameters for homogengas phase reactions.

Bond homolysis of MTBE initially forms a methyl radicalda®-methoxy-2-
propyl radical, as illustrated by the lower pathway in &&#é&.1. The 2-methoxy-2-
propyl radical is unstable under the reaction conditiodsdsssociates to acetone plus a
second methyl radical. Hence, bond homolysis of the déetek4TBE shown in
Scheme 5.1 yields@&-methyl radical and an undeuterated methyl radical, alotigav
molecule of acetone. At higher temperatures, acetoneutsé#éfrgoes bond homolysis to

produce acetyl radical and, ultimately, to yield two methglicals and carbon monoxide.

TOME undergoes the same sort of molecular eliminatiomes MTBE® In
those experiments, though, further decomposition of thenagfroducts obscured the
radicals that would be expected from bond homolysis. Threpnidins unclear whether
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the competition represented in Scheme 5.1 operates ateelégatperatures for the
higher homologues of MTBE. Results presented here for MTiBghat homolysis

competes effectively with molecular elimination in theecakthis homologue.

EXPERIMENTAL

MTBE-d3 was purchased from Cambridge Isotope Laboratorieqrase from
Aldrich Chemical Co., and 2,3,3-trimethyl-2-butene from Cham@Co; these
commercial products were used without further purificatiMethoxy-2,3,3-
trimethylbutaneds (MTMB-ds) was prepared as previously descrihéxy addition of
excess acetongsto a pentane solution tdrt-butyllithium at —78° C followed by
distillation of the recovered alcohol and conversion ¢orttethyl ether in THF solution.
The product ether was twice distilled at atmospheric pregbp 118°-121°C). Other
deuteratedert-alkyl methyl ethers were prepared in similar fashion, agiqusly

described?!*®

Water solubilities of deuterateert-alkyl methyl ethers were determined using

2H NMR. An excess of the ether was sealed in a glass ampouldeidgthized water,
repeatedly mixed by shaking, and allowed to stand for dt2ddsours. The NMR

spectrum of the aqueous layer was recorded and the peak€D3 groups integrated

relative to the natural abundance HOD peak (16.7).mM
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RESULTS

The impetus for studying multiply branchtedt-alkyl methyl ethers derives from
the water solubility of MTBE. As Table 5.1 summarizes, TAME (d@acement
presently in use) is about one-third as soluble as MTBE oasa basis. Further
branching causes a sharp decrease in water solubilitygdated for MDMB, MTMB,
and TOME. The biggest drop (more than a factor of 10) oeuitinghe increase in
branching in going from MDMB to MTMB. On a mass basis, MTMBearly 200

times less soluble than MTBE, while TOME is 400 times lesd&othan MTBE.

Scheme 5.2 illustrates the products expected from gas piadgsis of MTMB-
ds. Molecular elimination of CkOD should yield 2,3,3-trimethyl-1-butemnig; as shown.
Homolysis of the weakest bond of MTMBsought to produceert-butyl radical and a
deuterated 2-methoxy-2-propyl radical. Both of thosecedslishould dissociate further
under the reaction conditions. Tieet-butyl radical is known to expel a hydrogen atom
at elevated temperatures: the published kinetic parasnatedict it should have a
lifetime on the order of I®sec at 1000K* As noted above, the 2-methoxy-2-propyl
radical is also unstable: the deuterated analogue shaslocdite to methyl radical plus

acetoneds.
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Formula Abbreviated Molarity mg/litre
(CHs) sCOCH; MTBE? 403 nM 3.55x10
CHsCH,C(CHs),OCHs TAME® 110 mM 1.1x1d
(CH3),CHC(CH;),OCHs MDMB © 19 nM 2200
(CHs3)3sCC(CH),OCH; MTMB © 1.4 mM 180
(CH3)3CCH,C(CH;),0OCH; TOME® 0.6 nM 90

& A. Fischer, M. Muller, J. KlasmeieGhemosphere 54 (2004) 689.
PR.M. Stephensorl. Chem. Eng. Data 37 (1992) 80.

®This work

Table 5.1 Solubilities dfert-alkyl methyl ethers in water at 20°C.

The thermal decomposition of MTM&was performed by seeding the sample
both in argon and in helium passed through the pyrolyses fobowed by supersonic
expansion and 118 nm photoionization. With a heaviereragds, contact time is
increased, while the jet expansion gives more effectivatidial cooling. The mass
spectra of a sample in argon pyrolyzed in the temperatmeaidd 75K to 900K is
shown in Fig 5.1, in which a small amount of unlabeled 2,3,3-thiyhd-butene was

included for comparison. For clarity, only the region &z 77 is shown in Fig 5.1.
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CD;

molecular
elimination CHOD + 2 CD,
cD, /
%ﬁ—oc:H3 2,3,3-trimethy

CDs3 -1-butene-dsg
bond
MTMB-dg homolysis CD4
(CHa)sC  + - >—OCH3

_Hl l

CD;
/ECHZ >=o + CHg

CDs
Scheme 5.2 Depiction of the molecular elimination and bamalotysis pathways

expected in the pyrolysis of MTMBs.

The bottom trace shows the mass spectrum of a room teomgesatmple cooled by
supersonic jet expansion. Note that the base peak intergsitzer 9 from MTMB and
m/z 98 from the added alkene) drop sharply in going from roonpégature to 575K.

This is a consequence of the decrease in number density sditiple when it is heated.

Undeuterated 2,3,3-trimethyl-1-butene was examinedaghaas well as in a
mixture with MTMB-ds. Photoionization of this alkene produces two ion'g,98 (the
molecular ion) anan/z 83, the M-CH fragment ion. Nanwz 15 ion is seen below 850K,

which confirms thatr/z 83 results from mass spectrometric decomposition of idnize
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2,3,3-trimethyl-1-butene, rather than bond homolysis paaeonization. At higher
temperatures thevz 83 intensity becomes larger than thatv 98, as bond homolysis
of the neutral alkene starts to produce the allylic rad@hk),C=C(CH;)CD, (andnvz

15 begins to appear).

The ions at/z 103 ancdh/z 88 in Fig 5.1 correspond to 2,3,3-trimethyl-1-butene-
ds (from molecular elimination) and its M-GHragment. The ions at/z 79 andn/z 118
come from the intact starting material: (§EZ=0OCH;", the M-(CH)3C ion from
MTMB-ds, and (CH)sCC(CD3)=OCHs", the M-C} ion from MTMB-ds.** The extent
of molecular elimination is comparable to what is obsefee®TBE in this temperature
domain. Methanol cannot be detected in these experimerasdseits IE is higher than
10.48 eV?! Fragments lighter tham/z 79 are not seen below 850K with argon as carrier

gas.

Pyrolyses of samples of MTMBs seeded in helium are summarized by the stack
plot of photoionization mass spectra in Fig 5.2. The cagasrwas changed in order to
shorten the contact time, so as to minimize the contributoon pyrolysis of the alkene
from molecular elimination. At 800K, in addition to the fragmhions from MTMBéls
(which does not exhibit a molecular ion), there is a peakzai3 from a trace of MTBE

((CH3),C=0CH;", the M-CH; ion from MTBE), which was added to facilitate mass
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calibration. The molecular ion of MTBE is too weak to detedeuthese condition,

while MTMB-dg exhibits no molecular ion at all.

P
>
* v
3 ]
5 7 m/z79
=, -
- m/z83 ’ 11/298
8 m/z88 m/z103  p/z118
B b 875K
g e L 825K
i Y K. 725K
o ». 575K
= | . RT
I t [ L I L I [
80 90 100 110 120
m/z

Figure 5.1 Stack plot of pyrolysis/supersonic jet exmar$il8.2 nm photoionization
TOF mass spectra of MTMBs seeded in argon (with a small amount of 2,3,3-trimethyl-

2-butene as internal standard) as a function of nozzlectetope.
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Figure 5.2 Stack plot of pyrolysis/supersonic jet expam$isB.2 nm photoionization
TOF mass spectra of MTMBs seeded in helium (with a small amount of MTBE as

internal standard) as a function of nozzle temperature.

As the temperature of the pyrolysis tube is raised abd¥,&bx new ions
appear:m/z15,m/z 46,m/z56,m/z57, m/z 64, as well as a very smalfz 88 peak. The
lightest of these is methyl cation, which comes from phoipation of methyl radical. It

is significant that navz 18 (CD;") emerges until much higher temperatures. The
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heaviest ion corresponds to photoionization of 2,3, 3etyl-2-buteneds and of the

allylic ion, (CHg),C=C(CDs)CD-, from its pyrolysis. Th@Vz 64 ion is the molecular ion
from photoionization of the acetowg{product, anaz 46 is its M-CIQ fragment.
Photolysis of an authentic sample of acetdger the experimental apparatus shows that
thenV/z 46 fragment always accompanies the molecular ion, provalohgtinctive
signature. Finallym/z57 comes from photoionization of thet-butyl radical, whilem/z

56 comes from photoionization of isobutene, the olefin prediy loss of a hydrogen
atom fromtert-butyl radical (as portrayed in Scheme 52)The growth of then/'z 15, 46,
56, 57, and 64 peak intensities with increasing temperatarergdrates the dominance

of the homolysis channel shown in Scheme 5.2.

Thenvz 88 ion from 2,3,3-trimethyl-2-butergg-has a very low intensity above
850K. At this temperature, 2,3,3-trimethyl-2-butene doeseqgilissociate; the neutral
alkene undergoes bond scission to {;E8=C(CDs;)CD, and methyl radical. From the
control experiments on pyrolysis of the neutral, undewddralkene, however, it is clear
that themy/z 15 peak seen in the MTM8s pyrolysis arises via the homolysis depicted in

Scheme 5.2, rather than by dissociation of the alkabsequent to molecular elimination.

The relative ion intensities in Fig 5.2 imply that molecel@mination (for which
the signal occurs at/z 88) is a minor pathway above 900K. For purposeofparison,
the stack plots in Fig 5.3 summarize the dissociation of M@ia the same
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temperature domain. Isobutemdd 56) is the principal product from MTBE. As the
intensity ofm/z 56 increases with temperature, the photofragmemizzt1 becomes
visible (as confirmed by examination of an authentic saraplsobutene under the same
conditions). As previously describad/z 43 comes from thermal decomposition of

acetoné? a product of the bond homolysis drawn in Scheme 5.1.

The pyrolysis/photoionization mass spectra in Fig fuStilate an additional
complication in interpreting experimental results. Sup@csexpansion in helium cools
a room temperature sample down to <50K. Expansion of mudr lsatnple gives a jet
with a correspondingly higher vibrational temperature. &oompounds show
photoionization mass spectra that exhibit great sertgitivivibrational energy content.
MTBE is a case in point. An ion at'z57 appears upon heating, at temperatures below
the onset of thermal decomposition, as indicated by itasiiterelative tar/z 56 at
725K in Fig 5.3 (a). That ion contributes an intense pealeipdblished El mass
spectrum of MTBE at room temperatdféyut this mass spectrometric fragmentation is
effectively suppressed by cooling in a supersonic jet. Wineetemperature of the

sample in the jet is elevated, the fragmentation of ioniz€BEito m/z57 comes back.

One way of probing the temperature dependence of the phaiion mass
spectrum is to examine supersonic expansions in argoerogas, which provides more
effective cooling. Figures 5.3 (a) and (b) compare the ysigiphotoionization results
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of MTBE-ds for these carrier gases. At room temperature, expansioi BEM; in

argon leads to a visible molecular ion peakva91. Expansion in helium gives a much
smaller molecular ion peak, which is barely detectable. Asdnalbove, MTBEd; gives
rise tom/z 57 ion when it is heated prior to super- sonic expansionlivminesven when
no thermal decomposition is taking place. By contrast, psisdphotoionization using

argon as carrier gas gives greatly reduced intensitieézdi7 .

A

m/=15 T=950K

J‘ m/z18
o
m/z56

m/z15
l m/z18 X} 1/z43 m/z58
950K / . l L '/ JL
925K N J

900K \ : J\u

7 725K | m/z57 ) J\U

RT N

m/z76

m/z41

MCP Detector Output (10mA/div)

I | | I T T T
0 10 20 30 40 50 60 70 80 90 100
Figure 5.3 Stack plots of pyrolysis/supersonic jet expankl8.2 nm photoionization

TOF mass spectra of MTBé&sseeded in helium with inset showing low mass fragments

at 950K, intensityk40).
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Figure 5.3 Stack plots of pyrolysis/supersonic jet exparnkl8.2 nm photoionization

TOF mass spectra of MTB&s:seeded in argon as functions of nozzle temperature.

Following supersonic cooling, acetone, MTMB-and 2,3,3-trimethyl-2-butene
display much less dependence of their photoionization spesgra upon vibrational
energy content (at least, as can be assessed by conggrargsion in helium versus

argon). Thus the following inferences may be drawn:
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(1) comparison of Fig 5.1 with Fig 5.3 (b) indicates that mdercelimination from
MTMB-ds (as signaled bgvz 103 and its/z 88 fragment ion) and MTBHE;s (as
signaled bym/z 56) exhibit similar dependence upon pyrolysis temperature
alkene peaks become apparent around 600K. In Fig 5ri/2t88 andn/z 103
peak intensities at 875K add up to about 40% of the inteofsityz 79, while in
Fig 5.3 (b ) thew/z 56 peak at 875K has an intensity 30% thatuz76.

(2) the onset of bond homolysis of MTBE-n helium begins to be detectable at
950K (Fig 5.3 (a)), at which temperatun& 15 andm/z 18 are both seen, as
expected on the basis of Scheme 5.1 (some additi@ndlb comes from thermal
decomposition of acetone at this temperature);

(3) in helium, the peaks characteristic of homolysis of MTMB- m/z 15, m/z 46
and 64, anan/z56 and 57 (as expected on the basis of Scheme 2) — begin to
appear at 850 K. Under these conditions the peaks corresgdaanolecular
elimination -m/z 88 and 103 — cannot be seen until above 900K and never

become as intense as the peaks from bond homolysis.

Taking carrier gas effects into consideration, we corcthdt homolytic bond
cleavage of MTMBds overtakes molecular elimination as the predominant tHerma

dissociation pathway around 900K.
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CALCULATIONS

Two thermal decomposition precedents can be comparedhaitiesults for
MTMB. The homogeneous gas phase cleavage of hexamethydthisi; X=Y=CH;
in Eqn 1) has been closely studi&dThermal cleavages of the dimethyl ethers of tertiary
vic-diols have also been examingdWhile the simplest example, pinacol dimethyl ether
(PDME; X=Y=0CH; in Egn 1), has not been reported, extrapolation from its highe
homologues predicts an activation energy approximateB04& mof* lower than that
of HME. Homolyses of HME and of tertiavjc-diol dimethyl ethers are reported to have
Arrhenius preexponential factors on the order df 8. It is not obvious priori
whether cleavage of the central bond of MTMB should be masieethan that of HME

(as itis for PDME). This question has been addressed by mieaomputation.

X Y homolysis
7\ \L > >—x Y;< (1)

HME: X=Y=CH,
PDME: X=Y=OCHj
MTMB: X=CHs, Y=OCHj

Computations were explored using three levels of theanyg tise GAUSSIAN98
and GAUSSIANO3 program suites, all based on geometriesiaptl using density
functional theory (DFT) at B3LYP/6-31(2df,p): DFT, G3X, atwlpled clusters (CCSD)
using single and double excitations. G3X theory represecdsnposite approach; it
makes use of DFT zero point energies (scaled by a factor ¢&i4).88d single-point
electronic energies calculated at several higheritib lavels The G3X energy is

determined by sums and differences of those single pangies, including the scaled
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zero point energy and a higher level correcffofi. In the case of HME, DFT
optimization with no symmetry constraint gives the lowéstteonic energy, but the
geometry withD3q symmetry possesses a lower zero point energy, which makBgsthe
structure energetically more favorable. MTMB was optimétl no symmetry
constraint, while MTBE and the methoxythexyl radical (M&@ECMe,) preferredCs
symmetry. Methyl antkert-butyl radicals were optimized withs, symmetry constraints,
but no constraint was imposed in the optimization of 2-mgfkopropyl radical
(MeOCMe) or tBUCMeOMe Table 5.2 summarizes the results calculated for

homolyses of HME, MTMB, and MTBE.

At the DFT level the OK bond dissociation enerBy)(of HME is calculated to be
246 kJ mot, considerably lower than the reported experimental 300 biissociation
energy of 322 kJ mdl** Consideration of basis set superposition error (wisich i
neglected here) would lower the calculated DFT value a&ug¢imer. By contrast, G3X
theory predicts &, value of 332 kJ mdi for HME, while CCSD gives a value B =

313 kJ mof when unscaled zero point energies are taken into account.
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Formula Abbreviated B3LYP ZPE G3X(0K) CCsD

(CH3)3sCC(CH)3 HME -315.729545 639 -315.359376 -314.905854
(CHs3)3sCC(CH;).O0CH; MTMB -390.941418 650 -390.533186 -389.973150
(CHs) 3COCH; MTBE -272.998803 428 -272.717508 -272.330985
(CHs)sC radical tBu -157.812298 305 -157.616387 -157.387834

(CH3),COCHsradical MeOCMe  -233.023958 320 -232.790851 -232.455274

CHjs radical Me -39.8433562 78 -39.792981  -39.720503
(CHs3)3CC(CH;)OCHzrad tBuCMeOMe-350.972148 542 -350.612575 -350.102174

(CHs)2,CC(CH;),0CH; rad MeOCMeCMe, -350.965188 539 -350.608212

Table 5.2 DFT electronic energies (a.u.), unscaled zero pwngies (kJ mal), G3X
energies (a.u.), and CCSD energies (a.u.) of HME, MTMB, MTBE, eledted

homolysis fragments using geometries optimized at B36¥R/G(2df,p).

G3X theory gives a OK bond dissociation energy for theraenbnd of MTMB
of Do = 330 kJ mof, while CCSD predicts a value of 316 kJ thol That is to say, both
computational levels predicts the homolyses of the 2,3$ohHIME and MTMB in egn
1 to have nearly the same endothermicities. The value forlizsisiof a methyl radical
off of thetert-butyl group of MTMB (the 3,4-bond) to form a methoxythexylical

(MeOCMeCMe,) is much higher, for which G3X theory predi€s= 354 kJ mof.
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G3X and CCSD give quite different estimates of the enthaipyges for
cleavage ofi—-methyl groups. For homolysis of the 1,2-bond of MTBE (bregkipart
thetert-butyl group) G3X theory predicB,= 351 kJ mof and CCSD predict®o= 377
kJ moi*. Homolysis of the 1,2-bond of MTMB to give tBuCMeONZmethoxy-3,3-
dimethylbutyl radical) corresponds to OK bond dissosiagnergies oD, = 335 kJ mot
at G3X andDo= 365 kJ mof at CCSD. Despite the fact that thgvalues vary markedly
between CCSD and G3X, both levels of theory estimate thatttieavage of methyl is
less endothermic for MTMB than for MTBE (by 12 and 16 kJ m#spectively), as

would be expected on the basis of steric hindrance.

While G3X calculations confirm the expectation that tfg&el#bnd of MTMB is
the one most easily cleaved, this level of theory givesilezatdD, values for the two
possiblen—cleavages that are closer together than might have beepated. If the
activation energies for 1,2-bond homolysis and 2,3-bonaolhysis of MTMB were truly
separated by only 5 kJ mblm/z 18 (from photoionization of Cfradicals) should have
been observed in Figure 5.2 with an intensity roughly offetet of m/z 15. Sincan/z
18 is barely detectable, either the activation barriers achrurther apart than the
calculated G3X difference iDgvalues, or else the Arrhenius preexponential factors

differ greatly.
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TheDgvalues calculated at CCSD/6-31G(2df,p)//B3LYP/6-31&®dusing
single and double excitations differ markedly from thas&3X. The OK dissociation
energy of the 2,3-bond of MTMB has a valuédgt= 316 kJ mdf, while the calculated
value for the 1,2-bond B, = 365 kJ mdf. In other words, CCSD gives a difference in

Do (49 kJ mot") that is more consistent with the experimental resulisrteg here.

DISCUSSION

When the hydrocarbon mixture used as a motor fuel auteggmitan automobile
cylinder, engine knock results, and it becomes necessarg tanéiétnock agents. The
two most prevalent antiknock compounds used in the twhrdentury, tetraethyllead
and MTBE, have now been banned in many locales, the former bagiseof its toxicity
and the latter because of its solubility in water. Othehyhégrt-alkyl ethers (higher
homologues of MTBE) also exhibit antiknock properties. |&&bl summarizes the
decrease in water solubility with increasing carbon nuptherqualitative trend that one
would expect. The biggest jump occurs in going ftertthexyl methyl ether (MDMB)

to the title compound, MTMB.

The antiknock properties of alkyl ethers have been asttibtheir facile
molecular elimination of alcohol. It has been hypothekthat the resulting alkenes

inhibit radical chain reactions in the fuel/air mixture ba tncombusted side of the
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advancing flame frorf® Hydrogen atom abstraction produces allylic radicals, whieh
thought to be less reactive in initiating ignition. Consisteith this model, a variety of
fuel oxygenates with easily abstracted hydrogens, imdu@imethylfuran, furfuryl
alcohol, ang-cresof® are among the candidates proposed as viable antiknodkesldi
in addition to simple aliphatic alcohdiSas well as théert-alkyl ethers TAME}
TOME,?>* MDMB,® ethyltert-butyl ether (ETBE), and isoproptgrt-butyl ether

(IPTBE)?®

If this model is correct, the pyrolysis/supersonic jetaggon/118.2 nm
photoionization TOF mass spectroscopic experimentstezpbere imply that MTMB
ought to be a poor antiknock agent. Unlike MTBE or TOME, MTMRBIteto produce
free radicals under pyrolysis conditions, in preferengadtecular elimination. Many
potential fuel additives have been explored and found toddepck® The propensity of
MTMB to undergo the homolysis drawn in Scheme 5.2 suggedts thay belong to this

category.

The homolysis of MTMB appears to be highly specific for tfgeidnd, yielding
tert-butyl and methyl radicals, along with acetale-No cleavage of the 1,2-bond is
seen, as attested by the virtual absence af Gz 18) in the photoionization mass

spectra. The very tiny amountmfz 18 that can be seen at the highest temperature in
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Figure 5.2 can be ascribed to thermal dissociation of me€etounder the pyrolysis

conditions.

The choice of carrier gas affects the pyrolytic pathvedyserved in the present
experiments. The longer contact time provided by argon allower temperature
decompositions to be seen. Comparison of Figure 5.1 witheé~tg8r(b) shows that
MTMB and MTBE exhibit similar propensities for moleculdimenation below 900K,
where not much bond homolysis is seen. At temperat@@3ks however, homolysis of
the central bond of MTMB overtakes molecular eliminatiothaspredominant pathway.
The shorter contact time achieved using helium as cgaeallows the homolysis
products (methyl radical, acetone, dad-butyl radical) to be detected. A shorter
contact time has the advantage that subsequent dissosiatithese products can be

minimized.

Three levels of computation have been compared, whicle nely different
predictions regarding bond homolyses. G3X theory givesmdiation energies for the
1,2- and 2,3-bonds of MTMB that are so close to one anotheiftbatrect, C3 radicals
ought to have been seen in the pyrolysis of MTHB- By contrast, CCSD calculations
predict that thd, values differ by 49 kJ md| in agreement with the experimental

observation that only the 2,3-bond cleaves.
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Pyrolysis of isobutylene (C4Hs)

Isobutylene was obtained and diluted in argon to 3% withwtlter purification.
Figure 5.4 presents a stack plot of mass spectra from the/ggrof isobutylene. In the
room temperature trace a large molecular ion peak is olosatwéz = 56 (IE = 9.19
eV?%). An isotope peak atVz = 57 is observed with approximately 4% the intensity of
the molecular ion, as would be expected. A small s-@tdtoionization fragment at/z
= 41 is detected (AE = 11.33 &yand a much smaller —H photoionization peak is
perhaps detectable @iz = 55 (AE = 11.26 e%?). Both the -CHand —H
photoionization fragments have reported AEs of ~ 11.3 eMfe Happears that
expulsion of the alkyl group is preferred over hydrogemaggection. Additionally, it
indicates that there is a small amount of higher energyataizoccurring, whether it be
El from the photoelectric effect or multi-photon in origifhere are poorly defined
peaks in the vicinity ofi/z = 39 andwz = 23 which are believed to be an anomalous
electronic artifacts. As the nozzle is heated to a temperaf695 K there is a slight
attenuation of signal due to a reduced number density. €ldteve intensity oim/z= 41
seems largely unaffected. As the microreactor is heatdtefup 1080 K a small peak at
m/z =15, CH radical, is detected and another new peak is foundzat 40. Thenz=
15 peak is not a photoionization fragement and is chaistatesf bond homolysis. That
being the case, it seems likely thé = 40 peak is formed thermally as hydrogen atom is

lost from the GHs radical resultant from the homolysis. Ting = 55 andnwz =41
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Figure 5.4 Stackplot of mass spectra for the pyrolysis blitstene (3%) in argon.

signal may be slightly more intense in this trace. In theebbttaces presented here,
1130 K and 1250 K, the signal of the parent moleculeat 56 is not as intense while
the remaining peaks grow, most notatolg = 15, CH radical, andnwz = 40, GH,4

(allene). Small new peaksmatz = 39 andwz = 54 are observed. From the above stated
information it is concluded that 1) there is a small occueaf higher energy ionization

2) of the resultant photoionization fragments methyl exipualis favored over hydrogen
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atom loss and 3} ~1100K isobutylene undergoes C-C bond homolysis anly liteea

smaller extent, C-H cleavage.

Pyrolysis of ethylene glycol tert-butyl ether

The pyrolysis of ethylene glyctdrt-butyl ether (a.k.a-butyl cellosolve) was
studied to examine the of pyrolysis experiments with lekgil@component. In this

case, the ethylene glycol unit imparts the ability to ac aolubilizer in fuels, effectively

sequestering water that inevitably contaminates fuehgéotanks, preventing phase

separation with subsequent oxidation of the tank leaditept@ge.t-butyl cellosolve

was obtained from TCI America (99+%) and diluted in helitdtheme 5.3 presents the

expected photo-ionization fragments fdyutyl cellosolve. Figure 5.5 presents a stack
plot of mass spectra traces for the low to intermediate t&tyes in the pyrolysis ¢f

butyl cellosolve. The molecular ionmtz 118 was not observed while the fragments
depicted below all were detected witfz 103 being dominant. A large peaknalz 68 is
observed as a memory effect from previous experimentdyaymg isoprene. At a

nozzle temperature of 850 K the intensity of the peaks alhdimwith the exception of
m/z 56 which more than triples in intensity, a modest new peakzdi7, and the

detection of a small peaksratz 44 and 62. The trend continues as the nozzle is heated
further to 920, 990, and 1060 K except for the pealWab7 which diminishes in

intensity. New small peaks emergarét 15 and 31, methyl and hydroxymethyl radicals,
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indicative of homolysis. Over this temperature region geothposition of-butyl
cellosolve is expected to proceed by molecular elimindtimm the tertiary center to
produce isobutylenar{z 56) and ethylene glycoi{z 62). The transition state energy
for that process, D= 52.1 kcal/mol. The energy barrier calculated for the shtion

of water is D = 63.2 kcal/mol and the transition state for elimination nyvandt-

: m/z 56

i V244 m'z 103
-’é\ -
-O -
> w231
= RN W ‘ 1060K
= 4 e 990K
c J T
@ ',
B 920K
m 'LI IR A IJ

| RT L

) 0 10 20 30 40 50 60 70 80 90 100 110 120
m/'z

Figure 5.5 Stack plot of mass spectra for the ygisloft-butyl cellosolve with unheated
nozzle (RT) and over the temperatures from 850601) The traces are shifted for

clarity.
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butyl alcohols was not located, the potential epevgll of the product complex proving
shallow and the hydrogen bound OH groups provingdble. Although a peak sz
44is observed which could correspond to vinyl atdptihe correspondingbutyl alcohol

is not detected and neither is the vinyl ether pob@tnvz 100 expected from elimination

of water. These factors all indicate that the i@ elimination of ethylene glycol to
form isobutylene is the dominant process over méegtiate temperatures ~800 — 1100 K.
Figure 5.6 presents the stack plot of mass sptmtitae pyrolysis of-butyl cellosolve

over the nozzle temperatures of 1130 — 1300 K.

As the nozzle is heated to a temperature of 118@kekeaks atvz 15 and 40
significantly increase signal intensity. Tim&z 56 peak remains the dominant peak in the

spectrum and the m/z signal of ethylene glycaohat62 is clearly discernible. Upon

further heating to 1200, 1235, then 1300 K theagatm/z 15 and 40 continue to grow
as does thavz 44 peak. The small peaksmatz 52 and 54 also exhibit growth in these
spectral traces. The peaks at m/z 31, 39, 45433 and 68 are found to have similar
intensities over this temperature range, with tteeption ofm/z 39 increasing in

intensity at the highest temperature trace predesdgesponding to a nozzle temperature

of 1300 K. The peak atvVz 62 is found to diminish over this temperature oagi
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Figure 5.6 Stack plot of mass spectra for the gisloft-butyl cellosolve with nozzle

temperatures from 1130 — 1300 K. The traces afeegtor clarity.

It was previously established that the moleculianieation of ethylene glycol to
form isobutylene is the dominant process over tiberimediate (800-1100 K) temperature

region. The decreasing signahalz 62 is indicative of secondary pyrolysis of the
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ethylene glycol molecular elimination product. Tdrewth ofm/z 15 is definitely
indicative of homolysis of-butyl cellosolve. As can be seen from Schemédtat 1)
the radical at/z 103 is formed concomitantly with methyl cleavagdenvz 103

radical is not observed in the spectra but presiyrpabckly decomposes to acetone at
m/z 58, which is observed, and @EH,OH radical which could decompose to vinyl
alcohol atm/z 44, also observed. From Scheme 5.5 the bondgstref the C1-C2 bond
is 72.2 kcal/mol. Cleavage of thdutyl-O bond (path 2) is predicted to have a shgh
more accessible bond strength of 68.6 kcal/mol wviiould result irt-butyl radical at
m/z 57 and ethylene glycol radicalatz 61. Thet-butyl radical (Wz 57 is observed)
rapidly decomposes to isobutylenevdt 56 for which there is a large signal. Although
there is nawz 61 signal it may be possible that the ethylenedlyadical rapidly
decomposes to formaldehyde (not observable irsifsgeme) and C#DH radical an/z
31 (also observed). TiRC-C decompositions of saturated alkoxy radicatsveel!
known. Cleavage on the other side of the ethdxaad to formt-butoxy radical (path 3)
and CHCH,OH radical is predicted by DFT methods to be 7t&/nol. A very small
m/z 73 peak is detectable in these spectral traceshatdbutoxy radical would
presumably decompose to methyl radicah&t15 and acetone av'z 58, all observed
signals. The ethylene C-C bond (path 4) is preditd be nearly isoenergetic with path 3
and would result in &butoxy methylene radicain(z 87) and CHOH radical (wz 31).
While a signal is observed aiz 31 nom/z 87 is detected. It may be the case that the t-
butoxy methylene radical undergoes rapid decomipasit form formaldehyde, Ci®,

not detectable in this system, acetonevat58, and a methyl radical atz 15. All of
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these processes would be consistent with obsepesdral features. In fact, paths 1-4 are
all in a narrow energy range of 3.6 kcal/mol. Ti@sult couples with the experimental
spectral traces suggest that all of these homaobgiswvays may be in competition with
each other at higher temperatures (>1100 K). Téwvage of the hydroxyl radical (path
5) is predicted to be prohibitive in comparisonhnat predicted energy value of 85.4

kcal/mol which leads to the conclusion that thetgbation of path 5 is negligible.

CONCLUSIONS

The results of the experiments presented heretéetia following conclusions:

(1)  With argon as carrier gas, MTMB and MTBE displayngarable levels
of molecular elimination of methanol at up to 875 K

(2)  With helium as carrier gas, MTMB exhibits homolytieavage of the 2,3-
bond to a much greater extent than molecular eitton at temperatures
>875K.

(3)  With helium as carrier gas, homolysis of the 2,8&bof MTMB takes
place with no competition from homolysis of the-b@hd in the

temperature domain 875-950K.
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CHAPTER 6
|SOPRENE AND ISOMERS

INTRODUCTION

Isoprene (2-methyl-1,3-butadiene) is the major poba@btained from thermal
degredation of isoprenoitiand is an important precursor for the formation of
polyaromatic hydrocarbons (PAH) in combustion psses’* Despite this, the pyrolysis
of isoprene has been relatively little studiédBadgeret al found the pyrolysis of
isoprene to produce large amounts of benzene,nejwnd xylenes in addition to a wide
variety of PAH> The major product recovered, toluene (22%), vaiebed to be
formed by reaction of a two-carbon unit (vinyl realior ethylene) with an isoprene
radical or isoprene itself. Benzene (15%) was ghtto be formed in a similar manner,
the reaction of four-carbon and two-carbon unitsl themeta andpara xylenes (15%)
formed through dimerization of isoprene units, preably followed by subsequent loss
of C;H,. The C2-Chs bond, being the weakest bond, was proposed targode
homolytic cleavage to form GHand GHs radicals that then abstract hydrogen from
isoprene creating 4El; radicals. It was demonstrated how all producteoled could be
formed, ultimately, from the reactions of isopretie, four possible §1; radicals (I, 1,

1, IV), the —Me GHs radical (V), and radicals resulting from homolysighe C2-C3
bond, GHs and GH3. The free radicals and energetics of isoprersodiation
calculated in this work are presented in Figure &®&rhaps consistent with that
mechanism methane, propylene, ethene, and acetykeeall detected as products,

however, without quantification. The work indicatine importance of isoprene and
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fragment units in the formation of aromatic ringsowever, many possibilities were not
considered and mechanistic details were not eléddim. The work of Oret al
followed the variation in PAH populations as a ftimie of pyrolytic conditions, yet

mechanisms were not specifically discussed.

Energy economy and health concerns have promptesidarable work on
thermal decompositions of hydrocarbons to gairgimsbon mechanisms for PAH, and
ultimately soot, formatiofh. Of particular interest are compounds believebetinvolved
in formation of an aromatic ring, that process Wydeeing considered the crucial rate
limiting step in PAH formation. In this regardeth,3-butadiene (1,3-BD) system has
been particularly well studi&d’ and is expected to have relevance to the isopmgstem.
The primary initiation step for 1,3-BD pyrolysis svariginally proposed to be cleavage
of the C-C single bond, forming two vinyl radicd/s. This mechanism, however, did
not accurately account for ethylene production amcdholecular decomposition to form
ethylene and acetyletfé®was suggested. Disagreement with experiment tiths s
encountered until the isomerizations to 1,2-butagli@nd 2-butyne was considered.
These isomerizations have now been shown to be fastér than decomposition at high
temperature&and previous work from this lab directly obsertiee isomerization
pathway by detection of methyl and propargy! radicader pyrolytic condition¥. In
light of the recent advancements made on the 1,3@ikm, the pyrolysis of isoprene,

the 2-methyl derivative of 1,3-BD, appeared toipe for further investigation. In this
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work we examine the ability of isoprene to isomernd elucidate the alterations in
mechanistic pathways resulting from the additionathyl group. Due to the larger
photoionization cross sections of the moleculagrrants of isoprene, the molecular
elimination channel(s) can be assessed, alongtigticontribution of direct homolysis

channels(s).

As in the pyrolysis of 1,3-BD, the experimental eggzh of flash pyrolysis
coupled to supersonic expansion and vacuum ultiet(fidUV) photoionization mass
spectrometry offers several advantages: shorticgatimes to examine the initial steps
of the thermal decomposition; supersonic coolinguench the reaction and minimize
recombination of the initial products and internaes; and minimized ion fragmentation
due to the “soft” VUV photoionizatioh.** Quantum chemistry calculations of the
transition state barriers for isomerization reatiand product energetics are also carried

out, and possible mechanisms are discussed.

EXPERIMENTAL

Isoprene (2-methyl-1,3-butadiene) was obtained fiasher Chemicals (99%)
and diluted to 15% and 1.5% in argon, without addél purification. This was
accomplished by bubbling the Ar noble carrier dmeugh the liquid at ice/water or
acetonitrile/dry ice bath temperatures. The backiregsure of the gas mixture was kept

at ~1.5 atm for all measurements. The isomeriaaitd decomposition energetics for

140



isoprene were calculated using quantum chemistthods. Geometries were optimized
using the hybrid density functional theory methd®ecke three-parameter functional
with nonlocal correlation provided by Lee, Yangddrarr (B3LYP) and the 6-
31+G(2df,p) basis setd?? The vibrational frequencies were calculated atstime level
of theory for characterizing the nature of struetuand used for computing zero-point
energy corrections. All calculations were perfodnusing the Gaussian 98 program
suite?® Relative energies of the compounds and pertimansition states were listed on
the basis of the enthalpies of formation at O Khe energetics of the dissociative

pathways of isoprene are shown in Figure 6.1 agdrEi6.2.

RESULTS

Relative energetics of select species involvettiénpyrolysis of isoprene are
presented in Figure 6.1. Potential energies famerization and homolysis of isoprene
and isomers are presented in Figure 6.2. A sthtlopisoprene (15%) in argon carrier
gas composed of spectral traces at room temper@@beK) and nozzle temperatures of
700, 865, 1015, and 1140 K is presented in FiguBd€d. A large molecular ion peak at
m/e 68 is observed at 295 K; the very small peaksmvbseatm/e 67, 53, 42, and 40 at
295 K have respective appearance energies (AH).641-10.93 e¥*%® 11.44—11.93
eV?®%7 12.39 e\, and 12.76 e¥, indicating a minimal amount of multiphoton or
electron impact ionization. The multiphoton ioriaa could be caused by a VUV

(focused 118.2 nm) photon + a UV (divergent 355 phgton, with a total energy of
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13.98 eV. The occurrence of photoelectron germrdiy scattered light and subsequent
electron impact ionization in the photoionizati@gion in this apparatus and the efforts

made to eliminate the effect have been describexddqirsly’’ With a nozzle temperature
kcal/mol
1301
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Figure 6.1 Relative energies of the species ireain the pyrolysis of isoprene (values

determined from zero-point energy corrected hefafisrmation at 0 K) calculated at the
B3LYP/6-31+G(2df,p) level of theory. Thelds radical V is stabilized t6-C4Hs radical

by a 9.7 kcal/mol resonance energy.

of 700 K a decrease in the paremie 68 signal is observed due to drop in number dgnsit

and two small new peaksmte 41 (AE = 14.04 e¥P) andm/e 39 (AE = 14.55 %) are
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discernible. As the nozzle is increased to 86451@nd then 1140 K, the peaks at m/e

53 and 67, as well as the peaks at m/e 39-42parelfto grow in relative intensity.
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Figure 6.2 Energetics of the isomerization andatisdion pathways of isoprene.
Enthalpies of formation and transition state erergire calculated at O K using the
B3LYP/6-31+G(2df,p) level of theory. Vibrationakfjuencies were calculated at the
same level of theory for computing zero-point egargrrections and verification of

transition state structures.
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Isoprene (15%) in Argon

_ LA

m/e 68

__ 1140K mef?"u m/f 53 JW

Signal (250mV/div)

Figure 6.3 (a) Stack plot of mass spectra for gygislof isoprene (15% in Ar) with

internal nozzle temperatures from room temperg298 K) to 1140 K.

A stack plot of mass spectra for isoprene (15%argon carrier gas with nozzle
temperatures of 1215, 1255, 1300, 1340, and 1430pkKesented in Figure 3b. At 1215
K the parent ion continues to decrease in intengitly concomitant increases in all the

previous observed peaks. The growth of the peakendO is significantly greater than
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the others in thave 39-42 region. Two new peaks are observed at han8n/e 54,
along with the slightly growingve 53 peak. In the 1255 K trace, the peaks at m/&20
and 54 continue to increase in relative intensRgaks atr/e 15, 28, 66 and 78 are now
clearly detected. At 1300 K, the trend continués w/e 40 and 52 displaying the
greatest augmentation of intensity, and at 134BeKpeak atn/e 52 is nearly equal to the
parent peak atve 68, while thare 53 peak starts to decrease. At this temperatue n
peaks atn/e 50 and 65 are observed. At a nozzle temperafuté@dK, the highest
temperature presented, the parent peak continudiminish as the relative intensities of

other peaks increase.

A stack plot of mass spectra for isoprene (1.5%rgon carrier gas with nozzle
temperatures of 1200, 1230, 1310, 1330, and 13@0pkesented in Figure 6.3 (c). The
concentration was reduced by an order of magnitn@ealuate the extent of secondary
reactions in gas phase and surface reactions pyifoéy/sis mass spectra are essentially
the same in both experiments, except with the el sample the amount wie 15 and
m/e 39 observed increases while thie 78 peak is attenuated. This indicates that the
surface reactions and secondary gas-phase reaat®n®t significant in the ~1Q3

short time scale of the flash pyrolysis.
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Isoprene (15%) in Argon
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Figure 6.3 (b) Stack plot of mass spectra for ppgisl of isoprene (15% in Ar) with

internal nozzle temperatures from 1215 K to 1400.
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Isoprene (1.5%) in Argon
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Figure 6.3 (c) Stack plot of mass spectra for pygisl of isoprene (1.5% in Ar) with

internal nozzle temperatures from 1200 K to 1390Mkass spectra are shifted for clarity.
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DISCUSSION

Equilibrium Structures and | somerization

Energies of GHg isomers and their transition states of formatiamencalculated
to characterize the reaction profile and elucidlagelowest energy pathways in the
pyrolysis of isoprene. The results are presentadtgcally in Figure 6.2. The molecular
parameters of isoprene calculated here in this wante found to be consistent with prior
calculations®*° The trans isomer is found to lie 2.8 kcal/mol betbe gauche
conformation with a 5.8 kcal/mol barrier to rotatioAs can be seen from the figure,
several isomers are readily accessed. The gaactiermation of isoprene can undergo
electrocyclic ring closure by surmounting a 42.3alkool barrier to produce 1-methyl
cyclobutene, 11.6 kcal/mol higher in energy thanrdgference trans isoprene. The
conrotary ring opening of methylcyclobutene hasvation energy calculated in this
work of 33.5 kcal/mol, in reasonable agreement withexperimental value of 35.1

kcal/mol??

Similar to 1,3-BD'’ both conformers of isoprene are expected to bahtemf
undergoing 1,2 hydrogen shift across the C3-C4 lwdrisbprene to produce a singlet
carbene intermediate. The transition state fdrghacess was calculated to be 72.2
kcal/mol above trans isoprene. Carbene moieteesair stable and are known to readily
form corresponding cyclopropenes. 1,2-dimethylegobpene was found to lie 27.4
kcal/mol above isoprene and the barrier to its fdram, in reference to the carbene

compound, is only 0.8 kcal/mol. In 1,3-BD the @arb/cyclopropene intermediate can

148



isomerize further via a sequential 1,2 hydrogeft &hil,2-BD or to 2-butyné’ In the
case of isoprene, however, the absence of a vihyicogen by Cklsubstitution
significantly retards the rates of similar procasaed therefore tend to undergo ring
opening rather than further isomerizatfrirthe 1,3 hydrogen shift is also known to be
relatively facile and the barrier to directly formgi dimethylallene in this manner was
calculated to be 75.9 kcal/mol. Alternatively, éitimylallene can be formed from the
carbene or cylclopropene intermediates. In thigkwihie transition from
dimethylcyclopropene to dimethylallene was caledab be 105.2 kcal/mol indicating
that pathway is unlikely. Dimethylallene has ath@dormation of 9.6 kcal/mol relative

to trans isoprene.

C4H4, C4Hs, and C4Hg Production

Them/e 53 peak appears and increases at relatively Impéeatures, and above
1200 K, the growth of theve 15 peak also becomes visible, suggesting productiche
C4Hs and CH species via homolytic dissociation of isoprenée Tieats of reaction for
the radicals produced by the homolytic cleavage wiethyl group from the isoprene
isomers were calculated and are presented in Fyirand Figure 6.2. For the simple
homolytic cleavage of methyl from isoprene, ti&yHs radical + CH radical product
channel is found to be 79.6 kcal/mol higher in ggeelative to trans isoprene, with the
C4Hs radical V significantly stabilized by a resonamcergy of at least 9.7 kcal/mol.

For the homolysis of dimethylallene minus methylical, the heat of reaction is only
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75.9 kcal/mol above isoprene due to a propargy-tgsonance in the methylallenyl
radical product. This work predicts that the mé&thgnyl radical is 3.7 kcal/mol more
stable than the C4Hs radical, which is larger than the 2.4 kcal/moldiceed by Hansen
et al.>® Heat of reaction for homolysis of the methylcyaltene isomer to produce the
methyl and cyclobutene radicals is 108.9 kcal/metdtive to trans isoprene. The heat of
reaction of the methylcyclopropene and methyl raldierom homolysis of
dimethylcyclopropene is calculated to be 121.5/kaal. Therefore, the likely
mechanism for methyl loss in isoprene is isomeppatia C3-C1 1,3 hydrogen shift to
dimethylallene and subsequent dissociation tg@ &tdl methylallenyl radicals.
Compared to 1,3-BD, the GHubstitution in isoprene provides a possible digdd; loss
pathway. However, the Ghubstitution removes one vinylic hydrogen andesihe
energetics for subsequent 1,2 {3Hift to isomerize to dimethylallene (analog ta-BD

in 1,3-BD isomerization) or the alkyne (analog tbiyne in 1,3-BD isomerization).
Consequently, the 1,3 hydrogen shift isomerizattodimethylallene becomes the more

favorable isomerization pathway and leads tg (@ids.

The prominent peak at/e 52 in the pyrolysis of isoprene presumably comes
from overall loss of Ckl This could occur by bond homolysis of isopremerioduce
CHz and GHs radicals with subsequent loss of a hydrogen atomifhg GH,, or by
direct molecular elimination of methane. The sgeat loss of hydrogen atom from
methylallenyl and-C,4Hs radicals were calculated to be endothermic by &iAdl53.4
kcal/mol for butatriene and for vinylacetylene 58 51.1 kcal/mol respectively,

indicating these as facile processes. The direbecalar elimination of methane from
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isoprene to form butatriene was calculated to leakeat of reaction of 30.7 kcal/mal,
while the same process to form vinylacetylene i XZ8al/mol (Figure 6.1); however, the
direct molecular elimination of methane is knowrh&ve activation energies above the
simple bond enthalpies. In this work the activamergies for formation of
vinylacetylene or butatriene by molecular eliminatof methane are 107.1 and 103.1
kcal/mol, respectively, consistent with previoukotation3* These results indicate that
o bond homolysis of isoprene is favored over molacalimination of methane, and the

C4H,4 product at/e 52 is produced by subsequent H loss of the mdiewid radicals.

The peak atv/e 54 observed in the pyrolysis cannot be the regutiolecular
elimination of CH. The heats of formation are calculated to be iprtive, 114.8
kcal/mol from isoprene, and additionally the £t¢feated would be detectable with an
ionization energy of 10.35 e¥7. C4Hg can be formed by H-abstraction byHg radicals,
however, the relative intensity observeadné 54 displays no concentration dependence
and therefore it may be thaie 54 is largely a photoionization fragment. Theization
energies for cyclopropene and cyclobutene are&63nd 9.1 eV, resepectivelyand
photofragments of that type have apparently besermwkd from photo-oxidized surfaces

of methylcyclobutene and dimethylcyclopropene deiires®

CsH4 and CoH4 Production

Direct molecular eliminations resulting in the alage of the C2-C3 bond were

considered and relative energies are presenteigume=6.1. Two such molecular
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elimination pathways possible for isoprene are owdbe elimination of acetylene to
produce propene, or elimination of ethylene to posdallene (shown in Figure 6.1)
and/or propyne. The heat of reaction for thel{+ propene product channel is found to
be 39.2 kcal/mol above trans isoprene, while thtd,G allene channel is more favorable
by 4.6 kcal/mol at an energy of 34.6 kcal/mol. Efimination pathway for acetylene is
believed to proceed through a vinylidene speliesid when the vinylidene intermediate
is considered the energy level is increased to K€8mol (Figure 6.1). In a similar
manner, one could envision the molecular elimimatbethene to proceed through a
methyl carbene intermediate; this consideratioddda a product energy level of 105.2
kcal/mol. As can be seen in Figure 6.3, the amotinte 42, corresponding to propene
from molecular elimination of acetylene, is les€amparison to theve 40 peak, for the
C3H4 species; the molecular product channel produdingne and ¢H, (allene and/or
propyne) is more important. The transition statergy barrier for the ethene molecular
elimination process to form allene was calculatethis work to be 74.0 kcal/mol, which
is slightly smaller than those of GHHond homolysis. The molecular elimination of
ethene should be a favorable channel, and the Qrofmye 40 at elevated temperatures

can then be attributed to this process.

The C2-C3 bond homolysis channel of isoprene tdyre GH3z and GHs
radicals is 103.0 kcal/mol above trans isoprengufé 6.1). The absence or very minor

peak growth at/e 27 andre 41 indicates that these radicals are not formed in
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appreciable amounts, as a prior work on nitroetig/lgyrolysis has demonstrated that the
vinyl radical produced in pyrolysis under theseditans should be readily detected.
Therefore, isoprene does not undergo C2-C3 honsolgsan appreciable extent,

consistent with the higher energy requirement.

All these features indicate that cleavage of thed32ond in isoprene is not
homolytic and that the molecular elimination gHz to produce gH, is the dominant

molecular elimination pathway.

CsHg and CsH7 production

The energy values of the possible -H radicals fegmilibrium trans isoprene
structure are presented in Figure 6.1. The -Hedsliof isomers are presented in Figure
6.2. Radicals I, Il, and IV are vinylic radicalstivfairly similar energetics, lying 108.0,
104.3, and 109.9 kcal/mol above the trans isomesapirene (H atom energy considered).
The allyl radical 11l has a weaker C-H bond withearergy of 99.6 kcal/mol, and when
allowed to delocalize to the most stable conforarati value of 86.9 kcal/mol is obtained.
The minus hydrogen radical of methylcyclobutenedhsat of reaction, 94.0 kcal/mol
(delocalized), while dimethylcyclopropene minus togen atom was found to be 108.3
kcal/mol relative to trans isoprene (Figure 6.2Zhe allylic radical of dimethylallene is

slightly higher energy than for methylcyclobute®8,6 kcal/mol. The peak observed at
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m/e 67 corresponds tosH7. Since it is found to be unaffected by changes in
concentration, it is likely the result of H elimiran by thermolysis, presumably via the
lowest energy pathway, H + allyl radical 1ll. Adatively, H-abstraction from isoprene

by radicals such as Gknd GHs could also produces8-.

The peak atr/e 66 could be the result of molecular eliminatiorHaffrom
isoprene. The heat of formation of 2-methyl-butenk-3yne is calculated to be 39.8
kcal/mol. As mentioned previously this process lsn observed in the pyrolysis of
1,3-BD with an estimated transition state of 94@lkmof. The peak at m/e 66 may also

be the decomposition of the isoprenyl radical (akyical 1), m/e 67.

CsH3z and CgHg production

The formation of/e 78 is an indication that combinations are indesclicing
in this experimental regime. Two general pathwargsaccepted as playing a role in the
production of GHe, (1) four carbon plus two carbon reactions andi{&e carbon self

combination. In this experiment, the following pilde routes to gHg are conceivable.

C4H4 + GH, > HCCCHCHCHCH (a)
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CsHz + CHs > HCCCHCHCHCH (b)

CsH3z + GHz 2> CeHe (c)

The amounts of §H, and GH in this pyrolysis are not sufficient for pathways
(a) and (b) to be plausible. The self reactiogs, pathway (c) has been well studigd
and is believed to be most facile in productiomofaromatic ring. A noticeable
delineation of the data collected at lower conagmns is the increased levels of £H
and GHg; radicals, which implicates the involvement of #hepecies in secondary

reactions.

The heat of reaction to formgB; radical and hydrogen fromzB, (allene) is
calculated to be 88.6 kcal/mol, the weakest C-Hdyaredicted in this system. TheH3
radical can be produced from the pyrolysis of alahelevated temperatures. In addition,
allene can readily isomerize to propyfieyhich could also decompose to H 43
radical. Alternatively, hydrogen abstraction bg tbH; radicals from allene/propyne can
also generate 4El;. As the isoprene precursor concentration incedle amount of
CH;s detected diminishes as it abstracts hydrogen &ibene/propyne to form methane,
not detectable by this apparatus. The creatétd €adicals then combine to produce an

increase imye 78 intensity and overall diminishmentrofe 39. Experiments with
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propargyl bromide confirm the propensity fosHG radicals to self-combine producing

m/e 78 in this experimental regime.

Allene (H,CCCHy)

The pyrolysis of allene was accomplished at agsistpretation of isoprene
pyrolysis data. Allene from liquid carbonic (97%&s used without purification and

diluted to 3% in argon gas. A small amount of iggtene was incorporated into the
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Figure 6.4 Stack plot of mass spectra from pyrslgsiallene and isobutylene.
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sample to served as an internal thermometer. &igurdisplays spectral traces obtained
from the pyrolysis of allene. In the room temperattrace (RT) a strong molecular ion
peak is observed for allene (IE = 9.961'®\atm/z 40 while the molecular ion of
isobutylene is observed miz 56. As the nozzle is heated to 710 K then 990d{d is
attenuation of the molecular ion observed duedeaease in the number density. As
the nozzle is successively heated to the highepé¢eatures of 1050, 1170, and then 1290
K the molecular ion peaks remain essentially timeesaintil the hottest trace of 1290 K
where signal again diminishes, while a small neakps observed atVz 39. The

reported AE of'z 39 is 11.60 e¥’, much to high to be observed as a photoionization
fragment. Therefore, the signalmaiz 39 is likely caused by the thermal loss of H atom
to form propargyl radical. The C-H bond of alleaealculated to be on the order of 88
kcal/mol. While one might expect to observe evadeaf homolysis at a lower
temperature with such a weak bond energy, it meistonsidered that allene readily
isomerizes to the more stable propyne either dyea a 1,3 H migration or through a
vinylmethylene to cyclopropene pathwdy? Over the intermediate temperatures allene
is likely isomerizing first, that pathway havindaaver energy barrier than homolysis (a
42.8 kcal/mol energy barrier for isomerization towmethylene), with loss of H atom
from propyne. The isobutylene in the sample dag¢sindergo thermal decomposition

over these temperatures.
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CONCLUSIONS

Isoprene undergoes fast isomerizations to sedédfatent species at elevated
temperatures. At~1200 K in this pyrolytic system thermal bond depaosition is
observed producing48s and CH, in addition to the unimolecular elimination ofHG to
produce GH4. Quantum chemistry calculations indicate #hdtond homolysis to form
methylallenyl and-C4Hs radicals may be competing processes. Moleculairedtion of
acetylene to form §Hg was found to be a very minor pathway and directdlgsis of
C2-C3 bond was not observed at any temperaturles.GH3 radicals observed could be
produced from the pyrolysis of;8,4 or via the hydrogen abstraction frorgHz by the
CHjs radicals created in thebond homolysis. At temperatures-1250K production of
CeHe is observed due to thelds self combination reaction. Combinations qHg
radicals are not prominent and therefore must behnslower than the corresponding

process for gHs radicals.

REFERENCES

[1] L. J. Wall, J. Res. Natn. Bur. Stand. 41 (19385.

[2] H. Staudinger, R. Endle, J. Herold, Ber. Dhet. Ges. 46 (1913) 2466.

[3] E. L. Kennaway, Brit. Med..Ji (1925) 1.

[4] E. Gil-Av, J. Shabtai, Nature 197 (1963) 1065.

[5] G. M. Badger, J. K. Donnelly, T. M. Spotswoddst. J. Chem. 19 (1966) 1023-43.

158



[6] J. Oro6, J. Han, A. Zlatkis, Analytical Chen® GL967) 27.

[7] M. Frenklach, Phys. Chem. Chem. Phys. 4 (2@Q28-2037.

[8] T. Hidaka, T. Higashihara, N. Ninomiya, H. Ma&a, T. Nakamura, H. Kawano, Int.
J. Chem. Kinet. 28 (1996) 137.

[9] J. H. Kiefer, K. I. Mitchell, H. C. Wei, Intl. Chem. Kinet. 17 (1985) 225.

[10] J. H. Kiefer, K. I. Mitchell, H. C. Wei, Intl. Chem. Kinet. 20 (1988) 787.

[11] S. W. Benson, G. R. Haugen, J. Phys. Chen(19&7) 1735.

[12] G. B. Skinner, E. M. Sokolowski, J. Phys. @hé&4 (1960) 1028.

[13] V. S. Rao, K. Takeda, G. B. Skinner, IntChem. Kinet. 20 (1988) 153.

[14] W. Tsang, V. Mokrushin, Proc. Combust. Ing&t28 (2000) 1717.

[15] R. D. Kern, H. J. Singh, C. H. Wu, Int. J.€®h. Kinet 20 (1988) 731.

[16] T. Hidaka, T. Higashihara, N. Ninomiya, T.iQK. Kawano, Int. J. Chem.Kinet. 27
(1995) 331.

[17] S. D. Chambreau, J. M. Lemieux, L. Wang, BaZg, J. Phys Chem. A 109 (2005)
2190.

[18] K. H. Weber, J. Zhang, D. Borchardt, T. H. itém, Int. J. Mass Spectrom. 249-250
(2006) 303.[19] D. W. Kohn, H. Clauberg, P. Cheey. Sci. Instrum. 63 (1992) 4003.
[20] A. V. Friderichsen, J. G. Radziszewski, M.NRmios, P. R. Winter, D. C. Dayton,
D. E. David, G. B. Ellison, J. Am. Chem. Soc. 128(11) 1977.

[21] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B B¥88) 785.

[22] A. D. Becke, J. Chem. Phys. 109 (2001) 9287.

159



[23] M. J. Frisch, G. W. Trucks, H. B. Schlegel,E Scuseria, M. A. Robb, J. R.
Cheeseman, V. G. Zakrzewski, J. A. Montgomery, RStEatmann, J. C. Burant, S.
Dapprich, J. M. Millim, A. D. Daniels, K. N. KudiM. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pbm&. Adamo, S. Clifford, J.
Ochterski, G. A. Petersson, P. Y. Ayala, Q. CuiMtrokuma, D. K. Malick, A. D.
Rabuck, K. Raghavachari, J. B. Foresman, J. Ciaitpw. V. Ortiz, B. B. Stefanov, G.
Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Goans, R. L. Martin, D. J. Fox, T.
Deith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkata,Gonzalez, M. Challacombe, P.
M. W. Gill, B. G. Johnson, W. Chen, M. W. Wongl.JAndres, M. Head-Gordon, E. S.

Replogle, J. A. Pople, Gaussian 98/03; Gaussiart, Rittsburgh, PA, 1998.

[24] F. P. Lossing, J. C. Traeger, J. Am. Chent. 9@ (1975) 1579.
[25] J. L. Holmes, Org. Mass Spectrom. 8 (1974).24
[26] J.-P. Puttemans, J. C. Delvaux, Ing. ChimusBell 55 (1973) 7.

[27] F. P. Lossing, J. L. Holmes, J. Am. Chem..9d6 (1984) 6917.

[28] X. Gong, H. Xiao, Int. J. Quantum Chemist& @998) 659-667.

[29] I. L. Alberts, F. Schaefer Ill, Chem. Phy®tt. 161 (1989) 375-382.

[30] Bock, Ch.W.; Panchenko, Yu.Bl.Mol. Struct. 160 (1989) 337.

[31] (a) E. N. Marvell, Thermal Electrocyclic Ré@an, Academic Press, New York,
1980 p.136 (b) H. M. Frey, Trans. Faraday Soq1582) 957.

[32] (a) R. Walsh, Chem. Soc. Rev. 34 (2005) {b};M. S. Baird, Chem. Rev. 103
(2003) 1271.

160



[33] N. Hansen, S. J. Klippenstein, C. A. TaatdA. Miller, J. Wang, T. A. Cool, B.
Yang, R. Yang, L. Wei, C. Huang, J. Wang, F. Qi,BMLaw, P. R. Westmoreland, J.

Phys. Chem. A 110 (2006) 3670.

[34] S. Wolfe, C. -H. Kim, Isr. J. Chem. 33 (199%)5-305.

[35] W. Reineke, K. Strein, Ber. Bunsen — Ges.I@hem. 80 (1976) 343.

[36] V. V. Takhstove, D. A. Ponomorev, Org Mase&pom 29 (1994) 395.

[37] (a) I. N. Domnin, Eur. Mass Spec. 5 (19999182 (b) I. N. Domnin, Eur. Mass
Spec. 4 (1998) 151.

[38] H.-Y. Lee, B. B. Kislov, S. -H. Lin, A. M. Ebel, D. M. Neumark, Chem.-Eur. J. 9
(2003) 726.

[39] W. Tang, R. S. Tranter, K. Brezinsky, J. Phghem. A 110 (2006) 2165.

[40] R. Stockbauer, K. E. McCulloh, A. C. Parrt.l. Mass Spectrom. lon Phys. 31
(1979) 187.

[41] R. Walsh, Chem. Soc. Rev. 34 (2005) 714.

[42] M. Yoshimine, J. Pacansky, N. Honjou, J. Abmem. Soc. 111 (1989) 4198.

161



CHAPTER 7

CYCLOPENTADIENE, METHYLCYCLOPENTADIENE, CYCLOPENTENE,
CYCLOHEXENE, AND 1,4-CYCLOHEXADIENE

INTRODUCTION

Combustion provides the majority of the global gydsudget and will continue
as an important source of energy in the futurerdasing concern over the health effects
and global warming from pollutant emissidfi$as stimulated interest in an improved
knowledge of combustion chemistry with a long-teyoal of improving energy economy
and reducing environmental impact. In particullae, formation of polyaromatic
hydrocarbons (PAHs) and ultimately soot, resulfmogn imperfect combustion, has been
an active area of research. A critical step in R¥&btuction is formation of the “first
aromatic ring” which includes first and foremostbkene and can be thought to include
indene and naphthalefi&. Benzene is formed through multiple pathways moitéd to
(1) acetylene (&H,) addition (2) propargyl (¢Hs) self-combination and (3) reaction of
cyclopentadienyl radicatCsHs) with methyl radical (CH). There has been debate over
the relative contributions of these reactions mfttrmation of benzerié* and although
the even carbon pathways involvingH; addition have been identified by kinetic
simulations of GH, pyrolysis’® subsequent kinetic studi¥s'® and numerical
simulations'® the self-combination of 4£1; resonance-stabilized radicals (RSRS) is
establishe®*°and seems to be the primary route to benzeneim#jority of

flames®!%2?’ RSRs frequently play a key role in the formatdmromatica' and the
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cCsHs RSR is believed to be a critical PAH precursoriel frich flames?3” ThecCsHs
radical can be formed by the reaction gHGRSR with GH,,***°|oss of H atom from
cyclopentadiene (Cpf;*?and loss of Chiradical from methylcyclopentadiene
(MeCp)#** The direct self-combination 6€sHs RSRs to form naphthalene (spiran
mechanism) was first proposed by Melaisl.*® and more recently studied by Kislov
and Mebef!’ The formation of indene in the pyrolysis of Cshead to investigation of
thecCsH — cylcolpentadiene radical-neutral reactftfias well as successivel®

additions to theCsHs RSR>%°*

The pyrolysis of Cp and ensuing decomposition eict®sHs RSR has been
studied experimentall{?*? The thermal decomposition is initiated by C-H thdission
producingcCsHs which then undergoes a 1,2 H shift and ring opgitona linear Hs
species. This intermediate can then undergo Crd bissure resulting in RSR;83;and
C,H.. In addition to the radical thermal decompositi@thway, theoretical calculations
have indicated that the direct molecular eliminagiof acetylene to form either allene or
propyne may be viabfé. The pyrolysis of MeCp has received attention fr@rious
groups=>* The shock tube study performed by Lifshitz é¥'aroduced products, in
decreasing abundance, Cp, benzene, methane, etlaamthalene, acetylene, ethylene,
C4H,4, toluene, GH4, and indene. MeCp can readily isomerize betweeh 4nd 5
position isomers on both the neutfaind minus H radica potential energy surface.

From the work of Dubnikova and Lifshitzt has been concluded that isomerization to
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form 5-(1,3-cyclopentadienyl)methyl radicals is th&e limiting step in the H-assisted
expansion of fulvene (a critical intermediate in tBHs isomerization, to benzens).
Also, MeCp should be capable of undergoing simmatecular eliminations and ring
opening/C-C bond fissures as for Cp, although tokaowledge no such studies have

been conducted to investigate that process taldies

Combustion and pyrolysis are complex processesrtaed by the chemistry of
free radicals and despite extensive study the nmésima require further improvement.
Despite the large amount of work on the pyrolysisyzlopentadiene and
methylcycopentadiene the mechanistic pathways fugtter characterization. The
experimental approach of flash pyrolysis coupledupersonic expansion and vacuum
ultraviolet (VUV) photoionization mass spectromegbrpvides short reaction times to
examine the initial steps of pyrolysis, supersaaicling to minimize recombination and
reactions of products and intermediates, and mzechion fragmentation due to the low
ionization photon energy>’ Also, the bond fission and molecular eliminatmthways
in the initial stage of pyrolysis can be directlyservedsmultaneously in this work, with

minimum complication from subsequent reactions.

EXPERIMENTAL
1,4-cyclohexadiene (97+%) and cyclopentene (999%)aiiained from Aldrich
and cyclohexene (99%) was from Acros Organics. ldpgntadiene and methyl-
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cyclopentadiene were obtained by destructive thtith of the dimers dicylopentadiene
(95%) from Fisher Scientific and dimethylcyclopath&me (93%) from Sigma Aldrich.
The compounds studied were used without furtheifipation and diluted to 1-4% in
argon or helium by bubbling the noble carrier gasugh the liquid at acetonitrile/dry ice
or ice/water bath temperatures. The backing pressitthe gas mixture was maintained

at ~ 1.5 atm for all experiments.

RESULTS

(1) 1,4-cyclohexadiene, cyclopentene, and cyclohexene. As mentioned previously, in order
to further establish the utility of the apparatogpéoyed in these experiments, the
pyrolyses of 1,4-cyclohexadiene, cyclopentene,@amtbhexene were performed their
chemistries being well known. The decompositiod dfcyclohexadiene to form
benzene and hydrogen is known to be unimoleculaainre’®®* having an activation
energy of 42.7 kcal/mol, proceeding through a d&ssotransition state as predicted by
Woodward and Hoffman symmetry rules. A stack platass spectra for the pyrolysis
of 1,4-cyclohexadiene with nozzle temperaturesa&, 205, 815, 930, 985, 1030, and
1165 K is presented in Figure 7.1 (a). Note thahe room temperature spectral trace,
small peaks are observednale 78 andme 79, the result of minimal photoionization

fragmentation, in addition to the molecular ion"{)vatm/e 80. In attempt to access the
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Figure 7.1 (a) Stack plot of mass spectra for grelgsis of 1,4-cyclohexadiene diluted

in argon.

photoionization fragment producing a fairly consrgtsignal across a range of nozzle
temperatures. The/e peak at 78, however, increases dramatically enisity beyond
~800 K as can be seen from the comparison of velatiensities presented in Figure 7.1

(b). This observation is consistent with the répoactivation energy of 42.7 kcal/rbl
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Figure 7.1 (b) Intensities of seleute signals relative to the molecular ion.

for molecular elimination of hydrogen. Figure 7a) presents a stack plot of mass
spectra from the pyrolysis of cyclopentene withziezemperatures of 295, 845, 980,
1065, 1195, and 1385 Kelvin. Eliminations of hygka from isotopically labeled
cyclopentene has been studied by Baldtémd shown to have a 10:1 preference for 1,4
over 1,2 elimination. The consumption channelgeattion with H atoms to create

cyclopentenyl radicals plus hydrogéis not observed here, however, the H-atom
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Figure 7.2 (a) Stack plot of mass spectra for thelgsis of cyclopentene diluted in

argon. Reported nozzle temperatures are in uhkKelwin (K).

addition then decomposition that produces allylaalcand ethyleri® may be observed

at higher temperatures age 42 and 28 peaks. A photoionization fragmentapion of

m/e number relative to the Msignal was prepared for the pyrolysis of cyclopastand

the result is displayed in Figure 7.2 (b). It segtausible theve 67 peak is mainly
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Figure 7.2 (b) Intensities of seleute signals relative to the molecular ion.

attributed to photoionizaton fragmentation. Thie 66 signal corresponds to thermally
generated cyclopentadiene, expected over this tetyse range. At elevated
temperaturegve peaks at 65, 50-52-54, 39-42, and 28 are detectdlile peak atVe 65
results from the decomposition of cyclopentadienie H atom and theCsHs RSR. The
reported energy barriers for C-H fission differfr@nother, ranging from 77 kcal/mibl

to 84 kcal/mof’>. ThecCsHs RSR can then undergo a critical 1,2 H shift (atton

energy of 55.0 kcal/mol, 61.9 kcal/mol) then C-Gith@leavage to ring open then further

decompose to propargytye 39) and acetylene (not observable due to highzatiun
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energy). The transition states for ring openirggraported to be 76.9 (TS1) or 77.1
kcal/mof* 76.2 (TS1)or 79.7 (TS2) kcal/nfal A signal atnve 42 is not observed in the
cyclopentadiene pyrolysis and may therefore hemppiears to be a result of the H-atom
addition/ decomposition reaction. Stack plots esmspectra for the pyrolysis of
cyclohexene is presented in Figure 7.3 (a) witltspktraces with nozzle heater

temperatures of 295, 820, 970, 1020, and 1060 Wrasented. In the ambient
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Figure 7.3 (a)Stack plot of mass spectra for the pyrolysis ol@yexene with nozzle

temperatures up to 1060 K.
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Figure 7.3 (b) Stack plot of mass spectra for pagisl of cyclohexene with nozzle

temperatures ranging from 1100 — 1420 K.

temperature nozzle spectra a large molecular iak [geobserved atve 82. Smaller
peaks ate 39, 41, 53, 54, 66, and 67 are observed as pimizaition fragments. The
next spectral trace with a heater temperature 0fkB8emonstrates a complication in the
interpretation of these pyrolytic spectra. Mang{aionization fragments are not
sensitive to internal energy content and produi@érly constant signal due to the
efficacy of the jet-cooling. This is not the cdsethem/e 67 signal which displays a
dramatic increase in intensity at higher nozzleperatures. This signal is not the result
of thermolysis, however, as the €tadical created concomitantly would be easily

detected in this apparatus, and it is not. Asthezle is heated up through to 1060 K the
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peaks atn/e 28 and 54 show consistent growth in relation ®dther peaks resulting
from the retro Diels-Alder reaction. Figure 7.3 ¢lisplays mass spectra for nozzle
temperatures ranging from 1100 — 1420 K. In theelotwo traces (1100K and 1180K)
we see the last remnants of the parent cyclohexa&hkough the retro Diels-Alder
reaction is predominant, cyclohexene can also hiavelimination of hydrogen to create
1,3-cyclohexadiene. 1,3-cyclohexadiene is monstad to heat that 1,4-cyclohexadiene
and will decompose to benzene by successive lodsraflicals>®®* Consistent with the
molecular elimination of hydrogen followed by raali¢d loss are the peaksrate 82, 80
and therm/e 79 and 78. As the heat in increased to 1290, 48801420 K very little
cyclohexene is observed to survive the pyroysisntiea. The peaks a¥e 41 and 67 are
no longer observed, further indicating them asrfragt ions of the parent compound. A
new peak is observed @mle 52, possibly vinylacetylene produced from the dyBadiene
created. The pyrolysis of 1,3-butadiene has beshstudied by this group. It is

known to isomerize and then decompose into RSRapgyb (GH3) and methyl radical,
both being observed at elevated temperatures setinaces. The peakrate 78 could
have a small contribution from the propargyl sefabination reaction but the features of
the spectra lack characteristics consistent wifhceenbination. It is likely, therefore,

that them/e 78 signal observed is benzene and is formed bg,thenolecular elimination
of hydrogen from cyclohexene to form 1,3-cyclohegad which then decomposes to

benzene&ia a radical mechanism.
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Cyclopentadiene

A stack plot of mass spectra from the pyrolysisyaflopentadiene is presented in

Figure 7.4 with nozzle temperatures of 295, 106801 1240, 1280 and
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Figure 7.4 Stack plot of mass spectra for the lggr® of cyclopentadiene up to 1350 K.

1350 K. For the room temperature trace the maéedah (M™) atm/e 66 produces a

strong signal with very small peaksnae 39, 40, and 65 being detectable. As heat is
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applied bringing the reactor nozzle to temperataféd60 and 1160 K the peakrafe
65 grows from 3% to 13% then 23%. It is likelyttb&sHs is undergoing C-H bond
fission to formcCsHs at these temperatures with a reported bond ersen§jig?* or 84

kcal/mol#?

The previously observed peaksréé 39 and 40 show a modest increase in
relative intensity to the parent ion growing frot8% at room temperature to ~7%
at1060 and 1160 K. With the nozzle temperaturadeicreased to 1240, 1280, and then
1350 K new peaks are observed while the peakées®9 and 40 (gHz and GH,)

increase dramatically. At the same timertile 65 peak continues to grow. Peakséd

50, 51, and 52 are clearly discernible as is a premim/e 78 peak. Additionally, there

is activity in them/e 102-104 m/e 115-116, anan/e 128-130 regions of the spectra. At
the hottest temperature trace 1350 K some activéy be in then/e 91-92 region but the
signal to noise ratio is poor. Note that theressnall peaks atve 75, 76, and 77. This
feature has been found to be consistent withs@rmed from propargyl self-

combination in control experiments. The small geatkn/e 63 and 64 may be an

indication of the cyclic éHs undergoing ring opening to lineaskd.

M ethyl-cyclopentadiene

A stack plot of mass spectra from the pyrolysisethyl-cyclopentadiene is
presented in Figure 7.5with nozzle temperature296f 1070, 1150, 1220, 1320 and
1460 K. In the room temperature trace the bask igehe molecular ion (M) atm/e 80.
Also present are peakse 39-41,m/e 51-54,m/e 66, 77, and 79. A small peak is

detected av/e 43 arising from the small amountmpropyl iodide used as internal

174



calibrant. As the nozzle temperature is increasdd70 K much of the spectra is similar
to the room temperature spectra, however, a pealedts (CH; radical) is detected as is
a large peak atve 65 (GHs). Additionally, there are peaks detectednat 128 and 130

as well as a new/e 78 peak. As the nozzle is heated further to g&zature of 1150 K
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Figure 7.5Stack plot of mass spectra for the pyrolysis offiyletyclopentadiene.

the intensities of thel5, 39, and 78, corresponding to methyl and pgypaadicals and

CeHs respectively, steadily increase while the peake/atl28 and 130 display slight
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augmentation. Successively heating the nozzlempératures of 1220, 1320, and 1460
K the parent peak at/e 80 drastically diminishes until a¥e 1460 K is barely detectable
as does the signal mfe 79. Meanwhile, the &1 peak aim/e 78 is found to dominate
the spectra, the base peak. The peakgeh5 and 66, cyclopentadienyl and
cyclopentadiene, are prominent peaks in thesedtaeieag of similar intensity to each
other, approximately equal to the base peak iriefmi the 1220 K trace and <50% of
the base peak in the 1460 K trace. The signatges39 andnve 40 continue to increase,
however, the intensity afie 39 grows at a more rapid rate thrafe 40. Thenm/e 15 peak
displays growth over 1220 -1320 then is found twdpce an equally intense signal in the
1460 K trace. The signalsrate 50 and 52 both show rapid onset of growth oves thi
temperature range. In the higimae recombination region new peaks are founaivat

91 and 92, perhaps corresponding tbl{chemistry. A strong peak afe 102 is clearly
detected and is found to increase in intensithasemperature is increased. A peak at
m/e 115 is also detected which has an approximateigtent intensity as does the peak
atm/e 128. Thar/e 130 signal decreases over this temperature ramgenithe 1460 K

trace it is no longer detected.

DISCUSSION

(1) Thermal Degragredations. Figure 7.6 (a) presents the relative intensitiesvef39, 40,

65 (corresponding to4El3, CsH4, and GHs) to the parent compound, cyclopentadiene, at
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m/e 66. From this data interpretation it appears sthé&mperatures >1000 K
cyclopentadiene is undergoing thermal loss of hyenato formcCsHs (eq. 1).

cCsHg 2 cCsHs + H (eq 1)

0.7

0.6

m me39
0.5- e me40
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o
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Figure 7.6 (a) Relative intensities of select itorghe cyclopentadiene pyrolysis.

At temperatures >1200 K propargyl radicals aregmefom the decomposition of the

cCsHs as further evidenced by the onset of theldombination peak atve 78. To
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decompose theCsHs radical must undergo a ring openwig a 1,2-H migration to form
linear radicals CLLCHCHCH, CHCCHCHCH, and CHCHCHCCH. Breaking of a C-

C bond in the first two of these radicals resuit€iH, and GHa.
cCsHs > GsHs > CgHz + GH, (eq. 2)

Recent calculatiori$ estimate the 1,2-H migration and ring opening gsscto have
energy barriers of 65.7 and 75.8 kcal/mol. Theseghbent C-C bond breaking was found
to be 91.7 kcal/mol relative tiCsHs. The rise in intensity of the peakrafe 40 could

imply that thermal decomposition on the neutrafesze is occurring at elevated
temperatures. Three pathways froBiHs to GH, and GH4 were explored by Bacskay
and Mackie’? A pathway proceeding through a cyclic carbenerinediate was found to
have a 94.0 kcal/mol energy barrier to propyneauedylene. A pathway that proceeds
through allyl-vinylidene to produce allene and gisate was found to have a 93.3
kcal/mol barrier. Lastly, a pathway that procettniough a diradical intermediate was
found to have a 102.4 kcal/mol barrier. It shduédnoted that Roy et &l discounted the
production of acetylene directly fromlds as it is produced after longer reaction times at

high temperatures.

Figure 7.6 (b)-(d) presents relative intensitiesaedectn/e peaks compared to the
molecular ion for methylcyclopentadiene. In Figidré (b) the relative intensities ofe
39, 40, and 41. As found in the cyclopentadienelggis the onset of botiwe 39 and
40 onset at the same time at approximately at K20 the methylcyclopentadiene
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pyrolysis, however, the amountsrofe 39 and 40 are far greater compared to the
cyclopentadiene levels in Figure 7.6 (a). The 41 peak is found to be constant over
this temperature range and is attributed to a phwization fragment. Figure 7.6 (c)

presents intensities relative to the molecularfasnm/e 50-54. Over this
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Figure 7.6 (b) Select relative intensities for fiyeolysis of methylcyclopentadiene.
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temperature range all of these peaks increasesensity beyond ~1200 K. The amount
of me 52 is found to be significantly elevated from thiensities observed in the
cyclopentadiene pyrolysis. Previous work with mygropargyl radical in this apparatus
has demonstrated that it will rapidly produate 52 by loss of H atom, whether it be by

thermolysis or photoionization fragmentation is detar. Also, a peak at'e 54 is
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Figure 7.6 (c) Select relative intensities for piyeolysis of methylcyclopentadiene.
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observed in this pyrolysis which is not found ie tyclopentadiene pyrolysis. These
spectral features coupled with the enhanced prgpeadical production are indicative of
ring opening with subsequent C-C bond cleavagero propargyl RSR ands8, or
methylpropargyl RSR and acetylene. Figure 7.@(d¥ent intensities relative to the

parent signal atve 80 for the peaks aw/e 65, 66, 77, and 79. At temperatures above
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Figure 7.6 (d) Relative intensities of select ionthe pyrolysis of methycyclopentadiene.
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1200 K the intensities of bottve 65 and 66 both display marked growth indicatireg th
both are produced by thermal processes. Cyclogieniais known to be a major
product of methylcyclopentadiene pyrolysis andaltih a molecular elimination of
cyclopentadiene has been observed in the sitrllatylcyclopentadien&’ here a
molecular elimination is believed to be prohibitesed therefore Cp is likely produced by
H-abstraction by cyclopentadienyl radicals. Thensities ofn/e 77 and 79 are found to
only increase slightly at temperatures greater 200 K. From Figure 7.6 (d) it is clear
that these peaks are photoionization fragmentsaatritemperatures. At the higher
temperaturesve 79 would correspond to the —H radical of MeCPthaligh the

intensity does not increase significantly it segtasisible that the —H radical is unstable
and rapidly decomposes either thermally or by pbatration tom/e 78. The peak at
m/e 77 dissappears at the same time as the parentgashikg to the conclusion that it is

mainly a photoionization fragment associated whih parent compound.

I nitial Combinationsin the Formation of Aromatics

Figures 7.7 (a) and (b) present a comparison catbmatic growth region of the
mass spectra for pyrolysis of cyclopentadiene aathyfrcyclopentadiene respectively.
In Figure 7.7 (a) small peaksrate 78 from self-combination of 4Ei; radicals, in
addition to peaks at 128 and 130 from self-commnatf cCsHs, are barely discernible
in the 1160 K spectral trace. At a nozzle tempeeadf 1240 K the peaks a¥e 78 and

128 are now clearly observed with small new peaks@76 and 77, which from

182



previous experiments has been identified as crarsiit for GHe formation (benzene
rings do not produce such signals). Signats/atl02-104, and 115 are detected. The
cross combination of 4813 andcCsHs radicals, to our knowledge, have not been
previously reported. It would appear that if tignal atm/e 104 is the cross-combination
product it rapidly dehydrates /e 102. It may be possible that this product is a
precursor to phenylacetylene which has been idedt#s a key intermediate in PAH
growth. The peak observedrate 115 could be the indenyl radical and the very smal
m/e 116 peak could be the +H product resulting fromddition to indenyl radical. The
detection of indene in the products from Cp pynslysd to theoretical work on the Cp
plus Cpdyl radical addition potential energy suefad he work referenced hé&teredicts
that the Cp plus Cpdyl adduct ¢ate 131, not observed) would quickly isomerize and
either lose H atom to form methyl indenearé 130 (also not observed) or alternatively,
the loss of methyl radical to directly afford inéestm/e 116. The energy barriers for
these processes are predicted to be 45 kcal/nt@ kecal/mol depending on the

mechanistic pathwalf. Alternatively, indene has been theoretically shaavform from

183



the reaction of propargyl radical with benzéheThis would lead to ave 117 adduct
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Figure 7.7 Comparison of the aromatic growth regibthe mass spectra for the

pyrolysis of (a) cyclopentadiene and (b) methyllogentadiene.
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with subsequent H loss to form indene via multjd¢hways. An/e 117 signal is not

observed in these pyrolyses.
To assist with interpretation of the data the pygis of propargyl bromide was

performed and presented in Figure 9. Pyrolysthisfcompound produces propargyl

radicals at lower temperatures due to the weak8r Bnd, thereby allowing for a
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Figure 7.8 Stack plot of mass spectra for the ggislof propargyl bromide.

longer time period for (re)combination. In thisnkdhe created propargyl radicals

quickly pick up hydrogen producing a peakrét 40, while at the same time theHg
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isomer peak looses hydrogen to produce peak fnte74-78 with the dominate peaks
being at evemve ratios (74, 76, 78). Significant peaks are obsgatm/e 50 and 52
which may correspond to di and vinyl acetylene viimsoot precursor. Small peaks are
observed at/e 102 and 104, with the peak at 102 being mostetaidicating that they
may be combination products mfe 50 and 52, in a process that assumedly is simailar
the acetylene to vinylidene isomerization with sdugent addition as in the pyrolysis of
acetylene. The intensities of thée 102 peak is, however, much less intense than
observed in the Cp and MeCp pyrolyses therefasenitost likely that the contribution of
this process is only minor compared tostl€C+ GsHs reaction in those experiments. In
the propargyl bromide pyrolysis a small peak iseobsd aimwe 115 as in the Cp and
MeCp pyrolyses. It seems plausible that propar@gicals add to §Hs and/or GH4 to
produce this signal. Again, the intensity obsengeaabt great enough to completely
explain them/e 115 signal in the Cp and MeCp pyrolyses. This ¢acpled with the
observation that theve 115 peak seems to be associated mith130 and 128
production leads to the conclusion that this peak be, at least in part, a
photoionization fragment of a higher order comboraproduct, namely the=8s self-

combination.

CONCLUSIONS
At temperatures 1100 K cyclopentadiene undergoes C-H bond fisssnlting
in H atom anadCsHs RSR which then decomposes further to produg®; SR and

C.H, (acetylene). ¢Hs; RSR self-combinations producegHs andcCsHs self-
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combinations produceigHs (naphthalene). Additions of bothi; and GH3 to cCsHs
RSR are observed while neutraHg additions tacCsHs are not detected. The
contribution of molecular eliminations from the trali cyclopentadiene potential energy
surface was found to be negligible. Methylcycldpeiiene undergoes C-GHond

fission with temperatures > 1000 K in addition tatdm loss for temperaturesl 100 K.
Isomerization/decomposition to form benzene igpttimary process observed for
methylcyclopentadiene thermolysis while the Cs@idnd cleavage results i€sHs RSR

chemistry.
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CHAPTER 8

METHYCYCLOHEXANE AND METHYLCYCLOHEXENE PYROLYSIS

INTRODUCTION

Naphthenes (cycloalkanes) represent an importass of fuel hydrocarbons
whose pyrolysis and oxidation has received scaantidn until recently. Naphthenes are
found in many fuels (e.g. gasoline) and jet fualshsas Jet-A are composed of up to 20%
cycloalkané and the JP-8 family of fuels are mostly compriskdaphthene$. Fuels
such as methylcyclohexane (MCH) are known to capéssonic vehicles from the
intense heat they generate during operation attteipresence of a platinum catalyst can
be endothermically dehydrogenated to toluene addogeri approximately doubling the
total heat-absorbing ability of MCH .Needles to say, characterization of the oxidation
and decomposition of naphthenes is vital to thelx@tion community. The pyrolysis of
cyclohexane (CH), one of the simplest naphthenas,first studied by Wing Tsahg
with a shock tube coupled to GC/FID. He conclutted the only reaction of note

around 1100 K was isomerization to 1-hexwdiaa diradical intermediate.
C-CGH]_Z 91-C6H12 (1)

Subsequently, cyclohexane decomposition was irgagstl by Aribike et &’ in an

annular flow reactor over 1000-1300 K and the fwifay reactions were introduced:
C-CGH]_Z -> 302H4 (2)

C-CGH]_Z > 2C>3H6 (3)
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C-CGH]_Z -> C4H6 + C2H4 + H2 (4)

Brown et al® studied the cyclohexane pyrolysis using very loespure pyrolysis

(VLPP) over the temperature range of 900-1200 Ke fesults supported Tsang’s
proposed diradical mechanism although the measateatonstant was not in agreement.
The cyclohexane pyrolysis was next studied by Billat af’ at approximately 1100 K
with a plug flow reactor. They observed copiouwanits of butadiene and ethene with
little cyclohexene. Voisin et &f.employed a jet stirred reactor (JSR) over 750601K

to study the oxidation of cyclohexane and introduaéC-H bond fission channel.
c-CeH12 2> c-Ce¢H11 + H (5)

El-Bakali et at** also studied cyclohexane oxidation in a JSR dwetémperature range
of 750-1200 K using varying equivalence ratios.e{buggested that the ethylene

production channel, equation 2, proceeds througjraedical to molecular pathway
c-CeHi2 > CoHa + CiHg (23)
C4Hs > 2CGH, (2b)

They also present a detailed kinetic mechanisnrevtieg opening of the
cyclohexyl radical is dominated by dehydrogenatidhe pyrolysis of cyclohexane and
oxidation of both cyclohexane and methylcyclohexaas studied by Granata and co-
workers*? Under pure pyrolysis conditions they find theguret distribution of ethylene,
pentadiene, propene, butadiene, and cyclohexdoe itovariant with respect to

temperature. The kinetic model presented pay&phat attention to the competition
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between internal isomerization apalecompositions. McEnally and Pfefférle
investigated the pyrolysis of cyclohexane in a@ethg, nonmixed CH4/air flame over
400 — 2000 K. Their interpretation of results segjgd that pathways 1, 2, and 5 were in
operation, that is isomerization to 1-hexene, ethglproduction and cyclohexyl radical
formation respectively. Braun-Unkhoff et'alexamined cyclohexane pyrolysis with H-
atom atomic resonance absorption spectroscopyl@@r — 1900 K with the conclusion
that pathways 2 and 5 were the dissociation chanriédeoretical work by Sirjean et al.
indicates that the ring-opening of cyclohexane dodact proceed through a diradical
intermediate which internally abstracts a H atorafford the isomerization product, 1-
hexene. Other diradical decompositions were censdlincluding the decomposition of
the diradical to ethene andH3 diradical (equation 2a) and were found to make a
negligible contribution to the overall decompositiaviost recently, Kiefer and co-
workers® studied the cyclohexane and 1-hexene pyrolyses)astombination of shock
tube and RRKM theory. They find that cyclohexareamposes simply to 1-hexene
which subsequently produces propyilz) and allyl (GHs) radicals. Using these two
reaction pathways they are able to satisfactoribgehthe experimental data. The
resulting k values agreed well with the values pozdl by Brown et &l.and Sirjean et
al*® but not well with the value reported by Tsanghey speculate that the large
guantities of GH4 product observed are produced by the primary diggon pathway
for propyl radicals producing ethene and methyl {Q#dicals. The production of H-
atoms observed by Braun-Unkjbfis conjectured to be from H atom loss from botjl al

(CsHs) and propyl (GH7) radicals. The (secondary) pyrolysis of 1-hexemnas studied
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previously by both Tsarignd King’ who found the dominant pathway to be the
dissociation into allyl (gHs) and propyl (GH-) radicals with activation energies of 70.8
and 70.7 kcal/mol respectively. A retro-ene pathwmaolving a 1,5 H-atom shift was
identified as contributing 10 — 20% to the deconipmswith activation energies of 57.7
and 57.4 kcal/mol. In the more recent work by Kiedt al'® the retro-ene pathway is not
observable and is not modeled as are the ethenld ata@n concentration profiles.

Additionally, the production of 1,3-butadiene arydlohexene are not considered.

Methylcyclohexane (MCH) is often used as a modetgound for naphthene
chemistry. The pyrolysis of MCH was first accorspkd by King and Browf using
very low pressure pyrolysis (VLPP) over the temperrange of 860-1220 K. Unlike
CH which can only undergo one type of ring openM@H can ring open adjacent to the
methyl group (A = 10"16.4 s-1, Ea = 345 kJ/molhon-adjacent (A = 10"16.7 s-1, Ea =
360 kJ/mol). In addition, MCH can undergo metHghwage to produce cyclohexyl and
methyl radicals (A = 10716.1, Ea = 368 kJ/mol).rdPysis and oxidation of MCH and
blend of MCH with toluene as observed by turbufeaw reactor over the temperatures
1050 — 1200 K was reported by Zeppieri and co-wwstke Major products for both
oxidation and pyrolysis included methane, ethylgmepene, 1,3-butadiene, and isoprene.
Aromatics (benzene and toluene) were among therrpioalucts as well as ethane,
cyclopentadiene, cyclohexene, isobutene, alleretylene, and propyne. Granata etal.

modeled the kinetics of the pyrolysis and
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oxidation of naphthenes, expanding the combustiopgsties of CH and MCH. This
expansion was accomplished by adding the CH and i@pagation reactions to an
existing mechanism already validated for the pygigland combustion of such
hydrocarbon fuels asheptane and isooctafi®*? Recently, Orme et &f.studied MCH
pyrolysis and oxidation using a shock tube or fleactor over 1200 — 2100 K and
provide a detailed chemical kinetic mechanism noutaite experiment, with good
agreement. They find that at a temperature of K50.0% of MCH decomposes to
cyclohexyl and methyl radicals. The cyclohexylicatlis proposed to ring open to the
hex-1-en-6-yl radical with exclusion to other preses. The hex-1-en-6-yl radical then
decomposes to give 90% but-1-en-4-yl radical ptbaree. From there, the but-1-en-4-yl
radical can produce 1,3-butadiene (~78%) or decampmethene and ethenyl radical

(21%).

EXPERIMENTAL

Methylcyclohexane (99%) was obtained from Aldrésid methylcyclohexene
(99%) was from Acros Organics. The compounds studiere used without further
purification and diluted to 1-4% in argon or helitoybubbling the noble carrier gas

through the liquid at ice/water bath temperatures.
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RESULTS

As in the pyrolysis of cyclohexane, the isomer@aproducts of methylcyclohexane are
expected to undergo bond fission where RSR withfoiin the case of 1-heptene the
products would be allyl radical and n-butyl radic&br 2-heptene the products expected
are 2-buteneyl ana-propyl radical. Isobutenyl an@propyl radicals are expected from
the pyrolysis of 2-methyl-1-heptene and allyl &btityl radical from 5-methyl-heptene.

3-methyl-heptene could decompose to methyl andm8xg radicals or buane-4yl and

1o 300K
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Figure 8.1 (a) Room temperature trace for MCH

n-propyl radicals. Figure 8.1 (a),(b),(c), and fd@sent mass spectra for the pyrolysis of

methylcyclohexane collected with nozzle temperatafe300, 1090, 1155, and 1220 K
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respectively. In the spectral trace where the leasznot heated (Figure 8.1 (a)) a large
M** peak amve 98 is observed (IE = 9.85 €l/) Small peaks are observedre 42, 55,
56, and 69 as photoionization fragments. The teddvl-CH;"photoionization fragment
(AE = 10.95 eV®is barely visible in this trace. In the trace wehthe nozzle is heated to
a temperature of 1090 K, Figure 8.1 (b), the Ms;@Hotoionionization fragment at¥'e

83 is now the base peak with thé"Meak being ~75% of the fragment intensity. A new
small peak is detected mte 15 corresponding to methyl radical which would be
produced thermally as opposed to an ionizatiomfieag. The creation of methyl radical
necessitates the concomitant production of cyclgh@xdical also at/e 83. The peaks

atm/e 42, 55 and 69 increase in intensity while peake/a#1, 56, 68, 70 and 82 show

o0 1090K
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020 +

015

Signal (Volts)
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o_oo‘ ————— h,I*. ,-ILL, .-‘, ,LL T M, ——
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Figure 8.1 (b) Pyrolysis of MCH spectral trace wathozzle temperature of 1090 K.
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dramatic increases in intensity. Some activityuadnve 28 is barely detectable in this
trace. At a nozzle temperature of 1155 K (Figufie(8)) the peak atVe 83 is again the
base peak with ~70% of the'Mparent peak. The methyl radical peakni 15 has
increased to an intensity comparable to the peaksdf belown/e 83. The peak at/e
28, ethene, is now clearly visible. Peaks in #ggan ofm/e 39-43 have all intensified
retaining the basic relative intensities withinttgeouping. In the region ofVe 53-57
have also increased in intensity, however, theivelantensity ofm/e 54, CGHe, has
become the most significant peak within the grogpimhem/e 67-70 region has kept

essentially the same relative intensities witheghouping, being more intense relative

o 1155K
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Figure 8.1 (c) Pyrolysis of MCH spectral trace wathozzle temperature of 1155 K.
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to the M™ parent. A new peak is observedrée 78 being barely detectable. Timée 82
peak is again found to be ~10% of the base peakes83. In the 1220 K spectral trace
presented in Figure 8.1 (d) the relative intensitiethe observed spectral peaks are
markedly different than the general pattern obsemehe preceding spectra. TheHg
peak atm/e 54 is now the dominant base peak with the parénpkhk anve 98 giving

rise to a signal with ~27% of the base peak. T most intense peak is thrée 15

methyl radical peak being ~63% timée 54 base peak intensity. The peaksvat40 and

28 are now approximately equal in intensity, ddlikess than half the base peak intensity.
The peaks atve 39 and 42 are now prominent with tinée 41 signal increasing slightly.
The peaks fronm/e 55-57 exhibit attenuation of signal in this tradgéh the signal atwe

57 being barely detectable. A new small peakssdliscernible atve 51 and thern/e 52

010 -

Signal (Volts)

0.04

0.02 -

0 10 20 30 40 50 60 70 B0 90 100 110 120

Figure 8.1 (d) Pyrolysis of MCH spectral trace wathozzle temperature of 1220 K.
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and 53 peaks have grown significantly. Inmiie 65-70 region of the spectra the peaks
atm/e 69 and 70 have diminished significantly while feak aimwe 66 has grown to
approximately the same intensityra 68, ~10% the base peak intensity. Tiie 78

signal has increased tremendously, rising to ~2@#nsity relative to base peake 54.
Perhaps the most dramatic change in this highgoeeature spectra, besides the increase
in m/e 54 intensity, is the reduction of'e 83 signal, which is at this point ~10% the base
peak and 40% of the Msignal. The pareft™ peak is observed to be diminished to

27% relative to the base peak, to 30mV comparédemriginal 1V signal.

Figure 8.2 (a)-(d) present mass spectra from yhalysis of methylcyclohexane
from 1290 K to 1450 K. In the 1290 K trace presdrin Figure 8.2 (a) the spectral
features remain essentially unchanged from the K2@fectra displayed in Figure 8.2
(d). The 1355 K trace (Figure 8.2 (b), howevesignificantly different. Then/e 54
peak remains the base as th€ parent peak atve 98 decreases to 10% relative
intensity. The signals at/e 28 and 40 rise to similar intensities as exhibitgdthenve

15 CH radical signal, approaching 80% the base peaksitte The signal atve 52 has
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Figure 8.2 (a) Pyrolysis of MCH spectral trace vadthozzle temperature of 1290 K.

grown to about 2.5 times the intensity it possegséide 1290 K trace (Figure 8.2 (a)).
In them/e 39-42 region of the spectra thnée 39 peak, GHs, has risen in intensity to an
intensity comparable to the/e 42 peak, about half the intensity relative to baesak. In

them/e 50-56 region, newr/e 50 and 51 peaks are observed accompanyingy/thg2
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Figure 8.2 (b) Pyrolysis of MCH spectral trace wathozzle temperature of 1355 K.

growth. Them/e 65-70 region is altered as evidenced by the iser@an/e 66 intensity
while thenve 69 and 70 are hardly discernible. The 78 peak, GHs, exhibits marked
growth while at the same time small new peaks/at91 and 92 are noted. Figure 8.2 (c)
presents the 1425 K pyrolytic trace for methylchelwane. In this trace the parent peak
M™ atm/e 98 is reduced to 7% tima'e 54 peak, which continues to be the base peak.

The peaks atve 15, 28, 40, and 52 have all risen to nearly thenisity level of the base
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Figure 8.2 (c) Pyrolysis of MCH spectral trace wathozzle temperature of 1425 K.

peak while then/e 39 and 42 signals are slightly less intense. $atak/e 41, 50, 51,

and 53 are still noted. In tmge 65-70 region of the spectnale 66 is still prominent

with small peaks atve 65 and 68 being detected. Although the peakse®1 and 92
remain essentially unchanged the peak/at78 continues modest growth. In the hottest
trace presented here with a nozzle temperaturds K, Figure 8.2 (d) the spectral
features are relatively unchanged. Noticeableal®evis are the increasesnve 40 and

m/e 52 intensities.
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Figure 8.2 (d) Pyrolysis of MCH spectral trace wathozzle temperature of 1450 K.

Figure 8.3 (a) presents a stack plot of mass sptmtthe pyrolysis of 1-
methylcyclohexene with the lower range nozzle tenamjpees of 295, 920, 1020, 1085,
and 1150 K. In the spectral trace with an unheatedle, 295 K a large molecular ion,
M™, peak is observed ane 96 (IE = 8.67 eV) refx. Small peaksrafe 40, 67, 68 and
81 are observed. The peaksrét 67,68, and 81 should correspond to the reported
photoionization fragments with AEs of 10.47, 10.86d 10.27 eV respectively. Thée

40 peak is not a reported photofragment and isylixkenemory effect from €H,
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Figure 8.3 (a) Stackplot of mass spectra for grelgsis of methylyclohexene.

production (see below). As the heater temperasurereased to 920 K the parent M+e
peak atm/e 96 experiences a significant drop in intensity tiuthe decrease in number
density. Themne 68 photoionization peak retains the same inteniitys growing in
intensity relative to the molecular ion. The M-lghotoionization fragment at/e 81

is observed to be almost four times the intensityntl for the unheated nozzle trace
being in this trace 25% of the parent peak intgnsiis peak atr/e 81 is entirely due to
photoionization fragmentation as the thermal Idssethyl radical would produce a

signal atm/e 15 and no such signal is observed. As the naeriperature of 1020 K is
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reached theve 81 signal remains basically constant as doesarenpr/e 96 peak. The
peak atm/e 68 is found to dramatically increase in intensiigtching the signal intensity
for me 81. Accompanying this augmentationngk 68 intensity is a clear/e 28 peak
corresponding to ethenepi;. At a nozzle temperature of 1085 K the parefitpédak
diminishes along with theve 81 M-CH;" fragment signal. The peaksnafe 28 and 68
continue to become more intense and a small paale®4 is detectable. Inthe 1150 K
trace the M’ peak atm/e 96 is less than 15% the unheated nozzle spettmasity. The
M-CHj3" fragment atwe 81 continues to attenuate while the peake/a28, 40, and 68

continue to grow.small peaks are discerniblevato2 and 94.

Figure 8.3 (b) presents a stack plot of mass spémt the higher temperature
region in the pyrolysis of 1-methylcyclohexene wittzzle temperatures of 1200, 1290,
1340, 1375, and 1420 K. In the 1200 K trace thé&eoubar ion, M", atm/e 96 is found
to be ~15% of theve 68 signal, the base peak. Small peaks are agtécted atm/e 94
and 92 with a slight augmentation of tinée 92 signal. A small peak a¥e 81 is
observed with two smaller peaksnale 80 and 79. Thave 78, GHs, peak has grown to
~10% the base peak intensity. A peakna 15, CH; radical, is clearly observed while
them/e 28, GH,4, peak is now larger than the parew 96 peak, being ~20% relative to
the basen/e 68 peak. A grouping of peaks is observed in émge ofm/e 39-42 with the
m/e 40 peak being dominant amongst the grouping. riesef peaks fromm/e 52-54 is

observed with similar intensities as tinge 39-42 grouping. A small peak te 66 and
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Figure 8.3 (b) Stack plot of mass spectra for yrelgsis of methylcyclohexene.

modest signal atve 67 are also observed in this trace. As the nag4lather heated to

a temperature of 1290 K the peakst 92 and 96 are barely detectable amd&94

peak is not observed. Thee 15 signal is found to increase in intensity witiem/e 28,
C.Ha, peak remains fairly constant. Timée 39 and 40 peaks are observed to increase in
intensity as don/e 52, 66, and 78. The/e 80 and 81 peaks are also no longer
discernible. The mass spectra obtained with alademperature of 1340 K is nearly

identical to the 1290 K trace with the expectionha increase in relative intensity
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observed for both/e 39 andn/e 52. As the heater reaches a temperature of 13& K
parent peak atve 96 is no longer visible. The intensity of the {Jd¢ak atm/e 15 has
increased to nearly the intensity of thie 28 peak continues to grow, in this trace now
being ~75% of theve 40 signal. The remaining peaks remain essentigityranged. In
the highest temperature trace presented, 1420828 andr/e 52 peak continue

augmentation.

DISCUSSION

The pyrolysis of MCH initially produces the var®isomeric heptenes and
methylhexenes. These compounds rapidly decompdse torresponding RSRs and
alkyl radicals. The RSRs are relatively stableyéer they can undergo H atom
reactions or decomposition to form stable produdtde the alkyl radicals rapidly

decompose.

All of these features are observed as expectea fr@vious work. Additional
activity in the region ofrve 70 may be the detection of a direct decomposiiibnout
isomerization which was previously speculated albotitvas not required to model

cyclohexane decomposition.
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CHAPTER IX

CONCLUSIONS

The pyrolysis of ethyl and propyl iodidedyutyl ethers TAME and MTMB,
isoprene, cyclopentadiene and methylcyclopentagdem naphthalene methyl-
cyclohexane have been conducted providing mechamsights into their
decompositions. In the pyrolysis of ethyl anadogtaodides the bond fission pathway is
preferred over molecular elimination for the prignathyl and propyl iodides. For the
secondary isopropyl iodide the molecular eliminai®preferred. The molecular
eliminations here are shown to proceed exclusivielya 1,2 vicinal mechanism. In the
pyrolysis of TAME the decomposition proceeds preshately by molecular elimination
while at higher temperatures (>950 K) the varioosdfissions compete. In contrast, the
pyrolsis of MTMB proceeds almost exclusively vianddission, contradictory to semi-
ion transition state theory. The first compoundobyzed to study aromatization,
isoprene, is shown to proceed mainly through twbygays. The molecular elimination
of ethene to form allene is found to be particyléealile, quickly losing H atom (likely
abstraction by CKlor the surface) to form propargyl radicals. Selcdhe isomerization
to form dimethyallene has a slightly lower energyrier and can then lose methyl radical
to form methylpropargyl. Propargyl radicals ararfd to quickly combine to formg8e.
The pyrolysis of cyclopentadiene proceeds by aratory C-H bond fission with
subsequent decomposition intgH3 (acetylene) and B3 (propargyl). The €Hs

radicals combine to formigHs (naphthalene) or bond with propargyl to make stgre
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then phenylacetylene. Propargyl radicals are faamdpidly combine in this system as
well and the reaction of acetylene with propargglical may be detected. In contrast,
methylcyclopentadiene decomposes primarily via ex@mation and H loss to formgBs.
The loss of methyl from the parent compound isateteand the resultings8s radical
undergoes the same type of chemistry as in cyctageme. Finally, the decomposisiton
of methylcyclohexane proceeds primarily by isomeian to a heptene isomer or
methylhexene which decomposes to a resonantlyligebradical (RSR) and alkly
radical pair. The RSRs are fairly stable and nizstact H atom or decompose to
produce H atom and in one case decomposing to peatethyl radical. A diredt-
decomposition pathway may be observed to be of itapoe. In the above experiments
the “first ring” aromatizations are found to origie from RSR combinations although

other pathways are known to exist.
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CHAPTER X
FUTURE WORK

Diesdls

Deisel fuels are complicated mixtures of compouhds represent an important
source of combustion energy. To better regulalieifaot emissions a modeling of diesel
fuel kinetics is advantageous. Due to their coxiplethey are often modeled with
surrogate fuels containing a small family of comguais. For a recent review of
surrogate use see ref. 1. Typicatiyalkanes and aromatic hydrocarbons are employed
for this purposé. To this end the compoundsheptane, 2-methylheptanedecane, and

n-dodecane could be pyrolyzed in this system to &imtlder light on mechanistic details.

Fuelsfrom Biomass
Increasing concerns over carbon neutral fuelsemedgy security have
precipitated the development of fuels derived flwomass. For a recent review on
biofuel chemistry see ref. 3. Lignin is presenalinvascular plants and provides an
important source of fuel. Being a complex polynites,chemistry is difficult to model.
For this reason, model compounds that represemtjbertant structural features of
lignin are often used to develop the chemical ustdeding. The linkages in lignin is
most commonly arylglycerdgi-aryl (3-O-4) most simply represented as phenethyl phenyl

ether (PPEY}. Pyrolysis of PPE and analogues could be studi¢isrsystem.
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APPENDIX A

ALIGNMENT OF LASER

(1) Alignment with He:Ne Laser (needed only fottiali coarse alignment)

Remove the UV focus lens (for VUV generation bgling) in front of the Xe cell.
Remove Xe cell along with the Mgkens and the front flange of the main chamber;
remove NO cell along with the back flange. UseeaN¢ laser beam to determine the
optical path through the ionization region, i.ee tenter axis of the chamber: pass the
He/Ne beam through the center of the back windasvthe small front hole to define the
He:Ne beam to the center. Reposition iris 1 aisdifoutside the chamber) to pass the

He:Ne beam through the their centers; now irisd.ies 2 also define the light path

without opening the chamber later

He-Ne ‘ /L Iris1 Iris 2
/Q) @/ /A AN Mirror 1

v

center N
< chamber Mirror 2\

Figure A.1 Rough alignment with He/Ne laser.
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(2) Alignment of the 355 nm Light

(a) Counter propagate 355 nm light from Nd:Yag wirNe beam or the light path.

The most intense part of 355 nm should go throwgh vis1 and iris2.

- Adjust Mirror 2 to center the 355 nm beam on iris 2

- Adjust Mirror 1 to center the 355 nm beam on iris 1

- Repeat to meet both requirements. You may needl ape close iris 1 and 2
during these procedures.

- Iris 1 and 2 serve as future reference; one cang e 355 nm on the center light

path using iris 1 and iris 2 and without opening thamber.

(b) Reattach the front flange along with the Xd.cBemount the UV focus lens; make
sure the back reflection of the lens is closeghécbeam axis (minimize change of light
path). Inspect the 355 light on the exit of tharaber. Then reattach the back flange

along with the NO cell; the shape of blue 355 nimt should be approximately as an

eclipsed sun and with maximum intensity.

A power meter is used to measure the laser enengyo The maximum (~330mW or
33 mJ/pulse) is found by adjusting the harmonicegating crystals and the half wave

plate on the Nd:YAG laser.
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| Xe cell iris 1 iris 2
| | \Mirror 1

Paper for | |
visualization of best r
shape

d
<«

355nm
\

Mirror 2

Figure A.2 Alignment of the 355nm light.
(3) Adjustment with NO Cell (Needed only for initelignment)

Fill the NO cell with several Torr of NO and theanpped out by mechanical pump so
that only a fraction of a Torr of NO remains in gedl. Fill the Xe cell with ~20-30 Torr.
Maximize the photoionization signal of NO from tR© cell by adjusting the UV focus
lens (between the Xe cell and iris 1) and optingzime Xe pressure. The NGignal is
observed by placing a 145V-180V potential acroesNf cell and monitoring the signal
with an oscilloscope. For normal operation, 1 Mag input impedance on the
oscilloscope is required (with for the MCP deteabthe TOFMS, 50 ohm impedance is
used). The signal should be found somewhere witt@r20-100 microsecond time scale.

Adjust the vertical and horizontal positions of th focus lens to optimize NGignal.

(4) Final Adjustment with TOFMS
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Optimize mass signal while adjusting the UV lendigal and horizontal. On the digital
delay generator channel C is connected to thelflaghof the laser and set tg. TThe Q-
switch runs from channel D and is set to C + 3280seconds (adjusted to optimize the

Nd:YAG laser output). The pulse valve driver rimmsn channel B set to D — 1.20000

3.2ms
Qswitch="D"
T0=”C”
—p @ <«<—7/ns
< 1.2 ms ‘
Pulse valve
=HB”
—»0.2ms +—
Osc. trigger

| = AM

TOF

10 Hz

Figure A.3 Depiction of timing elements used in gxperiments.
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milliseconds. The oscilloscope trigger runs frdmamnel A and is set to D —
0.000000250 seconds. These parameters can belateznhance signal. In particular
the pulse valve driver (channel B) can be adjusi€datch” the sample pulse that has a

sharp onset and extended tail.
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APPENDIX B

PUL SE DRIVER UPKEEP

The pulse driver employed currently is the IOTA O{@eneral Valve Corp.)

The duration of the opened valve should be at E83fis in duration. To check the
actual performance of the timing circuitry of thedwe driver one can use an oscilloscope
to view the TTL sync output signal duration and vb#age magnitude. To be in a
reasonable time domain it is desired to triggemftbe flashlamp. Adjust the
oscilloscope to appropriate time scale (200-d®@er division) and potential scale (2-4
Volts per division). View the signal to make siris within the parameters listed above.

Further check if the high voltage output might leeded.

After a period of usage, perhaps weeks or so, ulsemriver will need to be cleaned.
This is accomplished by disconnecting the gas inlging from the pulse valve assembly.
Be careful of the metal tubing attached to theguhve as it can slide and change the
position of the nozzle in relation to the skimm@&he side faceplate flange opposite the
laser entrance (with NO cell) is removed and tHentecal connections are removed
from their electrodes on the main chamber. Whéingehe side flange down it is
advised to place the machined face on cardboasdwaral paper towels. The faceplate
with the pulse valve can then be removed, takiegigtare to not break wires. This

faceplate will have the pulse valve assembly adddb it and is conveniently placed on
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top of an appropriate sized bucket so the interidhe system can be inspected. The
electric wires should be removed first before digskng the valve. The actual pulse
valve on the inside screws off. However, the agdgis a slide fit so the base where the
pulse valve connects must be held in place. Gmegtlse valve is disassembled it can
wiped with methanol wet cotton applicator or KIMp&i After, they can be sonicated in
methanol for further cleaning. The tip should hspected for damage and can be
replaced (Parker Hannifin Corp — General Valve ofthe connecting board which
houses the electrodes for the electronics candpeated. Clean in the same manner as

above if necessary, ceramic parts can be sandbdsery fine grit sandpaper.

When the pulse valve is reassembled and reattatohgs faceplate one should adjust
the tightness of the front plate. If the valvaitached too tightly the valve will not flow
and if it is not tight enough the flow will be veppor. Start from the tightened assembly
and while holding the base piece twist the nozelert to a looser setting. Check the
flow out put by applying a pressure gradient anerafing the pulse valve. The pressure

of the pulses can be monitored with your lips. iQe.

Now the faceplate with pulse valve assembly analeczan be reattached (careful of
those wires!) being sure not to pinch wires whalsténing. Electrical connections are
reestablished and the resistance across circuiteasured and checked against ground
for shorts. In this instance the resistance adfesthermocouple was 2 ohm, pulse valve
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12 ohm, and across the heater 98 ohm. The heateerimocouple resistances are

measured to be 53 and 65 ohm, approximately helf ebthe total heater circuit.

COoIL

/ ASSEMBLY

POPPET

ARMATURE LA

MAIN

% » SPRING

BUFFER

SPRING %

O-RING — BODY

Figure B.1 Diagram of the pulse driver assembly
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Figure B.2 Diagram of the nozzle heater resistances
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