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Abstract

The primary focus of this work has been to develop and characterize an
instrument for the time resolved (millisecond timescale) measurement of OH,and HO
to monitor reactionsccurring under high pressures @@000 mbar), and over a wide
range of temperatures (28000 K). This instrument was then used in conjunction with
PTRTOF-MS and conventional sldlew reactors to study the OH initiated oxidation

of a range of nitr@n containing compounds.

Chapter 3 describes the development of this system and its characterization. Of
particular importance to later work, it was noted that measuring the temperature of a
flowing gas with a thermocouple could be highly inaccurateirgliois observation,
chemical thermometers (e.g. the reaction of OH and methane) were instead used to assign
the temperature at which reactions were occurring in therésgre system (and this
was later extended to conventional $low systemsHO, detection was carried out
indirectly via titration with NO to form OH, which was then detected by LIF. Efficient
and selective titration of HOould only be achieved beyond the breakdown of the jet in
the lowpressure detection cell, and as such,dsokution of the Helsignal was reduced
compared with the OH measurements. Howevesyledd could be achieved with high
accuracy and precision. This was validated for the reaction of OH with methanol under
high (6x10**cm?®) and low oxygen (k1.0 cm®) conditions; where the measured yields
of 87 £5 % at low oxygen, and 99 + 2 % at high oxygen were in excellent agreement
with the expected yields of 833 % and 100 % fromcCaulleyt al(1)

In chapter 4, this apparatus was applied to study theit@kdd oxidation of-n
butanol (a potential &édrop ind6 bioktuel);
yields allowed for the assignmedtofand A branching fractions
rati os 0.84etr0®4 (A16 640 K), andd 5057 + 0.06) at 293 K, and (0.54 +
0.04) at 616 K)Understanding the ratottfed and A branching fr
abstractionfrom ut anol i s i mportant in modelling

to the formation of H@a chain inhibiting reaction.

Chapter 5 and 6 describe the study of the OH initiated oxidation of methyl
formamide (MF), dimethyl formamide (DMF), tertiary butyl amine (tBA), and methyl
propane diamine (diamine). In chapter 5, the temperature dependdreceObf
oxidation of dimethyl formamide was studied, and particular emphasis was placed on the
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source of OH recycling that becomes prevalent above 450 K. The overall temperature

dependence of OH and DMF was assigned as

N 05
kopspowe( 1 NB 1T 19 6%)8 e 7 1584ifh" an ambient temperature value

of Kags = (1.30+ 0.13 x 10* cm® molecul@ s*. High level computational calculations
(CCSD(T)/CBS/Imp2/6-311++g(3df,3pd)) were carried out to generate potential
energy surfaces for the abstrag@actions and the subsequent R, s@faces.

The results of both the experimental and computational work carried out,
indicated that the majority abstraction over all temperatures was from the aldehydic
position. This is of atmospheric significance as it is a route to the formation of a nitrogen
cented radical, which can lead to the formation of dimethyl nitramine and dimethyl

nitrosamine. Nitramines and nitrosamines are potent carcinogenic compounds.

Chapter 7 used the reaction of OH and isoprene to illustrate potential differences
in the chemistrpbserved when the reaction was carried under different experimental
conditions, where the reactions were monitored using ©FRIS. The welllefined
ambient temperature rate coefficient of OH and isoprene allowed it to be used as a
reference compound farrelative rate study of OH and %,8i%nethyl benzene (TMB)
which was carried out in EUPHORE and HIRAC gikiagrve = (5.77 £ 0.05) x 18
cn® moleculé s*. From reactions carried out in EUPHORE, an ambient pressure quartz
reactor, and the highgssure system (at 1000 mbar) the combined yield of methacrolein
andmethyl vinyl keton@as shown to be > 70 % in good agreement with that observed
by Sprengnethet al(72 + 7 %).2)In addition, from the reactions carried out in HIRAC,
an ambient pregre quartz reactor, and the high pressure system the yield of m/z 83 was
assigned as @7 % at room temperature and was identified as the product of the
abstraction, not of-BIF (3-methyl furan)The homogenous pathway 1B is not well
known, and aibom temperature when the reaction were carried out in thedsghre
reactor, and the quartz reactor secondary OH chemistry and heterogeneous routes were
minimized.

1. MCCAULLEY, J., N. KELLY, M. GOLDE and F. KAUFMAN. Kinetic studies of the
reactions ofF and OHwith CHOH, The Journal of Physical Chemist889,

93(3), pp.10141018.

2. SPRENGNETHER, M., K.L. DEMERJIAN, N.M. DONAHUE and J.G. ANDERSON.

Product analysis of the OH oxidation of isoprene andbiadiene in the

presence of NOJournal of Geophysical Research: Atmospher@f02,
107(D15), pp.ACH-8-ACH 813.
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1 General introduction

Tropospheric VOC oxidation and low temperature combustion (< 1000K)
systemsre both dominated by OH initiated oxidation. The;pMi®@ld formed following
the initial OH reaction can be important when modelling ignition delay times or ozone
forming potentials. Measuring OH kinetics and. W@lds under high oxygen
concentrations, at high pressures 08000 mbar), and over a widagea of
temperatures (3@B00 K) can provide important insights into the development of both
novel biofuels and understanding the atmospheric impact of many VOCs. The ability to
detect OH and H@by conventional methods can become complex under théoetsndit
applicable to low temperature oxidation and atmospheric chemistry. Radical precursors,
humidity and products can provide interferences to absorption methods, and high

temperatures and pressures make LIF measurements less sensitive.

This thesis willoicus in particular on the development of the Leedplegbure
system for time resolved OH and H@®asurement, and the application of this to amine
and amide oxidation. Amines and amides have been the subject of only limited previous
studies. Increasdmomass burning, agricultural emissions and increased application of
amines in new roles (e.g. in carbon capture and storage) requires a better understanding
of their OH initiated oxidation, especially to the potential environmental risks associated
with amine and amide oxidation.

1.1 OH initiated oxidation
1.1.1 Tropospheric chemistry and the HOx cycle

0, o

S

NO, NO

OH HO Products
VOC
02 R027—§> RO 02

NO NO,

P_\{

0, O,

3

3

Schemel.1l A simplified tropospheric HOx cydeowing the importancef these
shortlived radical species both to the chemical removal of VOCs and the formation of
ozone.



In the atmosphere H@nNd OH radicals (OH + HO=- HOX) are closely coupled
via several reactions as show@dnemd.1. The short lifetimes of HOx radicalsan
that concentrations are determined by chemical production and removal and not by
transport processes, making them ideal candidates as test species for our understanding
of atmospheric chemical mechanigh®).

The primary atmospheric OH source is via the photolysmné where the
O(*D) radicals formed react with water to generate OH ra@Rddks,b) OH radicals
are the dominant daytime oxidaemovinghe majority of volatile organic compounds
(VOCs) in the troposphe(éd)

I+ $ /Nl $ (/°9c¢c/(2po2®A

For saturated hydrocarbons (RH) such as methane or, dibaDél reaction
(R12)is via abstraction of a proton to leave an alkyl radical (R); in the case of unsaturated
hydrocarbons (eylene, isoprene) OH addition to the double bond is the primary OH
reaction. OH addition reactions are pressure dependent, as the excess enleegy from t
nascent adduct must be removed by collisions with a third body (M).

2( 1 (©2 (1 2 &

#O L OHCHCTCOH H (2@

Under tropospheric conditions g[& 5.7 x 10° cm®), the reaction with OH is
generally followed by addition of oxygen to form peroxy radica)s TROchemistry
that follows depends greatly on the NOx (oxides of nitrogen) concentrations. In polluted
areas with high NO concentratiptie reaction oRO, with NO will generate alkoxy
radicals (RO) and NARL15) In low NOx environments (remote, clean regions) the

reaction with other peroxy radicals can dominate their atmospheric removal.

2 | 02/ 2 @
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For RQOs formed from atmospheric VOCs, such as methylperox@{Cself
reaction with CEDO or crosseactions with H@lead to the formation of organic

peroxides or organic acids. These channels act as radical termination processes except,
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for the case of carbonyl based.f®here the cross reaction with H@n be a chain
propagation step by regenerating (3+8)

For terpene derived RE) often both R@RO, (R6) RO-HO,, and R@NO
(R5) reactions will lead to alkoxy radical formg8pRor many alkoxy radicals e.g.
methoxy or ethoxy radicalise subsequent reaction is with oxygen to form a carbonyl
and HQ. In all but the cleanest environments, the subsequent reaction will ke of HO
with NO to regenerate OH and form BCPhotolysis othe NO, formed from
tropospheric HOx cycles, is the principle source of ground level ozone wheie)the O(
formed reacts with o form ozone (). This whole sequence is described as the HOx
cycle and is summarizedsabeméd. 1.

1.1.2 Lowtemperature combustion

The importance of OH and HQchemistry is not limited to atmospheric
processes; both OH and KH@re key intermediates in low temperatured3000 K)
combustion processes, particularly those involving oxygenatedl®elsThe
mechanisms of low temperature combustion are of particular interest in the development
of new engine technologies sushreactively controlled compression ignition (RCCI)
(11)and are closely linked to atmospheric oxidation mechanisms as both occur through

radicalchain oxidation dominated by OH reactions.

The exact source of the initiating radicals istdowerature conuistion is less
well understood; however, following the initial radical generation low temperature
combustion follow similar cycles to tropospheric HOx oxidation. Hefoperature
combustionOH propagation occurs whefellowing interception of the Rdiaal the
RO, isomerizes to form a alkyl hydro peroxy radical (QOOH), reag#othis process
is often in competition with H@ormation which is a chain inhibition step, rea&tion

2 | 02701/ /@/( 00T AOAOH& A
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For fuel combustion to occur, the radical initially generated must lead to chain
branching. In lowemperature combustion, this is linked to the formation of
hydroperoxyalkylperoxy radicals (OOQOOH) following the interceptiorOGHQ
radicals by oxygen. When OOQOOH radicals decompose to form OH and

ketohydroperoxides (KHP) these can further decompose to produce additional OH



radicals. This increase in the number of radicals leads to chain branching in low
temperature combustionaotionl.7b. (12)

2/ 01/ /(1 9111/ P(¢( +(Q/( 00i AOA G A

For many fue|ssuch as dimethyl ether (DME)e ability to measure QOOH
radicalss limited due to their typically low concentrations and lifetimes. Understanding
the chemistry of thiermation of QOOH radicaland th& subsequent decomposition
and interceptioby oxygetis alsocomplexan example potential energy surface is given
asFigurel.l. The QQDH radicals tend to be higher in energy thaR@eadicalsvith
a low barrier to QOOH decompositifitB) These factors combine to lead to a low
population of the QOOH well; in addition, the competition between QOOH interception

and QOOH decomposition Ierd to experimentally separate when both processes lead

to OH reformation.

R+ 0, Ve

OH + Products

RO, .

OO0QOOH

Figurel.1l A general PES for the RsDrface for a fuelwhere interception by oxygen
to form a OOQOOH species is showndaassaed well.

Therefore, the ability to measure both OH kinetics and perform product analysis
becomes important when attempting to elucidate the chemical pathways that lead to OH

regeneration. In addition, where H@mation is an inhibition stdpr exanple butanol



oxidation(Chapter 4)he respective OH to HQyield can be important determining
the ignition delay time for the fudy4)

1.1.3 Amine and amide oxidation.

Amines, amides, and other nitrogen containing compounds can beirmitted

the atmosphere from a wide variety of sources. In particular through agricultural
emissions, biomass burning and industrial releases. In the effort to move towards a low
carbon economy there will be a general increase in biomass burning, and if amine based
cabon capture and storage is introduced on a wide scale then this will become a
significant source of nitrogen containing organic emissions. There have currently only
been a limited number of studies, examining the OH initiated oxidation of nitrogen
containng compounds, and further work is required to better understand the implications

of increased emissions.

Although, OH initiated amine and amide oxidation has been the subject of fewer
studies than the equivalent oxygenates, studies of a range of ninbgiemg
compounds have been carried out. These have included studying the OH removal rates
for several simple amin@ls-19) and more complex amines such as ethanolamines,
nicotine, and pipirazin€025) Work has also been carried out on a range pkesim
amides including formamides and acetaif@@868) The majority of these studies have
however been carried out under ambient conditions or over a small temperature range
(260- 350 K).

Ambient temperature studies allow for the modeling of the atmospleenistry
that would follow release of compounds to the atmosphere, from biomass
decomposition, livestock or from industry. However, there is the potential for both the
site of the initial OH reaction and any subsequent product formation pathwaygeto cha
with temperature. Nitrogen containing compounds make up a significant fraction of the
fuel sources during biomass burning, and a disposal method forddegradevash
solutions from carbon capture and storagaiincineration; to model the impa€these

it is important to study amine and amide oxidation as a function of temperature.



R R
N-NO N-NO,
R' R'

nitrosamine nitramine

Schemel.2 The structure of nitramines and nitrosamines.

Current UK government subsidies are leading major power stations to utilize
biomass burning, as are many smaller facilities around the country; internationally this is
part of governmentsd push to reduce relianc
emis®ns to meet the targets set for 2020)The long term implications related to the
increased combustion of biomimwspower generation amelated to forest fires, both
controlled and uncontrolled, the plumes of which can contain many harmful chemicals
including nitramines and nitrosamines (the structures of which arens®ciramd. 2),

are not yet fully understo(2R)

Imine
R Nitramine
R=N
N"NOz
k4 NOy R’
/N02
ks , ,
R kia R k, NO R Nitrosamine
N-R" —— N — N-NO
R' OH R' j1 hv R'
Direct NH abstraction for kg O&
primary and secondary amines R'
longer route for tertiary R'=pN
Imine

Schemel.3 A general scheme for the OH initiated oxidation of simple amines.

Production of nitrosamines or nitramines is of partioytertance to health due
to the potential toxicity of these classes of molgBalesThe formation of nitramines
and nitrosamies is the product of the reaction of nitrogen centered radicals with NO and
NO,, Schemel.3. The reaction of nitrogen centered radicals with oxygen to form
products is slow even with the relatively high oxygen caticen(b.7 x 18 cm?®)
present in the atmosph¢sd., 35)Therefore, in environments such as downwind of
power stations or forest fires with moderate to high NOx levels, the reaction with NO or
NO. can then be faster than the reaction oxygen leading to potentially high yields of

nitramines and nitrosamir(86, 37)



Where the reaction with oxygen ocahesproduct of the oxidation of a nitrogen
centered radical is in general an imine. In addaltowing formation of a primary
nitrosaminga further reaction with oxygen leads to the formation of an iminendO
NO, Schemd.3.(38)Imine formation in the atmosphere has been suggested as a route
to both NO and cyanide formatigi89)N-O is a particularly potent greenhouse gas, and
the environmental and human health impact of cyanide formation could be significant
these potential pathways for methylamine taken from Schade and(89)dremiven
asSchemd. 4.

OH OH 0, NO
HN-CH; <—— HoN-CH; ———>  H,N-CH, —— H,N-CH,00© ——— H,N-CH,0’
Ko ka -NO,
0, |-HO, 0, 0, J-Ho2
-HO,
H,N—CHO
NH=CH, H,0

HNCO —————>  NH3+CO;
N,O + CO
o

HN= CH e CN ——> OCN+0

N= CH, -HO, NO, N,O + CO,

Schemeél.4 The potential routes for the OH initiated oxidation of methylangnesn
in Schade and Crutzen.(39) Routes in black have been observed experimentally, those
in redwere notobserved to occur

The ability to measure accurate OH removal rates for a variety of amines and
amides can be nanvial. This is due to difficids in delivering consistent known
concentrations of the compounds, especially in the presence of radical precursors. This is
partially due to many amides and aminé@sgiaw vapowpressuresndtheycan react
with metal surfaces leadingiteertainties in the added concentrations in direct kinetic
studiesAminesare basicandmany radical precursors such as peroxides tend to have
lower pHs and as such can undergo acid base reactions during delivery that result in
reduced concentrationstbé compound when the radical oxidation is initiated. Further
to this point, thermal stability issues can affect some amines and amides and this can lead

to uncertainties in the concentrations delivered.

Where low vapour pressures are the major causeeofainty in the delivered
concentrationUV absorption can be used to measure the concentragdan This
method was used successfully in the work ofeDaltb measure the OH removal rates
of several ethanolaminéX), 22)The method chosenrfthe work to be described later

for delivery of low vapour pressure compounds was to sample the ambient vapour
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pressure in a backing gas of nitrogen, with the backing pressure of nitrogen kept above
that of the majority flow to which it would be added.

Where experiments were carried out in a noveptreghure reactor for fast gas
kinetic measurements and Hi@ld detection, the output flow could be sampled by PTR
TOF-MS. By sampling the exit gas, it was possible to ensure that a constant new
concentraon had been reached when changing VOC flow, and to provipeéduact
analysis. In addition, the ability to monitor the output allowed for the observation of
reactions between the compound added and radical precursors, and to ascertain when
pyrolysis othe compound of interest became significant. It was therefore decided that
this instrument could be used to study a range of nitrogen containing compounds, and
expand the temperature range for those that had been the subject of only ambient

temperature nasurements.

1.2 Radical detection

As has been described in section 1.1, when considering atmospheric and
combustion chemistry radical species (OH,, HRD,, RO, QOOH) are of critical
importance to understanding the reactive removal of stable speci@ds\pbdlsible to
ascertain the bimolecular removal rate of VOCs through the relative rate method (section
1.3) and to measure the products formed from the reactions of radicals with stable
molecules, to fully understanding the radical chemistry ibrtaimbpo be able to detect
them. In particular detecting the concentration of OH angitdtbe atmosphere can
provide a key test species to evaluate the output of atmospheric chemistry models. To
adequately model the combustion chemistry of new fuglsnjfortant to be able to

measure both yields and the formation and loss kinetics of OH and HO

A variety of methods exists for detecting radicals, which includex st
fluorescence (LIF), absorption, and mass spectrometry. The discussianalof rad
detection to follow will focus on LIF, as this is the principle technique that has been

employed in the work that follows in chapté$ 2

1.2.1 Laser Induced Fluorescence (LIF)

Laser induced fluorescence (LIF) is a spectroscopic method where the
spontaneous emission of light at a particular range of wavelengths (fluorescence) from an

electronicallgxcited species is monitored, following excitation through the absorption of



laser light, shown Figurel.2.(40)LIF is highly species selective, indeed even isotopomer
selectivg(same number of each isotope of each element, but differing in position)
because a single highly structtratkition is probed, in general for small molecules this

is an individual rotatial line within a vibronic transition. The advantage this holds over
broad band sources lies in the specificity of probing individual transitions, and the reduced

line width of the laser light.

A F N
VET IRET

Resonance

Abs Fluorescence Quenching

Off-resonance
Fluorescence '

v

Figurel.2 A simplified image of the processes that can occur in molecular LIF.
Vibrational energy transfer (VET) and rotational energy transfer, @B&w)for the
redistribution of energy within the excited speciasd are facilitated through
collisions

LIF can in theory be used to study any species that does not undergo complete
dissociation following the electronic excitation, provided that the fluorescence quantum
yield (QY) is sufficient compared to the background scatter generated from the probe
light. UF can be carried out where the lower state is not the ground state but an excited
state, allowing the monitoring of vibrationally hot molecules, and allows the monitoring

of the distribution of energy within products formed from a re&4fipn.

Atomic LIFhas much greater sensitivity than LIF for mole@l2ed3)n general
atomic LIF requires much greater electronic excitation energies at very short wavelengths
(e.g. 130 nm for O aton{@¥)Where LIF is used for studying small molecules, it is most
effective for molecules with low lying electronic levels, where excitation does not
significantly change the bonding of the molecule. For molecules that meet this criterion,
the FranckCondon factor should be significant and fragmentation of the excited speci

9



should be minimal. Where excitation leads to fragmentation, for instance for methyl
radicals, LIF is not possilifh)however photo fragmentation laser induced fluorescence

can occu(46)

Two photon absorptions (226 nm for O atddg)LIF is also pasble although
the absolute signal will be much lower as two photon processes are quadratically
dependent on laser power. Two photon LIF can allow measurements to be made where
either background signals would saturate detection for conventional LIFedhe/he

fluorescence quantum yield is (48).

For measurement of many atomic species, hoVeseeinduced fluorescence is
not used in practice because of a lack of laser sources with sufficient probe power at the
low wavelengths required. In many cases, resonance lamps are used; where resonance
lamps are used for fluorescence detethierprirtiples are the same as for continuous

wave (cw) laser induced fluorescence.

The sensitivity of LIF depends on the absorption and emission spectra of the
species being probed, for larger molecules absorption and emission spectra have broader
lines and lowdtuorescence quantum yields (FQY); lower FQY can lead to a reduction
in sensitivity if background signals are not also reduced. Temperature can also reduce the
sensitivity of LIF where spectral broadening and population of a larger range of rotational
levels occurs at higher temperat(#@3The sensitivity of LIF is also dependent on the
rate of norradiative process, vibrational relaxation and collisional quenching; in general,
this makes LIF most effective when measuring at low effective pressuresGHEhe
(fluorescence assay by gas expansion) technique that will be discussed in more detail later
can be utilized to reduce quenching effects, and if the LIF probing occurs in the jet
expanded gas greater sensitivity is possible, benefiting both frawtirtheand reduced

collision frequency that free expansion provides.

For molecular LIF, fluorescence from the upper electronic state can occur to
several vibrational levels within the lower electronic state, and vibrational energy transfer
(VET) can leatb fluorescence from lower vibrational levels in the upper state than that
originally populateéigurel.2 shows a simplified picture of molecular LIF. In general,
the absolute sensitivity of LIF is greatest whereedicemce and excitation are at the
same wavelength (resonant) as the F2ow#ton overlap is large, where excitation is at

a lower wavelength than fluorescence (off resonant), the reduced sensitivity can be offset
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by the reduced background signal podstitethe ability to filter out scattered probe
light.

LIF is in general significantly more sensitive than absorption techniques, for low
concentrations detection by absorption techniques it is hard to distinguish a small change
from the large incident im&ity. For LIF, the fluorescence signal is proportional to the
probe power and concentration of the ground state of the species being4gjobed.
Unlike absorption techniguésF is not an absolute measurement of the concentration,
and so where absolutencentrations are required, a calibration must be performed. For
LIF measurements, the calibration to calculate concentrations is a large source of the
experimental uncertairfp) For larger molecular species the fluorescence quantum
yields decreasgtd and as such LIF can become rapidly impractical for species larger
than ethoxy radicals when used for kinetic measurements. Although, for some large
radicals LIF has still been a used for radical detection for exhoipie tradicaleld
51)

Although nt an absolute measurement, LIF is a highly versatile technique for
monitoring changes in the concentration of species of interest. The versatility of LIF
techniqgues comes from the ability to use tuneable lasers to selectively probe many
different moleculaor atomic species. It is even possible using multiple imaging optics
and multiple probe lasers to simultaneously monitor the time evolution of different

species.

In general, when used with pulsed laser photolysis (PLP) a pulsed probe laser is
also usedind a single LIF time point is generally collected per photolysis event. By then
varying the delay between photolysis and probe a decay profile can bEiguieLp.

In absorption based experiments an entirey decaeasured per photolysis event, this
leads to absorption methods being more efficient at recovering profiles; LIF being less
efficient but more sensitive than absorption techniques allowing lower radical
concentrations to be detected but more phatobgrgnts are required. Where high
repetition rate probe lasers (multi kHz) or continuous wave probe lasers are used, entire
decays can be collected for a single photolysis event in a similar manner to absorption

methods.
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Figurel.3. An example of &ace from aPLP LIF experimenthere the timing is the

delay between the photolysis laser and the probe laser with time zero being when
photolysis occurs. By scanning a range of detaftgl decay profile can be collected.

1.2.2 Quenching

Quenching is a nemadiative, nomeactive inter molecular loss process for an
excited molecule, where energy is transferred to the quencher and then from the quencher
to the surrounding$52) There are several mechanisms by which quenching can occur
through collisions: electron transfer, energy transfer, paramagnetic effects and through

the presence of heavy atqb%. 54)

In electron transfer, a reaction initially occurs where an eledteorsfisrred
leading to the formation of a pair of ions. In this transfer reaction, the activated neutral
loses energy and becomes a deactivated ion. If the ions undergo a second reaction to
return to neutral species then this process can be considgrechmg of the excited
molecut.(53)Where simultaneous exchange of electronssdbsucan be considered
direct energy transfer between the excited molecule and the quencher. For both electron
exchange and electron transfer, the quencher and ertéiedes st be spatially close
to each other (requires collision) and have orbitals close in energy to allow efficient
guenching to occur. A longange energy transfer process can occur, where dipole
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dipole interactions allow deactivation of an efeatradhe excited species to initiate
excitation of an electron in the quencher, this process is often called resonance energy
transfer or Forster resonance energy traiagfgrhere is a distance dependence on the
efficiency of dipoleipole quenching bubver a significalyt longer range when

compared to the reduction in efficiency where direct orbital overlap is ré&)ifss).

The presence of heavy atoms and or paramagnetic species can also have an impact
on the quenching observed. For heavy atasisstue to the greater ease with which
heavy atoms can undergo spin forbidden processes, facilitating transitions between triplet
and singlet states in the excited molésB)&or paramagnetic effects the permanent
magnetic moment of the paramagnetadeaule or ion allows enhance spin orbit
coupling. In a manner simitarheavy atoms, this allows for an increased rate of spin
forbidden processes. Oxygen is a paramagnetic molecule and as such as a quencher will
exhibit this effect, for oxygen this roagur in addition to collisional quenching electron
transfer and or electron exchange occyBB)d-his is of particular importance both
when studying under atmospheric conditions and to combustion systems, where oxygen

is present at high concentrations.

In the gas phase collisional quenching is in general the dominant process, and
where the bath gas is a molecule (e,d>N as opposed to a noble gas (Ar, He etc).
vibrational energy transfer can o¢6dy.Where more complex molecules such as
methane(CH,) are present, the vibrational transfer process can become more
significan{58) Where rotational and vibrational energy transfer occurs quenching can
become a more efficient process and as such quenching rates can be increased by orders
of magnitud¢59)

Quenching rates depend on both the concentration of the quencher and the
qguenching efficiency. Where electronic levels are widely spaced and vibrational and
rotational energy transfen@ possible, the quenching efficiency is low e.g. for helium.

For molecules that have many vibrational degrees of freedain diCMhere
paramagnetic effects are presenj, (fbe quenching efficiency can be dramatically
increase(b-61)Reactions carried out in this work used nitrogen as bath gas with oxygen

as a smaller fraction of the total flov21%).

Where the rasof quenching processes are significant (high pressures of nitrogen

or oxygen bath gasen)sitlLIF measurementaan st i | | be made by uc
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(SLIF)(6265) In conventional (linear) LIF there is a linear response of LIF signal on
probe power, this relies on the assumption of minimal depletion of the population of the
lower state. At high probe intensitigzvhen this assumption is no longer valid, the
absorption is described as being saturated, and there {dnaarasponse of signal

with increasing probe powédB) Where the absorption has been saturated, the
population of the excited state isstiportional to the lower state population, but is no
longer proportional to the absorption coefficient.

It

Stimulated

Abs ermission Quenching

Spontaneous
emission '

v

Figurel.4 An energy level diagram f&LIFAt high probe energies absorption can
becomesaturated and stimulated emission can become the dominant loss process for
the excited electronic state, this allows LIF measurements to be made even when
guenching rates are fadtor nonsaturated LIF (Figure 1.2) stimulated emission is a
minor process d the competition between quenching and spontaneous emission
dominates.

At high pressures, loss processes from the higher state can be simplified to
spontaneous emission, quenching and stimulated emission. LIF sensitivity generally
decreases where guenghrates are in competition with the rate of spontaneous
emission; at higher probe energies stimulated emission of photons becomes the dominant
source of fluorescence. Once the absorption
probe power will prode larger increases in the rate of stimulated emission than in
absorption. With sufficiently large probe power, once absorption of a photon has
occurred the dominant loss process from the excited state will be stimulated emission,
shownin Figurel.4. Wherestimulated emission is the dominant loss processes from the

excited electronic state, the fluorescence quantum yield depends on the probe power, as
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aresultitis possible to carry out LIF studies at high presaocessible to conventional
LIF detection. (> 100 b&6y)

The requirement for high probe energies for saturated LIF can lead to
complications from two photon processes and increased scattered light. As the
measurements rely on stimulated emission thetewllifuorescence has the same
wavelength as the probe light so scattered ligidt danfiltered out which can lead to
saturation effects on the detector. In addition, analysis can be further complicated by a
requirement to understand the rotationalggreainsfer procesgé&64, 66and if non
uniform saturation is presééy)

Another technique for making LIF measurements from the atmosphere was
developed, instead of making LIF measurements at high pressures;pifesdhigh
system is pinhokampled and the gas is jet expanded into-préssure cgli7)This
technique is called FAGE (fluorescence assay by gas expansion) The LIF signal in the
low-pressure cell is still proportional to the concentration in the-prghsure system.
Where acurate calibrations can be performed, FAGE LIF to make accurate assignment

of radical concentratio(&3)

The ability to couple FAGE LIF cells to flow tubes has been utilized to make
kinetic OH measurements sampling “piggssure (> 500 mbar) reac(@$75) If a
small flow of NO is added before the probe laser samplesaH®e partially titrated
to OH and an indirect measurement of.ld@ncentrations can be made using OH LIF.
(69, 72, 73)

Where LIF detection was performed in theexpinded g4%4)fast radical
kinetics on the microsecond timescale could be measured with high accuracy and
precision(76)This was possible when the timescale for transport from thgrdsghre
reactor and the timescale over which the reaction was measured vegar atetfs!)
By performing LIF in the jet expanded gas itself, the sensitivity of LIF was increased due
to the cooling effect free expansion generates (30 K in the jet versus 300 K in the high
pressure reactor) and due to a high number density in dnsiercomparable to the
collision frequency. Where OH kinetic measurements were made at higher pressures in
this work (>300 Torr), OH LIF detection was made using the FAGE n{é8jod.
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1.2.3 OH and H@etection

As discussed in sections 1.1.1 and fnar#toring OH and H@concentrations
under the elevated temperatures and high pressures of combustion processes and under
the high oxygen concentrations present in the atmosphere'tEm10s of interest.
In low-temperature combustion, H@rmationis a chain inhibition process, with OH
reformation a chain propagating or chain branching process. The ratio of chain branching
to chain inhibition processes is often the controlling factor in modelling ignition delay
times(14) High temperatures and concentrations of oxygen may be required to convert
atmospheric processes, which take several 10s of seconds at ambient temperatures (and
hence may be influenced by surface chemistry or secondary reactions) to the millisecond
or micdosecond timescale where they can be studied by flash photolysis techniques

without such interferencg&)

When experiments are carried out in conventionatsttasi(lowpressure)
reaction cells, laser induced fluorescence (LIF) detection of GHtsradiossible, and
LIF provides a highly sensitive detection method. fei@ation can be assigned by
carrying experiments out in the absence and presence of a small concentration of NO and
measuring the degree of OH recycling that ocaMdF only povides a relative signal
andin orderto derive absolute concentrations it is hecessary to calibrate the signal. In

addition, at elevated temperatures and pressure LIF detection becomes less sensitive.

Direct measurements of H@ely on absorption techoigs, and important
kinetic information on H@reactivity has been determined mainly using UV absorption
spectroscopy. This can be achieved either with conventional absorption techniques
(including multipass optics to enhance the path length) or in tiie ¢&wity ring down
spectroscopy (CRD§&)7, 78)However, the HOUV absorption spectrum (20@60
nm) is broad and featurel€&3) and as such, overlaps with the UV absorptions of many
other species present in atmospheric degradation pathways wsticongystems
(particularly BD, and RQ). To utilize the selectivity of the structured IR spectra,
absorption methods have been developed in both the mid afi® (k) (80) Mid-
IR absorption features for HProvide sufficient absorption crassions for study81)
but suffer from severe pressure broadening, reducing sensitivity under the conditions
relevant to atmospheric and combustion syg&ihPetection in the NIR has similar
advantages in terms of a structured spectrum providing geksiivity; the weaker

absorption crossections are compensated by the higher powers and ease of use of NIR
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laser sourc€83) However, pressure broadening and interference #@maldorptions
can make these measurements difficult at even low coimenarfavater (£0molecule
cnmd).

In the atmosphere and in chamber studies, OH can be detected by a sensitive but
non-absolute method laser induced fluorescencec&iCbe indirectly measured using
the same technique via conversion to OH, with detewfti@H via laser induced
fluorescence (LIR)L, 67, 84, 85pr conversion to W'SQ, (reactions 1.8 1.11)with

subsequent detection of the acid via mass spectr(BoeBy.)

OH + SO ¢ HSOs (R1.9)
HSO:+ 020 S0s+ HO (R1.10)
H:0 + SO ¢ H,S0, (R1.11)

In the LIF method, also known as Fluorescence Assay by Gaseous Expansion
(FAGE (67), which is the technique that will be a focus of the work to come, OH can
be directly detected by LIF following expansion from a high prestmeists a low
pressure detection cell. WherekQletected, a flow of NO is introduced which reacts
with HO, (R1.12):

HO.+ NO ¢ OH + N@®12

The resulting OH is then monitored. The high sensitivity with which OH can be
detected gives H@etection limits in the AMolecule cmrange for ® 10 s averaging,
however, to extract concentrations, both OH detection methods require cal@@hation
For chamber measurements of,Hé@mparisons with direct CRDS measurements have
verified the debility of the calibration procggs)

As stated earlier, in general LIF becomes less sensitive at higher temperatures (due
to distribution of population over more rotational levels) awdr@entrations (due to
guenching). Sampling into the 4oressire region reduces both the effect of collisional
quenching and temperature on the sensitivity of LIF detection, although there is a
reduction in the number density of the HOXx species in the expansion. The principle of
coupling a LIF based FAGE cell for @Ad HQ detection to a higher pressure reactor
has been utilized by Neé#ir alwhere adaptions were made to the Julich OH lifetime
instrumeni73) The instrument to be discussed later in this (@&pter 3¥hifts the
timescale over which the OiHeasurements can be made. Changes in OH radical
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concentration being measured with microsecond resolution, allowing fast gas phase

radical reactions to be measured in addition to/ld{d measurements.

1.3 Kinetic measurements

In general, all kinetic maemment techniques involve comparing the
concentration at a given reaction timggAhe concentration at a previous time (usually
time zero [A), the fraction remaining at timis proportional to the removal rate. For
bimolecular reactions (A+B)gtinate of reaction is proportional to the rate coefficient
(ke+») and the concentration of the two species ([A], [B]), this is shown as Hduation

Q_o Q 006 On 6 wpPeé €
Qo

By integrating equation 1 between time zero and a givenEquationl 2a is
generated and this can be rearranged as Equabiom this form, if the ratio of the
concentrations of one species is known and the absolute concentration of the second

gpecies is also known then the bimolecular rate coefficient can be assigned.

~
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In direct kinetic measurements, anethod commonly used to define the
bimolecular rate coefficient is the pseudo first order assyntipamethod has been
used widely in the work carried out later in chapters #,&ladge excess of one reactant
Is usedsuch thaits concentratioe hanges minimally during the 7
then the reaction is considered to be pseudo first order with respect to the deficient
reactant equatioris3a andl1.3b. Under these conditions the pseudo first order rate
coefficient K.,) can be assigd from the relative change in the concentration of the
deficient reactant. That only a relative change is required means that raw changes in signal
response from techniques such as LIFF@ECor mass spectra can be used to assign
the rate coefficient vabut any absolute calibration.

Q—O Q ! On 6 ks ¢
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The reaction is then studied with varied concentrations of the excess reagent. By
plotting the observed rate coefficients against the concentration of the excess reagent ([B])
the gradient of this plot is the bimolecular rate coeffigigntel.5. Where pseudo first
order conditions cannot be maintained then the decay of both species will be non
exponential, and the resulting kinetics can be difficult to deconvolute and requires
measuring the loss of both speciesl&meously.
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Figurel.5 A plot of pseudo first order rate coefficiembtdy) against excess reagent
concentration ([RHJgenerally referred to as a bimolecular plot. The gradiéte
liner portion of this plot is the bimolecular rate coefficient.

Instead of directly measuring bimolecular removal rate coefficients by monitoring
the concentrations of the two species that are reacting, it is possible to measure them
indirectly though the relative rate method. The relative rate method compares the time
resolved loss of a reagent of interest (R) compared to thedostedgnce species (S)

(which has a wellefined bimolecular rate coefficient) to allow for the calculation of the
unknown bimolecular rate coefficient. This method is well established and has been used
to define rate coefficients for many important atnewgpineactions; one significant
advantage of this method is that it can allow for the precise measurement of rate
coefficients even where the concentration of the reactants cannot be defined well.

19



- LY e s
a & 7 o & On o0 wep&e ¢

By substituting both the compound of interest, R, and the standard, S, into
Equationl 2b two equations are formed. When the equation for the reference compound
is further substituted into the equation for the compound of intere@searranged
Equation14 is formed From Equatiori4 a plot,Figurel.6, of In([RY[R]:) versus
In([S¥[S]y) will have a gradient that is the ratio of the rate coefficients. This is the principle
by which relative rate experiments work anakibeen an important tool for measuring
kinetics especially for slow reactions where performing direct kinetiemmeatsurvere
complex this method has been used to study the reaction of OH and TMB in chapter 7
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Figurel.6 A relative rate plot the gradient of this plot is the ratio of the bimolecular
rate coefficientaVhere the rate coeitient for a reactive species)@hd the reference
compound (S) is well known the unknown bimolecular rate coefficient can be defined.

The situation as defined above is for an ideal experiment where the only losses
from the system are the reaction of the reference and compound of interest with the
reactive species. In practice this can be an oversimplification that will lead to erroneous

bimolecular rate coefficients being assigned. Dilution, wall losses, photolysis and reaction
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with precursors can all increase the losses of reference and compounds of interest. Where
these loss processes are not small with respect to reactive lassed theye explicitly
accounted for.
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Figurel.7 Examples of the concentration profiles that would be seen for a VOC during
a photooxidation experimentvhere the VOC is lo8trough wall losses, dilution and
photolysis in addition to reaction, with the contribution from wall loss is shown as blue
square and photolysis of the VOC as red squares.

Dilution can be accounted for in several ways, one common method is including
an wreactive and highly volatile tracer; the decrease in the tracer concentration can then
be used to map the expected dilution effect on the more reactive compounds.
Alternatively, if constant replenishment of the backing gas is maintained and the reactants
are well mixed then the concentration can be adjusted appropriately using the fraction
replaced to define the expected dilution losses.
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Wall losses can be assigned by monitoring the changes in concentration observed
in the absence of precursors and phsitolgccurring. Where this is carried out the
observed decrease will include both wall losses and dilution losses. Photolysis of the
reactants can be accounted for in the same manner where the photolysis source is turned
on for a period in the absence @& finecursor and the lossethefreference and reagent
of study are monitored. Again, this can be applied to additionally assign reaction with the
precursor by monitoring the change in observed signals when the precursor is added in
the absence of photolysis.

A corrected concentratiom @ach time point [Afan then be calculated, red
squares ifrigurel.7, for each species and when this is substituted for the concentration
at time zero in the relative rate plot the slope gives the ratio of thecbianalate
coefficients. For relative rate measurements performed in chambers with large surface to
volume ratios where wall loss rates are low, if the compounds being studied (reactant of
study and reference compounds) do not photolyze significagtdileats of both plots
(corrected and uncorrected relative rate plots) should differ minimally and corrections can

be neglected.

For relative rate analysis, the detection method for the species being studied and
the reference do not have to generate esacéntrations, so long as the signal response
is linear in concentration. Several common techniques used in relative rate experiments
are FTIR (Fourietransform infrared spectroscopy), gas chromatography (GG), mass
spectrometry (MS), cavity ring dowrecgmscopy (CRDS), and laser induced
fluorescence (LIKB8)Where relative rate experiments were carried out in this work the
principle detection method chosen was chemical ionization by proton transfer reactions
with ions measured by time of flight ngEsctrometry (PTROF-MS).

1.4 Pressure dependence and chemical activation

As was briefly mentioned in section 1.1.1, it is possible for reactions to display
pressure dependence, whereby up to a limit increases in pressure lead to increases in
observedate coefficient, an example of a highly pressure dependent reaction is that of
OH with ethylen€89) There are two main classes of pressure dependent reactions:
unimolecular dissociations, and addition reactions, which are depigeceins. In
addition reactions, the energy released through the formation of a new bond must be lost
to form a stable product molecule, and this is achieved through collisions with the bath

gas, Reactioh.13. For unimolecular dissociations, the pressure dependence derives
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from collisions between the reactant and the bath gas providing the energy to allow the
reaction to proceed, Reactiohd.
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Figurel.8 Pictorial representations of the Lindemann model of pressure dependent
reactionsThe LHS shows a bimolecular association reaction and the RHS depicts a
unimolecular decomposition reaction.

The description above is a summary of the first qualitative explanation for the
presence of pressure dependence in unimolecular reactions and is known as the
Lindemann mechanism, named after its proposer. The Lindemann mechanism is a hard
sphere model and seg@s unimolecular decomposition reactions into three distinct
processes: activating collisions with the bath g&s), eéctivating collisions), and
dissociation of the activated spedigs Nlow if AB* is sufficiently reactive then after a
shot induction time the loss rate of AB* should match the formation rate and the

concentration [AB*] can be considered to be at a steady state, Bduation
Qrt- Q1o 0On 6 @ p®e ¢

Now from Equation 5 it can be seen that the rate of formation of products is
dependent on the steady state concentration of AB* and the rate coefficient for
dissociation. By rearranging Equatidrfor the concentration of AB* and substituting
into the poduct formation rate equation, Equafidgcan be generated.
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A summary examination of Equatib6 produces two different regions of
behavior the high and low pressure limits. Ahifpepressure limit th&. [M] term
dominates the denominator, deactivation is the primary loss of AB* and further increases
in pressure will not increase the observed formation rate. At{iresswre limit then
dissociation is the primary loss of A&'dominates the denominator and the observed

product formation rate is directly proportional to the number of collisions.
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Figurel.9 A representation of the pressure fall off curve (red line) for a pressure
dependent reactiowhere the lowpressure limitk°, is depicted by a dotted line and
the highpressure limitk , by a dashed line.

A general way of describing this low and-figbsure behavior of the
Lindemann mechanism to allow for a description over a range of pressures can be given
as Equatiod.7, and is representagFigurel.9. In Equation1.7 k®is the low pressure
limit rate coefficientand® i s t he high pressure | imit val ue
description of unimolecular dissociation processes it cannot reproduce the experimentally

observed pressure fall off curves. The lack oftitatiame accuracy comes from the
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assumptions intrinsic to Lindemann theory, molecules are not hard spheres and the total
energy of polyatomic molecules is distributed between translational, rotational, and

vibrational modes.

The failure of Lindemann thgaio account for the vibrational contribution to
activation rate leads to a systematic underestimation of the activation rate. A systematic
underestimation df. leads to the incorrect onset of the pressure fall off curve. The
presence of different typelsbarrier to reaction (tight versus loose transition states) is
also negated in the Lindemann model. Some reactions pass through transition states that

require constrained molecular geometries to occur.

For association reactions, Reactid®, the actiied species AB* will again be
at equilibrium. Here, the equilibrium is between adduct forma}jafeactivatiork()
to form the product, AB, and dissociation back to reackaht#\(+ B, Equatiorl 8.
Treating this system in the same manner asithelacular decomposition again yields
two pressure limit behaviors. At the kpgissure limikP) the deactivation of AB* can
be treated as instantaneous and the rate of product formation is dependent only on the
rate of the initial activated complexnfation, Equationl9. Under lowpressure
conditions K%, Equation1.10, there is an equilibrium between the rate of adduct
formation and loss. In the lgqavessure regime third order kinetics will be observed where
the rate of adduct formation scales ptig#ssure.
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Again as with the unimolecular decomposition descrjjtindemann theory
negletthe contribution of the vibrational modes to deactivation of AB*. This leads to a
failure to adequately describe the fall off region adedlizdedvere several subsequent
important modification to Lindemann theory that provided improved results in
describing the higbressure limit. The first of these was the inclusion of internal
vibrational modes in the hypothetical molecules. When applied to unimolecular
decompositions, this modified theory (Lindentdinshelwood) led to an increask.jn

whilek.. remained the same, dadlecreased. While, this theory qualitatively improved
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the description of the higiressure limit it still failed to quantitatively describe the shape
of the pressure fall off curve.

A significant improvement that better desdriaech systems was developed by
Rice Ramsperger and Kassel (RRK). In RRK theory it is assumed that for reactions to
occur it is not merely sufficient for the excited complex AB* to be formed but that this
must then pass through a particular geomefrjoAB reaction to occur. In this model,
depictedn Figurel.10 itis assumed that energy transfer processes are fast with respect
to reactions, and that AB* and“ARve the same energy. In AB*, the energy is randomly
distributed across the molecule; whereas, ithBrequired energy is localized to the
reactive mode. This model can accurately predict the shape and occurrence of the fall off
region where the effective number of oscillators as opposed to the total afumbe
oscillators is included.
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Figure 1.10 Depicts RRK theowf association reactions (LHS) and unimolecular
decompositions (RHS) modify the LindemBimmshelwood scheme to include A8
species with the same energy as AB*, where the energy is localised to the reactive
mode.

RRKM (Rice, Ramsperger, Kassel and Marcus) was a further addition post
Lindeman theory to calculate pressure dependent rate coefficients. Marcus combined the
Eyring equation with RRK theory to calculate nmamonical rate coefficients
(calculated as a function of energy). And identified the restricted geometry of the excited
complex (AB) was the transition state, this is shov#igarel.11, where the vibrational
levels of AB are shown and AB* is identified as rovibrationally excited AB.

RRKM theory as with transition state theory assumes all transfer across the
transition state is permanent. RRKM calculates micro candeicaleffcientsk(E),

andk(E) is dependent on: the transition frequency, the probability of AB* to form AB
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Figurel.11 RRKM theory couples the Eyring equation to RRK thaodyidentifies
AB# in RRteory as the transition state. This method can allow rearmonical rate

coefficients to be calculated.

In its simplest form RRKM theory evaluates the probability of AB* to fétrm AB

from the density of states for molecul€g), and the sum of staties the transition
state, W( EBJ) , whi ch can O®This thdn allowsahee d f r

calculation of energy resolved rate coefficients for unimolecular reactions, Efjliation
InEquationll 1 EO i s t he e n ereagign inahe activatedichmgplexo ar r i
( EG -Ep), &dhis Plagks constant. Full RRKM theory should treat both angular
momentum (J) and total energy (E) but in the form used in MESMER will be

described in detail in section 1.61 to foltbis)is shplified to only treat E.
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1.5 Computational chemistry calculations
Computational chemistry can be used to calculate properties of poly atomic
species, including: energies, structuresl@ational frequencies. This can be important

for modelling chemical reactions, especially when the propertieslofexshspiecies are
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required that cannot be studied experimental. There are three main classes of
computational calculations:iaiio methods, which are based only on physical constants
and quantum mechanics; sempirical methods, which also contain some empirical
parameters; and density functional theory methods. The computational calculations
carried out in this work were mainlyiedrout with three different methods: two were
abinitio post Hartred-ock methods, CCSD(T) and MP2, and one was a density
functional theory method, MQ&.

1.5.1 Computational methods
HartreeFock theory assumes that electrons areintenacting to allow
approxi mate wavefunctions -Focheé eqlatuil an e dwhi
are approximate solutions to the Schrédinger equation. The wavefunction generated is
formed by combining various input edbbasi sodo f
detail later. The variational principle can then be applied to iteratively find the minimum
energy that describes that particular geort®t38)A significant crude approximation
within HF theory is that electrons only feel the average effechefahér electrons
(they feel the mean field of all the particles), this approximation is included to avoid the
N-body problem but leads to significant inaccuracies in the resultant energies. Several
methods have been developed to account for the etiethehinstantaneous position
of one electron has on the other electrons in the system (electron correlation). The two
principle post HF methods used in this work both use NRMisset perturbation theory
(MP);(94)MP theory assumes that the corredtioaccount for electron correlation is
some small perturbation of the HF engi@fy,. 96)The perturbations to the HF energy
are accounted for as a power series and are described as the correlation potential. The
first meaningful correction to the HF cldtions is achieved from the inclusion of the
second order term (MP2), with higher order corrections (MP3, MP4) providing improved
results but with much increased computational88s88MP2 was used as one of the

methods of choice to optimize struetiand calculate frequencies in Chapter 5.

Coupled cluster theory generates multi electron wavefunction from more basic
molecular orbitals and accounts for electron correlation using an exponential cluster
operator (T)(99, 100Yhe base molecular orlstare often HF orbitals generated from
a underlying calculation, however, this does not have to be the case and other orbitals can
be used. The cluster operator (T) is a linear combination of excited determinants, and a

variety of excitations can be ideld i.e. single (S), double (D), triple (T) and even
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guadruple (Q) excitations. When this method is called the abbreviation CCSD denotes a
couple cluster equation with single and double excitations included and CCSDT also
includes triple excitations. Oftdre full treatment of the triples is computationally
prohibitive and in these cases an estimation of the triples contribution can be calculated
nortiteratively and where this is performed it is shown in brackets, as CASD)T).

The noniterative appramation to the triples contribution is calculated using many body
perturbation theory. CCSD(T) with a sufficiently large basis set was the principle method
used to calculate accurate single point energies in the calculations performed in Chapter
5.

Density functional theory (DFT, more correctly density functional
approximations) describes a suite of methods that are designed to determine the electronic
properties of a system by using functionals (functions of functions) of the electron
density(102104)The high level DFT functionals commonly used in modern calculations
contain approximations to model electron correlation and electron exchange. DFT can
struggle to accurately model dispersion forces and to combat this, many methods include
explicit descripins of these interactions. In Gaussian (09), it is possible to select both
the exchange and correlation functional or call single functionals either hybrid or
standalone(105)it is often also possible to add empirical dispersion explicitly to the
functionals that have been called to better account for this gft&j\Where DFT
methods are used in Gaussiafl0%)it is often important to consider the accuracy of
the numerical integration grid used in the calculation, with results carried out with an
ultrafine integration grid usually being more reliable. DFT methods in general provide
acceptably accurate geometries and vibrations with a much lower computational cost,
compared with post HF methods such as NRZ109)

The principle DFT functional usedChapters 5 and 6 was MOD6a higHevel
hybrid functional from the Minnesota family of functionals, where this is used with tight
convergence criteria and with a ultrafine integration grid the energies, structures and
properties derived are usualliabte. The use of M@ is not recommended where
structures contain a multi reference character, and it should be noted wi2&é&a406
been used to describe processes with multi reference character such as bond breaking of
a singlet molecule (i.e. HH bond breaking) it has been shown to produce erroneous
behaviour. For the systems calculated with2W06 chapters 5 and 6 these occurred
entirely on a doublet surface.
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1.5.2Basis sets

To generate the wavefunction that describes the electrons incaldystem, a
set of orbitals are required into which the electrons can be placed. In most computational
calculations this is achieved by combining several atomic orbitals, which are mixed
together in the overall wavefunction, with coefficients for gatdi being varied to find
the minimum energfl04)The set of orbitals chosen to represent each atom are referred
to as the basis set. The basis sets used in computational calculations usually involve the
linear combination of atomic orbitals (LCAOJ}aion the molecular orbitals; basis sets
are classified by the basis functions that they are formed from. The atomic orbitals used

can be represented numerically, or by Slater, and Gaussian type functions.

The basis functions chosen for most computaaf@llations are formed from
a linear combination of several Gaussian functions. This method is chosen as Gaussian
orbitals can be more efficiently treated in higher level calculations than more descriptions
of the accurate atomic orbitals. Within a Isasithe list of basis functions representing
atomic orbitals are described as the contracted basis functions; and the underlying
component functions of these (often Gaussian functions) are described as the primitive
functions.An example breakdown of thentracted basis sets and their primitive
componehfunctions is given as Tablé¢.1

Tablel1l-1 Several common basis sets showing both the contracted and underlying
primitive functions.

Basis set H C,F (#row atoms)
ccpvDZ (4slp)/[2slp] (9s4p1d)/[3s2pld]

cGpVTZ (5s2p1d)/[3s2pld] (10sbp2d2f1g)/[4s3p2d1f]
cepvVQZ (6s3p2d1f)/[4 s3p2d1f] (12s6p3d2f1g)/[5s4p3d2flg]
ccpVsZ (84p3d2f1g)/[54p3d2f1lg] | (14s8p4d3f2glh)/[6s5p4d3f2glh]
augccpVDZ | +(1slp)/[1slp] +(1s1pld)/[1slpld]

augccpVTZ +(1s1pld)/[1slpld] +(1s1pld1f)/[1s1lpld1lf]
augccpvVQz | +(1slpldif)/[1slpldif] +(1s1pld1flg)/[1slpldlfig]
augccpVsZ +(1s1lp1diflg)/[1slpldifig] | +(1slpldiflglh)/[1slpldifliglh]
6-31G* (4s)/[2s] (10s4p1d)/[3s2spld]

6-31G** (4slp)/[2s1p] (10s4p1d)/[3s2spld]

6-31+G** No diffuse functions added| +(1sp)/[1sp|

As sated early basis sets are classified by their component functions, the simplest
representation that can be used in calculations are referred to as a minimal basis set. A
minimal bais set is formed from the minimum number of functions that can describe the

electrons in the system. A minimal basis sets use fixed size atomic orbitals for instance
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STO3G uses functions that mimic slater type atomic orbitals, formed from three
gaussiahence 3G. Higher level basis sets that have different sized orbitals to describe
the valence electrons are referred to by the number of atomic orbitals used to describe

these i.e. double zeta basis sets use two types of atomic orbital and triplareeta use t

Improvements to the description of the bonding involved can be achieved by the
inclusion of polarization and diffuse functions. Diffuse functions are larger versions of
the normal function, that allow orbitals to occupy a greater area of spgheegddtiton
of these functions to a basis set is often referred to as augmentatiofil@ug).
Polarization functions allow the contracted functions to change their shape, this is
achieved by adding in orbitals with higher angular momentum than éhe rexdpiired
to describe the ground state. The inclusion of polarization functions in basis sets of the
Pople type is discretionary but within some basis sets i.e. correlation consistent (CC) types
these are often compulsorily included.

For the work carréeout in chapters 5 and 6 the basis sets used were either Pople
type split valence type or correlation consistent basis sets. In general the Pople type basis
set used was3H 1++g(3df,3pd) here the 6 refers to the description of the core electrons
which h&e 6 gaussian functions to describe them, 311 refers to the valence orbitals which
have 3 different contracted functions to describe them each made up of different
primitive functions (with 3, 1 and 1 primitives in the contracted fungtidis112yhe
inclusion of diffuse functions on both heavy atoms and hydrogens is depicted by ++ and
(3df, 3pd) depicts the explicit inclusion of 3 d and f functions on heavy atoms and 3 p
and d functions on hydrogens.

Correlation consistent basis sets are designedsed with methods that correct
for electro correlation. In addition, families of correlation consistent basis sets are
designed that can be accurately extrapolated to estimate the basis set limit. The basis set
limit is where the inclusion of furthemtracted functions into the basis set would
provide no improvement in the energy calculéit&8)The correlation consistent basis
sets used in this work were of th@¥¢XZ form where X refers to the zeta of the basis
set. These were used with two fapfreeugmentation, fully augmented (aug), and partially
augmented (jun)114) Full augmentation (aug) involves the inclusion of a diffuse
function for every atom and for every level of angular momentum already present in the
basis functions. Partial augmentation is any augmentation greater than minimal

augmentation (diffuse fungt®on the heavy atoms for the occupied orbitals) but less
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than full augmentation. The chosen partial augmentation (jun) removes two sets of diffuse
subshells from full augmentation, where one set of diffuse subshell is removed this is
referred to as jul.

1.5.3Calculating properties

As has been described computational calculations minimise the wavefunction for
a particular geometry, the first derivative of the energy at a particular geometry provides
the gradients away from that point. These gradients aaadto optimize the geometry,
allowing the equilibrium structures of the species to be calculated. The second derivative
of the energy provides the forces acting on a structure, these forces allow the calculation
of the frequencies (vibrations). lt@sgible to optimize structures, calculate frequencies
and calculate energies with different levels of calculations to minimize computational
costs. The energies, structures and vibrations of important points on a potential energy
surface can then be usedrtodel the chemical processes that occur on the surface.

1.6 Master equation calculations

The methods described so far treat all collisions as strong collisions i.e. either fully
activatd or deactivaté This model is not entirely sufficient to describe many chemical
systems. Work on further parameterizing such processes was carried out which led to the
Troe parameterizatiafia modified strong collision theory mqdéb,11fwhere some
proportion of collisions are treated as inelastic resulting in no energy exchange. However,
to extract more information, to better extrapolate temperature and pressure dependent
systems beyond the limits of the current experimental regiraeschamically accurate
theoretical approach was required. One such method is via a so called master equation
calculation, in complete master equation analysis energy transfer between and reactions
from all states of AB are considered.

— 1 0ONno6 wopfg

The time evolution of the population of esizte(ri) has three terms that define
its change in population

1  One for the increase in population due to collisions with other populated states
with an (e &r gd), whidh depends on both the probability of
energy transfer between the si@gsnd the population of the other state (
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1 One for the removal of species through colligiohs 0 ) which depends on the
population of the state itséff).

T  One forthe reactive loss of the spefes’ 0 ) which depends on the population
of the state and the state specific rate coefficient

When all of thesgrocesseare considered then this can be summarized as Equation

Full master equation analysild be highly computationally expensive even for simple
systems and as such approximate methods are often used, one such approach is the
energygrained method, which is used in MESMER.

1.6.1 MESMERnNalysis

Where a chemical system is at thermal equmibthermal relaxation is fast
compared with reactions, it has been established that these systems can be modelled if an
accurate potential energy surface (PES) is treated with canonical transition state theory.
(117 Yet this assumption is not true fof ahemical system (often including
intramolecular isomerization reactions), where the timescale for thermalisation and
reactions are comparable, in these situations it is possible to treat the system using an
energy grained master equatdBNE).

Energy grined master equations couple collisional energy transfer to energy
resolved rate coefficients and bundle groups of similar energies together to form so called
dOenergy grainsao. Movement between the en
bath gas with these collisions treated as stochastic events. Micro canonical (energy
dependent) rates for the individual species can then be calculated in a manner that is not
computationdy prohibitive. These then allow for the calculation of phenomenological
rate coefficients for the naguilibrium systems. MESMER (master equation solver for
multi energy well reactions) is a software that can be used to solve such ME where
multiple unimolecular wells are connected. The microcannonical rate coefficeents in th
MESMER simulations were calculated using RRKM (Rice, Ramsperger, Kassel and
Marcus) theoryMesmer simulations were carried out for the oxidation of dimethyl
formamide (chapter 5) and for tertiary butyl amine (chapter 6).

MESMER treats only a one dimensional ME where the angular momentum is
averaged and only the total energy of the system is treated as th¢Mayialilkeough

strictly the angular momentum shdaddreated as a variable, for fitting the experimental
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daa in this work the errors, in the measured eigenvalues améhihealculations, were
likelymore significant.

K(E)
— [ (B) —/— pz(E) _—
K(E)

A+B
(source term)

Products
(sink)

C2

Figurel.12: A representation of an energy grained master equation medtl two
wells and three barriers, with an infinite sink for product formation. Taken from (92).

For MESMER inputs, stationary poimtgh zero point corrected energies,
vibrations, rotations, and bath gas specific energy transfer parameters were required. The
energies, vibrations were taken from the outputs elfelvigicomputational calculations
for all the stationary points on the PE®eW needed, reasonable estimates for energy
transfer parameters were used, and these were floated in a linked manner where
appropriate.

As shown irFigurel.12, the population change for each energy grain at a given
time is a product of multiple different terms. In a simplified way, onis dererto the
increase in population of a grain due to collisions, the second from the decrease in
population of the engrgrain due to collisions, a term due to increase in population of a
grain due to reactions, and a final term denotes reactive loss from the grain. The sum of

the population of each well can therefore be given as time resolved output; in the
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MESMER outpufile these are the species time profiles, an example is gigmeas

1.13 The results of the micro canonical rate calculations can also be evaluated as a
selection of the calculated eigenvalues for the system, which could then be compared to
experimeral measurementdesmer analysis of the recycling of OH radicals in the high
temperature (> 450 K) oxidation of dimethyl formamidesesribedh chapter 5.

_.CONMe, + O, at 505 K, 1500 Torr and [O,] =5 E17 cm™

0.8 " °
c 7 = | °
S "o < = CONMe,
S a® e« © OOCONMe,
g 0.6+ P & 4 HOOCONMeCH,
C_C; ] | HOOCONCH,Me
S 0.4~ % < CO + NMe,
.; .
g . : < OH+CO, + CH,NMe
T [
L 0.2- o b

'wwwmwmwﬂww

1E-11 1E-9 1E-7 1E-5 0.001 0.1 10 1000 100000
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Figurel.13 An example species time profile generated at 500 K, 1500aharwith 5
x 107 cnr O, from the R+@surface formed following abstraction from the aldehydic

position of dimethyl formamide.

Another method for analysing the output from the mastei@yuoatculations
i's referr & dbobomdas naBigdd sd amBalrytsiiss separ :
kinetics from the collisional relaxation kinetics, and uses this to analyse the output of the
full ME calculation. For most of the master equatitouladons performed using
MESMER, the information that is of highest interest is the rate of chemical

transformation between the wells on a surface.

If the chemical kinetic system alone (neglecting collisional relaxation) is treated as

a set of coupledftkrential equati@(in the same manner as in the full energy grained
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ME) then diagonalization of this matrix will again produce a set of chemically significant
eigenvalues (CSEs). In theory if there is good separation between collisional relaxation

and temical kineti¢shen the CSEs obtained from this diagonalization and that of the

full energy grained ME should be equivalent. The matrix being diagonalized is however

much smaller through the negation of the additional energy transfer processes The matr

used i n-W e mdBamtail y si s is only nin, where n
on the PES.

Where the CSEs and the internal energy relaxation eigenvalues (IEREs) are
sufficiently separated, tWiedno nedompkgicalc a | i nteg
rate coefficients should reproduce the species time profiles (which are the result of the
full ME treat ment) . This provided-an i mport
Wi domd r at ereusedgea$ dnintegraépart oba methbdkanaster equation
simulations to experimental data.

1.6.2 Direct trace fitting

In addition to assigning the output parameters of analytical fits to particular
derived solutions from master equation calculations, work was also performed where the
resultdfrom rate analysis of the results of master equation calculations were numerically
integrated along with other assigned rate coefficients. The results of these numerically
integrated reaction schemes were compared directly with the experimentas tnaes, th
carried out using a MATLAB program developed by this group, that could write to
MESMER input files, execute these MESMER calculations and then read initige result
rate coefficients, in a manner well described in the work of D. M@l@Bos

A smplified description of how this was carried out will now be given, for a more
complete description see the work of D. Med€it The Matlab code initially read in
the experimental traces and fittedudtiexponential decay to them; these provided a
@ood fitd to the traces wher e -ex@ogehtialt race cou
fit to allow fair comparison of each individual fit. This treatment ensured that the weight
of each trace to the overall fit of the final analysis was not sway&dhyntheir relative

signal heights or scatter.

The program then wrote any parameters that were floated in the master equation
calculations to the MESMER input files, called the execution of these input files and read
i n the resul ttecoefficibnk dor all thesexp@dtimdntaheonditioas. These
O MESMER® rate coefficients were then coupl ec
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described in the program. Thesuling simultaneous equations for the species were
numerically integrated, thél@rofiles that this produced for each trace were compared

to the experimental data. The program then minimized the resulting differences using a
Marquardt algorithm to minimise to¢al normalized s quar ed, by wvaryi
parameterd&Vhere the ormalized) s q ftomartracd isth@ s q gemarated from

the model fit to the data, divided by dhe s q gemarated by the-bxponential fit to

the same trace. In this manner all traces have an equivalent weight in the global analysis
independent of the absolute signal height and degree of Huatiest statistqt s quar ed
is a measure of the goodness dit, and sums the squared difference between the
modelled and observed values divided by the modelled dalues @ vatue o zero
represents a perfect fit where all points lie on the modelled curve.

One advantage of this analysis method was ginavitled the ability to couple
the output of multiple master equation calculations at vastly reduced computational
expense for the same accuracy, if transfer between the unlinked surfaces did not require
the description of capture of a Abermalized pagation. Coupled with this reduced
computational cost, it was possible to add in additional competing loss processes in a
manner that would be nanvial to include into the master equation simulation itself,
which allowed for a more complete descrififdhe experimental processes than had
been possible in the pure MESMER data fitting exei2isss trace analysis coupled
to MESMER simulations is used extensively in chapter 5 to examine the oxidation of
dimethyl formamide

1.7 Summary

The design of aew instrument for the time resolved measurement of OH and
HO, from a variable pressure (808000 Torr) and variable temperature reacto®(290
750 K) provides the ability to study many reactions important to combustion or the
atmosphere. Conditions that can hinder other traditional methods of measuring OH and
HO, both through quenchirgifects, temperature effects(for LIF detection) and through
interferences from other absorbing species (for absorption techniques). Coupling this
system to a PFROF-MS system can allow for further-gnadduct analysis that can aid

in the assignment of branching ratios, and the understanding of complex mechanisms.

The study of the OH initiated oxidation of a range of nitrogen containing
compounds is of atmospheric importanath through their potential to form products

with significant environmental implications, and the lack of detailed studies over a wide
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range of temperatures. Higimperature oxidation of many nitrogentaining
compounds occurs in biomass burning and @ispds CCS wash solutions by
incineration both of which may become more significant near to human habitation in the
move towards lower global €€nissions.

Where reaction rates are both temperature and pressure dependent, and where
there is competition treeen pathways following an initial reagctmndetailed
understanding of the potential energy surface can aid in data analysis. This can be carried
out by directly coupling experimental and calculated eigenvalues from master equation
simulations for cheral processes of interest. Even greater understanding can sometimes
be achieved by numerically integrating reaction schemes and coupling the rate constants

in these schemes to the results of master equation simulations in an iterative manner.

38



1.8 Referemes

1.

abs

10.

11.

12.

13.

14.

15.

STONE, D., L.K. WHALLEY and D.E. HEARD. Tropospheric OH and-HO
radicals: field measurements and model compa@uwmical Society Reviews
20124119), pp.6348404.

MONKS, P.S. Gaphase radical chemistry in the tropospli@remical Society
Review200534(5), pp.37495.

STOCKWELL, W.R., C.V. LAWSON, E. SAUNDERS and W.S. GOLIFF. A
Review of Tropospheric Atmospheric Chemistry andP@ase Chemical
Mechanisms for Air Quality Modelidgmosphe&9123(1), p.1.

WAYNE, R.R, Chenmstry of atmosphgneted. Clarendon Press, Oxford, 2000.
LE CRANE, JP., M:T. RAYEZ, JC. RAYEZ and E. VILLENAVE. A
reinvestigation of the kinetics and the mechanism of the CH3CG{®)O-
reaction using both experimental and theoretical apmdabfisical Chemistry
Chemical Phy2i6663(18), pp.2163171.

DILLON, T.J. and J.N. CROWLEY. Direct detection of OH formation in the
reactions of Hwith CHC(O)0, and other substituted peroxy radi@gisos.
Chem. Phy20088(16),pp.48774889.

TOMAS, A., E. VILLENAVE and R. LESCLAUX. Reactions of the Raxdical

with CHCHO and CHC(O)G; in the Gas Phas€he Journal of Physical Chemistry
A, 200110%14), pp.35063514.

WINIBERG, F.A.F., T.J. DILLON, S.C. ORR, C.B.M. GROBHJAN, C.A.
BRUMBY, M.J. EVANS, S.C. SMITH, D.E. HEARD and P.W. SEAKINS.
Direct measurements of OH and other product yields from the HO
+ CH;C(O)O; reactionAtmos. Chem. RIB&16.166), pp.4023042.

IYER, S., H. REIMAN, KH. M@LLER, M.P. RISSEN, H.G.
KJAERGAARD and T. KURTEN. Computational Investigation of REO,

and RQ + RO, Reactions of Monoterpene Derived F&enheration Peroxy
Radicals Leading to Radical Recydling.Journal of Physical Chemz&hs A
12249), pp.9549552.

ZADOR, J., C.A. TAATIJES and R.X. FERNANDES. Kinetics of elementary
reactions in lowemperature autoignition chemistBrogress in Energy and
Combustion Scieodd 37(4), pp.37421.

REITZ, R.D. and G. DURAISAMY. Review of high efficiency anad clea
reactivity controlled compression ignition (RCCI) combustion in internal
combustion engineBrogress in Energy and Combusti@0 Eaiénpp.1271.
WANG, Z.D., L.D. ZHANG, K. MOSHAMMER, D.M. POPOLANAIDA,

V.S.B. SHANKAR, A. LUCASSEN, C. HEMIK, C.A. TAATJES, S.R.
LEONE, K. KOHSE-HOINGHAUS, N. HANSEN, P. DAGAUT and S.M.
SARATHY. Additional chaibranching pathways in the lmmperature
oxidation of branched alkan€@smbustion and F126165;164 pp.386396.
GOLDSMITH, C.F., W.H. GREENand S.J. KLIPPENSTEIN. Role o ®
QOOH in LowTemperature Ignition of Propane. 1. Temperature and Pressure
Dependent Rate Coefficient®urnal of Physical Chemjsg912 11§13),
pp.33253346.

AGBRO, E., A.S. TOMLIN, M. LAWES, S. PARK and SARATHY. The
influence of rbutanol blending on the ignition delay times of gasoline and its
surrogate at high pressufasel 2017187 pp.211219.

ONEL, L., M. BLITZ, M. DRYDEN, L. THONGER and P. SEAKINS.
Branching Ratios in Reactions of OH Radicalth Methylamine,

39



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Dimethylamine, and Ethylamifgvironmental Science & Techabdf16),
pp.99350942.

KOCH, R., H.U. KRUGER, M. ELEND, W.U. PALM and C. ZETZSCH. Rate
constants for the gabhase reaction of OH with amines: Bartyl amine2,2,2
Trifluoroethyl amine, and 1azabicyclo[2.2.2] octareternational Journal of
Chemical Kineti@®62811), pp.80815.

ALI, M.A. and J.R. BARKER. Comparison of Three Isoelectronic Mltghle
Reaction Systems: OH + &} OH + CH,CH., and OH + CHNH. Journal of
Physical Chemisir®0A511928), pp.75#8592.

CARL, S.A. and J.N. CROWLEY. Sequential Two (Blue) Photon Absorption by
NO:. in the Presence of,Hhs a Source of OH in Pulsed Photolysis Kinetic
StudiesRate Constants f&®eaction of OH with CH#NH, (CH).NH, (CHa)sN,

and GHsNH. at 295 KThe Journal of Physical Cheni88810242), pp.8131

8141.

ONEL, L., L. THONGER, M.A. BLITZ, P.W. SEAKINS, A.J.C. BUNKAN, M.
SOLIMANNEJAD and C.J. NIELSEN. G#&thase Reactiorf OH with
Methyl Amines in the Presence or Absence of Molecular Oxygen. An
Experimental and Theoretical Studyirnal of Physical Chemi2@y341741),
pp.10736L0745.

ONEL, L., M.A. BLITZ, J. BREEN, A.R. RICKARD and P.W. SEAKINS.
Branching ratios for the reactions of OH with ethanol amines used in carbon
capture and the potential impact on carcinogen formation in the emission plume
from a carbon capture plamhysicalhemistry Chemical PIa&Eiés1138),
pp.253425353.

NIELSEN, C.J., B. D'ANNA, C. DYE, M. GRAUS, M. KARL, S. KING, M.M.
MAGUTO, M. MULLER, N. SCHMIDBAUER, Y. STENSTROM, A.
WISTHALER and S. PEDERSEN. Atmospheric chemistryawhiBoethanol
(MEA). In: J. GALE, C. HENDRIKS and W. TURKENBERG, ed<th
International Conference on Greenhouse Gas ContrAhTaeaiugigdsevier
Science Bv, 2011, pp.22452.

ONEL, L., M.A. BLITZ and P.W. SEAKINS. Direct Determination of the Rate
Coefficiat for the Reaction of OH Radicals with Monoethanol Amine (MEA)
from 296 to 510 Klournal of Physical Chemistry2D&&2&(3), pp.85B56.

ONEL, L., M. DRYDEN, M.A. BLITZ and P.W. SEAKINS. Atmospheric
Oxidation of Piperazine by OH has a Low mae To Form Carcinogenic
CompoundsEnvironmental Science & Technolpg@®p14i{e)s pp.36B71.
BORDUAS, N., J.G. MURPHY, C. WANG, G. DA SILVA and J.P.D. ABBATT.
Gas Phase Oxidation of Nicotine by OH Radicals: Kinetics, Mechanisms, and
Formaton of HNCO.Environmental Science & Technolpg91&&{e)spp.327

331.

KARL, M., C. DYE, N. SCHMIDBAUER, A. WISTHALER, T. MIKOVINY,

B. D'ANNA, M. MULLER, E. BORRAS, E. CLEMENTE, A. MUNOZ, R.
PORRAS, M. RODENAS, M. VAZQUEZ and T. BRAUERS. BiidOH-
initiated degradation ofa@ninoethanoAtmos. Chem. RI3&12144), pp.1881

1901.

BUNKAN, A.J.C., J. HETZLER, T. MIKOVINY, A. WISTHALER, C.J.
NIELSEN and M. OLZMANN. The reactions ofiMethylformamide and N;N
dimethylformamide with OH anttheir photeoxidation under atmospheric
conditions: experimental and theoretical sturhgsical Chemistry Chemical Physics
20151710), pp.7048059.

40



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

BARNES, I., G. SOLIGNAC, A. MELLOUKI and K.H. BECKER. Aspects of
the Atmospheric Chemistry of Alas Chemphysc#h01118), pp.3843857.
BORDUAS, N., G. DA SILVA, J.G. MURPHY and J.P.D. ABBATT.
Experimental and Theoretical Understanding of the Gas Phase Oxidation of
Atmospheric Amides with OH Radicals: Kinetics, Products, and MechEmsms.
Journal of Physical Chem03541919), pp.4298308.

BUNKAN, A.J.C., T. MIKOVINY, C.J. NIELSEN, A. WISTHALER and L.
ZHU. Experimental and Theoretical Study of thel@tiited Photeoxidation

of FormamideThe Journal of Physical Chien2eftg12(8), pp.122-2230.
SOLIGNAC, G., A. MELLOUKI, G. LE BRAS, |. BARNES and T. BENTER.
Kinetics of the OH and CIl reactions with-niéthylformamide, NN
dimethylformamide and N;8imethylacetamidelournal of Photochemistry and
Photobiology Ae@istr200517§103), pp.136.42.

CHANGE, D.O.E.C. D.O.E.C. CHANGEThird progress report on the promotion and

use of energy from renewable sources for the Linitexdiogdechnologies, 3.
UK Government Publications, 2016.
CRITERIA, U.S.E.P.A,, S.S. OFFICE, N.E.R. CENTER, U.S.E.P.A.0.O.

RESEARCH and DEVELOPMENTScientific and technical assessment report on

nitrosamines).S. Environmental Protection Agency, Office of Research and
Development, 1977.

WAGNER, E.D., J. O8I, W.A. MITCH and M.J. PLEWA. Comparative in
Vitro Toxicity of Nitrosamines and Nitramines Associated with Arasesl
Carbon Capture and Storagevironmental Science & Tecl20dlégi(14),
pp.82033211.

GROSJEAN, D. Atmospheric chemistry ofitccontaminants. 6. Nitrosamines:
dialkyl nitrosamines and nitrosomorpholinarnal of the Air & Waste Management
Associatiot©091413), pp.30811.

LINDLEY, C.R.C., J.G. CALVERT and J.H. SHAW. Rate studies of the
reactions of the (GHN radicalwith O,, NO, and NQ. Chemical Physics | etters
1979671), pp.5/62.

GE, X., A.S. WEXLER and S.L. CLEGG. Atmospheric anmdneart I. A
review Atmospheric Environ2@ht 453), pp.524646.

MANZOOR, S., A. KORRE, S. DURUCAN and A. SIMPERLE&ospheric
Chemistry Modelling of Amine Emissions from Post CombustieiC&gure
TechnologyEnergy ProceBH 463 pp.822829.

TANG, Y., M. HANRATH and C.J. NIELSEN. Do primary nitrosamines form
and exist in the gas phase? A computationay studCH3NHNO and
(CH3).NNO. Physical Chemistry ChemicalPap4didd7), pp.163656370.
SCHADE, G.W. and P.J. CRUTZEN. Emission of aliphatic amines from animal
husbandry and their reactions: Potential sourcefaNd HCN.Journal of
Atmospheric Chemi€@8b223), pp.31346.

TANGO, W.J., J.K. LINK and R.N. ZARE. Spectroscopy o0JKing Laser
Induced Fluorescence. 196%10), pp.4264268.

ZARE, R.N. and P.J. DAGDIGIAN. Tunable Laser Fluorescence Method for
Product Stat Analysis. 19748%4153), pp.73947.

ANDREWS, D.L., P. BELTON, C. CREASER, M. CUDBY, S. KETTLE, M.
MCCOUSTRA, F. MELLON, D. POWELL, N. SHEPPARD and J. SODEAU.
Perspectives in modern chemical $psdircdoopgererlag Berlin Heidelberg,
1990.

ANDREWS, D.LLasers in chemBtdyed. Springer, Berlin, Heidelberg: Springer
Verlag, 1997.

41



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

4.

55.

56.

S57.

58.

59.

60.

61.

62.

DOBELE, H., M. HORL, M. ROWEKAMP and B.J.A.P.B. REIMANN.
Detection of atomic oxygen by laseluced fluorescence spectroscopy at 130
nm. 1986392), pp.9195.

PILLING, M.J. and P.W. SEAKINReaction kineti®xford University Press,
1996.

LI, B., X. LI, M. YAO and Z. LI. Methyl Radical Imaging in Meth&in€lames
Using Laser Photofragmentatioaduced Fluorescence. 206910), pp.115

1156.

DYER, M.J., L.D. PFEFFERLE and D.R. CROSLEY. Laskrced
fluorescence measurement of oxygen atoms above a catalytic combustor surface.
Applied Optid990291), pp.11118.

PILLING, M.J. and L.W. SMITHModern gas kineti@&ackwell Scientific
Publications, 1987.

BLITZ, M., M. J. PILLING, S. H. ROBERTSON and P. W. SEAKINS. Direct
studies on the decomposition of thebertoxy radical and its reaction with NO.
Physical Chemistry ChemicallPBg4(ds, pp.7380.

LOTZ, C. and R. ZELLNER. Fluorescence excitation spectrum of the tert
butoxy radical and kinetics of its reactions with NO and Aysical Chemistry
Chemical Phy&i6602(10), pp.2352360.

WANG, C., L.G. SHEMESH, W. DENG, M.D. LILIEN and T.SIBBLE.
Lasefinduced Fluorescence Excitation Spectra oBtaaxy and Butoxy
RadicalsThe Journal of Physical Chendi889,W0341), pp.8208212.

LAKOWICZ, J.R. Quenching of Fluorescente.J.R. LAKOWICZ, ed.
Principles of FluoreSgautescopygston, MA: Springer US, 2006, pp330.
SUPPAN, P. The energy of light: excited moletulBs SUPPAN, e@hemistry

and light Royal Society of Chemistry, 1994, #6627

LAKOWICZ, J.R. Mechanisms and Dynamics of Fluoresc@aenchingin:

J.R. LAKOWICZ, edPrinciples of Fluorescence SpdgtrstecoiyA: Springer

UsS, 2006, pp.3Rb1.

DASHTIEV, M., V. AZOV, V. FRANKEVICH, L. SCHARFENBERG and R.
ZENORBI. Clear Evidence of Fluorescence Resonance Energy Transter in Ga
Phase lonslournal of the American Society for Mass, 2008t 6@k tpp.1481

1487.

STEVENS, B. The fluorescence quenching of anthracphen@anthracene

and 9: 1@liphenylanthracene in the vapour piasasactions of the Faradsgy Socie
195551 pp.616619.

JEFFRIES, J.B. and D.R. CROSLEY. Collisional quenching and energy transfer
in NS B2l . 198786(12), pp.6838846.

NIZAMOV, B. and P.J. DAGDIGIAN. Collisional Quenching and Vibrational
Ener gy Tr an s fEeatronic Btate ohtee CK Ralihle Journal of
Physical Chemistrg08110%1), pp.2B3.

LLEWELLYN, E.J., B.H. LONG and B.H. SOLHEIM. The quenching of OH

in the atmospherPlanetary and Space,SA&B8R&6), pp.52H31.

BAILEY, A.E, D. HEARD, P.H. PAUL and M. PILLINGCollisional quenching of
OH (A 20+, ,dzhand=Colfedweeb 204 &hd 294 K. Implications for
atmospheric measurements of Ghtlbydddtroresd&nde.

YAMASAKI, K., A. WATANABE, T. KAKUDA and ITOKUE. Deactivation
Rate Constants of OH( X2} TheJownalof Physiea) by
Chemistry, R00010440), pp.9082086.

DAILY, J.W. Saturation effects in laser induced fluorescence spectroscopy.
Applied Optidd77163),pp.568571.

42

Co



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

RAVIKRISHNA, R., C.S. COOPER, N.M.J.C. LAURENDEAU and FLAME.
Comparison of saturated and linear-askeiced fluorescence measurements of
nitric oxide in counterflow diffusion flames. 192994), pp.81@20.

FORSTER, R., M. FROST, BULLE, H. HAMANN, H. HIPPLER, A.
SCHLEPEGRELL and J. TROE. High pressure range of the addition of HO to
HO, NO, NO,, and CO. |. Saturated laser induced fluorescence measurements at
298 K.The Journal of Chemical, RBg&t93I8), pp.2942958.

BANSCH, C., J. KIECHERER, M. 8RI and M.J.T.J.0.P.C.A. OLZMANN.
Reaction of dimethyl ether with hydroxyl radicals: kinetic isotope effect and
prereactive complex formation. 2A1Y35), pp.8348351.

KOHSE-HOINGHAUS, K., W. PERC and T. JUST. Lak®tuced Saturated
Fluorescence as a Method for the Determination of Radical Concentrations in
Flames. 1988,/(11), pp.1052057.

HARD, T.M., R.J. OBRIEN, C.Y. CHAN and A.A. MEHRABZADEH.
Tropospheric free radical determination by fluorescence dsgag wikpansion.
Environmental Science & Tech@8y10), pp.76877.

WINIBERG, F., S. SMITH, I. BEJAN, C. BRUMBY, T. INGHAM, T.
MALKIN, S. ORR, D. HEARD and P. SEAKINS. Pressigpendent
calibration of the OH and H@hannels of a FAGE HOxstrument using the
Highly Instrumented Reactor for Atmospheric Chemistry (HIFM¥@pspheric
Measurement Techr2aég(2), pp.523540.

SPEAK, T.H., M.A. BLITZ, D. STONE and P.W. SEAKINS. A New Instrument
for Time Resolved Measurement of ;HR&dicalsAtmos. Meas. Tech. Djscuss.
20192019 pp.230.

KOVACS, T.A. and W.H. BRUNE. Total OH loss rate measuredoemhal of
Atmospheric Chemioi 392), pp.108.22.

SADANAGA, Y., A. YOSHINO, K. WATANABE, A. YOSHIOKA, Y.
WAKAZONO, Y. KANAYA and Y. KAJIl. Development of a measurement
system of OH reactivity in the atmosphere by using ankhseed pump and
probe technique. 200448), pp.2642655.

AMEDRO, D., K. MIYAZAKI, A. PARKER, C. SCHOERNAECKER and C.
FITTSCHEN. Atmospheci and kinetic studies of OH and Hiy the FAGE
techniqueJournal of Environmental Stiema281224(1), pp.786.

NEHR, S., B. BOHN, H. FUCHS, A. HOFZUMAHAUS and A. WAHNER.
HO. formation from the OH + benzene reaction in the presence &h@ical
Chemistry Chemical PR9&it$322), pp.1069920708.

STONE, D., M. BLITZ, T. INGHAM, L. ONEL, D.J. MEDEIROS and P.W.
SEAKINS. An instrument to measure fast gas phase radical kinetics at high
temperatures and pressurssview of Scielmgioumen2016875), p.054102.
STONE, D., L.K. WHALLEY, T. INGHAM, P.M. EDWARDS, D.R. CRYER,
C.A. BRUMBY, P.W. SEAKINS and D.E. HEARD. Measurement of OH
reactivity by laser flash photolysis coupled with-inasered fluorescence
spectroscopyatmos. Meas. Te2h169(7), pp.2822844.

MEDEIRQOS, D.J., M.A. BLITZ, L. JAMES, T.H. SPEAK and P.W. SEAKINS.
Kinetics of the Reaction of OH with Isoprene over a Wide Range of Temperature
and Pressure Including Direct Observation of Equilibrium wit@ithAdducts.

The Journal of Physical Chen28ig.A

ASSAF, E., L. LIU, C. SCHOEMAECKER and C. FITTSCHEN. Absorption
spectrum and absorption cross sections ofvtba2d of HQ between 20 and

760 Torr air in the range 6636 and 6639 dournalf Quantitative Spectroscopy &
Radiative Trans?é18211 pp.107114.

43



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

ONEL, L., A. BRENNAN, M. GIANELLA, G. RONNIE, A.L. AGUILA, G.
HANCOCK, L. WHALLEY, P.W. SEAKINS, G.A.D. RITCHIE and D.E.
HEARD. An intercomparison of HOneasurements by fluoresce assay by
gas expansion and cavity 4dlogvn spectroscopy within HIRAC (Highly
Instrumented Reactor for Atmospheric Chemistymospheric Measurement
Techniqu@9171(12), pp.4874894.

CROWLEY, J.N., F.G. SIMON, J.P. BURROWS, G.K. MOORTGWAE.
JENKIN and R.A. COX. The H@adical UV absorptiespectrum measured by
molecular modulation, UV diedeay spectroscopjournal of Photochemistry and
Photobiologgreemistr¥99160(1), pp.110.

TAATJES, C.A. and D.B. OH. Timesolved wawehgth modulation
spectroscopy measurements of , Hhetics. Applied Opticd997, 3624),
pp.58175821.

JEMIALADE, A.A. and B.A. THRUSH. Reactions of H@th NO and NQ
studied by midinfrared laser magresonancelournal of the Chemical- Society
Faraday Transactit®808620), pp.3353363.

THIEBAUD, J. and C. FITTSCHEN. Near infrared€©®RDS coupled to laser
photolysis: Spectroscopy and kinetics of therbifical Applied PhysielsaBers

and Optic8006852-3), pp.38389.

GIANELLA, M., S. REUTER, A.L. AGUILA, G.A.D. RITCHIE and J.P.H.
VAN HELDEN. Detection of HQ in an atmospheric pressure plasma jet using
optical feedback cavigyphanced absorption spectroscdew Journal of Physics
201618

BRUNE, W.H., P.S. STEWWS and J.H. MATHER. Measuring OH andHO

the troposphere by laseduced fluorescence at {pressureJournal of the
atmospheric sgié88&$219), pp.3328336.

FUCHS, H., B. BOHN, A. HOFZUMAHAUS, F. HOLLAND, K.D. LU, S.
NEHR, F. ROHRER and\. WAHNER. Detection of H@bhy laseinduced
fluorescence: calibration and interferences from r&ficals. Atmospheric
Measurement Techr2qQaég(6), pp.1209225.

EDWARDS, G.D., C.A. CANTRELL, S. STEPHENS, B. HILL, O. GOYEA,
R.E. SHETTER, R.L. MULDIN, E. KOSCIUCH, D.J. TANNER and F.L.
EISELE. Chemical ionization mass spectrometer instrument for the
measurement of tropospheric H&ahd RQ. Analytical Chemjs2§03,7520),
pp.531745327.

HANKE, M., J. UECKER, T. REINER and F. ARNOLD. Atmosgpit peroxy
radicals: ROXMAS, a new msagectrometric methodology for speciated
measurements of H@nd RQ and first resultsinternational Journal of Mass
Spectromep§022132-3), pp.9199.

HIDY, G.M. Atmospheric Chemistry in a Box or a Batp,2Q(7), p.401.
LOCKHART, J.P.A., E.C. GROSS, T.J. SEARS and G.E. HALL. Kinetic study
of the OH + ethylene reaction using frequenogulated laser absorption
spectroscopy. 20186), pp.41221.

MARCUS, R.A. Unimolecular Dissociations and Free Radical Recombination
Reactions. 19520(3), pp.35364.

FROESE FISCHER, C. General HarFeek program.Computer Physics
Communicatjdr@87433), pp.35365.

ROOTHAAN, C.C.J. Seonsistent ield Theory for Open Shells of Electronic
System$Reviews of Modern Ph96i2322), pp.174.85.

HARTREE, D. The calculation of atomic structuPesgress in Phykdes3,11
pp.113143.

44



94.

95.

96.

97.

98.

99.

100.

101.

102.

108.

104.

105.

106.

107.

108.

M@LLER, C. and M.S. PLESSET. Note on an Approximditeatment for
ManyElectron SystemBhysical ReyE984467), pp.61&622.

FRISCH, M.J., M. HEAIlBEORDON and J.A. POPLE. A direct MP2 gradient
method.Chemical Physics |.é88&1663), pp.27280.

HEAD-GORDON, M., J.A. POPLE and M.J. FRIH. MP2 energy evaluation

by direct method€hemical Physics | 488&1536), pp.50506.

KRISHNAN, R. and J.A. POPLE. Approximate fototter perturbation
theory of the electron correlation endrggrnational Journal of Quantum Chemistry
1978141), pp.94100.

POPLE, J.A., J.S. BINKLEY and R. SEEGER. Theoretical models incorporating
electron correlatioimternational Journal of Quantum Ch8r#gdiRs10), pp-1

19.

SNANOj] LU, O. ManyElectron Theory of Atoms and MolecullesShells,
Electron Pairs vs Maritectron Correlationgournal of Chemical PHg&es

36(3), pp.70417.

| CEK, J. On the Correlation Problem
Calculation of Wavefunction Components in Ufsgle Expansion Using
QuantumField Theoretical Methoddournal of Chemical PHg66s4511),
pp.42564266.

lll, G.D.P. and R.J. BARTLETT. A full coupleldster singles and doubles
model: The inclusion of disconnected trigles.Journal of Chemical, RI9gdcs

764), pp.1910918.

HOHENBERG, P. and W. KOHN. Inhomogeneous Electron Gds/sical
Review964,13¢3B), pp.B868B871.

KOHN, W. and L.J. SHAM. Selfonsistent Equations Including Exchange and
Correlation Effect®hysical ReyE26514F4A), pp.A1133A1138.

POPLE, J.A.,, PMW. GILL and B.G. JOHNSON. Kihsham density
functional theory within a finite basis €#temical Physics L €it892,1996),
pp.557560.

Gaussian 09, Revision MO01. Frisch, G. W. Trucks, H. 8chlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson,
H. Nakatsuji, X. Li, M. Caricato, A. Marenich, J. Bloino, B. G. Janesko, R.
Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L.
Sonnenbey, D. Williamsroung, F. Ding, F. Lipparini, F. Egidi, J. Goings, B.
Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N.
Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J.
Hasegawa, M. Ishida, T. Nakajima, Y. ldp@d Kitao, H. Nakai, T. Vreven, K.
Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd,
E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S.darly&nromasi, M. Cossi, J. M.
Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K.
Morokuma, O. Farkas, J. B. Foresman, and D. J. Fox, Gaussian, Inc., Wallingford
CT,2009

GRIMME, S. Density functional theory with London dispereorrections.

Wiley Interdisciplinary Reviews: Computational Mo2eLlE Scipp@l-P28.

LE CRANE, JP., M:T. RAYEZ, JC. RAYEZ and E. VILLENAVE. A
reinvestigation of the kinetics and the mechanism of the CH3G{®)O

reaction using both experimental and theoretical apprd@bisisal Chemistry
Chemical Phy20663(18), pp.2163171.

LIU, C.X., Z.R. LI, CW. ZHOU and X.Y. Ll. Accurate Prediction of
Thermodynamic Properties of Alkyl Peroxides by CombinngitypEunctional

45



109.

110.

111.

112.

113.

114.

115

116.

117

118

119

Theory Calculation with Le&duare CalibrationJournal of Computational

Chemistr200930(7), pp.1001015.

MINENKOV, Y., A. SINGSTAD, G. OCCHIPINTI and V.R. JENSEN. The

accuracy of DFbptimized geometries of functional tramsitimetal

compounds: a validation study of catalysts for olefin metathesis and other

reactions in the homogeneous phBs#ion Transacti@l241(18), pp.5526

5541.

PAPAJAK, E. and D.G. TRUHLAR. Convergent Partially Augmented Basis Sets

forPostHar t reel Fock Cal cul ations
HeightsJournal of chemical theory and ca20pdfAtionpp.1€18.

KRISHNAN, R., J.S. BINKLEY, R. SEEGER and J.A. POPLE.cB8alistent
molecular orbital methods. XX. A isaset for correlated wave functicdlmairnal

of Chemical Phyk8&0721), pp.65®54.

of

Mol ecul ar

MCLEAN, A.D. and G.S. CHANDLER. Contracted Gaussian basis sets for
molecular calculations. I. Second row atoms,&8Llournal of Chemical Physics

1980,7210), pp.5639648.

HALKIER, A., T. HELGAKER, P. JOARGENSEN, W. KLOPPER and J.

OLSEN. Basiset convergence of the energy in molecular Hitee

calculation€Chemical Physics | 488&3045), pp.43-446.

PAPAJAK, E., J. ZHENG, X. XU, H.R. LEVERENTZ and D.G. TRUHLAR.
Perspectives on basis sets beautiful: seasonal plantings of diffuse basis functions.

Journal of chemical theory and ca20AafALON), pp.3023034.

TROE, J. Predictive pibdgties of unimolecular rate theofye Journal of

Physical Chemi&8y9831), pp.114.26.

TROE, J. Theory of thermal unimolecular reactions at low pressures. I. Solutions

of the master equatiofhe Journal of Chemical, RBY3i6§(11),pp.47454757.

CRAMER, C.J. Essentials of Computational Chemistry: Theories and Models
second editiorin: Essentials of Computational Chemistry: Theories and Models second

editian Wiley, 2004, pp.5333.

DAVID R., G., L. CHIHSIU, M. CHRISTORER, P. MICHAEL J. and R.
STRUAN H. MESMER: An OpeBource Master Equation Solver for Multi

Energy Well Reactionghe Journal of Physical Chen@6t2 X 638), pp.9545

9560.

MEDEIROS, D.D.JNew Methods for Data Analysis of CompleSyShemsoaith
Practical Applications for Atmospherio@&@tiaaiePhilosophy thesis, University

of Leeds, 2019.

46



2 Experimental Procedures

2.1 Principles of pulsed laser photolysis laser induced fluorescent
measurements

Where direct kinetimeasurements of gas phase reactions are required, pulsed
laser photolysis (PLP) coupled to a time resolved detection method has been used to
measure the rate coefficients of many processes important to atmospheric and
combustion(1-4) For the experimentsarried out in this work, theincipal detection
method used was laser induced fluorescence (LIFLIPHI now be discussed and
a detailed of description of the experimental setups that utilise the technique will be given.

2.1.1 LASERS

LASER (lightamplification by stimulated emission of radia(®)n$ a system
whereby optical amplification is achieved leading to -en&igly, coherent output.
Although the initial definition applied only to visible light, with UVASER and IRASER
being strictly imnded for use in these other regions, these terms are either defunct or
were never accepted, with wavelengths beyond visible being specified in the form UV
laser and IRaser being favoured. The benefits of lasers as a light source over other
sources comdmm the high energy, directional, monochromatic, collimated light that is
provided. Specific wavelengths allow for particular absorptions within a molecule or

species to be targeted, and the high photon flux makes them suitable as photolysis sources.

Simulated emission is a process for deactivation of an excited species where a
photon induces loss of energy from the excited species by release of a photon with the
same energy and the same phase, polarization and direction of travel as the inducing
photon Figure2.1. (6, 7)Thebenefit of stimulated emission is that one seed photon can
lead to many more photons of the same wavelength light by passing through an excited
medium. By comparison, in spontaneous fluorescence the photon released can have a

range of frequencies and barreleased in any direction and phase.

If a reflective cavity is setup across this excited medium wrtflaotive sides,
any light that has a wavelength that matches the cavity length and matches a transition in
the medium can be amplified. Any liplat is spontaneously emitted in a plane outside

the direction of the cavity will be lost and any light with a wavelength that does not match
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a mode of the cavity will be lost through destructive interference; these two processes are
shownin Figure2.2. If one mirror is completely reflective and the other slightly
transparent (output mirror) then a coherent beam of high energy light of defined
wavelengths is emitted from the ca(ly.

-l
.

2 hv

AE = hv
/\/\/ AE AE AE /\/\/
VAV,

r V X

e

Figure2.1. Stimulated emission is a quantum mechanical process that can occur where
an incident photon meets an excited specMhere an energy gap in the excited
species matches the energy of the incident photon the excited spesmerelax by
emission of a photon with the same wavelength, direction of travel, polarization and
phase.

Absorption and diffraction that occurs within the optical cavity are lossgzocess
for light propagating in the optical cavity, the excited poputatize cavity that allows
stimulated emission is the gain. Where the gain is higher than the losses, amplification of
the propagating light will occur. When stimulated emission occurs, an atom or molecule
is returned to a lower state and the gain ofaieg medium is reduced. A balance
between power output, pumping power and pulse length and laser efficiency is therefore

formed.

Under most circumstanchsweveystimulated emission is a minor process with
respect to absorption, as the lower stage(iaral ground) population is generally larger
than the upper state (excited). Where absorption dominates, the majority of photon
molecular interactions in the gain medium will be loss to form excited molecules and
amplification of the light will not behéaved. This presents the first issue in producing a
laser system, for stimulated emission to dominate over absorption a population inversion

(a more populated upper than lower state) must be achieved.
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Figure2.2. The left hand figure shows how if reflective surfaces with open sides are
setup either side of the laser medium only light travelling on the axis of the mirrors
will be propagated and amplifiéiche right hand figure sh@athat for a particular
optical cavity length, only standing waves with specific wavelengths can propagate;
wavelengths that do not match the cavity length will be lost through destructive
interference. These two processes combined lead to the narrow eveybl
specificity and highly directional light output from a laser.

Differing solutions to achieving population inversion lead to two main classes of
lasers, namely mtlivel lasers and exciplex lases work carried out later utilised
exciplex and N&YAG lasersin the earliest solution to generating a population inversion,

a ruby laser, this was achieved using theleweltiapproach. The ruby laseran

example of a three level laser; the ruby laser lased at 694.3 nm and was pumped at 550
nm(9) The principle of a three level lafégure2.3, relies on a meta stable state being
present below the pumping state, where sufficient pumping from the ground state

followed by rapid conversion to the meta stablecstatead to population inversion.

Fast radiationless

Fast radiationless E 4 A ....... energy transfer
E 3 A ------- energy transfer o E 3
p Slow Slow
Pumping Stimulated emission Pumping Stimulated emission
v X E5
E E A Fast radiationless
1 1 enerqgy transfer

Figure2.3. Energy level diagrams of 3 and 4 level lassied arrows depict radiative

0Nl yarAidAz2ya | yR RaliativeSprcesstENRtidrée leWeFsysisn Q y 2 y
depicted on the left was the principle of the first laser with pumping at 550 nm and

lasing at 694.3 nm. A four level system as depicted on the right is the principle behind

the Nd:YAG laser used extensively in this work, where pumping is at 750rom 810

and lasing occurs at 1064 nm.
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Addition of a fourth level to the system can again allow for population inversion
with much greater efficiency. In a 4 level Bggme2.3, pumping from the ground state
to a higheenergy pumping state and in a manner similar to in a 3 level laser again this
rapidly undergoes conversion to a meta stable state. In a 4 levedvaser, the
metastable state undergoes fluorescence to a lower lasing level that is above the ground
state in energy. By having a system where the lower lasing level is above the ground state
in energy it is not necessary to achieve a population inversion with respect to the ground
state, if transfer from the lower lasing level is fast, a populationmnsa@ndbe achieved
with high efficiency.

A 4 level laser is the principle behind Nd:YAG lasers operated at 1064 nm with
pumping at 79820 nm by a krypton flash ladp) In the work carried out later
Nd:YAG lasers were used both as photolysis sourdespamap dye lasetdeNe lasers
are a more complicated nydtrel laser but can be considered a variant of a 4 level laser;
here pumping is electrical discharge of helium and lasing occurs in neon following energy
transfer from excited helium to excitedes in neofiLl1)Once excited neon undergoes
laser action to a lower lasing level that is rapidly depopulated to lower energy levels to
maintain the population inversion.

N

AB*

Inter atomic distance

Figure2.4. The principle of excimer (exciplex) lasgliss on lasing action occurring
between a bound excited state, formed from an electrical discharge, and a dissociative
ground state.

50



A completely different solution to the problem of maintia population
inversion is achieved in the case of exciplex (excimer}igsee2,4, which utilisean
unusual 2 level system. In excimer lasers, the upper excited level is a high energy but stable
complex (for 248 nm KrF) and tlever ground state is unstable and dissociative. By
having, a dissociative ground state there is no ability to build up a population of the lower
level and as such, a population inversion is possible. Forming -#eergghexcited
dimers is achieved tlugh an electrical discharge of the gas and by use of differing gas
mixtures different wavelengths of light can be produced (XeF 351 nm, KrF 248 nm, ArF
193 nm, XeCl 308 nm). The first working excimer laser was a true excimer in that the
excited bound molate was an excited dimer of xenon, here the laser output was at 172
nm(12)In the work carried out later the priciple photolysis source was an exciplex

operating on KrF, with some experiments carried out using ArF.

2.1.2 Wavelength modification

Harmonicgeneration

The principal output of many lasers is often not of particular use for either
photolysis of precursors, or the pumping of dye Jaserse in photoionization. Where
the primary output of a ruby lases inthe visible region at 694 nm, UV light at 346.7
nm could be generated by passing the laser light through a quartz crystal at the correct
angle. This occurred through the formation of the second harmonic of the r{bg)laser.
The principal output of a NdAG laser is 1064 nm in the infeal region; if 2 photons
of energy can be coupled together the resultant photon has twice the energy and half the
wavelength, this is referred to as the setamchonic,Figure 25. Couging of
photonstogether to generate subsequent photons with different ecandsesachieved
through the use of ndmear optics. For second harmonic generationlimesar
polarization within the crystal produces a term witthlealicident light walength and
a term with no wavelength, this process is a form of sum frequency generation and results

in the emission of one photon with twice the energy of the two input pfigtpns.

Sum frequency generation can occur with differing wavelengths bbvwgng a
the formation of a variety of different wavelengths, but in general the most common sum
frequency generation used for Nd:YAG laser outputs ar& 8fead 4' harmonics
(532 nm, 355 nm, 266 nm). Within the course of experimental work carried out in this
work the 2¢ harmonic (532 nm) was used to pump dye lasers to probe OH, dhd the 4
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harmonic (266 nm) was used as a higher wavelength photolysis sourceniiman 248
excimers. The™harmonic of the Nd:YAG (355 nm) is commonly used in photo
ionisation masspectrometry (PIMS) where 355 nm is tripled to 118 nm for-photo

ionisation.

A =1064 A =20332

/\/\'/\//\/ non-linear [W\/\/\/\/\/\/
/\/\_/ optic /\/\/ Prism or filter

Figure2.5. Within a nonlinear gtic, sum frequency generation produces a photon
with half the wavelength by annihilation of two photons with the incident wavelength.
Nonlinear crystals have lower than complete conversion and as such some of the
incident light will pass through unchanged. The output wavelengths from the non
linear cystal can be separated by a prism to selectively give only the lower wavelength
upper harmonic light when required.

In the probe lasers systems (Nd:YAG pumped dye lasers) a second frequency
doubling step was required post the dye laser wavelengtlgshiérege UV light at 308
nm or 282 nm for OH detection. There are many reasons that operating dye lasers in the
visible range and doubling the light to the UV has been favoured, and a significant factor
comes from the inherent advantages of using vigitileFor shorter, UV, wavelengths
higher threshold powers would be required due to the stronger spontaneous emissions
and lower dye lifetimes, in addition even UV coated optics tend to have lower

transparencies and greater losses than optics opeita¢edsible range.

By using the second harmonic and operating in the visible it is possible to access
greater pulse energies from an Nd:YAG laser, and with lower threshold powers for lasing
when using visible range laser dyes this leads to much higkeciesi In addition,

BBO and KDP crystals are highly efficient at doubling visible light into the UV, and as
such, these dye laser arrangements provide the required wavelengths for OH LIF

detection with sufficient pulse energiel)(inJ).
Dye lasers

Dyelasers can be pumped by flash lamps or by backing pump lasers, where dye

lasers were utilised in this work they were backed by the 532 nm doubled output of
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Nd:YAG lasers. The input light is absorbed by large organic molecules and reemitted at
a range of ifferent wavelengifi5, 16)The dyes used in laser dyes tend to have large
absorption and emission spadinis allows for flexibility on the pump wavelength and

with the use of frequency selection variable wavelength (@dtpt8)Frequency
selectiornn the laser resonator can be achieved using birefringent tuners and or diffraction

gratings.

Pumping of the dye cuvettes is performed perpendicular to the laser output, pump
light excited the dyes to an excited singlet state that can undergo stimstatedtem
produce the dye laser light. As the laser dyes are large organic molecules, the rate of
forbidden transitions tends to be fast and as a result, the excited dye molecules rapidly
undergo conversion to the triplet state, triplet state dye motkruesproduce the
required stimulated emission. To combat this effect laser dyes are circulated through the

dyes cells so as to minimise the triplet state excited molecule concentrations.

. Tuneable
Mirror  Dye cuvette diffraction grating

Figure2.6. Using a mirror and a movable diffraction grating, individual wavelengths
can be selectively propagated in a dye hagtrthe other wavelengths emitted being

lost. Diffraction gratings can allow for narrow linewidth output from dye lasers to be
achievedver a broad spectral range, this makes dye lasers for the selectively probing
of transitions required in LIF.

Diffraction gratings are reflective surfaces with parallel lines in the face, when
light hits an angled face of a diffraction grating differ@relengths are dispersed out
spatially. In the first highly wavelength selective dye lasers, a single grating provided the
selectivity18) an example of this methodswown agigure2.6; the Spectrodye laser
usedin this work featured a single gratiMgre modern dye laser systems can feature
double gratings, which provide greater wavelength control (factor of 2 to 3 on
linewidth)19)Figure2.7. The Siraklye lasers utilisadthis work featured dual gratings.
Greater wavelength selectivity has performance benefits for LIF where a precisely defined

transition is probed; where broad probe light is used, fewer photons will be absorbed for
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the same amount of scatter signal wbherpared with a tighter controlled wavelength
probe beam, this is showrigure2.8.

prism beam splitter prism
prism
beam splitter
pump
ight
lens
ens orism  diffraction lens lens
output coupler . expander _ 9raling ‘ ‘
— rism
prism — P —
dye call
pre-amp telescope amplifier
diffraction dye cell dye cell
grating

Figure 2.7 A twingrated dye laser with three dye celfgoviding additional
amplification of narrow line width light achieved from using two diffraction gratings.
This schematic is of the Sirah dye lasers utilised for OH LIF experiments.

In the experiments where dye lasers were used as the probe lasetdFor OH
the dyes chosen were Rhodamine 6G and DCM. DCM has a broad wavelength output
peak at 53670 nm allowing for 616 nm light to be selectively generated from the 532
nm pump light, after frequency doubling the 308 nm light for OH resonant LIF is formed.
Rhodamine 6G has a strong absorption at 530 nm and a broad outpb®@trtbavith
a peak output close to the 564 nm required for frequency doubling to 282 nm to probe
OH off resonantly. The typical efficiency of the orange and yellow light outmeidachie
from the Sirah dye lasers wa2Q06 with respect to the input green light.
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Figure2.8 Two laser probe pulses at 308 nm with the same power but different
wavelength resolutios(10 pm plotted as blue, and 1.2 pm plotted as red) are shown
against the OH LIF line at 307.995 nm (peak width 2.5 pm plotted as black).

2.1.3 Pulsed Laser Photolysis ( PLP)

Pulsed Laser Photolysis (PLP) or Laser Flash Photolysis (LFP) is a widely used
experimental method for making direct kinetic measurements. Pulsed laser photolysis can
be coupled to enproduct analysis to give information on the different product channels
and to measure the rate of format{@Jd)As may be deduced from one name for this
technique, laser flash photolysis, its origins pre date the existence of lasers for scientific
measurements. In earlier experiments, photolysis was via a flash laieghnityee
involved the use of two photographic flash lamps; a millisecommbiwgted flash and
a lower energy flash lasting a few microseconds were fired at varied delays to each other
controlled by a rotating wheel. The second (probe) flash wasiootiecspectrographic
plate to measure the changes of the transient species formed in the &%} flash.

Flash photolysis experiments based on this principle allowed the measurement of
radical kinetics on the microsecond and millisecond timescalelsenhefdasers with

short controllable pulse lengths of high energy monochromatic light, allowed
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measurement of kinetics on even a nano second timescales using electronic delay
generators for timing82) The photolysis lasers used in this worljitiste reactions,
were Qswitched Nd:YAG lasers with the quadrupled output at 266 nm used , or excimer

lasers at 248 (KrF) and 193 (ArF) nm.
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Figure2.9. An example of &race from aPLPLIF experimentwhere the timing is the
delay between the photolysis laser and the probe laser with time zero being when
photolysis occurs. By scanning a range of delays, a full decay profile can be collected.
Excimerlaser (amda PhysilCompex 200) pholysis of a peroxide {8,
tBUOOH) was the primary source of radical formation used within this work; the
advantage of this was that excimer lasers provide stable sources of high energy pulsed
light at wavelengths suitable for breaking peroxide bor830(sm). Where longer
wavelength light (>250 nm) was required to minimise photolysis of the compound being
studied, 266 nm light from frequency quadrupled Nd:YAG lasers was used. Compared
with the excimer lasers, the YAG lasers (Quardsldpt 850) had rol smaller beam
profiles 64 cmi for the @smart 850 versus 240°¢an a Compex 20@nd pulse widths
(6 ns for the @mart 850 versus 25 ns for a Compeyk, 2@i@ough the beam profiles

were not as even and laser power fluctuations were more noticeable.
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For the work carried out that follows, the primary method of detection used after
photolysis was laser induced fluorescence of OH radicals. This was carried out in a
conventional slow flow reactor (<200 Torr) and in agriggsure flow reactor where
photdysis occurs that was sampled into gplessure detection cell where LIF was
performed. Where the time delay between the photolysis laser and the probe laser are
scanned in time, a trace of the form showguare2.9 can be built up. The products

from these reactions were additionally studied by proton transfer reaction mass

spectrometry (PTRIS) however, this was not performed in a time resolved manner.

2.1.4 Timings and lasers

The use of LIF to probe PLP experiments relies on precisely controlling the delay
time between when the lasers fire relative to each other and the time for which the
detector signal is monitored. This is achieved using a digital delay generator (BNC
DG535)to control the timings of the lasers and measuring the arrival of the probe light
with a photodiode to fire an oscilloscope, which collects signal from the photodiode and
photomultiplier tubes; a general schematic of this methodology is igeme2s10.

By measuring the arrival of the probe light, slight variations in timings from the delay
generator had less of an effect on the observed OH LIF signal; in addition, measuring the
probe signal with a photodiode alldviar correction of the OH LIF signal for variations

in probe power.

When Nd:YAG (YAG) lasers were used they received two trigger pulses, the first
to trigger the flash lamps and the second to trigger-shwat€. Qswitching is the
process that allowsrfthe generation of short (<30 ns) pulses of high peak energy light.
Without Qswitching, YAG lasers would either produce continuous output (CW), when
diode pumped, or pulsed output with the same pulse width as the flash lamp pulse. It is
possible to produe short pulses of light using modulation or gating of a CW laser
although this produces a peak power output much lower thamtoQed lasers {Q
switching can increase peak power by orders of magnitude over cw2)ggt)re
2.11 High power short energy pulses are highly beneficial for power dependent processes
such as dye laser pumping or generating harifih)iesr example, second harmonic

generation is quadratically dependatie@mput powefl4)
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Figure2.10. A general schematic for a pulsed laser photolysis laser induced fluorescent
setup with OH detectiorA computer provides timings to a digital delay generator
(DDG) which controls the firing of the probe and photolysis lasers and receives the
output of an oscilloscope. In this example, thev@tch and probe flash lamp delays

are fixed, and the photolydiaser delay is stepped in time to generate the full decay
profile.

In actively @witched YAG lasers, a device prevents light from parsing the full
laser cavity whilst the gain medium (Nd:YAG crystal) is pumped (flash lamp) causing an
increase in energy the gain medium. Once sufficient energy has been built up in the
gain medium, the optic device that is preventing light from parsing the full cavity, is
switchedo allow this to occur, as light is allowed to travel through the cavity the crystal
is rapdly depopulated through stimulated emission and the lasing actior{2&jcurs
Figure2.12 Thedevice can be an electro optic device such as a Pockells or, kerr cell

an acousteoptic modulator (Bragg c€R6)

For Q-switching with an acoustptic modulator an RF pulse is applied to
diffract light and prevent it passing through the cell, aglextdc transducer attached
to a crystal is used to generate the RF diffraction. When the switch is reversed, the
diffradive losses are much lower and this allows for the rapid change in the losses required
for active @switching27)
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Q-switched Continuous wave
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Figure2.11. Q-switching allows for short high energy pulsed outfyx to orders of
magntudes greater than cwyhen compared to continuous wave (cw) or modulated
continuous output.

Power

Time

Active Qswitching can allow the peak power of a pulsed laser to be varied, sub
optimal Qswitch delay times that are too long or too short will result in lasing action
occurring in a crystal where lower than peak energy gain is present. This lewbility a
the laser power of YAG lasers to be changed readily without any fundamental changes to
the experimental setup. Being able to change the laser power of the proae laser
provide insight into the presence of anygivaton photolysis effects, whehne laser
power of the photolysis laser is changed the presence of photolysis of the reagent of study

and of products can be assigned, and the radical concentration generated can be varied.

Q-switch off Q-switch on

A : - Resonantor losses
i - Excited state population
i - Laser output

P Q-switch delay timeg‘

Time
Figure2.12. Thetime between the flash lamp being fired and thes\@tch being
triggered is the @witch delay timeThis delay allows for a builgh in the excited

state population in the gain medium, when thes@itch is then triggered this can be
rapidly depopulatedeading to high energy pulsed output.

59



2.2 Experimental setups for PLIF
2.2.1 Lowpressure (conventional slow flow reaction cell)

The conventional slow flow reaction cell used to make kinetic measurements of
OH loss was a stainless steelwaix cross. The photolysis laser (248 nm, LPX 200) and
probe laser (308 nm, Continuum precidionpumped Sirah dye laser (DCM in
methanol)) nte perpendicularly in the centre of the reaction volume, and the
photomultiplier tube (PM® PerkinElmer C1943P) was situated above the reaction
volume, perpendicular to the plane of the lasers. Between the reaction volume and the
output window to the PMTiwo parallel lenses focused light onto the detector and
provided improved signal. An oscilloscope received the output from the PMT and from
a photodiode, where the photodiode recorded the arrival of the probe pulse and the pulse
energy, with the arrivdlthe photolysis pulse used to trigger the oscilloscope. The laser
delays were controlled by a LabVIEW program that sent these to a digital delay generator
(BNC-DG555), the LabVIEW program then received and averaged the output from the

oscilloscope (Lecr®averunner LR62).

The input gas flows to the reaction volume were delivered from a mixing manifold
where calibrated mass flow controllers (MFCs) allowed for varied concentrations and flow
rates to be produced. The pressure within the reactor wagthasisigya pressure gauge
(MKS baratrord 1000 Torr) and temperature measurements of the flowing gas were
made with type K thermocouples. The reactor pressure was maintained by a rotary pump
(Edwards 18), where a valve between the reactor and the pureg tik reactor
pressure to be varied for the same total flow. Temperature control was provided by
varying the voltage applied to a Watlow ceramic heater surrounding the reactor using a
variac and allowed for experiments to be carried out over the teraparege 300
800 K. A detailed schematic of the-pyessure experimental bagiven agigure2.13

For temperature assignment in thepogssure cell a detailed parametrization of
the effect of flow rate artdtal pressure on the difference between the thermocouple
readout and the accurate temperature of the reaction volume exists. This parametrization
was based on a large sample of measurements of the reaction of OH with methane, and
OH with hydrogen that wercarried out over a wide range of temperature$ g0mD
K), and the parametrization was accurate at predicting the temperature of subsequent

measurements (£ 5 K).
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Figure2.13. A schematic of the loypressure PLRIF experimental setup used in this
work.Gases were provided to the reaction cell from a mixing manifold through
calibrated mass flow controllers, the pressure of the cell was maintained by a rotary
pump and was measured by a baratron pressaregg (1000 Torr). The temperature

was set by varying the voltage applied to a ceramic heater using a variac, and was
measured using type K thermocouples. A digital delay generator provided timings to
the lasers, and LIF fluorescence was measured perpéndicthe plane of the lasers

by a photomultiplier (PerkikImer C1943P), and the probe power was measured on a
photodiode.

The mixing manifold has two baratron pressure gauges (MKS, 1 Torr, 5000 Torr)
that allow for precisely defined mixtures to be mpdEor compounds that had low
vapour pressures not conducive to making up known concentration mixtures and for the
OH precursor, the reagents were added in a pressure regulated backing flow. Where
compounds were added in a backing flow, the temperasumoniéored and the flow
through the bottles was kept below 500 SCCM allowing for close to the full vapour
pressure to be sampled. This method will be referred to as the bubbler method, which is
a misnomer as great care is taken to ensure that minumadraisbf the liquid surface
occurs so that only the equilibrium vapour pressure of the compound is sampled and not

droplets.
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Figure2.14. Depicts themethod that will be referred tohenceforthas thebubbler
method For compounds with low vapour pressure, or where high flows needed to be
maintained for extended periods (OH precursors) the compounds were added to the
reactors by sampling the vapour pressure with a pressure regulated backing flow of
nitrogen.

The photomultiplier was operated in a-gated mode and with the LIF
detection being carried out on resonant the probe scatter and LIF signal overlapped. This
overlap of LIF signal and probe scatter was not problematic for OH decay retrieval below
200 Torr in nitrogen. Howevewith increasing pressure and oxygen concentration
guenching reduced the lifetime of the OH LIF signal and the overlap with the probe
scatter became a limiting factor to the pressure and oxygen concentrations that could be
explored (< 350 Torr). The experimental pressure range utilised in this work, with this
setup was B 120 Torr. This pressure difference was sufficient to ascertain if pressure
dependences in the reaction kinetics were present, and higher pressure avesagrobe

the highpressure OH LIF system.

An example bimolecular pl&tg versus [RH]) generated, at 50 Torr and 298 K,
in the lowpressure apparatus for the reaction of OH and dimethylformarkifiejD
given agigure2.15 whee the inset shows an example trace where four individual pulse
probe events were averaged per time point and 220 time points were collected per decay.
The resultant plot shows the excellent linearity that can be achieved when the bubbler
methal is used to deliver the compound of interest, and the inset shows the excellent

precision with which OH decays could be recovered.
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Figure2.15. A bimolecular plot from theeaction of OH and dimethylformamide
carried out at 298 K and 50 Torr the slope of the plot §amecula= (1.41 = 0.04) x
10 cm® moleculet st. The inset OH decay gaugs= (4260 + 46)swith 2.83 x 1&
molecule cn¥, all errors givenas =~ @

2.22 OH and Hexetection via LIF sampling from a hpgessurereactor

Reactions were carried out in a high pressu@y®&r) reaction cell which is a
significant modification ain earliesystem for OH detection describe&ione et(aB)
and schematics of which are showRigure2.16 andFigure2.17. The higkpressure
reactor was a 0.5 m stainless steel tube with a 22 mm internal diameter. Gas flows were
delivered to the highressure cell from a mixing manifold where calibrated mass flow
controllers (MFC) allowed for accurate control of flow rates. Low vapour pressure
compounds: OH precursors »(B#), and substrates such as dimethyl formamide and
butanolwere delivered to the mixing manifold from thermostatted bubblers in pressure
regulated backing flows of nitrogen) (Migh vapour pressure compounds of interest
such as ethane and methane, and oxygen were delivered directly from cylinders into the
mixingmanifold through MFCs. The gas flowrate through the cell was kept under laminar
conditions with typical Reynolds values (Re) of 480 (corresponding to a flow rate for an
experiment of 10 SLM at 2 bar); in genawatlitions were maintained betweenr8ID

Re (Re <2400 = laminar flow), with some experiments carried out with higher flowrates
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up to 1800 Re. Pressure gauges are present at the end of the mixing manifold before the
high pressure reactor and on the output of the reactor, where simultansnesnapts
the pressure gradients was typically under 200 Torr (1685 and 1524 Torr at 9.8 SLM).

Pumps Photodiode

Gas in from mixing manifold HF)
2

Photolysis laser, =

Pumps Probe laser
65 cm

Y

A

Figure2.16 Schematic plan of the higiressure apparatus for time resolved OH and
HQ detection.

Temperatureontrol of the reactor between room temperature and 800 K was
achieved by altering the voltage applied to a coil heater (WATROD tubular heater,
Watlow) over the last 30 cm of the stairde=d tube. The heated region was fitted with
a quartz liner (inngliameter 18 mm) to reduce vimitiated chemistry. A temperature
readout, from a type K thermocouple in the gas flow, close to the pinhole, was calibrated
for given flow rates, pressures and voltage settings by measuring the highly temperature
sensitiveDH and methane rate coefficient, using the temperature dependence reported
by Dunlop and Tul().

The use of a chemical thermometer was required as it is otherwise difficult to
know the exact temperature at the pinhole and this will bbetkgt grear detail later
(Chapter 3). Even if location of the thermocouple was the solginaucing a
thermocouple close to the reaction region would affect the gas flow in that region and
cannot be used in routine operation. A translatable thermocouple has been passed along
the axis of the higbressure reactor over a variety of tempesadime showed that the
temperature of the gas close to the pinhole strongly varies with axial location. In addition,
radial profiles showed that in our system there was insufficient heating length to achieve

uniform radial heating of the laminar gas. Fhenaxial measurements it was observed
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that slower flow rates (< 5 SLM) allowed for reduced axial temperature gradients.
However, these measurements showed that the only manner to achieve an even thermal
profile would be a static cell.

A permanently seatdgermocouple, type K, was placed perpendicular to the flow
close to the sampling region, measurements from this thermocouple were then compared
with temperature assignments from the reaction of OH and methane using the
temperature dependence assigned jopuJ.R. and F.P. Tully (32). This was
performed over a range of heater settings and flows to allow for temperature assignment.
This method was also applied to a standargriesgure cell where the flows can be
reduced to slow enough flows that theonpte measurements could accurately define
the temperature to verify the method. Additionally, thelgteimined OH and ethylene
equilibrium was measured over a range of temperatures to provide an additional
verification of the temperature assignment.

The method to assign a temperature from the reaction of OH and methane used
the pseuddirst order rate coefficients £ 1s) measured at the first detection axis over a
range of added methane flows. An estimate of the temperature was made from the
thermoouple measurement. This estimated temperature was used, along with the
pressure in the reactor, to calculate the added methane concentration. Comparing the
predicted pseudrst-order rate coefficient that this estimated caratéon provided
using theiferature value &on:cha (32), to the measured rate coefficigrtduced a
difference for each point. The estimated temperature was then iteratively changed to
minimize the difference between estimated and measured rate coefficients. For this
minimum véue, the difference between thermocouple measurement and actual

temperature was tabulated against the voltage setting for the heater.

From measurements carried out at 160Q700 Torr with 10 SLM,
parameterizations were generated of the reaction thengesatare as a function of
both thermocouple measurement and the voltage applied to the heaters. A more detailed
description of this method is described within instrument characteriZaapte( 3
section 34 The parameterizations used at the timeviris was completed are given
below. The paramterizations are improved and adjusted when any subsequent
temperature measurements are performed. For the parameterization of the temperature

from the thermocouple readout this is only applicable for expsroaemed out with
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the same location of the thermocouplaenever the apparatusdismantlednew

parameterizations are required.
Parameterization 1 (Temperature as a function of applied voltage):

Temperature(K)=(1.6954x10)xV*4)+((3.9967x1¢)xV?)-((1.1703x18)
xVA2)+((0.90968)xV)+25.002)

Parameterization 2 (Temperature as a function of thermocouple measurement):
Temperature (K)= 0.68 x T1 + 99.8

The dependence of the temperature generated on the applied voltagdiness.nidme
deviation othe temperature difference between the observed temperature on the thermocouple
and the temperature measured from the bimolecular reaction of OH,avas@¥¢Il described
as linear for the experimental range tested (400 and 850 K). Both parameuératiosed to
estimate the temperature of the reactor for experiments where no OH and methane
measurements were performed and has been shown to reliably predict the temperature of
the reactor within 7 K when measurements of the temperature were subseagently

The photolysis of the OH precursos(H, at 248 nm (Lambda Physik, Compex
200 operated using KrF) or 266 nm (frequency quadrupédGldutput, Quantel, Q
smart 850) initiated the chemistirere photolysis of water was used as the OH source,
this was carried out at 193 nm, where the Compex 200 was operated on ArF.

HO.+h ¢ 2 OH (R2.D)

Hydrogen peroxideas useds the OH precursor for all experiments where
HO. detection was performed, because it also acts as an éatérait to relate OH

and HQ, via reaction R2
OH + H0.¢ H;O+ HO, (R2.2

However, in general, other OH precursars be used. The OH precursor was
maintained at low concentrations (1 ¥aQ x 13°molecule crf) to minimiseerrors
associated with assigning psdudborder kinetics for the loss of OH. Maintaining a
low radical precursor concentration had the additional advantage
of minimisingattenuation of the photolysis beam, ensuring consistency in the initial

radical concerdtions generated along the length of thegregsure cell. Initial OH
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concentrations were in the range 2 ¥d® x 10°molecule crj in general these
concentrations are sufficiently low enough to reduce +radical reactions and this is

discussfurther in chapter 3.

PMT -1 PMT - 2

282 nm probe laser A
AN
VAN

High Pressure
Reactor

PUMP

Jet expanded gas Low Pressure Cell

NO/ N, Injection Pipe

Figure2.17 Detailed schematic elevation of the kpressure detection region of the
reactorThe green line represents the jet expanded gas; the jet breaks down after
approximately2 cm. NO was injected through a 1.5 mm id stainless steel tube after
the breakdown of the jet.

A pinhole (diameter < 0.15 mm) at the end of thepriggsure reactor couples
the reactor to the lopressure (035 Torr) detection cell. Ddsaon OH detection can
be found in28) The accuracy of the instrument for OH measurement has recently been
verified by measurements of the rate coefficient of the reaction of OH with j$dprene
which are in excelleagreement with the literaturem@re detailed schematic for the

low-pressure detection cell is showhRigure2.17.

In the first low pressure detection cell, the OH was probed within the jet
expanded gas, close to pinhole (<5 mm), perpendiculargastiiew. The OH was
detected by offesonance laser induced fluorescence (LIF) at 308 nm following excitation
with 282 nmlight ® (v h X34 (MhheEe= 0)). The 282 nm
doubled output of a dye laser ((Rhodagitg Spectron) puped at 532 nm by
aNd:YAG laser (Spectron), or (Rhodan@n&, Continuum) pumped bid-YAG
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output (Quantel, @mart 850)). Measuring the-r@$onance fluorescence allowed the
use of a filter (308 = 5 nm, Barr Associates) before the photomultiplierEReaekin

C1943P) to remove scattered light and improved the signal to noise ratio.
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Figure2.18 A schematic of the FAGE sampled {pggssure PL-BIF setupvhere the
laser alignment for the Spectron prolaser is shown. MFC delivered flows of N2
and NO to the lovpress LIF cell, with the remainder delivering the precursor, backing
gas, oxygen and the reagent of study to the reactor via the mixing manifold.

A delay generator (BNC DG535) was used to tharydelay between the
photolysis and probe laseracilitating generation of time profiles of the OH
concentration. The traces were scanned through multiple t20¢s( the signal at
each time point was averaged, giving high precision OH loss traces, the schematic of this
layout is given dagure2.18 An example OH trace from the first detection cell for
reaction R5 is presented-igure2.19. As reactions were carried out under pseudo first
order conditions ([OH] << [substd]), the time dependence of the OH LIF sidnal,
(proportional to the [OH]) was givenlyuation2 1.
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wherekon= ks[H-0O,]. In Figure2.19 two traces are presented from the first, OH,
detection axis, these two traces were taken in consecutive experiments with a constant
[H20;] where the first trackd 1= (2351 + 22)'9 was taken where: IWas flowed into
the low pressure region, the second tkages(= (2389 + 18)§ was taken when this
flow had been switched to NO to allow Hi@tection in the second detection cell, errors
are given as 2 DZ The s ieitherNarNOwaginjected t he C
shows that there was no back streaming of NO in thpréssure cell and hence no
HO. conversion at the first detection axis.

Considering only the OH kinetic information collected in the first cell, the results
have a highefjree of precision and accuracy. Thibdws demonstrated in a recent
publication on the reaction of OH and isoprenkldC(4), and in the accuracy of the
measurement of OH anébaitanol, both in the presence and absence of addidtO
will be givenater in chapter 4). The range over which this instrument can measure
accurate and precise rate constaagsassigners 15 to 150,000. Assignment of the
upper limit was performed using the reactions of OH and ethylene and with photolysis
of H,O, at248nm asthe source of OH. The reaction of OH and methane, and photolysis
of water at 193 nm was used for validating removal rate coefficients smaller than was
possible in the presence of hydrogen peroxide as an OH precursor'<bbBis

discusseth detail in the expenental developments chaptendfter 3).

HO,radicals were monitored by chemical transformatratipn of HG, to OH
via reaction with NO (R3) in the lpnressure cell. Following the breakdown ofethe
after the Mach disk (>@n beyond the pinhole), a small flowd&n) of NO or Nwas
introducedinto the lowpressure cell via a 1.5 mdastainless steel pipe (for a typical
0.5Torr pressure in the FAGE cell the NO concentration was B8 molecule
cnd). After passing through the first detection cell, the probe beam
redirectedhrough the second lepressure detection cell downstream of the NO pipe
allowing for the measurement of the OH concentration by LIF in the same manner as in

the first cell.Thelocation othe mach disk was approximated from equaton 2.

@ THRAINM 0N o6 OKKE ¢
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Figure2.19 An example of the OH signal (blue triangles) collectéubdirst detection

axisfor the reaction of OH withJ@, (0,6 F  MXPolecBle amnwith a flow of

Nz into the lowpressure cell, with black squares representing the subsequent trace

taken with a flow of NO. The red lines represent thelimear least squares fits to an
exponential decaykén,is= (2351+ 22)'sand koris= (2389 +18)%) H °~ S NNER N& ©

By switching between a flow ofahd NO, through the pipe, traces for OH loss
and HQ formationcould be obtained, examplesstw@vn inFigure2.20 Subtraction of
the two OH traces iRigure2.20, (upper, red trace is with NO injection and the signal
corresponds to reactant OH and OH produced from the titration pfdHQH, lower,
blue trace with Nnjection is reactant OH only) gave a resultant signal associated with
HO, production in the higphressure reactor, shovars the black trace iRigure
2.20. The signal from the firstM allowed for correction of the signal heights at the
second®MT for changes in the probe laser power or wavelength, any variations in laser
power or wavelength affect the absolute signal retrieved from both PMTs; however, the

relative signals retrievedrh the PMTs remain consistent.
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Figure2.20 Examples of OH fluorescence traces collected at the second detection

axis under the same conditions for FigurEh@. blue triangleare where Nhas been

injected through the pipe, i.e. no H@ OH conversion. The OH signal profile differs

from that in Figure 18, witkon2ne= (1390 +44)5%0 1 ~ SNNBNB O ® ¢ KS NB
OH signal obtained with NO injection. The resultanttr@ée associated with HO

formation in the higkpressure cell obtained by subtracting the two OH traces,
obtained with either NO or Nnjection prior to the second detection axis, shown as

black triangles, a biexponential growth and decay fit, black curve, gave a formation

rate coefficientknoz2n= (1077 £152)50 H  ~ S NNE N @

As will be described in greater detail in the expéaimdevelopments
sectionthe HO; formation traces and OH loss traces from the second cell generated
kinetic parameters which differed from the accurate parameters collected at the first
detection axi&on2na= (1390 * 44)5andkuoz.2na= (1077 + 152§ where the accurate
loss parameters from the first cell wergs= (2389 £ 18)§ 2 Dthis differences

was assigned as the result of transport effects.

Neither of the OH determinations in the two detection axes provide absolute
measuremes of radical concentrations. Each detection axis could be calibrated as for
chamber measurements, but for paurposesa calibration  reaction

linkingphotolyticallyproduced OH and H&xremoves many sources of error compared
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to an absolute calibration.eTheaction o®H with the radical precursor®hwhich

directly forms H@with a 100 percent yieléhs usetbr calibration.
OH + H0.¢ HO+ HO: (R2.2

For reactions carried out where a reagastaddenh addition to the kD, the
resultingratios can be compared with those from the calibration reaction to allow
assignment of an observed H@ld. To assign the H@eld from the test
reactiomequired accounting for secondary.ldf@duction in the higpressure reactor,
from OH + HO, andphotolysis processes. From the known rate coefficients, it was
possible to calculate the fraction of OH reacting with #beafd hence the expected
contribution to the H®signal. Photolytic production of H®as accounted fory

measuring the observe®fkignal in the absence of an®H

In a typical experiment, the reaction of OH agd.M/ould be carriedut four
times, twice in the absence of NO and twice with the addition of NO to calibrate the
instrument. Exponential fits to the OH decayasitored in the first cell determine the
peak OH signal. The OH signals at the second detector recorded withaoialiyidh
(reagent OH reaching the second detector) and subtracted from the signal with NO added
(reagent OH and Hfp to give the net HEsgnal. This profilevas fittedo, a
biexponential growth and decay function, to extract the peakgi@ for that set of
conditions. Combinations of traces were then used to obtain an averaged value (and
uncertainty) of the signal on the first PMT (@Hhe net H@ signal at the second PMT
for this calibration reaction where OH reactant angdgrgauct have a 1:1 relationship.
The same processs then performed the presence of the compound of study. The
removal pseudfirst-order rate coefficienwith H,O.and the reagent of study
(K&n,1st= Kon+zo2[H207] + Konstest[TEST]) was compared to the removal pséitsto
order rate coefficient with onlg®t (K&n.1s= Kon+H202[H202]) to assign what fraction of
the OH reacted with the .8, precursor andhence the resulting contribution to the
observed H@ Comparison of the remaining peak ratio to the ratio from@eahid
OH calibration experiment provided the experimentally derivegiétdfor reaction of

OH and the reagent of study.

Branching rads to direct H@formation could be assigned with an accuracy of
~10 %,the limitations to this were signal to noise effects, where improved signal to noise

could beachieved by increasing the precursor concentration and photolysis energy.
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However, thisvas limitecdby the need to ensure psefidst-order conditions were
maintained and to minimize radrealical processes. Ensuring the dominant reaction
was between OH and the reagent of study, whilst still being able to accurately measure
the initial OH onditions, provided a limit to the maximum removal rates achievable
(Kow,1st< 30,000 9).

2.2.3Summary of the PHRF experimental apparatuses

For the conventional sleflow lowpressure PLRIF cell the signal to noise
generated was excellent, allowing for high precision decays to be collected. This method
has previously been robustly shown to provide accurate results where the concentration
of reagent added is well known. Where bubblers were used linear bimolecular plots can

be generated for low volatility compounds.

For the FAGE sampled high pressure reactor, usglafald an OH precursor
has been shown to provide a reliable method of iliyecharacterizing our system for
HO, yield detection. Interferences that could arise from using this precursog for HO
detection have been accounted for, and the presence of water th@t {hreddirsor
introduces has no effect on the sensitivity ofLtRemethod, unlike IR absorption
methods.

By performing reactions under low NOx and low radical densities (*<1x10
molecule cr), HO; yields formed on fast timescales (> 3P6an be assigned to direct
HO, channels or reactions of alkyl (R) radidgdisowygen. Whilst some tifresolution
is lost at the H@detector, sufficient tirresolution is retained in order to separate

varying sources of HO

The FAGE sampling method allows for accurate and precise OH kinetics to be
recovered where OHLIFeasur ements are performed in
coefficients can be recovered fron® %0 0005 Where OH detection is made at a
di stance beyond the breakup of the 06jeto
removal rates of 1560

For both the highand lowpressure systems, thermocouple measurements were
corrected for the temperature at which the reaction occurred through parametrizations
based on the measurement of the temperature sensitive reactions, OH with methane and

OH with hydrogen.
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2.3 Experimentalise of PTROFMS
2.31 Principles of PFROFMS

Time of flight mass spectrometry (FMB) takes a full spectrum in each TOF
cycle, and where the resolution is sufficient it is even possible for isobaric species to be
resolved. The advantage a @& provides over a quadrupole mass spectrometer is that
it allows for the changes in multiple peak areas to be observed quasi simultaneously. The
cost of time of flight over quadrupole mass spectrometers is a reduction in absolute
sensitivity. When the TOF is performing mass analysis, no additional ionsteatele d
whereas in a quadrupole MS there is no dead time during which ions are not detected.
Where absolute sensitivity is not considered problematic; TOF mass spectrometers

provide a highly versatile detection method.

The principle of TORBMS is that théme taken between being sampled and being
detected is proportional to the mass to charge ratio. By introducing a reflectron, ions that
have travelled through a free field region are slowed then returned into the free field
region where they are detecledo advantages of using a reflectron are that the kinetic
energy distribution within the direction of travel can be corrected for species with the
saman/z ratio, and that a higher TOF p#&thgth can be incorporated in a flight tube of

the same length.

To take maximum advantage of FMBE when measuring mixtures of
compounds, minimising fragmentation during ionization is important. In electron
ionization and electro spray ionization mass spectrometry compounds fragment greatly
and the fragmentation pattean be used to identify the chemical responsible. However,
when analysing a mixture rather than individual compounds, fragmentation can make
identification of the compounds present in the mixture complex. Two important soft
ionization methods are chemigalization and photo ionization. In this work the
principle ionization method was chemical ionization mass spectrometry, where the
reaction utilised was protonation of VOCs by hydronium i@@s)(&hd hydronium ion

clusters.

k
R 50" P RH*+H,0 RC 8 0

Where a species has a proton affinity far above that of water (69%) Kdemol

the equilibrium between the protonated and deprotonated form will be far to the right
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and collisions will in general result in protonatiancdgtapounds where this is true, the
proton transfer reaction rate coefficiémd) (will be close to the collision limit. The ion
molecule collision limit is dependent on the dipole moment of the molecule but is in

general in the low 1@’ s*.

One advatage of using this ionisation method is that the generally used backing
gases: nitrogen, oxygen, helium, argon, have proton affinities far below that of water. In
addition: chlorine (§) ozone (G), and hydrogen peroxide,(4), have proton affinities
below that of water meaning they will not be ionised. The inability of the technique to
detect the species that are generally present in vastly higher concentrations (backing gases)
and high concentrations (radical precursors and ozone) means that er@ascaem

usually be made without any requirement fezqreentrating or separation.

Where the proton affinity of the compound and water are similar (e.g.
formaldehyde 718 kJ mpthen the position of the equilibrium will depend on the relative
concentations of the species and of water. This can lead to a humidity dependence of the
protonation and as such, this can mean that detection of certain compounds (e.g.

formaldehyde) can be limited under most reactor conditions.

For most reactor conditions amdhen sampling high relative humidities, an
additional complication to protonation can occur through the presence of water clusters.
Water can cluster to hydronium@#) ions to form protonated water dimer, trimer and
tetramers. Where these clusters asept some protonation of VOCs will occur via
reaction with these clusters and the rate of protonation from the ckistemction
with protonated water dimexndkss transfer fronprotonated water trimetend to be
slower. For compounds where tipeaton affinity is between that of water (690 kdmol
) and water dimer (808 kJ Mahe influence of water cluster will further complicate the
protonation of the VOC as these collisions will be deprotonating as opposed to

protonating reactions.

kskss .
R-I(HZO)nHSO+ uh RH™+( IZ-D)n+1 Rg 81

Further reactions can occur through the transfer of hydronis@T) (lds
opposed to protons (Moccurring leading to ionised masses 18 mass units (amu) higher

than the protonated VOC. Formation of walestered to protonated VOCs can also
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occur where water molecules cluster to protonated species as opposed to from the

transfer of protonated water clusters.
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Figue 2.21 A schematic of the KORE mk | FORMS the different sections are
labelled in blue, and the external pipework for gas flows are depicted by the dashed
red lines. Figure taken from the KORE hardware reference (2@je.

In the KORE mk | PTRTOF-MS wheh is shown dsigue 2.21, the hydronium
ions are formed in a discharge of water vapour within a hollow cathode source (glow
dischargé®GD region). Following the glow discharge, the ion beam passes through a
sourcedrift (SD) region that allows for collisions between water molecules and any
unwanted ions formed in the dischaf@e H*, H,", OH*, N*, N;") before entry into
the discharge. These collisions allow for charge transfer and proton transfer to occur and
ensue that the output ions to the PTR reactor is almost exclusi@ély & 9 9 (29) %) .
The source drift and the PTR reactor are showigume2.22
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Figure2.22 A schematic of the section of the KOREPRIRMS that is housed within
an oven the sections are labelled in red. Figure taken from the KORE hardware
reference guide(29)

From the source drift, the flow from the discharge continues through a voltage
gradient into the PTR reactor which is maintained at a low pressuté®(bar) via a
rotary pump attached to the PTR exit. The voltage gradient is maintained between the SD
exit and the PTR entry and reduces the back diffusion of analyte from teaddiR
into the SD. A potential difference between the reactor entrance and reactor exit directs
the ion flow along the reactor. The analyte is added parallel to the glow discharge and at
low pressures diffusion into the flow from the discharge rediast iallowing for

reactions between hydronium ions and VOCs from the analyte to occur.
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Figure2.23 The transfer optics take the output of the PTR reactor and produce a
stream of ions directed at the TOF soufte PTR is sampled though a slit and the
output of the transfer region passes through a differential pumping aperture allowing
for an intermedary pressure to be maintained between the high pressures in the PTR
reactor and the high vacuum maintained in the TOF. Figure taken from the KORE
hardware reference guidé29)

The output of the PTR reactor is sampled by the transfer optics, skayanen
2.23 which provide the link between the PTR reactor and the TOF source. The transfer
optics contain a differential pumping aperture and sample the PTR reactor through a 1
mm aperture, this allows for changes in pressure between the high pressures in the PTR
reactor (0.9 4 mbar) and the high vacuum of the TO#XQ x 10’ mbar) to be achieved
via the intermediary pressure region. In addition, the lenses contained within the transfer
region direct a divergent output from the PTR reactor into the TOF sdulstegatively

selecting charged ions over neutrals.

When the ions arrive at the TOF source, they are travelling orthogonal to the
direction of travel in the TOFjgure2.24 The TOF source provides a pulsed output of
ions to the TOF from the continuous ions stream from the transfer region, and changes
the direction of travel of those ions. The TOF source comprises a back plate and a pulsed
extractor plate, with two further charged plates (intermediate electrod& HARbethat

provide impetus to the ion beam as it is accelerated into the TOF.

Two pairs of electrodes (deflectors) in the X and Y direction then achieve
corrections to the direction of travel for the ions as they leave the source. These are
required to aunteract the velocities that ions have when they arrive at the source. The
deflectors have a fixed voltage (FFR) and variable voltage plate (X def / Y Def); the

variable voltage plates were optimized to produce the largest signal on the detector.
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Figure2.24 A depiction of how an orthogonal TOF coupled to a reflectron can be used
to sample the continuous output of the PTR readioe. ion flows are shown in red,
where X and Y are used X refers tedtion in line with the detector and Y refers to
movement in the plane orthogonal to the detector. Figure taken from the KORE
hardware reference guide. (29)

After being directed by the deflectors ions pass into the field free region (FFR),
where the ionsdam is not interacted with externally. Flight through the field free region
is where the mass distribution in travel times occurs. lons pass through the FFR twice
being slowed and returned through the FFR by the reflectron before they strike a dual
microchannel plate detector (MCP). MCP detectors are ideal for measuring arrival times
with high time resolution; however, they can suffer from overload effects whereby if two
ions arrive close enough in time only one may be counted. lt8alef4d an indidual
ion to be counted so if two ions arrive within this window only one signal count is

outputted.

0 0
0w

0On o6 w&e ¢

Arrival times at the MCP detector can be exed into mass using Equatio®
toand Cb are calculated from the arrival times of known peaks in the time spectra and can
be automatically generated using the KOR
cycle takes 40 microseconds with the average peak width cov@dimg; 76 gemal,
multiple TOF cycles are recorded and the signals at each point are summed over multi

second timescale to produce higher sensitivity mass spectra.

When multiple spectra are takeraasries, the evolution of particular mass

windows can be defined atlds can allow the instrument to be used for kinetic
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measurements. In general, when usetésure the time evolution of a mass peak this
was performed with sampling frequencies between 10 artdgb@rstime resolution
was possible, but this producewér sensitivity due to a reduction in counts above the

background, and smaller changes in counts with fewer TOF cycles.
2.32 Generating absolute concentrations from ATHMS

For direct kinetic measurements or for the calculation of product yielisy and
other situation where absolute concentrations are required, then it is preferable that the
signal from the PTROF-MS is calibrated. Where calibration is not possible, but the
proton transfer reaction rate coefficients are known, it is possible tteesesdo
accurately define the concentrations measured. One point that should be noted is that,
where concentration has been used, here it is actually more accurate to describe mixing
ratios. The responses measured by theTPHMS are independent of theessure of
the gas being sampled provided the same PTR reactor pressure is maintained and as such

concentrations are not measuneding ratios are measured.

Where direct calibrations of peak masses are used, a plot of peak response against
mixing ratiaccan allow for the assignment of responses where the mixing ratio is unknown.
In general, this response is linear above the limit of quantification until the detection of
that mass peak begins to become overloaded. Where a parent mass peak becomes
overloaed it is possible to use the presence of isotope peaks to assign the mixing ratio
experienced. Where theldH concentration is severely depleted the response of isotope
peak against mixing ratio may becomdinear and as such under these conditions it
would not be possible to accurately define concentrations purely by extrapolation of a

linear calibration plot.

It should additionally be noted that because of the sensitivity of both the fraction
of a VOC protonated and the fragmentation of the VOCtotheo | | i si on ener gyad,
concentration and reactor pressure, calibrations are only accurate for specific sets of
reactor conditions, and are only accurate for some VOCs for a given relative humidity of

the sampled gas.

Where calibrations are not possth$epossible to calculate the fraction of a given
compound that will be protonated from the concentration of water monomer, dimer and

trimer and their individual protonation rate constants. When the fraction protonated is
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coupled with mass transfer @gvor the TOF and the branching ratio for the individual
fragments formed following protonatidnis possible to assign concentrations in the
absence of a calibration. Although the accuracy can be improved by linking this to

calibration experiments.
2.33 Setting reactor conditions

Setting the reactor conditions required optimizing them for a given experiment,
for experiments sampling from chambers in general this required maximising the overall
signal response. This was because in typical chambsr gtadieagent of study or
reagents of study and the products tend to be in similar concentrations and as such unless
many compounds fragment to similar masses, raw signal response is more important than

reducing fragmentation.

The standard conditions ugsedmost chamber experiments were: a PTR reactor
pressure of 2.0 mbar, a potential difference of 400 V, with a PTR reactor temperature of
100°C. These conditions led to a typical collision energy of 100 Td, this was coupled to
a water flow that was lowaaigh to only produce a minor water trimer peak (<500 counts
in 18 secondstollision energy is measured in Townsends (Td) which is a measure of
the reduced electric field (E/N) across the PTR reactor; in Sl units a Td is equal to 1 x
102V mA

For expeiments carried out under pseudo first order conditions fragmentation
minimization and reducing the background of product peaks became more important
than raw signal intensity. For these situations reactor conditions were often set to much
lower collisiorenergies and much higher flow rates of water than for typical chamber
experiments. Greater detail on these requirements is covered in the experimental

developments chapter (3.2.1).

Where conditions were modified from those typically used for chamber
experiments the method used was generally the same. Two peaks of interest would be
selectedonerepresenting a positive peak to be maximised and one a negative peak caused
by a side reaction that was to be minimised, the entry voltage would therede@djust
find an optimal setting with respect to the two peaks and the results would be noted, and
an example spectrum would be taken, the water flow would then be adjusted up and the

process of adjusting voltages would be performed again. Giving a rptig@lofvater
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flow and entry voltages, this would then be repeated for different reactor pressures, from

the spectra collected over all these conditions the best conditions could be assigned. For
a given reaction e.g. OH antutanol the optimum reactomzbtions could depend on

which product was being studied and it was possible for several sets of conditions being

used to study the same reaction where each condition provided different information.
2.34 Summary of PFROFMS

PTRTOF-MS provides a sofbnisation method that is sensitivity to a wide
variety of VOCs, in particular oxygenated VOCs. The technique can measure the time
evolution of multiple species on the multi second timescale; this allows the technique to
be used in atmospheric measurenarkinetic experiments. Where FATBF-MS is
used for relative rate studies then no calibration is required, for direct kinetic, and
atmospheric measurements the peak responses can be calibrated or assigned in theory
from the protonation kinetics.
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3 Experimental developments

3.0 Outline of chapter 3

TheOH/HO ;apparatus was characterized by measuring yields from the reactions
of OH with HO, (1:1 link between OH and HRQwith GH/O . (where secondary
chemistry can generate HlQvith GHe¢/O , (where there should be zero Hald) and
with CHIOH/O , (wherehere is a wetlefined HQ yield which depends on the amount
of oxygen present). Transport effects on the observedaiktDOH kinetics were
analyzed for the effect transport has on the accuracy of the assignment of rate coefficients.
Where OH is detectexh the first detection axis, it has been shown that it is possible to
accurately measure OH psefickt-order loss processes up to ~150,006®m the
second detection axis, transport significantly impacted the observed kinetic parameters,
and therefee, first order rate coefficients for Hfdrmation could only be assigned
accurately for values of less than 100Qever the less, this limited degree of temporal

resolution can help to distinguish between primary and secondarpdi©tion.

Issuesarise measuring the temperature of gases in a flowing system, and this was
amplified when the reaction being studied was sampled through a pinhole. The
temperature dependence of the well characterized reaction of OH and methane was used
to assign the temyagure of the reaction zone over a range of conditions which could be
parameterized as: Temperature ({JE6954x10)xV4)+((3.9967x1¢)xV?)-
((1.1703x19xV"2)+((0.90968)xV)+25.002vhere V was the voltage applied from the

variac

The importance ofminimizing norproton transfer ionization (ionization by
H.O", OH+, O+, O++) by the use of more linear flow regimes in FOR-MS reactors
has been demonstrated. The importance of minimizing such ionization has been shown
to be of key importance when thare high reagent to prodisgtecies ratios. For some
experiments (i.e. experiments on small carbonyls carried out in EUPHORE), the
approach for minimizing analyte fragmentation led to insufficient sensitivity, and in these

cases reactor conditions witlvéo water flows and higher collision energies were used.

3.1 Introduction

The final experimental setups described in Chapter 2 were the result of several

iterations; developments towards reaching the final designs and operational modes will be
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describedin this chapter. The process that was developed for the assignment of
temperatures will be outlined, and M®Rreactor conditions and the placement of NO
injection for the titration of H&0 OH will be detailed.

3.1.1 Modification of the KORE T@HMSto sample high concentrations and

low pressures.
Conventional use of a TAHTR-MS has focused on conditions that maximize

raw signal, which is key for detection of VOCs from ambient air where concentrations
are typically in the ppdsppbv range. When usedsamplehambersyhere, in general
concentrations are higher (pplppmv) the limit of detection (LOD) can become less
important. When sampling from experiments running in a manner used to make direct
kinetic measurements, the concentrations arer tagte Under these conditions
detecting the raw signal becomes trivial; signal to noise and fragmentation become the
limiting factors. When sampling fromorgssures (< 400 mbar), there was insufficient
backing pressure to maintain adequate PTR r@aetsures. As such, the original
instrument was postproduction modified in Leeds with the assistance of KORE, in order

to sample from pressures as low as 40 mbar.

3.1.2 The importance of understanding temperature in a flowing system.

The layout of theigh-pressure apparatus provides challenges for the accurate
measurement of the temperature at which the reaction occurs; for reactions occurring on
a millisecond timescale, the relevant reaction distance from the sampling pinhole is
approximately 0.0505 mm. Compared with a conventional slow flow laser flash
photolysis/laser induced fluorescence {LIF? PLRLIF) apparatus, where the reaction
volume is the overlap of the perpendicular photolysis and probe laser beams, it is difficult
to accurately posh the thermocouple, and additionally, any thermocouple located close
to the sampling pinhole may affect the flow into the low pressure system.

Alongside the difficulties associated with accurately siting a thermocouple (unlike
in a quasstatic cell), #re are additional erradkinetic, conduction and radiatide
which derive from measuring the temperature of a flowing gas with a thermocouple.
Additional experiments were therefore performed to determine the temperature, based
on the well characterizadd temperature sensitive reaction of OH and methane.

When the original higbressure setup was commissioned, as described in Stone

et. al.(8)work was performed to assess the axial temperature gradient present-n the high
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pressure system. This was paréal both with and without the use of a preheater, before

the final coil heated section. In this work, errors in temperature due to axial temperature
gradients were assessed as being minor and as such, the use of a thermocouples sited
perpendicular in tHow was sufficient to assign the temperature at which the measured

reaction occurred.

For most bimolecular reactions, even where there is an observable temperature
dependence, the bimolecular removal rates tend to differ by less than an order of
magnitudever the range 3@700 K. For processes such as these, a small error in the
temperature (< 5 %) tends to produce an even smaller error in the observed rate
coefficient well within the normal experimental error bounds; experimental errors in

bimolecularemoval rates are typicallyl® %.

When intramolecular processes occur after the initial OH reaction, these
processes have much higher activation energies and hence a greater sensitivity to
temperature. For a typical decomposition reactions of afiRal&ylalkyl peroxy (RD
radical, or for systems where OH can be returned from an adduct well for example OH
and ethylene or OH and isoprene, the rate at which OH is returned can vary significantly
with the temperature between 300 and 700 K. For mémy ©fstems of interest there
is little or no observed OH returned at over 2 bar and at 300 K. As the temperature of
the reaction is increased the return rate also increases; as these processes often require
passing over a barrier to OH reformation thay aften display an Arrhenius type

dependencg9)

Where the dependence of a rate coefficient is exponential with respect to changes
in temperature, a small error in assigned temperature can lead to a much greater error in
the expected OH return rate. Ajanantention of the use of the highessure system is
to study reactions of importance for low temperature combustion, and understanding
these reactions involves defining the temperature dependence of OH recycling and OH
chain branching processes. dfisrucial importance, therefore, that the temperature at
which OH recycling is observed can be defined with a high degree of accuracy. Where
the errors that come from assigning temperature from a distantly sited thermocouple
become significant, alternatimethods, including chemical thermometers, become

important.
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3.1.3 Development of the higiressure reactor for detecting OH and-2HO

The project involved the development of an instrument to simultaneously detect
OH and HQ radicals. The study of OH and Hi® of importance to the modelling of
both atmospheric and combustion chemistry, as has been described in the introductory
chapter (Chapter 1 section(1).2)Many atmospheric and combustion reactions in the
presence aixygen lead to the generation of peragycals (R€). For certain RGhere
is a potential to generate OH and @ a fast timescale, and for others OH and HO
will be produced on a slow timescale. Therefore, for some spegies]i€» can
provide a interference for the observed Hgelds, especially when the H@ld is
assigned by chemical transformation. Three well known reactions were chosen to
characterize the instrument, OH and etha®&)(ROH and ethylene 3R), and OH and
methanol (R.3):

OH+CHed D + CoHs (R3.1)
OH+CHi:d HQH (R32)
OH+CH:OH ¢ OMCH,OH,CHOH + 0,0 HB HCHO (fast) (R3a, RB4)
OH+CH:OH ¢, OHCHO, CHO+0,¢ H3 HCHO (slow) (R3b, RB5)

OH and ethane @RL) gives an assessment of any falsgidi@s generated from
RO, and NO from prototypical alkyl based-R@ecies that will be formed from many
atmospherically relevant reactionsyletie and OH (&2) forms a hydroxy alkyl peroxy
radical the typical R@species known to create interferences in FAGEddtgction
systemg3-5). Understanding, and thereby minimizing, the s from this reaction
allowed for limits to the selectivity of the instrument to be determined. The kinetics and
branching ratio for the reaction of OH with methanol is a well unde($tofthe two
isomeric radical products react with oxygen féeridg timescales to generate ,HO

Complete conversion of both isomers should yield to 1002 HO

Transport effects after the breakup of the sampling jet mean that rate coefficients
measured in the second &gl (X = OH or HO;, differ from each othe&transport
effects scale with mass) and from those made in the first detectlan axi®éeudo
first-order rate coefficients from the two detection axes are compared to ascertain
whether measurements in the second detection axes can be usedgteanative

kinetic measurements.
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3.2 Instrument Development

3.2.1 Developing PTR reactor conditions, and sampling methods
3.2.1.1 Sampling from the higipressure system

When setting up the KORE PIWS to sample from the time resolved kinetic
experimental bays, initial work was performed sampling from tpedsigire apparatus.
Sampling from this experiment was selected as the above atmospheric pressure of the
output washot significantly different from sampling from the atmospheric pressure for

which the instrument was initially designed.

Early work was performed at the manuf
these had PTR reactor conditions of’@&nd 0.5 mbawith the minimal flow of water
added that allowed for a sustainable discharge to occur. The PTR voltages were then
modi fied to vary the 6collision energy?o
responses were produced for the peaks of inteoestyer, even for relatively simple
systems it was clear the fragmentation could be significant.

To evaluate the ability of this system to assign product yields, the reaction of OH
and methanol in the presence of oxygen was initially ch8&85R Uncakr these
conditions, only the minor reaction of OH with the OH precursor would not lead to the
formation of formaldehyde. The photolysis energy and hydrogen peroxide concentration
were known and hence the experimental OH concentration could be cdlomated
Equation3.1.

Q 0¢ QIZERHP v . F e o s g s
00 ¢z %0 DCZ TG 20 ¢ mmwd On 6 wwMe €

Combining the OH concentration with a calibration plot (response against
formaldehyde concentration), the potential accuracy of using tHEOPTRS br
assigning product yields could be assessed. For the experimental validatitvMiSof PTR
product measurements in practice, a second reaction of OH and ethanol, with a
calibration plot of acetaldehyde, was used. The selection of OH and ethanol was due to
the greater ease of producing known concentrations of acetaldehyde for a calibration plot
compared with formaldehyde although the fraction of reaction leading to acetaldehyde is
slightly <1.

The PTRMS system was designed with the measurement of traee apdsi

primary objective where the absolute signal is the most important factor governing the
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limit of detection (LOD) and the limit of quantification (LOQ). LOD and LOQ are the

key characteristics by which analytical instruments are compared. Measuitiey

kinetic reactors utilized heh@wever, the reagent of study (RH) is usually maintained
under pseudo first order conditions with respect to the OH concentration. This means
that the concentration of products formed can often be"atd(® 1000" of the
concentration of the added reagent of study. When a product mass coincides with a
fragmentation or feature in the mass spectrum due to the presence of the reagent of study,
the proportional change in the peak area could be so small ashe leatreinent blind

to this.
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Figure3.1 Shows PTROFMS spectra obtained from sampling the hggkssure

systenf g KSNB (KS SiKIy2ft“nmpRellecsyai2nar with 200 & a
SLM of nitrogen. The upper spectrum, green, was obtained at higher PTR pressures
and water flows and shows minimized fragmentatiom&45 than the lower trace.

The lower trace, orange, was obtained at 0.75 mbar and a lower flow aof shates
significant formation ofn/z 45 assigned to back streaming of sample gas into the
discharge region.
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For the reaction of OH and ethanol producing acetaldehyde, the parent ethanol
peak isn/z 47 (CHCH,OHH*) and the parent mass of the product acetaldehyde peak is
m/z 45 (CHCHOH"). When only ethanol was added in a backing gas of nitrogen, a
significant peak at/z 45 was present on the spectrum. Me45 peak was present
without an OH precursor and withqhotolysis occurring. Minimization of this peak
was possible by varying the collision energy, but it was still over 5 % of the parent ethanol
peak, even with the lowest collision energies for which a discharge could be maintained
at 0.5 mbar. An exampfgestrum showing a significant fragmentation peak is present is
shown inFigure3.1, where the spectra was taken at 0.75 mb&agure3.1 the notation
describing how much water was added to the PTR reactor defined a flow of 1 as the point
at which sufficient water was added to maintanstant discharge.

Although improvements on the initial setup were made to reduce fragmentation,
the observed fragmiation peak was still far greater than the expected product peak
would be. In the 0.75 mbar spectrumnttiepeak at 45 from the discharge ionization
was 19 % of the height of timéz 47 peak from the proton transfer ionization of ethanol.

A backgroundignal of 19 % when product formation would be expected to be under 1

% meant the background would make product quantification difficult.

The cause of the observed fragment ion needed to be established. The formation
of an ion atm/z -1 was not caused bhetweHestablished fragmentation, found in long
chain alcohols (propanols, butanols etc)m/at -17. (10, 11)In alcohols, the
fragmentation ah/z -17 occurs through the loss of water following protondt®)and

a different mechanism was requirgatéaluce a fragmentmt'z -1.

It was not apparent how formingz -1 was caused by fragmentation of excited
protonated ethanol. Additionally, charge transfer chemistry was invalidated as being the
source of the observed fragmentation, because this wolglddhto the formation of a
mass, one unit down from ethanol, even if charge transfer between ethas®l and H

occurs.

The conclusion arrived at was that this observed peak was created in the discharge
itself. The fragment was either being producedsffzanol directly, or else, formed close
to the discharge by ionization from species other #ntHrough the loss of a hydride
ion. In a hollow cathode discharge of watgd"HOH+, O+, O++ are formed13)
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These species rapidly react with water priséime flow, and their presence rapidly
decreases with distance travelled.

Whether ionization tm/z 45 was assigned to direct ionization in the discharge,
or by reaction with species other tha®-Hformed in the discharge, this peak was
thought to preide evidence of analyte batieaming into the discharge region. Back
streaming is a product of diffusion against the general direction of flow in the PTR
reactor. Diffusion is greatly affected by pressure and so operating the instrument with a
higher ractor pressure would reduce kbstokaming. In addition, higher flow rates of
water through the discharge would increase the linearity of the flow conditions in this

region.

When operating at 3.0 mbar and significantly higher flows of watefz &%
pe&k observed was less than 0.2 % of the parent ethanol peak, which was assigned by
comparison to the ®isotope peak of ethanohfz 49). From this observation, it was
apparent that back streaming had been minimized. Operating under these conditions led
to changes in the ratio of the water cluster peaks, with significant water dimer and trimer
peaks and a small water tetramer peak present. Where significant water clustering was
present, the protonation reactions could no longer be assumed to be havesolaturred

with monomer HO*.

Protonation of VOCs by water dimer is significant in PTRs run in this manner.
In general these rate coefficients are less well known than those for monomer water
protonation reactions. Where the specific rate coefficientsoveneaitable, the only
method to accurately assign concentrations is through direct calibration. For some
species, including formaldehy@#l@.9 kJ md),(14)the proton affinity is below that of
water dimerg 808 kJ md)(15)where this is true wateill deprotonate rather than

protonate the species of study, reducing the overall sensitivity.

Where PTRs are operated at high reactor pressures, dimerization of VOCs and
complexation of water to protonated VOCs can be observed in significant amounts.
Compexation and dimerization can lead to the formation of a wide variety of different
clusters. The presence of many cluster peaks can generate complicated and difficult to
interpret mass spectra, where in addition to the protonated parent mas& peel (

m/z X+19, 2X+1, X+37 are also observed. If the cluster peaks fall on masses in the

spectrum where product formation would not be expected, then even complex mass
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spectra can allow for product assignment. Where cluster peaks fall on expected product
masse this is not necessarily possible.

Where the difference in proton affinities of water moncGm@9q kJ ma)(15)
and the reagent of study are similar, the position of the equilibrium allowing for
protonation is dependent on the water concentration. Formaldehyde is such a case,
(proton affinity = 712.9 kJ migt(14)an increase in water flow from the KORE initial
conditions made the PTR method unsuitable for formaldehyde observation, because the
equilibrium was shifted away from protonated formaldehyde. As discussed eatrlier, the
presence of water dimer will also reduce the ability to form protonated formaldehyde. F
our experiments, this meant that measuring formaldehyde formation from methanol
reactions would not be possible; either formaldehyde was not protonatable, or else
fragmentation of methanol close to the discharge blocked the formaldehfide péak.

For many other compounds, variation of the PTR pressures, voltages, and water
flows, could be optimized to get maximum product formation and minimal parent
compound fragmentation. These conditions varied, depending on the compound of
interest and the prodscthat were to be monitored. As such, lists of optimized
parameters were kept for individual reactions.

A general method for optimizing conditions was developed; this involved
monitoring the & peak of the parent ion, and an important product peaki, tivhils
collision energy was optimized. The reactor pressure and water flows would then be
varied, where at each new pressure and water flow the collision energy would again be
optimized. Once the product peak to parent mass ratio was minimized for @ach set
conditions, the relative ability to observe product formation was then tested. By
comparing the spectra generated from these, an optimal set of conditions for a reaction

could be assigned.

With respect to observation of acetaldehyde formation fraowsitteon of OH
and ethanol, the best conditions determined were: a PTR pressure of 2.4 mbar, an oven
temperatureof S, wi th an entry voltage of 380 V
An example spectrum taken under these conditions isngiigure3.1, where the flow

of water was twice that required to maintain a discharge in the spectrum obtained at 0.75
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mbar, with which it isompared. In this case, by comparison to thgd&ak, less than

0.2 % of the ethanol was ionized in the discharge region.

In the highpressure system, it became clear that the axial temperature gradient,
discussed in the temperature section later, would lead to a product spectrum
encompassing a widange of temperatures. A longpeater section that had been part
of the earlier desighRigure3.3), describeth Stoneet al(4) had by now become defunct
as it did not remove the temperature errors, but did increase the amount of precursor and
reagent pyrolysis. This long section (60 cm) versus tHeestted region (20 cm), meant
that room temperature experiments would dataithe observed products.

~&— High-pressure region

Thermocouple
position

Gas in from mixing manifold
Low-pressure cell

Pumps

Photodiode

Photolysis laser

Coil _heated Probe laser
section
- 47 cm >

Figure3.2 A schematic of the higbressure systemonce the pre heater had been
removed. Removing the piesater allowed for a greater proportion of the PVIR
sampled gas to dve been photolysed whilst at an elevated temperature, when
compared with the old systerRigure3.3. The residence time in the shortened reactor
is 1.4 seconds.

The now defunct preeating section was therefore removed,; this led to a system,
Figure3.2, which features a short section of coil heated stainless steel tubing lined with
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glass, pinhole sampled by the FAGE OH céh, tiwe bulk of the gas flow then being
sampled by the TOPTRMS. Although this cannot completely remove the range of
temperatures that are present in the product spectra, it vastly reduced the weighting

towards room temperature products.

Reducing theveighting of lower temperature gas allowed for some assignment of
changes to product spectra by temperature. The temperature at which a spectrum was
collected, when given in the text, means the temperature at which the OH measurements
were made not the sjkc temperature at which the observed masses were produced.
Where new peaks appeared or old peaks reduced in size with temperature, qualitative
assessments could be made of changes in product branching ratio with temperature.

3.2.1.2 Sampling from lowpressures and performing chamber studies

When sampling frémoaeo mwuea sdresserd alis byd 1 ¢ w
the PTRMS, the ability to provide sufficient backing pressure to generate PTR pressures
over 1.0 mbar required high pressures in thgoreaells (>250 mbar). Significant
guenching of the OH LIF signal occurred when the reaction cells were operated at the
pressures (> 400 mbar) required to generate the PTR reactor pressures (> 2.0 mbar) that

prevent backtreaming.

To alleviate this issube sampling system in the PTR was redesigned and rebuilt,
where direction and new components were provided by KORE. Installation of this
modified system required replacement of the internal sampling system with wider bore
parts. The previous sample galvas replaced with a manual valve that allowed for a

wider range of valve positions than had been possible with the old system.

Once the new sampling system had been installed, PTR reactor pressures as high
as 3.0 mbar were possible when sampling fréthmatar. This allowed for simultaneous
OH kinetics measurements and MK sampling to be carried out. Where simultaneous
OH Kkinetics and PTR spectra were taken, any changes in observed masses with
temperature could be used to deduce the presence ohaotenmoutes beginning to
occur. For the reaction of OH and dimethyl formamide, Chapter 5, the appearance of a
yield of imine product coincided with OH recycling beginning to occur, and verified that
this was likely from the aldehydic abstraction site.

Beyond the scope of merely observing product formation, th&8T$ampling

allowed verification of the presence of heterogeneous processes. This provided important
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insight into complicated systems where OH kinetics differs greatly from those expected
for OH and the reagent of study. Heterogeneous processes were observed both in the
presence and absence of an OH precursor for many compounds. For amihEs, PTR

sampling provided additional observation of homogeneous gas phase acid base chemistry.

For some redions carried out in the HIRAC chamber, similar PTR conditions
were applied to those used for the dpiggssure system. When the instrument was used
at EUPHORE, the lower VOC concentrations meant that fragmentation minimization
was no longer the primaoctis; LOD and LOQ became the limiting factors in the same
manner required for atmospheric measurements. Where this was the case, a setup of CE
400 V, PTR pressure 2.0 mbar at°’@@nd with moderate.8 flow (where there was
almost no observable watemer present) was used. These conditions improved signal
responses; however, they did lead to increases in the fragmentation of parent masses, and
the observation of some back streaming of analyte into the source. For many reactions
carried out in HIRAGsimilar conditions to those utilized in EUPHORE were sufficient
to assign the chemistry present.

3.2.2 Understanding temperature in a flowing reactor

The highpressure system, as described in $toaid) (shown inFigure3.3),
was used to measure a variety of reactions, which included the reaction of OH and
dimethyl ether (DME). At elevated temperatures in the presence of oxygen, OH and
DME is known to recycle OH, and at higher temperatures, this reactiordesgyo
chain branchin@.8, 19When experiments were carried out in both thephegsure
setup and in a conventional {pressure slow flow reactors, the observed OH return
rates at the same temperatures were shown to differ.

Using master equation (M&lculations to fit the returned OH return rates in
both the highand lowpressure systems, the same barrier height for OH recycling could
not fit both data sets. The data from the -pigdssure system required a higher barrier
than the data collectedorin the lowpressure experiments. The only satisfactory
explanation that could bring agreement between the bays was a reduction in the

temperatures assigned to the traces from thetagbure setup.
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Figure3.3 A schematic of the initial higbressure system as described in Stone &)al.
later modifications to this system involved the removal of the preheated section and
addition of a second loyressure cell for Hletection. Typical esidence timeat 5

litres per minutean the reactor was 3 seconds of which 0.66 of a second was in the coil
heated section.

I n an attempt to recti f-pressuteireaciorwahie or
replaced with a reactor where the final heated sectioo wager a stainlesteel tube
surrounded by a coil heater, but was a block containing cartridge heaters. This cartridge
heated block did not seem to improve the difference between observed OH return values
from the highpressure and lepressure experimis. A copper spacer was then attached
to the end of the higbressure reactor to provide thermal contact to the pinhole section.
This seemed to reduce the difference betweeipreiggure bay experiments and low
pressure bay experiments. Yet there Mladissigreement, and as such, further work to

examine the temperature gradients in the reactor was carried out.

Visualizing the temperature issues themselves was therefore undertaken, at first
by removing the outside of the hjglessure reactor to revited cartridge heated section
inside. From images of this, it was apparent that there was a significant variation in the
temperature of the block, as casdsn irFigure3.4. In part, thisrose from the structure
of the cartridge heaters, where they do not provide an even heat along their whole length.
In cartridge heaters, the ends of the heater remain cold with respect to the central region.
When these heaters were then placed in a block they did not lead tdiageof kea
block they were in contact with, and were positioned such that the end portion of the

block was in contact with the cold tip of the heaters.
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Figure3.4 The temperature gradient across the cartridge heated block is visibie

right hand image where 100 V was applied to the heaters; in the left hand image the
position of permanently placed thermocouples and the movable axial thermocouple
can be seen.

The visually observed gradients across the caneialgel block led to the
reintroduction of the earlier coil heated design. The coil heater suffered from the same
issué@ that the end of the heater is not actively heated. However, because of the nature
of how the heater is used, this section could be bent away from the face of the pinhole
and so did not significantly affect the observed heating of the gas flow. In addition, by
arranging the coil heater to have aexan spread in the distance betweecdile the
heating could be concentrated towards the rear portion of the coil heater. Using the coil
heater, good thermal contact with the pinhole body could also be established, especially

when compared with the cartridgeted design that requiredasp to allow for this.

Neither the cartridge heated block nor the coil heated pipe design could bring the
assigned temperature between experiments performed in the low gumdskigh
systems into good agreement. To map out temperature gradients|atabien
thermocouple was inserted into the reactor. This translatable thermocouple could be used
to measure axial temperature gradients when the reactor was complete, and radial
temperature gradients when the reactor was open. This was performed tfar both

cartridgeheated block and for the coil heated design.

The radial temperature gradients were measured under both laminar (Re < 1800)
and turbulent (Re > 2900) flow conditions §Reeynolds number, a dimensionless
quantity that is used to describepedict flow dynamics). Under turbulent flows, it was
not possible to heat the central gas adequately, even with the use of the preheater

(Temperature < 30C). Under laminar conditions, there was a large temperature gradient
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between the central gas #mflow, closer to the walls, but thies reducely slowing
the overall flow rate

When axial temperature gradients were measured, the thermocouple was moved
from measuring the face of the pinhole section against the gas flow along the reactor. The
temperature profile of the gas with respect to distance along the reactor could then be
mapped out. In general, for a given flow setting the gas began cold (room temperature)
and slowly heated towards a peak value then began to plateau and fall, before rapidly

dropping closer to the pinhole face, one example of such a profile is $figunmedrb.

¥
300 4 X X X K x x%ﬁéé%
% x%%%
X
250 - X
o %
< 200 -
o 290-
=
®© ~ 280- o xx
G) 150 T é)/ o o "
o o X
E 5 270 « x
) « & . ot
— 100 - o 260- % X
o
I %
2 2504
50
X 240 : : : : : :
60 -50 -40 -30 -20 -10 O
0 T T T T T T T T T T
-250 -200 -150 -100 -50 0

Axial thermocouple position (mm)

Figure3.5. An example axial thermocouple profieasured at a variac setting of 108

V, with a flow of 6.24 SLM nitrogen at 1.4 bar. Axial thermocouple measurements are
shown as black crossdle permanently seated thermocouple ageven as red. The
permanently seated thermocouple gave a temperaturalirgg of 303*C whenthe

axial thermocouple aye a pinhole temperature of 256C. The inset showthe
temperature experienced over the final centimetbefore contact with the pinhole

The slower the net flow rate, the lower the apparent fall at tbietkadeactor
became, and as such, it became apparent that experiments carried out with slower flow
rates would provide smaller temperature gradients. When the cartridge heated block and

coil heated reactor were compared, the difference between peekusmpleserved
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and temperature at the pinhole was significantly smaller for-tteatad model. These
observations are consistent with better thermal contact between the heater and the
pinhole section, and of an improved heating regime where thg Wwaattoncentrated

towards the end of the reactor.

Minimizing the difference between the peak temperature experienced, and the
temperature at which the kinetics is measured, ensures cleaner chemistry. High
temperatures increase pyrolysis of both reaetadhtprecursors, and can lead to the
formation of products that interfere with the observed OH kinetics. For the cartridge
heated block, the hottest walls were at a distance from the pin@d@ke 15), whereas
in the codheated model, the hottest wails closer to the pinhole (% mm) due to the
uneven coiling of the heater. Shifting the hottest region closer to the pinhole reduced
heterogeneous chemistry.

When the axial temperature measurements were made, the position of the
translatable thermocdapinfluenced the temperature recorded on the thermocouple
fixed in place perpendicular to the flow. That the translatable thermocouple influenced
the flow of the gas meant that these measurements were not accurate for the true gas
temperatures in the abse of the axial thermocouple. The axial measurements did
though; give valuable insight into how flow conditions and heater placement effects varied
the difference between the observed temperature and the target temperature.

As thermocouple measurememsla@ not be used to measure the temperature
of the gas where the reaction was occurring, chemical methods to define the temperature
were adopted. The primary chemical thermometer measuveeneritthe reaction of
OH and methane (CH The reaction of B with methane varies greatly over the
experimental temperature ranges primarily utilized in thardésghire bay (36@00 K,
5.6 x 10°6 7.9 x 10®cn?® molecut s?). By measuring the OH kinetics the temperature
variation between the central gaktha thermocouple measurement could be defined.

The advantage of using a chemical thermometer to assess the temperature of a set
of flow conditions is that it does not influence the flow conditions in the way a mechanical
thermometer does. In additiohjs only a measure of the temperature at which the
reaction occurred and is not influenced by external factors, where mechanical
measurements would be influenced by radiative heating and conduction effects. For the

reaction of OH and CHn the temperaterregime 308800 K, the energy released from
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the reaction and any subsequent B@mistry should not significantly increase the
temperature of the flow.

An example bimolecular plétigure3.6, for the reaction OH an@H. was
produced under the same flow conditions, and at the same variac setting as the previous
example thermocouple profile, Figdu® (6.24 SLM (6240 émin* atm*) at 1.4 bar).
Using the published OH and methane temperature dependence from Dadlafya
(20)and the measured rate coefficientcqs = (1.258 + 0.01) x 1§ cn? moleculé s
! the temperature was assigned as 522 + 2 K. The difference between the observed
temperature of the thermocouple measurement (256Ct 829 K) and the Oldnd
CH, value (249 + 2C, 522 + 2 K) can be assigned to the modified flow conditions

present when the translatable thermocouple was being used.
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Figure3.6 A bimolecular plot of OH and methane measured collected at an elevated
temperaturedefined as 24% 2 °C from the kinetic measurement itself (8rror),
usingkon+cha= (1.258 0.01x 10*3 cm?® molecule! s!, and the measurements of
Dunlop and Tullg20) The flow conditions were 6.240 Sld¥initrogen at 1.4 bar with

a thermocouple measurement of 295, comparable to those Fgure3.5.

The assignment of the difference to the presence of the axial thermocouple was

supported by differences in the observed temperature measured at the permanently
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situated thermocouple in the two experiments (295 versu€)3@bservation of
changes in themperature of the gas flow further demonstrated that axial thermocouple
measurements could not be used to define the temperature. Axial temperature
measurements did provide insight into the relative merits of differing flow conditions,
where slower ovdrflows had a small difference between peak gas temperature and the

temperature of the gas adjacent to the pinhole (< 1mm).

Using the knowledge gathered from the earlier thermocouple measurements, the
flow settings for parametrization were chosen. kneagn that slower flows produced
more even axial gradients, but slow flows, especially at elevated temperatures, led to
increased pyrolysis of both the compounds of interest and the OH precursors. From
experiments carried out with OH and.®@kth H;O, as @ OH precursor, a pressure
adjusted flow rate of 5 SLM was chosen as the optimal flow rate. Use oli¢iatepre
was attempted and this did not significantly reduce the difference between the measured
temperature on a thermocouple versus the tempesigmeea from OH and GHI'he
preheater allowed a higher overall temperature to be reached, but this came at the cost
of significantly increased reagent and precursor pyrolysis. The useatingeyas in
the highpressure reactor was therefore notidersd to be beneficial and became
defunct in the operation of the apparatus.

A series of experiments were carried out with the same flow conditions (5 SLM
at 2 bar) with OH and CHwith varying variac voltages. The measured OH and CH
temperature was thgparametrized as a function of thermocouple readout and of the
variac voltage. Both of these methods were in general, effective at predicting the
temperature of new flow conditions within 10 K; however, subsequent OH and CH
measurements were taken fehesew set of flow conditions and the results were added
to the parametrization.

Parameterization(Temperature from voltage):

Temperature(K)=((.6954x10)xV*+((3.9967x10)xV3)-((1.1703x19)
x\/A2)+((0.90968)xV)+25.002

Parameterizatidh(Temperature from central thermocouple):
Temperature (K)=0.68x T1 + 99.8
This became the established method for assigning temperatures to reactions
carried out in the higbressure system, and has been described in detail in the
experimental sectigeection2.2.3. When this method was tested in the conventional

slow flow lowpressure cells, temperature variations were observed between the
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thermocouple readout, and that assigned from OH and methane. In-pheskwe

system, the individual temperature deviatiens greatly dependent on both the bath

gas and the total flow rate through the reactor. Subsequently, detailed parametrizations of
flow conditions for these cells were performed and proved highly accurate at defining the
expected temperatures, given flaws and thermocouple measurements (< 10 K error).

3.2.3 The importance of the site for NO delivery on the selectivity of HO
detection

For the initial design to allow for H@etection, by titration with NO, it was assumed

that delivering NO at the east opportunity would encourage the most effective titration

of HO,to OH. Where the early titration of KH@ccurs the OH formed can be detected
within the jetting gas and provide accurateki@tics. The understanding that there is

a reduction in theiability of kinetic measurements with distance, was based on the initial
development of the FAGE sampled high pressure reactor by Stone et al. (8) In that work,

it was shown that OH kinetic traces were significantly affected by sampling at distances

much geater than 15 mm from the pinhole aperture.

PMT - 1

High Pressure

Reagtor 282 nm probe laser

PUMP

Jet expanded gas Lclw Pressure Cell
NO/ N, Injection Pipe
Figure3.7 Initial layout of lowpressure cell for H{&amplingvhere HQtitration was

attempted by the addition of a pipe for injecting NO to the setup presented in Stone
et al(8).
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To facilitate early addition of NO the original pinhole, which featured a flat face
with a single hole through which the gas was sampled, lesdrephe replacement
pinhole featured a perpendicular trough across the face that led to the lip of the central
sampling hole. A pipe for delivery of NO (stainless steel 1.5 mm id) was aligned in this
trough so that NO would be delivered as earlyaisposse t o t he o6 etting

design is shown Figure3.7.

1.0 - y
: )
0.9 25 X 0sccm NO
- » * 1sccm NO
‘w 0.8 # 5 sccm NO
S 074 ¥ ' 15sccm NO
- L
© 0.6- &
E 1 o
E 0.5—-
© 0.4 -
c |
‘» 0.3 - Q
L ; \
— 027 2|
T . G I TIE AN, R T
O 0.1- ¥ Y ”H‘H“‘\”\“‘\‘M‘\”W”‘H‘\\‘\”\”‘\”“MH\‘\”HH“H‘H“HHH‘H‘M\‘”\‘”\H‘”H‘\‘m\‘H‘u“““‘\“H”M\““M‘\“M‘”“‘u‘mhu‘\“‘”\H\h”‘u‘“\”
e -e. NEoid -
0.0 4 % ' c
-0.1 T T T T T T T T
-500 0 500 1000 1500 2000

Time (1rs)

Figure3.8 OH and kO, performed in the initial FAGE cell setup for H&ectionwith
photolysis of kD, at 248 nm, over varying N@; ®x 10** molecule cr¥ (0¢ 15 sccm).

Initial work, carried out with this system, produced promising results for the
calibration reaction of OH and hydrogen peroxide; it appeared thaiDbe titrated
to OH with yields of OH from H@greater than 30 % of the initial OH peak. An example
of such a trace from this initial setup is givéigase3.8; sampling by the 282 nm probe
laser occurred less thd mm (typically-2 mm) from the face of the pinhole. If HO
was being titrated to OH by reaction with NO only in the jetting gas, this titration was

happening very efficiently indeed.
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The ability of the instrument to selectively detect Wé&s tested byhe
introduction of a species known to be a problematic interference; hydroxyethyleneperoxy
formed from the reaction of OH and ethylene in the presence of oxygen. It was predicted
that this interference would be low, unlike in FAGE detection efpEi@®rmed in
atmospheric measurements and in chamber studies, where this interference is significant.
(3, 5, 21T he reason for the expectation of this interference being mvasiEsed on
the kinetics. For an interferetcethe assigned H@ignato occurNO initiates a
decomposition dhe interfering R@and lead the formation of a species thaist
thenreactwith oxygen to form H@whichmust thersubsequentkeact witiNO to
form OH. The reactions are shown in further details as nsa@Boand 3.7 for
ethylperoxy, and reactid®, 38 and39 for hydroxyethyleneperoxy; the spedBdf,
even in low oxygen (<1 x %(molecule crf) conditions, allows for prompt HO

formation.
CHCHO;b b h ;CHOANQ (R3.6) (Ks.6208 k= 8.70 x 1@?cm® molecule! s?) (22)
CHCHO + Qb /sGHOHQ (R3.7) (Ks.7, 208 k= 9.48 x 185cm? molecule? s?) (22)

HOCHCHO:b b h THCHOH/NG(RB.8) (Ksg 20sk= 9.00 x 182cm?® molecule! s?) (22)
HOCHCHh 0 +IHOCH (R3.9) (ks 208 k= 1.3 x 10s?) (23)
CHOH + @M .0+ HQ (R34) (Ks.4 208 k= 9.60 x 1¢?cm® molecule! s?) (22)

The speed ofondehlead gagsedtthrough the pinhote,dvas 125 m
s* and therefore, the time taken from initial contact with NO, to sampling by LIF, was
2535 microseconds. With an oxygen concentration in the jet of LimolEule cri
and a room temperature @M + O, rate coefficient of 9.6 x 1cn? moleculé s* it
would take over 100 microseconds for one lifetime of this reaction. The reaction has a
positive temperature dependence and so its lifetime could be expected to be even longer
in the cooled jet. Bafe CHOH is formed, the initial OOGEH,OH radical reacts with
NO (with a rate coefficient of 9 x #@n? s*, and an NO concentration of 5 x4
; the | ifetime of this reaction in the

When this experimentas performed, the observed false, M@Id from the
reaction of OH and ethylene was equivalent to that observed for OH and hydrogen
peroxide. This observation of high levels of R@tion to OH, raised the possibility
that the NO reaction to reform OHaw not occurring in the jet. The timescale available

for Rt i tration to occur in the 6jetd (35 m
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of microseconds required for even minimal titration of hydroxyethyleneperoxydo HO
occur. In addition, wherthe reaction of ethane and OH in high oxygen was carried out
a high apparent HQield from ethylperoxy, radicals was also observed.

It was considered that this could be caused by NO reactions occurring in the
turbulent gas that preceded the formatidhefet expansion, and that this interference
could be masking the NO reactions in the 0je
occurring, the site of the NO addition was changed. The NO addition pipe was then

centered 10 mm (positionrZigure3.9) fromthe face of the pinhole directly under the

0jettingd gas. Thereby, i twithblQtoformPEHd t he ma]
woul d then occur in the 06jetdo itself.
PMT - 1 PMT - 1 PMT - 1 PMT -1 PMT -2

282 nm probe laser 282 nm probe laser

T 282 nm probe laser

NO/ N, Injection Pipe NO/ N, Injection Pipe NO/ N, Injection Pipe NO/ N, Injection Pipe

Position 1 Position 2 Position 3 Position 4

Figure3.9 The four different positions of the pipe for NO additiwsitions 13 were

all performed in the first OH LIF detection cell, while position 4 required the addition
of a second detection cell and separate imaging to detect OH beyond the breakdown
of the jet.

The reaction of OH with ¥#D,, ethylene, and ethamere again carried out. These
experiments provided an apparent vyield of OH from the titration of
hydroxyethyleneperoxy in agreement with that observed from the titration afdHO
again produced a high yield from ethylperoxy. The pipe was then mbeetduntthe
pinhole (position 3 ifrigure3.9), with sampling of OH at the furthest edge of the
sampling egion and the high false yield was still present for ethylperoxy and

hydroxyethylperoxy.

To explain these obsations, it became apparent that the LIF signal detected
must be influenced by a degree of interaction between #attingngas and the jetting
gas. In the turbulent outflow around the central cone of the jet expansion, there will be
stagnant and badking gas. In this flow regime, the eddy currents of gas had enough
time for efficient titration of hydroxyethyleneperoxy to OH. The OH was either being
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sampled by the LIF detection following titration within the eddy current gas, or was
diffusing intoh e &6 j et 0.
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.

Figure3.10 A schematic of the adapted FAGE twlt allows for simultaneous OH

kinetic measurement on the first OH detection axis, RMand HQyield detection

after titrtationof HQG 2 h1 F2ft2¢gAy3 (GKS oNBI |1 R2gy 27
axis, PMR.

To allow for effective titration of HQand to ensure that any added NO added
did not produce significant interaction with the gas being sampled in the jetting region,
the NOi nj ection pipe was situated well beyo
the face of the pinhole. This required alteration of thpresgure OH detection cell, so
that there were two OH detection regions instead of the initiahdiseshown ifFigure
3.10

Performing the NO titration reaction in this manner would not allow for the same
accuracy and time resolution for OH and: iH@asurement that would hypothetically
have been available in the jetting gas.
scrambling of the gas (non linear flow regime) that leads to a broadening in the arrival
times of molecules to the samplingrlaseditionally, a mass transport effect became
apparent where OH and H®ad differing arrival times; this differeisadisplayed in
Figure3.11
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Figure 3.11 Traces detected on the first and second detectors for consecutive
experimentBlack and red squares are OH signal detected onstlietéction axis,
they follow first order decays witahs= 3954+ 24 st and 4059t 22 s'. For the second
detection axis, black triangles, the loss of OH in the trace isxpmmential, withops

= 1842+ 34 s'. OH has a slower arrival time at-0.3 ms in the second cell to the first
cell which had an arrival time of 0.03 ms. Fer@H and H&race, red triangles, and
the subsequent HQrace, blue circles, the time delay between OH anda#@al to

the detection region is shown as a shoulder in the OH andréi€@. When the HO
trace was fitted with a growth a decay curve, @& formation rate wakHozform =
841+ 62 st, with an HRloss ofkHozioss= 47+ 2 st

I n the 6jetd, all mol ecul es travell ed
jet, molecules instead moved with an average velocity that dependednasshaand
temperature. This mass transport effect leads to a broadening of the arrival times of
individual molecules, and this produces the observed difference between the average

arrival of OH and H@at the second detection axis.

Notably, arrival at thsecond detection axis (15 cm) took significantly longer than
arrival at the®1detection axis (> 500 microseconds versus 35 microseconds). This delay
between initiation of the reaction in the flash and arrival at the detection axis had a
significant imact on the speed limit of the detectable kinEitgse3.11 Additional to

the speed limit being reduced compared td'tthetdction axis, a large reduction in OH
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concentration and therefore OH LIF signal occurred at much lower removal rates than
for the T'detection axis.

Because of the problems discussed above, OH kinetics are assigned only from the
1*'detection axis. iKetic parameters recovered fromyid@files from the 2 detection
axis were corrected using a parametrization of the difference in observed kinetics on the
1* detector to the observed kinetics on tHal@ector. The process of correction is
describedn section 3.3.2 and is illustrated gure3.14 & Figure3.15 Although
assignment of kinetics was not fully quantifiable, due to the low removal rate$ (<100 s

of HO; typical in the experiments carried B @ yields were.

3.3 Instrument Validation

3.3.1 Instrument characterization for Fdeld detection

The selectivity in measuring Hé@ncentrations plays an important role in the
viability of a detection method for monitoring reactions important for atmospheric
chemistry. At high pressures, the reaction of NO with many atmospherically refevant RO
species in the presence of oxygercesltllQ formation. This effect was minimized by
performing the titration in the lepvessure cell with the NO + H@®@eaction under
0Ostarved NOO conditions. This premise wa:
OH + ethylene HQ yields under high oxgtg conditions. In our system, the typical
oxygen concentrations in the Rmyhssure reactor were varied, at between *f antD
1 x 13° molecule criy which led to concentrations in the-faessure cell of 3 x *#0
to 3 x 13°molecule crh

Sensitivig in measuring OH yields can allow for the assignment of different
product or reaction channels for a given VOC. By measuring the reaction of OH and
methanol and varying the added oxygen concentration, it was possible to assign the
hydroxy and methyl akesttion channels. This meant that methanol and OH at low and
high oxygen was chosen as an ideal test case for assessing the sensitivity of the instrument

for the assignment of H@ields.
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3.3.1.1 Interference by ROspecies

The reaction of OH + ethane 3R) under high oxygen conditions permits the
rapid formation of the ethylperoxy radical, which is and®{@al that has a typical slow,
NO propagated, route to H@rmation (86 d R3.7).

CHsCH:0,+ NO GCHEHNO, (R36) Kag20sx= 8.70 x 182ce moleculé s?) (22)
CHsCH:O + 029 CBHO+HO,  (R37) Kaz208k= 9.48 x 165ci? moleculd s1) (22)

Under a variety of NO flows, the apparentMi@ld for the OH + @Hg system
was 3 £ 6 %, which indicates that for most reactions carried out in our system, chemical
transformation by reaction with NO was sensitive torat@er than R@species, where
the RQ radical was the product of &ldition to a simple alkyl radical

The reaction of ethylene and OH3@R in the presence of oxygen forms the
hydroxyethylperoxy radical (HOLHH,O,), and reaction of the HOGEH.O, with
NO in the presence ofQrovides a route for the prompt regeneration of OH. For this
reaction in the revised configuration for NO addition, an apparetettDof 100 £ 15
% was initially observed; however, by varying the concentration of NO dldelleavto
pressure celin our experiment between 5 x*and 5 x 18 molecule crf), the
formation rate of OH was reduced minimizing the apparent yield observed (< 70 %),(for
an NO concentration of 5 x fOmolecule crf), with the observed rate of OH

regeneration (<30)s

HOCHCH0:+ NO ¢ #B,CHNO; (R38)ks.g 208 k= 9.00 x 102cn? moleculé s?) (22)
HOCH.CH.O ¢ 0 HHOCH: (R39) kag208k=1.3 x 10 s?) (23)
CHOH+0.,¢ CH+HO; (R34) Ko, 208 k= 9.60 x 102cm® moleculé s?) (22)

Therefore, for test reagents that generate radicals similar to hydroxyethylperoxy,
our instrument will detect both H@nd RQ, with some selectivity for HGBut for
reactions that generate ratficsimilar to ethyl or methyl peroxy, this instrument will
selectively detect HO

3.3.1.2 Assigning accurate yields, OH + methanol

Measuring the reaction of OH and methanol with sufficient oxygen (R3) has a
wellestablished 100 % H@eld. Through comparison of the yields measured from the
reaction of OH with KD, and OH and methanol, the use gDklas a standard was

validated. Where the reaction of OH and methanol was carried out under lower oxygen,
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only the a brdaomidG genegatioh, mral ¢chus tle rsengitigity of the

instrument could be assessed.

The branching ratio for tteeabstraction to yield GBH (R3a) reported by the
IUPAC evaluation, and based on the experimental ddaGzHulleyet al.(24) is
a = (85+ 8) % at room temperature with tmethoxyyield as the remainder ¢1B)
%. Reaction 3 was studied at room temperature with the reaction being initiated by the
photolysis of KD, at 248 nm. In the presence of low concentrations of okyden
x 10®molewle cn¥), thea a b st r a c toipmmpt fermatiénlof HReaaRH,s
but R5, CHO + O,, occurs on a much longer timescale and was not observed under
these conditions. The observed-j@Id, (87 £+10)% wi t h t he €irstr or gi
row of Table3-1) isthe fraction of reaction R3 forming £HH and is consistent with
the IUPAC evaluation.

OH+CHOH ¢0HCHOH | CHOH+ 0,4 HB HCHO (fas) (R3a, R4)
OH+CHOH ¢ OHCHO | CH:O+020 H HCHO (slow) (R3b, R5)

Table3-1 HQ yields from the reaction of OH with §&HHwith varying [@] carried out
Hpp Y® ONNBNB 3IABSY ad u "~ o

[O/ HO: Yield (%) Average
molecule crh| Expt 1 Expt 2 Expt3 Expt4 HO: Yield(%)
<1 x 10 90 89 79 88 (87 £10)

2 x 10° 93 94 100 99 (97 £ 6)
103 97 101 97
8
6x 10 08 102 08 o8 (99 +4)

When higher concentrations of oxygen were used1@® molecule crf), the
timescale for HOproduction from reaction R5 decreases, and now both abstraction
channels led to H{@etection in our apparatus. The resulting observegiél®(second
row of Table 1) was consistent with 100 % conversion of OH40H@ measament
of a 100 % vyield for OH and methanol using the reaction of OH ¥@traklan internal
standard verified that this method of internal calibration was indeed valid.

In addition, the reproduction of the expected; Kields from the literature
branchingatios for the reaction of OH with methanol under varyisjgd€monstrated

that the instrument could be used to accurately measyyeetld® with high precision.
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3.3.2 Assessment of transport effects on observed kinetics

Due to the differingonditions in the two detection regions, the kinetics observed
at the first detection axis, where OH LIF was performed inpeded gas, and in
the second detection region, where LIF is performed 15 cm downstream from the pinhole
after the breakdowaf the jetting gas, will be treated separately. For validating the
accuracy of the OH kinetics in finst cell, the reactions of OH and methane)((29)
and OH and ethylene A&) (25, 26)wvere studied. The high accuracy and precision of
this setupdr measuring OH removal kinetics has been demonstrated in the work of
Medeirost al where the instrument was used to study the reaction of OH and isoprene

(GHs) and reproduced the literature bimolecular rate coefficient wit(2@)1 %

OH+CH.¢ #D+ CHs (R310
OH+CHs¢p HQHL (R32)
OH+CsHsd HGQH: (R31)

When these reactions3@® R3.10, R3.11) were carried out at rodemperature
the expected bimolecular rate coefficients could be reproducibly and accurately measured
for observed rate coefficients less than 150000 s

Studies on the reaction of OH and ethylene at room temperature and 2.2 bar,
shown inFigure3.12, gave a value df;>= (8.33 + 0.16) x I&cm’® moleculé s* ( 2 DZ
errors) which matched well with literature high pressure limits for OH and ethylene;
where a direct pulsed laser photolysis laser induced fluorescgruog stly (26)gave
ks2= (8.47 + 0.24) x 1&cm’® molecul@ s*, and a relative rate studyAtkinson and
Aschmann (25pundks. = (8.11 £ 0.37) x I&cm’® moleculd s*, and a direct study
using frequency modulated absorption spectroscopy and computational calculations by
Lockhartet a(28)gave a range fée.=(8.548 9.0) x 13%cn?® moleculé s* slightly
higher than the experimental value in this work. Howevegrsduddirst order rate
coefficients above ~150000 shere was no longer a linear dependence of the rate
coefficient with reagent concentration; transport effects are becoming significant even for
OH detection in the jetting region.
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Figure3.12 Bimolecular plot of the pseudust-order rate coefficient at the first
detector, k@n,1st VS the ethylene concentratioithe figure demonstrates a linear
relationshp below ~150,000 s (see inset for detail in linear region) but with
increasing curvature, due to transport effects at higher valug®@is® . £ I O1 LJI2 Ay
symbolize where the experimental rate coefficient was linear with the concentration
of ethylere, red points showed a greater than 5 % difference from linearity.

As the added concentration of ethylene was linearly increased, the removal rate
for the OH also increased linearly. Above 1G80the timescale of transport and
reaction began twverlap. As the removal rate was increased further, above3€h@00 s
peak OH concentrations in the hjglessure section could no longer be reliably assigned
from the OH detected in the legvessure cell. However, up to 160,8@@ekinetics of
OH loss and transport were still sufficiently separated in time to allow an accurate rate
coefficient to be assigned. Above 160;00@ simescale for transport and removal were
no longer well separated and the observed removal rate differed fromrémovaé
rate in the higipressure region. An example tiacghown irFigure3.13 whereabove
300,0005n0 observed increases in removal rate had occurred with increasing ethylene
concentration, which led to a 5Qd#féerence between the actual and observed rate for
OH loss. For the systems we studied, reaction of OH and precursor was kept below 2500
stand thus the range of rate coefficients that could be accurately measured in the first cell

was more thasufficiant.
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Figure3.13 The transport and loss processes in this decay have become conéated
simple exponential fit to the loss portion of the trace gives an observed loss rate of
300,000 swhich is lower than that expected from OH and ethylene (680,08
1022cme moleculer st, [CH]= 8x 10¢ moleculecm?).

The OH traces detected in the second cell deviated from those observed from the
first cell, as can leen irFigure3.11 There is understandahly increased time delay
from time zero (the photolysis laser pulse) to arrival of OH radicals at the second
detection axis, due to the increased distance travelled afiaggam®0 mm versus <
5 mm). Additionally, the arrival of OH to the second axis is spread out further in time
due to transport issues relating to bothlimear flow conditions at the breakdown of
the jet, and the arrival of the OH being affected bgldsity distributio(29-31) Figure
3.14 shows a plot of thebservedOH rate coefficients from the first detection axis
(kon,1s) against observed rate coefficients from the second detecti&Bnax)s for
values okon below 250075t was possible to accurately assign an expected OH removal
rate for reactions observed in the seconkeglhd, given the observed OH kinetics at
the first detection axikd,1s). This process allowed for comgen of the kinetics for

OH removal and H@production.
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Figure3.14 Relationship between the observed rate coefficient observed in the first
cell kon1s) and the observed Olkemoval rate in the second celofi2nd. The
difference is nodinear but a simple fit to this could be used to assign removal rates
to traces observed in the second cell below 2,500ke solid blue line is a nbnear

fit of the formp 02 p Q ° , where A was limit value above which no
increase in measured rate coefficient would be observed.

As mentioned above, the observed kinetics in the second cell are significantly
affected by the velocity distribution of the species being deteetedisTimerefore a
deviation between the observed kinetics expected from the measurement of the OH
radical loss, and the kinetics forH@mation due to the differing masses of OH and
HO.. The slower transport of H@ith respect to OH is apparent in the earlier example
trace,Figure3.11, where it leads to a shoulder in the OH and tree.Figure3.15
shows the pseudast order rate coeffigies for OH removal Kdd g and HQ
production K #3..n9 determined at the second detection axis, plotted against the OH

removal at the first detection axis.
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Figure3.15 Relationship between the pseudiost-order rate coefficient for OH loss
observed in the first cell (R1s) and the observed rate coefficients in the second cell
(1 2ndwhere X = OH or H0a nonlinear fit can be used to assign removal rates and
HO; formation rates to traces observed in the second cell below 2;50the red and
black fits to the data had a ratio of gradients of @6014, concordant with deviation
due to mass transport effects.

The two fits to the data shownFigure3.15had a ratio of gradients concordant
with the root of the masses for H&and OH, 0.60 = 0.14 versus the expected relationship
of 0.73. As witlirigure3.14, it is possible to establishadibration graph that relates the
kinetics of HQ@ production at the second detection axis with the primary kinetics taking
place in the high pressure reactor. This means that the timescale over whighelte HO
was observed could be assigned anddherefs possible to attribute H{elds to fast
processes, intramolecular-R@compositions or R +Qeactions, or to slower radical

radical reactions.

3.3.3 Assessing temperature gradients

The axial temperature measurements carried out earleangecis shown &sgure
3.5, showedhat there is a steep temperature gradient close to the face of the pinhole in
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the highpressure reactor. With respect to traces, detected distance from the face of the
pinhole is time in the measured decay. As such, a deviation in temperature vath distanc

could potentially produce a temperature gradient with time in the traces obtained.
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Figure3.16 A bimolecular plot for the reaction of OH and methane at 68 Xbar
using 193 1m photolysis of water as an OH precursor. Here the inset shows that even
at removal rates < 1000'she plot is still linear, indicating that within the measured
experimental timescales there is little deviation in temperature.

To assess the axial tenapere gradients in the gas sampled through the pinhole
over the timescales of reactions measured, OH and methane rate coefficients were
measured using photolysis of water at 193 nm as a source of OH. Using water photolysis
allowed for low removal rates@ifl by precursor and assignment of OH and methane
over a range of pseufist-order rate coefficientk 1) 1008 40000 $as shown in
Figure3.16. This was performed at two temperatures (505, 680 K), and ¢hefslop
observed OH removal rate coefficients against concentration of methane appeared linear
over the full range for both temperatures, thus verifying that over the distances sampled
within experimental timeframes there is a minimal temperature gradient.
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3.3.4 Influence of radical radical chemistry.

In general, work performed in the hpgghssure apparatus was carried out with
concentrations of OH in the low ¥2@m?®. The rate of typical radical radical reactions
are therefore in general much slowar tha reaction between radicals and the reagents
being studied. In the absence of a compound of interest however removal of OH by
reaction with the precursor was generally 3000 3; with an [IUPAC recommended
literature rate constant for OH and H®1.1 x 10° cn?® s* (1) radical radical chemistry

may become important as [QHEreases above the low ¥10r°,

When the system was modelled, it became apparent an effect from radical radical
losses should have been observed aryldlds. This effect would have been exacerbated
where experiments were carried out at 10Hz, through theupwid substantial
concentrations of HOpre flash. From a simple model of the system the apparent HO
yield in the presence of a large excess of methanol and with an OH concentration under
1 x 13Bcn® could be expected to be gretttan 200 %Eigure3.17.

|

[OH] - only H,0O,

10
A [HO,] - only H,0,
i 5 [OH] - with 1 x 10%® CH,OH
87 [HO,] - with 1 x 10*® CH,OH

1012 [x] (molecule cm)
N
1

T

T T T T T T '
0 2000 4000 6000 8000 10000 12000

Time (ns)

Figure3.17 A simulation of the expected H@eldsfor reaction of 9 x 26 OH with 1

x 10°HO0, with 6 x 188 Oy, in the presence and absence of 1 ¥h@ethanol. Where

the removal of OH by reaction with the iOH were includ® and accounting for the
loss of H@via reaction with H&) OH, CkD and diffusion.
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Taking several values of the pump laser power (1, 16, 5% mdditional HQ
yield experiments with methanol were perfdriReactions were carried out @itk
10¥cn® oxygen to ensure fast titration of:OHo HO, and to prevent any GBI+HO ,
chemistry occurring. From the OH removal kinetics a hydrogen peroxide concentration
of & 1.1 x 16°cmi® was assigned, where the pump laser power was 16 ped poise
the estimated OH concentration wag x 102 cm?® and the H@decay profile matched
the expected removal via H@O,this would produce. At a much lower pump energy
of 1 mJ cm per pulse the OH concentration was estimatedaalk x 18*cm?®. The
HO, yiebs collected from these two experiments were % at 3 x 18 cn®* OH
and (9% 7) % at 1.2 x 0cm® OH. An example comparison at 3 »*?Hn® OH is
shownasFigure3.18 In addition at 1.2 x $band 3 x 1& cn®[OH] no repetition rate
dependence on the observed,hifeld was observed, and as such anyupd HO,
before the flash when experiments were carried out at 10 Hz with respect to experiments

carried out at 1Hz doest influence the observed H@elds.

197 with 3 x 102 [OH],

0.8 4
)
S 06+ :
e >< )
a K
— 0.4+ ff *
c X
2 *
(7]
w 021 X HO, (3.27 x 10% CH,OH and 6 x 10 0,)
E’ % HO, (1.1 x 10'5 HOOH)
O 0.0-

-0.2 -

I i I i I i I I
-5000 0 5000 10000 15000
Time (s)

Figure3.18 A comparison of an H®ace with no methanol and 3.27 x¥@ethanol
both traces were taken with 6 x @, and 3 x 1& OH. The assigned K@eld was

F mMmnn 20

119



An additional yield was also measured for OH with 2.7 eniOH,0, and 55
mJ cnt of photolysis energy, with an OH concentration of 2.6%t0 (Figure3.19).
At this much greater Oebncentration the Hyield assigned was ©8) % and this

is close to the upper limit of the [OH] achievable in this system.

Fits to the tails of the H@races in the presence of methanol were not statistically
faster than for those taken with the esamadical concentrations in the absence of
methanol and this @bservable ifrigure3.18 andFigure3.19, in the similarity of the
shape of the tails. This confirmed that@M&asindeed efficiently titrated and was not

responsible for erroneously low H@elds from methanol being assigned.
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Figure3.19 HQ yields from experiments carried out with 2.7 ¥%18,0; in 6 x 168
2E@3ASy ¢ AdK ¥inttehpreence and abgenck of 51 MeOH. The

HGeASER 41 & FaaA3adySR a Fwmnn 3320

Doubling of the methanol concentration did not change the observed decay of
HO:. in the tails nor the peak H@oncentration assigned. The lack of a dependence on
methanol concentration showed that under our conditions, less than'1cmi*10

CH:OH, no significant complexation of K@ CH;OH occurred.
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In addition to differences in HOyields from the model, wleerOH
concentrations were varied between 1*a@ 5 x 1& cm® changes in the OH
removal kinetick{9 could approach 50 %. The hmessure system can precisely
measure OH removal kinetics within a precision sufficient to assign the expected
difference in removal rates if Qklaction wittHO; is a significant loss process for the

setup.

1350
" Koprnoo=1 % 1019 cm3 s
1300 - " Kopspor=0 x 102 cm3 st
" kobs

1250

1200 §
[

1150 ~ % [} "
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u

1100 H g

1050 H

1000

T T T T T T T
0.00E+000 5.00E+011 1.00E+012 1.50E+012
[OH (cm™)

Figure3.20 Varying the laser power between 0.75 and 16 n13 jpen pulsewith 6 x

10* cnr® HO,, the typical experimental conditions used in the kpgbssure system.

Any difference in OH kinetics due to OH and &3 within experimental errof.he
photolysis energy was varied by the introduction of meshes with 0, 1, 2, 3 meshes
providing the four different initial OH concentrations plotted above.

Therefore, experiments were carried out varying the pump laser power from 0.75
to 16 mJ cmper pulse at 6 x cn® H,0, (0.071.7E12 cm OH), and this produced
no observed OH removal kinetic dependence on poergykigure3.20. Experiments
were then performed at pump energies of 1 and 16 hpgcpulse with 1 x 1ocnt®
H-O, the change in the average values for the rate of QBL+¢turned were (1920
50)st at 3 x 1% cm® OH and (190Gt 170)s! at 1.8 x 18 cm?®, two example

experiments from these are showhigisre3.21
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Figure3.21 OH removal kinetics measured with the sameOfHand varied OH
concentration at 1.8 x 18 OHkops=(1883+ 90) stand 3.2 x 1 OH withkops= (1884
+17) st.

Experiments were then carried out varying the probe energy between 1 mJ and
60 mJ with 2.7 x ocm?® H,0,, where this was carried out a small dependence was
observed fokqss 0N radical concentration with a dependence of 1.4 mdl@cule cm
% s? on the OH concentrationfFigure3.23 The observed removal rate variance with
changes in OH concentration between 5%dr@d 3 x 1&cm?® (Figure3.22) cannot be
described well the rate coefficient for OH and Hi® greater than 1 x ¥0cnt®. The
increase in observed rate coefficient with laser power was in good agreesrsmipigth
model of the effect expected from the reaction of OH with OH. Therefore it is expected
to be responsible for only a small error in any assignedyiel@ds where OH
concentrations are kept below 1 ¥ &6 and OH and KO- is maintained above 1500
st
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Figure3.22 Expected and observed OH removal rates with 2.7"%ch@ H,O, and
1-60 mJcnT? photolysisenergy at 248 nmand 10HZThe introduction oD, 1, 2, 3, 4
meshes to reduce the photolysis light producted five different initial OH
concentrations plottedbove.

The assignment of a lower observed reaction rate of OH amdtoHO
complexation of Heto water would require far above the expected equilibrium ratio of
complexed H@and additionally no observed yield changes were present when the water

concentraion in the flow was changed by a factor of 3.

Additional experiments were rifl@arried out in a conventional sifbow low
pressure cell to measthe reaction of OH and B, at two photolysis energies (1 mJ
cnm? and 117 mJ cfp shown a&igure3.23 As with the higipressure system if the
reaction of OH with H@was the IUPAC literature value of 1.1*'¢67 s* then a large
deviation in the observed removal kinetics of 40 % have ocatees the ©
concentration was varied from 2.4%'16 2.7x 1&* cm® in the presence of 1.3x'10
cnt® H,O.at 400 mbar in Argon.
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Figure3.23 The observed OH removal rates atA.@* and 2.%103 cm® OH in 400
mbar of Argon with 1:8L0'° cnv® H.O,. A linear fit to the data gave (9.3146) x10-12
cn? stwith an average increase in observed rate of{T} %.

As can be seeniineplot where the series of experiments was cautedene
was only a small increase in observed removal rate, far lower than the expected 40 %
increase. Because the concentration 0t Maried slightly over the course of the
measurements only reactions taken consecutively should be compared angblicitly,
when this was carried out the increase in reaction rate due to a 100 fold increase in OH
concentration was (*17) %.This behavior was evaluatethg the same model as used
earlier but witthe pressure dependent reactamfigsted to 400 mbar. Whervalue for
OH + OH was set t& x 10*? cn? st in line with that expected from the combination
of the recombination reaction from Waggteal(2) and the IUPAQ1) recommended
bimolecular rate coefficienhen any observed difference in removal rates can be
explained as observation of @HDH, leaving a maximum value for @HHO; as <5
x 10" cn? s'. When the OH+ OH rate used was 4 x*f@n? s in line with both
IUPAC recommended valugdgthen a mximum value for OH and HOf (1+ 1) x
10*cn? s* could be assigned.
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Where the higher OH OH removal value from Wagredral(2) was used, the
highpressure experiments and thepogssure experiments were in perfect agreement
that the OH+ HO, removal observed was less than 5™ &6¢ s*. When the lower
OH + OH value from IUPAC was used, the slightly higher OkIrEl® obtained (@

1) x 10 cn? s?) in the lowpressure experiments would provide an improved fit to the
observed chemistiy the highpressure experiments than the literature value of 1 x 10
0 cm? st

That the reaction of OH HO; has no effect on the reaction of OH witiOkl
where the OH was formed from the photolysis.Gf.Hs supported by a previous paper
on the reamn of OH with HO..(3) In Wine et al. the removal kinetics were not
perturbed by the addition of;@ increase the initial H@oncentrations and OH
concentrations with respect to theORH concentration. In this work radical
concentrations were in the rang8)(x 102 cn®for OH and where ©was added this

increased the [OH] by up to a factor of 9.

This work verified that for the highessure system when the photolysis energy
was kept low 30 mJ cfiyradicakradical reactions did not influence the observed OH
removal kinetics nor the H@ields. However, where higher photolysis energies were
used OH+ OH loss both perturbed the observed OH removal rate widh, ldnd
introduced a smalleviation in the assigned kHyelds that can now be accounted for

within the analysis.

3.3.5 Ethanol and OH evaluating & product analysis and Eelds.

Running the PTR under the modified conditions (3.0 mbar PTR reactor and high
H-O flows), acalibration plot of the acetaldehyde concentration delivered through the
highpressure system, against observed counts was estdhtjsleti24. Both the
parent mass (m/z 45) and the respective C13 peak (m/z 46) were plotieekeltiear
within the range of added acetaldehyde (B3 6 1.75x 10 molecule crf) indicating
there were no overload effects over this range of concentrations. Both the acetaldehyde
calibration and the OH and ethanol experiments were carrietho®T®R conditions
of 79C , 2.4 mbar, and with an entry voltage
82 Td.
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Figure3.24 The observed change in PVIS peak areas observeder a range of
added acetaldehydavhere both the parent mass (m/z 45) and tRépeak (m/z 46)
showed a linear relationship with added acetaldehyde indicating there was no
overload affects within this range.

Photolysis experiments were performedyusith tertiary butyl hydroperoxide
(tBUOOH) and hydrogen peroxide,@H) as OH precursors. The experiments were
carried out with a high oxygen concentration508 moleculent®) to ensure that
radicals formed from the abstractions were intercepted.highadded oxygen
introduced did provide the potential that the minor abstraction could be completely
converted to glycoaldehyde (m/z 61); however, this was not calibrated as the low volatility
of glycoaldehyde made producing a known standard complex.

The repetition rate of the photolysis laser was varied and the effect on the
observed acetaldehyde counts was measured, and are pligtieeBi@5. Fa the range
of repetition rates tested (@5 Hz) there was a linear relationship between product
formation and repetition rate. For the reactor setup used during these experiment, the
time for transport through the photolysis region was 3 seconds,saieti,aabove 0.33
Hz multiple photolysis events would have occurred for the gas being sampled. For

experiments carried out at 0.4 Hz and above, the response in formation of acetaldehyde
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remained linear with repetition rate, which meant that althougghenpiibtolysis events
occurred, these did not significantly influence the observed chemistry.
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Figure3.25 PTRMS observation of acetaldehyde formation versus repletioii mate.
LHS plot, black, shows an experiment carried out with tBuOOH as an OH precursor
plotting acetaldehyde formation from the reaction of OH and ethanol (1.0
PR vmoleculecmy Ay (G KS LINB & Sy OFmdetule@d.dte Blgf ond p do  F
the RHS, redhews theNB | O A2y 2F hl +moRcul&cmKihtifez t 6 H P
LINBaSyOS 27T mrslécHnf) ovepa®ange Bf rapetition rates (055
Hz) with hydrogen peroxide as an OH precursor. Dashed lines represent the expected
response fronthe expected OH concentration generated.

For reactions where the ability to assign product formation required that only a
single photolysis event had occurred, the maximum repetition rate was 0.3 Hz. Once the

preheated region was removed, the maximuniticgpete was increased to 1 Hz.

The expected yields of acetaldehyde from OH and ethanol using@cdindH
tBUOOH as OH precursors were calculated in the following manner. Fgsiftben
the removal rate in the absence of ethanol was measure@, this was 956 24 s
With Kon+Hzo2= 1.7 x 102 cn® molecul@ s* (33) this gave [KD;] = 5.6+ 0.6 x 10*
molecule cm The laser power was measured, and at 248 nm this corresponded to 2.43
x 10* photons cmi. At 248 nm HO- has an absorption cresaction of 9.25 10%°cn?
moleculd (34)giving 0.0022 % photolysis. The photolysis of hydrogen peroxide has an
OH quantum yield of 2. The OH concentration (2.%216)x 10" molecule criwas
then derived by combining the pigsis yield with the hydrogen peroxide concentration.
The alpha abstraction that leads to acetaldehyde formatior{3ds)as9@ therefore the
expected concentration of acetaldehyde wag (@.B&)x 10°molecule crh The same

calculation was theerformed for tBuOOH.

When the expected acetaldehyde concentration was combined with the gradient

from the calibratiograph,Figure3.24, an expected relationship between counts and
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repetition rate was generated. This expected relationships is plotted as the dashed lines in
Figure 3.25 whee they compare well with the linear fits to the observed product

formation.

The gradients of the linear fits, to counts against repetition rate, combined with a
throughput time of 2.98 seconds gave single photolysis event yields. For tBuOOH, the
yield of aetaldehyde per photolysis was (8.4810)x 10 molecule criwhich
compared excellently with the expected yield of{®.38)x 10** molecule cm The
acetaldehyde yield from the reaction carried out with hydrogen peroxide w8s0@)28
x 10" molecule criwhich again compared excellently with the expected yield of (2.31
+ 0.16)x 10" molecule cm

Instead of comparing the observed and expected tielbdsanching ratios for
OH and ethanol were experimentally assigned from #reedbgields. Using the results
above, the a branchi &@ %fromathetexperimentcarded as si gne c
out with HO- as the OH precursor, and93 % from the experiment carried out with
tBUOOH as the OH precursor, where the errors are gsv2rsigma. Using the average
of the two experiments, gave an alpha abstraction branching ratie: &.00&hich is
in excellent agreement with the previous experimental value published by Carr et. al. of
0.92 + 0.08(35) which was derived from atalked kinetic study using isotopic
substitution.

Adding HQYields for the reaction of OH and ethanol can provide similar insight
into the OH and ethanol branching ratios. As stated previously, the branching ratios for
the reaction of OH with ethanol @&re 92+ 8% at room temperatukeith theb yield
as 106 %.(35)In the presence siifficientoxyger(>5 x 10" moleculem?) thea-
abstraction leadls prompt formation of HQwith theAabstraction leading to the
formation of an Re&radical.Therefore, thexpected He@yieldisthe alph&ranching
fraction, but the experimentally observed yield can include interference from

hydroxyethyleneperoxy radicals.
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Figure3.26 The OH traces and resultant OH from tHi&res associated with H{jeld
assignment for an OH and ethanol measureman(2.55 bar9.2 x10s molecule
cms ethanol, 5 XL0*# molecule cm oxygen, 8 A0 molecule cmH.O,). Processing
these traes gave an OH +® contribution of 2 %, when this was accounted for an
HQ yieldfrom OH and ethandaf 91 %was assigned.
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Experimentallythe average HQield assigned to the traces ®as12%; an
example experiment included in this averagieosn agrigure3.26. The excellent
agreement between the expected and measured values validated the accuracy of this
method for assigning H@ields, even in the presence of radicals that have a known
potential for ingrferences. Using the reaction of OH and ethanol, the ability to couple
accurate engroduct analysis, from both THRMS measurements and Hgeld
detection, to the higbressure system for collecting OH removal kinetics has thus been
clearly demonsted.

3.4 Summary

The importance of understanding the temperature of a flowing system has been
discussed, and the use of chemical thermometers paired with thermocouple
measurements has been validated for OH and methane. The temperature dependence of
this reaction allows for the precise assignment of elevated temperatures, without the
requirement to mechanically probe the gas in the reaction region. In addition, for the flow
conditions assessed via the reaction of OH and methane, there was no observed
tempeature gradient for experimental timescales ranging between 100 microseconds and

95 milliseconds.

The effect that back streaming of sample gas into the corona discharge as a source
of both mass peaks and fragmentation in-lABRneasurements has been lgigted.
The use of higher reactor pressures, and higher flow rates of water through the discharge
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region, has been demonstrated to reduce fragmentation. Although, this was paired with a
reduction in the ability to ionize particular compounds, includingidehyde.

For the measurement of H@elds, the ability to selectively detectéi@r RQ
has been shown by the reaction of OH with ethane, where ethylperoxy titration was a
minor interference (<5 %). The ability to mitigate the interference from speltias
hydroxyethylperoxy. The timescale of OH regeneration from thevé&Oslowed
compared with that regenerated from.H® performing the experiments under a

6starved NOO environment .

The validity of using the reaction of OH witfOklas the 100 % HOyield
standard was clearly demonstrated by comparison with the test reaction OH and methanol
in high oxygen. In addition, for the reaction of OH and methanol under varied oxygen,
the time resolution of the H@etection was sufficient to differentiaetthio routes to
HO, formation. Where the alpha abstraction produeDgHand the beta abstraction
product CHO have well separated reaction rates with oxygen, the diffesipigl|E©
from low and high oxygen experiments showed the high precision ehthl®hyields
could be defined. For reactions carried out with a photolysis laser power omder 50
cn?, radicalradical reactions negligibly influence any observed OH removal kinetics and

had no influence on the assignment of f€lds.

For thereaction of OH with ethanol in the presence of oxygen, the simultaneous
measurement of OH kinetics with the detection of anyi¢f@ provided the alpha
branching fraction. Where the H@eld 91+ 12 % is in agreement with product
formation observed by RAITOF-MS 92+ 4 %. Comparison of these with the literature
ratio from Carr et al. 92 + 8 % validated the ability of this instrument to provide
branching ratios from both PTR product studies, and/ié{ds.
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4 Application of the system for OH and-HO
measurement to butanol oxidation

4.0 Summary of chapter 4

OH and HQ radicals are closely coupled in the atmospheric oxidation and
combustion of volatile organic compounds (VOCs). Simultaneous measurement of HO
yields and OH kinetics can provide the ability to assigpetiéic rate coefficients that
are important founderstanding the oxidation mechanisms of VOCs. By coupling a
FAGE LIF detection system, described in detail in chapters 2 and 3, for OH.and HO
with a highpressure laser flash photolysis system, it is possible to both collect high
precision pseudo firstder OH decays and to determine i{@lds via time resolved
measurements. This time resolution allows discrimination between prigfisosnie

target reaction and secondary production from side reactions.

As an application of the new OH and Hi&tument, the reaction of OH with
n-butanol has been studied at 293 and 616 K. The bimolecular rate coefficient for OH
and butanol at 293 K, (9.2 + 0.4) x*3€* moleculés?, is in good agreement with
recent literature, verifying that this instrumentngaasure accurate OH kinetics, in
addition to measuring H@ieldsAt 616 K the regeneration of OH in the absence,of O
from the dec onydosy radical, wasobserved) ehict allowed the
determination of the fraction of OH reactingathes i t e (0. 24 N 0.04). Dir
ofthe HOpr oduct in the presence of oxygen has
branching fractions (0.57 + 0.06) at 293 K and (0.54 + 0.04) at 616 K); branching ratios
are key to modelling the ignition delay tomés t hi s pion @ nlhii @afl u &ld.r o p

4.1 Introduction

4.1.1 OH and H@etection by LIF from a high pressure reactor
In Schemel.1, the reaction of alkoxy radicals with molecular oxygen is a major

route to HQformation; howevethis is not the only significant HfGrmation process;

for example, in the atmospheric oxidation-btitanol, HQ can be formed via two

di fferent mechanisms. Abstraction by OH at t
with oxygen to directly produce H@nd nbutanal (R.1a, R2) whereas abstraction at

other sites leads to alkylperoxy radicbds(%) formation with varying fractions of the

RO, forming alkoxy radicals, and subsequent(BOn a longer timescale.
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OH + CH:CH.CH.CH.-OH ¢ ;@HCH.CHOH + H-0 (R41a)
CH:CH:CH.CHOH + O2¢ HALO CH:CH:CH,CHO (R42)

0, o

S

NO, NO

MO Products
VOC
o, R027—§> RO 0,

NO NO,

e

0, O,

3

3

Schemed.1 A simplified tropospheric HOx cydeowing the importance of these
shortlived radical species both to the chemical removal of VOCs and the formation of
ozone.

The fraction of alkoxy radicals formed depends on the mechanism of RO
removal (reaction with NO or self or crosactions) and the yield of Hfbom the
alkoxy radical depends on the competition between decomposition, isomerization and
reaction with @ which in turn will depend on the structure of the alkoxy radical,
temperature, pressure and concentration of oXgyemherefore, in order to determine
the HO, yield from the OH initiated oxidation of compounds suchbagamol, it is

important to have a selective, sensitive and time resolved methodlefdd@on.

HO, detection by LIF can be potentially sensitive to interferences from certain
RO, species which may also be converted to OH on short timescales. As has been
discussed earlier in chapter 3, interferences can be minimized by short conversion times
between NQnjection and OH monitoring, utilizing low pressures, high flow rates of the
sample gas, and low NO concentrations to separate OH generation frand HRD,
reduced conversion of H®@educes the sensitivity of this technique and as such in

practice a copromise between selectivity and sensitivity i2Sgd

This work describes the study of OH initiat&ltanol oxidation, carried out in
the FAGE based instrument for OH and Hi2tection described in Chapters 2 and 3,
which is itself a developmentamearlier FAGE based instrument for #iesolved OH
detection(6). In this improved system, laser flash photolysis in a high pressure (up to 5
bar), temperature controllable (8@DO0 K) reactor generated radicals which were then
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sampled through a piolle forming a jet within the low pressure detection region. OH
radicals were monitored by LIF close to the pinhole. The jet breaks down after ~20 mm
and NO was injected after this point to convert somgiit® OH, which was then

detected by a second moriitg system.

OH + n-butanol

abstraction sites H, H 0, HO
RO, & H H, a H C/C\C/(':\OH / 2
3
H,¢” - >c” “OH v H,
3 H, \ H, H, /
C C
H3C/ N~ \OH
H
EZ 22 4/5 2 H}‘ Hz Hz
H,C” ¢ oM B PPN 0,
o .
AZ/ 2 H, H5C ﬁz o
RO H, H T
2 2 2 0, HO,

A c...c
OH-— HyC™ \ﬁ/ “oOH — P RO,

Scheme,4.2 VThe potential sites for OI,-I abst[aqtion§ in the oxidatiorlrh)litanol.AOf ) o

LI NI A Odzf | NJ AYLEZNUFyYyOS uz f 20 U SYLISNI} GdzNE O2Y

TN OuAZ2ya ¢gKSNB " ldaul O]l ftSFRa 02 OKFEAY AYyKA
The branching ratios for the sites of OH attack-botanol, apresented in

Scleme4.2, are of significance to the modelling of the ignition delay timesutamol

(7)) Abstractions at the a4 and OH positions ar

temperatures due to the formation of the relatimett HQ radical, and abstraction at

the A site leads to chain propagati on, thro

i nstrument permitted determination of the at

leads to prompt HOformation in the presence of;Cat elevated temperatures

biexponential fits to nesingle exponential OH loss traces in the absencdqaiedto

decomposition of the Abuteng)dllowed for attaskchitteal t o OF

A site to be measured

From the work carried out on OH and methanol and OH and ethane described
in chapter 3, it is believed that for simple R@icals this instrument can selectively
titrate HQ to OH. However, for OH and ethylene the assignegyi¢@ was caused by
the ttration of hydroxyetheylene peroxy. Studying the reaction of OH and butanol
provides a potential interference where abstraction from the beta position can lead to the
formation of an allylic hydroxy peroxy radical, at higher temperature the R radical
deconposes to recycle OH and so cannot lead tofét@ation. By measuring the HO
yield as a function of temperature, assignment of the influence of #pe&€> on the
observed HQyields can be assessed.
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4.2 Experimental results

4.2.1 Room temperature Giihetics
At room temperature under psedilst-order conditions ([OH] < 3 x 19

molecule c [n-butanol] > 1.5 x I@molecule cr¥), the OH loss traces recovered from
the first detection axis from the jet expanded gas corresponded closely to single
exponential decays. These decays relate to the overall loss process for the reaction of OH

with n-butanol:

OH + n-CHOH Y H.0 + isomers of ¢H0 (R41)
9000
Komsn-cangon = (9-24 = 0.40) x 102 cm® molecule™ s? (low O,)
8000 4 Kopsncanoon = (9:23 £ 0.15) x 102 cm® molecule™ s (high O,)
7000
6000
FI| p
~ 5000 /a-
% ] / 1.004 .
s X :
T _ > :
_5 4000 L 2075
X 1 5 k'=7042% 133 s
3000 % 0.501 FC])%]US g]x_lg1§ ;gl:)ecu[;:eotl;:gle .
] S 0.251
2000 8
1 g 0.00+
1000 -
] 0.25 : -
0 Time (ms)

: : : : :
0.00E+000  2.00E+014  4.00E+014  6.00E+014  8.00E+014
[n-C,HgOH] / molecule cm™

Figure 4.1 Plots { &R 1st against the concentration of butanolt two oxygen
concentrations, < 5 x 10molecule cr® and 1.2 x 18 molecule cn?. Bimolecular

rate coefficients were taken from the slopeg@24 + 0.40) x 1¥cm?® molecule! st

under low oxygen conditions (black symbols with 95 % confidence limits), and (9.23
0.15) x 16%cm?® molecule* s* under high oxygen conditions (blue symbols with 95 %
confidence limits). The inset shows a typical OH temporal profile at the first detection
axis.

The resulting rate coefficients were plotted against the concentration of butanol,
in the presence of bokbw and high oxygen, as shawfigure4.1 (low oxygen < 5 x
10 molecule criy high oxygen 1.2 x ®@nolecule crf), wherekons= ki % [butanol],
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giving a resultant bimolecular removal rate ©19.24 + 0.40% 10*2cn?® moleculé s

! under low oxygen conditions, dad= (9.23 + 0.15) x 1I&cm® moleculé s* under

high oxygen conditions. The good agreement between the measured rate coefficients with

varying [@ verifies that, as expected under our swpatal conditions at room

temperatur e,

t he
to OH and butl-ene. The resultant combined data gives an overall 293 K bimolecular

R radical

formed from

rate coefficient for OH andlyutanol oky= (9.2 £ 0.5 10"? cn?® moleculg s*, which
is in excellent agreement with the recent work of McE&lll(l) of kpi,206= (9.68 *
0.75) x 10?cm® moleculé s

4.2.2 Room temperature H@esults
Experiments were carried out in high oxygen conditiond@d 1.2 x 1¢°

molecule cr¥), at 296303 K, and high pressures (182000 Torr) of Nbath gas using

photolysis of hydrogen peroxide at two different wavelengths (248 nm and 266 nm), and

the resulting Heyields are shown Trable4-1. The resulting H&yield was determined
to be (5& 7) % at 266 nm, an8%+ 12) % at 248 nnA\s there is no significant variation
in the yield with laser wavelength or power, the da@blm4-1 can be treateds 12

independent estimates of the yield, giving an averaggtld®f 57% with a standard

error (95%) of 6%. Thereforender the experimental conditions (pressure >1800 Torr,

[O7] > 3 x 10" molecule crf), the HQy i e | d,
abstraction site, was (57 £ 6) %, with a minor contribution from abstraction from the

whi ch

originates

hydroxyl group. The yield assigned is in good agreement with Mt@i{E¥57%,and

Cavallet al(8)52+ 7 %.

Table4-1 HO yields from experiments carried out at room temperature (2298 K)
with reaction initiated by photolysis 0f® at 248 nm and 266 nm.

HO, Yield (%) Average
Laser Expt Yield
wavelength/nm Expt1 | Expt 2 3p Expt4| Expt5 | Expt 6 | Expt 7 (%)
266 61+7|54x4| “2F |56+7|54x7| °/* |66+6| 5827
248 63+2|68+2 4%1 52+5| 495 55+12

Experiments were carried out with photolysis at 266 nm and at a variety of laser

t

energiegrange) at 248 nm, the yields remained consistent with photolysis wavelength and

power. Varying the laser power did alter the profiles of thér&t®s recovered; the

growth rates remained unaffected but the tails changed; decreasing laser power slowed
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the removal rate of HGfrom greater than 100 ® under 109 showing that radieal
radical processes are the main source efl¢$® from the system. If radicadiical
reactions were an important source of any observediel® changing laser power
would have altered the H@eld and additionally the H@rowth kinetics.

4.2.3 Higher temperature HQ yield and OH recycling

1.0

0.8

o
o))
ol

OH (arbritrary units)

OH (arbritrary units)
o
N

o
N
L

070 Gy

! I ! I ! I ! I ! I
0 1000 2000 3000 4000 5000
Time (ns)
Figure4.2 An example of the OH signal collectedlet first detection axis for the
reaction of OH with4butanolé wy . dzh | 8 '°>rRolecuk® o, & 618 KThe inset
displays a magnified view of the 2.5 ms of the dedde black line represents the

least squares fits to an exponential dedayXst= (6780 + 380)7%, with the blue line
representing a béxponential fit K17 piexp,1s= (8190 + 180)9).

The R radical for med f rGQHEHCGHDSB)tcanact i on
regenerate OH and form ibatene Scleme4.2, in the absence of added oxygen. This
process was not observed at ambient temperature3052%3 but at elevated
temperature§16 Ko 660 K,the OH loss observed at the first detection axis was no
longer well described by a single exponential loss prdéigsse 4.2. The non

exponential decays formed were due to OH beinmed following decomposition of
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the A R radical. Biexponential fits to the r
the A branchingTdbled®cti on as (23 N 4) %,

Table4-2 OH recycling and H@ields from experiments carried out under elevated
temperatures (> 600 K) all experiments were carried out with photolysis at 248 nm.

Temperature Fraction of OH| Observed

(K) returned (%) HO; Yield (%)
616 242 +41 54+4

622 244 +49

636 25.7+£5.6

657 18.1+4.0

The HO, yield measured at an elevated temperature (616 K), where OH recycling
was also observed, wasts1% (Table4-2) which is withirerror of the value (57 + 6
%) measured at room temperature (293 K), although it is not possible to partition the
HOyi el d between a and OH abstraction. Over
branching ratio for OH att alkdly toaremaihhe a pos
unchanged. With the sum of the & and A site
remai nder bei Thesetresudts artexeechedt agieermenttofahe product
study of Cavalit al(8)which found%2N 7 ) % & butanabproducttyield arB(
N 4) % A from the propanal vyield using FTIR
McGillenetal(1)( 57 % & and 26% A) . efdi@foundddduct study
4 % & and 19 N 2 % Aounve’pkrimensal valles buttare withie | owe r
the combined error ranges. However, it shoul

23+ 4 % measured in this study was obtained at elevated temperatdré80 a6

4.3 Summary

It has been demonstrated eattiat this instrument can reliably assigayds
and simultaneously measure OH kinetics (Chapter 3), here it has been shown that this can
be carried out even under conditions that include high temperatures and high oxygen
concentrations, which could bhallenging for other detection systems. Such conditions

are important for exploring key combustion chemistry reactions, and for converting slow
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atmospherically relevant processes to the microsecond timescales required to minimize
secondary or heterogens chemistry.

For the reaction, illustrated in this chapter of OH with butanol in the presence of
oxygen, the simultaneous measurement of OH kinetics angidif3 can provide
important sitespecific information, which is important to the modelling of its application
as a fuel. In other systems, the onset offei@ation could allow for the assignment of
new channels becoming important within complex menhgpotentially allowing for

verifying the onset of OOQOOH chemistry within OH regeneration processes.

141



4.4References

1.

MCGILLEN, M.R., M. BAASANDORJ and J.B. BURKHOLDER. ®asse
Rate Coefficients for the OH +,n-, s, and {Butanol Reactions Me&ast
Between 220 and 380 K: NAmrhenius Behavior and S8pecific Reactivity.
The Journal of Physical Chen268t$A 122), pp.4638656.

ORLANDO, J.J., G.S. TYNDALL and T.J. WALLINGTON. The atmospheric
chemistry of alkoxy radicalhemicRleviewd003,10312), pp.4654689.

FUCHS, H., B. BOHN, A. HOFZUMAHAUS, F. HOLLAND, K.D. LU, S.
NEHR, F. ROHRER and A. WAHNER. Detection of Hy laseinduced
fluorescence: calibration and interferences from r&ficals. Atmospheric
Measuremenhiiiggie20114(6), pp.1209225.

HARD, T.M., R.J. OBRIEN, C.Y. CHAN and A.A. MEHRABZADEH.
Tropospheric Fremdical determination by FAGIEnvironmental Science &
Technolp@9841§10), pp.76877.

WHALLEY, L.K., M.A. BLITZ, M. DESSERVETTAZ, ®.. SEAKINS and
D.E. HEARD. Reporting the sensitivity of laseuced fluorescence
instruments used for HQletection to an interference from R&dicals and
introducing a novel approach that enables & certain ROtypes to be
selectively measurefitmospheric Measurement Tel0iigi6€k2), pp.3425
3440.

STONE, D., M. BLITZ, T. INGHAM, L. ONEL, D.J. MEDEIROS and P.W.
SEAKINS. An instrument to measure fast gas phase radical kinetics at high
temperatures and pressuReview of Scientifianmst201687(5), p.054102.
AGBRO, E., A.S. TOMLIN, M. LAWES, S. PARK and S.M. SARATHY. The
influence of fbutanol blending on the ignition delay times of gasoline and its
surrogates at high pressufFesl 2017187 pp.211219.

CAVALLI, F., H.GEIGER, I. BARNES and K.H. BECKER. FTIR kinetic,
product, and modeling study of the -@iated oxidation of-fhutanol in air.
Environmental Science & TechOORRHY6), pp.1263270.

HURLEY, M.D., T.J. WALLINGTON, L. LAURSEN, M.S. JAVADI, O.J.
NIELSEN, T. YAMANAKA and M. KAWASAKI. Atmospheric Chemistry of
n-Butanol: Kinetics, Mechanisms, and Products of Cl Atom and OH Radical
Initiated Oxidation in the Presence and Absence of N@xJournal of Physical
Chemistry, R00911825), pp.702T020.

142



5 An experimental and computational study of
the OH initiated oxidation &@MF

5.0 Summary of chapter 5

This work provides a summary of an extensive body of work studying the reaction
of OH and dimethyl formamide (DMF). Direct OH kinetic measurements over an

extensive temperature range 8680 K), and pressure rangé {800 Torr) for DMF
0.

gave kon+pwr13.110 %%)8 S7- 160 | e's'y Iwith an ambient

temperature value &fos = (1.30 £ 0.12) x 18 cn?® moleculé s*. For DMF, OH

kinetic measurements were coupled to product studies via sampling wtRERTOF

MS, and indirect HQletection via titration to OH. The experimental work on OH and
DMF was supported @b initiealculations and master equation work that allowed for
evaluation of the routes to OH regeneration that were observed at temperatures over 450
K. From fitting tleseab initicalculations to the experimental data for DMF thet&O

QOOH isomerisation barrier was assigned as (107.8 = 1.3)'kanchéhe QOOH
decomposition to OH barrier as (90.3 + 26.0) k3, mdth respect to the zero point
energies of the well

5.1Introduction

The study of hydroxyl radical (OH) reactivity with amides, in particular N,N'
dimethylformamide (DMF), the structure of DMFsi®wn inSchemeb.l, is of
atmospheric importance. Notably, amides are often importanviohigie industrial
chemicals (>220,000 tonnes of DMF is produced per year wor(d)yithey are also
products of the oxidation of more reduced nitrogen compounds (including amines used
for carbon capture and storag2g) and amides are often released from the degradation
of organic matte(9) Amides have not been the subject of the same number of studies
as alcohols or aldehyd€k0) Additionally, there is evidence that the OHaieitl
oxidation of amides can lead to the formation of toxic and carcinogenic products, which
include isocyanates, nitramines and nitrosor(8r&<s1019)

Previous studies on the OH initiated oxidation of DMF have been performed at
room temperature. Thaénetics of the reaction of OH and DMF have been measured by

relative rate methods, with several different reference compounds byesaligeét.4
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+0.3) x 10 cn® moleculé s (18) and by direct measurements as (0.80 +0 .26) x 10
cn’moleculés?, by Bunkamt al(20)The work by Bunkagt alwas performed over the
temperature range 26@95 K. This work focuses on extending the temperature range

from room temperature up to 600 K.

Schemeb5.1: The initial alkyl (R) radicals formed from the OH abstraction from
dimethylformamide (DMFBranching fractions are taken from Bunkan et al. (22)

/ \ o
°| o on ﬁ CH3

R (HCONMeCH,,
HCONCHZMe)

CH3

R (CONMe,)

Product studies by Bunkanal showed high branching ratios for the aldehydic
abstraction (65 %R0)as showin Schemé.1. Underambient conditions, abstraction
at the aldehydic position leads to the formation of an N centred radical. N-aeicted
react slowly with oxygéh3, 21and as such reactions with NO and:Ild€come more
important, and these lead to the formation of nitramines and nitrosa(tine22)
Nitramines and nitrosamines are highly toxic and carcinogenic conip®uBjsT hat
OH initiated amide oxidation appears to have a high potential for the formation of
nitramines and nitrosamines in high NOx environn@dtScheme.2, is important.
Formamides can be formed as a secondary products from amines released by carbon
capture and storage (CCS) pld8i2428)which are typically high NOx environments.
The majority product formed from abstraction from the methyl groupsamblient
conditions has been shown to béokinyFN-MethytFormamide(10, 20)
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Figureb.1: PES showing the energetics of the different abstraction reactions for DMF
+ OHwith a low barrier for the aldehydic abstraction and the equivalency of the

energies of the two isomers of the methyl abstractions alkyl radical. Taken from
Bunkaret al. (22).

Schemeb.2: The aldehydic absction channel under atmospheric conditions from
Bunkaret al (22).
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This work also explores how the oxidation pathways change with temperature,
this could be of importance if the disposal of degraded amine washsssltdibe via
incineration and for the chemistry of biomass combustion plumes.

Computational work published by Bunktal(20)provided a potential energy
surface (PES) for the abstractieaction Figure5.1, and for the subsequent oxygen
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addition surfacefigure5.2, at the CCSD(T*r12a/augcepVTZ/IMP2/aug-ccpVTZ
level.

The work by these authors, focussed on atmospheric conditions; a significant
barrier to the isomeason of the R@to the QOOH radical and a large barrier to R

fragmentation under atmospherically relevant temperatures meant further reactions were
not of significant impact to their work.
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Figureb.2: PESor the R+Q@surface following abstraction at the aldehydic site. Taken
from Bunkaret al.(22)

This work explores a higher temperature regime than Barddamd, as such,
the computational work has focussed on studying key steps withemfmevature
combustion systems. Particular objectives include studying the R (amidyl) radical

decomposition reaction and the ability of the system to recycle OH, where OH

regeneration from the RQ@amidylperoxy), QOOH (hydroperoxyamidyl) and
OOQOOH (hydroperoxyamidylperoxy) radicals is consid@teaivn asSchemes.3),

overa variety of oxygen conditions, and over the temperature rany65360.

The ability to reform OH from RCQand QOOH radicals and the ability to
intercept QOOH radicals with,@o form OOQOOH are of great significance to
combustion modellin(29-36)The stability of the QOOH radical formed from the amide
relative to the RQand the significant barrier to QO@Ecomposition from Bunkaah

al (Figureb.2), (20)would allow for the QOOH radical well to be populated and as such
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for QOOH to be efficiently intercepted by oxygen even at elevated temperatures (> 500
K).

Schemeb.3: The structures of stationary points on the R>#PES for the aldehydic

abstraction as shown in Figurgvdth the addition of QOOH interception by O
/e
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It followedthat, by varying the oxygen conditions and observing how this affected
the OH return rate coefficient and the Helds, would allow for parameters to be
assigned for interception of both the R and QOOH radicals by oxygen. Direct
observation and assignimehthe kinetics of the QOOH radical formation and of the
QOOH + O; reaction is an important area of st{B8fy 37that so far has been limited
to systems where the QOOH radical is not formed from the interception of an alkyl
radical by oxyge(88)or to systems where the QOOH radical is stable towards reaction
with O,, (39) or rapidly decomposes before reaction withvl@@re rate of QOOH
decomposition is fast with respect to QOOH #(@D, 41)

5.2 Experimental results
Data were predominantly collectedhe highpressure reactor system for OH

and HQ detection that was coupled to a PIIBF-MS for eneproduct analysis,
additional OH measurements were performed in a conventicpatéswre quasiatic
cell. Delivered concentrations of dimethyl fontb@nvere calculated from the Antoine
equation, o g ( P/Ab[aB /) ( BZ )K]usihg A = 3.93068B= 1337.716,C=

I 82.648 which were experimentally measured over the rad§é363and were taken
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from Gopalet al(42)The temperature of the bubblexsamonitored with a thermometer

and the backing pressure to the bubbler was monitored using a line regulator. If a better
temperature dependence of the vapour pressure for DMF becomes available, the
bimolecular rate coefficients given in this work sheuwdrmmarily adjusted to account

for this.

5.2.1 Room temperature OH and DMF rate coefficients angikEi@s

Bimolecular plots were generated over a range of pressure, an example room
temperature plot, collected at Rigbssures (1500 Torr) is shammigures.3, the high
pressure work was carried out as described in the experimental (chapter 2). A summary
of the highpressure data givésu.omr = (1.30 £ 0.15) x 18 cnm’moleculds®at 295 +
3 K, where error ik is given as RZ

Although it is unlikely that there is any pressure dependence if direct OH
abstractions dominate as is described by Behkhfigure 5.120) if the abstraction
reaction occurs via addition to the carbonyl preceding an absaaaioygested by
Solignaet a(18)this process could exhibit pressure dependence. In addition, for systems
where OH recycling occurs, the amount of recycling observed at ambient temperatures
can be pressure dependant.

Prompt OH recycling can occur bessmadhere are insufficient collisions to
thermalize the R@adicals formed into the R@ell, before the internal isomerization
reactions occur to form QOOH radicals, and where the collisional stabilization of the
QOOH radical is slow with respect to decomposition. To assess if tbisppeig OH
recycling was present at room temperatndgf there was any evidence of OH addition,
measurements were performed at 9 Torr and 52 Torr, in a conventipnassone cell,
as described in chapter 2.
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Figure5.3: An exanple bimolecular plot taken at 297akd 1830 TorrThe inset trace

is an example showing the high precision with which the OH removal rates could be
assigned, even when the OH fluorescence signal was sub optimal. The resultant
bimolecular rate coefficigncontained only the statistical error of the fits, and was
assigned as (1.10 = 0.07) X146mPmoleculeds’> SNNRNBR 3IA DSy | & H

There was no evidence of any-egponential kinetics being observed in the
traces collected at either 9 or 52 Torr. The bimolecular ploks:gavie= (1.65 + 0.32)
x 10" cnPmoleculess®at 9 Toryandkon-ome = (1.44 + 0.04) x T8cnmPmoleculess!at
52 Torr, where errors were given as 2 DZ
highpressure values, and as such, it was assigned that there was no experimental evidence
for any OH recycling under ambient conditions. These values wede tugsi
experimental precision; howewre to the delivery issues with DMF they were within
the accuracy of the highessure value. If any chemically activated route to prompt OH
regeneration was present, this would lead to a lower observed bimemeouédrrate

at lower pressures and this was not observed.

The ability to simultaneously collect OH kinetics and/té{ds was utilised during some

of the experiments carried out at room temperature. ApyoHed must be formed

on a fast timescale, as described in chapter 3, and as such must come from a direct R +
O, or RG, decomposition reaction, under our experimental conditions. It was noted that
there was an apparently substantial € of 35 £ 7 % at room temperature, when

photolysis was carried out at 248 nm. It was not immediately apparent where a prompt
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source for this Heyield could be found, from either the aldehg@dbbem®.2, or the
methyl abstraction channels, showSa®em&.4.

HC. ©  oH o O RO,/ NO 0, H H
N-C 0 HoC, & ~ HC O TP om0 L b6l
HsC H 35% & \ . N-C . N-C -HO o N (¢}
2 H O,H,C H OH,C H 2 CH
DMF 8
R (HCONMeCH,) RO, (HCONMeCH,0,) RO (HCONMeCH,0) methyl-formyl-formamide

Scheméb.4 The methyl abstraction reaction scheadapted from Bunkan et gR0).
The route to H® formation requires RERQ chemistry for HQ radicals to be
generated.
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Figure5.4 The UV absorption crossS O A 2 YDME Teasu®d I8y Chaket
al.,(43)and plotted from the room temperature values given from the Mainz spectral
atlas.(44)Red circles were measured at LCSR in Orléans, and grey squares at GSMA in
Reims.

A potential route to Hgdormationwas identified as beivig photolysis of DMF
itself, as DMF has a large UV absorption @®stion at 248 nrf2 x 10 cn?
moleculd). (43)With photolysis of DMF cleaving either an H atom or HCO, both of
which would lead to prompt H@rmation, under our experimentahditions (> 1 x
10 molecule crh O,). Experiments were therefore carried out with photolysis at 266
nm, here the apparent H@eld was greatly reduced to less than 5 = 8 %. Additional
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experiments were also carried out with photolysis at 248 nm lisdheeaof an OH
precursor; these experiments showed significansibital in the absence of any OH

signal.

The experiments carried out at 266 nm showed thatdt€ation could be used
as an effective way to monitor how significant photolysis of DMRkvaisehs a source
of radicals to any subsequently observed chemistry. Additionally, this shows that 266 nm
photolysis often allows for o6cleanerd ex

where photolysis of reagents can be significant.

5.2.2 Roomdmperature PTHS for DMF

TOF-PTRMS spectra were taken at room temperature, with photolysis at 248
nm and at 1 Hz. When the reaction was performed in a NOx free system, the only
significant product formation observed was/at60 and 88. When NQvasthen
introduced (2.5 x ¥®molecule crh) a peak an/z 91 was also observed. These were
assigned as-fdrmykn-methyiformamide at 88 (87+1), the major product from the
methyl abstraction siteéSchemeb.4. A productat m/z 60 (59+1; CktNCHOH H*,
CH:NHCHO H*) was observed, and was in competition with m/z 88 under lower oxygen
regimes and was assigned as a product from the fragmentation of the alkoxy radical,
CH:N(CHO)CH0OO. Dimethylnitramine m/z 91 (90+1) formed titaation of the
nitrogen centred radical, formed from the aldehydic channel, wigmti®as the only
PTRMS observable product, under atmospheric conditions under our experimental
timescales, from the aldehydic abstracstionSchem®&.2. The sam@roduct at m/z
91 could also potentially be formed from the direct photolysis of DMF at 248 nm.
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Figureb.5 The observed change in peak area observed from the reaction of DMF with
OHat room temperature (293 K) in high oxygen (7.6 ¥ dlecule cr¥) in the
presence of N&X2.5 x 16° molecule cr?), where reaction was initiated by photolysis

of BO; at 248nm.

5.2.3 Elevated temperature OH and:Hi@® DMF

Over the range of temperatures studied 245 K) there was evidence for a
negative temperature dependence for the OH + DMF reaction (sHeguré.6) with
kowsomr at 611 K potentially as low as (0.50 + 0.04)*kch@moleculés®. However,
designation of this temperature dependence is impacted by several sources of
experimental error, loss of reagents and inaccuracies in assignments of the temperature
are significant above 550 K. At elevated temperatures (> 500 K) there nasfemde
the PTRMS spectra for loss of diemthylformamide via pyrolysis and reaction with the
OH precursors. At 500650 K, the DMF peak at m/z 74 was dependent on the oxygen
concentration and peroxide flow, and could be reduced to 20 % of the rootteenper
value for the same input flow conditions). As the FORMS is a mixing ratio detector,
when the flows delivered are the same, the same peak areas should be observed on the
PTRMS, above 550 K, the peak areas observed for DMF &@dpeak wereower

than at room temperature, and this reduction in peak area was dependant on the

percentage of oxygen in the flow. A modified Arrhenils fi«(%)ge'E 2/ ¥t the data

0. _
in Figure5.6 gave kK= 1 . 31167{;—9)8 F7. meY s % §ivingkass k=(1.30+ 0.12)x

10 cm*moleculdst.
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Figure5.6: The temperature dependence of OH and dimethylformanAtéeve 450

K where, recycling is observk@dn-omrwas assigned from biexponential fits; above
550 K pyrolysis can be significant. The average room temperature high pressyre value
given as a black squais compared with the values of Soligatal.(18)and Bunkan

et al. (20), these values are shown apen blacksquares individual experiments
carried out at low pressures (< 100 Torr) are given as open red squares, and those
taken at the high pressure (> 1300 Torr) as open blue squares.

Interestingly, in the presence of oxygen at temperatures above 450 K,
experimental OH traces ceased to conform well to single exponential kinetics, shown
clearly irFigureb.7. These traces had a fast initial loss ofdDéived by a much slower
loss regime. Experimentgre performed with photolysis at 248 nm and 266 nm, with
additional experiments performed in the absence of an OH precursor. These experiments
showed no OH formation in the absence of a precursor, @inetivibat the observed
OH recycling was not a product of direct photolysis of DMF, and was from an OH

initiated chemistry.
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Figure5.7: An example multexponential OH decay trace, taken at 550in Khe
presence of @and compares exponentiidis to a biexponential fit, using the model
shown in Schem®.5. Withks= (4236 + 235)% at [DMF] = 3.4% 10'*molecule cn¥,
with ke= (414 + 8) stin the presence of 1.410'® molecule cr? of oxygen.

Scheme 5.5: The model utilised for the simple biexponential, fghown
diagrammatically, this considered the OH radical kingimagks, ks, and k.. The
dotted line accounts for all loss process that followed the initial abstraction which did
not lead to OH reformation.

RH H,0

HOOH

The nonsingle exponential decay was a consequence of OH being regenerated, initial fits

of these traces used a simplified biexponential decay model, shchama 5,5hat
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assumes the amidyl radical either reacts to reform OH or on to form other products. The
model returns parametéesks, ko, if the baseline and loss rates are fixed, from a given

trace.
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Figure5.8: The temperature dependence of the return rate coefficient forkpHhe
values in red use an adjudtéemperature to account for thermocouple errors by a
parameterization, the black points were performed at a temperature where Okl + CH
had been measured under the same flow conditions. The red curve is an exponential
fit, with ko 208i2(0£ 15) st. As R + @was in competition with R decomposition the high
oxygen limit for the return parameter was plottéd Jimit.

The return rate coefficiekt, was measured over a range of temperatures (450
650 K) and showed a strong temperature dependegoe5.8. This temperature
dependence could be assumed to be related to the barrie Q@@B isomerisation,
or to the barrier to OH reformation from the QOOH or OOQOOH radicals.

The return rate parametiey, was also collected over a variety of added oxygen
concentrations (2 10" - 3 x10® molecule crf) and in the absence of added©2
x 10 molecule crd. Plotting return rate versus oxygen concentration at a given
temperature, an example of whickhiswn inFigureb.9, reveal$swo regions: a return
rate limited region at higher oxygen concentrations where the rate of recycling is
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independent of oxygen concentration, and an oxygen limited region where the rate of OH
recycling is dependent on the amount of oxygen added tddhe sys
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Figure5.9: Plots the oxygen dependence of the return rate coefficierplotted as
black crosses, at 550 K, and 1500 Torr. The relatiohshieenko, plotted as red
crosses, tdy at low oxygeris due tothe competition between fragmentation and
interception by oxygen.

The cause of this oxygen dependence was assigned as amidyl radical
decomposition being in competition with the R+#@action. As theR radical
decomposition is very temperature sensitive, so is the oxygen dependence of the return
rate coefficient. To allow for improved data analysis required a more complicated method
of fitting the data, where the R#f@action was no longer assumegetmstantaneous
but instead both the decomposition rate and the, Re&@tion rate were fitted; for clarity
this model is shown i&chemeb.6. R radical decomposition was assigned from
computational work carried outings MESMER, (master equation solver for multi
energy well reactions) to carry out master equation calculations, on a higlnigeel
surface (CCSD(T)/CBS(dz,tz,qz,5z)//mpAB6l1++g(3df,3pd)), to give calculated rate
coefficients for each experimental condition.
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Schemeb5.6: A diagrammatic representation of the parameters for thelti-
exponential fitused wherekxo, ko and k. allow for a competition between
fragmentation of the initial radical and interception by oxygen. Competition between
ks andks allows for additional loss processes.

loss

Oy A

f\ 0,
RH R
K1bim
hy kro k2o
HOOH—>» OH
RO, . k4
N
kq ks loss

loss

By using the fit with parameterised R&@d R decomposition, Schebng the
alkyl + G reaction rate and the dependence of OH recycling on the oxygen concentration

could be assigned. An example global analysis of the experimental data taken over a variety

of oxygen concentrations as showirigure5.9 is presented ifigure5.10 This fit
allowed the assignment of both the R ¥daction and the high oxygen limit OH return
rate values. This model also allowed us to separate well skipping OH from that
regenerated from the R@actions, and showed well skipping to be a minor channel (<
10 %) even at elevated temperatures andésaupes (< 10 torr, 450 K).
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Figure5.10: Eight example traces from 8dkenwith arangeof added[O;] (< 2x10%°
¢ 3.2x10*® molecules cni), and [DMF] ( % 104 ¢ 1.0 x10*® molecules cni) at 559
+5 K and 1600 Torr were fitted globally fixing dalg(1470) ) andk. ((4325) 8).
This global fiising Scheme 51@turned values okipim = (1.465+ 0.069)x 10t cm?
molecule! s, keo= (6.22+ 0.27)x 103 cm? moleculet s, ko < (1.0+10) x 108¢cm?
molecule! s, with ks = (1215t 22) s'andks = (36.7£ 7.9) s’

At lower temperatures (<550 K) the small rate for OH recycling led to the R +

O, rate coefficient being ill defined, this was in part dilee thigh concentrations of

oxygen added inthe highr e ssur e

system

n

everlttt he

molecule crf). Above 550 K, the rate coefficgfor recycling and for R decomposition

were significantly large enough to allow for the Rrat® coefficient to be reasonably

well defined. These R + @ate coefficients were later used as initial inputs in master

equation calculations (aitial inpu of 4 x 10*2cn? molecul@ s?, with upper and lower
bounds of (0.5,10) x 30cm® moleculé s?).
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Figureb.11: Shows the range of RA@te coefficients calculatethelower the return
rate coefficient the less well defined the value for Re@rned, and above a limit
value of added oxygen it was not possible to assign RR d&compositiork,, was
taken from calculations performed on the PES shown in Figure 18.

In addition to evaluating the R +®@action rateshown inFigure5.11, the
return rate coefficients obtainffdm these global analysis fits, were independent of the
oxygen environments under which the experiments were taken. The resultant return rate
parametersks, were plotted as a function of temperatukggare5.12, in addition to
the high oxygen limit valueskgfwhereScheme 5¥as used, collected under both low
(< 100 Torr) and high pressure conditions (>1300 Torr). These experimental return rate
coefficients were used in conjunction with MESMER, in orderuateviile PES where
R+0O. leads to OH, and is described in more detail in section 5.32.
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Figureb.12: The temperature dependence of the return rate coefficient that was used
as aninput to MESMER master equation calculatiavisere a simple exponential fit
to the data gave a barrier height of ¥4 kJ mot.

In a simplified form, the MESMER analysis entailed fitting the computationally
derived eigenvalue for OH reformation to tkeperimentally determined OH
reformation rates over a range of pressure and temperatures. The eigenvalues generated
from MESMER analysis of the potential energy surfagese§ 5.14, 5.15, 5.86owed
that the rate coefficient for coming out of the R€ll was of a similar magnitude to the
OH regeneration eigenvalue. This means that this process was likelyntiitencastep
in the OH recycling process, and as such, MESMER analysis of the kinetics alone was
not able to simply defitbe QOOH decompsition barrier height beyond it being
beneath the R QOOH isomerization barrier. In addition, it meant that this system is
not sensitive to the selectivity between QOOH decomposition and QOOH interception
by oxygen in our experimental setup.

QOOH to OH fragmentation provides only stable products and no ability to
form HO,, when compared with OOQOH decomposition that for DMF would produce
OH and HQ. The HQ yield would provide information on the significance of QOOH

interception. Further experimentalrkvon this may allow for the evaluation of the
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QOOH + O.rate coefficient. However, within our system where photolysis is performed
at either 266 nm or 248 nm K@®ields are not clean with photolysis providing a large
source of H@ with apparent H®yiells of > 240 + 15 % at 248 nm and 40 + 10 % at

266 nm at 500 K. Photolysis of an OH precursor at longer wavelengths (for example 280
nm from a dydaser) may allow for H@ields to be measured at temperatures where

OH recycling can occur.

When this workvas carried out the DMF absorption spectrum had not been
measured over an extensive temperature range, there being only two observed published
works on the gas phase absorption eston.(43, 45)The work of Chakiet al
observed no significant temgteire dependence to the cross section, but this was
measured over the range-388 nmi43) The observed higher degree of photolysis at
500 K versus 300 K is in line with what may be expected, given that photolysis is occurring
in the wings of the UV abgion spectrum of DMF. In general UV absorption peaks
broaden with temperature, it is reasonable to #isatghe absorptioorosssectionat
266 nm would increasdth temperature. Thatladth RT and 500 K the observed HO
yield depends on the wavelength at which the compound is photolysed supports th
hypothesishat the HQ formed is from photolysis and not OH reactions

5.2.4 Elevated temperature PMS for DMF

As the temperature was increased the yield of m/z 9askstren/z 44 (43+1)
(route to these are in Scheme @AY 58(57+1), 76(57+19) peaks become more
pronouncegdstructures for these masses are shown gaHigure5.5. Thisbehaviour
was, as one would expect with théd@®. bond being labile and as such at higher
temperatures, tht®empoundvas not likely to be stable. Additionally, as the temperature
of the reaction system was elevated, new reaction channels were opbieee iingre
is sufficient energy for the R@ QOOH reaction to be rapid on experimental
timeframes, and formation of the imine and methylisocyanate becomes possible. In
addition to R@isomerization, it is reasonable to expect the rate of reactiokdpr N

with oxygen to increase with temperature again leading to imine foBohaomn®.2.

It was additionally possible to monitor the reduction in the DMF parent mass
peak as temperatures were increased from room temperature. This reduction was due to
pyrolysis within the reactor, catalysed by the high temperature walls. This effect was

exacdrated in the presence of the OH precursgd{Hvhich also undergoes pyrolysis
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at elevated temperatures. Loss of the reagent due to this effect was significant, and could
be as great as 80 % at 600 K from the-M¥Rpeaks. This is however, likely to be an
overestimation as it is an averaged value of all the gas flow that passes through the heated
region and pyrolysis is likely to be higher where walls can catalyse the process, which was
in addition to the axial temperature gradient across the reactaorladndar flow
conditions, the axial mixing is slow and as such, it is not possible to use the total reduction
in the PTRMS peaks alone to define the thermal loss of DMF where the OH

measurements were taken.

5.3Ab Initio computational Work on DMF + OH

OH regeneration in the reaction of OH and dimethyl formamide (DMF) was
observed; to understand the origin of this observation master equation calculations
needed to be undertaken. These were performed with the master equation solver for multi
energy welleactions (MESMER%6)which required structures and energies &lom
initiocalculations. The published work for the potential energy surface (PES) of DMF by
Bunkan et al. (20) showed no simple route for OH regeneration. As such, additional work

to furthe evaluate this PES was carried out.

5.3.1 Ab Initio calculationsDMF + OH abstraction and R decomposition

Initial & initiaccalculations on the PES were carried out in Gausgi@n) @8ng
the density functional theory (DFT) method#B (48)with a fully augmented aoag
pVTZ (aug cpVTZ abbreviated to ATZ) basis $49)for optimization of structures
and frequency calculations. This yielded a very similar surface to that (2@Nsitled
only minor differences due to different rotationalmarfor the stationary points.

Single point energies for the CONMle C O + rddddd@n were calculated
with three higher level CCSD(T) calculations witb@pigDZ, augccpVTZ and aug
cepVQZ basis set$50) and these were then extrapolated to the basis set limit.
Extrapolation to the CBS limit was carried out using separate exponential extrapolation
of the Hartree Fock and correlation enerdiek) and using a mixed Gaussian
extrapolation of the CCSD(T)was as described by Peteet@i52)These calculations

were computationally expensive, and as such, it was decided to compare the results of
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these calculations to the results of a minkaadjgnented (juocpVXZ) series
extrapolation.

For the corretion consistent minimalyigmented basis set,-popVXZ, the
complete basis set (CBS) was again evaluated through the extrapolation of double, triple
and quadruple zeta basis $8®)The results had a remarkably similar accuracy to the
fully augmemrid CCSD(T)/CBS extrapolation resulshle5-1. This result meant that
minimal augmented CBS extrapolations were selected to be used as the method of choice

for subsequent single point energy calculations on larges spabe R + @surface.

Table 5-1 Compares the energies of the R fragmentation reaction following
abstraction at the aldehydic positicall single point energies are from CCSD(T) energy
calculations oM06-2X/augccpVTZ structures with zeqmint corrections from the
MO06-2X calculations. CCSD(T) calculations were performed in Gaussian 09, where the
F12 approximation was made the calculation as performed in MOLPRO 2010.

Basis set CONMe2 | (CO-NMe2) TS CO + NMe,
kJ mot kJ mot kJ mot

augccpVvDZ 0 78.6 39.9
junccpVbDZ 0 77.7 29.3
augccpVvVTZ 0 91.1 54.4
junccpVvTZ 0 90.8 50.9
augccpvVQZz 0 94.1 56.9
junccpvQZz 0 94.2 55.8
augccpVXZ(CBS) 0 95.6 58.0
junccpVXZ(CBS) 0 96.0 58.3
CCSD(F12)/augcpVTZ 0 96.4 60.3

The OH reaction with DMF can occur, via a pre reaction complex (PRC), over
three competing abstraction barriers (where TS1 is the aldehydic H, and TS2, TS3 are
methyl abstractions) as shownFigure5.13 The barrier to abstraction from the
aldehydic position is significantly lower than that from the methyl positions. The
difference in methyl abstraction energies can be assigned to hydrogen bonding between
the OH radical and the carbonyl oxygen stapitislower energy transition state. High
level computational surfaces (CCSD(T)/CBS//MP218++g(3df,3pd)) were
calculated for the methyl surfaces, section 5.3.3. Once the initial abstractions were

accounted for, the methyl abstraction surfaces didaaltger significant improvements
163



to the MESMER analysis, but did provide enhanced cost and as such they were neglected

when fitting experimental and simulated OH regeneration eigenvalues.
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Figure5.13: slows the abstraction channels available for the reaction of OH and DMF
(Dimethyl formamide)Structures were optimized and frequencies were calculated at

the mp2/6:311++g(3df,3pd) level, and single point energies were calculated at the
CCSD(T) complete basis set level (CBS), where the CBS limit was assigned from the
extrapolation(52)of the partally augmented correlation consistent joapVXZ levels
(dz,tz,qz)(54) Tunneling was accounted for using a one dimensional Eckart model.

5.3.2 Ab Initio calculationsCONC(GHh + O

Initial work was carried out to produce a {@RfugccpVTZ PES, with
CCSD(T)/CBS(juitcpVXZ) single point energy calculations, this did not provide a
simple route to the observed OH recycling, as the surface was in good agreement with
the work of Bunkaet al(20) with a high barrier to QOOH decomposition. The height
of the apparent barrier to OH recycling, from the alkyl hydroperoxy radical (QOOH),
was identified as being higher than might be expected for the breakingooparogy
bond (>180 kJ nid). Relaxed scans of this bond were therefore performed, geometric
optimizations of the apparent stationary points on these scans were carried with several
DFT functionals ((use of GD3 empirical dispersions noted as /GD3)2X106
mPW3PBE,SOGGA11X, M1M11/GD3, PBE1PBE, PBE1PBE/GD3, PW91PBE,
PBEh1PBE, wB97XD TPSSTPSS, TPSSTPSS/GD3), with the augmented 6
311++g(3df,3pd) basis set, these yielded comparably similar structures@btrelO

breaking transition states.
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Figure5.14: shows the R +,8urface for the R radical formed from the abstraction of

the aldehydic site of DMFhis surface includes the decomposition of the R radical

that can become significant at high temperatures. Structure® wetimized and
frequencies were calculated at the mpZB&1++g(3df,3pd) level, and single point
energies were calculated at the CCSD(T) complete basis set level (CBS), where the CBS
limit was assigned from the extrapolati@®) of the partially augmentkcorrelation
consistent jurccpVXZ levels (dz,tz,q&4)

Of particular importance to this work, when the same relaxed scan 4D the O
bond in the QOOH radical was performed with the second order-Flekset (MP2)
(55)functional, a much lower eggpathway to €@ bond cleavage became apparent. It
was notable that during this bond breaking process the radical twisted out of the planar
arrangement seen for the rotational minima of the QOOH radicals, which was not
observed for the higher energy-Q@ transition state. When the CCSD(T)/CBS(jun
ccpVXZ) single point energy for the lower energy@transition state was calculated
it was significantly lower than the REDOH isomerization energy. A full surface was
thereforecalculatedsigureb.14, withstructural optimizations and frequencies calculated
at the mp2/6311++g(3df,3pd) level and with CCSD(T)/CBS single point energy
calculated. When this surface was modelled in MESMER it did indeesl pfagid

route to OH recycling in line with the required experimental timescale.

The new transition state was additionally optimized, with the previously used DFT
functionals to validate that this structure was indeed a valid transition state to OH

regenation. When CCSD(T)/CBS extrapolations were performed on the DFT and MP2
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geometries the resultant energies were in agre@M&and50.8 kJ mdlwith respect
to R+O, shown inTable5-2, that there was indeed a low barrier to QOOH fragmentation

to regnerate OH, however the energies themselves differed significantly.

Table 5-2 Compares the dependence of the zeropoint corrected energies of
CCSD(T)/CBS extrapolations on the method used to optimize some initial geometries
on the R + &surfaceqFigures 5.14 and 5.1%)106-2X/augccpVTZ is noted as MO6

2X, MP2/€6311++g(3df,3pds noted as MP2.

Freq. E, kJ mol
S.P. Struc. Method. CCSD(T)E/H zpe/H
Method. 1
M06-2X M06-2X -397.8207557 0.0994340 -134.3
M06-2X MP2 -397.8207557 0.0993063 -134.5
RO,
MP2 MP2 -397.8207557 0.0988466 -133.4
MP2 M06-2X -397.8207557 0.0991593 -134.1
M06-2X M06-2X -397.7750851 0.0933919 -30.2
M06-2X MP2 -397.7750851 0.0939875 -28.5
RO,- QOOH
MP2 MP2 -397.7746972 0.0927868 -26.4
MP2 M06-2X -397.7746972 0.0937773 -28.9
M06-2X M06-2X -397.8220255 0.0975620 -143.3
M06-2X MP2 -397.8220255 0.0973143 -142.0
QOOH-1
MP2 MP2 -397.8223694 0.0972383 -142.5
MP2 M06-2X -397.8223694 0.0972527 -143.9
M06-2X M06-2X -397.7999421 0.0974505 -84.8
M06-2X MP2 -397.7999421 0.0960643 -88.3
QOOH1 - QOOH2
MP2 MP2 -397.7995542 0.0976312 -81.5
MP2 M06-2X -397.7995542 0.0974736 -81.9
M06-2X M06-2X -397.7945520 0.0960020 -73.0
M06-2X MP2 -397.7945520 0.0979232 -69.3
QO--OH-2
MP2 MP2 -397.7884438 0.0982242 -50.8
MP2 M06-2X -397.7884438 0.0955768 -57.7
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The difference in single poertergies showed that the choice of method used to
generate the initial surface can significantly influence the resultant single point energies
calculated, and can produce larger errors than the experimental errors. The observed
differences here are sigrafitly greater than might be expected for the CCSD(T)/CBS
energies which are often believed(B8o have

This method dependence was shown to be minimal for minima on the surface,
within 1.5 kJ md) and moresignificant for transition states, in general within 5 KJ mol
The greatest method dependence being for the decompositions of the QOOH radicals to
OH, which comparing MP2 to M06 differed by more than 20 KJ thisl can be
explained as an effect of #@n contamination of these transition states, due to the

simultaneous formation and breaking of multiple bonds.

After comparing the M@®&X transition states to the MP2 transition states, the
MP2 surface was chosen to be used in the subsequent mastarcagoalations. This
choice was made because the difference had been assigned to spin contamination, and
Gaussian 0947) automatically uses spin projection which can help to alleviate spin
contamination issues. Additionally, it should be noted taigiitDFT functionals in
general do allow for dramatically reduced calculation costs to produce superior answers
with respect to MP2, by their very nature it is impossible to completely prevent spin
contamination for DFT functionals. If a DFT functiondl@kist that could completely

remove spin contamination, then it would be in fact an exact functional!

However, to ensure that this decision did not influence the final obtained results,
a full CCSD(T)/CBS//M0&2X with MO62X/ATZ frequencies, R + ©surfae was
calculatedfigure 5.15For the MO62X/ATZ QO -OH transition state structure, the
CCSD(T) single point energy calculations and additional MP2 frequency calculations, the
initial SCF (self consistent field) convergences failed. It required thenusetefded
version of quadratic convergence (SCF=XQC) to allow the calculations to run to
completion. Although this will not have fully accounted for the issues arising from spin
contamination, the greatly improved wavefunction this option produceedréuic
effect. Once the full surface had been obtained, additional master equation calculations

were performed on it, in the same manner as for the MP2 surface.
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Figures.15 Shows the MO@X/ATZ R +xQurface with single point energies calculated
at the CCSD(T) complete basis set level ([CB®)same manner previously described.

(48, 52, 53)

To calculate the QOOH + surface, only calculations at the {IREATZ
level were used. This decision ueen because of the significantly reduced
computational costs, which allowed for the calculations to be performed. MP2
calculations and CCSD(T) calculations were too computationally expensive on the
computerclusters available to this work. The resuliseoMO062X/ATZ calculations

are given asigure5.16
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Figure5.16 Provides a simplified R +d&»d subsequent QOOH + RES computed at
MO6-2X/augccpvTZ48).

Therelative heights of the QOOH to OH and RO QOOH barriers meant
that once the QOOH radical was formed, OH regeneration via QOOH fragmentation,
would be fast and as such sufficient oxygen was required in subsequent simulations to

permit oxygen to intercept QOOH, and for OOQOOH formation.
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5.3.3 A Initio calculationg HCONC(G)}CH+ G and HCONC(Q¥CH + Q

Potential energy surfaces for the reactions of the radicals formed from the methyl
abstractions and oxygen were calculated at both th2X¥MO&Z level and MP2/6
311++g(3df,3pd) level witkingle point energies on the MP2 surface additionally
calculated at the CCSD(T)/CBS level. These calculations were performed in the manner
described earlier in section 5.3.1. and the resultant CCSD(T)/CBSHmMp2/6
311++g(3df,3pd) surfaces are giashigure5.17andFigure 5.18.
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) CH2NCHO + CH20  + OH
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Figure5.17 PES for the HCON®SA¢ and Qreaction with CCSD(T)/CBS extrapolation

for single point energieswith structures and frequencies ahe MP2/6
311++g(3df,3pd) level, as used in section 4.3.1. This surface does not show any prompt
route to OH regeneration, however there are barriers to rotation of the R apd RO
radicals present in Figure 20 of 80 ab@.3 kJ mol, compared to the eneygof R+@

In Figure5.17, the PES for the lowest energy methyl abstraction, it is clearly
apparent that any OH reformation that comes from this surface must come via the RO
rotamer. The planarity of the initial Rructure prevents the radical from internally
abstracting from the aldehydic site. Internal abstraction from the other methyl group
provides a route to the formation of a QOOH radical, however the barrier to the QOOH
radical formed from this decompodm@H is too significant to be important. The,RO
rotamer that allows for QOOH decomposition is the same as thinriR@d from
interception of the R radical from the higher energy nastyctionFigure 5.18 he
barrierto R radical rotation of 81 mof means that in low oxygen or high temperature
environments, it will equilibrate between the rotamers, and as such this may provide a

route to the R radical formed from the higher energy methyl abstraction.
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The R+Q PES for the higher energy metiystraction is gives &igure 5.18.
In this figure the relative barriers to QOOH decomposition from the different QOOH
radicals (88 kJ mi@nd-55 kJ mol), and the height of these QOOH radicals with respect
to the RQ radical and the RGo QOOH isomerization barriers, mean that only
decomposition of the QOOH formed from the internal abstraction of an aldehydic

proton had any influence on the MESMER simulations.
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Figure5.18 PES for the HINMeCHand Q reaction with CCSD(T)/CBS extrapolation

for single point energieswith structures and frequencies at the MP2/6
311++9g(3df,3pd) level, as used in section 5.3.1. There is a low energy route to OH
regeneration, with a barrier to QOOH deconipos of -55.3 kJ mol, and R@to

QOOH isomerization ef5.8 kJ mol, compared to the energy of R+O

The height of the R0 QOOH internal abstraction (pseudo isomerization)
barrier (15.8 kJ mhlcompared to the QOH decomposition barrier56.3kJ mot),
and the relative heights of the QOOH and R€lls {111.7;87.6 kJ md), meant that
for this surface QOOH interception would not be efficient under most experimental

conditions.

When compared to the CONMeO, surfacekigures.14, the barrier to internal
abstraction is lower and the rate of this pseudo isomerization will b&@ ligstaeant
that when simulating the OH traces observed for DMF + OH, the methyl abstractions
couldpotentiallyaccount foffaster recycling of OH when compared with the CONMe

+ O, surface.

Figure 5.13jivesthe RO, surface, formed from the lowest engrgthway
considering botimethyl abstractiosurfaces. It includeke energy for the rotational
conformer change in the RQthe subsequent ROo QOOH, and QOOH
decomposition barriers. This was because the barrier for the QOOH formed directly

from this RQto decompose was 101 kJhatlove the R+@energy, 174 kJ mabove
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the QOOH radical. In addition, for the R@tame the higher QOOH decomposition

and its respective QOOH radical were also negated, because when simulations were
performed on this part of the sysi&igure 5.1&his channel had little influence on the
simulated OH reformation eigenvalues. The R radiaabn was not included in this
surface when used for MESMER simulation, as MESMER does not allow multiple
reactions to lead to the same product, and at the high oxygen limit, this reaction will

additionally be of minimal importance to the simulations.
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Figure 5.19 Combines the lowest energy routes of the CCSD(T)CBSAMP2/6
311++g(3df,3pd) surfaces with respect to the HCOMEHadical reacting with O

This surface provides a route to OH recycling with barrief®9d,-15.7 and-56.1 kJ
mol* for the rotation, internal abstraction and decomposition reactions respectively,
compared to the energyR+O

When this surface was compared to the CONME surfaceFigure5.14, the
barriers to formation of the QOOH radical (91.1, 96.7 kJ coaipared to their
respectiv®O, species) on the methyl abstraction surface are both lower than that on the
aldehydic abstraction surface (107 kJ nelakive to the R Despite both the barriers
being lower when this surface was simulated, the OH regeneration eigenvalue was lower

than the equivalent simulation of the COMNM®, surface.

This may be the result of the requirement to pass over the rotational barrier
between the respective R@dicals. Although, this barrier was 19.3 kJ lmetdw the
entrance energy the imaginagygudiency was 195 ¢nan order of magnitude lower than

the typical imaginary frequency observed for aQROH isomerization. This can be
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explained through the rotational barrier requiring the movement of multiple groups
simultaneously whereas in a typiR@ 6 QOOH isomerization the predominant

movement is only that of proton. In addition, the rotation in the transition between the

RO involves changing the bond order of the CN bond

Figure5.20 The structures calculated for the two methyl,RGand the structure of
the rotational barrier to interconversiom.hese structures were calculated at the
MP2/6-311++g(3df,3pd) level in Gaussian 09.

When the methyl abstractisarfacesFigures 5.18 and 5.%&reincluded in
later direct trace analysis, they significantly increased the computational costs of the
analysis and only provided slightly improved fits to the data. To assess if there was in fact
a requirement to include theansimple Arrhenius type Rt OH reaction from the
methyl channel was included. This again did not significantly improve the quality of the
fits and as such a final test was carried out where the methyl channel was treated simply
as a competing abstrantibhat did not lead to OH regeneration, for this the quality of
the fits to the OH traces was not significantly improved. Although including the additional
channels did not improve the quality of the fits, they did provide additional variable that
made thesystem more flexible, which made it harder for the other parameters in the
system to be defined. Therefore, in later analysis where OH regeneration eigenvalues from
master equation simulations were fitted to experimentally obtained return rates, this was
performed on only the CONMe O surface.

5.4 Master equation calculations

The MESMER models of the dimethyl formamide (DMF) aldehydic R + O
system were based on CCSD(T)/CBS single point energies, with structures and
frequencies generates at a lower levelZMIB6eI Z, MP2/6-311++g(3df,3pd)). These

MESMER models treated the collisional ener gy
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the wells asding a shared parameter, although this may not be accurate, within the
bounds of the experimental and computational errors, this would have a minimal effect
on the results. This concl uspandh QOOEs f out
between 125 and 3661* whilst holding the others at 150'dmad little impact on the

derived eigenvalues for the CONM, systemFor all reactions that occurred via a
transition state tunnelling corrections were made using a one dimensional Eckart model
as described in (59).

5.4.1 CONC(GEH Q - MESMER analysis

Initial MESMER analyses were obtained by carrying out simulatitnPBEs
generated in sectiorB3 Figures 5.14, 5.15, 9,1hesesimulations were carried out
over a range of tempenas and pressures (20850 K at 5, 50, 500, 1000, 1500 Torr).
The eigenvalues generated from the MESMER simulations of theaRdr@DOH +
O; potential energy surfaéegures.16), showedhat the rate coefficiefdr coming out
of the RQ well, forming QOOH, was of a similar magnitude to the OH regeneration
eigenvalue. This meant that this process was likely theitisg step in the OH
recycling process, and as such, MESMER analysis of the kinetics waukibleotd
define the QOOH interception rate effectively, as the surface was not sensitive to this
step.

An additional issue for the attempts to determine the QOOH; +ate
coefficient was that there was a high degree of correlation between the Q@@t¢ + O
coefficient and the Q@H decomposition barrier. It was not possible to selectively fix
either of these processes. The Q@ decomposition due to the differing barrier heights
and vibration frequencies from the different calculations, and QOOHpibercleie
to limited experimental data on similar QOOH radicals and oxygen reactions. It was
therefore decided to simplify the system and treat only the, Butf&ze for fitting to
experimental data and any subsequent direct trace analysis.

When fitting the CCSD(T)/CBS/MP&urface Kigure5.14) to experimental
eigenvalues (the return rate coefficiekis,in biexponential analytical fits to
experimental traces), barriers on the surface were floatad;¢he to alkylhydroperoxy
(QOOH) radical decomposition to regenerate OH were found to be sufficiently low with
respect to the RQo QOOH isomerization barrier that our data was not sensitive to it.
When the R@to QOOH pseuddasomerization barrier wdedted, it moved by 3.4 kJ

mol?, t0-29.8+ 0.6 kJ molwith respect to R+@which is ingood agreement with the
173



MO0O6-2X/ATZ surface (Figures.1§,and the CCSD(T)CBS//MO0&2X/ATZ surface
(Figure 5.1% and were still in reasonable agreement with theuvfR@e Kigure5.14),
which are giveim Table 52.

The decrease in the isomerization barrier is not insignificant but this difference
may be reduced by a more thorough treatment of the hindered rotors present, or by
floating other parameters in the system. Hindered rotors are increasingly important when
bond orders change between single to double and this was observed in this transition
state. Therefore, this reduction in barrier height may be due to the simplacharmo

treatment of the vibrations, underestimating the density of states.

When calculated and experimental return rate values were plotted the correlation
was close to 1 (1.08 + 0.15). There was however, significant scatter about this line; such
variation my be the result of temperature errors. As the temperature was assigned from
the chemical thermometer of OH and methane, the assigned temperatures do have an
error; typically, this was in the range of £ 5 K. The error in the assigned temperature from
OH andmethane calibration will have a-n@mdom contribution from variations in the
calibration error of the methane mass flow controllers. It is not possible to directly include
temperatures with an error into the MESMER analysis, and a random errooiridhis w
have caused recycling to be over or underestimated in individual experimants but
general, it should not have influenced the final values assigned to the barrier heights. A
systematic difference in temperature assignment between experimentahgetapse

a discrepancy between low and-piglssure measurements.

When other parameters were floated in these calculations, the additional floated
parameters were the temperature dependence of the R radical reaction with oxygen (A,
Ea, T, and the shad energy transfer parameteEg.~>. When thel” parameter and
<! Edown> were floated along with the isomerization barrier, the MESMER fits to the
experimental eigenvalues derived from this were equally as good as in the case where the

barrier alone wddated.

In addition to those fits being equally good, the case where these were floated
did not require the isomerization barrier to change signifi€zt6@: 058 kJ mot for
the experimentally floated value ver@6s4 kJ mdl from the CCSD(T)Gaussian
extrapolation to the CBS limit. The results of this analysisoane inFigure5.21, and
compared well to the results of later analysis performed on the CCSD(T)/CBS//M06

2X/ATZ surface.
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Figure5.21. The PES produced by fitting the eigenvalue for OH regeneration to
experimentally determined eigenvalyder the CCSD(T)CBS)//MES/ATZ surface,
on the left, and the CCSD(T)//MP361++g(3df,3pd)gn the right.

Using only the R O, CCSD(T)/CBS//IM062X/ATZ surface shown iRigure
5.15,MESMER was again used to fit the experimentally derived eigenvalues and this
resulted in increase in the isomerisation barrier betweandRQOOH, and an increase
in the QOOH to OH barrier. Consequently barrier heights were adjugieéd @ 0.71
kJ mof for RO, to QOOH and-72.0+ 136.3 kJ mdlfor QOOH to OH, in good
agreement with the CCSD(T)/CBS//MP2 surfdegyre5.14), the adjusted surfaces,
are given asigureb.21

5.4.2 Direct trace analysis

The direct trace analysis program wrote any parameters that were floated in the
master equation calculations to the MESMER inputctlésd the execution of these
i nput files and read in the resultant
experimental conditions. When used in MESMER analysis of the results from the master
equation calcul ati ons, fetshodhe sortions gen®&ated,t i s
to a matrix produced from the coupled differential equations that describe the reactive
processes within the full master equation. This analysis relies on a separation of the
reactive (chemically significant eigenvaluesggses and the collisional processes

(internal energy relaxation eigenvalues).

These OMESMERS® rate coefficients were
that has been described in the program. The resultant simultaneous equations for the
species were merically integrated, the OH profiles that this produced for each trace
were compared to the experimental data. The program then minimised the resulting
di fferences using a Marquardt algorithm t

parameters.
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One potential problem with this method could come from erroneous Bartis
Widom rate coefficients being derived from the simulated species time profiles. To ensure
that this had been accounted for, the Bartis Widom rate coefficients were routinely
integratd, using the reaction scheme given to MESMER in Kintecus (a numerical
integration packag®g)and the output of these species time profiles were compared to
those in the paired output file. This was not observed to provide any significant issue in
fitting the CCSD(T)/CBS//IMP2/6311++g(3df,3pd) surface to the experimental traces.

The program wasitrally used without any master equation simulations as a
method of numerically integrating a scheme (based on modified Arrhenius descriptions
for the methyl and aldehydic surfaces) and comparing the results to the experimental data.
Using this descriptiaof the reaction system it was possible to generate excellent fits to
t he datohl.4wli8tpér trage, each trace wasngighted by fitting to a multi
exponenti al decay c aaf VOeperdrace. & was bBowdver,ceasy f i t  y i €
with this system to overparametrized the problem and as such many different sets of
equally good fitsdé could be generated by fi

Analysis was therefore moved forward to the next step where master equation
simulations we coupled into the numerical simulation. In these simulations it was
possible to modify any of the input however for the work carried out here only inputs to
the ILT calculations, barrier heights and energy transfer parameters were modified. For
the R + Q reactions the pre exponential and the temperature dependence were floated.
For barriers the general practice was for barriers on the same surface to be moved in a
linked manner, although some simulations were carried out where the QOOH barrier to
OH andthe RQ to QOOH barrier were manipulated independently for COMMe

Simulations were carried out with the methyl abstraction being described by two
competing R@loss processes described by modified Arrhenius equations, and where the
methyl abstractiowas described by a MESMER simulatioRigdire 5.19with the
barrier heights fixed or floated. Where the competing modified Arrhenius model for the
methyl abstractions was used, it was important to judiciously restrict the number of
parameters that coulldat for this. In the same manner as for the simple fit initially
carried out above, over parametrizing the fit could be achieved if too many parameters
correlated parameters were floated too freely.

Whenfitting the CONMe CCSD(T)/CBS//MP2/6-311++g(3df,pd) surface,
Figure5.14 to the experimental data it was important to float several parameters that
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were not included in the CONMR + O surface. The initial OH reaction with DMF

was floated, as was the branching ratio
subsequently formed R@adicals was also floated. These local global values were
additionally used in some fits ircplaf a global DMF + OH reaction, where they were
floated within the ranges determined for the bimolecular rate coefficients, derived from
analytical fits carried out for the given set of conditions. Fits were performed where wider
ranges for the DMF + OlBimolecular removal rates were allowed; these did not greatly
improve the quality of the fits, but did provide greater ability to over parametrize the
problem. The minor methyl abstraction channel was treated as two competing modified

Arrhenius loss prose leading to OH removal or recycling.
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Figureb.22 Are fits to the data generated from the direct trace analysis by fitting to
the CCSD(T)/CBS//IMPA®1++9(3df,3pd) surfacen general the OH recyclirggwell
described as is shown by the excellent agreement between modelled and

experimental traces.

This analysis allowed for the assignment of the route to OH recycling as
predominantly coming thermally out of the CONR®, well. Most OH recycling

occurred before stabilisation into the QOOH well, for this system QOOH interception
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is therefore not required to provide a good description of the observed OH traces. The

majority of the methyl abstraction channel was shown to IB&tireformation with a

yield > 75 %. Four example fits are givéfiqases.22, these led to the modified surface

given a&igure 5.23Nhere significant deviation between experimental and modelled OH

traces was ohsed, in general these were when the either the concentration of oxygen

or dimethyl formamide was subject to uncertainty. The oxygen concentrations were
susceptible to being over and underesti mat e
present, where th&ygen concentration was proportional to the hydrogen peroxide flow

and to the pressure of the reactor.

For elevated temperature measurements where pyrolysis of DMF was prolific, the
DMF concentration was subject to large uncertainties. It should atdecbthat the
temperature assigned to an experiment was subject to an error of 5 K, and this was not
accounted for well although this temperature error was assumed to be random and non
systematic with respect to individual experiments. That the tempenadticn was
random and not systematic was assumed, as it was for the earlier MESMER analysis and
appears to be a valid.
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Figure5.23 Is the surface for the reaction of the aldehydic R radical with oxygen
following the reaction of OH and DMF where the methyl abstraction was treated using
modified Arrhenius expressionsWhere the initial CCSD(T)/CBS/MP2/6
311++g(3df,3pd) surface for CRBp +O& was manipulated to reproduced
experimental OH traces.
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ThePES Figure 5.23producedrom this direct trace analysis gavermalised
& of 501 for 326 traces and the results were in excellent agreement with that initially
calculated and close to that calculated at the CCSD(T)/CBSHSIPRY&g(3df,3pd)
level As discussed earlier a comparison af*thenerated from a mdtiponential fito
each trace was compared tofflgenerated from the model fit to the data the resultant
normalisedy’ returns one per trat@r a perfect fit and the closer the tdfas to the
number of tracers in principle the better the fil@imodel to the datd/here the initial
barrier for RQto QOOH isanerization was assigned2is6kJ mof with limits of this
from the output fi's given as betwe€d¥.5 t0-237 kJ mot. pEqown for the RQ and
QOOH radicals was assigned as 195£563 234 crt) with a nitrogen bath gas.

Where both the methyl and the aldehydic surfaces were simulated, the barriers on
both were treated as linked with each surface having an independent parameter. For both
these surfaces an additional loss prot#ss RQ was included described as a modified
Arrhenius process, due to the differing structures and the lack of any obvious competing
loss reaction for the methyl RiBle two loss reactions were treated independently. The
results of this analysis gavé’ af 586 for 326, although this was an increase, this
treatment was less flexible than the modelaadttoFigure 5.23and wagherefore
understandable. From this analysis the tR@OOH isomerization barrier for the
aldehydic R@was assigned @6.3 + 2.1 kJ mol, with the majority abstraction being
from the aldehydic site (& % at 298 K), and this ratio was temperature dependent,

and was as high as 83 + 7 % at 65K surface is given as Figure.5.24

Table5-3 Summarizes the results of the RO2 to QOOH isomerization barrier both from
calculations and evaluation of the OH recycling from OH and DMF.

Method RO, QOOH isomerization barrier (kJ rapl
relative to R + @ relative to R@

CCSD(T)/CBS/IMO62X/ATZ -30.2 104.1

CCSD(T)/CBS/IMP2/6-311++g(3df,3pd) -26.4 107.0

MESMER fit to eigenvalues (MPB TS) -26.4 + 0.7 107.9+0.7
MESMER fit to eigenvalues (MP2 TS) -26.7 £ 0.6 106.7 £ 0.6
Matlab/MESMER direct traditing 1 surface -25.6+1.8 107.8+1.8
Matlab/MESMER direct trace fittings@rfaces -25.3+2.1 108.1+2.1

The results of all the fitting exercises and the computational calculations for the
aldehydic RO2 to QOOH barrier are summarized as F8plehere the spread of the
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resultant values allow thisri® to be assigned betwe2h and-27kJ mof. With the

experimental value €45.3 + 2.1 kJ mél(108.1 kJ mdlrelative to Rg) is in excellent

agreement with the CCSD(T)/CB//mp2/&11++g(3df,3pd) value €%6.4 kJ mdl(107

kJ mof) , and is within two -2XATZfbarrierbheightCCSD( T) / C
relative to the RO2 well (104.1kJfal and just outside two DZre
energy-380.2 kJ md).
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Figure5.24 The two resultant R +>@otential energy suates generated when the
barriers on both surfaces were floated during the MATLM&mer direct trace
analysis. From this analysis the upper aldehydic surface was the majority abstraction
process with the rate of OH reformation most sensitive to thetB@QOOH barrier
height.
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5.5Conclusion
This work has provided additional ambient temperature amide OH bimolecular

rate coefficients for dimethyl formamide (DMB:on,20s k= (1.30+ 0.12) x 10'cn?

s'. Using a TOFPTRMS to measure the output of theactor allowed for the
concentration of added compound to be monitored, helping to ensure that a reliable
bimolecular rate coefficient could be assigned even for a low vapour pressure compound.

Ambient temperature product branching ratios observed weréuliyo
quantifiable. The TOPTRMS data were in good agreement with previous published
work of Bunkaret a{20) Solignaet a{18) and Borduast a(19) However, for DMF
oxidation the PTRIS was blind to the major product forming channel undeer@mbi
clean conditions, M. For the current setup, HQ@ield information was heavily
contaminated by photolysis of the amides themselves; geld©provided little insight

of significance to the branching ratios.

At elevated temperatures, the reaaifoOH and DMF recycles OH, this OH
recycling can be well described by abstraction from the aldehydic site followed by R +
0., RO, QOOH isomerization and QOH decomposition processes. Fitting both the
output of analytical fits and direct trace analygesrgliable results showing that-QO
OH fragmentation is a significant route to OH recycling for DMF and OH, in the
presence of oxygen at elevated temperature (>450 K). Direct trace analysis where
numerical integration was coupled to master equationataaisulcan define
experimentally important barrier heights or well depths on a PES. However, the relative
importance of QOOH interception and QOOH decomposition for OH recycling could
not be well defined under the experimental conditions available. gCbi@lito the
system could allow for differentiation between OH recycling from QOOH ax@HQO
however this isot currently possible due to the complications from photolysis at 248 nm
and 266 nm. Future work where photolysis initiates the OH reactions at longer
wavelengths, for instance 280 nm, could potentially alleviate this and allow for the
competition between QOH fragmentation and QOOH + Qinterception to be

assigned.
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6 The OH initiated oxidation of several
nitrogen containing compounds

6.00verview of chapter 6
This work provides insights into minimising delivery problems that can arise when

making OH kinetic measurements for low vapour pressure, and or basic compounds. This
work focuses on three reactions: OH and tertiary butyl @Bii¢H;); OH and N
methylpropane diamine (diamine); OH and methyl formamide (MF). For OH and MF,
an ambient temperature bimolecular rate coefficient was agsignedss= (1.03

0.23) x 16 cm?® molecul@ s*. Thetemperaturéependencef OH andtBuNH,, using
amodifiedArrheniusequationyasgivenaskon:wsuniz= ((1.66+ 0.10)x(T/298-59:01§

x 10™ cnm?® moleculé s* whenthe activatiorbarrierwaspinnedto zero. For OH and
thediaminelowerlimitsfor the bimolecularemovaratecouldbeassignedp to 350K;

the room temperaturevalue was assigneds Kow+piamine, 203k = (7.09 = 0.22) x10*
cnm?moleculess? this is only a lower limit as there was still a potential for reaction
between the amine and tBuOOH not being accounted for although efforts were made to

minimise this.

6.1 Introduction

6.1.1Thereactionof OHand N-methylformamide

o
L cH,

N
(0] K fo)
CHy "%
iy CHa L en,
d ks H
\ o

JLN,CHs

H

Scheméb.1 Thereaction of OH and{whethylformamideshown on thdeft hand side
where the three OH abstractions reactions are given as, the aldehydic abstkaction
the mehyl abstraction&., and the amino abstractida. The initial radicals that would
form following abstraction are shown on thght hand side

Methyl formamide (MF) is a commodity chemical, used in the synthesis of methyl

isocyanid€l)and intheplace of formamide as a selective solvent for some hydrocarbons
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in the oil industrg2) In addition to the use of MF as an industrial solvent, MF can be
formed from the atmospheric oxidation of dimethyl arf@he.

There was limited literature work avhkdlain the rate for which -Methyl
formamide (MF) reacts with OH. Previous work gave valuds0df + 0.06) x 18
cn?® molecul& s* from Borduasat al(4) (0.86+0.24) 10! cn?® molecul& s* from

Solignaet al(5) both determinedy the relative rate method, and (006%7) 10

cn?® molecul& s* by a direct kinetic study carried out by Buekail(6) It was decided

that this range of values was significant enough to merit being repeated. The ability to
monitor reactant concentrations from the Jpiggssure systemith a PTRTOF-MS

ensured that the concentration of MF had stabilized when kineticemeassiwere

made.

There are three distinct proton environments for OH abstraction in the reaction
of OH and MF, showin Schemes.l. From computational work performed at the
CCSD(F12a)/augcpVTZ//IMO6 -2X/augccpVTZ level, published by Bunkanhal
(6)he barrier for the amino abstractiks) is 12.6 kJ mbhbove the entrance energy of
OH and MF. The barriers for the other abstraction procksseslk,) arecomparable
and beneath the entrance energy.akJ molifor the aldehydic abstraction, 8@ kJ
mol* for the methyl abstracti¢@) An additional potential energy surface (PES) for the
OH abstraction reactions wealculatect the G3XK level by Borduaat al.(4)This
surface had a significant barrier (16.9 kJ) noothe amino abstraction channel, with
both the aldehydic and methyl abstraction channels again below the entrance energy. This
surface gave the aldehydic abstradtipag-2.80 kJ mdlwith a larger barrier than the
methyl abstractiokd) -5.4 kJ mol.

Considering both the surfaces given in the literature, tregeeésnent that
abstraction will occur from the methyl and aldehydid$itesverthebarriers for these
abstraction reactioreme comparahleandwith the errors present in even highel
calculations, this does not allow for differentiation of the expected branching ratio
betweerk, andk.. G3X-K andCCSD(F12a)/augcpVTZ/IM0O6 -2X/augcc-pVTZ are
high level methods, with the expected errors in the calculated barrier heights being under
1 kcal mol, or so called chemical accuracy. Both methods carry out high level single point
energy calculations ,CCSD(T), carried out or2M@ructurs. The difference in these
structures due to the basis sets UB8dG(2df,p) verus awgpVTZ) are likely to be

minor, and both the methods chosen give close to converged single point energies
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In addition to calculating surfaces, product studies on OH and methyl formamide
have been carried out by Bunkaral Barne®t al and Borduaat a4)The methyl
isocyanate yield was given as 38 + 2 % by Bettald®m PTRMS measuremey
this work statediowever, that the methyl isocyamag@surements could alsowns!
describedby the modeivhere the yield was fixedb@it%. Barnest al(7) reported the
methyl isocyanate yield as roughly 30 % and formyl formamide as 50 % using FTIR
detectior(7) Bunkanet a(6) gave the initial OH abstraction branching ratio ofk3,83
0.17k,,(6)which then led to 17 + 3 % formylformamide formatowl 65 + 3 % methyl

isocyanate formation.

6.1.20Handt-Butylamine

In carbon capture and stora¢@CS) by absorption in amine solutions,
aminoethanol (MEA) is the benchmark standard to which other solvents are compared.
However, because MEA has a relatively high binding energy wite@clly hindered
amines can provide lower binding energibsgngiater or similar loading capacities to
MEA. One of these sterically hindered amines is AdiRi(@2- methyll-propanol);
direct OH study of AMP is complicated by a low vapour pressure [0.47 Te@(&Y25
in addition to the general problems dadee to the reaction of amines with OH

precursors.
H:C NH, H5C
Ken S NH,
ka HO 2 k' HsC” “CH,
H33<NH2 kz H33<NH H33<NH2 /
HO " CHy HO~ “CH, HsC” “CH; k2’
\ \ H3S<NH
AMP H33<NH2 tBuNH, HsC” “CHj
0~ “CH,

Schemeb.2 Compares the OH oxidation of AMP to tBuNitgenerakiQ W@ R Y | &
be expected to be similar ta andk, if the hydroxy group is (as may be expected) a

minor abstraction channel, and has a minimal influence on the beta methyl
abstractions in AMP.

Tertiary butyl amine (tBuNHliffers from AMP only through the absence of the
hydroxy group and as such, it may provide insight into the reactivity of sterically hindered
amines towards OH reactions,shewnin Scheme 6.ZI'he importancef studying
hindered amines is that thattthiaeir atmospheric loss processes are not as well
understood as those of most primary amimethe atmospheric oxidation of most
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primary amines, the primary reactive loss of the radicals formed after reaction with OH,
is HO; and imine formation. A fasiute to imine formation is however not possible in
amines such a tBuNldue to the tertiary carbon adjacent to the g¥blup.

The literature available on the reactivity of OH and tBuMtén the work in
this chapter was carried ,ouas a direct OH kitie experiment performed by Koeh
al, (9)which gavéommsuz=(1.2+ 0.12x 10*cm?® moleculé s*. After the completion
of both the experimental and computational work described in this chapter, a further
experimental and theoretical paper orréhetion was published by Tem(10)and
gavekon-wunHz=(0.84+ 0.17x 10*cm® moleculé s*. The work by Taet a(10)also
provideda PES and product branching ratios, with the dominant channel being
abstraction of an amino hydrogen. Formation of nitrogen centred radicals is problematic
in that they are known to be gas phase sources of nitramines and nitrosamines. The
reaction of nitrgen centred radicals with oxygen is well known to b&Xklow2)and
therefore in environments with moderate to high NOx levels, the reaction with NO or
NO. can be faster which leads to nitramines and nitrosamines forfhafida)

In addition to beig a proxy for studying OH and AMP, tertiary butyl amine is
itself used in industry, in the vulcanization of rubber, and in the derivation of a variety of
chemicals including pesticides. Its use in industrial processes and itgmelasiited
as arrda@ 297 Keads to losses to the atmosphere and OH initiated oxidation.

6.1.30Hand N-methytpropanl,3-diamine

In CCS by absorption in amine solutions, the use of multi component amine
based C@absorption mixes has advantages over single component washes. One of the
additives that is used in amine blendsmebhyipropanl,3diamine (diamin€)5)The
precise ratios and component amines used in the CCS industry are often classed as
proprietarynformation, and the exact quantities of diamine used in CCS plants worldwide
is not well known. Where this amine is used in CCS wash solutions it will be released to
the atmosphere, but the atmospheric reaction of this amine with OH has not been studied

in any detail.

6.2 Experimentatesultsanddiscussions

The largest source of uncertainty in the kinetic measurements for these
compounds was the error associated with defining the concentration of the reagent at the

point that the kinetic measurementsvoeing made. For methyl formamide, the vapour
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pressure was insufficient (< 0.26 Torr), at 28D0 K (16) to allow accurate
concentrationso be assigned to gas mixtures (measured with the baratron pressure
gauges and mixing mani fold available). A:
where the ambient vapour above liquid MF was sampled by a backing flow of nitrogen;
this method isekcribed in greater detail in Chapter 2. The same method was used for the
addition of Nmethylpropane diamine (diamine), because diamine was found to be lost
when stored as a dilute mixture in cylinders. For tertiary butyl amine,)tBuiin
concentrabns in nitrogen could be stored and used reliably, and the added

concentrations were not reliant on vapour pressure calculations.

Delivered concentrations of methyl formamide (MF) were calculated from the
Antoine equation, o g ( P/Ab[aB /) ( HC )Klisirg values oA = 4.99796B =
2134.031C = -45.071 (Heinricht a{17) and these were measured over the range 369.6
- 472.4 K. For Nmethylpropanl,3diamine (diamine) no Antoine parameters were
available from the literature, however a recent work on the enthalpy of vaporization
carried out by Verevkin and Chernfidgare! Hua= (50.2 £ 0.1) kJ mblat 298 K.
Using the enthalpy of vaporization, the boiling point 413)lkind the Clausius
Clapeyron equation, the vapour pressure was calculated for given temperatures. If better
relationships between temperature depeeslevicthe vapour pressures for MF or
diamine become available in the future, the bimolecular rate coefficients given in this work

should be summarily adjusted accordingly.

6.2.1RoomtemperatureOHand methylformamide(MF)

The time taken to reach a stable concentration of added MF was notably slow and
as such, the concentration was monitored byNPI RO ensure that it had stabilised
before kinetic measurements were taken. By averaging the bimolecular plots collected at
roomtemperature (298300 K), the bimolecular rate coefficlestus was assigned as
(1.03+ 0.23)x 10" cn? molecul& * where errors are given afZl'wo example
bimolecular plat aregivenas Figure 6,Wwhere different intercepts are apparent, this

difference is due to the introduction of differing concentrationgef H
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Figure6.1 Two example bimolecular plots taken for MF andviidre HO, was
photolysed at 248 nm and the concentration of MF was monitored vidMISTHhe
kon+mpvalues were assigned as (1+1@412)x 101 cm?® moleculet st and (1.110.10)
x 101 cm?® moleculet st, with errors given as 2

TOF-PTRMS spectra were dysed in order to assign product formation; from
the experiments carried out at 5 Hz, the majority product observed was formylformamide
(m/z 73 + 1 (HCONHCHOH) and 74 +1 it§C peak). Additional peaks from methyl
isocyanate (m/z 76 (GNICOH;0O")) and theperacid derivative of formylformamide
(m/z 88 (HCONCOOOH 06H-0)) were also observed. These are shoRigune6.2,
where the dominance of abstraction from the methyl site (>65 %) can be clearly observed
from the relatie peak heights, when all amides and derivatives were assumed to have an
equivalent PTIRIS response factor. This experiment was carried out under sufficiently
low oxygen conditions (< 1 x #@nolecule crf) such that titration of any nitrogen
centred radals formed was not noticeably present.
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Figure6.2 The TORPTRMS product formation taken at 5 Math photolysis of bO»
at 248 nm at 1530 Torr, fp3 x 10 molecule cr¥ . Dominant products observed at
m/z 74 (a.u.) and m/z 76 (a.u.) and m/z 88 (a.u.).
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Figure6.3 Change in peak areas for OH and MF observed at a repetition rate, of 1Hz
with photolysis of KD, at 248 nm at 1530 Torr, pp=1 x 10'® molecule cr?. With

lower radical concentrations, new products formetth the majority producat m/z

46 (a.u.).

When the repetition rate was reduoekHz,Figure6.3, the product distribution
changed with no observation of the formation of m/z 74 (73 + 1 (HCONHCKHOH
This can be assigned to the lower radical concentration present at the lower repetition
rate. As these experiments were carried out N@efree conditionsRO formation
was dependant on RAO; reactions and was quadratically dependant on the radical
concentration, and the radical concentration was itself dependant on the repetition rate.
Under the lower radical concentrations the maatuct was formamide or its alcohol
tautomer (m/z 45 + 1), with methylimine formation (m/z 29 + 1) also observed from the
aldehydic abstraction channel. The change in products can be explained by the dominance
of internal isomerization chemistry forR@ reactions. For the methyl abstraction, this
allows the formation of HOCHNHhe tautomer of formamide that appeared at m/z (45
+1).
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Comparison of the products formed in both the 5 Hz and 1 Hz experiments was
carried out. In the 5 Hz experiment, the ratio of the observed product yields were assigned
as 66t 10 % formyl formamide, 305 % methylisocyanate andl 8 % from the per
acid guivalent of formylformamide. The jaeid and methyl isocyanate was formed
from the aldehydic channel and formyl formamide from the methyl abstractions. At 1 Hz
85 + 10 % of the observed product formation was formamide, with methyl
methylisocyanate accting for 11+ 5 %. It should be noted that the observed product
yields were affected by losses of compounds to the walls before the PTR could sample
the flow, and that the PTR was blind to any radicals which oesloitly with oxygen
to form products. his would be expected to have impacted both the observation of
isocyanates and the observation of imines. In the case of imines, this is a consequence of
both their ability to polymerize, and their under representation due to inefficient titration
by oxyge of the nitrogeitentred radicals.

The observed products formed at 5 Hz are in reasonable agreement with those
observed by Bagset al (50 % formyl formamide 30% methyl isocyafalend by
Borduaset al(36 % methyl isocyanai#) and with thabinitiosurfaces published in the
work of Borduast aland Bunkaet a(4, 6) As the temperature and pressure dependence
of this reaction was not explored, master equation calculations were not required to fit
the dataAdditional computional calcul@ins were not performed, given thigh level
surfaceswere already available (CCSD(F12a}arpVTZ//MO06 -2X/augccpVTZ
and G3XK).

6.2.2TertiarybutylamineOHphoto-oxidationstudy.
Measurements were made on the kinetics of the reaction of @tiandbutyl
amine (tBuNH), in both a conventional slow flow {pressure reaction cell, and in the
highpressure system. Initial work in both setups showed that {Botéi be reliably
stored as known concentraandnstannhessogetacel
tanksd. Experiments carried out over multipl
OH and tBuNH values assigned at RT (298 K). Following this, experiments were
carried out over a range of temperaturespZ8) K, smmarizedn Table6-1; an

example elevated temperature bimolecular plot from this is stoguret4.

194



35000

=40 n.
30000 - % %
EBDA ‘
250004 ¢ | "
5 10
a o ew
» 200004 T e e
B Time (ns)
@]
X
15000 -
10000 -
5000 -

I ' I ' I ' I
0.00E+000 4.00E+014 8.00E+014 1.20E+015
-3
[tBUuNH,] (cm™)

Figure6.4 An OH and tBuNtbimolecularplot usedto generatekon+wsunHat 303 K
1478Torrwith tBuOOHasan OHprecursorwith anapparentkon+wunHz (1.69+0.07)
x 101 cm?® moleculet st. Insetis an exampleOHfluorescencelecaytrace, usedto
generatethe point at 1.5 x 10 cnt3 tBuNH on the bimoleculamplot.

The experiments in the lgwessure and higiressure reaction systems, were
carried out using two different OH precurso8.tdnd tBuOOH. It was noted that the
removal rates appeared to be higher in the experiments carried out iptessioe
apparatus with tBuOOH than in the hglessure bay with,8.. To assess whether this
was due to the different OH precursors reautitigthe amine at different rates before
the gas mixtures reached the reaction region, tBuOOH was also used as the OH precursor
for several room temperature measurements in th@rbggure system. The high
pressure measurements with tBUOOH as an OHrpogcagain returned the higher
value observed in the lgpressure system. The resultant average ambient temperature
bimolecular removal rate coefficient for tBulditd OH was assignedkas:eunto2,208<=
(1.66 + 0.14) x 1B cmPmoleculess™
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Table6-1: Showshe rate coefficientsfor tBuNH and OHmeasuredooth in the high
pressurereactor and in a conventionallow-pressurecell. Two OH precursorswere
used,tBuOOHandH0 . It is clearthat where H.O, wasused,a lower rate coefficient
wasassigned.

Precursor | Temperature (K] Pressure (Torr) (1(?;3 r;oIanTngu?)Hz
HOOH 203 * 3 1250 + 75 1.27 + 0.03
HOOH 357 + 8 1251 £+ 75 1.39 £+ 0.02
HOOH 427 + 15 1253 = 75 1.40 + 0.02
HOOH 485 + 21 1270 £ 75 142 £+ 0.05
HOOH 295 + 3 1297 £+ 75 1.29 £+ 0.03
HOOH 483 + 21 1488 = 75 1.36 + 0.03
HOOH 291 + 3 1371 £ 75 1.30 £ 0.02
HOOH 293 + 3 1287 £+ 75 1.36 £ 0.03
tBuOOH 2903 £ 2 1350 £ 75 1.69 £+ 0.11
tBuOOH 297 = 2 1377 = 75 1.67 £+ 0.04
tBuOOH 2905 + 2 1260 £ 75 1.70 £ 0.07
tBuOOH 303 £ 2 1478 £ 75 1.69 £ 0.07
tBuOOH 2908 + 2 21 = 2 1.60 £ 0.05
tBuOOH 298 = 2 21 £ 2 1.66 + 0.06
tBuOOH 298 = 2 21 £ 2 1.54 + 0.07
tBuOOH 298 + 2 21 =+ 2 1.63 £ 0.07
tBuOOH 298 = 2 21 £ 2 1.80 + 0.10
tBuOOH 350 = 5 51 £+ 2 143 + 0.05
tBuOOH 400 £ 10 51 =+ 2 152 £+ 0.08
tBuOOH 450 + 15 51 £+ 2 1.22 + 0.06
tBuOOH 500 = 20 51 £+ 2 1.12 + 0.05
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Figure6.5 The observed temperature dependence of OH and tBuiidre OHvas
formed through the photolysis of two different OH precursogSyldnd tBuOOH.

The rate coefficientis within a factor of two of the valuecalculatedby relative
ratein Tan etal, Kowswunnz = (0.84 £ 0.17) x 1%¥cn? molecul® s (10) andisin better
agreementvith a directkineticstudyby Koch etal, kowssunz = (1.20 + 0.12x 10°*
cn® molecul& s'at 298 K, measured by laser flash photolysis resonance fluo(@scence.
The value measured by Koch e(9lis however, in even better agreement with the
average RT rate coefficient measured with & the OH precursor indicating that
perhaps that work was also influenced by precursor reaction with tertiary butyl amine.

Both the previous studies, Koeha(9and Tan et a{10)note the presence of
issues in delivery of tBuMHhighlighting additional loss processes through reaction of
the amine with both the OH precursors and wallseTainoted that a systematic error
in accounting for the ne@H losses of the amine could have influenced their (@8)lts.
Considering all these factors the apparent discrepancies between the previous works, and
with those presented here is understand&@eestimatdor the rate coefficientwas
generatedby consideringhe removalrate of severabimpleaminesvasgeneratedy
consideringhe bimolecularatecoefficientandbranchingatiosfor thereactiorof OH

andtrimethylaminemethylaminegdimethylamineand ethylamindrom Onel etal and
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Carletal (20,21) to work out aratefor the NH, group(1.14x 10 cm?® moleculés?),
and combining this with SAR valuesfor the methyl protons from Kwok and
Atkinson(22) Thismethodgavel.19x 10 cm® moleculés*for OH andtBuNH; and
95.8% aminoabstractionif the valuefor theaminoprotons(2.1x 10* cnm?® molecul@
s?) from the SARanalysi®y Kwok andAtkinson(22)is insteadised avalueof 2.15x
10 cn® molecul@s® is producedvith reactiorbeingalmostexclusivelfrom theamino
site(97.7%). Theseestimationdhoweverneglecanypossiblenfluenceof aprereaction
complexwhereif hydrogerbondingbetweertheaminogroupandthe OH radicakxists
abstractionsatesfrom the methylgroupsmay be higherthan that which would be
estimatedrom the SARanalysisf Kwok andAtkinson.

Scheme6.3: Shows potential product formation pathways for tBuNH and OH
oxidation.Theformationof animinefollowingaminoabstractionhasbeenverifiedby
(10)with aroute viathe nitrosaminebeingindicatedunderambientconditions.

To evaluatef therewasanyexperimentatvidenceof OH recyclingfrom the
routeshownin Schemé.3, experimentsverecarriedout overavarietyof temperatures
andpressuref210 1480Torr, 293 567K), andtheresluts in the highandlow-pressure
cellswerein good agreementThe observedemperaturalependenceould be well
describedy a modifiedArrheniusequationgivingk= ((9.0+ 35.0)x(T/298F°7*>1§ x
gl(4-20£9.70)x1000RTx 1 0! o moleculé s (dashededlinein Figure6.5) it wasclearfrom
this that there wereinsufficienthigh temperaturgoints collectedto defineall three

parameters hereforea subsequerftt wasperformedwherethe activatiorenergywas
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