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Abstract

Knowledge of volatile organic compounds (VOCs) and their mixing ratios present in air
on a regional and global scale is critical for understanding of air quality and climate.
Measurement of individual non-methane hydrocarbons (NMHCs) present in ambient air
presents a significant challenge, and the separation of hydrocarbon structures from
measurement techniques such as infrared spectroscopy is rendered impossible by the
number of species of NMHCs, on the order of 10* - 10°, directly emitted or produced by
oxidative chemistry in the atmosphere. Whilst a majority of NMHCs cannot be directly
measured, the oxidation products, oxygenated VOCs (OVOCs), are more accessible to
detection techniques. The qualification and quantification of VOC species within the
troposphere may be resolved through the increased mechanistic understanding of glyoxal
(CHOCHO) and formaldehyde (HCHO) production from a range of precursor VOCs. The
ratio of glyoxal to formaldehyde (Rcr) produced through oxidation varies dependent on
the VOC precursor, and yield measurements of these products are therefore paramount to

deciphering global tropospheric Rer measurements and the nature of their origin.

This thesis has a focus on chamber studies of glyoxal yields from the OH-initiated
oxidation of biogenic VOCs (BVOCs), specifically acetaldehyde and isoprene, in the
Highly Instrumented Reactor for Atmospheric Chemistry (HIRAC). HIRAC is equipped
with several selective detection techniques, including a Proton Transfer Reaction-Time
of Flight-Mass Spectrometer (PTR-ToF-MS), a glyoxal laser-induced-phosphorescence
(GLYOX-LIP) instrument, and a Fluorescence Assay by Gas Expansion (FAGE)
instrument. Simultaneous measurement with these instruments during oxidation reactions
allowed detection of hydroxyl (OH) radicals, glyoxal, and BVOCs of interest, including

acetaldehyde and isoprene, for the direct measurement of glyoxal yields.

Sources of OH were investigated and compared for chamber studies involving glyoxal,
with a focus on GLYOX-LIP interference and first-order loss rates of glyoxal. Photolysis
of either hydrogen peroxide or ozone were determined to be the most effective methods
of OH generation in NOx-free reactions (NOx = NO and NO3), whilst methyl nitrite
(CH3ONO) was distinguished as an effective OH precursor for studies involving NOy.
FAGE measurements of OH were investigated through the comparison of two FAGE
calibration techniques; water vapour photolysis, calculating [OH] from water vapour
concentrations in a flow of air; and VOC decay, calculating [OH] from PTR-ToF-MS
detection of cyclohexane removal in HIRAC. Upon adjustment of the relative sampling

iv



positions for FAGE and PTR-ToF-MS, both calibration techniques showed excellent
agreement in the OH calibration factor (Con) for FAGE (to within 4 %). However, further
investigation of Con measured through isoprene decay revealed a large discrepancy in
measured Con between both calibration techniques. Con determined through water
vapour photolysis was at least 7 times higher, however consistent ratios between
measurements could not be determined. FAGE detection of OH during isoprene oxidation

therefore relied upon Con determined through the isoprene decay.

Yields of glyoxal (YcLy) were measured both from the oxidation of acetaldehyde (YoLy =
0.12 + 0.03 %) and isoprene (YoLy = 0.52 + 0.06 %). The low glyoxal yield through
acetaldehyde oxidation has implications for readdressing a missing source of glyoxal in
the marine boundary layer (MBL), and discrepancies between observed and modelled
glyoxal mixing ratios in the MBL remain unaccounted for. Meanwhile, to the author’s
knowledge, this work represents the first direct measurement of glyoxal yields from
isoprene oxidation in the absence of NOx through selective GLYOX-LIP detection.
Measurements in this study combined with future work considering the dependence of
glyoxal yield on NOx mixing ratios will help reduce uncertainties in the global budget of

glyoxal production through isoprene emissions in the troposphere.
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Figure 1.6 A set of comparisons between modelled glyoxal concentrations using
the MCM dataset and observed satellite measurements in locations around the
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Figure 1.10 A schematic detailing the reaction mechanism listed in the MCM
(Saunders et al., 2003) for the OH- or Cl-initiated oxidation of acetaldehyde.
Formaldehyde, acetic acid and glyoxal are outlined as products of interest in the
analysis of Rer and other product ratios relevant for an accurate model of
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Figure 1.11 Mechanistic routes to glyoxal through the OH-initiated oxidation of
isoprene as presented by the Goddard Earth Observing System chemical
transport model (GEOS-Chem). Representative branching ratios, species
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or glyoxal (CHOCHO) are taken from mean quantities measured over the south
eastern United States during the Southeast Nexus (SENEX) campaign in the
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Figure 2.1 A schematic depicting the exterior of the HIRAC facility with external
flange access ports to the sides, top, bottom, front, and rear; mixing fans
positioned to front and rear on opposite sides of the access flanges; and quartz
lamp tubing distributed evenly in a circle around the central line of the cylinder.
Also depicted is the Fluorescence Assay by Gas Expansion (FAGE) OH
monitoring instrument (right), attached to an 1ISO-K160 flange on one side of the
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Figure 2.2 A schematic depicting the interior of the HIRAC facility, displaying
the eight quartz tubes spanning the length of the chamber; two of the four fans
fixed between lamp tubing at either end of the chamber; the inlet tube of the
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Figure 2.3 The emission spectrum for the Philips TLK40W/05 blacklamps used
in HIRAC for the photolysis of molecular chlorine or nitrite (RONO) species,
generating Cl and OH radicals respectively. Taken from Glowacki et al.,
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Figure 2.4 Measurements performed during an actinometry in the Experimental
Multiphasic Atmospheric Simulation Chamber (CESAM) using NO2 photolysis
to determine the lamp photon flux. Species measured include NO (squares), NO>
(circles), Oz (triangles) and HONO (crosses). Solid lines indicate modelled
concentration profiles over time alongside their respective empirical
measurements. Shaded regions indicate dark periods in which chamber lamps
are not activated and no photolysis is occurring. Taken from Wang et al., (2011).

29

Figure 2.5 Diagrams for the energy transitions involved in the laser-induced
fluorescence of OH radicals. Depicted are the transitions for (a) off-resonant
fluorescence, with a laser excitation pulse at 282 nm (A%Z* (v' = 1) « X2ITi (v" =
0)) followed by vibrational relaxation (dotted arrow) and fluorescence at 308 nm,
and (b) resonant fluorescence, with a laser excitation pulse at 308 nm (A?Z* (v/
= 0) « X2II; (v" = 0)) followed by fluorescence at 308 nm. Taken from Winiberg
(2014). 31

Figure 2.6 Schematic demonstrating the electronic gating system employed for
fluorescence detection of OH in FAGE using a master clock to denote time to as
the trigger for the cycled laser pulse, Channeltron PhotoMultiplier tube (CPM)
gain and photon counting card data collection. Each cycle has a duration of 60
ps. Photon counts are deposited into bins of 1 ps detection time, where the ‘A
bin’ constitutes all photon counts including fluorescence, and the ‘B bins’
constitute photon counts from laser scatter, providing an averaged background
subtraction signal. Schematic not to scale. Taken from Winiberg (2014)....... 32

Figure 2.7 A vertical cross-section of the HIRAC FAGE apparatus demonstrating
the distance between the inlet pinhole and the first (OH) fluorescence detection
cell (~280 mm), and the subsequent distance to the second (HO3) fluorescence
detection cell (~300 mm). Also displayed are the optics within each cell for
maximising signal gain. Taken from Winiberg (2014)........cccccoveiininvnnnnne. 33

Figure 2.8 A vertical cross-section of one of the fluorescence detection cells in
the HIRAC FAGE apparatus, displaying the optics and laser pathway within
each cell. The laser beam passes through the detection cell perpendicular to both
the gas flow and detection axis, and laser power fluctuations are monitored at the
exit arm by a photodiode. Fluorescence photons are passed through two
collimating lenses, a bandpass filter centred at 308.75 nm with a 5.0 nm
bandwidth, and two focusing lenses before the signal is detected by the CPM. A
concave retro reflector on the underside of the detection cell increases the
detected fluorescence signal by twofold. Taken from Winiberg (2014).......... 35

Figure 2.9 A schematic of the hardware contained within the PTR-MS reactor
oven. Depicted is the flow of the reagent gas through the glow discharge (GD)
source and the source drift (SD) region before merging with the analyte gas flow
in the proton transfer reactor cell (PTR) and finally reaching the transfer optics
at the end of the cell. Taken from the Kore PTR-ToF-MS hardware reference
manual (KoreTechnology (2015)). ....ccocvviiiiieieieriesie s 38
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Figure 2.10  The transfer optics at the end of the proton transfer reactor cell
designed to focus the analyte ions onto the ToF source. lons are passed through
a transfer lens and deflector plates to direct the ions towards the exit, and then
pass through two pumping apertures to reduce the pressure sequentially down
from reactor pressure (~1.8 mbar) to an intermediate vacuum system (~107
mbar), and finally down to a high vacuum system (~10~" mbar) in the ToF source.
Taken from the Kore PTR-ToF-MS hardware reference manual
(KoreTechnology (2015)). ...ccveiveieiiesieee e 39

Figure 2.11  Aschematic of the time-of-flight (ToF) source depicting the flight path
of the ions upon exiting the proton transfer reactor (PTR) through the transfer
optics. lons are pulsed perpendicular to the flow from the PTR through a series
of plates including a backplate, pulsed extraction plate, intermediate electrode,
and acceleration electrode. lons are then directed through X and Y deflectors,
and fly through a field-free region (FFR) before being reflected back through the
FFR and onto the detector by the reflectron. Taken from the Kore PTR-ToF-MS
hardware reference manual (KoreTechnology (2015))......cccccccveniininiiniieinnnn. 40

Figure 2.12 A schematic of the FTIR optics and beam path from the infrared
spectrometer exit port to the detection optics. The beam is reflected off two
planar mirrors (P1 & P2) and a concave mirror (S1) with 2400 £ 12 mm radius
of curvature before passing through a multipass system inside HIRAC. The
multipass system includes three objective mirrors (O1, O2 & 03) and two field
mirrors (F1 & F2), and typically achieves 72 passes inside HIRAC to extend the
path length and increase detection sensitivity. The beam path is reversed upon
exiting HIRAC to reflect first off a concave mirror and then off the two planar
mirrors before hitting the detection optics. Taken from Glowacki et al. (2007a).

42

Figure 2.13 A schematic of the beam path between the field and objective FTIR
mirrors within HIRAC. The beam enters HIRAC at position 0 and traces the path
shown in numerical order from 1 to 35 on the field mirrors (F1 & F2) to create a
matrix of images before exiting HIRAC at position 36. A total of 72 passes are
therefore attained, with a resultant path length of ~128.5 m. Taken from
Glowacki et al., (2007)........cceiieiieieiiese e 43

Figure 2.14  The fine-structure laser-induced phosphorescence spectrum of glyoxal
centred around the optimal wavelength for electronic excitation at A = 440.141
nm, with the offline wavelength also displayed (1 = 440.034 nm). The spectrum
was measured with a wavelength resolution of 0.0008 nm. Taken from Walker
BL AL (2022). ... s 45

Figure 2.15 A schematic of the GLYOX-LIP instrument setup as shown from
above. Depicted is the laser system including 532 nm green light produced by
the diode-pumped Nd:YAG laser, 880 nm infrared light produced by the tunable
Ti:Sapphire laser, and the frequency-doubled 440 nm blue light after passing
through the lithium borate doubling crystal. Also shown is a schematic of the
phosphorescence detection cell, where the sample flow through the inlet is on
the plane directed out of the page, however the detection optics prior to the
photomultiplying tube (PMT) are excluded. Taken from Walker et al. (2022).

47
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Figure 2.16 A diagram of the trigger cycle for data acquisition of phosphorescence
signal controlled by a delay generator. The Ti:Sapphire laser pulse (blue) is
triggered 5 ps after the cycle start followed by a 3 ps delay to allow for the
complete decay of any fluorescence (dashed purple) due to the anodised cell
walls or other species in the gas sample. Phosphorescence (red) signal is
collected in the A bin and any background signal is collected in the B bins. Taken
from Walker et al. (2022). ......ooviieiieecieiiee e 49

Figure 3.1 A comparison of the FTIR spectrum of synthesised gaseous methyl
nitrite (~1.5 x 10'* molecule cm®) measured in HIRAC at 293 K with the
absorption cross-section of methyl nitrite measured by Sharpe et al. (2004).
Comparison shows good agreement between spectra, revealing only background
levels of water, carbon dioxide and methane in the chamber, which are known
impurities in the nitrogen bath gas used in HIRAC experiments. ................... 57

Figure 3.2 The UV absorption cross-section of gaseous methyl nitrite at 298 K
between 190 — 435 nm. The structure and quantity of cross-section values
between 300 — 400 nm promotes photolysis in this wavelength region, allowing
use of the blacklamps with wavelength output centred around 300 — 450 nm.
Taken from Taylor et al. (1980). ......cccoooiiiiiiiei e 58

Figure 3.3 Depletion of excess NO (black) during the photolysis of methyl nitrite
(blue) upon activation of UV blacklamps (shaded yellow region). UV photolysis
of methyl nitrite triggers formation of HO> radicals, which react with NO to
produce OH and NOz. OH then oxidises VOCs in HIRAC, subsequently forming
RO:- radicals, and the RO> then similarly reacts with and depletes NO. Photolysis
of NO; is too slow to replenish NO concentrations above that of the NOx
Analyser detection limit (~0.5 ppbv) once depleted. Complementary data shown
INFIGUIES 3.4 & 3.5, oo 59

Figure 3.4 OH concentrations measured by the HIRAC FAGE instrument upon
photolysis of methyl nitrite. The yellow shaded region indicates activation of UV
blacklamps initiating photolysis, followed by a clear increase in OH molecules.
Despite depletion of excess NO in the system, OH continues to be produced,
however lower concentrations indicate a slower rate of production for the
remainder of the experiment time. Complementary data shown in Figures 3.3 &
3.5. 60

Figure 3.5 Growth in glyoxal concentration, measured using a laser-induced
phosphorescence technique upon photolysis of methyl nitrite, producing OH
radicals in the presence of acetaldehyde. Yellow shaded region indicates period
with UV blacklamps on, initiating production of OH and instigating oxidation of
acetaldehyde with clear glyoxal production over a period of ~2 hours.
Complementary data shown in Figures 3.3 & 3.4. ....cccevvveiveieceece e 62

Figure 3.6 Comparison of the measured absorption of isopropyl nitrite (black,
~5.2 x 10 molecule cm=) with the FTIR spectrometer against the absorption
cross-section of acetone (red) (Harrison et al., 2011a, b), the dominant product
of isopropyl nitrite decomposition. The measured spectrum shows very little
evidence of acetone present in the isopropyl nitrite sample. ...........ccccoveneee. 65
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Figure 3.7 Production of OH from isopropyl nitrite photolysis in HIRAC without
the addition of any other VOCs, measured by the HIRAC FAGE instrument. Red
lines indicate liquid injections of isopropyl nitrite (100 pL) into the chamber, and
shaded yellow area denotes activation of UV blacklamps. Data complementary
t0 FIQUIES 3.8 & 3.9, oo s 66

Figure 3.8 Growth of phosphorescence counts normalised for laser power with
GLYOX-LIP measurements upon photolysis of isopropyl nitrite. Red lines
indicate liquid injections of isopropyl nitrite (100 pL, ~2.6 x 10** molecule cm™)
into HIRAC, and yellow shaded area indicates activation of UV blacklamps
initiating photolysis. A lack of suitable glyoxal sources from isopropyl nitrite
photolysis suggests methylglyoxal as the source of LIP signal growth. Data
complementary to FIQUres 3.7 & 3.9. ..o 68

Figure 3.9 A comparison between the change in observed signal over time during
isopropyl nitrite photolysis from phosphorescence detected with the GLYOX-
LIP instrument (black) and counts measured at m/z 73.07 on the PTR-MS (red).
Both instrument signals show a similar growth profile, indicating the potential
interference from methylglyoxal in the phosphorescence signal, however there
is a discrepancy at longer time scales that is unaccounted for by this hypothesis.
Data complementary to Figures 3.7 & 3.8. ..., 69

Figure 3.10 Oxidation mechanism for the generation of OH from TME
(tetramethylethylene, 2,3-dimethylbut-2-ene) ozonolysis through production of
the Cs Criegee intermediate. Reaction proceeds through formation of a primary
ozonide before dissociating into the Criegee intermediate and acetone. The
Criegee intermediate can then undergo further dissociation through a 1,4-H shift
to produce OH, whilst the resulting acetonyl radical is rapidly oxidised into other
products. 72

Figure 3.11 FAGE detection of OH concentrations produced through the
ozonolysis of TME in HIRAC. OH generation begins immediately as the second
precursor (in this instance TME, ~2.4 x 10'* molecule cm™) is delivered into the
chamber. Initial concentration of O3 delivered was ~2.5 x 10'* molecule cm.
After an initial spike in OH concentration, a steady state is reached at ~1 x 108
molecule cm™ for a period of at least 30 minutes. Data complementary to Figure
3.12. 73

Figure 3.12 Normalised phosphorescence signal measured with the GLYOX-LIP
instrument immediately after introduction of TME to HIRAC following ozone
delivery, initiating the ozonolysis reaction. Phosphorescence detection is likely
a result of methylglyoxal production from oxidation of the acetonyl radical
produced during OH generation. Data complementary to Figure 3.11............ 74

Figure 3.13 FAGE measurements of OH generated through the ozonolysis of
ethylene in HIRAC. Ozone (~4 x 10% molecule cm™) was delivered into the
chamber prior to ethylene, and an initial addition of ethylene (~3 x 10 molecule
cm) followed at ~200 s. A second addition of ethylene (~1 x 10* molecule
cm3) was made at ~1500 s to boost OH concentrations, however after an initial
increase, [OH] quickly falls to a steady state approximating [OH]ss = 7 x 10°
molecule cm. Data complementary to Figure 3.14.........ccccocvvvverereceerrnnnnnn. 77
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Figure 3.14  FAGE measurements of HO2 concentrations during ozonolysis of
ethylene in HIRAC. Data complementary to Figure 3.13, where the large
increase in [HO:] seen at ~1500 s results from a second addition of ethylene into
the chamber, temporarily increasing HO2 production. [HO:] does not rise above
~6 x 10® molecule cm™ throughout ozonolysis reaction, limiting capacity for
additional OH generation through reaction of HO2 with Oz......cccccoevveirneee 78

Figure 3.15  Production of glyoxal (red) measured by the GLYOX-LIP instrument
during the ozonolysis of ethylene (black) through the reaction of ethylene with
OH. Ethylene decay was measured with the FTIR spectrometer, and spectra have
a temporal resolution of 44 s. The gap in FTIR data indicates where the
spectrometer has paused measurements before restarting scans. Data
complementary t0 FIQUIE 3.16. ........cooiiiiiiiiiieiesie e 79

Figure 3.16  Calculated glyoxal yield (0.84 + 0.02 %) from the OH-initiated
oxidation of ethylene. Yield was calculated as the concentration of glyoxal
produced against the fraction of ethylene removed as a result of reaction with
OH. The fraction of ethylene removed due to ozonolysis was accounted for using
measured ozone concentrations throughout the experiment and the
predetermined bimolecular rate coefficient, kos (Alam et al., 2011). Increasing
curvature in the yield plot indicates a growth in glyocolaldehyde throughout the
reaction as direct glyoxal precursor. Data complementary to Figure 3.15. ....80

Figure 3.17  The absorption cross-section of hydrogen peroxide between 190 — 350
nm reproduced from data taken by Molina and Molina (1981). The wavelength
resolution is 5 nm, and the absorption cross-section at 255 nm, close to the
wavelength output for the GE Optica UV lamps (254 nm) measured here is 6.23
x 10%° cm? molecule™, at least an order of magnitude higher than cross-sections
between 300 — 350 nm (0.3 — 6.6 x 102t cm? molecule™).......c.ccovevvevrernnnnee. 83

Figure 3.18  FAGE detection of OH generated in HIRAC through the photolysis of
hydrogen peroxide using 254 nm UV lamps. Activation period of the lamps is
shown in the yellow shaded area. Red lines indicate injections of hydrogen
peroxide (1 mL) into the chamber. After a second hydrogen peroxide addition,
[OH] reaches as high as 1.4 x 10% molecule cm™. Data are complementary to
FIGUIE 3.10. et 84

Figure 3.19  Atypical VOC decay profile, measured through PTR-MS spectra with
a time resolution of 10 s, for the OH-initiated oxidation of acetaldehyde through
hydrogen peroxide photolysis. Red lines indicate injection of hydrogen peroxide
(1 mL) into HIRAC, and yellow shaded areas indicate activation of 254 nm UV
lamps, generating OH. Data are complementary to Figure 3.18............c......... 85

Figure 3.20 Measurements of glyoxal additions into HIRAC, detected using the
GLYOX-LIP instrument. Chamber contained only an air mixture at 1000 mbar
pressure prior to addition of glyoxal. Red lines indicate injections of hydrogen
peroxide solution (50 wt. % in H20), and yellow shaded areas indicate activation
of 254 nm lamps. The plot demonstrates rapid removal of glyoxal as a result of
wall loss, dilution, photolysis and heterogeneous uptake into the aqueous phase.
Removal rates are amplified by the presence of hydrogen peroxide solution, even
without OH generation, giving strong evidence for the swift uptake of glyoxal
into aqueous solution due to hydrogen peroxide injections into the chamber. 86
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Figure 3.21  Ozone concentrations in HIRAC measured using a commercial O3
Analyser for generation of OH through photolysis of ozone. Yellow shaded area
indicates activation of 254 nm lamps in HIRAC. Ozone was introduced into the
chamber through activation of a 184.9 nm mercury pen-ray lamp, resulting in
photolysis of Oz in a flow of air mixture. Production rate of Oz was varied by
altering the current output of the mercury pen-ray lamp, adjusted to achieve an
approximate steady state during Oz photolysis. Data are complementary to
FIQUIE 3122, ettt ettt te et e e e e e ste e e reeee e 89

Figure 3.22  OH concentrations generated through photolysis of ozone and
measured with the FAGE instrument. Yellow shaded area indicates activation of
254 nm UV lamps, initiating photolysis. OH quickly reaches a steady state
approximating [OH]ss = 3.5 x 107 molecule cm™ for a period of at least 30
minutes. Initial acetaldehyde concentration in HIRAC was [CH3CHO]o =~ 5.0 x
102 molecule cm™. Data are complementary to Figure 3.21. ........cccvvvevnnne. 90

Figure 3.23  Glyoxal concentrations detected by the GLYOX-LIP instrument
following the OH-initiated oxidation of isoprene (2-methyl-1,3-butadiene,
CH>=C(CH3)CH=CHy>). OH was generated through UV photolysis of ozone, and
yellow shaded area indicates activation of 254 nm lamps. Deactivation of lamps
demonstrates rapid loss of glyoxal through wall loss, dilution and heterogeneous
uptake by water. First order removal rate coefficient for glyoxal under these
conditions, kiess = (1.7 £ 0.2) x 10 s}, indicates that the impact of heterogeneous
uptake is not as severe as with hydrogen peroxide solution present................ 91

Figure 4.1 A schematic of the apparatus for the water photolysis HOx calibration
of the FAGE instrument. The gas flow used was either air or oxygen free
nitrogen. Green lines indicate connections from mass flow controllers,
hygrometer and power supply to the PC to control flow rates and record data for
lamp current output, water vapour concentrations and flow rates. Crossed circles
indicate taps to control proportion of flow through the water bubbler. The OH
scavenger injector was not used in this calibration technique, but is discussed in
section 4.3.3. Taken from Winiberg, 2014. .........cccoovveieiieiiee e 100

Figure 4.2 A plot of the actinometry data measuring photon flux of mercury pen-
ray lamps used in HOx calibrations as a function of lamp current. Orange data
points show the actinometry plot from an old lamp; blue data points show the
plot for a replacement lamp. New lamp data demonstrates the increased
sensitivity with lamp current input, enabling a wider range of HOx concentrations
to be achieved during calibration of the FAGE instrument. ...........c.ccccoev... 104

Figure 4.3 Calibration of the FAGE instrument for both OH (black) and HO>
(red) using the water vapour photolysis method in air. OH and HO, were
measured within the same FAGE detection cell by alternating a flow of NO on
or off. Calibration was performed after replacing the mercury pen-ray lamp as
the photon source for water photolysis. ........ccooveviiiiiciie e 105

Figure 4.4 An example of a typical cyclohexane decay in HIRAC. Reaction is
initiated through UV photolysis of H202 at 254 nm to produce OH radicals. Red
lines indicate points where H>O: is injected into HIRAC in 1 mL quantities.
Yellow boxes indicate time periods where UV lamps are switched on......... 108
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Figure 4.5 An OH calibration plot of the FAGE instrument conducted via OH-
initiated oxidation and decay of cyclohexane in N2 at 1000 mbar pressure and
293 K. OH is assumed to be the dominant source of removal for cyclohexane,
and any other unimolecular loss rates are accounted for through subtraction from
the cyclohexane decay in calculation of OH concentrations (as in E4.8). FAGE
signal is normalised for the laser power, accounting for fluctuations measured by
A PROTOAIOTE. ... s 109

Figure 4.6 An OH calibration of the FAGE instrument conducted via OH-
initiated oxidation and decay of cyclohexane in synthetic air at 1000 mbar
pressure and 293 K. OH is assumed to be the dominant source of removal for
cyclohexane, and any other unimolecular loss rates are accounted for through
subtraction from the cyclohexane decay in calculation of OH (as in E4.8). FAGE
signal is normalised for the laser power, accounting for fluctuations measured by
A PROTOTIOUE. ... ae s 110

Figure 4.7 A typical time profile for detection of OH sampled from HIRAC via
the FAGE instrument during reaction with one or more VOCs. FAGE signal is
averaged over 10 s to reduce noise in the data. Lamp activation immediately
produces a peak in OH concentrations through photolysis of hydrogen peroxide,
and during reaction swiftly plateaus to a steady state concentration. ............ 111

Figure 4.8 A cross-section of the Leeds HIRAC facility as viewed from above.
The schematic shows positioning of the instrument sample lines, FAGE inlet,
gas delivery line and liquid injection port on separate flanges around the
chamber. Fans positioned at either end of the chamber provide a uniform
distribution of constituents during the reaction. FTIR mirrors are placed at either
end of the chamber to maximise path length of infra-red light and lower limit of
detection for spectroscopic measurements, although are not used for the majority
of these calibration comparisons. Additional sample lines attached to a port on
the chamber ceiling are not Shown here. ... 112

Figure 4.9 A comparison plot of the temporal profiles of OH concentrations
throughout reaction with cyclohexane measured both directly through the FAGE
instrument (red) and indirectly through calculation via determination of the
cyclohexane decay rate measured with the PTR-MS instrument (black).
Comparison highlights discrepancies in the two measurements, particularly
noting an inconsistency in the ratio between both OH profiles throughout the
reaction. 113

Figure 4.10 A schematic of HIRAC as seen from above. Liquid injection port
flange is exchanged with PTR-MS sample line to prevent disproportionation of
OH from hydrogen peroxide injections and surface adsorption directly opposite
the FAGE inlet. This also ensures FAGE and PTR-MS sampling from within
the same region of the chamber, minimising discrepancies in OH comparisons.
114
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Figure 4.11 Multiple plots of comparison between OH measurements at room
temperature during reaction with cyclohexane determined directly through
FAGE detection (red) and indirectly through analysis of the cyclohexane decay
monitored via the PTR-MS instrument (black). Comparisons were performed
following exchange of the flanges containing the PTR-MS sample line and liquid
injection port, and show excellent agreement between OH concentration profiles.
Plots demonstrate three periods across a single cyclohexane oxidation where UV
lamps are activated to produce OH through hydrogen peroxide photolysis. An
addition of ~1 ml hydrogen peroxide was made before each period whilst lamps
were deactivated to increase OH production. ...........ccccceoevereneniinisinieeenn 115

Figure 4.12 A selection of data from a cyclohexane decay at room temperature
corresponding with OH measurements shown in Figures 4.11 (a) and (b). Data
highlighted in the blue oval indicate a sharp decrease in cyclohexane
concentrations caused by noise in the PTR-MS signal, influencing the calculated
OH concentrations from the decay and resulting in the discrepancy observed in
FIQUIE 4. 11(10). wveeeeeeeeeete e 116

Figure 4.13 A plot showing the ratio of OH concentrations between FAGE and
PTR-MS measurements as a function of temperature in HIRAC. Normalised
FAGE signal was converted to an OH concentration using the water vapour
photolysis calibration factor determined at room temperature. OH concentrations
from PTR-MS measurements were determined via cyclohexane decay rates
using a temperature dependent bimolecular rate coefficient recommended by
Atkinson (2003). Concentration ratios were averaged over all measured values
during individual experiments at each temperature. Plot demonstrates the
increased FAGE instrument sensitivity with increasing temperature between 273
- 348 K. 120

Figure 4.14 A comparison of OH concentrations measured through an isoprene
decay via the PTR-MS instrument (black) and directly with the FAGE instrument
(red). Time profiles follow the same outline, however the FAGE concentration
scale (right) indicates OH concentrations a factor of seven higher than those
inferred from the isoprene decay CUIVE. ........c.coovviriieienene e 121

Figure 415  An overhead schematic of the FAGE instrument used in HIRAC
experiments. Schematic shows positioning of the inlet pre-injector (IPI),
comprised of 1/8” aluminium tubing, used to inject propane before the OH
detection cell as a method of background measurement by scavenging any OH
in the tube before reaching the detector. The tubing starts as close to the detection
cell as possible to maximise the distance FAGE may be pushed into HIRAC, and
finishes just after the inlet pinhole, slightly off-centre, to avoid disrupting the
sample flow whilst making sure all OH molecules present can be scavenged
BFTECTIVEIY. .o 122

Figure 4.16 A plot demonstrating the fraction of OH removed in the FAGE cell at
varying propane flow rates during water vapour photolysis calibration. Fraction
of OH removed appears largely independent of OH concentrations, particularly
at higher propane flows, and effectively complete removal occurs at 80 sccm
propane across all OH coNCENtrations............ccvvvereiieseere e 123

Xviii


file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999961
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999961
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999961
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999961
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999961
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999961
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999961
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999961
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999961
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999961
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999962
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999962
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999962
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999962
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999962
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999962
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999963
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999963
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999963
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999963
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999963
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999963
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999963
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999963
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999963
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999963
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999964
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999964
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999964
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999964
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999964
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999965
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999965
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999965
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999965
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999965
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999965
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999965
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999965
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999965
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999966
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999966
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999966
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999966
file:///C:/Users/cm15wjw/Documents/Thesis/Thesis%20Title%20Page.docx%23_Toc167999966

Figure 4.17 Plot shows OHchem concentrations observed accounting for
background subtraction determined with chemical removal of OH via a flow of
propane at 80 sccm (red). OHchem determinations do not fully mitigate
interference observed in Son for FAGE measurements compared calculated OH
concentrations from the analysed PTR-MS isoprene decay (black). ............. 124

Figure 5.1 Comparisons of modelled glyoxal mixing ratios (coloured) with direct
average observations (black) from the Cape Verde Atmospheric Observatory
during the Oceanic Reactive Carbon: Chemistry-Climate impacts (ORC?3)
campaign, showing data from (a) 22 June to 15 July, 2014, and (b) 18 August to
15 September, 2014. The base model, indicated in the legend, does not include
any acetaldehyde constraints, showing large under-prediction of glyoxal mixing
ratios during day and night. Further model runs, likewise indicated in the legend,
used a fixed mixing ratio of acetaldehyde throughout each simulation, showing
a decrease in the gap between measured and modelled glyoxal mixing ratios
during daytime hours. Taken from Walker et al. (2022). .......ccccceecevvrvninne. 129

Figure 5.2 A schematic detailing the NOy-free reaction mechanism listed in the
MCMv3.3.1 (Saunders et al., 2003; Jenkins et al., 2003) for the OH- or CI-
initiated oxidation of acetaldehyde. Formaldehyde, acetic acid and glyoxal are
outlined as products of interest in the analysis of Rgr and other product ratios
relevant for an accurate model of acetaldehyde oxidation. The currently
including branching ratio in the MCMv3.3.1 for generation of peroxy radicals
HC(O)CH200 and CHsC(O)OO through abstraction at the methyl and aldehydic
hydrogen sites respectively is 5:95. Figure reproduced from Chapter 1. ...... 130

Figure 5.3 Calibration of the GLYOX-LIP instrument showing ppbv level
sensitivity of the normalised phosphorescence signal and linearity up to at least
125 ppbv mixing ratios, suitable for glyoxal levels detected in chamber oxidation
studies. 133

Figure 5.4 Kinetic analysis of the first order loss processes of acetaldehyde in
HIRAC through application of the integrated first order rate law. The shaded
yellow region indicates activation of 254 nm UV lamps. First order rate
coefficients include a collective parameter, kg, including loss due to sampling
dilution, chamber surface adsorption, and heterogeneous uptake, and j;, the
photolysis rate coefficient as a function of wavelength, where the slope m = —(kq
+ j;). Periods where lamps are deactivated result in j; = 0 s, thus the negative
difference between these two slopes (— (m1 — m2) = 9.58 x 10° s? for this
experiment) gives a value for the photolysis rate of acetaldehyde in HIRAC.

136

Figure 5.5 Calculated glyoxal vyield from the OH-initiated oxidation of
acetaldehyde. Data for this yield calculation includes only the initial ~100 s of
reaction time. Data complementary to Figures 5.6 & 5.7. .....cccccceveiviinnnnns 137
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Figure 5.6 Simultaneous concentration time profiles of acetaldehyde (black),
measured with PTR-MS, and glyoxal (red), measured with GLYOX-LIP, during
OH-initiated oxidation of acetaldehyde in HIRAC. Gaps in glyoxal data
correspond to periods of offline wavelength measurement and cycling to online
wavelength measurement. Solid red vertical lines indicate points of hydrogen
peroxide injection into HIRAC. Shaded yellow regions indicate periods where
254 nm UV lamps are activated. Glyoxal data shows clear increases upon initial
oxidation of acetaldehyde, however also demonstrates swift plateauing
behaviour due to large loss rates associated with the presence of hydrogen
peroxide. Data complementary to Figures 5.5 & 5.7. ..o 138

Figure 5.7 Comparison of glyoxal data experimentally observed (black) using
GLYOX-LIP in HIRAC and simulated glyoxal data (red) using the acetaldehyde
oxidation mechanism provided by the MCMv3.3.1, with the OH concentration
constrained by experimental measurements. The initial abstraction site ratio was
adjusted from the recommended 5% at the methyl site of acetaldehyde to 0.5%,
an order of magnitude lower, in order to attain an initial glyoxal profile that most
closely resembled experimental data. Despite this, there remains large
discrepancies in the overall profile between measured and modelled data. Data
complementary t0 FIQUIeS 5.5 & 5.6. .....oovriiiiiiiiiiince e 139

Figure 5.8 Analysis of the photolysis rate of acetaldehyde in HIRAC under the
UV blacklamps. First order rate coefficients were determined through the
negative slopes of the natural logarithm of acetaldehyde concentration over time.
Measured rate coefficients both in the dark and under activation of the
blacklamps fall within error of one another, indicating that photolysis of
acetaldehyde at the longer wavelengths is negligible compared with other loss
Processes iINHIRAC. ... 143

Figure 5.9 FAGE measurements of OH concentration in HIRAC generated
through the photolysis of methyl nitrite in the presence of ppmv levels of
acetaldehyde. Concentrations produced are consistent over a long period of time
(~60 minutes), with a steady decline as methyl nitrite in HIRAC is depleted.
Gaps in the data occur as a result of the FAGE instrument cycling ‘offline” every
few minutes to measure the baseline fluorescence signal. Data complementary
tO FIQUrES 5.10 & 5.11. .o 144

Figure 5.10 Measured production of glyoxal (red) concurrent with the removal of
acetaldehyde (black) through OH-initiated oxidation following the photolysis of
methylnitrite. The yellow shaded region indicates activation of the UV
blacklamps in HIRAC, triggering methylnitrite photolysis. Data complementary
tO FIQUrES 5.9 & 5.11. oo 145

Figure 5.11  The glyoxal yield from the OH-initiated oxidation of acetaldehyde in
the presence of NOx. The yield was measured at ~0.06 % over a wide range of
concentrations, demonstrating consistency in glyoxal yield over time. Data
complementary to Figures 5.9 & 5.10. Dataset forms one of three glyoxal yields
measured through methylnitrite photolysis, averaged at 0.06 = 0.01 %, where the
error is taken as the standard deviation of the three values to the 2c level. .. 146

Figure 5.12 A relative rate plot for the Cl-initiated oxidation of methanol and
acetaldehyde detected using PTR-MS. The slope of the plot is equal to the ratio
of bimolecular rate coefficients ksi7/ksie, with Kksi7 representing the rate
coefficient for reaction of Cl with acetaldehyde and ks.19 representing the rate
coefficient for reaction of Cl with methanol..............cccooeviviiiiieii e, 150
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Figure 5.13 A relative rate plot for the Cl-initiated oxidation of methanol and
glyoxal, detected using FTIR spectroscopy and GLYOX-LIP respectively. The
slope of the plot is equal to the ratio of bimolecular rate coefficients ks 1s/Ks.19,
with ks 18 representing the rate coefficient for reaction of Cl with glyoxal and ks 19
representing the rate coefficient for reaction of Cl with methanol. ............... 151

Figure 5.14 Detection of acetaldehyde and glyoxal through PTR-MS and
GLYOX-LIP respectively during the Cl-initiated oxidation of acetaldehyde in
HIRAC. Scales for concentrations of acetaldehyde and glyoxal differ. The bold
green line represents the introduction of gaseous chlorine into the chamber, and
the yellow shaded region indicates activation of the UV blacklamps, generating
Cl atoms through the photolysis of Cl. to initiate the reaction. Data
complementary to Figures 5.15 & 5.16. .....cccocvviiiiiniiiiieece e 153

Figure 5.15  The glyoxal yield from the Cl-initiated oxidation of acetaldehyde
corresponding to the data shown in Figures 5.14 & 5.16. The GLYOX-LIP data
were averaged over 10 s to match the temporal resolution of the PTR-MS
detection of acetaldehyde concentrations. The yield shown is calculated merely
from the slope of glyoxal production against acetaldehyde removal............. 155

Figure 5.16 ~ Comparison of measured (solid line) and modelled (dashed line)
acetaldehyde (black) and glyoxal (red) observations from the Cl-initiated
oxidation of acetaldehyde in HIRAC. Model CI concentrations were constrained
from experiment, calculated through the VOC decay method, to replicate the
removal of acetaldehyde. The initial branching ratio for abstraction at the methyl
site was set to 0.5 %, producing a modelled glyoxal yield with excellent
agreement to GLYOX-LIP measurements from experiment. Data
complementary to Figures 5.14 & 5.15. ... 156

Figure 5.17  The calculated phosphorescence decays of the glyoxal triplet 2A, state
at various proportions of oxygen within an O2:N2 bath gas mixture in a 100 Torr
detection cell. Depicted are the decays at O pressures of O Torr (black), 1 Torr
(red), 5 Torr (blue), 20 Torr (green [standard]), 50 Torr (purple), and 100 Torr
(gold). Glyoxal pressure was maintained at 20 pTorr in all calculations for self-
collisional quenching correction. An arbitrary signal of So = 100 counts was
chosen for ease of interpretation and analysis. Displayed are the A (blue shaded
region) and B (red shaded region) gates that would be measured by the GLYOX-
LIP instrument in determining the background subtracted counts, calculated
cumulatively by counts in A — B/n, where n is the number of 30 ps ‘bins’ in the
B gate. 158

Figure 5.18  The glyoxal yield from the Cl-initiated oxidation of acetaldehyde in a
50:50 mixture of O2:N2. Glyoxal concentrations were determined through an
applied correction factor to CeLy, measured at a standard air mixture of 20:80
02:Nz2, based on calculations from the difference in integrated phosphorescence
decays under both sets of conditions. ...........cccccveiieiiieiie i, 159
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Figure 5.19  Predictions of glyoxal production from the Cl-initiated oxidation of
acetaldehyde ([CH3CHO]o = 7.75 x 10% molecule cm=) under constrained ClI
and NOx concentration profiles. Model standards were achieved under NOx-free
conditions (black) and inclusion of NOx without activation of the bimolecular
reaction (R5.11) of HCOCH20 with Oz (gold). The remaining glyoxal profiles
depict the predicted production under differing ratios of ks.11[O2]:ks.12 where ks 11
is the bimolecular rate coefficient for reaction R5.11 and ks 12 is the unimolecular
rate coefficient for dissociation of HCOCH-O (R5.12). The ratios used in model
simulations are 1:1 (red), 1:2 (blue), 1:5 (green), and 1:20 (purple). Decreasing
ratios, indicating a smaller significance of bimolecular reaction R5.11, are
increasingly detrimental to the observed glyoxal yield. ...........cccccovervennnnne. 161

Figure 520 A comparison of modelled predictions (dashed line) with direct
experimental observations (solid line) for glyoxal (coloured) generation from the
Cl-initiated oxidation of acetaldehyde (black). Model simulations are
constrained through experimental measurements of NO and NO; via a
commercial NOy analyser, and calculated Cl atom concentrations obtained
through PTR-MS detection of acetaldehyde. Comparisons were made by altering
the bimolecular rate coefficient, ks 15, for reaction of HCOCH»O with O, ranging
between 0 (blue) and 5.0 x 10" cm® molecule™ s (orange). A best fit was found
with ks1s set to 1.0 x 10" cm® molecule s (green), closely following the
inhibited glyoxal production within the first ~10 minutes prior to reaching a NOx
steady state, as well as the increased yield for the remainder of the reaction.162

Figure 6.1 The global spatial distribution of glyoxal vertical column densities
averaged across January to December of 2019, measured with the
TROPOspheric Monitoring Instrument (TROPOMI) on board the Copernicus
Sentinel-5 Precursor satellite. The glyoxal distribution highlights hotspots over
heavily forested regions where isoprene is prevalent, as well as taking four
examples of large urban areas where anthropogenic production of glyoxal is
accentuated, both through isoprene emissions and other glyoxal precursors.
Taken from Chen et al. (2022)........ccoiiiiiiiiiiee e 168

Figure 6.2 A partial schematic of the refined isoprene oxidation mechanism
represented within the MCMv3.3.1 through OH addition at each respective
numbered site. Displayed are two updated first-generation products in solid
boxes alongside their molar yields at 298 K. All species and routes highlighted
in blue constitute new mechanistic additions included since previous versions of
the MCM. Taken from Jenkin et al. (2015). ......ccccceoveiiiininiiiiirieeeeee, 169

Figure 6.3 A continued schematic of the isoprene oxidation mechanism in the
MCMv3.3.1 following the formation of peroxy species shown in Figure 6.2.
First-generation products are shown displayed in solid boxes with their
respective molar yields under conditions of 1 ppbv NO (red) and 100 pptv NO
(black) at 298 K. All species and routes highlighted in blue constitute new
mechanistic additions included since previous versions of the MCM. Dashed
arrows indicate multiple reaction steps not explicitly outlined in this schematic.
Adapted from Jenkin et al. (2015). .....cccoevieiiiiieceecee e 170

Figure 6.4 Measurement of the first order loss rate for isoprene in HIRAC
through PTR-MS detection (m/z = 69.12) prior to the addition of any radical
precursors. The yellow shaded region indicates activation of the 254 nm UV
lamps within HIRAC. The negligible difference between slopes indicates little
evidence for any photolysis of isoprene at this wavelength. ............c............ 174
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Figure 6.5 Calculations of the OH yield from the ozonolysis of isoprene prior to
activation of the UV lamps. The average yield was calculated as Yon = 0.37
0.09. 177

Figure 6.6 Concentrations of OH generated through the photolysis of ozone at
254 nm in the presence of water vapour during the OH-initiated oxidation of
isoprene. Concentrations are calculated through differentiation of the isoprene
decay detected with the PTR-MS, accounting for alternative sources of isoprene
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indicates a dark period of MVK ozonolysis, highlighting the generation of
methylglyoxal whilst glyoxal signal remains relatively stable. The yellow shaded
region indicates activation of the UV lamps, inducing ozone photolysis to
generate OH radicals, producing both glyoxal and methylglyoxal through OH-
initiated MVK OXIidation. ........ccoveiiiieiiciccic e 192

Figure 6.17 A time profile comparison of the measured PTR-MS signal at m/z
73.07 (black) with modelled methylglyoxal concentration (red) from MVK
oxidation, using experimental OH and Oz concentration data constraints in the
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Figure 6.18  Comparisons of experimental data for MVK oxidation (black) and
glyoxal production (blue) alongside the corresponding modelled concentrations
of MVK (red) and glyoxal (green). The yellow shaded region indicates the period
where the UV lamps were activated to initiate OH generation. Oz and OH
concentrations were constrained in the model from experimental data. Loss rates
prior to lamp activation include a period of first-order loss (typically measured
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to examine the glyoxal specifically from OH-initiated oxidation. ................ 194

Figure 6.19  An example of the subtraction of calibrated methylglyoxal LIP signal
(red) from the total LIP signal (black) to calculate the contribution of glyoxal
(blue) to the observed phosphorescence during the OH-initiated oxidation of
isoprene. Yellow shaded region indicates activation of the UV lamps in HIRAC
to generate OH through ozone photolysis. Data complementary to Figure 6.20a.
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Figure 6.20  Simultaneous measurements of isoprene (black) and its oxidation
product, glyoxal (red), across three separate OH-initiated oxidation experiments
in HIRAC. Experimental observations (solid lines) were compared with model
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Figure 6.21  An estimated glyoxal yield calculation through the simulation of
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Chapter1  The Role of Tropospheric
VOC Emissions



1.1  Study Motivations and Outline

The chemistry in the troposphere is complex. Thousands of volatile organic compound
(VOC) species are released into the atmosphere with varying emission rates, atmospheric
lifetimes, capacities for water uptake and aerosol formation, negative health impacts, and
global warming effects leading to climate change. The global impact of VOC emissions
is difficult to assess, and the fate of VOCs in the atmosphere, briefly outlined in section
1.3, can only be predicted through models that are able to accurately simulate chemical
transport processes, reaction rates, and mechanistic routes leading to product formation.
An analysis of common oxidative products originating from a majority of important VOC
precursors, including such oxygenated VOCs (OVOCs) as glyoxal (CHOCHO) and
formaldehyde (HCHO), may be the solution to providing additional insight into the
impacts of these VOC emissions, as detailed in section 1.4.

Field studies in this instance are useful in providing an indication of ambient
concentrations for VOCs of interest, as well as their oxidation products, to assess the
accuracy of currently understood atmospheric mechanisms in model simulations. Field
studies in distinct environments can be useful in observing the impact of local conditions,
including temperature, humidity, remoteness, emission sources, and NOx (= NO + NO)
mixing ratios, on concentrations of species of interest. However, chamber studies offer
the advantage of a controlled environment in which a single reaction may be observed
under known and variable conditions to measure oxidation product yields, reaction rates,
and analyse mechanism routes. Chambers also offer the advantage of studying reactions
at higher concentrations over longer time periods than typically observed in ambient air
samples, overcoming any issues whereby instrument detection limits may reduce species
monitoring capacity. Both field and chamber studies are complementary to one another
in filling any gaps in the mechanistic understanding of atmospheric VOC oxidation

processes and their subsequent impacts on air quality and climate change.

Biogenic VOCs (BVOCs) in particular are an unavoidable source of emissions through
natural processes, and comprise an integral category of atmospheric oxidation and
secondary organic aerosol (SOA) formation. Oxidation products from BVOCs, including
glyoxal and formaldehyde, have significant overlap with those from anthropogenic
emissions. Measurement of these oxidation products will provide valuable insight only
with an accurate knowledge of their yields from both anthropogenic and biogenic
precursors. An introduction to significant glyoxal precursors and their atmospheric

contexts relevant for this study is outlined in section 1.5.

2



This thesis highlights the apparatus used for chamber studies of BVOC oxidation
reactions, namely the Highly Instrumented Reactor for Atmospheric Chemistry (HIRAC)
at the University of Leeds, in Chapter 2, with a focus on the instrumentation employed
for specific detection of atmospherically relevant VOCs and radical species. Included is
the selective detection of HOx (= OH and HO>) via the Fluorescence Assay by Gas
Expansion (FAGE) instrument, where, in the majority of reactions studied, OH forms the
primary oxidant for the initiation of BVOC oxidation. Available methods of OH
generation for chamber studies are investigated and discussed in Chapter 3, with a focus
on usefulness for the study of glyoxal yields from oxidation processes. Two alternative
methods of calibration for the FAGE instrument are discussed and compared in Chapter
4 to assess the reliability of OH measurements for applications in chamber studies. The
primary focus of this study addresses the yields of glyoxal from acetaldehyde, of
particular significance in the marine boundary layer (MBL), and isoprene, the largest
contributor to VOC emissions globally. The glyoxal yields were examined to investigate
the current mechanistic understanding of the oxidation processes based on the Leeds
Master Chemical Mechanism (MCMva3.3.1). The oxidation reactions of acetaldehyde and

isoprene are discussed in Chapters 5 & 6 respectively.

1.2 Introduction

The importance of VOC oxidation in the atmosphere has led to an increasing number of
studies into the effects of anthropogenic emissions on air quality and human health, as a
result of initial findings following episodes of smog formation in the early 1950s
(Haagen-Smit, 1952; Haagen-Smit and Fox, 1954). There are various ways in which
VOCs and their oxidative products can impact air quality, particularly in urban areas. The
production of NOx (= NO + NO.) through high temperature combustion processes,
alongside VOC emissions, acts as a catalyst for tropospheric Oz formation, a key species

associated with the formation of photochemical smog (reactions R1.1-5).

RH + OH - R + H,0 (R1.1)
R + 0, (+ M) = RO, (+ M) (R1.2)
RO, + NO — RO + NO, (R1.3)
NO, + hv 2™ No + 0(P) (RL4)



0, + OCGP) (+ M) - 03 (+ M) (R1.5)

In this typical oxidation scheme, where R represents a generic VOC substituent with at
least one bonded hydrogen atom, NO and NO; are cycled over one another through
reaction with peroxy (RO>) radicals (R1.3) and subsequent NO- photolysis (R1.4). This
produces the atomic oxygen needed to form ozone. The recombination reactions (R1.2 &
R1.5) require the presence and subsequent collision of a bath gas, M, typically either
molecular nitrogen (N2) or oxygen (O.), to absorb any excess vibrational energy resulting
from the formation of a chemical bond where there is no previous bond cleavage. Failing
vibrational relaxation of the recombined molecule, in this case RO2 or Os, it will simply

revert back into its former constituents through spatial dissociation.

It is worth noting that, in general, the hydroxyl radical, OH, acts as the primary daytime
oxidant for VOCs, being produced through the photolysis of ozone during daylight hours
(R1.6, 1.7).

03 + hv - 0, + 0(*D) (R1.6)

H,0 + 0('D) - 20H (R1.7)

This is recognised in the general diurnal cycle for HOx (= OH + HO>), which reaches a
peak around midday to early afternoon, where influx of solar radiation, alongside
consequent processes such as ozone photolysis, is at its highest. An example of this can
be seen in the measured and modelled data taken by Ren et al. (2003) in July and August,
2001, at Queens College in New York City (Figure 1.1). The yield of OH through ozone
photolysis is not unity, owing to relaxation of the electronically excited atomic oxygen
state (O(*D)) down to its ground state (O(3P)) being on a similar timescale to reaction
with water, and this ultimately results in the reformation of ozone (R1.5). However, this
is effectively a cycle of ozone destruction and formation, where producing OH simply
serves as a termination of the cycle, therefore in this process, the rate of formation of OH
is primarily impacted by photolysis rates of ozone. Concentrations of OH present in
ambient air are determined by the ratio of formation to removal rates, where removal of

OH is primarily categorised by the reaction with VOCs emitted into the troposphere.
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Figure 1.1  The median diurnal variations for a) OH and b) HO; averaged
over the period of 10" July to 2" August 2001. Measurements conducted at
Queens College in New York City. Figure shows comparison of field
measurements (open circles) and modelled concentrations (solid line) which
shows relatively good understanding of OH production and reactivity. Taken
from Ren et al. (2003).

From this foundation, we can recognise the importance of a quantitative knowledge of
OH reaction rates with relevant VOCs emitted through biogenic and anthropogenic
means. The reactivity of the hydroxyl radical will have a significant impact on O3
concentrations present in the boundary layer, yet despite this acknowledgement,
mitigating tropospheric ozone pollution is not as simple as merely reducing NOyx or VOC
emissions. The relationship between O3, VOCs and NOy is not trivial, as demonstrated by
localised ozone isopleth plots (Figure 1.2), examples of which have been mapped by
Roselle and Schere (1995) in their investigations on the response of modelled Oz mixing
ratios across the eastern United States through the variation of VOC and NOx emissions.
The nature of this relationship requires that each scenario of urban air pollution must have
different strategies for controlling and reducing ozone concentrations, dependent on the
ratio between NOyx and VOC concentrations in each emissions scenario, as well as the
reactivity of VOCs present (Sillman, 1999). This emphasises that quantitative knowledge
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Figure 1.2  Two examples of modelled scenarios of ozone production over portions
of the eastern United States in which the reduction in emissions of NOx or VOCs results
in a varied response of ozone mixing ratios. The specific locations differ in initial
concentrations of NOx and VOCs, which alters the effect of ozone pollution mitigation
through emissions reductions. Plot lines represent isopleths for ozone mixing ratios in
ppbv, labelled in a grid format as a clear demonstration of the impact on ozone levels
through solely reducing either VOC or NOx emissions. Adapted from Roselle and
Schere (1995).

of both total VOC mixing ratios and categories of VOCs based on their reactivity are
needed to approach reasonable strategies for reduction of air pollution on a specific

scenario basis.

Air pollution has long been associated with respiratory health issues and mortality with
both short-term and long-term effects (Jerrett et al., 2009; Bell et al., 2005; Ito et al.,
2005). Lelieveld et al. (2015) have estimated an increase in projected mortality rates
attributable to chronic obstructive pulmonary disease linked with elevated ozone and
PM: s (Particulate Matter, <2.5 pm in size) levels from 3.3 million in 2010 to 6.6 million
by 2050, an increase of 100 %. They base their estimations on a combination of the global
burden of disease for 2010 (Lim et al., 2012); a model for simulating atmospheric
chemistry and transport; regional population data; and health statistics on a country basis.
An assumption of continuation in current global emissions trends, under a ‘business-as-
usual” model scheme, leads to predict an increase from 142,000 deaths attributable to
ozone pollution alone for 2010 to 358,000 deaths for 2050. Despite accounting for the
estimated increase in population by 2050, this still represents a predicted increase of 88%
in the premature mortality rate from ozone-associated respiratory disease over the 40

years.

It is evident then that tropospheric ozone pollution has significant respiratory health

impacts, and monitoring both NOx and VOC concentrations within urban environments



is crucial in limiting the detrimental effects of poor air quality. However, this chemistry
is not limited to the boundary layer in which we live. Oxygenated VOCs (OVOC:s) that
reach the upper troposphere due to longer chemical lifetimes may undergo photolysis,
which promotes ozone formation through the generation of OH and HO: radicals
(McKeen et al., 1997; Wennberg et al., 1998; Jaeglé et al., 2001). Unlike within the
stratosphere, ozone in this region will absorb and re-radiate outgoing infra-red (IR)
radiation from the Earth more than any incoming solar radiation, and is therefore a
contributor to the “greenhouse” effect. Whilst the effects of planetary warming are not as
immediate as air quality, they will dictate serious consequences on a longer term, with a
delayed impact of greenhouse gas emissions on subsequent warming, therefore

preventative measures are necessarily urgent.

This highlights the need for conducting experiments not only at surface temperatures and
pressures, but also at conditions relevant for upper tropospheric chemistry (i.e. down to
~200 K and 100 mbar), achievable through the use of the HIRAC (Highly Instrumented
Reactor for Atmospheric Chemistry) apparatus (see Chapter 2). Investigating the
temperature and pressure dependence of reaction rates and product yields will assist in
providing better predictions for the formation and accumulation of ozone, greenhouse
gases and OVOC:s at higher altitudes. However, it should be noted that these issues will
require more widespread solutions, due to chemical transport in the free troposphere
typically being on a more hemispherical scale. This is the result of a combination of the
‘convective cells’ that provide the major mode of transport for material in the free
troposphere as well as lower temperatures and pressures dictating fewer successful
collisions and subsequently increasing the lifetimes of species.

Other conditions that have an impact on product yields and chemical transport include
relative humidity and mixing ratios of NOy. Relative humidity will play a large role in the
quantity of VOCs that undergo heterogeneous uptake, removing organic reactants from
the gaseous phase into the aqueous phase and forming aerosol. Aerosol formation
naturally affects both the chemistry of VOCs, and subsequently, their atmospheric
lifetime, altering their impact on air quality. Higher mixing ratios of NOy, typically
observed in urban environments, also impact the mechanistic routes to oxidation
products, both through faster conversion of RO> to RO species (R1.3), and through the
formation of organic nitrates (RONO2) and nitrites (RONQO). The quantities of NOx
present will therefore affect the rate of formation of oxidation products, and may also

impact the ratio at which oxidation products are formed in a singular reaction. Studies of



product yields for glyoxal and formaldehyde from BVOCs must therefore take into
consideration the impact of NOy for a complete understanding and assessment of product

formation relevant for both urban and rural environments.

1.3  Atmospheric Fate of VOCs

Organic compounds released into the atmosphere may be oxidised in different ways, and
the pathways taken in these oxidation mechanisms is largely pivotal upon the chemistry
of the alkoxy radical (RO) produced; a general mechanism of which is shown in Figure
1.3 (Orlando et al., 2003). This VOC oxidation mechanism details the favoured pathways
in most cases, and enables a fair prediction of products that will be generated, even in the
absence of any empirical data (Atkinson, 1990; Atkinson and Carter, 1991; Atkinson,
1994; Atkinson, 1997). More recent studies have indicated the importance of reaction
between RO, and OH radicals as a competing sink for RO in oxidation mechanisms,
both through simple conversion to RO and HO: and through formation of a trioxide
species (ROOOH) (Fittschen et al., 2014; Yan et al., 2016; Yan and Krasnoperov, 2019),
both of which has been neglected in the mechanism outlined by Orlando et al. (2003).

These reactions should be given consideration in model studies as alternative mechanistic

Cr >
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carbonyl + HO,

Figure 1.3 A general schematic illustrating the OH-initiated oxidation
pathways of hydrocarbons released into the atmosphere, alongside the
magnitudes of timescales typical for each process to occur. Taken from
Orlando et al. (2003).



pathways in oxidation schemes where it is possible to measure or estimate reaction rate
coefficients. Measuring the branching ratios of the alkoxy radical pathways, combined
with initial abstraction or addition mechanisms, provides a better understanding of the
average concentrations of species present in the atmosphere, an essential ingredient for
matching global models with field observations. Difficulties arise here in the inability to
measure specific alkoxy concentrations, as a result of their very short atmospheric
lifetimes due to rapid reaction or dissociation. However, one can attempt to identify

proposed products for the predicted fate of an alkoxy radical.

A key example of this is the oxidation of isoprene (2-methyl-1,3-butadiene,
CH>=C(CH3)CH=CHo, see section 1.5.3 & Chapter 6), constituting the most abundant
BVOC emission and the largest contributor to glyoxal formation on a global scale
(Guenther et al., 2006; Fu, T.-M. et al., 2008; Guenther et al., 2012). The OH-initiated
oxidation of isoprene predominantly proceeds through the addition of OH to either side
of the two C=C double bonds, forming six major peroxy radicals consisting of the cis and
trans stereoisomers at both the secondary and tertiary sites as well as the two primary
addition sites (Campuzano-Jost et al., 2000; Paulson and Seinfeld, 1992; Paulson et al.,
1992). These peroxy radicals will subsequently form alkoxy radicals as depicted in the
general scheme of Figure 1.3. To take one of these alkoxy intermediates,

| .OOCH

'/Hoﬁ ,I' O,NO:‘:,} A\

.028; .006

Figure 1.4 A mechanism demonstrating the various reaction pathways
available to one of the initial peroxy and subsequent alkoxy radicals formed upon
the OH-initiated oxidation of isoprene (2-methyl-1,3-butadiene) through
addition at the methyl-substituted double bond site. Decimal figures below each
stable species represent fractional yields taken from Paulson and Seinfeld
(1992), where, of the displayed species, only methyl vinyl ketone (MVK) was
measured directly. Adapted from Sprengnether et al. (2002).
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CH>=CHC(CH?3)(OH)CH20-, this may then follow any one of three pathways, illustrated
by Sprengnether et al. (2002). It may dissociate, producing methyl vinyl ketone
(CH3C(O)CH=CH, MVK) and formaldehyde; simply be oxidised by oxygen to form the
resulting aldehydic species CH>=CHC(CHzs)(OH)CHO, considered negligible in this
case; or undergo a cyclisation rearrangement upon reaction with oxygen, where
dehydration of the molecule results in loss of the hydroxyl group and formation of 3-
methyl furan (Figure 1.4). Expanding this consideration to all of the initial alkoxy radicals
produced by isoprene oxidation, prediction of the ratios of second- and third-generation
oxidation products will lack accuracy without further empirical evidence to determine the

branching ratios for each reaction pathway.

1.4  The UNFOGS Project

1.4.1  Understanding Formaldehyde and Glyoxal Chemistry for
New Satellite Measurements (UNFOGS)

In the quest for global coverage of emissions inventories and their oxidative products, a
difficulty arises in that a high majority of non-methane hydrocarbon (NMHC) emissions
are very difficult to observe directly through satellite detection techniques. The majority
of NMHCs are indistinguishable in the infrared region as a result of large overlaps in
absorption cross-sections, particularly regarding C-H stretches (2800-3000 cm™), and a
lack of unique absorption features in a complex mixture of species makes separation
difficult in IR analysis. Similarly, UV measurements do not provide any more of a
solution, owing to most NMHCs absorbing solely in the vacuum ultraviolet (VUV) region
(10-200 nm), where strong absorbance due to ozone and molecular oxygen dominates.

Whilst these primary emissions prove difficult to measure, more recent studies have
brought to light a link between the product ratio of glyoxal (CHOCHO) to formaldehyde
(HCHO), denoted as Rcr, observed from atmospheric oxidation compared with the
respective NMHC emissions (Vrekoussis et al., 2010; Chan Miller et al., 2016). This
relationship may be exploited due to the observability of glyoxal and formaldehyde from
long path differential optical absorption spectroscopy (DOAS) measurements (\VVolkamer
et al., 2005a; Volkamer et al., 2006), and the potential for satellite observations utilising
this technique which have been previously performed with the satellite instruments
GOME-2 (Global Ozone Monitoring Experiment-2) and SCIAMACHY (SCanning
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Imaging Absorption spectroMeter for Atmospheric CartograpHY) (Wittrock et al., 2006;
Vrekoussis et al., 2009; Lerot et al., 2010), as well as more recently with TROPOMI
(TROPOspheric Monitoring Instrument) on board the Sentinel-5 Precursor satellite,
launched initially in 2017 (Alvarado et al., 2020; Chen et al., 2022), and the Sentinel-4

satellite launch.

The UNFOGS Project (UNderstanding FOrmaldehyde and Glyoxal chemistry for new
Satellite measurements) aims to make use of the improved measurements of
formaldehyde and glyoxal from these satellites to determine the concentrations and
compositions of a greater number of NMHC emissions on a global scale. However, in
order to maximise the usefulness of these observations, a wider understanding of the
chemistry involved in reaction mechanisms and branching pathways from both known
and further potential glyoxal precursors is necessary in developing and improving

models.

This thesis aims to contribute to the work of UNFOGS through the direct measurement
of glyoxal yields from isolated systems in chamber experiments as a means for updating
BVOC oxidation mechanisms in atmospheric chemistry models. Whilst UNFOGS relies
on the measurement of Rer from the initiated photo-oxidation (see section 1.4.3),
formaldehyde yields were not a focus of this work due to a lack of specific
instrumentation for formaldehyde detection (see Chapter 2). Glyoxal yields measured
here therefore seek to provide the foundations for further work in which the mechanisms
are better characterised for simultaneous detection of glyoxal and formaldehyde. These
mechanisms, improved through isolated reaction systems, can then be coupled with
global simulations to increase the understanding of observed Rgr measurements through

satellite detection.

1.4.2  Glyoxal as a VOC Indicator

Glyoxal, the simplest a-dicarbonyl species, is significant in that it is relatively short-lived
in ambient air, but not so short-lived as to be undetectable in the atmosphere. Its typical
lifetime is within a timescale of 2-3 hours, dependent primarily on photolysis rates,
displaying seasonal and diurnal variation; OH concentrations, and similarly nitrate radical
(NO3) concentrations more prevalent at night; and relative humidity (RH) levels, due to
a high solubility in water (effective Ky = 4.2 x 10° mol dm™ atm™) resulting in rapid

heterogeneous uptake into organic aerosol matter (Coburn et al., 2014). This relatively
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short lifetime is a convenient property for glyoxal to act as an indicator for VOC
emissions within a small radius using local knowledge of a region and its typical
emissions and weather patterns. An understanding of the oxidative routes that lead to
glyoxal formation from its precursors, alongside empirical measurements of Rer, should

assist the identification of primary emissions and their secondary oxidative products.

There are some primary emissions of glyoxal that are important to characterise for model
inputs as a result of biofuel and biomass burning, which produce a higher percentage of
oxygenated VOCs than their fossil fuel counterparts (Hays et al., 2002). However, glyoxal
as a primary VOC indicator is of greater interest to this work, where yield measurements
from BVOCs become more important in the determination of Rer. More recently, direct
observations of isoprene concentrations have been obtained from satellite measurements
conducted in September 2014 using cross-track infrared sounder instrumentation on-
board the Suomi-NPP satellite (Fu, D. et al., 2019). These observations will be especially
useful in tandem with future glyoxal and formaldehyde monitoring equipment,
particularly with the purpose of resolving isoprene-sourced production of these

compounds and differentiating from anthropogenic or pyrogenic sources.

The primary objectives for this project therefore were the accurate determination of
glyoxal yields from relevant atmospheric precursors, including isoprene, for use in model
studies, and an analysis of the key branching ratios in VOC oxidation schemes relevant
for glyoxal production, with a particular focus here on biogenic VOCs (BVOCs). A range
of measurement techniques (see Chapter 2) were employed to investigate reaction rates,
branching ratios, and product yields of BVOCs in the HIRAC facility, including the use
of a glyoxal-specific phosphorescence instrument based on the design by Henry et al.
(2012) and described in detail in Chapter 2. Developing models through the analysis of
reaction Kinetics and product yields from this project aims to improve the quantification
of emissions inventories to a greater degree of accuracy using satellite measurements of

glyoxal and formaldehyde concentrations.

1.4.3 A Case Study on Rgr

The significance of Rer becomes apparent in its variable dependence on the precursor
VOC, where similar Rer values may typically be found within particular categories of
VOCs, demonstrated in Figure 1.5 by Chan Miller et al. (2016) through use of the annual
emissions inventory over the Pearl River Delta (PRD) in 2006 (Zheng et al., 2009) and
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Figure 1.5  Annual emission rates of a selection of VOCs from the 2006 emissions
inventory over the Pearl River Delta (PRD) (Zheng et al., 2009), and their corresponding
glyoxal and formaldehyde yields per carbon, calculated using the Master Chemical
Mechanism (Jenkin et al., 1997; Jenkin et al., 2003). Data demonstrates the variable Rgr
values presented, particularly in view of specific categories of VOC emissions present
over the PRD. Taken from Chan Miller et al. (2016).

their respective glyoxal and formaldehyde yields, calculated with version 3.2 of the
Master Chemical Mechanism (MCM) (Jenkin et al., 1997; Jenkin et al., 2003). Although
there has been significant research investigating this area, including the estimations of
glyoxal global budgets through analysis of production rates and known sinks (Fu, T.-M.
et al., 2008; Myriokefalitakis et al., 2008), there is a further need for evaluating these
global budgets on a smaller scale and gaining insight into more local glyoxal and
formaldehyde concentrations to identify emission rates for a greater range of VOCs with
more certainty. This is emphasised by the observation that although the majority
contributor to glyoxal global budget stems from biogenic emissions, including isoprene,
ethylene, monoterpenes and methylbutenols approximating ~54 % of glyoxal production
(Fu, T.-M. et al., 2008), anthropogenically produced aromatic compounds have a much
greater impact on glyoxal levels on a regional scale over the PRD, rather than simple
aliphatic hydrocarbons or biogenic terpenes (Chan Miller et al., 2016).

Computationally derived Rcr values over the PRD reveal an underestimation of modelled
glyoxal concentrations in this region with the MCM database when compared with direct
observations from OMI satellite data (Chan Miller et al., 2014), and has been to some
extent attributed to either a lack of understanding in glyoxal formation from the oxidation
mechanisms of aromatic VOCs or an incomplete aromatic emissions inventory. Large
quantities of aromatic compounds such as toluene and xylene are emitted from
anthropogenic sources at industrial sites around the PRD region due to a rapid increase in
industrial growth in recent decades (Zhong et al., 2013), however there are other

aromatics either directly emitted or produced from biogenic sources, such as in the case
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of furans formed through the oxidation of isoprene and monoterpenes (Volkamer et al.,
2001; Sprengnether et al., 2002), which may be unaccounted for in modelled simulations.
Figure 1.5 demonstrates the strong variation in produced glyoxal and Rcr values even
between aromatic compounds, the presence of other species notwithstanding, and

incomplete emissions inventories or inaccurate yield data may have a large impact on Rgr

results.
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Figure 1.6 A set of comparisons between modelled glyoxal concentrations using the
MCM dataset and observed satellite measurements in locations around the globe
including east and west coast United States, Portugal, Germany and Japan, showing the
lack of correlation and understanding of the chemistry. Data points represent rural
continental region (red), marine boundary layer (blue) and the free troposphere (green)
measurements. Data includes both mean (circles) and median (triangles) values. Solid
lines indicate concentration ranges detected, and the grey dashed line indicates 1:1
agreement between models and observations. Adapted from Fu et al., (2008).

Previous attempts to establish an agreement between measured and modelled glyoxal
concentrations has likewise been of limited success, owing perhaps to the difficult nature
of measuring a-dicarbonyls at such low mixing ratios (10 — 100 pptv) in ambient air. Fu,
T.-M. et al. (2008) compared previously collected glyoxal measurement data, observed
through a variety of techniques including HPLC (High Performance Liquid
Chromatograohy), GC-FID (Gas Chromatography-Flame lonisation Detector), GC-MS
(Gas Chromatography-Mass Spectrometry) and MAX-DOAS (Multi Axis-Differential
Optical Absorption Spectroscopy). Modelled predictions typically show an
overestimation of glyoxal mixing ratios in rural continental areas and a large
underestimation of glyoxal in the marine boundary layer (MBL), shown in Figure 1.6.

Whilst localised isoprene emissions are a possible cause for the discrepancies observed
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in continental air, there is clearly a large missing source of glyoxal in the MBL (discussed

further in Chapter 5).

It is evident that measured Rcr values, determined from data recorded by the OMI (Ozone
Monitoring Instrument) satellite via measurements of backscattered solar radiation (Chan
Miller et al., 2014; Chan Miller et al., 2016; Gonzalez Abad et al., 2015; Bucsela et al.,
2013), differ dependent on location as a result of local emissions (Figure 1.7). Of
particular remark is the elevated glyoxal concentration in the PRD region, compared with
more evenly distributed formaldehyde. Awareness of this accentuated chemistry over the
PRD naturally provides scope for investigating the oxidative routes of precursors leading

to glyoxal formation, with the objective of qualitatively and quantitatively describing
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Figure1.7 A display of the mean column densities from analysed satellite
observations of glyoxal (Chan Miller et al., 2014), formaldehyde (Gonzalez Abad et al.,
2015), and NO; (Bucsela et al., 2013) over China from 2006-2007 measured with the
OMI satellite instrument. Observed are the localised disparities between glyoxal and
formaldehyde mixing ratios, with a particular hotspot of glyoxal over the PRD. Taken
from Chan Miller et al., (2016).

local emissions inventories to improve the disparity between satellite measurements and

model simulations.

1.5  Glyoxal Precursors

1.5.1  Acetylene

Acetylene (HC=CH) is the largest anthropogenic contributor to global concentrations of
glyoxal, despite its relatively low emissions, which are estimated at a total of 6.6 Tg a*
through a combination of fossil fuel, biofuel and biomass combustion primarily in

vehicular and wildfire emissions (Xiao et al., 2007). The oxidation mechanism of
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acetylene has been studied in detail previously both with and without NOx present (Yeung
et al., 2005; Hatakeyama et al., 1986; Galano et al., 2008; Bohn et al., 1996; Bohn and
Zetzsch, 1998), and is currently understood to involve two dominant channels.

H O o)
_ — Y= — n + OH
H H H H o]

HO H o HO H 0
= — = — +HCO
H H O H™ OH
-0
Figure 1.8 A schematic demonstrating the mechanistic routes for the formation

of glyoxal and formic acid following the oxidation of acetylene initiated by an
addition reaction with OH.

Initial reaction of acetylene with OH proceeds via formation of an acetylene-OH adduct
(C2H2-OH), which is rapidly oxidised by O under atmospheric conditions. However, as
the resulting adduct has fixed geometry with an unsaturated double bond, both cis and
trans isomers will form, dictating the reaction products generated further down the
mechanism (Figure 1.8). Reaction of the cis adduct with O produces glyoxal through the
elimination of OH in a six-membered cyclic unimolecular decomposition process
(R1.8a). The trans adduct peroxy radical similarly proceeds through formation of a
four-membered cyclic intermediate, as postulated by Hatakeyama et al. (1986), which
then rapidly decomposes into formic acid and HCO through cleavage of the peroxy O-O
and C-C bonds (R1.8b).

HO — C,H, + 0, » CHOCHO + OH (R1.8a)

HO — C,H, + 0, » HCOOH + HCO (R1.8b)

The substantial glyoxal yield, which is significantly higher than most other anthropogenic
or biogenic glyoxal precursors, has been quantified by Hatakeyama et al. (1986) as 0.7 +
0.3. Bohn et al. (1996) report excellent agreement with this value through measurement
of an OH regeneration yield (0.70 + 0.04). Lockhart et al. (2013) likewise assert a good
agreement of the glyoxal and OH regeneration yield from acetylene oxidation, calculated
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as 0.71 through the use of the MESMER (Master Equation Solver for Multi-Energy Well
Reactions) package (Glowacki et al., 2012). Although acetylene is predominantly of
anthropogenic origin, the large and reasonably well established glyoxal yield does make
acetylene an ideal candidate as a method of calibration for the laser-induced
phosphorescence (LIP) glyoxal instrument (see Chapter 2) employed as part of the
HIRAC instrumentation for selective detection of glyoxal in chamber studies, and is
therefore of some relevance to this study.

1.5.2  Acetaldehyde

The oxidation of acetaldehyde in the troposphere may contribute an unlikely source of
glyoxal for consideration in model simulations (see Chapter 5). Whilst acetaldehyde has
not been previously reported as a significant source of glyoxal, there has recently been
investigation into a link between acetaldehyde and glyoxal within the MBL (Zhu, Y. and
Kieber, 2019; Walker et al., 2022), represented by Figure 1.9 in a demonstration of
suggested marine sources for both compounds, including ocean-air fluxes, photolysis of
dissolved organic matter (DOM) and marine biological activity such as gas release
through microbial metabolic processes. Both acetaldenyde and glyoxal have been
observed in measurable quantities in the MBL previously (Lary and Shallcross, 2000;
Lawson et al., 2015; Carpenter and Nightingale, 2015), however, based simply on the
chemistry and processes already known above the oceans, models have consistently and
significantly underpredicted levels of glyoxal compared to in situ measurements (Lawson
et al., 2015; Sinreich et al., 2010; Walker et al., 2022).

Through estimates of glyoxal and methylglyoxal production based on constrained
measurements of known precursors such as isoprene at Chatham Rise and Cape Grim,
Lawson et al. (2015) predict yields of glyoxal and methylglyoxal that are only 10 — 30 %
of the observed concentrations detected using High Performance Liquid Chromatography
(HPLC) analysis of ambient marine air samples from both sites. This presents an
interesting enigma on the missing source of glyoxal in the MBL which may have wider
implications for global glyoxal concentrations. One possible explanation for this, as
suggested by (Lawson et al., 2015), is the direct release of biogenic emissions from
biologically active oceans, though neither biological production nor consumption of

glyoxal in seawater have been observed to date from any studies, as indicated in Figure
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Figure 1.9 A simplified diagram showing observations and flux between ocean
surface and marine air of acetaldehyde, glyoxal and methylglyoxal within the MBL.
Diagram suggests a marine source of acetaldehyde in the MBL through biological
activity at the surface layer of the ocean, as well as sources of both acetaldehyde
and glyoxal through photolysis of dissolved organic matter (DOM) and proposed
gas release from microbial metabolic processes. Taken from Zhu and Kieber (2019).

1.9 (Fu, T.-M. et al., 2008; Myriokefalitakis et al., 2008; Takeda et al., 2014; Zhu, Y. and
Kieber, 2019). It is therefore likely that an alternative source of glyoxal in the MBL exists
instead.

The production of glyoxal from acetaldehyde may occur through a minor channel of
abstraction at the methyl group via production of the vinoxy (CH2CHO) radical (R1.9a),
either by OH or by atomic chlorine, Cl, which plays an important role in the oxidative
capacity of the atmosphere in the MBL (Wingenter et al., 1996).

CH,CHO + X — CH,CHO + XH (X=0H/Cl; XH = H20/HCl) (R1.9a)

This channel purportedly accounts for a mere 5 — 7 % of total abstraction (Butkovskaya
et al., 2004; Bartels et al., 1989) dependent on the radical initiator. As this is a very minor
channel, detection of glyoxal and the quantification of glyoxal yields in chamber

experiments are likely to be difficult.

The major product from acetaldehyde oxidation is formaldehyde, formed through
abstraction at the aldehydic site (R9b), producing the acetyl peroxy (CHsC(O)OO)
radical.
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Figure 1.10 A schematic detailing the reaction mechanism listed in the MCM
(Saunders et al., 2003) for the OH- or Cl-initiated oxidation of acetaldehyde.
Formaldehyde, acetic acid and glyoxal are outlined as products of interest in the analysis
of Rer and other product ratios relevant for an accurate model of acetaldehyde oxidation.

CH5CHO + X - CH5CO + XH (X=0H/Cl; XH = H20/HCI) (R1.9b)

Formaldehyde is then generated by the release of CO> from the acetyl alkoxy radical
(CH3C(0)0O) in the presence of oxygen, where the resultant methoxy (CH3O) radical can
then be oxidised to formaldehyde. Growth of CO> during the course of a reaction in
chamber experiments can be seen clearly through Fourier Transform Infrared (FTIR)
spectroscopy, providing additional evidence for the proposed mechanism (Figure 1.10).
However, for the purposes of Rgr analysis, CO> detection is a purely qualitative measure
that will not indicate formaldehyde yields due to fluctuations in background CO; and
alternative sources of CO through VOC oxidation, therefore more direct detection
techniques are preferred for formaldehyde measurement (see Chapter 7 for discussion of

future work).

Another avenue of interest is a potential difference in Rgr in the presence of NOx. In the
remote MBL, NOyx mixing ratios are typically quite low, and alkoxy radicals are
predominantly produced through either peroxy radical self-reaction (R1.10) or reaction
with HO, (R1.11a, b).
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RO, + RO, > RO+ RO + 0, (R1.10)
RO, + HO, - ROOH + 0, (R1.11a)

ROOH + hv - RO + OH (R1.11b)

However, acetaldehyde is also released as a result of biomass burning (McDonald et al.,
2000), and high NOy concentrations through combustion in this environment may affect
product ratios through enhancing alkoxy formation in the mechanism. This is caused by
the catalytic NOx cycling scheme detailed in section 1.2, shown again here for
convenience, which rapidly converts peroxy radicals to their equivalent alkoxy species
(R1.3, 1.4).

RO, + NO - RO + NO, (R1.3)
A<400nm
NO, + hv ——— NO + 0(3P) (R1.4)

This is true of all VOC oxidation routes, but particularly important in those that are
relatively abundant in both low- and high-NOx regions. In the specific case of
acetaldehyde, formation of glyoxal from the CHOCH-O alkoxy radical through reaction
with Oz is not listed in the MCM, despite being a typical alkoxy reaction route.
Enhancement of this alkoxy radical should therefore diminish glyoxal yields whilst
enhancing formaldehyde yields, altering Rer measurements drastically. To this end, a
detailed analysis of the OH- and Cl-initiated oxidation of acetaldehyde is investigated in
Chapter 5.

1.5.3 Isoprene

As isoprene is the largest contributing source of glyoxal (Fu, T.-M. et al., 2008), it seems
prudent to study glyoxal yields and Rer values from the OH-initiated oxidation of
isoprene (see Chapter 6). Glyoxal can be produced through several routes from secondary
chemistry of isoprene oxidation products (Figure 1.11), and mapping out these routes and
their respective contributions to glyoxal yield, which are sensitive to temperature, HOx (=
OH and HOy), O3, and NOx concentrations, is not straightforward. Previous chamber

studies indicate a glyoxal yield from isoprene oxidation in high NOy conditions between
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2-3 % (Volkamer et al., 2006; Galloway et al., 2011), although the uncertainties are

considerable and yields may be elevated due to a poor reflection of isoprene peroxy

radical distributions in ambient conditions (Peeters et al., 2014; Li et al., 2016).
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Figure 1.11 Mechanistic routes to glyoxal through the OH-initiated oxidation of
isoprene as presented by the Goddard Earth Observing System chemical transport
model (GEOS-Chem). Representative branching ratios, species atmospheric lifetimes,
and percentage contributions to glycolaldehyde (GLYC) or glyoxal (CHOCHO) are
taken from mean quantities measured over the south eastern United States during the
Southeast Nexus (SENEX) campaign in the summer of 2013. Taken from Chan Miller
et al. (2017).
The Southeast Nexus (SENEX) campaign, launched in the summer of 2013, sought to
improve mechanistic understanding of the formation of glyoxal and formaldehyde from
isoprene, using aircraft data taken over the southeast United States including
measurements of NOy, isoprene, monoterpenes, O3, glyoxal and formaldehyde (Warneke
et al., 2016; Li et al., 2016; Chan Miller et al., 2017). Using measured isoprene data as
constraints in model comparisons of glyoxal yields, Li et al. (2016) report significant
discrepancies in predicted glyoxal concentrations between the AM3ST (the standard
AM3 model based on the Geophysical Fluid Dynamics chemistry-climate model), AM3B
(the beta version of the AM3 model with updated isoprene chemistry), and MCMv3.3.1
models, and show a much closer agreement with observed Rgr values using the AM3B

oxidation mechanism. In contrast, the MCMv3.3.1 model appears to underestimate the
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production of glyoxal through isoprene epoxydiol (IEPOX) routes, and mechanism
adjustment for modelled IEPOX chemistry in isoprene oxidation may improve
predictions of Regr compared with global observations. However, it should be noted that
IEPOX chemistry is difficult to investigate experimentally through chamber studies,

therefore did not comprise a primary aim of this work.

Whilst isoprene is a biogenic VOC and primarily considered in rural or forested regions,
contributions of urban isoprene emissions to glyoxal concentrations are also relevant,
both due to urban tree plants (Taha, 1996; Benjamin and Winer, 1998) and possible
anthropogenic sources including vehicular emission (Christensen et al., 1999; Reimann
et al., 2000; Borbon et al., 2001) and human exhalation (Kinoyama et al., 2008; Kushch
et al., 2008). As the biogenic emission rate of isoprene has a strong positive dependence
sunlight and temperature conditions (Guenther et al., 1991; Guenther et al., 1993),
emissions will vary with geographic location and season, and anthropogenic isoprene
sources can become more significant in colder or cloudier environments, particularly

during winter months (Hellén et al., 2012).

Investigations are conducted with the HIRAC apparatus to establish a glyoxal yield
through the OH-initiated oxidation of isoprene at room temperature and pressure (see
Chapter 6). With the aid of experimental observation constraints, this study aims to reduce
the disparities between measured and modelled glyoxal comparisons using the
MCMv3.3.1 for isoprene atmospheric oxidation, alongside the recommended mechanism
improvements previously characterised by Li et al. (2016) and Chan Miller et al. (2017)
following evaluation of data from the SENEX aircraft campaign.
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Chapter 2  The Highly Instrumented
Reactor for Atmospheric

Chemistry



2.1  Reaction Chamber

All laboratory studies and experiments throughout this project were conducted using the
Highly Instrumented Reactor for Atmospheric Chemistry (HIRAC) (Glowacki et al.,
2007a). The main body of the chamber consists of a stainless steel cylinder with
dimensions of 2.0 m in length and 1.2 m in diameter. The corresponding volume of the
cylinder is therefore approximately 2.25 m3, with an internal wall surface area of ~9.8
m?. Internal fittings, including the lamp tubing (see section 2.2) and mixing fans, add an
extra ~3 m? to the surface area, and HIRAC therefore contains a surface/volume ratio of
~5.7 mL. This has implications for surface adsorption rates of species in the chamber. As
the size of a chamber increases, the surface/volume ratio will decrease, and larger
chambers advantageously lower surface loss rates relative to the rate of reactions under
study. Whilst a decreased surface/volume ratio undoubtedly provides an environment that
more closely simulates that of the open atmosphere, it also consequently induces a
financial and time cost in chamber fills for each experiment. Gas quantities required are
much larger, concerning both gas mixtures and the appropriate concentration of reactant
species required for instrument detection. Conversely, the accelerated surface loss
observed in a smaller chamber such as HIRAC can be measured and accounted for in
kinetics analysis, and species more susceptible to surface adsorption can be delivered into

HIRAC in higher concentrations with ease to extend the duration of oxidation reactions.

The exterior of the chamber is fitted with stainless steel square tubing welded to the sides
with maximum surface contact, equipping HIRAC with the ability to adjust the internal
temperature within the range of ~253 — 363 K through circulation of a thermofluid (DW-
Therm) connected to a dynamic temperature control unit (Huber Unistat 690W). Both the
thermofluid tubing and the chamber exterior were covered in a layer of neoprene for
insulation against external room temperature. HIRAC temperature capabilities therefore
cover a large proportion of the range of temperatures over the troposphere (Seakins, P.W.,
2010), which typically span between ~200 — 320 K, dependent on altitude, latitude, and
seasonal flux. This is an appropriate prerequisite for the needs of this study, owing to the
primary interest of VOC oxidation being within the boundary layer and, with some
slightly longer-lived compounds, the free troposphere. Temperatures within the boundary
layer may reach as low as 240 — 250 K, excluding extreme conditions in the polar regions,
where anthropogenic activity is scarce, and the emissions of VOCs are minimal. It is
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Figure 2.1 A schematic depicting the exterior of the HIRAC facility with external
flange access ports to the sides, top, bottom, front, and rear; mixing fans positioned to
front and rear on opposite sides of the access flanges; and quartz lamp tubing distributed
evenly in a circle around the central line of the cylinder. Also depicted is the
Fluorescence Assay by Gas Expansion (FAGE) OH monitoring instrument (right),
attached to an ISO-K160 flange on one side of the chamber. Taken from Glowacki et al.
(2007a).

within the capabilities of HIRAC to reproduce conditions appropriate for the purposes of

this study, and experiments herein did not exceed beyond the range of 273 — 348 K.

Access ports are located all around the chamber for relative ease of attaching and
exchanging instrument sampling points; gas delivery inlets; liquid injection stream;
vacuum line; thermocouples; and a pressure gauge (Leybold Thermovac TTR 91) (Figure
2.1). These ports consist of four larger 1ISO-K500 flanges arranged with one at each end
of the cylinder and two along one side of the cylinder. Six smaller ISO-K160 flanges are
arranged with two ports each on the underside, ceiling, and the side of the cylinder
opposite the K500 flanges. Additionally, four ISO-KF16 flanges are located on each end
plate of the cylinder, allowing for further gas delivery ports, slots for pressure gauges and
thermocouples, and windows for Fourier-Transform Infrared (FTIR) detection (see
section 2.3.3). A powerful rotary pump (Leybold Trivac D40B) with backed roots blower
(Leybold Ruvac WAU251) and charcoal catchpot trap (BOC Edwards, 1TC300) is
connected to HIRAC through one of the underside flanges, enabling evacuation of the
chamber from atmospheric pressure to <1 mbar in ~30 minutes. HIRAC can be refilled

with a bath gas of nitrogen or air in ~10 minutes at a delivery rate of ~225 sim.

Four aluminium circulation fans are positioned at either end of the cylinder to ensure
efficient mixing of gases introduced into HIRAC in an even spatial distribution. Typical
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Figure 2.2 A schematic depicting the interior of the HIRAC facility, displaying
the eight quartz tubes spanning the length of the chamber; two of the four fans fixed
between lamp tubing at either end of the chamber; the inlet tube of the FAGE
instrument sampling inside HIRAC through one of the ISO-K160 access flanges
(right); and the Fourier-Transform Infrared (FTIR) reflective mirrors positioned on
internal steel cross-beams away from the chamber walls. Also depicted is the vacuum
line connecting one of the underside 1SO-K160 ports to the rotary pump for chamber
evacuation. Taken from Glowacki et al., (2007a).

mixing times in HIRAC are short, on a timescale of ~20 — 30 seconds, dependent on fan
rotation speed, and can be observed through the stability of instrumental signal
corresponding to species detection upon delivery into the chamber. The fans are attached
to motors externally mounted on the two end plates of HIRAC, and rotation speed can be
varied between 0 — 3000 rpm. Where current studies show a primary interest in the
photooxidation of biogenic volatile organic compounds (BVOCs), the mixing time for
reagents is only required to be a shorter length of time than between reactant or precursor
delivery and reaction initiation through manual activation of the ultra-violet lamps

(described below).

2.2  Lamps

Eight quartz tubes are situated through the inside length of the chamber in an even spatial
distribution (Figure 2.2), with each containing a ~90 cm lamp mounted on a plastic collar
to avoid contact with the quartz, allow air flow past the lamps to avoid ozone build-up,
and allow placement of power supply wiring and thermocouples alongside the lamps
within the quartz tubing. The housing of the lamps alternates between occupying the front
or rear half of the chamber to achieve approximately even radiation distribution
throughout. The lamps can also be exchanged selectively to generate alternative
27



5000 -

4000

3000

2000

1000

Intensity / arb units

-1000

300 350 400 450 500
wavelength / nm

Figure 2.3  The emission spectrum for the Philips

TLK40W/05 blacklamps used in HIRAC for the photolysis of

molecular chlorine or nitrite (RONO) species, generating Cl and

OH radicals respectively. Taken from Glowacki et al., (2007a).
photolysis wavelengths. The two primary lamp types used in this work were the GE
Optica GE55T8/HO lamps emitting photons at 254 nm and the Philips TLK40W/05
blacklamps which have an emission spectrum with a broad peak in the range of 325 — 450

nm (Figure 2.3).

OH radicals may be generated through a variety of methods, some of which are explored
in this work (see Chapter 3), however the primary methods of OH generation were
through photolysis of peroxides, namely hydrogen peroxide, and ozone. Photolysis of
these species was typically induced at 254 nm, towards the upper limit of hydrogen
peroxide photolysis due to its absorption cross-section (Molina et al., 1977; Lin et al.,
1978; Molina and Molina, 1981), using the GE Optica lamps. The absorption
cross-section of ozone has a maximum (¢ =~ 1.2 x 10"Y” cm? molecule™) centred around
255 nm (Molina and Molina, 1986; Brion et al., 1993; Malicet et al., 1995), therefore
photolysis at 254 nm is highly effective.

An alternative method of OH generation is through the photolysis of nitrites (RONO) at
longer wavelengths. Whilst nitrites (e.g. methyl nitrite, CHsONO) can undergo photolysis
at shorter wavelengths, the absorption cross-section allows for photolysis in the region of
~320 — 380 nm due to the presence of smaller structured absorption bands in this region
(Taylor et al., 1980; Maricq and Wallington, 1992). This can be advantageous in reducing

the photolysis of other species within the chamber, and therefore the Philips blacklamps
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Figure 2.4  Measurements performed during an actinometry in the
Experimental Multiphasic Atmospheric Simulation Chamber (CESAM) using NO-
photolysis to determine the lamp photon flux. Species measured include NO
(squares), NO2 (circles), Oz (triangles) and HONO (crosses). Solid lines indicate
modelled concentration profiles over time alongside their respective empirical
measurements. Shaded regions indicate dark periods in which chamber lamps are
not activated and no photolysis is occurring. Taken from Wang et al., (2011).

were more appropriately used for methyl nitrite photolysis. Similarly, the absorption
spectrum for molecular chlorine contains a broad band in the region of 280-400 nm

(Atkinson et al., 2004; Sander et al., 2011), and consequently a much longer wavelength

can likewise be used for photolysis and oxidation initiation via the generation of Cl atoms.

The lamp photon flux can be determined through actinometry with NO2 photolysis, a
characterisation technique employed by several other indoor simulation chambers
(O'Brien, R.J., 1974; Carter et al., 1979; Doussin et al., 1997; Hynes et al., 2005; Metzger
et al., 2008; Wang et al., 2011). This is achieved by monitoring NOx and Os
concentrations over time using commercial NOx and O3 analysers (see section 2.3.5) upon
lamp activation (Figure 2.4), and fitting the consequent NO. decay to calculate a
photolysis rate constant, jno2. The lamp photon flux may then be calculated using

equation E2.1:
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where F; is the photon flux of the lamps, oz, ; is the quantum yield of NO: photolysis,
and onog, ; is the absorption cross-section of NOy, all dependent on wavelength. As the
absorption cross-section and quantum vyield are well known from previous works
(Mérienne et al., 1995; Bohn et al., 2005; Hofzumahaus et al., 1999; Troe, 2000), the
photon flux can be calculated as the singular remaining unknown quantity following

determination of the NO. photolysis rate.

2.3 Instrumentation

HIRAC is equipped with a suite of instrumentation that enable detection of a range of
VOCs, radicals and inorganic compounds relevant for kinetics studies within this work.
The instruments employed for species detection in HIRAC here include the Fluorescence
Assay by Gas Expansion (FAGE) instrument, enabling specific detection of HOx (= OH
and HO.) through laser-induced fluorescence (section 2.3.1); a Proton Transfer Reaction-
Time of Flight-Mass Spectrometer (PTR-ToF-MS), which has the capability to detect
primarily unsaturated VOCs and oxygenated VOCs (OVOCSs) appropriate for these
studies through high resolution mass separation (section 2.3.2); the Fourier-Transform
Infra-Red spectrometer (FTIR), allowing the in situ detection of species in the reaction
chamber through their unique ro-vibrational absorption structure in the mid-infrared
region (section 2.3.3); a glyoxal laser-induced phosphorescence (GLYOX-LIP)
instrument designed for the specific detection of glyoxal (Section 2.3.4); and commercial
NOy and Oz analysers for detection of NO, NO2 and Oz formation at ppbv mixing ratios
(Section 2.3.5). These techniques were typically used simultaneously to maximise species
concentration data obtained for kinetics analysis. A brief description of each instrument
employed is provided below.

23.1 FAGE

2.3.1.1  Principles

The HOx instrumentation design for HIRAC has been detailed elsewhere (Glowacki et
al., 2007a; Malkin, 2010; Winiberg, 2014), but a brief description is provided here. The
FAGE apparatus, widely used for the detection of HOx (= OH and HO;) (Wood and

Cohen, 2006; Stone et al., 2012), utilised a laser-induced fluorescence (LIF) technique in
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Figure 25  Diagrams for the energy transitions involved in the
laser-induced fluorescence of OH radicals. Depicted are the transitions
for (a) off-resonant fluorescence, with a laser excitation pulse at 282
nm (A2Z* (v = 1) « X?II; (v" = 0)) followed by vibrational relaxation
(dotted arrow) and fluorescence at 308 nm, and (b) resonant
fluorescence, with a laser excitation pulse at 308 nm (A%Z* (v' = 0) «
X2IT; (v = 0)) followed by fluorescence at 308 nm. Taken from

Winiberg (2014).

which a laser pulse at 308 nm was used to electronically excite OH radicals (A%Z* (v' =
0) « X2ITi (v" = 0), Figure 2.5b) in a low-pressure (~2 — 3 Torr) sample flow. The excited
OH subsequently releases the energy through photon emission, and the resulting

fluorescence is detected at the resonant wavelength of 308 nm.

Initial FAGE designs opted for an off-resonant fluorescence technique, exciting OH to a
higher vibrational level with a laser pulse at 282 nm (A2Z* (v' = 1) « X?I1; (v" = 0), Figure
2.5a) before subsequent vibrational relaxation and fluorescence observed at 308 nm
(Davis et al., 1976). The off-resonant fluorescence technique was designed for negating
any impacts of laser backscatter on fluorescence signal interference. However,
complications arise in chamber studies, whereby 282 nm light is energetic enough to
induce ozone photolysis (R2.1) and consequently produce excessive quantities of OH

(R2.2).

A=282nm
0; + hv ——— 0, + 0(!D) (R2.1)
o(‘D) + H,0 — OH + OH (R2.2)

31



The additional fluorescence signal detected as a result of this phenomenon is
unsatisfactory, and the data are therefore no longer usable (Winiberg et al., 2015).

2.3.1.2  Operation in HIRAC

To address the issue of laser backscatter interference using the resonant fluorescence
technique, gated detection was employed, in which the detector was switched off for the
duration of the laser pulse (~12 ns) by a delay generator and then triggered again to begin
counting photons again immediately after the laser pulse expired, allowing fluorescence
detection (Figure 2.6). The FAGE detection cells were evacuated down to a low pressure
(~2 — 3 Torr) to reduce collisional quenching and increase the fluorescence lifetime,
maximising the detected signal. Photons were detected by a Channeltron PhotoMultiplier
tube (CPM) through generation of an electron pulse, and the resultant signal collected by
photon counting cards (Becker and Hickl PMS-400A). The collected photon counts were
deposited into ‘bins’ of 1 us width for a total period of 30 ps. The ‘A bin’ constitutes the
total photon counts during the fluorescence period immediately after the laser pulse.

Laser Pulse (~12 ns)

>
B OH fluorescence
S ~300 ns at 1.1 Torr
<
Il
I m
to, 100 ns 60 ps
Photon — . - ‘ On
) | (A bin: Wait : B bins
Counting — iqpsi 9 us : 20 s I— Off
180 ns
On
cem | | o
280 ns

Figure 2.6 ~ Schematic demonstrating the electronic gating system
employed for fluorescence detection of OH in FAGE using a master clock
to denote time to as the trigger for the cycled laser pulse, Channeltron
PhotoMultiplier tube (CPM) gain and photon counting card data
collection. Each cycle has a duration of 60 ps. Photon counts are deposited
into bins of 1 pus detection time, where the ‘A bin’ constitutes all photon
counts including fluorescence, and the ‘B bins’ constitute photon counts
from laser scatter, providing an averaged background subtraction signal.
Schematic not to scale. Taken from Winiberg (2014).
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Directly following the ‘A bin’ counts was a wait period of 9 ps, followed by collection
into the ‘B bins’ for 20 ps, which constitute photon counts detected as a result of scattered
light or dark counts, providing a background subtraction signal which was averaged
across each ‘B bin’. The OH fluorescence signal was then calculated through equation
E2.2:

Signal = Sig, — 228 (E2.2)

X

where Siga and Sigs are the cumulative photon counts in the ‘A bin’ and ‘B bins’
respectively, and x denotes the quantity of ‘B bins’, which in this case is 20. Each cycle

had a total duration of 60 ps.

The FAGE apparatus designed for HIRAC (Figure 2.7) was constructed from black
anodised aluminium with an internal tubing diameter of 50 mm. Gas was sampled at a
rate of ~6 sim through a pinhole of 1.0 mm diameter at the end of a conical nozzle, and
passed through two fluorescence detection cells prior to being evacuated by the HIRAC
rotary pump (see section 2.1). The cell pressure was maintained at ~2.7 Torr during
sampling. The first detection cell was positioned at a distance of ~280 mm from the inlet
pinhole. Whilst a longer inlet tube inevitably increases radical losses to the FAGE interior

walls between sampling and detection (Faloona et al., 2004), radical losses are also

OH cell HO, cell
T’? CPM holder \Zé
Inlet pinhole Focussing optics —__|
/ Bandpass filter
[ : O8] __
| o ©

\ —
, |

Concave retro reflector

Figure 2.7 A vertical cross-section of the HIRAC FAGE apparatus
demonstrating the distance between the inlet pinhole and the first (OH)
fluorescence detection cell (~280 mm), and the subsequent distance to the
second (HO.) fluorescence detection cell (~300 mm). Also displayed are the
optics within each cell for maximising signal gain. Taken from Winiberg
(2014).
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enhanced within the vicinity of the chamber walls (Malkin, 2010), therefore a longer inlet

tube was utilised to balance and minimise OH losses both before and after sampling.

The second detection cell was positioned a further ~300 mm along from the first cell to
allow the simultaneous indirect detection of HO> radicals. This involved flowing a steady
continuous stream of NO injected between the OH and HO, detection cells to rapidly
convert HO> into OH (Bardwell et al., 2003; Bohn and Zetzsch, 1997) and observe the
resultant OH fluorescence. An appropriate distance was therefore given to allow time for
reaction of NO with HO, (R2.3).

NO + HO, — NO, + OH (R2.3)

The total concentration of OH and HO was then detected through LIF measurement of
OH in a second chamber, and the calibrated OH signal (see Chapter 4 on instrument
calibration) for the first detection cell is subtracted from the equivalent calibrated signal
in the second cell to leave the remainder as signal solely attributable to HO2. The majority
of oxidation reactions in this study were performed in an air mixture, resulting in
significant concentrations of HO,. Quantifying HO levels within a reaction can be an
important model constraint in characterising potential branching pathways within

oxidation mechanisms involving HO. reactions.

Laser pulses at 308 nm wavelength were passed through each detection cell via two
distinct fibre-optic cables screwed into one end of an arm running perpendicular to the
gas flow (Figure 2.8). The laser light was split between partially reflective (~85 %)
beamsplitter mirrors to direct the beam into both fibre-optic cables. The laser power was
monitored at the opposite end of the detection cell arms through use of a photodiode to
account for laser power fluctuations in the normalisation of measured fluorescence signal.
Inside the detection cells, fluorescence was detected on the vertical axis, perpendicular to
both the gas flow and laser beam. The fluorescence photons passed through two
collimating lenses to direct the light, then subsequently travelled through a bandpass filter
centred around 308.75 nm with a 5.0 nm bandwidth for selective wavelength detection.
Two focusing lenses were used to refocus the photons back onto the CPM where the
electrical signal generated could be multiplied, ready for collection by a photon counting
card. A concave retroreflector was installed on the underside of the detection cell to

increase the collected fluorescence signal by twofold.
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Figure 2.8 A vertical cross-section of one of the fluorescence detection

cells in the HIRAC FAGE apparatus, displaying the optics and laser

pathway within each cell. The laser beam passes through the detection cell

perpendicular to both the gas flow and detection axis, and laser power

fluctuations are monitored at the exit arm by a photodiode. Fluorescence

photons are passed through two collimating lenses, a bandpass filter centred

at 308.75 nm with a 5.0 nm bandwidth, and two focusing lenses before the

signal is detected by the CPM. A concave retro reflector on the underside

of the detection cell increases the detected fluorescence signal by twofold.

Taken from Winiberg (2014).
The laser light was generated using a Q-switched Nd:YAG (neodymium-doped yttrium
aluminium garnet) diode pumped laser (JDSU Q201-HD) at 1064 nm with 5 kHz pulse
repetition frequency (PRF). The beam was passed through a frequency doubling crystal
(lithium triborate) to achieve a wavelength of 532 nm. The 532 nm beam then pumped a
tunable dye laser (SIRAH Lasertechnik CobraStretch) with a dye mixture of 0.2 g L
Rhodamine B and 0.05 g L' Rhodamine 101 in methanol to generate red-shifted light
centred around a maxima at ~616 nm. The 616 nm beam was passed through a second
frequency doubling crystal (potassium dihydrogen phosphate) to generate light at 308 nm
wavelength. The laser light was further fine-tuned to within 98 % of the absorption
maxima for the OH Q1(2) rotational transition line by splitting some of the laser light off
into a reference cell. OH radicals were produced in the reference cell at low pressure (<4
mbar) with a hot wire filament in air saturated with water vapour through use of a water
bubbler. Fluorescence in the reference cell was detected over wavelength range (~0.050
nm) around the OH Q1(2) line with a wavelength resolution of 0.001 nm to determine the

optimum wavelength for maximum fluorescence signal.
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2.3.1.3 Calibration

Fluorescence spectroscopy is not an absolute detection technique, with observed
fluorescence signal being dependent on a number of factors including the laser power,
electronic gating time, fluorescence quantum vyield, and fluorescence quenching.
Instrument calibration is therefore required to convert observed signal into concentrations
of OH and HO». Two methods of FAGE calibration used in HIRAC are discussed and
compared in detail in Chapter 4.

2.3.2 PTR-ToF-MS

Specifications and hardware for the Kore Series 1 custom PTR-ToF-MS instrument used
in the context of HIRAC oxidation experiments for this work have been listed elsewhere
(KoreTechnology, 2015) and described previously (Speak, 2019). Therefore primarily the
general principles of PTR-ToF-MS (shortened to PTR-MS) operation are discussed here.

2.3.2.1  Principles

PTR-MS is a useful ion detection tool for differentiating species by mass within a gas
sample. There are several methods of species ionisation available, however the PTR-MS
opts for chemical ionisation primarily through proton transfer from the hydronium ion,
HsO*, to a species, R, in the sample flow (R2.4):

R + H;0" = RH* + H,0 (R2.4)

Protonation increases the mass of an ion by ~1 atomic mass unit, and species are therefore
typically detected with a mass-to-charge ratio of m/z = n + 1, where n is the parent
molecular mass of the detected species (g mol™?). There is an advantage to be had in
hydronium protonation being a comparatively ‘soft’ form of ionisation, that is, ion
fragmentation reduced upon impact with the sample species. In contrast, techniques such
as electron ionisation and electrospray ionisation cause significant amounts of
fragmentation which, in the detection of a mixture of species present within chamber
oxidation reactions, is an undesirable outcome due to the complexity of the resultant mass

spectra.
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However, protonation ionisation has considerable dependence on the proton affinity of a
species. If the proton affinity for a species within the gas sample is considerably lower
than that of water (686 + 17 kJ mol* (Long and Munson, 1970)), the equilibrium for R2.4
will lie too far to the left hand side, and the species becomes undetectable due to a lack
of ionisation. Conversely, proton affinities considerably higher than that of water
demonstrate an appropriate detection sensitivity for monitoring via PTR-MS. Where the
proton affinities for water and the target species are similar in value, the equilibrium
position, and hence ionisation efficiency, is more dependent on their relative
concentrations instead. This is accentuated by the increased humidity at higher water
concentrations leading to clustering into dimer and trimer forms. The proton affinity for
water dimer has been determined to be significantly higher (808 + 6 kJ mol™) than that
of the monomer (Goebbert and Wenthold, 2004), and higher cluster forms, such as
trimers, tetramers, etc., serve to increase the proton affinity even further (Cheng, H.-P.,
1998; Kawai et al., 2003; Wroblewski et al., 2004). Any ionisation of VOCs occurring
via reaction with protonated water clusters (R2.5) will therefore inevitably be less

effective the larger the oligomer.

R + (H,0),H;0* = RH* + (H,0),44 (R2.5)

2.3.2.2  Operation in HIRAC

The PTR-MS contained a water reservoir maintained at approximately two thirds full
with deionised water (Thermo Fisher, HPLC Grade) surrounded by an aluminium heating
jacket. The reservoir was maintained at 308.0 £ 0.2 K, monitored using a K-type
thermocouple, to avoid pressure fluctuations due to changes in ambient temperature. The
tubing and water vapour valves were threaded with heated wiring to maintain the
temperature of the valves and pipework above that of the reservoir, preventing
condensation of water vapour which would block the valves. The PTR-MS was equipped
with a water adjust valve for fine control over the humidity, and consequently the ratio of
water monomer to dimer, in the reagent gas flow line. Once an optimum position on the
water adjust valve was chosen, the position remained unchanged for the duration of a

series of experiments to ensure the consistency of acquired data.
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Figure2.9 A schematic of the hardware contained within the
PTR-MS reactor oven. Depicted is the flow of the reagent gas through
the glow discharge (GD) source and the source drift (SD) region before
merging with the analyte gas flow in the proton transfer reactor cell
(PTR) and finally reaching the transfer optics at the end of the cell.
Taken from the Kore PTR-ToF-MS hardware reference manual

(KoreTechnology (2015)).
Water vapour was then introduced into a hollow cathode glow discharge (GD) region
(Figure 2.9), contained within an insulated oven maintained at a higher temperature of
378.0 £ 0.5 K, to be ionised into a beam of H3O" ions. The GD source was typically
operated at an internal pressure of 1.80 + 0.02 mbar and a voltage of 400 + 2 V. The H3O*
ion beam was passed through a source drift (SD) region to remove unwanted ions (e.g.
O*, H*, N*, etc.) by transferring charge to remaining H.O molecules through subsequent
collision after the GD source, purifying the resulting HsO" ion beam to ~99.5 %.
Following purification in the source drift region, the ion beam was then introduced to the
proton transfer reactor (PTR) cell, where collisions with species in the analyte gas flow
occur to ionise affinitive species through protonation. The resultant ions were propelled
towards the reactor exit through a series of electrostatic plates that provided a voltage

gradient, alongside a radio frequency ion funnel generated by internally mounted
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Figure 2.10 The transfer optics at the end of the proton transfer reactor cell
designed to focus the analyte ions onto the ToF source. lons are passed through a
transfer lens and deflector plates to direct the ions towards the exit, and then pass
through two pumping apertures to reduce the pressure sequentially down from
reactor pressure (~1.8 mbar) to an intermediate vacuum system (~10"* mbar), and
finally down to a high vacuum system (~10"" mbar) in the ToF source. Taken from
the Kore PTR-ToF-MS hardware reference manual (KoreTechnology (2015)).

electronics designed to minimise the loss of ions hitting the detector due to pressure
gradient gas expansion. At the end of the reactor cell, the analyte ions were passed
through the transfer optics (Figure 2.10) to focus the ions through the exit towards the
ToF source. The transfer optics were operated at an intermediate vacuum (~10 mbar) by
pumping through a 1 mm aperture, and included a transfer lens and deflector plates to
direct the ions and discriminate against neutral species in the ion beam. The ions were
directed through a second slit aperture (~1x4 mm) to achieve a high vacuum system in
the ToF source (~10 mbar).

Upon entry into the ToF source, the analyte ions were pulsed in a direction perpendicular
to the flow of the ion beam from the transfer optics (Figure 2.11). The ToF source consists
of a backplate, a pulsed extraction plate, an intermediate electrode, and a final
acceleration electrode, where the flight energy of the ions was achieved. Each pulse
dictated the start of the flight time for the analyte ions. Beyond the acceleration electrode,
the ions passed through X and Y deflector plates consisting each of a fixed-voltage and
variable voltage plate. The voltage in the variable plates for the X and Y deflectors can
be adjusted to optimise the flight path towards the detector. The ions traversed a field-
free region (FFR), where they were free of any external electromagnetic fields, before

being reflected back onto the detector by a reflectron with a tuneable central electrode.

The ions were detected by a dual microchannel-plate detector (MCP) with a large active
area (25 mm) diameter which gives a high sensitivity and good time resolution. Each ion

impact generated an electron emission which was amplified with an excitation voltage to
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Figure 2.11 A schematic of the time-of-flight (ToF) source depicting the flight
path of the ions upon exiting the proton transfer reactor (PTR) through the transfer
optics. lons are pulsed perpendicular to the flow from the PTR through a series of
plates including a backplate, pulsed extraction plate, intermediate electrode, and
acceleration electrode. lons are then directed through X and Y deflectors, and fly
through a field-free region (FFR) before being reflected back through the FFR and
onto the detector by the reflectron. Taken from the Kore PTR-ToF-MS hardware
reference manual (KoreTechnology (2015)).

produce a detectable electrical signal corresponding to an ion count. The signal was
accumulated over a series of pulses, where the typical ToF cycle was 40 us, and each
spectrum displayed the cumulative signal from a set experiment time. For most
experiments within this study, the experiment time was set to 9 s, and spectra were
recorded every 10 s. The time-of-flight is directly proportional to the square root of the
ion mass, and the ToF data were therefore converted into ion masses using equation E2.3:

m = (%)2 (E2.3)

where m is the ion mass, t is the time-of-flight, to is the initial pulse time, and Cb is the
linear calibration gradient for mass-time conversion. Both to and Cb parameters are
calculated from the arrival times of known peaks (e.g. H3O" and (H20)HsO™), and can be
determined using the calibration software supplied by KoreTechnology. Kore software
also provided the ability to select a ‘region of interest” within a mass spectrum, where the
integrated signal count between two selected masses could be traced over time by
monitoring an individual peak area across mass spectra during oxidation reactions. Unless
the CPM becomes oversaturated at high concentrations, the peak area is linearly

proportional to species concentration, and this method was used to trace the concentration
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of reactants from a known initial concentration and, where previously calibrated, the

concentration of oxidation products generated upon reaction initiation.

A final note added that due to instrumental bulk, the PTR-MS was positioned in an
adjacent room a short distance from the simulation chamber. It was considered that the
analyte gas was sampled from HIRAC through a length (~8 m) of PTFE tubing (1/8”) at
a sample rate of ~0.2 slm. Despite the long sampling distance, at this flow rate it took ~19
s for the analyte gas to reach the PTR cell. This slight time difference was accounted for
when comparing timestamped data from different sampling instruments connected to
HIRAC. However, the longer sampling distance, whilst unavoidable, may also reduce the
sensitivity for certain species that are more prone to surface adsorption. Sufficiently high
initial concentrations (~10% — 10'* molecule cm=) were delivered into HIRAC in an

attempt to overcome this issue.

2.3.2.3  Calibration

The PTR-MS was typically calibrated for individual species concentrations by delivering
a known concentration of the species into HIRAC for instrument sampling. The observed
integrated peak counts, taking the parent ion m/z peak unless stated otherwise, were
averaged over a time period of ~5 — 10 minutes, with data points taken every 10 s, and
the standard deviation of the measured counts calculated over the time period at each
concentration. Concentrations were diluted by repeatedly evacuating the chamber to a
fraction of the total pressure (e.g. 70 %), then refilling the chamber to atmospheric
pressure with bath gas. Averaged counts were taken at each concentration, and the
observed signal was plotted against the known concentrations to ascertain the linear
proportionality of signal to concentration achieve a calibration factor specific to that

species.

2.3.3  FTIR Spectrometer and Optics

HIRAC incorporates an FTIR system comprised of a Bruker IFS 66/S spectrometer,
several optics mirrors contained within a box flushed with nitrogen, and a multipass
instalment of two field mirrors and three objective mirrors inside the chamber. More
detailed descriptions of this instrumentation are found elsewhere (Glowacki et al., 2007a;
Glowacki et al., 2007b), but the basic workings will be described here.
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2.3.3.1  Principles and Operation

The Bruker IFS 66/S spectrometer comes equipped with a glowbar mid-infrared (MIR)
light source which was passed through a rotatable aperture wheel selected at a 2.5 mm
aperture. The light beam was then introduced into a Michelson interferometer using a
KBr beamsplitter to direct the light between a fixed mirror and a movable mirror. The
light was reflected back towards the beamsplitter from both mirrors, and the resultant
wave interference resulted in a selected wavelength beam scan exiting the interferometer.
The distance of the movable mirror from the beamsplitter was then adjusted through
motorised control to alter the wave interference and the consequent wavelength output.
This procedure was repeated over a number of scans (typically ~60 — 100) to achieve a
full wavelength output (700 — 4000 cm'?) for each spectrum, with a spectral resolution of
~0.48 cm™.

Upon exiting the interferometer, the beam passed through a nitrogen-flushed box via a
series of transfer optics mirrors (Figure 2.12). The beam was reflected first off two plane
mirrors (P1 & P2) with 75 mm diameter and ~7.5 mm thickness, and then reflected
towards the chamber multipass system via a concave mirror (S1) with 101.6 mm
diameter, ~7.5 mm centre thickness, and 2400 + 12 mm radius of curvature (ROC). After
leaving the multipass system, the beam path was reversed, reflected first off a second

concave mirror with equivalent dimensions, then off a final two planar mirrors before

FTIR Exit Port

Detection
Optics

Figure 2.12 A schematic of the FTIR optics and beam path from the infrared
spectrometer exit port to the detection optics. The beam is reflected off two
planar mirrors (P1 & P2) and a concave mirror (S1) with 2400 + 12 mm radius
of curvature before passing through a multipass system inside HIRAC. The
multipass system includes three objective mirrors (01, O2 & O3) and two field
mirrors (F1 & F2), and typically achieves 72 passes inside HIRAC to extend the
path length and increase detection sensitivity. The beam path is reversed upon
exiting HIRAC to reflect first off a concave mirror and then off the two planar
mirrors before hitting the detection optics. Taken from Glowacki et al. (2007a).
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Figure 2.13 A schematic of the beam path between the field and objective
FTIR mirrors within HIRAC. The beam enters HIRAC at position 0 and traces
the path shown in numerical order from 1 to 35 on the field mirrors (F1 & F2)
to create a matrix of images before exiting HIRAC at position 36. A total of 72
passes are therefore attained, with a resultant path length of ~128.5 m. Taken
from Glowacki et al., (2007a).

hitting a mercury-cadmium-telluride (MCT) detector with a sufficient measurement range
of 12,000 — 600 cm™®. The beam entered and exited HIRAC through two windows (8.7
millirad wedged, KBr, 75 mm diameter, 5 mm thick) inserted in one of the end K500

flanges.

Once inside the chamber, the beam entered a multipass matrix system (MMS), reflecting
back and forth between three objective mirrors (01, 02 & 03), with equivalent
dimensions of 100 mm diameter and ~7.5 mm centre thickness, and two field mirrors (F1
& F2) displaying a matrix of light images (Figure 2.13). The larger F1 mirror had
dimensions of 180x255 mm with ~12 mm centre thickness, and the smaller F2 mirror had
dimensions of 45x180 mm with ~9 mm centre thickness. All field and objective mirrors
were designed with an ROC of 1785 £ 1 mm to match the length of a single beam pass in
HIRAC. Rather than being attached to the end flanges themselves, the interior mirrors
were instead mounted on aluminium cross beams positioned 10 mm away from either end

of the chamber on the cylindrical frame itself. This was intended to prevent misalignment
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of the mirrors due to minor yet non-negligible bow of the flanges as a result of pressure
variations during experiments. Consequently, removal and alignment of the objective
mirrors was also easier due to the flexibility in removing the K500 flange on the objective

end to access the rear screw adjustment panel.

The MMS takes advantage of increasing the path length of light within HIRAC to lower
the limit of detection down to ppbv mixing ratios. This relationship has been described
by the Beer-Lambert law, denoted in equation E2.4:

In? = ocl (E2.4)

where In(lo/1) is the species absorbance, o is the species absorption cross-section, c is the
species concentration, and | is the path length of light. The multipass system was achieved
more easily through the ROC of the field mirrors optimised to the length of one pass
(~1.785 m), and 72 passes are typically attained (36 in each direction) before exiting the
chamber, so as to achieve a total path length in the chamber of ~128.5 m. Where the
absorption cross-section of a species shows distinctive characteristic peaks, measured
spectra provide a good metric for measuring the concentrations of reactants and products
formed over time during oxidation, with a detection limit of ~10 — 100 ppbv dependent

on the species.

2.3.3.2  Calibration

Calibration of species for the FTIR system involved measuring the absorption spectrum
of a known concentration of species into HIRAC which could then be used as a reference
spectrum to be fitted against more complex spectra recorded during oxidation reactions.
As the Beer-Lambert law is an absolute method for determining the concentration,
measurement of reference spectra served primarily to confirm the path length of light
inside the MMS with the current optics alignment. Reference spectra were used as a
normalisation factor for calculating species concentrations based on the ratio of fitted

spectra peak areas to reference spectra peak areas with a known concentration.
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234 GLYOX-LIP

Laser-induced phosphorescence (LIP) has been employed as a selective detection
technique for glyoxal over the last 15 years with increasing success through improved
detection limits (Huisman et al., 2008; Huisman et al., 2011; DiGangi et al., 2012; Ahlm
et al., 2012; Pusede et al., 2014; Walker et al., 2022). The GLYOX-LIP instrument used
in this work has been described recently for use in field measurements of glyoxal (Walker
et al., 2022), and a brief description of the instrument setup and principles of LIP will

therefore be given here.

2.3.4.1  Principles

Glyoxal LIP detection involves the precise electronic excitation of glyoxal molecules at
2 =440.141 nm (Figure 2.14), involving the A, (v's = 1) « Ag (v"o = 0) transition (S1 <
So) corresponding to the ground (So) and first excited (Si) singlet states. The excited
glyoxal molecule then undergoes inter-system crossing (ISC) to the first excited triplet
state, T1 (*Au), where any occupied excited vibrational levels subsequently relax down to

the Ty vibrational ground (v’ = 0) level (Anderson et al., 1973). Radiative relaxation back
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Figure 2.14 The fine-structure laser-induced phosphorescence
spectrum of glyoxal centred around the optimal wavelength for
electronic excitation at 1 = 440.141 nm, with the offline wavelength
also displayed (1 = 440.034 nm). The spectrum was measured with a
wavelength resolution of 0.0008 nm. Taken from Walker et al.
(2022).
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down to the singlet So state then involves phosphorescence, which can be observed most
intensely through the 3A, (v's = 0) — Ay (V"o = 0) transition corresponding to
phosphorescence wavelength 4 = 520.8 nm (Holzer and Ramsay, 1970). Glyoxal
phosphorescence signal was therefore detected around 520 nm to increase the instrument

sensitivity.

2.3.4.2  Operation in HIRAC

Laser light was generated by a diode-pumped Nd:YAG laser (Photonics Industries
DS-532-10), which was used to pump a Ti:Sapphire laser (Photonics Industries
TU-UV-308) tunable between /4 =~ 700 — 960 nm. The wavelength was tuned to A = 880
nm by adjusting the angle of a diffraction grating inside the Ti:Sapphire cavity through
motorised rotation of the grating. Upon exiting the cavity, the infrared beam was passed
through a lithium borate frequency doubling crystal to produce 440 nm blue light, which
was then introduced into the phosphorescence detection cell through an adjustable iris to
focus the beam and reduce laser scatter inside the cell (Figure 2.15). A small percentage
of the blue laser light was directed towards a wavemeter (Coherent WaveMaster) with a
wavelength resolution of £ 0.001 nm to precisely tune the wavelength to online (A =
440.141 nm) and offline (1 = 440.034 nm) wavelengths, as well as to monitor the

wavelength for the duration of any online measurements.
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As with the FAGE apparatus (section 2.3.1), the phosphorescence detection cell cylinder

(50 mm internal diameter) and arms (each 210 mm length) for entrance and exit of the

laser light were constructed from black anodised aluminium. Laser light was introduced
*

Nd:YAG laser 1 >

8, o N

I RN
detection cell
. / Ti:Sapphire laser

wavemeter
to pump to pump probe

photodiode
inlet

Figure 2.15 A schematic of the GLYOX-LIP instrument setup as shown from
above. Depicted is the laser system including 532 nm green light produced by the
diode-pumped Nd:YAG laser, 880 nm infrared light produced by the tunable
Ti:Sapphire laser, and the frequency-doubled 440 nm blue light after passing
through the lithium borate doubling crystal. Also shown is a schematic of the
phosphorescence detection cell, where the sample flow through the inlet is on the
plane directed out of the page, however the detection optics prior to the
photomultiplying tube (PMT) are excluded. Taken from Walker et al. (2022).
at the entrance arm through an iris and fluctuations in laser power were measured by
positioning a photodiode over the window at the end of the exit arm to account for laser
power normalisation of phosphorescence signal. Gas was sampled from HIRAC into the
detection cell perpendicular to the direction of the laser beam through a length (~4 m) of
PTFE tubing (1/4”) connected above the cell and drawn through by a dry scroll pump
(Agilent IDP-3). The sample flow rate was controlled to ~5 L min by a quarter-turn plug
valve inserted into the vacuum line so that an internal cell pressure of ~100 Torr was
achieved to optimise phosphorescence signal where a broad maximum has been
previously observed in air as a result of variations in phosphorescence quenching (Walker

etal., 2022).

The detection optics were similar to those described for the FAGE apparatus (section
2.3.1). Photons were detected perpendicular to both the gas flow and laser beam
directions, passed first through a bandpass filter centred around 520 nm (Semrock
FF02-520/28, + 14 nm bandwidth) and subsequently through two focusing lenses before
detection via a photomultiplier tube (PMT). A retroreflector was also installed on the
opposite side of the phosphorescence cell to maximise photon detection. A photon
counting card (Becker and Hickl, PMS 400) was used to receive the electronic signal
from the PMT.
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Phosphorescence signal was collected using a delay generator (Berkeley Nucleonics
Corporation, Model 555) to trigger the laser pulse and collection bin windows to
differentiate phosphorescence from background signal (Figure 2.16). After the cycle had
been triggered by the delay generator, the Ti:Sapphire laser pulse (35 ns) occurred 5 ps
later, and a further delay of 3 ps was given to allow for the decay of any short-lived
fluorescence in the system from the cell walls or any species in the sample flow. As
phosphorescence decay occurs on a much longer timescale, a collection bin of 35 ps was
used to obtain any phosphorescence signal after complete fluorescence decay.
Phosphorescence detection was then followed by a delay of 50 ps and subsequently a
collection bin of 105 us to determine any background counts. The total trigger cycle time
spanned ~200 ps, and the laser was pulsed with a 5 kHz PRF, integrating the signal from
each pulse over a 1 s time period to acquire the data points. The background-subtracted
phosphorescence signal could then be calculated as in equation E2.2 (see section 2.3.1),
where the number of B bins in this instance was 3. The resultant background-subtracted
signal is linearly proportional to the concentration of glyoxal in the system, however
calibration is required to determine the conversion of signal to concentration. Details of

the GLYOX-LIP instrument calibration are discussed in Chapter 5.
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Figure 2.16 A diagram of the trigger cycle for data acquisition of
phosphorescence signal controlled by a delay generator. The
Ti:Sapphire laser pulse (blue) is triggered 5 ps after the cycle start
followed by a 3 ps delay to allow for the complete decay of any
fluorescence (dashed purple) due to the anodised cell walls or other
species in the gas sample. Phosphorescence (red) signal is collected in
the A bin and any background signal is collected in the B bins. Taken
from Walker et al. (2022).

2.3.5 Commercial Analysers

In monitoring Oz and NOyx (= NO + NOy) concentrations in HIRAC during oxidation
reactions, two commercial analysers were employed for the selective detection of O3
(Thermo Electron Corporation Model 49C) and NOy (Thermo Environmental Instruments
Model 42C) respectively. Both analysers sampled from HIRAC via lengths of 1/4” PTFE
tubing (~3 — 4 m) connected to a port on one of the ceiling K160 flanges. The principles
of operation for both analysers will be described briefly here.

2.3.5.1  NOy Analyser

The NOy analyser measures NO concentrations through chemiluminescence occurring via

reaction R2.6;

NO + O3 — NO, + 0, + hv (R2.6)
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The intensity of the light produced by chemiluminescence of electronically excited NO>
is linearly proportional to the concentration of NO within the sample chamber inside the
NOxy analyser. NO concentrations were likewise measured through conversion of NO2 to
NO prior to chemiluminescence by passing the sample over a molybdenum catalytic
converter heated to ~598 K. A solenoid valve controlled the flow of gas to switch between
the catalytic converter and flow straight through to the reaction chamber, enabling
alternated detection of total NOx concentration and NO concentration specifically. The
NO- concentration in the gas sample was therefore calculated by subtracting the measured

NO concentration from the total NOx concentration during the two phases (E2.5):

[NO,] = [NO,] — [NO] (E2.5)

A second prereactor solenoid valve controlled the sample flow either to the reaction
chamber, where chemiluminescent reaction with Oz occurred to give an NO
concentration, or to a prereactor chamber, where NO was depleted via reaction with Os
prior to the reaction chamber to give a zero reading. Samples containing <200 ppbv NO
were depleted to a degree of >99 % in the prereactor. Ozone was produced in sufficient
quantities within the apparatus by passing a flow of dry air through a silent discharge
ozonator before entering the reaction chamber and mixing with NO. Chemiluminescence
of NO, was detected via a PMT contained within a thermoelectric cooler. The typical
detection limit for NOyx was ~0.4 ppbv over a 15 s averaged measurement period at a
sample rate of ~0.6 L min, which was sufficient for measuring concentrations of NOx

used in current chamber experiments (~10 — 100 ppbv).

2.35.2 O3z Analyser

Detection of Oz via the O3 analyser was achieved through UV photometry at 254 nm.
Using the Beer-Lambert law (E2.4, see section 2.3.3), the ratio of light intensities between
a cell containing ozone and a reference cell ‘scrubbed’ of ozone allowed calculation of
the ozone concentration through knowledge of the path length (38 cm) and molar

absorption cross-section at 254 nm.

The sample flow was split so that half of the sample gas proceeded via an ozone scrubber

and the other half proceeded unfiltered. Two solenoid valves then controlled the
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alternation of the gas flow between two absorption cells, where one cell contains the
sample gas and the other contains reference gas scrubbed of ozone. The solenoid valves
periodically switched the cells containing sample gas and reference gas, and the averaged
measurement was recorded, so as to minimise any error from either cell having slightly
different absorption properties to the other. After each solenoid valve switch, a delay in

recorded light intensity measurements for several seconds allowed for cell flushing.

Similarly to the NOy analyser, the ozone analyser had a detection limit of ~1.0 ppb for
measurements averaged over 15 s, with a slightly higher volumetric flow rate of 2 L min™.
For chamber oxidation applications, ozonolysis reactions and ozone photolysis were
examined as methods of OH generation in HIRAC (see Chapter 3), and ozone mixing
ratios were therefore typically in the region of ~50 — 150 ppbv. The comparatively low

detection limit was sufficient for all Oz monitoring requirements within this work.
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Chapter 3 OH Generation Methods for

Chamber Studies Involving

Glyoxal



3.1 Introduction

A key process in the investigation of atmospheric reactions within a laboratory
environment is the generation of hydroxyl (OH) radicals (see Chapter 1 on the
background of OH-initiated oxidation chemistry of VOCs). In outdoor chamber
experiments, such as those performed at the EUPHORE (EUropean PHOtoREactor)
facility in Valencia (Zador et al., 2006) and SAPHIR (Simulation of Atmospheric
PHotochemistry In a large Reaction chamber) in Julich (Karl et al., 2004; Rohrer et al.,
2005), sunlight is typically used in photolytic radical production, often with nitrous acid
(HONO) and methyl nitrite (CH3ONO) as important sources of OH, introducing NOy to
the chamber. This method of OH generation in outdoor chambers provides a good
approach for monitoring reactions under ambient conditions of photolysis and radical
concentration as a more direct comparison with field measurements. However, despite
the advantages of studying reactions at ambient conditions, there are also limitations in
which those conditions are relevant primarily to mid-latitude boundary layer chemistry.
Due to the nature of outdoor chambers, being comprised mainly of a Teflon film,
achieving a wider range of conditions that cover the changing conditions across all
latitudes and altitudes within the troposphere, through variation of temperatures (~200-
320 K) and pressures (1000-100 mbar), is not feasible. It is also difficult to work under
NOx-free conditions when using HONO as an OH source due to an inability to clean the
chamber walls regularly or evacuate the chamber to encourage desorption off the walls,
limiting relevance of mechanistic studies and yield measurements to urban environments
where NOx is significantly more prevalent as a result of high temperature combustion

activity, particularly from vehicular emissions.

With an interest in biogenic emissions and their mechanistic routes to glyoxal, analysis
of chemistry initiated in the absence of NOx becomes important, and it is therefore prudent
to investigate these reactions with the versatility of an indoor chamber in addition to
outdoor chamber studies. The Highly Instrumented Reactor for Atmospheric Chemistry
(HIRAC,; see Chapter 2) offers a number of ports across ten external flanges surrounding
the chamber, which are used for sampling, gas delivery, liquid injection and chamber
evacuation, as well as fittings for exchangeable UV lamps housed within quartz tubes
along the length of the chamber. This provides an ideal framework for investigating the
merits and drawbacks of alternative methods of OH generation in an indoor chamber
environment, with a focus on biogenic studies and glyoxal yield analysis. All experiments

conducted within the scope of this chapter were performed in HIRAC under the base
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conditions of a synthetic air mixture consisting of 80 % nitrogen (N2, BOC, O.F.N.,
99.998 %) and 20 % oxygen (O2, BOC, Industrial Grade, 99.5%) at 1000 + 3 mbar
pressure and 293 + 2 K.

This chapter aims to review the effectiveness, advantages and disadvantages of several
methods of OH generation available for chamber experiments, including photolysis of
nitrites for NOy studies, photolysis of hydrogen peroxide and ozone as NOy-free
precursors, and ozonolysis reactions for dark chemistry OH production. As any study
with a desired outcome favours a certain set of conditions, this review is an attempt to
optimise such conditions with the goal of ensuring the best opportunity for measuring a

definitive glyoxal yield from the OH-initiated oxidation of its biogenic precursors.

3.2  NOy Study Precursors

Whilst biogenic volatile organic compounds (BVOCs) are usually associated with more
remote environments, where average NOx mixing ratios constitute much smaller
quantities (~1 — 5 ppbv) than their urban counterparts (~20 — 100 ppbv), recent studies
have highlighted the importance of considering biogenic emissions within urban areas, in
addition to identifying anthropogenic sources of isoprene and monoterpenes, which will
impact BVOC oxidation routes, secondary organic aerosol (SOA) formation and increase
pollution of tropospheric ozone (Hsieh et al., 2017; Khan et al., 2018; Cheng, X. et al.,
2018; Mishra and Sinha, 2020; Panopoulou et al., 2020; Bryant et al., 2023). This
consideration merits a study of nitrites as an indirect source of OH in chamber
experiments, whilst also introducing NOy to the chamber and promoting NOx-driven
alkoxy chemistry (see Chapter 1) relevant for urban environments, where typically the
alkoxy is oxidised to the subsequent carbonyl, occasionally in competition with
dissociation or isomerisation processes (Orlando et al., 2003).

3.2.1  Methyl Nitrite

Methyl nitrite (CH3ONO) has been widely used as a precursor to OH in a combination of
chamber experiments, SOA studies and relative rate measurements (Atkinson et al.,
1981b; Picquet et al., 1998; Volkamer et al., 2009; Nguyen et al., 2015), a testament to
its usefulness in a range of applications. Methyl nitrite indirectly produces OH through

the photolytically induced reaction scheme shown in reactions R3.1-R3.3:
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CH,ONO + hv — CH;0 + NO (R3.1)
CH,0 + 0, — HCHO + HO, (R3.2)

Whilst the NO required to convert HO, into OH is produced in the initial photolysis
(R3.1), additional NO is typically introduced into the chamber or reaction cell to
accelerate this process. This also helps to mitigate the effect of NO being used up in
reaction with peroxy radicals produced upon the initial oxidation of hydrocarbons via OH
(R3.4-R3.6):

RH + OH — R + HO, (R3.4)
R + 0, (+ M) — RO, (+ M) (R3.5)
RO, + NO — RO + NO, (R3.6)

Synthesis of methyl nitrite has been described previously in the literature (Taylor et al.,
1980; Atkinson et al., 1981b), consisting of the dropwise addition of a concentrated
solution of sulfuric acid (H2SO4, Sigma-Aldrich, ACS Reagent, 98%) into methanol
(CH30OH, Sigma-Aldrich, Laboratory Reagent, > 99.6%) saturated with sodium nitrite
(NaNO3, Sigma-Aldrich, ACS Reagent, > 97 %) at 273 K. A flow of nitrogen (BOC,
0O.F.N., 99.998%) is passed through the reaction mixture as a bubbler to encourage vapour
flow through the system. The methyl nitrite vapour was then passed through a solution of
sodium hydroxide (NaOH, Sigma-Aldrich, 50% in H>O) to neutralise the acid and
subsequently through anhydrous calcium chloride (CaClz, Supelco, granules, Reag. Ph
Eur) as a drying agent before depositing the remaining product in a cold trap under liquid
nitrogen at 77 K. The product was thawed into a glass bulb and the gaseous methyl nitrite
diluted to 31% in nitrogen. The infrared spectrum of methy! nitrite (~1.5 x 10'* molecule
cm3) was measured using a Fourier Transform Infrared spectrometer (FTIR, see Chapter
2 for details), and compared against the known absorption cross-section (Sharpe et al.,
2004) to analyse for impurities (Figure 3.1). The overlapped spectra reveal only
background levels of water, methane and carbon dioxide alongside methyl nitrite, which
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Figure 3.1 A comparison of the FTIR spectrum of synthesised gaseous
methyl nitrite (~1.5 x 10'* molecule cm) measured in HIRAC at 293 K with
the absorption cross-section of methyl nitrite measured by Sharpe et al. (2004).
Comparison shows good agreement between spectra, revealing only
background levels of water, carbon dioxide and methane in the chamber, which
are known impurities in the nitrogen bath gas used in HIRAC experiments.

are known impurities in the nitrogen bath gas, and no traces of methanol or other species

present, suggesting an appropriate purity (estimate >95 %) for the reagent.

Owing to the structure of the UV absorption cross-section of methyl nitrite around 310-
360 nm (Taylor et al., 1980; Maricq and Wallington, 1992) (Figure 3.2), the blacklamps
(Philips TLK40W/05) were used rather than the 254 nm lamps (GE Optica GE55T8/HO),
having a longer wavelength output centred around 300-450 nm (see Chapter 2). This is
advantageous in lowering the average photon energy and minimising photolysis of other
species within the chamber, including reaction products. In particular, there is less
potential for glyoxal loss throughout the reaction, making smaller yields easier to
measure. In considering photo-oxidation mechanisms of BVOCs initiated at longer
wavelengths (1 > 300 nm) , photolysis rates start to become insignificant, and the reaction
becomes simpler to simulate in model runs as a method of reproducing experimental
yields. As an example, the photolysis rate of acetaldehyde was measured under the output
of both lamp sets, determined as jcrscro = (1.01 +0.14) x 10 st under the 254 nm lamps,
whereas negligible acetaldehyde photolysis was observed under the blacklamps (see

Chapter 5).
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Figure 3.2  The UV absorption cross-section of gaseous methyl nitrite at 298
K between 190 — 435 nm. The structure and quantity of cross-section values
between 300 — 400 nm promotes photolysis in this wavelength region, allowing
use of the blacklamps with wavelength output centred around 300 — 450 nm.
Taken from Taylor et al. (1980).

As the quantities of OH generated throughout a reaction depend on the rate of NO
recycling via the photolysis of NO2 (R3.7), these wavelengths are likewise ideal for
optimising the NOz photolysis rate, jnoz, in considering the absorption cross-section and

photodissociation efficiency (Bogumil et al., 2003; Volz-Thomas et al., 1996).

A<400 nm
NO, + hv —— NO + O (R3.7)

Methyl nitrite was tested as an OH source in HIRAC through studying the oxidation of
acetaldehyde (CHsCHO, Sigma-Aldrich, ACS reagent, > 99.5%). Acetaldehyde is a
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Figure 3.3  Depletion of excess NO (black) during the photolysis of methyl
nitrite (blue) upon activation of UV blacklamps (shaded yellow region). UV
photolysis of methyl nitrite triggers formation of HO; radicals, which react with
NO to produce OH and NO.. OH then oxidises VOCs in HIRAC, subsequently
forming RO: radicals, and the RO> then similarly reacts with and depletes NO.
Photolysis of NO: is too slow to replenish NO concentrations above that of the
NOx Analyser detection limit (~0.5 ppbv) once depleted. Complementary data
shown in Figures 3.4 & 3.5.

relatively simple oxygenated VOC (OVOC) of interest to this work as a potential biogenic
precursor to glyoxal in the marine boundary layer (MBL) (Zhu, Y. and Kieber, 2019),
and constitutes an appropriate compound for study in this instance (see Chapter 5 for
further details). Additional NO (BOC, Nitric Oxide, N2.8 Grade) was introduced to the
chamber to assist in the generation of OH through conversion of HO2 (R3.3). However,
despite the supplementary NO in the chamber, any excess was typically depleted within
10 minutes of reaction initiation (Figure 3.3), falling below the detection limit (~0.5 ppbv)
of the commercial NOy analyser (see Chapter 2). It is clear that NO is still being produced
through both NO> and methyl nitrite photolysis from the continued generation of OH
measured by the FAGE (Fluorescence Assay by Gas Expansion, see Chapter 2)
instrument (Figure 3.4), as well as the ongoing oxidation of acetaldehyde throughout the
experiment, however OH production is limited by the rate of NO2 photolysis achieved by
the output of the blacklamps, as evidenced by the drop in OH levels upon depletion of the

excess NO. At longer experiment times, a natural increase in average OH concentrations
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Figure 3.4  OH concentrations measured by the HIRAC FAGE instrument
upon photolysis of methyl nitrite. The yellow shaded region indicates activation of
UV blacklamps initiating photolysis, followed by a clear increase in OH
molecules. Despite depletion of excess NO in the system, OH continues to be
produced, however lower concentrations indicate a slower rate of production for
the remainder of the experiment time. Complementary data shown in Figures 3.3
& 3.5.

is seen due to a decrease in the quantity of acetaldehyde remaining in the chamber,
however this is also balanced with decreasing methylnitrite concentrations consequently
reducing OH generation. Variations in average OH concentration are primarily a result of

these fluctuating production and removal rates.

Due to the reduced concentrations of OH produced through methyl nitrite photolysis, as
well as through other methods discussed in this chapter, the FAGE data (fluorescence
signal accumulated over 1 s, see Chapter 2) were averaged over a number of points,
typically between 10 — 20, to improve the instrument limit of detection. Data averaging
gave a more clear structure to the time profile through an improved signal-to-noise ratio
(SNR). However, due to the method of averaging used, which was indiscriminate of the
time gaps present from the offline cycling measurement phase, data at the beginning or
end of an online cycle included an averaging from the adjacent online cycle. This ‘cross-

averaging’ often resulted in a slight oscillation of the averaged online data points, as
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observed in Figure 3.4. This phenomenon was accentuated as the averaging window was

increased to account for changes in the SNR and consequently the limit of detection.

Another concern with reduced OH concentrations in chamber studies was the slower
production of glyoxal competing against various loss processes impacting the feasibility
of glyoxal yield measurements. These losses include removal via reaction with OH;
photolysis; adsorption onto wall surfaces; heterogeneous uptake by water molecules and
aerosol components; and dilution through instrument sampling. It should be noted,
however, that despite the reduced production rate of glyoxal, several of these loss
processes will also be lowered due to the OH generation method used. Lower OH
concentrations naturally result in a reduced loss of glyoxal via OH, and the longer
wavelength blacklamps will slightly lower the photolysis rate of glyoxal from the 254 nm
GE Optica lamps (see Chapter 2) throughout the reaction, with the absorption cross-
section at a minimum between ~325 — 375 nm (Orlando and Tyndall, 2001). The use of
methyl nitrite as an OH precursor also assists in reducing the relative humidity, and
consequently the amount of heterogeneous uptake by water, an otherwise significant loss
process in HIRAC due to the high solubility of glyoxal in water (effective Henry’s law
constant, Ky = 4.2 x 10° mol dm™ atm™) (Matsumoto et al., 2005; Coburn et al., 2014).
Wall surface and dilution losses will remain unchanged, although these are typically
relatively small quantities in comparison. Whilst lower OH concentrations inevitably
extend the total reaction time in chamber oxidation studies due to slower VOC decay and
product accumulation, reasonable glyoxal quantities were nonetheless observed through
the specific glyoxal laser-induced phosphorescence (GLYOX-LIP, see Chapter 2)
technique, following the OH-initiated oxidation of acetaldehyde via methyl nitrite
photolysis (Figure 3.5). Indeed, decreased loss rates both through lower OH
concentrations and drier conditions assisted in the calculation of glyoxal yields with the

benefit of a larger dataset to increase the confidence in a linear yield plot (see Chapter 5).
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Figure 3.5  Growth in glyoxal concentration, measured using a laser-induced
phosphorescence technique upon photolysis of methyl nitrite, producing OH radicals
in the presence of acetaldehyde. Yellow shaded region indicates period with UV
blacklamps on, initiating production of OH and instigating oxidation of acetaldehyde
with clear glyoxal production over a period of ~2 hours. Complementary data shown
in Figures 3.3 & 3.4.

Another element to the study of BVOC oxidation is the measurement of formaldehyde
yields, with the aim of establishing a ratio of glyoxal to formaldehyde production (RcF)
from a particular precursor (see Chapter 1). However, photolysis of methyl nitrite
produces formaldehyde as a byproduct itself (R3.2), and this makes it difficult to
distinguish the quantity of formaldehyde produced directly from methyl nitrite photolysis
compared with the product of secondary chemistry from its BVOC precursors. Attempts
were made to quantify a formaldehyde yield directly from methyl nitrite photolysis,
however this yield is also dependent on the OH concentrations present in the chamber
which primarily determine the loss rate of formaldehyde during the reaction period. As
OH concentrations are subject to the total quantity and second order rate coefficients of
all VOCs in the reaction mixture determining OH loss, this complicates the ability to
reproduce a separately determined formaldehyde yield from methyl nitrite photolysis
during BVOC oxidation, relying on models to reproduce any measured total yields.

Concentration profiles of photolysis initiated chemistry, such as that of methyl nitrite, are
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difficult to replicate, so models in this work rely simply on constraints of experimentally

determined OH data instead, and the distinction of formaldehyde sources is lost.

3.211 Summary

Methyl nitrite remains a useful precursor to OH when investigating reactions in the
presence of NOx. Despite the typical recommendation of additional NO and the slow
generation of OH as a result of NO2 photolysis rates in indoor chamber studies, evidence
suggests steady OH production for a period of at least 2 hours, and a measurable glyoxal
yield over the course of a reaction as a result of reduced glyoxal loss processes. The
primary limitation within the UNFOGS project (see Chapter 1) lies in the loss of
formaldehyde yield data from VOC oxidation as a result of photolytic production, a
critical parameter in the determination of Rer. Whilst establishing a glyoxal yield and
reaffirming the associated mechanistic routes are important to ascertain, this method of
OH generation should be paired with other sources, both with and without NOy, to
complement data sets with formaldehyde yields and analyse Rer values relevant for both

urban and remote environments.

3.2.2  Isopropyl Nitrite

Isopropyl nitrite ((CH3)2CHONO) has more recently been used as an alternative source
of OH to methyl nitrite in the study of atmospheric reactions under NOx conditions
(O'Brien, J.M. et al., 1998; Berndt et al., 2019; Berndt, 2021). This photolysis method is
very similar to methyl nitrite, instead producing acetone (CH3C(O)CHz3) as a byproduct
(R3.9) rather than formaldehyde. As before, longer wavelength lamps may be used,

limiting photolysis of both glyoxal and its biogenic precursors.

(CH;),CHONO + hv — (CH;),CHO + NO (R3.8)
(CH,),CHO + 0, — CH,C(0)CH; + HO, (R3.9)
HO, + NO — OH + NO, (R3.3)
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Although OH generation here still relies on NO recycling through photolysis of NO2, the
yield of OH from isopropyl nitrite photolysis has been found to be independent of any
additional NO included in the reaction mixture (Raff and Finlayson-Pitts, 2010), reported
as an average of ®on = 0.54 £ 0.07. It is therefore easier to study the NOx dependence of
a reaction mechanism and product yield whilst maintaining OH concentrations relatively
consistently between experiments. Experiments with isopropyl nitrite photolysis were
performed in HIRAC to investigate the efficiency and viability of this OH generation

method for applications in chamber studies of biogenic glyoxal precursors.

Isopropyl nitrite was prepared through the dropwise addition of a mixture of isopropanol
((CHz3)2CHOH, Sigma-Aldrich, Laboratory Reagent, > 99.5%, 40 mL) and concentrated
hydrochloric acid (HCI, Sigma-Aldrich, ACS Reagent, 37%, 68 mL) into a solution of
sodium nitrite (NaNOg, Sigma-Aldrich, ACS Reagent, > 97 %, 30.67 g) in water (45 mL)
at 273 K. Once addition of the acid-alcohol mixture was complete, the reaction was left
stirring for 10 minutes and the resultant mixture separated out into aqueous and organic
phases. Discarding the aqueous phase, the organic mixture was washed first with
saturated sodium bicarbonate solution (NaHCO3, Sigma-Aldrich, ACS Reagent, >
99.7%) to neutralise any excess acid, discarding the washings, and then subsequently
washed with saturated sodium chloride solution (NaCl, Sigma-Aldrich, ACS Reagent, >
99.0%) to dry the product. The liquid isopropyl nitrite was stored in a chemical freezer at
255 K. Although it is difficult to distinguish any impurities — of which the most
anticipated were HCI, isopropanol and acetone — in the sample under FTIR spectroscopy
due to significant overlap in the absorption spectra, there was little evidence to suggest
these species may be present in any measurable quantities in HIRAC upon addition of
isopropyl nitrite (~5.2 x 10** molecule cm®). However, analysis of mass spectra from

Proton Transfer Reaction-Time of Flight-Mass Spectrometer (PTR-ToF-MS, shortened
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Figure 3.6 Comparison of the measured absorption of isopropyl nitrite

(black, ~5.2 x 10 molecule cm™) with the FTIR spectrometer against the

absorption cross-section of acetone (red) (Harrison et al., 2011a, b), the

dominant product of isopropyl nitrite decomposition. The measured spectrum
shows very little evidence of acetone present in the isopropyl nitrite sample.

to PTR-MS, see Chapter 2) measurements indicated the presence of acetone from an
increase in counts at m/z 59.09, consistent across two equivalent additions of isopropyl
nitrite (100 pL) injected as a liquid. It is uncertain whether this signal corresponds to an
acetone impurity or merely a fragment ion of isopropyl nitrite, yet as the presence of
acetone alters the chemistry of interest very little due to its stability and slow oxidation
through reaction with OH, it was considered unimportant for the sake of these tests. Very
little, if any, acetone could be observed with the FTIR from comparison of the absorption
cross-section of acetone (Harrison et al., 2011a; Harrison et al., 2011b) with the isopropyl
nitrite spectrum (Figure 3.6).

Upon initial injection of the liquid isopropyl nitrite into the chamber through a flow of
nitrogen, the isopropyl nitrite loss rate was measured over a period of 15 minutes to assess
the stability of the precursor in HIRAC. A first order loss rate of (1.04 + 0.24) x 10* s
was measured, and was comparable with a typical loss rate (0.5 — 1.0 x 10™#) for the
majority of VOCs in HIRAC, dependent primarily on wall surface adsorption and
instrument sampling rates. The blacklamps were then switched on, and OH

concentrations monitored with FAGE, initially reaching (6.0 + 1.8) x 10® molecule cm?
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Figure 3.7  Production of OH from isopropyl nitrite photolysis in HIRAC without
the addition of any other VOCs, measured by the HIRAC FAGE instrument. Red
lines indicate liquid injections of isopropyl nitrite (100 pL) into the chamber, and
shaded yellow area denotes activation of UV blacklamps. Data complementary to
Figures 3.8 & 3.9.

prior to the addition of any other VOCs into HIRAC (Figure 3.7) before slowly decreasing
over the duration of an hour as the isopropyl nitrite was gradually used up. These elevated
OH levels in comparison with methyl nitrite photolysis should be expected, as the primary
losses for OH in this system will be reaction with isopropyl nitrite and acetone, neither of
which are especially fast. The bimolecular rate coefficient for reaction of acetone with
OH is recommended to be (2.3 + 0.2) x 103 cm® molecule™ s™* at 298 K (Atkinson et al.,
1989), and that for isopropyl nitrite, whilst not directly measured, has been estimated as
7.2 x 10 cm® molecule™ s (Raff and Finlayson-Pitts, 2010) through extrapolation of

previously studied rate coefficients with alkyl nitrites.

Accounting for loss of isopropyl nitrite through surface adsorption, dilution and reaction
with OH, the photolysis rate with the HIRAC blacklamps was measured throughout the
decay as (2.00 + 0.12) x 10* s With the reported OH quantum vyield of ®on = 0.54 +
0.07 from isopropyl nitrite photolysis (Raff and Finlayson-Pitts, 2010), and initial
concentrations of isopropyl nitrite around 5 x 10'* molecule cm, the average production
of OH can be calculated using equation E3.1, reaching approximately ~5.4 x 10

molecule cm3s™,
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With relevance to biogenic glyoxal precursors (see Chapters 5 & 6), acetaldehyde present
in the chamber at 1 x 10'* molecule cm™, using a bimolecular rate coefficient of kon =
(1.58 £ 0.17) x 10t cm® molecule™ s (Niki et al., 1978), a steady state concentration of
OH, [OH]ss, can be calculated using equation E3.2, where OH loss rate is equivalent to
OH production and assuming acetaldehyde is the dominant sink of OH. Under these
conditions, a steady state [OH]ss =~ 3.4 x 10’ molecule cm™ would be achieved, reaching
~5 times higher than steady state concentrations using methyl nitrite as a precursor.

+d[OH]

= dt
[OHlss = +——chi-cro, (E3.2)

However, despite the benefit of increased OH concentrations over methyl nitrite, it was
found that photolysis of isopropyl nitrite resulted in a growth in signal on the GLYOX-
LIP instrument (Figure 3.8). It is unclear how glyoxal might be produced in this system,
and the only possible route appears to be decomposition of the isopropoxy radical
((CH3)2CHO), forming acetaldehyde and the methyl radical (CHz) (Devolder et al., 1999),
with the resultant acetaldehyde subsequently oxidising to glyoxal via reaction with OH at
the methyl abstraction site (see Chapter 5). This potential glyoxal source does not hold
much merit here, as reaction of the isopropoxy radical with oxygen at tropospheric
oxygen concentrations (~5 x 10'® molecule cm™®) will outcompete unimolecular
dissociation enough for acetaldehyde to be a very minor product. Some acetaldehyde was
observed in PTR-MS spectra at m/z 45.06, however [CH3CHO] did not climb above
concentrations of ~8 x 10'2 molecule cm=. With a recommended methyl branching
abstraction of 5.1 + 2.4 % from acetaldehyde oxidation by OH (Butkovskaya et al., 2004),
it is unlikely that this would contribute enough to glyoxal concentrations to account for
the observed phosphorescence signal.

Another possibility lies in the production of methylglyoxal (CHsC(O)CHO), a prominent
product from acetone oxidation (R3.10-13) (Rosado-Reyes and Francisco, 2007), which

has an increased, fine-structured absorption cross-section in the region around 440 nm
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Figure 3.8  Growth of phosphorescence counts normalised for laser power
with GLYOX-LIP measurements upon photolysis of isopropyl nitrite. Red lines
indicate liquid injections of isopropyl nitrite (100 pL, ~2.6 x 10'* molecule
cm®) into HIRAC, and yellow shaded area indicates activation of UV
blacklamps initiating photolysis. A lack of suitable glyoxal sources from
isopropyl nitrite photolysis suggests methylglyoxal as the source of LIP signal
growth. Data complementary to Figures 3.7 & 3.9.

(Meller et al.,, 1991), the chosen wavelength to induce phosphorescence, and
phosphoresces in a similar manner to glyoxal. Phosphorescence of methylglyoxal is a
known issue in glyoxal LIP detection, and these two species can be distinguished ina LIP
setup through analysis of their differing phosphorescence decay lifetimes (Henry et al.,
2012), however for these experiments the decay data were not recorded, therefore signal

separation in this manner was not possible.

CH;C(0)CH; + OH — CH,C(0)CH, + H,0 (R3.10)
CH,C(0)CH, + 0, (+ M) — CH5C(0)CH,0, (+ M) (R3.11)
CH;C(0)CH,0, + NO — CH5C(0)CH,0 + NO, (R3.12)
CH;C(0)CH,0 + 0, — CH5C(0)CHO + HO, (R3.13)
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Whilst, as stated previously, acetone oxidation is a relatively slow process, it may
nevertheless be a plausible explanation for the signal observed on the GLYOX-LIP
instrument. Steady growth of a peak at m/z 73.07 was observed in PTR-MS spectra,
attributed to methylglyoxal, after photolysis initiation of isopropyl nitrite. The change in
signal over time was compared with that of the growth in GLYOX-LIP signal to analyse
whether their profiles coincided (Figure 3.9), and although there are slight discrepancies
in the initial production rate, these may be partially attributed to noise in the PTR-MS
data as a result of the very low counts measured. Further investigations on the correlation
between PTR-MS data for methylglyoxal concentrations and the corresponding
GLYOX-LIP signal observed are discussed in Chapter 6.

3.2.2.1  Summary
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Figure 3.9 A comparison between the change in observed signal over time
during isopropyl nitrite photolysis from phosphorescence detected with the
GLYOX-LIP instrument (black) and counts measured at m/z 73.07 on the PTR-MS
(red). Both instrument signals show a similar growth profile, indicating the potential
interference from methylglyoxal in the phosphorescence signal, however there is a
discrepancy at longer time scales that is unaccounted for by this hypothesis. Data
complementary to Figures 3.7 & 3.8.
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Isopropyl nitrite is a useful OH precursor for NOy studies, producing at least ~5 times
more OH than methyl nitrite in equivalent conditions, a particularly useful characteristic
in studying faster BVOC oxidation reactions. Contrary to methyl nitrite photolysis,
additional NO does not seem to be necessary in maintaining OH production, however it
may still be beneficial where faster oxidation reactions increase RO2 concentrations and
deplete excess NO more quickly. Despite an increase in OH generation, isopropyl nitrite
was disregarded as an OH source due to the issue of interference with GLYOX-LIP
signal. With an inability to diagnose the cause of the interference accurately coupled with
the lack of phosphorescence decay data required to distinguish contributions to signal
from glyoxal and methylglyoxal, analysing glyoxal yields from BVVOC oxidation through
isopropyl nitrite photolysis becomes unnecessarily difficult. This method of OH
generation may be more viable with the measured phosphorescence decays throughout an
experiment, however more investigations would still be needed to ascertain that the
resultant GLYOX-LIP signal from isopropyl nitrite photolysis is caused solely by
methylglyoxal.

3.3  Dark Reaction Studies

Dark reaction studies have a particular atmospheric relevance for the oxidation of VOCs
via night-time chemistry or during winter months, where photo-oxidation processes are
much slower due to a lack of sunlight. Although generation of OH during daylight hours
is typically dominated by the photolysis of 0zone, there remain alternative sources of OH
that do not rely upon UV light, including ozonolysis reactions. These OH sources,
alongside nitrate radical chemistry, contribute considerably more to the oxidation and

removal of VOCs in the absence of sunlight.

In chamber study contexts, the generation of OH radicals in the absence of UV light can
be a useful study in monitoring reactions and product formation without the additional
complication of photolysis processes. Whilst photolysis is an important factor particularly
in the initiation of atmospheric oxidation mechanisms, the lack of photolysis in laboratory
studies eliminates these processes from mechanism models, reducing their complexity
and improving the ability to reproduce rate coefficients and branching ratios observed in
experiment through VOC decays and product growth. The ozonolysis of alkenes is well
known to indirectly produce OH through the formation and unimolecular dissociation of
carbonyl oxides (Kroll et al., 2002), otherwise termed Criegee intermediates (Criegee and
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Wenner, 1949). It has only relatively recently been discovered that Criegee intermediates
that are energetically stabilised through collision with bath gas molecules can undergo
reactions with several other species present in the atmosphere, including H20, NO, NO2,
SOz and other VOCs, dictating a more complex fate of these intermediates in the
atmosphere than previously imagined (Vereecken, 2013; Taatjes et al., 2012; Taatjes et
al., 2013). These reactions have since been studied in more detail, particularly with
respect to the smallest Criegee intermediate, formaldehyde oxide (CH200) (Welz et al.,
2012; Stone et al., 2014; Berndt et al., 2015; Lewis et al., 2015; Howes et al., 2018; Onel
et al., 2020), however, the yield of OH radicals through the competitive unimolecular
dissociation process is still reasonably high at atmospheric pressure for Criegee
intermediates produced in significant ratios of the syn-conformer, where the terminal
oxygen faces an a-hydrogen to form an energetically favourable cyclic transition state
(Drozd et al., 2017). This is especially prominent in the acetone oxide Criegee
intermediate ((CH3).COO) formed through ozonolysis of 2,3-dimethylbut-2-ene
(tetramethylethylene, TME), where the terminal oxygen has access to an a-hydrogen on
both sides of the carbonyl bond, increasing the yield of OH seen through Criegee
unimolecular dissociation. Ozonolysis of TME was therefore investigated first as a source

of OH in dark reactions.

3.3.1 TME Ozonolysis

Ozonolysis of TME proceeds through reaction at the double bond to form an ozonide ring
product ((CHs)2C(OOOQ)C(CHz)2), which then subsequently decomposes into a Criegee
intermediate and carbonyl species. In this instance, as TME is a symmetrical alkene, this
should be unity yield of the C3 Criegee species ((CH3).COQ) and acetone as a byproduct.
The Cs Criegee intermediate can then undergo further unimolecular decomposition,
generating OH molecules and resulting in acetonyl radicals (CH3C(O)CH>) that will
oxidise to a mixture of hydroxyacetone (CH3C(O)CH.OH), formaldehyde, and
methylglyoxal (Figure 3.10).

Initial tests were performed in the absence of any other VOCs to assess the OH production

capability and product formation involved in ozonolysis reaction. Ozone was introduced
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Figure 3.10 Oxidation mechanism for the generation of OH from TME
(tetramethylethylene, 2,3-dimethylbut-2-ene) ozonolysis through production of the Cs
Criegee intermediate. Reaction proceeds through formation of a primary ozonide
before dissociating into the Criegee intermediate and acetone. The Criegee
intermediate can then undergo further dissociation through a 1,4-H shift to produce
OH, whilst the resulting acetonyl radical is rapidly oxidised into other products.

to the chamber via a flow of oxygen through an ozone generator (Fischer Technology,
0Z 500 MM Series), photolysing molecular oxygen into two oxygen atoms, which will

then recombine with Oz in the gas flow to produce ozone (R3.14, 3.15).

0, +hv - 0+ 0 (R3.14)

0+ 0,(+M) — 05 (+M) (R3.15)

Large amounts (~10 ppmv) of ozone were delivered into HIRAC in order to promote
ozonolysis, rather than reaction of TME with OH, however it is inevitable that OH
removal of TME will occur alongside the chemistry of interest, complicating product
analysis. TME reacts rapidly with both Os and OH, with recommended rate coefficients
of kos = (1.10 + 0.08) x 101> cm® molecule* s* (Cox et al., 2020) and kon = (1.13 + 0.08)
x 1071% cm® molecule™ s (Atkinson, 1986), therefore O3 concentrations at least 5 orders
of magnitude higher than OH are desired for effective OH generation and reduced OH-
initiated oxidation chemistry. However, assuming oxidation via OH proceeds
ubiquitously through the addition channel at the double bond, the dominant oxidation
product is likely to be acetone, which, as discussed previously, should not overly affect

other chemistry occurring in the chamber. Ideally, Oz concentration should be kept high
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Figure 3.11 FAGE detection of OH concentrations produced through the
ozonolysis of TME in HIRAC. OH generation begins immediately as the second
precursor (in this instance TME, ~2.4 x 10%* molecule cm?) is delivered into the
chamber. Initial concentration of O3 delivered was ~2.5 x 10 molecule cm™. After
an initial spike in OH concentration, a steady state is reached at ~1 x 10® molecule
cm for a period of at least 30 minutes. Data complementary to Figure 3.12.

whilst simultaneously maintaining lower TME concentrations, maximising OH
production and favouring subsequent reaction of OH with the VOC of interest rather than
with TME.

In these experiments, both TME and Oz were delivered into HIRAC in singular additions,
rather than delivering a constant flow, yet following an initial spike in OH concentration,
an approximate steady state was soon reached, maintaining [OH]ss = 1 x 108 molecule
cm for ~30 minutes (Figure 3.11), where the primary sink for OH was reaction with
TME, with [TME] = 5.3 x 10*® molecule cm™ after the initial instantaneous depletion
through ozonolysis. Whilst this ozonolysis reaction does produce sufficient amounts of
OH at these TME concentrations, lower TME concentrations are required to avoid
competition of OH reaction. [TME], and consequently [OH]ss, should be an order of

magnitude lower for feasibility of this method.

Although the ozonolysis reaction produced relatively high quantities of OH, addition of

TME into the chamber after Ogs, initiating the ozonolysis, produced instantaneous

phosphorescence signal on the GLYOX-LIP instrument (Figure 3.12). This result
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Figure 3.12 Normalised phosphorescence signal measured with the GLYOX-LIP
instrument immediately after introduction of TME to HIRAC following ozone
delivery, initiating the ozonolysis reaction. Phosphorescence detection is likely a
result of methylglyoxal production from oxidation of the acetonyl radical produced
during OH generation. Data complementary to Figure 3.11.

highlighted three possibilities; a phosphorescence interference from TME itself;
phosphorescence interference from an oxidation product, most likely methylglyoxal,
having been a potential culprit from previous investigations with isopropyl nitrite
photolysis (see section 3.2.2); or production of glyoxal in the oxidation mechanism. It is
unclear how glyoxal might be produced from TME oxidation, where products mostly
consist of Cz species through cleavage of the central carbon-carbon bond after formation
of the primary ozonide. Further oxidation of acetone, the dominant product, leads to
hydroxyacetone and methylglyoxal, and will eventually be broken down further through
release of CO or CO> forming the acetyl peroxy radical (CH3C(O)OO), which does not

produce glyoxal (see Chapter 5 for details on acetaldehyde oxidation mechanism).

In order to examine the possibility of phosphorescence interference from TME, the
delivery into the chamber was made prior to addition of ozone, so that any
phosphorescence signal corresponding to TME could be established before the formation
of any oxidation products. Delivery of TME into HIRAC in this order, detected by the
PTR-MS at m/z 85.17, did not produce a phosphorescence signal on the GLYOX-LIP
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instrument, and was ruled out as a source of interference. The most likely cause is
therefore methylglyoxal, produced through the acetonyl peroxy radical from Criegee
intermediate dissociation. Temporal signal profiles measured from PTR-MS data at m/z
73.07 loosely match with those from GLY OX-LIP data, further reinforcing evidence that
methylglyoxal is the primary source of interference here, and complementing the data

found during isopropyl nitrite photolysis experiments.

3.3.1.1 Summary

Ozonolysis of TME is an effective source of OH for studying simple, saturated VOCs.
Due to the rapid nature of the ozonolysis reaction, OH is produced in quantities of (5 —
10) x 10" molecule cm™ for periods of at least 30 minutes, dependent on O3 and TME
concentrations. Consistent, relatively high OH concentrations are ideal for chamber
studies where VOCs are present in higher concentrations (~10% — 10 molecule cm™)
than typically found in ambient air, and allows for detecting a smooth VOC decay curve
as well as measuring product yields throughout a reaction. The VOC of interest should
be kept in excess of TME due to rapid reaction of TME with OH, where kon = (1.13
0.08) x 1071 molecule cm™. Study of unsaturated VOCs will result in competition of
ozonolysis with that of OH-initiated oxidation, and should therefore be treated with
caution, particularly where ozonolysis rate coefficients are large relative to the
bimolecular rate coefficient for reaction with OH.

A key disadvantage to generation of OH with this method is the additional complexity of
Criegee intermediate chemistry. As this chemistry is not yet fully understood,
measurement of product yields from VOC oxidation can be difficult to distinguish from
those produced through the Criegee intermediate, either from unimolecular dissociation
or reaction with other species in the chamber. In particular, dissociation of the Cz Criegee,
acetone oxide, oxidises into methylglyoxal as a byproduct, which evidence suggests is a
significant source of interference for phosphorescence signal measured by the GLYOX-
LIP instrument. This will cause difficulties in measurements of glyoxal yields from
BVOCs, especially as the interference with this method is so large, and is hence

considered a less appropriate source of OH for this work.

75



3.3.2  Ethylene Ozonolysis

Ethylene (H.C=CHy>), the simplest alkene, presents an alternative for the generation of
OH through ozonolysis. The mechanism for OH production is of the same vein as TME
ozonolysis, producing the formaldehyde oxide C: Criegee intermediate (H.COO) from
unimolecular dissociation of the primary ozonide (H.C(OOO)CH,) formed. Further
decomposition produces the HCO radical alongside OH, which is then oxidised into
carbon monoxide and HO, (R3.16 — 3.19).

H,C = CH, + 0; — H,C(000)CH, (R3.16)
H,C(000)CH, — HCHO + H,C00 (R3.17)
H,C00 — HCO + OH (R3.18)
HCO + 0, — CO + HO, (R3.19)

Similarly to TME ozonolysis, the symmetry of ethylene ensures reduced complexity in
formation of both the Criegee intermediate and the byproducts in the reaction mechanism,
which are primarily formaldehyde and CO. However, despite this distinct advantage in
ozonolysis reactions, the OH yield for ethylene ozonolysis has been reported as four times
lower than that of TME ozonolysis (Rickard et al., 1999), and several other studies seem
to confirm an average OH yield of 0.17 £+ 0.04 using a variety of experimental methods
including VOC tracers, a cyclohexane scavenger method, and a low pressure LIF-based
(Laser-Induced Fluorescence) system (Paulson et al., 1999; Kroll et al., 2001; Mihelcic
etal., 1999; Atkinson et al., 1992; Fenske et al., 2000; Alam et al., 2011). The bimolecular
rate coefficient for ethylene ozonolysis is also three orders of magnitude lower than that
of TME ozonolysis, reported as kos = (1.45 * 0.25) x 108 ¢cm® molecule s (Alam et
al., 2011), and OH concentrations are therefore expected to be greatly reduced in chamber

experiments.

Ethylene ozonolysis was initiated in HIRAC using high ozone mixing ratios (>1 ppmv)
to facilitate OH generation, with ethylene concentrations similar to those used in TME
ozonolysis experiments (~5 — 10 x 10'® molecule cm®). As expected, OH was produced
at average concentrations around ~0.5 — 1.0 x 107 molecule cm, measured by the FAGE
instrument prior to the addition of any other VOCs (Figure 3.13), at least an order of
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Figure 3.13 FAGE measurements of OH generated through the ozonolysis of
ethylene in HIRAC. Ozone (~4 x 10® molecule cm™) was delivered into the
chamber prior to ethylene, and an initial addition of ethylene (~3 x 10 molecule
cm) followed at ~200 s. A second addition of ethylene (~1 x 10** molecule cm™)
was made at ~1500 s to boost OH concentrations, however after an initial increase,
[OH] quickly falls to a steady state approximating [OH]ss = 7 x 10° molecule
cm, Data complementary to Figure 3.14.

magnitude lower than the equivalent TME ozonolysis method. Concentrations much
lower than this would cause issues with being close to the detection limit of FAGE, which
may vary anywhere upwards of 10° molecule cm, dependent primarily upon the laser
power, pressure, temperature and bath gas substituents (see Chapter 4). OH
concentrations are further hindered, as with TME ozonolysis, by the reaction of OH with
ethylene. Using a previously reported bimolecular rate coefficient of kon = (8.23 £ 0.33)
x 1012 cm® molecule™ s at 298 K (Cleary et al., 2006), the ratio of kos/kon for ethylene
oxidation is assumed to be 1.76 x 10”7, compared with ~1 x 10" for TME oxidation. OH-
initiated oxidation will therefore constitute a significant source of removal for ethylene
within this ozonolysis system, limiting the maximum OH concentration that may be

attained. An approximation of [OH]ss may be made using equation E3.3:

[OH]ss = -—=[03]:Yon (E3.3)
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where [Os]: is the ozone concentration at time t, and Yon is the yield of OH from
ozonolysis of ethylene, taken to be 0.17. To achieve a steady state OH concentration
above 1 x 10" molecule cm™, ozone mixing ratios should be maintained at ~10 ppmv,
however due to such elevated ozone levels, ethylene ozonolysis cannot be considered an
appropriate method of OH generation for study of unsaturated VOCs, such as isoprene,
that will readily react with ozone. As [OH]ss is largely independent of the concentration
of ethylene in this system, this can be kept at lower mixing ratios, as long as a constant
flow into the chamber is maintained, thereby helping to reduce removal of OH via
ethylene when introducing a VOC of interest. A secondary source of OH may contribute

to [OH]ss through the reaction of o0zone with HO, (R3.20):

0; + HO, — OH + 20, (R3.20)
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Figure 3.14 FAGE measurements of HO> concentrations during ozonolysis of
ethylene in HIRAC. Data complementary to Figure 3.13, where the large increase
in [HO2] seen at ~1500 s results from a second addition of ethylene into the
chamber, temporarily increasing HO production. [HO2] does not rise above ~6 x
108 molecule cm™ throughout ozonolysis reaction, limiting capacity for additional
OH generation through reaction of HO> with Os.
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The recommended bimolecular rate coefficient for this reaction, kos+no2 = (2.0 £ 0.2) x
10%° cm?® molecule™ s (Atkinson et al., 2004), is three orders of magnitude larger than
that for ethylene ozonolysis, however HO, concentrations were measured between (1 —
5) x 108 molecule cm™ in this system with the FAGE instrument (Figure 3.14), lying
between five and six orders of magnitude lower than ethylene throughout an experiment.
Under these experimental conditions, only a very small quantity (<1 %) of OH will come
from reaction of O3 with HO2, however this may become a more important source of OH

for this system at lower ethylene mixing ratios (10 — 100 ppbv).

The OH-initiated oxidation of ethylene is a known source of glyoxal in the atmosphere
(Fu, T.-M. et al., 2008), and even prior to inclusion of any BVOC oxidation reactions,
glyoxal observation through reaction of ozonolysis-generated OH with ethylene is
expected. Glyoxal formation was indeed observed with the GLYOX-LIP instrument
(Figure 3.15), producing a glyoxal yield, YcLyox, of 0.84 + 0.02 % (Figure 3.16),

calculated simply using equation E3.4:
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Figure 3.15 Production of glyoxal (red) measured by the GLYOX-LIP
instrument during the ozonolysis of ethylene (black) through the reaction of
ethylene with OH. Ethylene decay was measured with the FTIR spectrometer, and
spectra have a temporal resolution of 44 s. The gap in FTIR data indicates where
the spectrometer has paused measurements before restarting scans. Data

complementary to Figure 3.16.
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Figure 3.16 Calculated glyoxal yield (0.84 + 0.02 %) from the OH-initiated
oxidation of ethylene. Yield was calculated as the concentration of glyoxal
produced against the fraction of ethylene removed as a result of reaction with OH.
The fraction of ethylene removed due to ozonolysis was accounted for using
measured ozone concentrations throughout the experiment and the predetermined
bimolecular rate coefficient, kos (Alam et al., 2011). Increasing curvature in the
yield plot indicates a growth in glyocolaldehyde throughout the reaction as direct
glyoxal precursor. Data complementary to Figure 3.15.

A[CHOCHO]

—Af[C2Halon (E3.4)

YoLyox =

where A[CHOCHQ] is the positive change in concentration of glyoxal, and Af[C2Hs]on
is the fraction of the negative change in concentration of ethylene as a result of removal
via OH. Removal of ethylene through reaction with Oz was accounted for by measuring
0zone mixing ratios using a commercial analyser (see Chapter 2) and determining the

fraction of ozone removal through equation E3.5:

—d[CzH,] _
(T)fo3 = ko, [05][CH,] (E3.5)
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where kos is the bimolecular rate coefficient for reaction of ethylene with ozone, taken to
be 1.45 x 1018 cm® molecule? s* (Alam et al., 2011). Whilst this yield is not large, it will
still cause difficulties in apportioning the source of glyoxal in BVOC oxidation studies
through ethylene ozonolysis. However, if ethylene is maintained at a much lower (one or
two orders of magnitude) concentration than the VOC of interest, the low yield from
ethylene oxidation should have very little impact on the total measured production of
glyoxal throughout an experiment. A correction can be applied if O3 and OH
concentrations are known, assuming a consistent glyoxal yield from OH-initiated

oxidation of ethylene.

3.3.21 Summary

Although the OH vyield for ethylene ozonolysis is smaller than that for TME ozonolysis
(Rickard et al., 1999), measurable quantities of OH were produced in HIRAC, detected
with the FAGE instrument in a range between ~0.5 — 1.0 x 10" molecule cm™. In order to
keep OH concentrations above the FAGE detection limit, an ozone mixing ratio of ~10
ppmv should be maintained, however such high ozone concentrations make this method
of OH generation inappropriate for study of VOCs with C=C double bonds, such as
isoprene, susceptible to ozonolysis themselves. As with TME ozonolysis, ethylene
concentrations should be kept at least an order of magnitude lower than the VOC of
interest, both to reduce removal rates of OH through reaction with ethylene and
consequently to limit production of glyoxal through ethylene oxidation. At lower ethylene
concentrations, production of OH through the reaction of ozone with HO2 will become
more significant, and should assist in offsetting the decrease in OH production rates at a
lower ethylene concentration. Whilst glyoxal production from OH-initiated oxidation of
ethylene is a concern, the yield of glyoxal is low (0.84 + 0.02 %), and can be accounted
for if ozone and OH concentrations are known, apportioning the contribution of ethylene
oxidation to the overall glyoxal yield from BVOC chamber studies. However, further
studies should be performed on the reaction of ethylene with OH in the absence of O3 to
establish a glyoxal yield when OH constitutes the dominant source of removal for

ethylene.
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3.4  NOy-Free Photolysis

The generation of OH molecules in chamber studies from NOx-free precursors is
particularly important in the reaction and yield measurement of BVOCs. Rural
environments where BVOC oxidation dominates formaldehyde and glyoxal production
will typically contain lower NOx mixing ratios (~1 — 10 ppbv), most likely emitted
through a combination of agricultural soil emissions and wildfires. In these conditions,
reactions of peroxy radicals with HO, can become more favourable, altering the
mechanistic routes to the formation of oxidation products (see Chapter 1).

Whilst alkene ozonolysis achieves the goal of a NOx-free environment, there is an
advantage in producing OH through the photolysis of precursors that are not organic in
nature. Additional VOCs in chamber studies can complicate product yield measurements,
as demonstrated by the alkene ozonolysis experiments in Section 3.3, and generating OH
without additional VOCs removes this factor. This can be achieved through the photolysis
of peroxides (RO-OH), which in the case of hydrogen peroxide (H202), will produce two
OH molecules upon cleavage of the peroxide bond (Section 3.4.1). Another method is the
photolysis of ozone in the presence of water vapour, coincidentally the primary method
by which OH is produced in the troposphere and stratosphere through solar radiation
(Section 3.4.2). For these methods, shorter wavelength lamps (254 nm) than those used
for alkyl nitrite photolysis were used to increase OH formation rates, and as a result,
photolysis rates were increased in a greater number of compounds studied in the chamber,
including glyoxal and formaldehyde, therefore this additional source of removal must be
taken into account when determining product yields. However, whilst this artificial light
source does not perfectly emulate sunlight, it can provide a good indication of realistic
product yield ratios where photolysis processes are not negligible under ambient
atmospheric conditions. Hydrogen peroxide and ozone are therefore reviewed as

photolytic precursors for OH in BVOC oxidation chamber studies.

3.4.1 Hydrogen Peroxide

The photolysis of hydrogen peroxide is an intuitive method of producing OH in VOC
oxidation studies. Whilst almost all other sources of OH inevitably involve the generation

of byproducts from the precursor compound, hydrogen peroxide photolysis involves only
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the production of OH molecules in double the quantity of hydrogen peroxide removed
(R3.21):

H,0, + hv — OH + OH (R3.21)

This is a distinct advantage in providing the ability to examine the products within one
reaction mechanism without the interference from other byproducts causing uncertainty
in the measured yields. The UV absorption cross-section for hydrogen peroxide between
190 and 350 nm is well established (Lin et al., 1978; Molina and Molina, 1981; Nicovich
and Wine, 1988; Vaghjiani and Ravishankara, 1989), becoming very small (<10?° cm?
molecule?) above 300 nm (Figure 3.17). Lower wavelength lamps (GE Optica
GES55T8/HO) centred around 254 nm (see Chapter 2) must therefore be used, where the
2

cross-section measured by Molina and Molina (1981) at 255 nm is 6.23 x 10 cm

molecule™, at least an order of magnitude higher than the cross-section at the wavelengths

7.0x1000 4

6.0x10° -

5.0x10° \ -

4.0x10™° - \ -

3.0x10° -

o (cm? molecule™)

2.0x10° -

1.0x10%° -

00 ++—"F"—""1"——"7"— =T
190 210 230 250 270 290 310 330 350

Wavelength (nm)

——F

Figure 3.17 The absorption cross-section of hydrogen peroxide between 190 —
350 nm reproduced from data taken by Molina and Molina (1981). The wavelength
resolution is 5 nm, and the absorption cross-section at 255 nm, close to the
wavelength output for the GE Optica UV lamps (254 nm) measured here is 6.23 x
10° cm? molecule, at least an order of magnitude higher than cross-sections
between 300 — 350 nm (0.3 — 6.6 x 102t cm? molecule™).

83



of the blacklamp output. As mentioned previously, this can be disadvantageous by way
of promoting photolysis in other species, one such example being acetaldehyde (see
Chapter 5), and must therefore be measured separately to determine the loss rate of each

species due to photodissociation in HIRAC.

Solutions of hydrogen peroxide (Sigma-Aldrich, 50 wt. % in H;O, stabilised) were
delivered into HIRAC through liquid injection in a stream of nitrogen gas, typically in 1
mL quantities. Liquid injection was chosen over gas delivery partially due to the low
vapour pressure of hydrogen peroxide solutions (Giguere and Maass, 1940), and partially
due to the volatile nature of peroxide species, decomposing over time at room
temperature, particularly in the presence of UV light (Baxendale and Wilson, 1957). A
liquid delivery system allows the sample to be stored in the dark at freezer temperatures
(~ 255 K) to inhibit decomposition rates. Experiments were performed primarily with
acetaldehyde (Sigma-Aldrich, ACS reagent, > 99.5 %) present in concentrations between
5— 10 x 10% molecule cm, to examine the quantity of OH generated in the presence of
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Figure 3.18 FAGE detection of OH generated in HIRAC through the photolysis
of hydrogen peroxide using 254 nm UV lamps. Activation period of the lamps is
shown in the yellow shaded area. Red lines indicate injections of hydrogen peroxide
(12 mL) into the chamber. After a second hydrogen peroxide addition, [OH] reaches
as high as 1.4 x 10® molecule cm™. Data are complementary to Figure 3.19.
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a VOC of interest (see Chapter 5), initiating oxidation of acetaldehyde through activation

of the UV lamps cleaving the peroxide bond.

Activation of the lamps after a single injection of hydrogen peroxide saw OH
concentrations initially peaking at 3 x 10’ molecule cm, whilst a second injection during
the middle of a reaction yielded as much as four times higher OH concentration before
gradually decaying to a lower steady state (~1 — 2 x 10" molecule cm™®) as the hydrogen
peroxide was depleted (Figure 3.18). Significantly higher peak OH concentrations are
expected with the second injection of hydrogen peroxide, noting that the acetaldehyde
present in the chamber will be oxidised relatively quickly due to its high bimolecular rate
coefficient (see Section 3.2.2 & Chapter 5). Typically, at least one third of the total
acetaldehyde is depleted upon a second addition of hydrogen peroxide (Figure 3.19),

lowering the removal rate of OH enough to increase the average concentrations.

Although hydrogen peroxide may produce among the highest OH concentrations of any
precursors investigated here, evidence has shown that the presence of hydrogen peroxide
in HIRAC increases the removal rate of glyoxal, even with UV lamps deactivated and all
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Figure 3.19 A typical VOC decay profile, measured through PTR-MS spectra
with a time resolution of 10 s, for the OH-initiated oxidation of acetaldehyde
through hydrogen peroxide photolysis. Red lines indicate injection of hydrogen
peroxide (1 mL) into HIRAC, and yellow shaded areas indicate activation of 254
nm UV lamps, generating OH. Data are complementary to Figure 3.18.
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Figure 3.20 Measurements of glyoxal additions into HIRAC, detected using the
GLYOX-LIP instrument. Chamber contained only an air mixture at 1000 mbar
pressure prior to addition of glyoxal. Red lines indicate injections of hydrogen
peroxide solution (50 wt. % in H20), and yellow shaded areas indicate activation of
254 nm lamps. The plot demonstrates rapid removal of glyoxal as a result of wall
loss, dilution, photolysis and heterogeneous uptake into the aqueous phase. Removal
rates are amplified by the presence of hydrogen peroxide solution, even without OH
generation, giving strong evidence for the swift uptake of glyoxal into aqueous
solution due to hydrogen peroxide injections into the chamber.

OH eliminated from the chamber (Figure 3.20). Although there have been no studies of
any direct interactions between glyoxal and hydrogen peroxide, it is known that glyoxal
in the gas phase will readily undergo heterogeneous uptake by water molecules and
aerosols (Schweitzer et al., 1998; Volkamer et al., 2007; Corrigan et al., 2008). It is
therefore likely that the volume of water added into HIRAC through the hydrogen
peroxide solution exacerbates the removal of glyoxal in the chamber through uptake into

the aqueous phase.

Glyoxal loss in HIRAC experiments is rapid compared with other VOCs, and a first order
loss rate coefficient was measured after the introduction of glyoxal to the chamber filled
only with an air mixture, where Kiess = (2.28 + 0.03) x 1073 s, This loss rate is a
combination of instrument sampling dilution, heterogeneous uptake and adsorption onto
the chamber wall surfaces, and whilst wall surface loss may be altered slightly across the

duration of an experiment due to surface saturation, sampling dilution is consistent at all
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times. Introduction of the hydrogen peroxide solution, with lamps deactivated, saw a
significant increase of this first order loss rate, averaging Kioss = (1.30 + 0.35) x 102 s%,
and is likely be attributable to the increase in water content in the chamber resulting in
heterogeneous uptake of glyoxal into the aqueous phase. From results obtained here, it is
unclear how glyoxal uptake is dependent on water concentration, and may therefore be
difficult to predict during BVOC oxidation studies when generating OH through the
photolysis of hydrogen peroxide. Removal of glyoxal in HIRAC experiments at this
magnitude may also begin to cause issues when attempting to measure smaller glyoxal
yields from BVOCs where the rate of removal of glyoxal nears that of the rate of

production, so that little-to-no glyoxal signal is observed.

3411 Summary

Hydrogen peroxide photolysis produces among the highest OH concentrations of the
reviewed methods covered in this chapter, reaching above 108 molecule cm™ immediately
following UV lamp activation. This is advantageous for FAGE detection of OH, falling
well within detection limits and providing reliable data for use in model constraints. A
further advantage lies in the ability to generate OH without the requirement of additional
VOCs present, simplifying oxidation mechanisms in the chamber and allowing the
measurement of glyoxal yields from BVOC oxidation without interference from other
reactions occurring simultaneously. However, introduction of hydrogen peroxide solution
to the chamber has been found to inhibit the growth of glyoxal signal through significantly
increased loss rates due to heterogeneous uptake into the aqueous phase. The uptake rate
coefficient is difficult to establish, and no dependence on water content was identified
here, therefore glyoxal yields may prove challenging to accurately quantify without
knowledge of the overall loss rate during a BVOC oxidation reaction. Hydrogen peroxide
photolysis remains an effective method of OH generation, however glyoxal yields

measured through this method should be treated with caution.

3.4.2 Ozone

The photochemistry of ozone is an important source of OH in the troposphere and
stratosphere, initiated through solar irradiation at wavelengths below 411 nm (Wayne,
1987; Malicet et al., 1995; Matsumi and Kawasaki, 2003), the mechanism of which
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contributes greatly toward the global oxidative capacity of the lower atmosphere. In the
UV region, photons have enough energy to produce an excited state singlet atomic oxygen
which is capable of reaction with water to produce two OH molecules (R3.22, 3.23) in a

similar manner to that of hydrogen peroxide photolysis:

A<411nm
0; + hv ——— 0, + 0(*D) (R3.22)
0(*D) + H,0 — OH + OH (R3.23)

Due to a maximum in the absorption cross-section of Oz centred around 254 nm (Malicet
et al., 1995), Oz makes an ideal candidate for the generation of OH in HIRAC using 254
nm UV lamps. Ozone photolysis produces singlet atomic oxygen with a quantum yield
of ~0.9 at wavelengths below 300 nm (Junkermann et al., 1989; Sander et al., 2000;
Takahashi et al., 2002), and any triplet atomic oxygen produced will recombine with
molecular oxygen instantaneously at atmospheric pressure (R3.24), reproducing ozone
before undergoing photolysis again.

OCP) + 0, (+ M) — 03 (+ M) (R3.24)

As with hydrogen peroxide photolysis, the photolysis of Oz has the advantage of
generating no byproducts in the process of OH formation, simplifying the analysis of
VOC species generated during an oxidation reaction. However, unlike with hydrogen
peroxide, care must be taken in the study of alkene oxidation reactions using this OH
generation method, as there will inevitably be removal of the alkene and subsequent
formation of products through ozonolysis in tandem with OH removal. This will likely
alter the ratio of products formed as the reaction proceeds through differing mechanistic
routes. As with the ozonolysis methods (section 3.3), these two removal rates can be
quantified if both OH and Oz concentrations are known (see Chapter 6).

Ozone was introduced into HIRAC by passing a flow of air mixture over a mercury pen-
ray lamp at 184.9 nm, initiating the photolysis of molecular oxygen and generating two

triplet oxygen atoms (Okabe, 1978) via reaction R3.25:
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A =184.9 nm
0, + hv —— 0(CP) + 0(®P) (R3.25)

The atomic oxygen can then recombine with molecular oxygen not photolysed in the gas
flow to produce ozone as in reaction R3.24. The delivery of ozone into HIRAC was
controlled both through setting the air flow rate with a mass flow controller (Brooks
Instruments) with Labview software designed to replenish the gas lost in the chamber
through sampling dilution, and through varying the mercury pen-ray lamp current. A set
flow rate at ~8 sIm ensured a steady, consistent delivery of ozone into HIRAC throughout
an entire experiment, whilst the lamp current was altered to determine the rate of
production of ozone in the gas flow. A lamp current of ~12 mA at the set flow rate was
typically sufficient to maintain ozone concentrations in the range of ~2.0 — 2.5 x 10*
molecule cm™ such that a steady state condition was achieved, where the removal of
ozone through photolysis and dilution was balanced by generation of ozone (Figure 3.21).

This is particularly advantageous for experiments involving alkenes, which will be prone
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Figure 3.21  Ozone concentrations in HIRAC measured using a commercial Os
Analyser for generation of OH through photolysis of ozone. Yellow shaded area
indicates activation of 254 nm lamps in HIRAC. Ozone was introduced into the
chamber through activation of a 184.9 nm mercury pen-ray lamp, resulting in
photolysis of O2 in a flow of air mixture. Production rate of Os was varied by altering
the current output of the mercury pen-ray lamp, adjusted to achieve an approximate
steady state during O3 photolysis. Data are complementary to Figure 3.22.
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to ozonolysis chemistry, where the loss rate for the unsaturated VOC due to ozonolysis
may be treated as a pseudo-first order loss for the duration of the reaction, as highlighted

in equation E3.6:

—d[voc]
dt

= [VOC] (kou[OH] + k' + kq) (E3.6)

where kon is the bimolecular rate coefficient for reaction with OH, &’ (= kos[O3]) is the
pseudo-first-order rate coefficient for reaction with ozone and kg is the collective first
order rate coefficient for removal of the VOC via all other loss processes. Even without
knowledge of the exact Os concentration, so long as it is known to be constant, £’ can be

measured easily through analysis of the loss in VOC concentration.
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Figure 3.22 OH concentrations generated through photolysis of ozone and
measured with the FAGE instrument. Yellow shaded area indicates activation of
254 nm UV lamps, initiating photolysis. OH quickly reaches a steady state
approximating [OH]ss = 3.5 x 10’ molecule cm for a period of at least 30 minutes.
Initial acetaldehyde concentration in HIRAC was [CH3CHO]o = 5.0 x 103 molecule
cm3. Data are complementary to Figure 3.21.
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For all ozone photolysis experiments, deionised water (20 mL, ~2.3 x 10! molecule cm™)
was injected into the chamber through a stream of nitrogen during chamber fills. Injecting
the water whilst at low pressure (< 300 mbar) assisted in drawing as much water as
possible into the gaseous phase, reducing the clustering of water droplets in the mixing
process. Ozone was delivered into HIRAC once filled with an air mixture to atmospheric
pressure, building up to concentrations between 2.5 — 3.0 x 10*2 molecule cm™ before
activation of the UV lamps for OH generation. With acetaldehyde present in the system,
OH concentrations swiftly reach a steady state around 3.0 — 4.0 x 107 molecule cm,
maintained for at least 30 minutes (Figure 3.22). Although hydrogen peroxide photolysis
is able to reach higher concentrations than this initially, a steady state cannot be
maintained for the same period of time, and depletes far more quickly than the duration
of a reaction in HIRAC (typically ~1 hour). The ability to easily deliver a steady stream
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Figure 3.23  Glyoxal concentrations detected by the GLYOX-LIP instrument
following the OH-initiated oxidation of isoprene (2-methyl-1,3-butadiene,
CH>=C(CH3)CH=CH,). OH was generated through UV photolysis of ozone, and
yellow shaded area indicates activation of 254 nm lamps. Deactivation of lamps
demonstrates rapid loss of glyoxal through wall loss, dilution and heterogeneous
uptake by water. First order removal rate coefficient for glyoxal under these
conditions, kiess = (1.7 + 0.2) x 107 s%, indicates that the impact of heterogeneous
uptake is not as severe as with hydrogen peroxide solution present.
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of ozone into the chamber throughout the experiment is therefore a big advantage in OH

generation methods.

With the addition of water into HIRAC for OH generation via reaction with O(*D)
(R3.23), there was a concern that the increased glyoxal depletion seen with the hydrogen
peroxide system would likewise occur during ozone photolysis. To investigate this issue,
glyoxal was generated through the OH-initiated oxidation of isoprene (2-methyl-1,3-
butadiene, CH,=C(CH3)CH=CHy>, see Chapter 6) before subsequently deactivating the
UV lamps to terminate OH generation and prevent further formation of glyoxal (Figure
3.23). The loss of glyoxal was then observed as a first order process over a 10 minute
period, measured as Kioss = (1.7 = 0.2) x 10 s, The loss rate measured here is similar to
that observed in HIRAC prior to the addition of any hydrogen peroxide, suggesting that
the addition of water in the ozone photolysis system contributes very little to the total
removal of glyoxal, contrary to the hypothesised heterogeneous uptake seen in the
presence of hydrogen peroxide solution. It is possible that the injection of water at lower
pressures causes enough dispersion of the water molecules in the chamber that any
heterogeneous uptake of glyoxal is less impacted due to decreased clustering of water
molecules. Consistent water concentrations across all 0zone photolysis experiments may
also assist in quantifying glyoxal loss more reliably for input into model simulations.
Without the need for any further injections of water once atmospheric pressure is reached,
ozone photolysis can be considered a very effective method of OH generation for
observations of glyoxal formation from BVOCs. However, in both hydrogen peroxide
photolysis and ozone photolysis, simultaneous measurements of the relative humidity in
HIRAC alongside glyoxal, Oz and OH data may be beneficial in characterising loss rates
for glyoxal in further chamber studies, crucial to the model simulation of glyoxal yields
from BVOC oxidation.

3421 Summary

The photolysis of ozone is a simple method of OH generation for chamber studies that,
similarly to hydrogen peroxide photolysis, does not create any byproducts that would
complicate analysis of the products formed through BVOC oxidation. This method is very
effective at producing large quantities of OH, capable of maintaining steady state
concentrations between 3.0 — 4.0 x 10" molecule cm™ over long periods of time relevant

for chamber experiments. A controlled flow of Oz into HIRAC throughout the duration
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of a reaction allows a steady state to be achieved with respect to Oz concentrations, and
any ozonolysis rates can be quantified as a pseudo-first-order process through measuring
the decay of unsaturated VOCs. Despite the requirement for considerable quantities of
water for OH generation through reaction with O(*D), glyoxal loss rates, particularly due
to heterogeneous uptake by water, do not appear to be impacted to the same extent as with
the addition of hydrogen peroxide solution. Although loss rates for glyoxal remain
unavoidably high compared with other VOCs in HIRAC, this reduced impact from the
presence of water makes ozone photolysis an effective method of OH generation for

observations of glyoxal from BVOC oxidation.

3.5 Conclusions

The availability of several methods for the generation of OH in VOC oxidation studies is
an advantage of simulation chambers that cannot be understated. Selection of OH
precursors can be critical in inducing controlled experimental parameters including
relative humidity, NOx concentrations, [OH]ss, and photolysis rates. A particular concern
of this study is the detection of glyoxal for quantification of glyoxal yields from the OH-
initiated oxidation of BVOCs.

The detection of glyoxal via laser-induced phosphorescence is highly advantageous in
pursuit of this goal, however observational evidence suggests interference of
phosphorescence signal due to the production of methylglyoxal, supported by previous
evidence and characterisation in the literature (Henry et al., 2012). OH generation
methods involving the production of methylglyoxal, namely isopropyl nitrite photolysis
and TME ozonolysis, are therefore problematic without the ability to assign
methylglyoxal contributions to the normalised LIP signal. Isopropyl nitrite photolysis
produces small quantities of methylglyoxal that generate comparative phosphorescence
signal counts to those observed in glyoxal detection from BVOC oxidation, and may
therefore be distinguishable with further calibration experiments. However, TME
ozonolysis generates normalised phosphorescence signal two orders of magnitude higher
than those observed in glyoxal yield measurements. Any glyoxal measurements would
therefore be unreliable even with subtraction of methylglyoxal data, and TME ozonolysis

should be avoided as a method of OH generation.

Ethylene ozonolysis indirectly produces glyoxal through the OH-initiated oxidation of

ethylene. Similarly to isopropyl nitrite photolysis, glyoxal yields from ethylene oxidation
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should be well established before any attempts are made at measuring glyoxal yields from
the OH-initiated oxidation of other BVOCs using ethylene ozonolysis as a source of OH.
With experimental measurements of Oz and OH alongside glyoxal vyields, the
contributions of ethylene oxidation to glyoxal production can be simulated in model runs,
however further work is needed to demonstrate the understanding of current ethylene
oxidation models and their accurate simulation of glyoxal yields compared with chamber
experiment data. Ethylene ozonolysis may be a valuable comparative method of OH

generation for future studies, however was not used further in this work.

Photolysis of hydrogen peroxide, ozone, and methyl nitrite all demonstrate promising
measurements of glyoxal from the oxidation of acetaldehyde and isoprene (see Chapters
5 & 6 respectively). Methyl nitrite is recommended as a suitable choice for OH generation
with the study of glyoxal yields in the presence of NOyx. Appropriate quantities of OH (~1
— 2 x 107 molecule cm®) were generated in HIRAC, and detectable quantities of glyoxal
were observed. However, future work may examine the possibility of investigations into
NOx-dependence studies through greater control of the NO concentration in HIRAC,
which may require smaller quantities of both methyl nitrite and VOCs. Further studies
should also characterise the yield of formaldehyde from methyl nitrite photolysis in
HIRAC under the blacklamps to establish Rgr values through the simultaneous
measurement of both glyoxal and formaldehyde yields from BVVOC oxidation.

All further NOx-free OH-initiated oxidation studies in this work utilise either ozone or
hydrogen peroxide photolysis as OH precursors. The primary disadvantage to either of
these methods is the increased loss rate of glyoxal. It is anticipated that due to the high
solubility of glyoxal in water (effective Ky = 4.2 x 10° mol dm™ atm™), the increased
water content in HIRAC demanded by both of these methods increases the rate of
heterogeneous uptake of glyoxal into aqueous solution. Further studies should therefore
consider the simultaneous detection of relative humidity alongside glyoxal loss to assess
any correlation between water content and increased glyoxal loss rates. However, both
ozone and hydrogen peroxide photolysis produce sufficient quantities of OH (~2 — 5 x
10" molecule cm™), and direct measurement of glyoxal loss rates for each of the

experimental conditions should be suitable for the model simulation of glyoxal yields.
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Chapter4 A Comparison of FAGE
Calibration Methods for OH

Detection



4.1 Introduction

Measurements of the hydroxyl radical (OH) provide key information on the chemistry
occurring within the lower atmosphere. As the primary oxidant during daylight hours for
the extensive range of volatile organic compounds (VOCs) released into the atmosphere
(see Chapter 1), OH concentrations contain valuable information on the atmospheric
lifetimes for these VOCs (R4.1, R4.2).

RH + OH > R + H,0 (R4.1)

R + 0, (+M) > RO, (+M) (R4.2)

A key element to the measurement of OH, particularly in a laboratory setting, is the
reliability and reproducibility of chamber studies monitoring OH concentrations
throughout the oxidation of a VOC of interest. The ability to apportion the contributions
of VOC removal to OH or any other loss during chamber experiments is paramount to
both accurately determining product yields and constraining chamber models in order to
predict and emulate any relevant chemistry measured within a particular reaction. The
majority of bimolecular rate coefficients for reactions between OH and VOCs relevant
for this study are well established (D'Anna et al., 2001; Atkinson and Pitts Jr., 1978; Stief
et al., 1980; Yetter et al., 1989; Tyndall et al., 1995; Plum et al., 1983; Feierabend et al.,
2008; Dillon et al., 2017; Kleindienst et al., 1982), therefore the contribution to removal
of these species by reaction with OH can be determined through concurrent measurements
of OH and the desired VOCs prevalent in a reaction. Equation E4.1 demonstrates the two
dominant competing methods for the removal of a VOC, denoted over time
by -d[VOC]/dt (molecule cm=s?):

—d[voc]
dt

= kou[OH][VOC] + k4q[VOC] (E4.1)

where kon is a generic bimolecular rate coefficient for reaction between OH and any
VOC (cm® molecule™ s%), and kq represents the first order rate coefficient for any other
unimolecular loss processes (s?), typically consisting of surface adsorption, dilution

through instrument sampling lines, and photolysis, combined into one parameter. The
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assumption that there are no other bimolecular reactions depleting a particular VOC may
be tested through comparison of two methods, detailed below, used to determine OH

concentration throughout a reaction.

This chapter will investigate the use of the FAGE (Fluorescence Assay by Gas Expansion)
technique, a low pressure laser-induced fluorescence (LIF) instrument (Hard et al., 1979)
(see chapter 2 for instrument description), in detecting OH radicals, detailing typical
FAGE calibration methods through water vapour photolysis (section 4.2.1) and analysing
the accuracy of these measurements through comparison with the VOC decay method
(section 4.2.2), a means of calculating OH concentrations indirectly through equation
E4.1. Whilst historically water vapour photolysis has been successfully employed as the
primary method of calibration for FAGE (Creasey et al., 1997a; Faloona et al., 2004), this
chapter argues some of the additional benefits to multiple calibration methods and the
replication of experimental conditions for chamber reaction studies within the VOC decay
calibration technique, as well as discussing the potential for the temperature dependent
calibration of FAGE through the intercomparison of two calibration methods (section
4.3).

4.2 FAGE Calibration Methods

As a laser-induced fluorescence (LIF) technique, calculated OH concentrations from a
measured fluorescence signal, Son (counts s* mW-1), require a pre-determined calibration

factor, Con (counts cm® molecule s mw1), shown in equation E4.2.

SOH = COH [OH] (E42)

This calibration factor is dependent on a number of parameters, including the intensity of
the laser light source, owing to the quantity of OH excited from each pulse as a result of
laser power, beam width and wavelength line width; the electronic gating time dictating
how much of the fluorescence decays is detected; the fluorescence quantum yield of OH
as a function of cell pressure and sample gas composition influencing fluorescence
quenching; the quality and alignment of optics within the cell; and the quantum yield of
the channeltron photomultiplier (CPM) converting collected photons into electrical

current (Faloona et al., 2004; Creasey et al., 1997a; Creasey et al., 1997b).
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Calibration is therefore a crucial aspect of LIF measurements as it is a non-absolute
detection technique, and calibration factors will vary both between FAGE instruments
and within the same instrument over time, accounting for any shifts in laser power, CPM
efficiency, and any deposit build up on surfaces within the FAGE cell which may affect

either OH adsorption or fluorescence detection.

4.2.1  Water Vapour Photolysis

Water vapour photolysis is a method of calibration for LIF-based OH and HO:
measurements that has been established and since employed over the last three decades,
for both chamber and field observations (Aschmutat et al., 1994; Schultz et al., 1995;
Heard and Pilling, 2003; Stone et al., 2012; Tan et al., 2017). Water is photolysed at 184.9
nm using a mercury pen-ray lamp to produce an equal ratio of OH and HO» (R4.3, 4.4)
(Schultz et al., 1995; Fuchs et al., 2011).

A=184.9nm
H,0 + v ——— OH + H (R4.3)
H+ 0, (+M) > HO, (+M) (R4.4)

OH radicals can then be probed directly at 308 nm once sampled by the FAGE instrument,
and the resulting resonant fluorescence is measured to give a signal (counts s™)
corresponding to a particular HOx concentration. HO radicals are converted to OH

through reaction with NO (R4.5), which is injected directly into the inlet tube.

HO, + NO - OH + NO, (R4.5)

The HO:> signal is calculated as the difference between signals when NO flow is on or
off, accounting for any signal present as a result of the initial OH concentration prior to
HO- conversion. The raw HOx (= OH or HO) signal is subsequently normalised for the
laser power to account for any fluctuations during measurement, giving the normalised
signal Sonmoz (counts s mW-1) used in determining Cormoz (counts cm® molecule™ s
mw-1).

98



The OH and HO> concentrations must then be calculated for each corresponding signal

to provide the calibration data points using the following equation:

[OH] = [HO,] = [H;0]l¢on0n,0,184.9 nmF184.9 nmAt (E4.3)

where [H20] is the concentration of water vapour present; ¢on is the photodissociation
quantum yield of OH (molecule photon™) , taken to be 1 (Fuchs et al., 2011); 6H20,184.9 nm
is the absorption cross-section of water at 184.9 nm, reported as (7.22 + 0.22) x 102° cm?
molecule™ by Creasey et al. (2000) and (7.14 + 0.20) x 102° cm? molecule* by Cantrell
et al. (1997) at 298 K; F1g4.9nm is the photon flux of light from the mercury lamp at 184.9
nm (photon cm s?) ; and At is the exposure time of the gas sample to the lamp output
dictated by the flow velocity (s). Within this study, the photon flux and exposure time
parameters are obtained simultaneously as a product of one another through actinometric
methods, described in more detail in section 4.2.1.3. Concentrations of water vapour are
measured using a hygrometer (CR4, Buck Research Instruments), so only the actinometry

data are required to calculate OH and HO> concentrations at a particular lamp output.

A schematic of the calibration apparatus used is displayed in Figure 4.1 (Winiberg, 2014),
and described briefly herein. Water vapour was produced in the apparatus by passing a
flow of oxygen free nitrogen (BOC, 99.998%) or synthetic air (BOC, industrial grade, 21
1 0.5 % Oy) through a bubbler of deionised water. The humidified flow was then passed
through a flow tube at 20-40 sIlm, controlled using mass flow controllers (MFCs), with
the mercury pen-ray lamp positioned towards the end of the flow tube. The lamp was
attached outside the flow tube with a transparent window introducing the photolysis light
source whilst minimising surface interactions and flow disruption for OH and HO:
produced. The end of the flow tube was positioned immediately before the FAGE inlet to
prevent loss of HOx to the surroundings before sampling. A small flow (10 sccm) of
nitrogen was flushed through the lamp casing to avoid any build-up of Oz around the lamp

via reactions R4.6 and R4.7.

A=1849nm
0, +hv ——— 0+ 0 (R4.6)
0, + 0O(+M) - 0;(+M) (R4.7)
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Figure 4.1 A schematic of the apparatus for the water photolysis HOx calibration of
the FAGE instrument. The gas flow used was either air or oxygen free nitrogen. Green
lines indicate connections from mass flow controllers, hygrometer and power supply to
the PC to control flow rates and record data for lamp current output, water vapour
concentrations and flow rates. Crossed circles indicate taps to control proportion of flow
through the water bubbler. The OH scavenger injector was not used in this calibration
technique, but is discussed in section 4.3.3. Taken from Winiberg, 2014.

The FAGE instrument was then calibrated with a range of HOx concentrations in both
nitrogen and air to obtain ConmHo2 for both sets of conditions used in chamber studies, as
a result of the differing quenching efficiencies between oxygen and nitrogen. The HOx
concentrations were altered by adjusting the current in the power supply for the lamp,
consequently changing the photon flux of the lamp and hence HOx production. Each
current setting was applied for 1-2 minutes and the resulting FAGE data points (taken
every second) averaged over this time period. Data from the MFCs, hygrometer and lamp
power supply were collected and recorded on a computer to obtain gas flow rates, water
concentrations and lamp current, enabling calculation of HOx concentrations each second,

which could then be averaged.
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42.1.1 HO,Calibration Results

Initial calibrations covered a range of HOx concentrations between (0.18 - 1.00) x 10*°
molecule cm™ produced through adjusting the lamp current at a set gas flow of 40 sIm
N2. Zero lamp output is assumed to produce no HOx, and performs as a baseline signal
for calibrations. Using nitrogen as a bath gas limits reliable measurements to OH only, as
it cannot be guaranteed that any O impurities in the bath gas are enough to produce an
equivalent proportion of HO2 (R4.4), however there is an advantage of increased OH
sensitivity due to reduced quenching from the lack of oxygen. The normalised and
averaged FAGE signal (counts s* mW1) at each lamp current was plotted against the
respective calculated OH concentrations (molecule cm™) to produce a linear correlation
with slope Con = (2.33 £+ 0.25) x 108 counts cm® molecule™® st mW-L. The uncertainty in
Con is calculated from the linear regression of the fit, weighted to uncertainties in both
normalised FAGE signals and OH concentrations, which are taken as the standard

deviation of each group of measurements to lo.

The sensitivity reported here is considerably lower than previous calibrations, with
Winiberg (2014) demonstrating FAGE capabilities producing a calibration factor of (4.64
+ 1.68) x 10 counts cm® molecule s mwW, performed in a flow of synthetic air, and
thus also subject to additional OH quenching due to oxygen content. A decreased
sensitivity inevitably leads to a worse signal to noise ratio (SNR) at lower concentrations,
and ultimately raises the limit of detection, calculated here as ranging between (7.6 —
10.4) x 10® molecule cm™, when relying on this calibration factor. The limit of detection,

[OH]min, was calculated using equation E4.4:

SNR

[OH]min = mo—ofﬂine + (E44)

Sk

1
m

where SNR was set to a value of 2, Con is the determined calibration factor as stated
previously, P is the online laser power, ooffiine IS the standard deviation of the
unnormalised offline signal, m is the number of online data points, and n is the number
of offline data points. The OH concentrations present in typical HIRAC (Highly
Instrumented Reactor for Atmospheric Chemistry, see chapter 2) experiments (~107 — 108
molecule cm™) are generated in significantly smaller quantities than those measured in

water photolysis calibrations (see Chapter 3), and consequently elevate this particular
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concern of reduced sensitivity. Further calibrations must therefore be performed to

determine the cause of any loss in sensitivity.

The water vapour photolysis calibration method has its limitations in obtaining accurate
data. Calibration of the FAGE instrument itself depends on the photon flux of the mercury
lamp, which must be determined through actinometry. Performing an N2O actinometry to
determine the photon flux relies on accurate NOx (= NO + NOy) concentrations (see
section 4.2.1.2) (Edwards et al., 2003; Heard and Pilling, 2003; Faloona et al., 2004;
Glowacki et al., 2007a), so calibration of a commercial NOx analyser (Thermo
Environmental Instruments Model 42C Chemiluminescence NO-NO2-NOx Analyser, see
Chapter 2) must also be undertaken. The subsequent calibrations involved in this method
introduce a ~34 % total uncertainty in Con, calculated from the sum in quadrature of the
uncertainties for each parameter in equation E4.3. This total uncertainty is heavily
weighted by dependence on several experimentally determined rate coefficients for the
actinometric method and measurements of NO concentrations from N2O photolysis,
yielding a photon flux uncertainty of ~32 %, and each calibration stage relies on the

validity of all prior calibration results.

4.2.1.2 N0 Actinometry

N20 actinometry is a method of measuring the product of photon flux, F, and sample
exposure time, At, through photolysis of a known concentration of N2O at the desired
wavelength to produce NO, which can then be detected using a commercial NOx analyser.
Initial photolysis of N,O will produce an excited oxygen atom (R4.8), O(*D), which
subsequently reacts with a another N.O molecule resulting in formation of two NO
molecules (R4.9) (Glowacki et al., 2007a; Edwards et al., 2003; Heard and Pilling, 2003;
Faloona et al., 2004).

A=1849nm

N,O + hv ———— N, + 0(!D) (R4.8)
0('D) + N,0 - 2NO (R4.9)
0(D) + N, » OCP) + N, (R4.10)
0('D) + 0, » O(C3P) + O, (R4.11)
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0(*D) + N,0 - O(®P) + N,0 (R4.12)
OCGP) + 0, (+ M) - 03 (+ M) (R4.13)

o(*D) + N,0 » N, + 0, (R4.14)

The temperature dependent rate coefficients for reactions R4.9 — 4.12 were all taken from
Burkholder et al. (2020) and, at 293 K, were considered to be kg = (7.76 + 0.79) x 101
cm® molecule s%; ka10 = (3.13 £ 0.33) x 101 cm® molecule® s; ka11 = (3.98 + 0.41) x
10t cm® molecule® st; ke12 = (4.96 + 0.50) x 10 cm® molecule® s*; and ka14 = (4.96
+ 0.50) x 101 cm® molecule? s. Although the ratio of NO production to N,O
concentrations depends primarily on the N2O absorption cross-section, onzo,184.9nm, O(*D)
photodissociation quantum yield, ®o1p, photon flux, and gas sample exposure time, as
well as the subsequent reaction of O(*D) with N2O (R4.9), a simplified equation of which
Is stated in equation E4.5, additional complexity arises due to the highly reactive and
unstable nature of O(*D). Upon collision with another molecule, O(*D) can be rapidly
relaxed to the triplet ground state, as in reactions R4.10 — R4.12. Ground state atomic
oxygen, O(®P), will react primarily with molecule oxygen, producing ozone (R4.13).
Formation of molecular nitrogen and oxygen will also compete with NO production from
the reaction of O(*D) and N0 (R4.14). Accounting for these competing removal rates of
O(*D) results in an adjusted fraction of NO produced, displayed in equation E4.6, where
the denominator consists of the sum of all removal rates for O(*D), excepting reaction
R4.12, which contributes little to removal via N2O (Nishida et al., 2004):

[NO] = 2k4 9[N;0]%0n,0,184.9 nm Po1pFiga.9 nmAt (E4.5)

2k4.9[N20120N;0,184.9 nm P 1pF184.9 nmAt
k410[N2]+k411[02]+ (ks 0+k414)[N2O]

[NO] = (E4.6)

The N2O absorption cross-section at 184.9 nm was taken from Creasey et al. (2000),
reported as onzo = (1.43 + 0.02) x 107*® cm? molecule™ at 298 K, and photodissociation
quantum vyield of O(*D), ®oup, is taken to be unity (Dusanter et al., 2008). Low NO
mixing ratios (~1 — 5 ppb) produced through N2O photolysis, close to the limit of
detection for the NOx Analyser, make NO detection difficult, and hence increase the

uncertainties involved in actinometry data.
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The gas sample irradiation time, At, was calculated using equation E4.7 in order to

determine the average photon flux at each lamp current:

__lamp length (cm) x lamp cross section (cm?)

At= (E4.7)

total gas flow (cm3 s71)

Typical gas flows within these actinometries constituted synthetic air (BOC, industrial
grade, 21 = 0.5 % O3) at 40 sIm mixed with ~1500 sccm N.O (BOC, medical grade).
Similarly to the water photolysis calibration, data from MFCs and the lamp power supply
were logged electronically to determine total gas flow and lamp current. The flow sample
was then passed by a mercury pen-ray lamp to initiate photolysis and subsequently
through a commercial analyser to detect NO produced from the reaction scheme. The

photon flux between an old lamp and a new lamp were compared to determine the change
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Figure 4.2 A plot of the actinometry data measuring photon flux of mercury pen-
ray lamps used in HOy calibrations as a function of lamp current. Orange data points
show the actinometry plot from an old lamp; blue data points show the plot for a
replacement lamp. New lamp data demonstrates the increased sensitivity with lamp
current input, enabling a wider range of HOx concentrations to be achieved during
calibration of the FAGE instrument.

in sensitivity to lamp current input, demonstrating increased sensitivity with the new lamp

(Figure 4.2). The non-zero intercepts observed are partially a symptom of the difficulties
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in recording an accurate lamp current at low power inputs, however the large uncertainties
involved in calculation of the photon flux (~32 %) due to dependence on the rate
coefficients for reactions R4.9-4.14 also have a significant impact on the intercept from
linear regression fits. This may be accounted for by an appropriate inclusion of the

measurement uncertainties.

The photon flux was calculated over a range of lamp currents between 0 — 10 mA, and a
linear regression of the data gave the photon flux of the new lamp as a function of supply
current ((1.26 + 0.40) x 10% photon cm™? s mA™, 32 % measurement uncertainty
applied). In increasing the sensitivity of the mercury lamp to the current input, and thus
achieving an increased range of HOx concentrations in water photolysis calibration, a
slight increase in sensitivity of Con through subsequent HOx calibration was also obtained
(1.45 x 108 counts cm® molecule™ s mW in air), more readily allowing determination

of OH concentrations relevant for chamber studies (Figure 4.3).
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Figure 4.3  Calibration of the FAGE instrument for both OH (black) and HO, (red)
using the water vapour photolysis method in air. OH and HO2 were measured within the
same FAGE detection cell by alternating a flow of NO on or off. Calibration was
performed after replacing the mercury pen-ray lamp as the photon source for water
photolysis.
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4.2.2 VOC Decay Method

The VOC decay calibration method is a technique that relies on calculation of OH
concentrations based on the rate of removal of a VOC via reaction with OH, demonstrated
previously in equation E4.1. This method is dependent on previous knowledge of the
bimolecular rate coefficient for reaction of OH with a VOC, and assumes that this is the
predominant removal process involved in the decay. Concentrations of OH can be

calculated at any given time point, t, through equation E4.1, rearranged to:

—d[voc]

[OH]; = ( [VgtC]t - kd)/ROH (E4.8)

where [OH]t and [VOC]: correspond to the respective concentrations at time t (molecule
cm), -d[VOC]/dt is the variable gradient of the VOC concentration over time (molecule
cm s1), kon is the bimolecular rate coefficient for reaction of the VOC with OH (cm?
molecule® s1), and kq is the unimolecular combined rate coefficient for any other physical
loss processes of the VOC (s). The gradient values of the VOC decay were calculated
using the Savitzky-Golay smoothing method (Savitzky and Golay, 1964) within Origin
software, fitting a second order polynomial across 10 — 15 data points either side of a
central datum point with a least squares procedure in calculation of the first derivative to
improve the SNR. The number of data points used in the smoothing window was
dependent on the rate of change of —~d[VVOC]/dt, where a sharper gradient necessitated a
smaller smoothing window to avoid overcompensating the data averaging and affecting

the OH concentration output.

This calibration method was initially developed for field measurements of OH (Hard et
al., 1995), however presents difficulties in generating a VOC decay that can be reliably
used to calculate OH concentrations from, and is considered a less practical approach to
calibration in the field compared with that of the water vapour photolysis method
(Dusanter et al., 2008). The technique has since been employed with EUPHORE (the
European Photoreactor Facility) in Valencia, comparing calculated OH concentrations
from a number of aromatic hydrocarbon decays detected through Fourier-Transform
Infrared spectroscopy (FTIR), displaying reasonable agreement of calculated OH
concentrations to within 15 % for the majority of VOCs studied (Bloss, W.J. et al., 2004).
Whilst water vapour photolysis remains a more feasible method of calibration for field
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studies, the VOC decay technique offers a method of calibrating the FAGE instrument
within a range of OH concentrations and experimental conditions relevant for chamber
studies of OH-initiated oxidation processes, where calibration is achieved through direct
sampling from HIRAC into the FAGE system.

4.2.2.1 Instrumentation

Within these calibrations, VOCs were detected using Proton Transfer Reaction Mass
Spectrometry (PTR-MS, see Chapter 2), utilising the ability to measure a range of VOCs
with good mass resolution (full width half max m/z = ~0.02 — 0.05) and achieve a good
SNR at a measurement time resolution of 10 s for mixing ratios down to ~50 ppb. The
PTR-MS sampled gas from HIRAC through a ~10 m length of 1/8” PTFE
(polytetrafluoroethylene) tubing with residence time ~22 s throughout the entire course
of reactions. The standard ionisation source for PTR-MS involves protonation of the
detected species via the hydronium ion, H3O" (R4.15), however calibrations here
primarily utilised a small flow of nitrogen, promoting N." as the ionising reagent through
a simple electron transfer (R4.16) and consequently avoiding the issue of low proton
affinities typical for alkanes; simple compounds that have well-documented bimolecular

rate coefficients.

RH + Hs0* - RH; + H,0 (R4.15)

RH + N, - RH* + N, (R4.16)

The alternative reagent for ionisation enabled detection of simple alkanes as VOC
indicators, a desirable outcome for monitoring hydrocarbon decays whilst also reducing
any complex chemistry in the system that might interfere with the measured signal for
PTR-MS m/z peaks. The glow discharge (GD) ionisation source was set at a reduced
voltage of 240 V (compared with a 400 V GD source voltage employing the H3O" ionising
reagent) with an internal reactor pressure of 1.50 mbar to minimise fragmentation of
molecules upon collision in the reactor and optimise signal of the parent mass peak for

the VOCs being monitored.
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Figure 4.4  Anexample of a typical cyclohexane decay in HIRAC. Reaction
is initiated through UV photolysis of H202 at 254 nm to produce OH radicals.
Red lines indicate points where H20> is injected into HIRAC in 1 mL quantities.
Yellow boxes indicate time periods where UV lamps are switched on.

Production of OH in all VOC decay calibrations was achieved by photolysis of hydrogen
peroxide (Thermo Scientific, 50 wt. % in water) at 254 nm (R4.17) via eight lamps (GE
Optica, GE55T8/HO) positioned equidistantly around the inside of the chamber (see
chapter 2 for lamp details).

A =254nm

H,0, + hv —— 2 0OH (R4.17)

Four fans positioned at either end of HIRAC allowed constant mixing in the chamber to
establish an even distribution of species throughout the reaction. Initial calibrations
primarily studied cyclohexane decays at room temperature as the VOC indicator for OH
concentrations in HIRAC (Figure 4.4), and all calibration reactions conducted in HIRAC
were performed at 1000 + 3 mbar pressure. Any further investigations and considerations
will be discussed in section 4.3 as comparisons with the water vapour photolysis

calibration method.
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Figure 45  An OH calibration plot of the FAGE instrument conducted via OH-
initiated oxidation and decay of cyclohexane in N2 at 1000 mbar pressure and 293
K. OH is assumed to be the dominant source of removal for cyclohexane, and any
other unimolecular loss rates are accounted for through subtraction from the
cyclohexane decay in calculation of OH concentrations (as in E4.8). FAGE signal
is normalised for the laser power, accounting for fluctuations measured by a
photodiode.

4.2.2.2 Results

Initial calibration factors for the FAGE instrument through cyclohexane decays were
determined in the same manner as with the water vapour photolysis method in section
1.2.1.1. Normalised OH signal measured by FAGE sampling from HIRAC was plotted
against calculated OH concentrations during the course of cyclohexane depletion.
Calibration factors from reactions performed in nitrogen (BOC, 99.998 %) were
averaged, calculating a mean Con = (2.47 + 0.28) x 10 counts cm® molecule® st mw?,
with the uncertainty, ocon, propagated from the linear regression of each calibration plot

via the general equation E4.9:

Oy = (E4.9)
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Figure4.6  An OH calibration of the FAGE instrument conducted via OH-
initiated oxidation and decay of cyclohexane in synthetic air at 1000 mbar pressure
and 293 K. OH is assumed to be the dominant source of removal for cyclohexane,
and any other unimolecular loss rates are accounted for through subtraction from
the cyclohexane decay in calculation of OH (as in E4.8). FAGE signal is normalised
for the laser power, accounting for fluctuations measured by a photodiode.

where mi and oi are the slope and uncertainty of the i-th linear regression fit respectively,
and n denotes the number of calibrations considered in the average. An example of a plot
determining Con in nitrogen from a cyclohexane decay is shown in Figure 4.5.
Calibrations in air (BOC, industrial grade, 21 £ 0.5 % O2) were conducted in an equivalent
manner, producing a mean Con = (2.24 + 0.22) x 108 counts cm® molecule® s mw,
perhaps surprisingly within error of calibrations performed in nitrogen. A considerably
less sensitive calibration factor might be expected as a result of the greater quenching
efficiency of oxygen, and comparatively, the wand calibration in air yielded a lower
calibration factor of Con = (1.37 + 0.07) x 108 counts cm® molecule® s mw? (see
section 4.2.1.2), with a sensitivity approximately 2 times lower than that of the calibration

in No.

This similarity in signal sensitivities from VOC decay measurements may be caused in
part by the level of scatter observed in calibration plots (Figures 4.5, 4.6). Whilst water
vapour photolysis calibrations provide an advantage of averaging each HOx concentration

and corresponding normalised FAGE signal over 60 — 120 data points, the nature of
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Figure 4.7 A typical time profile for detection of OH sampled from HIRAC via
the FAGE instrument during reaction with one or more VOCs. FAGE signal is
averaged over 10 s to reduce noise in the data. Lamp activation immediately
produces a peak in OH concentrations through photolysis of hydrogen peroxide, and
during reaction swiftly plateaus to a steady state concentration.
reactions within HIRAC demand much shorter averaging periods due to the variability of
OH concentrations as the reaction proceeds. The noise associated with both FAGE and
PTR-MS signals then inevitably leads to a much greater level of scatter in VOC decay

calibrations.

This similarly has an impact on the resultant positive intercepts observed, particularly at
lower OH concentrations which begin to approach the FAGE limit of detection. At
concentrations below ~2 — 3 x 10" molecule cm, the SNR becomes increasingly poor,
and the normalised fluorescence signal will therefore be more varied. Another
consideration that may impact the non-zero intercepts fitted is any variation in first order
loss rates during the VOC decay. It is not possible to distinctly measure the first order
loss rate of VOCs due to photolysis, dilution and surface adsorption during reaction with
OH, therefore any changes throughout the experiment may cause small inaccuracies in
the calculated OH concentration, particularly where, at lower concentrations, first order

loss constitutes a larger proportion of all VOC loss.
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An additional factor, compounded with greater scatter, is the reduced range of
concentrations recorded within chamber reactions. There is a considerable benefit of
providing a calibration factor that directly translates onto OH concentrations typical of
HIRAC oxidation reactions, however data falling within a small range of concentrations
can cause skewing of the linear regression as a result of increased scatter. This would be
improved by increasing the range of OH concentrations with a more even distribution,
though this would rely on more regulated H.O. additions to control OH concentrations
more closely. Calibrating for a longer time period to achieve a larger quantity of data over
an increased range would help refine the calibration plots, however this is usually difficult
to achieve due to limitations in total lamp actinic flux and quantity of VOC required
resulting in a maximum OH concentration available during a reaction, with limited decay

times.

Typical OH time profiles upon addition of hydrogen peroxide and lamp activation

demonstrate an immediate peak in concentration before subsequent plateauing to an
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Figure 4.8 A cross-section of the Leeds HIRAC facility as viewed from
above. The schematic shows positioning of the instrument sample lines,
FAGE inlet, gas delivery line and liquid injection port on separate flanges
around the chamber. Fans positioned at either end of the chamber provide a
uniform distribution of constituents during the reaction. FTIR mirrors are
placed at either end of the chamber to maximise path length of infra-red
light and lower limit of detection for spectroscopic measurements, although
are not used for the majority of these calibration comparisons. Additional
sample lines attached to a port on the chamber ceiling are not shown here.
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approximate steady state, where production and removal of OH are near equivalent
(Figure 4.7). Whilst this plateauing nature inhibits the sole calibration of FAGE by VOC
decay due to lack of concentration range, it does provide an easy means of comparing OH
measurements from water vapour photolysis calibration with OH concentrations
calculated through cyclohexane decays. Therefore, in an attempt to further validate these
calibration methods, an emphasis was placed on the simultaneous comparison of these
techniques employed within HIRAC experiments, designed to optimise calibration and

reduce uncertainties associated with each individual technique.

4.3  Comparison of OH Calibration Methods

The majority of intercomparison studies focused on reaction of cyclohexane with OH, as
in section 4.2.2. The FAGE inlet was positioned inside HIRAC following determination
of Con obtained through water vapour photolysis calibration and FAGE signal, Son,
monitored during the reaction was subsequently converted to OH concentration through

equation E4.2. The PTR-MS instrument was connected to a separate sample port adjacent

2.5)(108..I....I....I....I....I...
— PTR-MS
11— FAGE
2.0x108 =
@
e
(&)
(D]
= 1.5x108 1 -
[&]
o
o
1S
—  1.0x10°% A =
T
o
5.0x107 \—
O-O'i/"|""|'AA"'|""H"'|'
2000 3000 4000 5000 6000

Time (s)

Figure 4.9 A comparison plot of the temporal profiles of OH concentrations
throughout reaction with cyclohexane measured both directly through the FAGE
instrument (red) and indirectly through calculation via determination of the
cyclohexane decay rate measured with the PTR-MS instrument (black).
Comparison highlights discrepancies in the two measurements, particularly noting
an inconsistency in the ratio between both OH profiles throughout the reaction.
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to the FAGE inlet (Figure 4.8) to detect cyclohexane via N»* ionisation, and OH
concentrations were simultaneously calculated from the cyclohexane decay, accounting
for other unimolecular loss processes within each reaction. Fans were typically set to 600
rpm to ensure thorough mixing of constituents in the chamber. Hydrogen peroxide
(Thermo Scientific, 50 wt. % in water) was introduced as an OH precursor through the
liquid injection port opposite the FAGE inlet. OH concentrations determined from both
methods were then compared and analysed to account for any discrepancies in the

resulting data sets.

4.3.1 Sampling Position

Preliminary results highlight a discrepancy between the temporal OH profiles measured
during reaction with cyclohexane (Figure 4.9). Whilst there is a general agreement in the
patterns of concentration changes, the ratios between PTR-MS and FAGE based OH

measurements are inconsistent, and FAGE measurements often appear to undergo
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Figure 4.10 A schematic of HIRAC as seen from above. Liquid injection
port flange is exchanged with PTR-MS sample line to prevent
disproportionation of OH from hydrogen peroxide injections and surface
adsorption directly opposite the FAGE inlet. This also ensures FAGE and PTR-
MS sampling from within the same region of the chamber, minimising
discrepancies in OH comparisons.
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reduced decreases where plateauing behaviour is observed approaching steady state
conditions. The timescales of these continued patterns suggest a cause alternative to
mixing issues, where even distribution of OH should have been attained within ~30 s.

Investigation of the inside of the flange housing the liquid injection port revealed staining
within the injection point vicinity. It was theorised that hydrogen peroxide adsorption
concentrated around this surface was creating disproportionate quantities of OH closer to
the FAGE inlet upon lamp activation prior to diffusion further down the chamber, at the
PTR-MS sampling site. To circumvent this issue, flange positions containing the liquid
injection port and PTR-MS sampling line were exchanged (Figure 4.10), preventing
interference due to any non-uniform elevation of OH concentrations through sampling

prior to subsequent diffusion across the chamber. This provided an additional benefit
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Figure 4.11 Multiple plots of comparison between OH measurements at room
temperature during reaction with cyclohexane determined directly through FAGE
detection (red) and indirectly through analysis of the cyclohexane decay monitored via
the PTR-MS instrument (black). Comparisons were performed following exchange of
the flanges containing the PTR-MS sample line and liquid injection port, and show
excellent agreement between OH concentration profiles. Plots demonstrate three periods
across a single cyclohexane oxidation where UV lamps are activated to produce OH
through hydrogen peroxide photolysis. An addition of ~1 ml hydrogen peroxide was
made before each period whilst lamps were deactivated to increase OH production.
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Figure 4.12 A selection of data from a cyclohexane decay at room
temperature corresponding with OH measurements shown in Figures 4.11 (a)
and (b). Data highlighted in the blue oval indicate a sharp decrease in
cyclohexane concentrations caused by noise in the PTR-MS signal, influencing
the calculated OH concentrations from the decay and resulting in the
discrepancy observed in Figure 4.11(b).

from the FAGE and PTR-MS instruments sampling at points approximately only ~60 cm

apart, minimising any discrepancies observed due to differences in sampling region.

Repetition of cyclohexane oxidations under the revised chamber setup following
introduction of hydrogen peroxide at the new position yielded OH concentration profiles
with much closer agreement between PTR-MS and FAGE measurements throughout
entire reactions (Figure 4.11). Minor differences remain within small sections of the
concentration comparisons, for example the initial increase in OH concentration observed
in Figure 4.11(b). These discrepancies can largely be explained by noise in the PTR-MS
cyclohexane data, particularly at lower concentrations further along the reaction time,
where signal jumps interfere significantly with Savitzky-Golay smoothing analysis of the
decay gradient polynomial fitting (Figure 4.12). This observation highlights the need for
meticulous reference to the raw data collected when applying analytical treatment to a
large portion of data. However, improved agreement between the two measurement sets
provides confidence that OH concentrations determined during VOC oxidations should
be accurate when observing the adjusted arrangement of flanges around HIRAC.
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4.3.2  Temperature Dependence

Experimental details and data analysis in this section are included in elsewhere as part of
a wider study on the temperature-dependent calibration of fluorescence instruments for
the detection of OH and HO> (Winiberg et al., 2023).

Determining the effects of temperature on instrument sensitivity and therefore Con is
important for investigating reactions appropriate for a multitude of environmental
conditions. Measurement of product yields at typical laboratory ambient temperatures
cannot necessarily be translated onto equivalent reactions at more extreme temperatures
occurring within regional climates around the globe. Temperature impacts a number of
parameters that will influence the amount of fluorescence observed at a given OH
concentration inside the FAGE OH detection cell; number density; fluorescence
quenching; Boltzmann distribution of OH rotational levels; and proportion of OH
adsorbed onto FAGE surfaces prior to detection.

The number density, n (molecule m), of the gas flow upon sampling through the FAGE

inlet can be described, according to the ideal gas equation, by equation E4.10:

n=— (E4.10)

where P is the cell pressure (Pa) , T is the cell temperature (K), and kg is the Boltzmann
constant (1.38 x 102 J K'* molecule?). As the FAGE instrument is constantly evacuated
at ~2.7 Torr and assumed constant, any increase in temperature will therefore result in a

decreased number density and OH fluorescence signal.

Fluorescence quenching is partly influenced by the collisional frequency, Z (m® s?) ,

defined through equation E4.11 under ideal gas conditions:

8kpT

TUAB

Z = NpNgopp

(E4.11)
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where Na and Ng are the number of molecules of A and B respectively in the sample, oas
is the collisional cross-section of the two molecules (m?), and pag is the reduced mass of
molecules A and B (kg). As Na and Ng are both dependent on number density and hence
inversely proportional to temperature (as in equation E4.9), an increase in temperature
will result in a net decrease in collisional frequency and consequently fluorescence
quenching. The quenching rate coefficient, ko, of OH fluorescence via N2 and O has
likewise been shown to decrease with increasing temperature between 204 — 310 K at a
rate of ~1 x 10" cm® molecule s K* (Bailey et al., 1997; Copeland and Crosley, 1986),
further emphasising an increase in fluorescence signal at higher temperatures due to

quenching contributions.

OH fluorescence is monitored at a specific wavelength (~308 nm) corresponding to the
Q1(2) rotational transition of OH, and therefore dependent on the proportion of molecules
within a particular rotational energy state. The Boltzmann distribution describes the ratio

of probabilities, pi/pj, of a molecule occupying energy states i or j, as a function of

temperature:
Pi _ p(ej—&)/kpT (E4.12)
pj

where &i and ¢; are the energies of two states, i and j. Considering i as the lower energy
rotational state, an increase in temperature will therefore promote a higher proportion of
OH molecules into higher rotational states, and consequently reduce detection of the
Q1(2) transition and decrease instrument sensitivity.

As the three quantities discussed above can be calculated as a function of temperature,
the primary unknown parameter of concern is the loss of OH molecules to the inside
surfaces of the FAGE instrument prior to detection. Surface losses will be characterised
predominantly by surface material and inlet tube length before the detection cell, therefore
any variation in sensitivity with temperature will be specific to the instrument employed,
however only one previous study has attempted to quantify a temperature dependence of
Con for any FAGE instrument (Regelin et al., 2013). Regelin et al. demonstrate a slight
increase in instrument sensitivity with decreasing temperature between ~268 — 293 K for
the HORUS (HydrOxyl Radical measurement Unit based on fluorescence Spectroscopy)

instrument, simulating lower temperature conditions by encasing the inlet tube in a
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cooling coil, however no high temperature conditions which may be relevant for more

tropical regions were explored.

In this study, cyclohexane oxidations were monitored with the PTR-MS instrument at
chamber temperatures between 273 — 348 K, varied in HIRAC through thermofluid
circulated around steel square tubing surrounding the chamber, controlled with the Huber
thermostat unit (model 690W, see chapter 2 for details). OH concentrations were
calculated at each temperature via the cyclohexane decay rate as in equation E4.8, using
the temperature dependent rate coefficient recommended by Atkinson (Atkinson, 2003),
and compared with the normalised OH fluorescence signal detected by FAGE.
Normalised FAGE signal was converted to OH concentration with the calibration factor
determined at room temperature, and ratios of OH concentrations between PTR-MS and
FAGE measurements were compared to determine the variation in FAGE instrument

sensitivity as a function of temperature.

Cyclohexane oxidations were monitored across four temperatures (273 K, 293 K, 323 K
and 348 K) and the resulting ratios of OH concentrations measured plotted against
temperature, yielding a minor positive dependence of FAGE instrument sensitivity on
temperature with slope (3.62 + 0.10) x 10 K™ (Figure 4.13). This is seemingly in contrast
to the negative dependence observed by Regelin et al., however due to the long inlet tube
(~280 mm) prior to the OH detection cell in the HIRAC FAGE instrument design (see
chapter 2), compared with the 140 mm inlet on the HORUS instrument (Novelli et al.,
2014), the positive dependence seen here may be a result of an increased emphasis on

wall loss, typically reduced at higher temperatures.

Although any temperature dependence of OH detection will be instrument specific, with
this study supplying calibration data solely for reactions studied in HIRAC, these
investigations do highlight the opportunity for performing temperature dependent
calibrations on other FAGE instruments employed in both chamber and field
environments, with the purpose of improving OH data for use in reaction models. Whilst
the temperature dependence of instrument sensitivity demonstrated here indicates only
minor adjustments required for accurate OH measurements at varying temperatures with
the FAGE instrument, this will provide data for model constraint that allows predictions
of glyoxal yields from oxidation mechanisms relevant to this project that can be analysed

on a temperature dependent basis.
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Figure 4.13 A plot showing the ratio of OH concentrations between FAGE and
PTR-MS measurements as a function of temperature in HIRAC. Normalised FAGE
signal was converted to an OH concentration using the water vapour photolysis
calibration factor determined at room temperature. OH concentrations from PTR-
MS measurements were determined via cyclohexane decay rates using a
temperature dependent bimolecular rate coefficient recommended by Atkinson
(2003). Concentration ratios were averaged over all measured values during
individual experiments at each temperature. Plot demonstrates the increased FAGE
instrument sensitivity with increasing temperature between 273 — 348 K.

4.3.3 Isoprene Decays

Final intercomparisons were conducted using isoprene as a VOC indicator for calculating
OH concentrations through the hydrocarbon decay method. Isoprene is considered the
most abundant biogenic VOC within the troposphere (Guenther et al., 2006), and
represents the largest global contributor to glyoxal formation from both biogenic and
anthropogenic emissions (Fu, T.-M. et al., 2008). With isoprene playing such a critical
role in glyoxal production (see Chapter 6), reaction models constrained with measured
OH concentrations are key in developing mechanistic understanding through
investigating reaction pathways of isoprene oxidation.

A comparison of OH concentrations between PTR-MS and FAGE measurements was
performed during isoprene oxidation at room temperature in HIRAC. As isoprene is more

easily ionised through proton transfer and endures minimal fragmentation (Taucher et al.,
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Figure 4.14 A comparison of OH concentrations measured through an
isoprene decay via the PTR-MS instrument (black) and directly with the FAGE
instrument (red). Time profiles follow the same outline, however the FAGE
concentration scale (right) indicates OH concentrations a factor of seven higher
than those inferred from the isoprene decay curve.

1997), the more traditional method of ionisation, utilising the HsO" reagent, was chosen,
as in reaction R4.15. Protonated isoprene (CsHo*) was therefore monitored at m/z = 69.12.
Reactions were typically conducted at 1000 mbar N2 (BOC, 99.998%) with initial mixing
ratios of isoprene (Sigma-Aldrich, 99%) between 1 — 4 ppm. FAGE measurements were
normalised for laser power and converted to concentrations using Con obtained through
water vapour photolysis calibration. Isoprene decays were analysed and converted to OH
concentrations using a previously determined bimolecular rate coefficient at 298 K (kon

= (1.04 + 0.04) x 101° cm® molecule™ s*) (Medeiros et al., 2018).

Initial isoprene comparisons revealed a large discrepancy between FAGE and PTR-MS
measurements, despite earlier agreements observed during cyclohexane oxidations.
Although the general time profile follows a similar outline across both instruments,
FAGE measurements based on prior water vapour photolysis calibrations indicate OH
concentrations at least a factor of seven higher than those inferred from the isoprene decay
(Figure 4.14). This behaviour was repeated across several isoprene oxidation reactions
where conditions were repeated, however the data showed inconsistencies in the observed

Con from isoprene decays, and hence the calculated OH concentrations. Investigations
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Figure 4.15 An overhead schematic of the FAGE instrument used in HIRAC
experiments. Schematic shows positioning of the inlet pre-injector (IPI), comprised of
1/8” aluminium tubing, used to inject propane before the OH detection cell as a method
of background measurement by scavenging any OH in the tube before reaching the
detector. The tubing starts as close to the detection cell as possible to maximise the
distance FAGE may be pushed into HIRAC, and finishes just after the inlet pinhole,
slightly off-centre, to avoid disrupting the sample flow whilst making sure all OH
molecules present can be scavenged effectively.

were therefore conducted to determine and counteract the source of interference in FAGE

signal, in order to obtain an accurate calibration factor appropriate for isoprene studies.

Two methods can typically be employed to determine the background signal for FAGE
measurements. The more traditional method shifts the laser wavelength slightly off the
transition by ~0.02 nm, which is highly effective for distinguishing between any non-OH
based interference in signal due to the narrow structure of the OH transition peaks; OH
concentrations determined this way are termed OHwave. A second method determines
background signal chemically by injecting a scavenger compound into the FAGE tubing
prior to the OH cell to facilitate removal of OH before detection using an inlet pre-injector
(IPI); determined OH concentrations in this manner are denoted as OHcnem (Woodward-
Massey et al., 2020). Analysis of OHwave measurements in the presence of isoprene prior
to OH generation demonstrated no difference in the normalised counts from both online
and offline signals. This indicates that any interference of fluorescence signal in isoprene
experiments occurs either as a result of additional OH chemically or photolytically
produced within the FAGE inlet either, or due to a product or radical intermediate that is

not observed prior to isoprene oxidation.

To investigate interference through OHcHem measurements, an IP1 was installed into the
FAGE tubing shortly after the inlet pinhole with 1/8” aluminium tubing (Figure 4.15).
Care was taken in positioning the IPI slightly off-centre to avoid disrupting the sample
flow too much upon entering the inlet. Propane (BOC, research grade, 99.95%) was used
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Figure 4.16 A plot demonstrating the fraction of OH removed in the FAGE cell
at varying propane flow rates during water vapour photolysis calibration. Fraction
of OH removed appears largely independent of OH concentrations, particularly at
higher propane flows, and effectively complete removal occurs at 80 sccm
propane across all OH concentrations.

as the OH scavenger, and flow rates were controlled via a 5 sim MFC (Brooks
Instruments). To determine the flow rate required for complete removal of OH, the IPI
was activated during water vapour photolysis over 0 — 80 sccm propane flow across a
range of OH concentrations (1.2 x 108 — 3.7 x 10'° molecule cm™), and the fractional
removal of OH recorded at each flow rate (Figure 4.16). Fractions of OH removed were
found to be largely independent of OH concentration, displaying only minor differences
at lower propane flows. Across all OH concentrations, a flow rate of at least 80 sccm was

required to ensure complete removal of OH.

Further isoprene oxidations were monitored implementing the IPI to examine the impact
on FAGE interference. OH concentrations inferred from normalised FAGE signals were
compared during periods with no IPI flow and 80 sccm IPI flow (Figure 4.17). Although
a portion of fluorescence signal remained with propane flows activated, OHchHem
measured from this background subtraction remained in excess of concentrations
calculated through analysis of the isoprene decay (OHisor). Repetition of OHcHem
measurements demonstrated an inconsistency in the ratio of OHcnem to OHisop at varying

initial isoprene concentrations, though there was no observable dependence on isoprene
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Figure 4.17 Plot shows OHchem concentrations observed accounting for

background subtraction determined with chemical removal of OH via a flow of

propane at 80 sccm (red). OHcnem determinations do not fully mitigate

interference observed in Son for FAGE measurements compared calculated OH
concentrations from the analysed PTR-MS isoprene decay (black).

concentrations for the variation in this ratio, and it is unclear what else may be causing

the inconsistency without further investigation.

Characterising the source of interference in observed Son due to isoprene oxidation
chemistry has been unsuccessful in this study. FAGE measurements conducted within
isoprene oxidations therefore remain unreliable despite efforts to mitigate observed
interference using an IPI. Although OHisop may still be calculated through PTR-MS
measurements, this relies on knowledge of all other isoprene loss rates during reaction,
and these should be determined at several timepoints throughout to ensure consistency.
Of particular concern may be the generation of ozone within experiments, especially in
reactions involving NOy, which will deplete isoprene through ozonolysis reactions,
however ozone concentrations can be measured to account for this loss source.
Apportioning the contributions of OH and Oz to isoprene depletion is crucial in
determining the mechanistic routes for glyoxal yields, and are investigated more closely

in Chapter 6.

124



4.4  Conclusions and Future Work

This study has attempted to emphasise the benefits of utilising multiple calibration
methods for the FAGE technique in order to reinforce reliability of OH measurements
particularly in chamber experiments. Whilst the calibration methods discussed here
present both advantages and disadvantages performed separately, combining these
methods contributes to minimising the effects of the disadvantages. Room temperature
calibrations comparing the water vapour photolysis calibration factor with that calculated
from cyclohexane oxidation decays demonstrate remarkable agreement (to within 5%) in

comparison of the time profile of OH concentrations during chamber reactions.

Water vapour photolysis calibrations of FAGE were performed with a mercury pen-ray
lamp at 184.9 nm. Data quality of calibration plots particularly at lower lamp currents
highlight the necessity for regular assessment of the lamp flux through actinometry.
Knowledge of the photon flux is critical in calculating HOx concentrations produced in
the photolysis region, and thus providing an accurate calibration factor for FAGE
measurements. Results obtained in this study demonstrate the enhanced linearity in
determination of Con upon replacement of the photon source and increase reliability of

OH concentrations measured following calibration.

Cyclohexane reactions through OH-initiated oxidation in HIRAC yielded calibration
factors for FAGE measurements of OH in both nitrogen ((2.47 + 0.28) x 10 counts cm®
molecule? st mW?) and air ((2.24 + 0.22) x 108 counts cm® molecule? s mw™).
Although Con values determined with this method are on the order of magnitude
comparative to water vapour photolysis calibration ((2.33 + 0.25) x 108 counts cm®
molecule® st mw1), only a minor difference was observed between calibration factors
in nitrogen and air, and did not justify the additional quenching efficiency of oxygen
compared with nitrogen. Comparison of OH concentrations calculated through Con
factors from both calibration methods indicated disproportionate quantities of OH across
the chamber, hypothesised as a result of hydrogen peroxide surface adsorption
surrounding the liquid injection port to the chamber. Adjusting sampling positions of the
FAGE and PTR-MS instruments relative to the hydrogen peroxide injection point
improved similarities between both OH measurements, and emphasises the issues with
hydrogen peroxide injections directly opposite or within the immediate vicinity of the
FAGE inlet.
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A temperature dependence was determined for the HIRAC-based FAGE instrument,
reporting a minor positive dependence on instrument relative sensitivity with temperature
between 273 — 348 K ((3.62 + 0.10) x 10 K1). Any temperature dependence of FAGE
instruments will vary depending on the instrumental design, however that reported here
allows accurate measurements of OH concentrations across a range of temperatures
relevant to tropospheric chemistry appropriate for various climates. Future work should
consider the applications of FAGE temperature dependence for investigations of VOC

oxidation, product formation and mechanism analysis within HIRAC.

Investigations of OH measurements during isoprene oxidations were conducted, and
comparisons found large discrepancies between VOC decay (OHisor) and water vapour
photolysis (OHwave) methods. Installation of an IPI to remove OH after sampling
through the FAGE inlet (OHcnem) did not completely nullify interferences produced
within the OH detection cell, and the source of interference in FAGE measurements
throughout isoprene reactions remains undiscovered. Further studies should monitor
comparisons of OHisor and OHcHem to investigate any dependencies on concentrations
of isoprene or oxidation products in accounting for disparities in the ratio of determined
OH concentrations from OHisor and OHcHem across isoprene reactions. Further isoprene
studies in this work will rely on the VOC decay method for determination of OH
concentrations, taking account of ozonolysis reactions, and OHisop profiles will be used

in model constraints and mechanistic studies of glyoxal formation from isoprene.
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Chapter 5  Direct Glyoxal Yields
from Acetaldehyde Oxidation



5.1  Background

As mentioned in Chapter 1, the oxidation of acetaldehyde (CH3CHO) is of interest within
the UNFOGs project as a potential missing source of glyoxal in the marine boundary layer
(MBL) through H-abstraction at the methyl site. There is a large discrepancy between
measured and modelled glyoxal concentrations (displayed in Table 5.1) based on
observational constraints (Sinreich et al., 2010; Lawson et al., 2015; Zhu, Y. and Kieber,
2019; Walker et al., 2022) which does not appear to be accounted for by the direct
emission of glyoxal from the ocean surface through biological activity (Takeda et al.,
2014). A recent attempt to characterise glyoxal sources in the MBL involved the Oceanic
Reactive Carbon: Chemistry-Climate impacts (ORC?) campaign at the Cape Verde
Atmospheric Observatory, spanning two four-week segments in the summer of 2014.
Glyoxal was detected using the laser-induced phosphorescence (LIP) instrument
described previously (see Chapter 2), which was of similar design to that of the Madison
LIP (MADLIP) instrument (Huisman et al., 2008). The ORC® campaign discovered
average glyoxal mixing ratios ranging between 4 and 8 pptv throughout a typical 24 hour
period. However, base models, which did not include constrained acetaldehyde
concentrations, under-predicted glyoxal mixing ratios throughout both daytime and

night-time measurements, achieving a maximum of ~2 pptv during the day and <1 pptv

at night.
Glyoxal
) Observed Modelled )
Location Measurement Model Literature
) Glyoxal (pptv) Glyoxal (pptv)
Technique
Tropical T™4, Sinreich et
. MAX-DOAS ? 63+21 0
Pacific GEOS-Chem al. (2010)
Cape Grim, Lawson et
. HPLC® 207 d 2+1

Chatham Rise - al. (2015)
DSMACC ¢/ Walker et

Cape Verde LIP ¢ 56+1.0 1.1+038
Table 5.1 Comparisons of previous averaged glyoxal observations in the marine boundary layer

(MBL) compared with modelled simulations of glyoxal mixing ratios using observational constraints.
Glyoxal is consistently underpredicted by models in the MBL, indicating a missing source of glyoxal in the
MBL not currently accounted for in models.  Multi-Axis Differential Optical Absorption Spectroscopy. P
High Performance Liquid Chromatography. ¢ Laser-Induced Phosphorescence. ¢ Glyoxal mixing ratios
were calculated based on glyoxal yields reported by Fu, T.-M. et al. (2008) from measured concentrations
of known glyoxal precursors. ¢ The Dynamically Simple Model of Atmospheric Chemistry Complexity
(Emmerson and Evans, 2009) using the Kinetic PreProcessor (Sandu and Sander, 2006). f The Master
Chemical Mechanism version 3.2 (Saunders et al., 2003; Jenkin et al., 2003).
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Walker et al. (2022) include a series of increasing concentrations of acetaldehyde in
model constraints as an additional source of glyoxal, using the IJUPAC recommended
branching value of 0.05 for abstraction at the methyl site (Atkinson et al., 2006) based on
room temperature measurements by Cameron et al. (2002), who show a yield of CH3CO
from abstraction at the aldehydic site to be 0.93 + 0.18 through direct detection of CH3CO
with the pulsed laser photolysis transient absorption spectroscopy technique (described
by Bauer et al. (1998)), and Butkovskaya et al. (2004), reporting a ratio of CH>.CHO yield
of 0.05 £ 0.02 through direct detection with chemical ionisation mass spectrometry
(CIMS) measurement in a turbulent flow reactor setup. With the addition of acetaldehyde
oxidation in model simulations, there is a significantly reduced gap between daytime
measured and modelled glyoxal mixing ratios (Figure 5.1), although there remains a
sizeable disparity at night-time, where OH concentrations are much lower due to a lack
of photolytic production. The result of this is a modelled diurnal profile that does not
accurately represent current field observations with the current mechanistic

understanding.

Despite the inclusion of a methyl abstraction branching ratio of 0.05 in the acetaldehyde
oxidation mechanism (Figure 5.2) included in the Master Chemical Mechanism version
3.3.1 (MCMv3.3.1, see section 5.2.3 (Saunders et al., 2003; Jenkin et al., 2003)), there
are still significant uncertainties around this ratio and the yield of glyoxal associated with
it. Chamber studies in HIRAC with direct detection of glyoxal using a laser-induced
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Figure 5.1  Comparisons of modelled glyoxal mixing ratios (coloured) with direct
average observations (black) from the Cape Verde Atmospheric Observatory during the
Oceanic Reactive Carbon: Chemistry-Climate impacts (ORC?) campaign, showing data
from (a) 22 June to 15 July, 2014, and (b) 18 August to 15 September, 2014. The base
model, indicated in the legend, does not include any acetaldehyde constraints, showing
large under-prediction of glyoxal mixing ratios during day and night. Further model runs,
likewise indicated in the legend, used a fixed mixing ratio of acetaldehyde throughout
each simulation, showing a decrease in the gap between measured and modelled glyoxal
mixing ratios during daytime hours. Taken from Walker et al. (2022).
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Figure5.2 A schematic detailing the NOx-free reaction mechanism listed in the
MCMv3.3.1 (Saunders et al., 2003; Jenkins et al., 2003) for the OH- or Cl-initiated
oxidation of acetaldehyde. Formaldehyde, acetic acid and glyoxal are outlined as
products of interest in the analysis of Rer and other product ratios relevant for an accurate
model of acetaldehyde oxidation. The currently including branching ratio in the
MCMv3.3.1 for generation of peroxy radicals HC(O)CH200 and CH3zC(O)OOQ through
abstraction at the methyl and aldehydic hydrogen sites respectively is 5:95. Figure
reproduced from Chapter 1.

phosphorescence (GLYOX-LIP) instrument (see Chapter 2) aim to clarify the yield of
glyoxal from acetaldehyde oxidation. This chapter will investigate the reliability of
glyoxal measurements using GLYOX-LIP detection; quantitative product yields from
OH- and Cl-initiated oxidation of acetaldehyde in HIRAC; the impact of NOy
concentrations on glyoxal yields and key branching points in the oxidation mechanism;
and the significance of glyoxal losses for chamber experiments and model simulations.

5.2  Experimental Methods

5.2.1 Chamber Studies of Acetaldehyde Oxidation

A series of experiments were conducted in HIRAC initiating the oxidation of
acetaldehyde through the photolysis of OH or CI precursors. In all experiments, unless
stated otherwise, gaseous acetaldehyde (Sigma-Aldrich, ACS Reagent, >99.5%) and the

radical precursor, including primarily hydrogen peroxide (H20., Sigma-Aldrich, 50 wt.
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% in H20, stabilised), methyl nitrite (CH3ONO), synthesised prior to oxidation
experiments in the lab (see Chapter 3 for details), and chlorine gas (Cl2, BOC, N2.5) were
delivered into HIRAC, which was previously filled up to 1000 + 3 mbar pressure with a
synthetic air mixture of oxygen (O2, BOC, Industrial Grade, 99.5%) and nitrogen (N2,
BOC, O.F.N., 99.998%) at 293 + 2 K. The method of delivery typically used a vacuum
line to introduce each reactant separately into a small stainless steel vessel (1 L) up to a
known pressure measured through a pressure sensor connected to the system. The vessel
was then isolated from the vacuum line and flushed into HIRAC through a flow of
nitrogen, where the delivered concentration may be calculated from the ratio in volumes
of the two chambers. In the case of hydrogen peroxide, a small volume (typically ~1 mL)
was injected periodically with a syringe through a rubber seal in one of the side flanges
of HIRAC (see Chapter 2 for chamber details), flushing the liquid through in a stream of

nitrogen to encourage vaporisation of the hydrogen peroxide.

In all experiments, oxidative chemistry was initiated through activation of the UV lamps
in HIRAC. Dependent on the radical precursor, either the GE Optica GE55T8/HO 254
nm lamps (H20>) or the Philips TLK40W/05 black lamps (Cl2 and CH3zONO) were used.
Reactions typically proceeded for 30 — 90 minutes, dictated by the amount of
acetaldehyde removed. Loss rates, including wall loss, sampling dilution, and photolysis,
were measured both before and after reaction periods. Concentrations of reactants and
products were detected throughout each reaction using a combination of instruments,
detailed in Chapter 2, including Proton Transfer Reaction-Mass Spectrometry (PTR-MS),
Fourier-Transform Infrared (FTIR) spectroscopy, the Fluorescence Assay by Gas
Expansion (FAGE) technique, a glyoxal Laser-Induced Phosphorescence (GLYOX-LIP)

instrument, and commercial NOy and Oz analysers.

5.2.2 GLYOX-LIP Calibration

As the GLYOX-LIP instrument works through phosphorescence spectroscopy (see
Chapter 2), a technique similar to that of the fluorescence spectroscopy employed in
FAGE instruments (see Chapters 2 and 4), calibration is essential for the quantification
of glyoxal concentrations from the detected signal during oxidation reactions. Whilst LIP
instruments can be calibrated through the oxidation of acetylene, using actinometric
methods to produce a known concentration of OH in the flow, such as that described by

Walker et al. (2022), the simplest method of calibration involves a steady flow of glyoxal
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in synthetic air (BOC, Industrial Grade, 21 + 0.5% O3), diluted to ppbv mixing ratios,
through calibrated mass flow controllers (MFCs), allowing accurate determination of
flow concentrations. The GLYOX-LIP instrument can then be calibrated through the

linearly proportional equation E5.1:
Sey = CoLy[GLY] (E5.1)

Where [GLY] is the glyoxal concentration (molecule cm) flowing into the detection cell,
ScLy is the normalised phosphorescence signal (counts s* mw1) detected, and CoLy is
the established calibration factor (counts cm® molecule™ s* mW1) calculated through a
linear plot of SeLy against [GLY]. The concentration can be adjusted by altering the flow
of glyoxal through the MFC to achieve a range of experimentally relevant concentrations

required for a reliable calibration factor.

In order to conduct the calibration of GLYOX-LIP, glyoxal was first synthesised from a
stable, commercially available glyoxal trimer dihydrate (Sigma-Aldrich, >97%), as
detailed in several previous studies (Volkamer et al., 2005b; Feierabend et al., 2008;
Washenfelder et al., 2008). The solid glyoxal trimer dihydrate was mixed with solid
phosphorous pentoxide (P20s, Sigma-Aldrich, ACS reagent, >98%) of equal mass (~5 g)
and heated to ~433 K. A small flow of nitrogen was passed over the reaction mixture and
the glyoxal vapours were collected into a glass bulb submerged in a dry ice trap at 195 K
where the solid yellow glyoxal monomer formed. The glyoxal sample was subsequently
warmed to room temperature without further purification and diluted in nitrogen, and the
concentration in the bulb ([GLY] = (4.54 + 0.11) x 10'® molecule cm) was determined

through UV/visible absorption spectroscopy via the Beer-Lambert law (E5.2):

In= = oy [GLY]! (E5.2)

where In(lo/1) is the measured absorbance due to glyoxal, ocLy is the glyoxal absorption
cross-section taken from measurements by Volkamer et al. (2005b), and | is the optical
path length through the gas sample. With the known concentration, the diluted glyoxal
sample was further diluted in nitrogen into an empty cylinder by a factor of ~30, measured

132



1000 PR T T T (N T T T T N T T T T N T TR R TR N TR R SR S SRS
— JSlope: (3.14 + 0.12) x 10'*° counts cm® molecule s mw? L
; //}%< -
S 1 o :
< 800 7 -
) | EXd ///% L
(2] S
c i
= ] / .
8 600+ x B
/
3 ] Ly [
/

5 7
s 4 // F
(7))
q 400 - P -
: E //// L
oS ] d I
3 ] - % X I
= 200 - P -

] e I
£ *
o e
Z {

0 ¥——v——1

L A L L L AL B
0.0 5.0x10" 1.0x10' 1.5x10%? 2.0x10'2 2.5x10%? 3.0x10%
[GLY] (molecule cm™®)
Figure 5.3  Calibration of the GLYOX-LIP instrument showing ppbv level
sensitivity of the normalised phosphorescence signal and linearity up to at least 125

ppbv mixing ratios, suitable for glyoxal levels detected in chamber oxidation
studies.

through pressure gauges on a vacuum line, to achieve a small enough concentration
([GLY] = (1.55 + 0.04) x 10'® molecule cm™) fit for calibration at ppbv levels. A small
variable flow (2 — 20 sccm) of the dilute glyoxal mixture was passed into the main air
flow (10 slm) during the calibration procedure for 3 — 5 minute periods at each
concentration, achieving a range of mixing ratios between 12 — 124 ppbv, suitable for
concentrations observed during chamber studies. The sensitivity determined for the
GLYOX-LIP was CeLy = (3.14 + 0.12) x 10%° counts cm® molecule? st mw-* (Figure

5.3). All errors, unless stated otherwise, were determined as statistical at the 1o level.

5.2.3  The Master Chemical Mechanism Version 3.3.1

All model simulations in this study were performed with the organic chemistry oxidation
scheme detailed by the MCMv3.3.1 (Saunders et al., 2003; Jenkin et al., 2003). The
MCMv3.3.1 includes the near-explicit oxidation schemes of 143 primary emissions
species, including the biogenic species isoprene, a- and B-pinene, limonene, and

[-caryophyllene. The resultant mechanism contains ~17,000 distinct reactions between
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6,700 species consisting of both stable primary and secondary VOCs and radical
intermediates. For model simulations in this work, acetaldehyde was treated as the sole
primary VOC, and a subset of the MCMv3.3.1 involving only the initial oxidation of
acetaldehyde and its subsequent reactions was used, using a total of 45 species and 136

reactions, including 10 inorganic species and 48 inorganic reactions.

The chemical mechanism was inputted into a zero-dimensional box model using the
Kintecus software (lanni, 2019), which allowed control of parameters such as
temperature, pressure, and starting conditions including VOC precursor and NOx
concentrations, as well as the length of simulation time to match HIRAC experiment
times. Concentration time profiles of OH, Cl and NOy, where relevant, were constrained
from experimental data in the box model simulations in order to provide the most accurate
representation of VOC oxidation schemes. First order loss processes of stable species
were incorporated using experimentally determined rate coefficients, and constituted the
depletion of the relevant species concentration without a reaction step to form another
molecule, imitating dilution and surface adsorption processes within HIRAC. Photolysis
rates were separately characterised from experimental data where photolysis reactions
have already been included within the MCMv3.3.1.

5.3  OH-Initiated Oxidation

5.3.1  Kinetics Analysis

The OH-initiated oxidation of acetaldehyde was investigated over several iterations of
photolytically induced reactions at 293 K. Whilst the production of glyoxal through
oxidation is the primary focus of this study, determination of competing losses for
acetaldehyde is important for the accurate analysis of measured glyoxal yields from
acetaldehyde decomposition. Acetaldehyde is known to readily photolyse in air at
wavelengths below 337 nm (Moortgat et al., 2010), primarily producing formaldehyde,
methane, CO and CO> through reactions R5.1-9:

A<337nm

CH,CHO + hv ———— CH; + HCO (R5.1)
A<320nm

CH,CHO + hv ——— CH4CO + H (R5.2)
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A<1027 nm

CH5CHO + hv "% CH, + cO (R5.3)
CHy + 0, (+ M) — CH,0, (+ M) (R5.4)
CH,0, + HO,/RO, — HCHO + H,0 + 0, (R5.5)
HCO + 0, — CO + HO, (R5.6)
CH5CO + O, (+ M) — CH5C(0)0, (+ M) (R5.7)
CH4C(0)0, + HO,/RO, — CH;C(0)0 + OH + O, (R5.8)
CH,C(0)0 —% CH, + CO, (R5.9)

The photolysis rate of acetaldehyde in HIRAC was therefore tested under emissions from
the 254 nm lamps in the absence of any OH precursor compounds. The loss of
acetaldehyde due to all unimolecular processes, including photolysis, sampling dilution,
chamber surface adsorption and heterogeneous uptake, can be characterised by equation
E5.3:

~E = (kg + j2)[CH5CHO] (E5.3)

where —d[CH3CHQ]/dt is the loss of acetaldehyde over time, kq is the overall rate
coefficient for all first order loss processes excepting photolysis, and j; is the photolysis
rate coefficient as a function of wavelength. The integrated rate law for first order
acetaldehyde loss is then denoted by equation E5.4:

In([CH;CHO]) = In([CH3CHO],) — (kg + j)t (E5.4)

where t is time, and [CH3CHO]o is the concentration of acetaldehyde at time t =0 s. Plots
of In([CH3CHOQ]) against t can then be compared during periods where the lamps are
either activated or deactivated, with the latter naturally resulting in j, = 0 s’. As all other
loss processes are assumed to be constant throughout an experiment, the difference
between these two slopes yields the value of j; during lamp activation (Figure 5.4), and
hence during a proceeding oxidation reaction. The photolysis rate at room temperature
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[CH3CHO]o /104 . .
Run ecul , ka /10% st Kd + jo. /10% 51 1104 st
molecule cm-

1 1.06 £0.05 0.90 + 0.06 2.04+£0.19 1.14+£0.20
22 1.01 £ 0.05 0.74 £0.04 1.32 +0.02 0.58 £ 0.04
30 0.94 £ 0.05 1.17+0.10 1.83+0.03 0.66 £ 0.10
4 1.15+0.06 0.55+0.05 1.51+0.05 0.96 + 0.07
5 1.09 £ 0.05 1.01+0.04 1.85+0.03 0.84 £ 0.05
6 1.35+0.07 0.56+0.34°¢ 1.64+0.10 1.08+0.37°¢
Average - 0.76 £0.18 1.76 £ 0.11 1.00+0.21
Table 5.2 Calculated values for the photolysis rate of acetaldehyde in HIRAC under activation of

the GE Optica GE55T8/HO 254 nm lamps. Errors include 5 % uncertainty in [CH3CHO]o and statistical
error at the 1o level in kq and (kq + ji). Photolysis rate errors were propagated out from statistical errors. 2
Experiment performed at 323 K and therefore not included in the average calculation, but included for
comparison. ® Experimented performed at 348 K and therefore not included in the average calculation. ¢
Significant error due to unusually poor SNR in the PTR-MS data.
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Figure 5.4  Kinetic analysis of the first order loss processes of acetaldehyde in
HIRAC through application of the integrated first order rate law. The shaded yellow
region indicates activation of 254 nm UV lamps. First order rate coefficients include
a collective parameter, kq, including loss due to sampling dilution, chamber surface
adsorption, and heterogeneous uptake, and j;, the photolysis rate coefficient as a
function of wavelength, where the slope m = —(kq + j1). Periods where lamps are
deactivated result in j, = 0 s, thus the negative difference between these two slopes
(— (m1 —my) = 9.58 x 10° s for this experiment) gives a value for the photolysis
rate of acetaldehyde in HIRAC.
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was averaged at (1.00 + 0.21) x 10 s’ over four repeated experiments, compared with
measured kq values of (7.6 + 1.8) x 10° s (Table 5.2), and therefore, on average,
contributes a little over half of all first order acetaldehyde loss during periods of lamp

activation.

53.2 Glyoxal Yields

Oxidation of acetaldehyde was initiated through the photolysis of hydrogen peroxide
upon lamp activation as a precursor to the OH radical. Several injections of hydrogen
peroxide were typically made throughout an experiment in order to maintain OH
concentrations in the chamber (see Chapter 3), and as a result, large fluctuations in [OH]
are observed during a reaction (as seen in Figure 3.17), atypical of ambient atmospheric
conditions. However, an attempt at measuring the glyoxal yield from acetaldehyde
oxidation was made nonetheless, calculated simply through a plot of glyoxal production
against acetaldehyde loss at each time point, using the reaction initiation time point as

reference concentrations for both species.
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Figure 5.5  Calculated glyoxal yield from the OH-initiated oxidation of
acetaldehyde. Data for this yield calculation includes only the initial ~100 s of
reaction time. Data complementary to Figures 5.6 & 5.7.
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Figure 5.6  Simultaneous concentration time profiles of acetaldehyde (black),
measured with PTR-MS, and glyoxal (red), measured with GLYOX-LIP, during
OH-initiated oxidation of acetaldehyde in HIRAC. Gaps in glyoxal data
correspond to periods of offline wavelength measurement and cycling to online
wavelength measurement. Solid red vertical lines indicate points of hydrogen
peroxide injection into HIRAC. Shaded yellow regions indicate periods where
254 nm UV lamps are activated. Glyoxal data shows clear increases upon initial
oxidation of acetaldehyde, however also demonstrates swift plateauing behaviour
due to large loss rates associated with the presence of hydrogen peroxide. Data
complementary to Figures 5.5 & 5.7.

An initial yield of 0.07 £ 0.01 % was calculated (Figure 5.5), however increases in
measured glyoxal concentration plateaued in under 3 minutes (Figure 5.6) due to rapid
losses associated with the presence of hydrogen peroxide (see Chapter 3). Whilst standard
glyoxal loss processes and rates can be accounted for in model simulations using
measured rate coefficients and experimentally obtained OH constraints, attempts to
characterise the accelerated glyoxal loss driven by hydrogen peroxide have proven
unsuccessful, producing glyoxal concentration time profiles that do not resemble
experimental observation (Figure 5.7). The most probable cause of this is that the
parameter used for unimolecular glyoxal loss consists of one fixed rate coefficient,
determined experimentally both in the presence and absence of hydrogen peroxide.
However, this approach assumes that glyoxal loss is independent of both hydrogen
peroxide concentration and any aerosol content produced from the addition of water to
the system (see Chapter 3 for earlier discussion). Both of these parameters will vary
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Figure 5.7  Comparison of glyoxal data experimentally observed (black) using
GLYOX-LIP in HIRAC and simulated glyoxal data (red) using the acetaldehyde
oxidation mechanism provided by the MCMv3.3.1, with the OH concentration
constrained by experimental measurements. The initial abstraction site ratio was
adjusted from the recommended 5% at the methyl site of acetaldehyde to 0.5%, an
order of magnitude lower, in order to attain an initial glyoxal profile that most
closely resembled experimental data. Despite this, there remains large discrepancies
in the overall profile between measured and modelled data. Data complementary to
Figures 5.5 & 5.6.

significantly during the course of a reaction, and are likely to impact glyoxal loss rates,

though it is difficult to monitor this through real measurements.

In initial model simulations of glyoxal yields, the OH abstraction branching ratio at the
methyl site of acetaldehyde was adjusted from 5 % to 0.5 %, in order to achieve similar
quantities of glyoxal throughout the oxidation reaction. However, whilst the initial yield
within the first ~5 — 10 minutes demonstrated good agreement, there remained clear
discrepancy between modelled and observed glyoxal in both absolute concentrations and
the overall time profile (Figure 5.7). It is evident, then, that the balance between glyoxal
generation and removal in HIRAC was poorly represented by the MCMv3.3.1 mechanism
constrained by experimental OH concentrations. Upon formation of the HC(O)CH00
peroxy species, the key branching points affecting the rate of glyoxal formation involve
the fate of the HC(O)CH.OO radical. In the MCMv3.3.1, the primary route to glyoxal in
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NOy-free conditions (see Figure 5.2) is the reaction of HC(O)CH>00 with HO; (R5.10),
with subsequent reaction of the organic peroxide with OH (R5.11):

HC(0)CH,00 + HO, — HC(0)CH,00H + O, (R5.10)

HC(0)CH,00H + OH — CHOCHO + OH + H,O0 (R5.11)

Neither of these reactions appear to have been directly studied previously, and the rate
coefficients represent estimates based on similar categories of RO, + HO2 or ROOH +
OH reactions. One method to experimentally determine the significance of this route to
glyoxal could involve the quantification of OH recycling present in R5.11. This would be
difficult to achieve in HIRAC, however may be of benefit in future work to establish rate

coefficients and glyoxal yields through this mechanistic route.

An alternative route to glyoxal involves the reaction of HC(O)CH200 with another
peroxy species, producing glyoxal either directly (R5.12) or via glycolaldehyde (R5.13),

a direct glyoxal precursor.

HC(0)CH,00 + RO, — CHOCHO + ROH + O, (R5.12)

HC(0)CH,00 + CH;0, — HC(0)CH,0H + HCHO + 0, (R5.13)

Similarly, these reactions have not been directly studied, however comprise minor
branching fractions for the removal of HC(O)CH200 in the MVMv3.3.1. Significantly,
the accumulation of glyocolaldehyde in model simulations was too low to account for
more than ~0.2 % of glyoxal production. This was supported by a lack of evidence for
glycolaldehyde build-up in the analysis of PTR-MS data. However, in the presence of
NOxy, reaction of HC(O)CH200 with NO constitutes a significant competitor for removal
of the peroxy species, and it was hypothesised that this would impact measured glyoxal
yields through a significant change in the dominant mechanistic route. Glyoxal yields
from the OH-initiated oxidation of acetaldehyde were therefore studied under high NOx

(>5 ppbv) conditions.
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5.3.3  NOy Dependence

Although the investigation of glyoxal sources in the MBL is less relevant to conditions
with high NOx mixing ratios (>5 ppbv), the oxidation of acetaldehyde is not limited to the
MBL, and other sources of acetaldehyde include biomass burning and anthropogenic
emissions as well as emissions from decaying biomass (Millet et al., 2010), which all
occur in urban regions where NOx mixing ratios are high enough to impact the chemistry
further. Studying the oxidation reaction in conditions with NOy present can also provide
insight into branching points in the mechanism through promoting particular channels
through formation of alkoxy radicals that lead to an altered ratio of the observable
products. It is therefore expected that the peroxy radical formed upon initial hydrogen
abstraction from the methyl site will be rapidly converted to its subsequent alkoxy species
(R5.14):

HC(0)CH,00 + NO — HC(0)CH,O0 + NO, (R5.14)

Whilst most alkoxy species are known to either reaction with molecular oxygen, typically
with a rate coefficient of ~1 x 104 cm?® molecule™® s, or decompose typically into alkyl
and carbonyl substituents (Orlando et al., 2003), as discussed in Chapter 1, neither of
these processes have been directly studied for HC(O)CH2O previously. However, the
reaction of the HC(O)CH.O alkoxy species with Oz is not listed in the MCMv3.3.1,
despite being a potential source of glyoxal within the acetaldehyde oxidation mechanism
(R5.15). The only loss of HC(O)CH2O in the MCMv3.3.1 is therefore unimolecular
decomposition, which provides another source of formaldehyde instead (R5.16).

HC(0)CH,0 + 0, — CHOCHO + HO, (R5.15)

k
HC(0)CH,0 —> HCHO + HCO (R5.16)

The estimated loss rate for unimolecular decomposition of HC(O)CHO in the
MCMv3.3.1 is rapid (1 x 10° s1), and considering oxygen concentrations at standard
atmospheric pressure ([O2] = 5 x 10*® molecule cm®), removal of HC(O)CH:0 via

reaction with O to produce glyoxal should constitute a mere ~5 % of total HC(O)CH-0
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removal. It is therefore anticipated that the addition of NOy as the primary competitor to
HO, for HC(O)CH.OO removal should reduce the measured glyoxal yield from
acetaldehyde oxidation. The significance of reaction R5.11 in the overall formation of
glyoxal was investigated through comparison of the acetaldehyde oxidation mechanism

in both low- and high-NOy conditions.

Methyl nitrite was chosen as the preferred OH source for these experiments,
simultaneously providing a source of NOx and OH through photolysis (see Chapter 3 for
details) with the UV blacklamps, which have a wavelength output centred around 300 —
450 nm. An advantage of using a longer wavelength photolysis source is the reduced
photolysis rate of glyoxal. Tadic¢ et al. (2006) note a rapid decrease in absolute quantum
yield of glyoxal photolysis in 700 Torr air at wavelengths above 335 nm, based on
measurements in that work using three UV sources at 275-380 nm, 390-470 nm and 254
nm, as well as data from previously reported measurements (Calvert and Layne, 1953;
Langford and Moore, 1984; Zhu, L. et al., 1996; Chen and Zhu, 2003). These observations
were supported more recently by Salter et al. (2013), however also included an additional
quenching mechanism for all photolysis channels that lowered the overall glyoxal
photolysis rate at wavelengths between 300 — 350 nm, yet slightly elevated the photolysis
rate from previous measurements at longer wavelengths (>350 nm). Nevertheless, even
with this inclusion, the rate of glyoxal photolysis was still reduced to ~ 0 s? at
wavelengths above ~420 nm. Although photolysis likely remains a contributing factor to
the overall loss of glyoxal with activation of the blacklamps, it was assumed that this loss
rate was minimal compared with that of dilution, heterogeneous uptake and surface
adsorption. The first order glyoxal loss rate, for modelling purposes, was therefore
regarded as that measured after deactivation of the lamps and termination of OH-initiated

oxidation.

Use of the blacklamps likewise saw a reduction in acetaldehyde photolysis during
experimental procedures. The overall first order loss rate of acetaldehyde was measured
during periods where the UV blacklamps in HIRAC were activated and deactivated to
determine a photolysis rate prior to the addition of any radical precursors. As denoted in
equation E5.4 from first order rate law, the loss rate was calculated through the negative
slope of the natural logarithm of acetaldehyde concentration, measured with the PTR-
MS, over time. The first order loss rate coefficient, both in the dark and under the UV
blacklamps, was measured at &’ = (4.34 + 0.62) x 10° st and (4.11 + 0.23) x 10° s?

respectively, falling within error of each other (Figure 5.8). This strongly suggests that
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Figure 5.8 Analysis of the photolysis rate of acetaldehyde in HIRAC under the
UV blacklamps. First order rate coefficients were determined through the negative
slopes of the natural logarithm of acetaldehyde concentration over time. Measured
rate coefficients both in the dark and under activation of the blacklamps fall within
error of one another, indicating that photolysis of acetaldehyde at the longer
wavelengths is negligible compared with other loss processes in HIRAC.

any photolysis of acetaldehyde due to activation of the blacklamps is negligible compared
with other loss rates such as sampling dilution and surface wall adsorption. These
observations are likewise supported by the continued decrease of the acetaldehyde
absorption cross-section below 1 x 102 cm? molecule™ at longer wavelengths (1 > 326
nm) determinedly previously (Martinez et al., 1992). Lack of photolysis here assists in
simplifying model simulations of acetaldehyde oxidation, where the removal of
acetaldehyde constitutes the bimolecular reaction with OH at the two abstraction sites and

a dilution parameter throughout the simulation.

A further simplification of model simulations comes from the ability to produce
consistent OH concentrations through the photolysis of methyl nitrite compared with that
of hydrogen peroxide (see Chapter 3 for details). As aforementioned, due to the
requirement of several injections of hydrogen peroxide solution over the course of a
reaction, large variations in OH concentration as a result can be detrimental in
reproducing yields observed in experiment, previously seen in Figure 5.7. However, a
single delivery of methyl nitrite prior to reaction initiation is sufficient for the consistent
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Figure5.9  FAGE measurements of OH concentration in HIRAC generated
through the photolysis of methyl nitrite in the presence of ppmv levels of
acetaldehyde. Concentrations produced are consistent over a long period of time
(~60 minutes), with a steady decline as methyl nitrite in HIRAC is depleted. Gaps
in the data occur as a result of the FAGE instrument cycling ‘offline’ every few
minutes to measure the baseline fluorescence signal. Data complementary to
Figures 5.10 & 5.11.

generation of OH throughout a 60 — 90 minute reaction, as observed through FAGE
measurements (Figure 5.9). Although the OH concentration undergoes a steady decline
as methyl nitrite in the chamber is depleted, the change in concentration is much smaller,
and therefore easier to reproduce in models, obtaining glyoxal yields that are more

consistent with experimental measurements.

Oxidation of acetaldehyde in air using methyl nitrite as an OH precursor produced
detectable concentrations of glyoxal (ppbv mixing ratios), showing a steady increase over
time as acetaldehyde was depleted (Figure 5.10). A much clearer alignment of glyoxal
production with acetaldehyde removal was achieved through this method, and the
measured glyoxal yield from this reaction was indeed smaller than that determined under
NOx-free conditions. A simple plot of glyoxal production against acetaldehyde removal
revealed a glyoxal yield of ~0.06 %, calculated over a wider range of concentrations than
previously shown (Figure 5.11). Three glyoxal yields measured from the OH-initiated
oxidation of acetaldehyde in high-NOx conditions demonstrated an average yield of 0.06
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Figure 5.10 Measured production of glyoxal (red) concurrent with the removal of
acetaldehyde (black) through OH-initiated oxidation following the photolysis of
methylnitrite. The yellow shaded region indicates activation of the UV blacklamps in
HIRAC, triggering methylnitrite photolysis. Data complementary to Figures 5.9 &
5.11.

+ 0.01 %, where the error was calculated as the standard deviation of the yield values to

the 26 level.

Direct model comparisons with the experimental yield in the presence of NOy cannot be
guaranteed due to a lack of detectable NO concentrations in HIRAC during the oxidation
reaction for model constraints. However, estimating steady state conditions of NO and
NO: at a fixed 5 ppbv mixing ratio in model runs indicates the potential importance of
the alkoxy reaction (R5.16). Inclusion of this reaction in the mechanism, in addition to
the reaction scheme already listed by the MCMv3.3.1, increased glyoxal production by
~25 %, bringing glyoxal concentrations closer to observed values from experiment under
the 0.5 % initial branching abstraction at the methyl site used in the NOx-free model. It
should be noted, however, that this inclusion resulted in an initial yield of ~0.25 %
followed by a steady decline in glyoxal concentration, unlike the time profile observed in
experiment. Nevertheless, the lower glyoxal yield measured in high-NOx conditions
indicate that production of glyoxal through HC(O)CH,O0 + HO; (R5.10 & R5.11) is
significantly inhibited where conversion to the alkoxy radical through reaction with NO
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Figure 5.11 The glyoxal yield from the OH-initiated oxidation of acetaldehyde
in the presence of NOy. The yield was measured at ~0.06 % over a wide range of
concentrations, demonstrating consistency in glyoxal yield over time. Data
complementary to Figures 5.9 & 5.10. Dataset forms one of three glyoxal yields
measured through methylnitrite photolysis, averaged at 0.06 £ 0.01 %, where the
error is taken as the standard deviation of the three values to the 2c level.

is instead favoured. The significance of glyoxal production through reaction R5.16 has

been further investigated in section 5.4.2.

Whilst these preliminary findings have limitations in attempts to compare glyoxal yields
both with and without NOy present due to both a lack of model constraints and a change
in multiple conditions, they do provide an incentive for further investigation. The
oxidation of acetaldehyde by Cl atoms was therefore undertaken instead, allowing a more
direct comparison of glyoxal yields under the two mechanisms to analyse the impact of

key branching points in the absence and presence of NOx.

5.4  Cl-Initiated Oxidation

The Cl-initiated oxidation of acetaldehyde has been investigated in a number of previous

studies, using several techniques including relative rate studies (Niki et al., 1985b;

Scollard et al., 1993), discharge flow with mass spectrometric detection (Bartels et al.,

1989), flash photolysis-resonance fluorescence (Payne et al., 1990; Tyndall et al., 1999),
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and tunable diode laser absorption spectroscopy (Kegley-Owen et al., 1999; Seakins, P.
W. et al., 2004). Measurement of the bimolecular rate coefficient for the oxidation of
acetaldehyde via chlorine atoms (R5.17a, b), ks.17, shows good agreement across these
studies, with Tyndall et al. (1999) presenting a recommended value with a 95 %
confidence limit of ki = (7.8 + 1.3) x 10°** cm® molecule™ 2, derived from a combination

of findings in both that work and an evaluation of the literature available.

CH;CHO + Cl — CH,CO + HCl (R5.17a)

CH5;CHO + Cl — CH,CHO + HCl (R5.17hb)

Whilst most of these studies do not address the abstraction of a hydrogen at the methyl
site, focusing primarily on the overall rate coefficient and the yield of vibrationally
excited HCI, Bartels et al. (1989) indicate a branching ratio of at least 93 % at the
aldehydic site, although a more exact quantity was not determined. An abstraction ratio
of <7 % at the methyl site is therefore reasonably consistent with the purported 5 % ratio
from OH-initiated oxidation, and provides a good substitute for measurement of glyoxal
yields from acetaldehyde oxidation.

Chlorine atoms were generated through the photolysis of molecular chlorine in HIRAC
(see Section 5.2.1 for further experimental details). Due to the broad peak in the
absorption cross-section of Clz ranging between 275 — 400 nm, as demonstrated by Maric
etal. (1993) alongside several other studies (Gibson and Bayliss, 1933; Seery and Britton,
1964; Burkholder and Bair, 1983), the blacklamps were again chosen as the photolysis
source. Similarly to methylnitrite photolysis, use of the blacklamps, rather than the shorter
wavelength GE Optica 254 nm lamps, is advantageous in the minimisation of
acetaldehyde and glyoxal photolysis, reducing mechanism complexity and glyoxal loss
in the system. However, glyoxal removal via bimolecular reaction with Cl atoms must
also be characterised in order to accurately determine glyoxal yields through Cl-initiated
oxidation. The bimolecular rate coefficient for reaction of glyoxal with Cl was therefore

investigated prior to study of acetaldehyde oxidation.
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5.4.1 Bimolecular Reaction of Glyoxal with Atomic Chlorine

The bimolecular rate coefficient, ks.1s, for the reaction of glyoxal with atomic chlorine

(R5.18) has not received any appreciable attention in previous studies.

CHOCHO + Cl — CHOCO + HCl (R5.18)

Although the work of Niki et al. (1985a) reports a value of ks1s = (3.8 + 0.3) x 10 cm?®
molecule™ s, there are no other literature values to compare agreement or discrepancy,
and the reliability of a single measurement ought to be reinforced. It seemed therefore
prudent to undertake a measurement in this work as a comparison against the literature
and a value for use in model simulations of Cl-initiated oxidation. However, due to the
HIRAC facility lacking the instrumentation for detection of Cl atoms (see Chapter 2 for
details on instrumentation), a relative rate method was chosen for the quantification the

bimolecular rate coefficient Kks.1s.

Despite previous extensive study, acetaldehyde could not be used as a reference
compound for a relative rate study with glyoxal due to production of glyoxal through
acetaldehyde oxidation, therefore methanol was chosen instead. The oxidation of
methanol via Cl has received some attention in past works (Table 5.3), with an overall
bimolecular rate coefficient, ks.19, for channels R5.19a and R5.19b measured to a good
agreement at 298 K through methods of flash photolysis-resonance fluorescence (Michael

et al., 1979); relative rate with cyclohexane (Nelson et al., 1990); fast flow Laser

Detection Technique Ks.19 /10t cm® molecule™ s Literature

FP-RF 2 6.33+£0.70 Michael et al. (1979)

RR?® 4,79 £0.36 Nelson et al. (1990)

Fast Flow LMR-EPR © 6.14 + 0.66 DGbé et al. (1993)
IR DLAS ¢ 5.83+0.77 Seakins et al. (2004)
IR Chemiluminescence 5.38 +0.25 Seakins et al. (2004)

5.69 £0.59 ¢
Table 5.3 Previous literature values on the measured rate coefficient for the reaction of CHsOH

with Cl (ks19), and their associated detection techniques. @ Flash Photolysis-Resonance Fluorescence. °
Relative Rate. ¢ Fast Flow Laser Magnetic Resonance-Electron Paramagnetic Resonance. ¢ Infrared Diode
Laser Absorption Spectroscopy. ¢ Averaged ksi9 with an associated error propagated from previous
experimental errors.
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Magnetic Resonance-Electron Paramagnetic Resonance detection (Débé et al., 1993);
and both IR diode laser absorption spectroscopy and IR chemiluminescence (Seakins, P.
W. et al., 2004).

CH;0H + Cl — CH,0 + HCl (R5.19a)

CH;0H + Cl — CH,OH + HCl (R5.19b)

An average rate coefficient, ks 10 = (5.69 % 0.59) x 101! cm® molecule s, was calculated
from these studies for use as a reference rate (Table 5.3), in agreement with the value
recommended by (Tyndall et al., 1999), based on a similar evaluation of the literature, of
ksio = (5.4 = 0.9) x 10 cm® molecule? s. Oxidation of methanol has been
demonstrated as selectively proceeding through channel R5.19b (DAbé et al., 1994), with
near unity yield of hydroxymethyl (CH>OH) radicals, primarily producing formaldehyde

through reaction R5.20, with no possible mechanistic routes to the formation of glyoxal.
CH,0H + 0, — HCHO + HO, (R5.20)

The relative rate between methanol and acetaldehyde in HIRAC was determined to
compare with previously attained literature values as a measure of data quality prior to a
relative rate with glyoxal. Methanol and acetaldehyde were delivered into HIRAC in
similar quantities (~1 — 5 ppm) in 1000 mbar air mixture, attempting to avoid the issue of
rapid depletion of one species over the other. Assuming that reaction with Cl atoms is the
dominant source of removal for both acetaldehyde and methanol and any dilution term is
negligible, integrated rate law can be formulated as in equation E5.5, the derivation of
which is detailed by Atkinson (1986):

[CH3CHOJ]o\ _ Ks17 [CH30H]o
ln([CH3CHO]t) " ksqo ln([CH3OH]t) (ES.5)

where [CH3CHO]o and [CH3OH]o are the concentrations of acetaldehyde and methanol
respectively at time t = 0, and [CH3CHOJ: and [CH3OH]: denote the concentrations of
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Figure 5.12 A relative rate plot for the Cl-initiated oxidation of methanol and
acetaldehyde detected using PTR-MS. The slope of the plot is equal to the ratio
of bimolecular rate coefficients ksi7/ksi9, with ksi7 representing the rate
coefficient for reaction of Cl with acetaldehyde and ks.19 representing the rate
coefficient for reaction of Cl with methanol.

acetaldehyde and methanol at time t. Time t = 0 was chosen as the point at which
oxidation of both species was initiated through the generation of Cl atoms upon activation
of the blacklamps. From equation E5.5, a plot of In([CH3CHO]o/[CH3CHO]:) against
In([CH3OH]o/[CH30H]y) therefore yields a slope with the ratio ksi7/ks1e. With this
method, a ratio of ks17/ks19 = 1.51 + 0.04 was found using PTR-MS measurements of
both acetaldehyde and methanol at m/z = 45.05 and 33.04 respectively (Figure 5.12). This
value is in excellent agreement with those reported by (Tyndall et al., 1997), undertaking
a brief pressure-dependent relative rate study between acetaldehyde and *3C-methanol,
stating ks.17/ks.19 = 1.5 and 1.6 in 700 Torr N2 and O respectively. Based on the averaged
ks19 = (5.69 + 0.34) x 10™* cm® molecule® s stated previously, the recommended
bimolecular rate coefficient for oxidation of acetaldehyde via ClI in this study is ks17 =
(8.74 + 0.52) x 10 cm® molecule® s?, in reasonable agreement with the value

recommended by Tyndall et al. (1999) of ks17 = (7.8 + 1.3) x 10! cm® molecule™ s,

Upon establishing the bimolecular rate coefficient for acetaldehyde, a relative rate with

methanol and glyoxal was performed in HIRAC. The relative rate was conducted in 1000

mbar air mixture as before. Glyoxal was synthesised as described in Section 5.2.2 and
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Figure 5.13 A relative rate plot for the Cl-initiated oxidation of methanol and
glyoxal, detected using FTIR spectroscopy and GLYOX-LIP respectively. The
slope of the plot is equal to the ratio of bimolecular rate coefficients ks 18/ks.19, with
ks.1g representing the rate coefficient for reaction of Cl with glyoxal and ks.19
representing the rate coefficient for reaction of Cl with methanol.

diluted to ~30 % in nitrogen prior to delivery into HIRAC. In this instance, methanol was
detected using FTIR spectroscopy, and was monitored through the intensity of the peak
centred at 1033 cm™, where there was no overlap with the absorption spectra of glyoxal
or any reaction products. Glyoxal was detected using the GLYOX-LIP instrument, and
the phosphorescence data, collected every 1 s, was averaged out over 42 s to match the
temporal resolution of the FTIR spectra. The relative rate ratio, ks 1s/ks 19, was determined

through equation E5.6:

[CHOCHO]o\ _ ks.1s [CH30H],
ln([CHOCHO]r) " ksao ln([CH30H]t) (E5.6)

where [CHOCHO]o and [CHOCHO]: are the concentrations of glyoxal at time t = 0 and
time t, respectively. As before, time t = 0 was taken as the point at which the reaction was
initiated through the generation of Cl atoms upon activation of the blacklamps. Relative

first-order loss rates for methanol and glyoxal were determined prior to lamp activation
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to determine whether corrections were needed for the bimolecular relative rate calculation
due to significantly higher glyoxal loss. However, first-order losses were determined to
be within 10 % of one another, and were therefore treated as equivalent for the purposes
of bimolecular relative rate calculations. The relative rate ratio was then calculated from
the slope of a plot of In([CHOCHO]o/[CHOCHOY]y) against In([CH3OH]o/[CH30H]y),
showing ks.1s/ks19 = 0.91 £ 0.01 (Figure 5.13). The bimolecular rate coefficient for
reaction of glyoxal with Cl from the relative rate in this study is therefore determined as
ks1s = (5.21 % 0.36) x 101t cm® molecule s, This relative rate value is significantly
higher than the value previously determined by Niki et al. (1985a) of ks 1 = (3.8 £ 0.3) x
10t cm® molecule™ s through FTIR detection of a relative rate study with formaldehyde
as a reference compound. The impact on modelled simulations of Cl-initiated
acetaldehyde oxidation will therefore result in a much slower growth of glyoxal due to

faster removal rates.

54.2 Glyoxal Yield Comparison

The glyoxal yield from the Cl-initiated oxidation of acetaldehyde was measured in
HIRAC at room temperature (293 K) across four data sets (Table 5.4) to examine the
consistency of results. In all experiments, initial acetaldehyde mixing ratios were kept
within the range of 2 — 4 ppmv, and chlorine gas was delivered in approximately equal
proportions to acetaldehyde to ensure sufficient removal of acetaldehyde in yield

measurements. As before, acetaldehyde concentrations were monitored through PTR-MS

Run [CH3CHO]Jo /1078 [Cl2]o /10713 [Cl]av /10 atom Very
molecule cm molecule cm™® cm®
1 8.68 £ 0.43 7.31+£0.37 9.7+17 0.14+0.01 %
2 11.43 £0.57 35.27+1.76 455+0.8 0.12+0.01 %
3 8.65+0.43 4.61+0.23 42+0.6 0.13+0.01 %
4 6.16 £ 0.31 6.15+0.31 6.6 +1.5 0.13+0.01 %
Average 0.13+£0.02 %
Table 5.4 The set of experimental conditions used for the Cl-initiated oxidation of acetaldehyde in

HIRAC, alongside the measured glyoxal yield for each run, showing little difference in yield with the
variation in initial conditions. Errors for initial acetaldehyde and Cl, concentrations were given as 5 %.
Averaged Cl atom concentrations were calculated from the acetaldehyde decay observed through PTR-MS
detection, with errors calculated as the standard deviation to 2¢ of the Cl data.

detection, whilst glyoxal was detected with the GLYOX-LIP instrument, with resulting
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data represented in Figure 5.14. The glyoxal yields, calculated from the slope of glyoxal
production against acetaldehyde removal (Figure 5.15), showed excellent reproducibility,
with an average yield of 0.13 + 0.02 %, where the error was propagated from all yield

measurement errors.

Whilst the glyoxal yield determined through Cl-initiated oxidation is similar to that of
OH-initiated oxidation (see Figure 5.5), the data are much more consistent over a wider
concentration range throughout Cl-initiated reactions. However, loss rates for glyoxal
during Cl-initiated reactions are smaller, and a higher yield might therefore be expected.
From the relative rate studies in this work, the ratio for removal of acetaldehyde and
glyoxal via ClI was indirectly determined to be ksi7/ks1s = 1.68, similar to the ratio of
removal via OH, however the first order loss of glyoxal through dilution, photolysis and
heterogeneous uptake was measured as kg = (1.98 + 0.28) x 10 s, as much as an order
of magnitude lower than measured when using hydrogen peroxide as a precursor to OH
molecules. The lower glyoxal loss rate was therefore included in model simulations of

glyoxal yields from Cl-initiated acetaldehyde oxidation.
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Figure 5.14 Detection of acetaldehyde and glyoxal through PTR-MS and GLYOX-
LIP respectively during the Cl-initiated oxidation of acetaldehyde in HIRAC. Scales
for concentrations of acetaldehyde and glyoxal differ. The bold green line represents
the introduction of gaseous chlorine into the chamber, and the yellow shaded region
indicates activation of the UV blacklamps, generating Cl atoms through the photolysis
of Cl> to initiate the reaction. Data complementary to Figures 5.15 & 5.16.

153



Model simulations of the Cl-initiated oxidation of acetaldehyde were undertaken using
constrained Cl atom concentrations calculated through employing the VOC decay method
(see Chapter 4) on measured acetaldehyde data (Figure 5.14) with equation E5.7:

d[CH3CHO]
_ dt _ k
( [CH5CHO], d)
[Cl]; = ks 17 (E5.7)

where [Cl]: is the concentration of chlorine atoms at time t, -d[CH3CHO]/dt is the negative
slope of acetaldehyde concentration against time, calculated using a window of 10 data
points around time t, [CH3CHO]: is the concentration of acetaldehyde at time t, kq is the
rate coefficient for all unimolecular loss processes of acetaldehyde, including sampling
dilution, heterogeneous surface adsorption and photolysis, and ks 17 is the bimolecular rate
coefficient for removal of acetaldehyde via reaction with Cl, as detailed above. Average
ClI concentrations during each experiment are reported in Table 5.4 above, and remain

proportionally consistent to the initial concentration of Cl; gas delivered into HIRAC.

It should be noted that calculation of Cl concentrations using this method assumes that
removal of acetaldehyde via reaction with OH is negligible. However, small quantities of
OH (~10% molecule cm=) were accumulated during model simulations of Cl-initiated
acetaldehyde oxidation, primarily through RO, + HO: reactions (R5.21) and the
generation of glyoxal through oxidation of the organic hydroperoxide species
HC(O)CH200H (R5.22):

RO, + HO, — RO + OH + 0, (R5.21)

HC(0O)CH,00H + Cl — CHOCHO + HCI + OH (R5.22)

However, as no OH signal was observed through FAGE measurements to be used in
model constraints and Cl concentration calculations, OH concentrations were fixed to 0
throughout model simulations in order to simplify accurate replication of acetaldehyde
removal, justified on the basis that little difference was observed in modelled product

formation ratios between OH- and Cl-initiated oxidation.
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Figure 5.15 The glyoxal yield from the Cl-initiated oxidation of acetaldehyde

corresponding to the data shown in Figures 5.14 & 5.16. The GLYOX-LIP data

were averaged over 10 s to match the temporal resolution of the PTR-MS detection

of acetaldehyde concentrations. The yield shown is calculated merely from the

slope of glyoxal production against acetaldehyde removal.
Through the constraint of calculated experimental Cl concentrations and the previously
determined bimolecular rate coefficients, ks.17 and ks.1s, the modelled glyoxal yield was
compared with experimental observations to examine the mechanism for glyoxal
formation. In a simplified analysis, an initial branching ratio for H-abstraction at the
methyl site of 0.5 % was used, and a remarkably close agreement was found between
measured and modelled glyoxal production (Figure 5.16). It therefore appears
increasingly evident that the production of glyoxal through acetaldehyde oxidation,
despite accounting for typically higher glyoxal loss rates, is significantly smaller than the
current MCMv3.3.1 mechanism suggests. However, further mechanistic tests were
undertaken to examine the effects of varying the concentrations of O, and NOy, in order
to analyse the potential impact of alkoxy chemistry through the hypothesised reaction
R5.15 (see Section 5.3.3).
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Figure 5.16  Comparison of measured (solid line) and modelled (dashed line)
acetaldehyde (black) and glyoxal (red) observations from the Cl-initiated
oxidation of acetaldehyde in HIRAC. Model Cl concentrations were constrained
from experiment, calculated through the VOC decay method, to replicate the
removal of acetaldehyde. The initial branching ratio for abstraction at the methyl
site was set to 0.5 %, producing a modelled glyoxal yield with excellent
agreement to GLYOX-LIP measurements from experiment. Data complementary
to Figures 5.14 & 5.15.

5421 O, Dependence

As previously stated, the reaction of the alkoxy species, HC(O)CH-O, generated through
initial abstraction at the methyl site of acetaldehyde, with O2 (R5.15) is not included
within the MCMv3.3.1 mechanism for acetaldehyde oxidation, instead favouring rapid

unimolecular dissocation to produce formaldehyde (R5.16):

HC(0)CH,0 + 0, — CHOCHO + HO, (R5.15)

k
HC(0)CH,0 —> HCHO + HCO (R5.16)

As a potentially significant source of glyoxal in the acetaldehyde oxidation mechanism,
the exclusion of reaction R5.15 deserves further investigation. Experiments were
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therefore conducted to observe the effect on glyoxal yield of varying the O, content in
the HIRAC bath gas mixture to 50 % and 5 %. It was hypothesised that, should reaction
R5.15 prove sufficiently competitive with reaction R5.16, an order of magnitude increase
in oxygen concentration would noticeably increase the glyoxal yield observed from

acetaldehyde oxidation.

It must here be noted that the method of detection used for observations of glyoxal in
HIRAC, namely laser-induced phosphorescence, relies on a calibration performed at a
particular ratio of N2:0. to account for the subtraction of background signal in the
phosphorescence decay profile for each data point (see Section 5.2.2 & Chapter 2).
Altering this ratio results in an altered quenching rate coefficient, kq, for glyoxal
phosphorescence in the triplet state (3A.), which subsequently affects the
phosphorescence lifetime and hence the background signal to be subtracted. The
GLYOX-LIP calibration performed under standard air mixture conditions, and the
attained phosphorescence calibration factor, CeLy, therefore become invalid at altered
bath gas ratios. However, whilst additional calibrations were not undertaken at the altered
bath gas ratios used in acetaldehyde oxidation studies, the quenching effect of oxygen on
glyoxal phosphorescence has been previously measured (Yardley, 1972), stating a
quenching rate coefficient of koo = (3.0 = 0.1) x 10° s* Torrl. A corrected
phosphorescence decay rate, keLy, can therefore be calculated at various bath gas ratios

using equation E5.8:

key = kraa + kqo0, Po, + KqcLy PeLy (E5.8)

where kiad is the collision-free phosphorescence decay rate, kqcLy is the phosphorescence
quenching rate coefficient due to self-collision, and po2 and peLy are the pressures of O
and glyoxal respectively inside the detection cell, calculated as a percentage of the total
cell pressure (typically ~100 Torr). Both krag = (3.04 + 0.10) x 102 s and kqcLy = (1.16
+ 0.10) x 10* s Torr? were likewise taken from the work of Yardley (1972). The
phosphorescence decay curve can then be calculated through an exponential fit (Figure

5.17) using the decay rate at various oxygen ratios through equation E5.9:

Sy = Sy e kauyt (E5.9)
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Figure 5.17  The calculated phosphorescence decays of the glyoxal triplet 2A,
state at various proportions of oxygen within an O2:N2 bath gas mixture in a 100
Torr detection cell. Depicted are the decays at O pressures of 0 Torr (black), 1
Torr (red), 5 Torr (blue), 20 Torr (green [standard]), 50 Torr (purple), and 100
Torr (gold). Glyoxal pressure was maintained at 20 pTorr in all calculations for
self-collisional quenching correction. An arbitrary signal of So = 100 counts was
chosen for ease of interpretation and analysis. Displayed are the A (blue shaded
region) and B (red shaded region) gates that would be measured by the GLYOX-
LIP instrument in determining the background subtracted counts, calculated
cumulatively by counts in A — B/n, where n is the number of 30 us ‘bins’ in the
B gate.

where St is the phosphorescence signal at time t and Sp is an arbitrary phosphorescence
signal at time t = 0. The number of background subtracted counts must first be calculated
through integration of the resulting phosphorescence decay within the A gate (0 — 30 ps)
and B gate (50 — 140 ps) (see Figure 5.17) using equation E5.10:

Background subtracted counts = A — (E5.10)

S|wm

where A and B are the cumulative number of counts in the A and B gates respectively,

and n is the number of 30 ps ‘bins’ within the B gate. The proportional change in

background subtracted signal from a standard 20 % O air mixture was then calculated
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Figure 5.18 The glyoxal yield from the Cl-initiated oxidation of acetaldehyde in
a 50:50 mixture of O2:N.. Glyoxal concentrations were determined through an
applied correction factor to CoLy, measured at a standard air mixture of 20:80
0O2:N2, based on calculations from the difference in integrated phosphorescence
decays under both sets of conditions.

and applied as a correction factor for CeLy in calculation of glyoxal concentrations from

normalised phosphorescence signal.

With the appropriately applied correction factors, glyoxal yields were measured from
Cl-initiated acetaldehyde oxidation in both 5:95 and 50:50 ratios of O2:N bath gas. The
glyoxal yield at a 50 % oxygen ratio was measured at 0.11 + 0.02 % (Figure 5.18), and
indeed falls within error of the measured yield in a standard air mixture. The lack of
increase in yield at a much greater O, concentration strongly suggests that reaction of
HCOCH-0 with O (R5.15) either does not occur or is negligible at room temperature
compared with the unimolecular dissociation of the alkoxy species. In support of this
conclusion, the yield at a lower O ratio of 5 % was measured at 0.16 + 0.02 %, again
within the margin of error for the yield in a standard air mixture, and greater than the yield
at 50 % O». Although any trend in O2 dependence of glyoxal yield is relatively small, it
appears clear that any increase in Oz concentration does not impact the glyoxal yield
positively, and thus suggests that the formation of glyoxal from the oxidation of the
alkoxy species, HCOCH?O, is insignificant. The rate coefficient for unimolecular
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dissociation in the MCMv3.3.1 is estimated at ks.16 = 1 x 10° s}, and RO + O bimolecular
rate coefficients are typically consistent at 1 x 104 cm® molecule® s™. Therefore an
increase in Oz content from 5 % to 50 % under these estimations would increase the
fraction of alkoxy removal via reaction with Oz from 1.25 % to 12.5 %. This should result
in a significant increase in glyoxal yield which is not evidenced by experimental
observation, even with the slower conversion of HC(O)CH>0O0 to HC(O)CH-O in the
absence of NOx. However, whilst the evidence shown is seemingly in support of the
assumption in the MCMv3.3.1 that reaction R5.15 is negligible, further evidence was
sought in the addition of NOy to the chamber under Cl-initiated oxidation conditions,
promoting the conversion of the peroxy HCOCH>OO species into its subsequent alkoxy
species, as in reaction R5.14 (see Section 5.3.3).

5.4.2.2 NOy Dependence

An increased reaction rate for the bimolecular reaction between HCOCH20O and O>
(R5.15) at a constant temperature can be achieved by increasing the concentration of
either of the substituents. Whilst an increase in Oz was specifically designed to increase
the reaction rate of R5.15, an increase in HCOCH2O concentration will accelerate the
rates for both R5.15 and the unimolecular dissociation of HCOCH20 (R5.16). However,
it may still be expected that if R5.15 is competitive enough with R5.16 in the oxidation
mechanism, an increase in reaction rate for R5.15 will regardless result in an increased
glyoxal yield. This would only be the case in the event that an increase in glyoxal
production via reaction R5.15 is not overly to the detriment of glyoxal production through
alternative routes involving HO2 and RO: reactions, which would simultaneously be
inhibited by the introduction of NOx to the system.

Model predictions for the production of glyoxal from a set acetaldehyde concentration
and constrained Cl and NOx concentration profiles at varying ratios of ks 15[O2]:Ks.16
between 1:1 and 1:20 were simulated, where ks 15 is the bimolecular rate coefficient for
reaction R5.15, and ks.16 is the unimolecular rate coefficient for decomposition reaction
R5.16 (Figure 5.19). A significant difference in the glyoxal production profile is the initial
growth within the first ~20 minutes. At smaller ratios of ks 15[ O2]:ks 16, where bimolecular
removal of HCOCH:O via O is far less significant, the production of glyoxal observes
an apparent delay before the yield increases. It is therefore postulated that in order for the

presence of NOx to increase the yield of glyoxal through acetaldehyde oxidation, the
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Figure 5.19 Predictions of glyoxal production from the Cl-initiated oxidation
of acetaldehyde ([CH3CHO]o = 7.75 x 10'® molecule cm®) under constrained ClI
and NOy concentration profiles. Model standards were achieved under NOy-free
conditions (black) and inclusion of NOx without activation of the bimolecular
reaction (R5.11) of HCOCH20 with Oz (gold). The remaining glyoxal profiles
depict the predicted production under differing ratios of ks.11[O2]:ks.12 where ks 11
is the bimolecular rate coefficient for reaction R5.11 and ks 12 is the unimolecular
rate coefficient for dissociation of HCOCH20 (R5.12). The ratios used in model
simulations are 1:1 (red), 1:2 (blue), 1:5 (green), and 1:20 (purple). Decreasing
ratios, indicating a smaller significance of bimolecular reaction R5.11, are
increasingly detrimental to the observed glyoxal yield.

bimolecular reaction R5.15 ought to be significant enough that the ratio of ks.15[O2]:Ks.16
is at least as great as 1:2. This would seem to require either a significantly increased rate

for ks.15 or conversely, a significantly decreased rate for ks 16, than currently included in
the MCMv3.3.1.

The introduction of NOy to Cl-initiated acetaldehyde oxidation in HIRAC was achieved
merely through the addition of nitric oxide (BOC, N2.8 Grade NO) dilute in nitrogen (N2,
BOC, O.F.N., 99.998%). Initial mixing ratios of NO ranged between ~100 — 150 ppbv,
and very swiftly reached a steady state during ongoing reaction at ~0.5 ppbv, being
rapidly converted into NO- through reaction with RO2 and HO; radicals. Experiments
were conducted as before, with the generation of Cl atoms through UV photolysis of
molecular chlorine gas upon activation of the blacklamps, and the generation of glyoxal
was observed through GLYOX-LIP measurements alongside the removal of acetaldehyde

through PTR-MS detection. Throughout these experiments, both NO and NO:
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Figure 5.20 A comparison of modelled predictions (dashed line) with direct
experimental observations (solid line) for glyoxal (coloured) generation from the Cl-
initiated oxidation of acetaldehyde (black). Model simulations are constrained
through experimental measurements of NO and NO- via a commercial NOx analyser,
and calculated Cl atom concentrations obtained through PTR-MS detection of
acetaldehyde. Comparisons were made by altering the bimolecular rate coefficient,
ks.1s, for reaction of HCOCH.O with O, ranging between 0 (blue) and 5.0 x 10
cm?® molecule s (orange). A best fit was found with ks1s set to 1.0 x 10" cm?®
molecule™ s (green), closely following the inhibited glyoxal production within the
first ~10 minutes prior to reaching a NOy steady state, as well as the increased yield
for the remainder of the reaction.
concentrations were monitored through the use of a commercial NOyx analyser (Thermo
Environmental Instruments Model 42C Chemiluminescence NO-NO2-NOy Analyser, see
Chapter 2 for further details), and the recorded data were used in model constraints for
simulating acetaldehyde oxidation. Concentrations of Cl atoms were calculated as before

(E5.7), and likewise used to constrain model simulations.

Predicted glyoxal generation from acetaldehyde oxidation was compared with measured
GLYOX-LIP data through the alteration of the bimolecular rate coefficient, ks.1s, for
reaction of HCOCH20 with O (Figure 5.20). Due to the exclusion of this reaction in the
MCMv3.3.1, a scenario where ks1s = 0 cm® molecule™ s was included in comparisons.
The model was then tested through varying the rate coefficient in the range of ks.15 = (1 —

5) x 10 cm® molecule™ s. It was found that the most accurate glyoxal concentration

162



profile was obtained through inclusion of the reaction at ks 15 = 1.0 x 10** cm® molecule™
s1, following both the inhibition of glyoxal growth within the first ~10 minutes, prior to
reaching steady state conditions with NO and NO., as well as the subsequent increase in

yield for the remainder of the reaction.

Complete exclusion of reaction R5.15 from the mechanism underestimated glyoxal
production primarily due to the lack of increase in glyoxal during the period before a NOx
steady state was reached, highlighting a slight inaccuracy in the mechanism. However,
with the assumption made in the MCMva3.3.1 for the rate of unimolecular decomposition
of HCOCH:0, ks1s = 1.0 x 10° s, a value of ks1s = 1.0 x 10"** cm® molecule? s7,
consistent with earlier predictions and other RO + O rate coefficients, determines the
ratio of ks 15[O2]:ks.16 at 1:20, where, at a standard pressure of 1000 mbar, [O2] = 5.0 x
10'® molecule cm. The difference in glyoxal yield at atmospherically relevant
concentrations, particularly in the absence of NOx where glyoxal production is dominated
by HO, and RO: reaction routes, is therefore negligible. Indeed, the glyoxal yield
measured under high-NOx conditions in this work, averaged across three datasets, was
YLy = 0.10 + 0.03 %, where the error given is the standard deviation of the three yield
values to the 2o level. This is a slight decrease from the observed YgLy under NOy-free
conditions (0.13 + 0.02 %, see Table 5.4), further supporting the dominant route of
decomposition from the HCOCH:O alkoxy species by the inhibition of glyoxal

generation in the presence of NOy.

5.5 Conclusions and Future Work

Glyoxal yields have been investigated following both the OH- and Cl-initiated oxidation
of acetaldehyde in an attempt to account for the discrepancy observed between glyoxal
observations in the MBL and model predictions through constrained data (Walker et al.,
2022). It is unclear whether previous recommended branching fractions for H-abstraction
at the methyl site of acetaldehyde, 5 % from OH-initiated oxidation (Butkovskaya et al.,
2004) and <7 % from Cl-initiated oxidation (Bartels et al., 1989; Cameron et al., 2002),
are supported by glyoxal yield observations in this work, due to no direct measurements
of the peroxy species CH3C(O)OO0 or HC(O)CH.OO0. However, low yield measurements
of Yoy = 0.12 £ 0.03 %, in combination with model simulations predicting glyoxal
production using species constraints, do indicate uncertainties in the fate of

HC(O)CH.0O, both in the case of OH- and CI- initiated oxidation. Direct RO>
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measurements may assist in distinguishing the initial branching fraction of HC(O)CH,OO0
generated. Further, an investigation into OH recycling could be beneficial in determining
the significance of glyoxal generated through reaction of HC(O)CH20O0 with HOx.
Required revisions to the MCMv3.3.1 for accurate simulation of glyoxal yields through
acetaldehyde oxidation therefore indicates an unrealistic ambient concentration of
acetaldehyde (~3 — 5 ppbv) in the MBL to account for daytime glyoxal mixing ratios, and
it is therefore highly unlikely that acetaldehyde constitutes the missing source of glyoxal.

Further investigation into the current acetaldehyde oxidation mechanism in the
MCMv3.3.1 revealed the exclusion of the reaction of the alkoxy species, HCOCH:O,
with Oz (R5.15), which is a potential route to glyoxal in the mechanism. Experimental
studies altering both the concentration of O directly and HCOCH:O indirectly through
the addition of NOyx demonstrated that an inclusion of reaction R5.15 in the mechanism
is appropriate with a reaction rate coefficient of ks1s ~ 1.0 x 10 c¢m® molecule® s,
However, the rate of unimolecular dissociation of HCOCH20 (R5.16), assumed in the
MCMv3.3.1 to be ks16 = 1.0 x 10° s, is 20 times faster than reaction R5.15 at standard
oxygen levels, and inclusion of reaction R5.15 in the mechanism therefore has a
negligible impact on the yield of glyoxal from acetaldehyde oxidation, especially in the

absence of NOy, where HO2 and RO reaction routes dominate.

Whilst the glyoxal yield is much lower than previously thought, determination of Rcr
from acetaldehyde oxidation remains an important aspect of the UNFOGS campaign.
Although accurate formaldehyde vyields were not measured in this study, future
experiments may focus on a more direct approach to determining the branching fraction
of abstraction at the aldehydic site, which is the dominant source of formaldehyde
production in the oxidation mechanism. This could be achieved through observation of
the acetyl peroxy radical (CH3C(O)OO) in a flash photolysis ROx-LIF system designed
for specific RO> detection, in combination with the detection of formaldehyde, to fully
establish this reaction in global networks for use with satellite data.
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Chapter6  Glyoxal Yields from the

Oxidation of Isoprene



6.1  The Importance of Isoprene Chemistry

Biogenic volatile organic compounds (BVOCs) form an important aspect of atmospheric
chemistry through their emission and subsequently rapid oxidation in the troposphere
(Atkinson and Arey, 2003), constituting 90 % of all non-methane volatile organic
compound (NMVOC) emissions globally (Guenther et al., 1995). BVOCs have very short
lifetimes in the atmosphere ranging between 30 minutes to 3 hours due to rapid reaction
with OH in the troposphere. The OH-initiated oxidation leads to significant formation of
localised oxygenated VOCs (OVOCs), and can consequently lead to the formation of
secondary organic aerosol (SOA), particularly in regions where relative humidity is high.
The atmospheric lifetime of many BVOCs is reduced further by competing removal via
ozonolysis, further contributing to the rapid oxidation chemistry of these compounds, as
well as the formation of OVOCs and SOA.

Biogenic terpenoids in particular, containing unsaturated double bonds, will undergo
ozonolysis via formation of an ozonide intermediate (see Chapter 3 for brief discussion
on ozonolysis reactions). Ozonolysis is an important sink for regional tropospheric ozone
which can be transported vertically from the stratosphere by eddy diffusion due to higher
stratospheric mixing ratios (Logan, 1985; Roelofs and Lelieveld, 1997), consequently
also forming an important source of OH during daytime and night-time hours (Paulson
and Orlando, 1996). However, globally this O3 sink appears to be offset by an increase in
urban tropospheric Oz (Pfister et al., 2008) through photochemical production in high-
NOx environments (Atkinson, 2000) as a result of increased NMVOC oxidation (see
Chapter 1). The chemistry of BVOC emissions is therefore clearly a complex yet

important topic to understand in the approach to addressing air quality issues.

Of all BVOC emissions, isoprene (CsHg, 2-methyl-1,3-butadiene) is by far the most
abundant, individually comprising 80 % of annual terpenoid emissions, including a- and
B-pinene, other monoterpenes (C1oH16 isomers), and sesquiterpenes (C1sH24 isomers), and
represents 64 % of total annual BVOC emissions globally (Sindelarova et al., 2022).
Despite this, there remains large uncertainty in the global atmospheric budget of isoprene,
with estimates ranging between ~300 — 650 Tg a* (Guenther et al., 2012; Sindelarova et
al., 2014; Sindelarova et al., 2022), and consequently its impact on tropospheric Oz and
SOA levels. Whilst isoprene emissions are predominantly biogenic in origin, there are
also anthropogenic sources from biomass burning (Sinha et al., 2014; Andreae, 2019;
Bryant et al., 2023), vehicle exhausts (Christensen et al., 1999; Reimann et al., 2000;

Borbon et al., 2001; Sahu and Saxena, 2015; Kashyap et al., 2019) and human exhalation
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(Ann et al., 2003; Kinoyama et al., 2008; Kushch et al., 2008; Veres et al., 2013) which
become important during night-time hours year-round as well as having greater seasonal
impact during winter months in urban environments. Studies in the last fifteen years also
attribute the impact of urban stressors, such as increased temperatures and ozone
concentrations, to triggering an increase in biogenic isoprene emissions within an urban
setting where there is no apparently significant change in anthropogenic isoprene
emissions or urban vegetative biomass (Pinho et al., 2009; Fu, T.-M. et al., 2015; Khan
etal., 2018).

With a focus on the determination of glyoxal to formaldehyde ratios (Rer) from the
oxidation of VOCs in order to characterise satellite measurements of emissions (see
Chapter 1), an improved understanding of glyoxal yields from isoprene oxidation
chemistry is critical. According to Fu, T.-M. et al. (2008), estimated biogenic isoprene
emissions (Guenther et al., 2006) contribute nearly half (~47 %) of the combined global
sources of glyoxal, calculated through molar yields derived from the GEOS-Chem model
version 7.3.6 (Bey et al., 2001), in combination with glyoxal precursors established from
the VOC chemistry contained within the Master Chemical Mechanism (MCM) version
3.1 (Saunders et al., 2003; Bloss, C. et al., 2005). With such a large influence on global
glyoxal concentrations, it is therefore crucial that the product yields and mechanistic
routes to glyoxal from isoprene oxidation are well understood for comparing global

chemical transport models such as GEOS-Chem with satellite measurements of Rgr.

Advantageously for Rcr measurement attribution, isoprene has a very short atmospheric
lifetime (~0.5 — 2 hours) due to its rapid oxidation primarily by OH molecules (Medeiros
et al., 2018). Glyoxal concentrations monitored using instruments such as the
TROPOspheric Monitoring Instrument (TROPOMI) on board the Copernicus Sentinel-5
Precursor satellite (Alvarado et al., 2020; Chen et al., 2022) therefore indicate relatively
local sources of glyoxal as a result, as indicated by glyoxal hotspots prevalent over heavily
forested regions as well as, in part, more locally confined within large urban areas (Figure
6.1). The dominant anthropogenic source of glyoxal is acetylene emitted predominantly
from vehicle exhausts through fuel combustion (Xiao et al., 2007; Fu, T.-M. et al., 2008),
and will likely have a larger impact on overall glyoxal concentrations in urban
environments than isoprene. However the oxidation of acetylene via reaction with OH is
approximately 150 times slower than isoprene oxidation, with McKee et al. (2007)
measuring a rate coefficient of kon+conz = 7.1 x 10 cm® molecule™ st in 1 bar of N at

room temperature. The significantly longer lifetime of acetylene (~3 — 5 days) should
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Figure 6.1  The global spatial distribution of glyoxal vertical column densities
averaged across January to December of 2019, measured with the TROPOspheric
Monitoring Instrument (TROPOMI) on board the Copernicus Sentinel-5 Precursor
satellite. The glyoxal distribution highlights hotspots over heavily forested regions where
isoprene is prevalent, as well as taking four examples of large urban areas where
anthropogenic production of glyoxal is accentuated, both through isoprene emissions and
other glyoxal precursors. Taken from Chen et al. (2022).

assist in distinguishing urban glyoxal sources and identifying the impact of isoprene on
urban glyoxal concentrations, the associated formation of SOA, and the assessment of air

quality.

The complete oxidation mechanism for isoprene, whereby the eventual final products
consist of CO and COg, is highly complex. The MCMv3.3.1 (see Chapter 5) contains a
total of 1926 reactions between 602 individual species within the isoprene oxidation

scheme, excluding the addition of inorganic reactions, upon relatively recent subjectivity
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to major refinement from previous versions of the MCM (Jenkin et al., 2015), as displayed
in Figures 6.2 & 6.3. It is therefore not straightforward in distinguishing specific glyoxal
routes within the isoprene oxidation mechanism, a complication in the analysis of glyoxal
yield measurements. This is apparent in the discrepancies observed by Li et al. (2016)
between the AM3ST, AM3B and MCMv3.3.1 models in the simulated reproduction of
Rcr values measured during the summer 2013 Southeast Nexus (SENEX) campaign (see
Chapter 1). Some uncertainties in the mechanism leading to glyoxal can be partially
addressed through the investigation of isolated secondary chemistry via the reactions of
major first-generation oxidation products of isoprene such as methyl vinyl ketone (MVK,
1-buten-3-one) and methacrolein (MACR, 2-methyl-2-propenal), as discussed later (see
sections 6.3.4 & 6.3.5). The majority of remaining glyoxal routes appear to originate
through the varying fates of the CISOPCO2 peroxy species (see Figure 6.3), either
directly as a primary product, or through subsequent oxidation of species such as the
hydroxyaldehyde, HC4ACHO, and the hydroperoxyaldehyde, C5HPALD2, formed
through 1,6-H isomerisation of the CISOPCO2 species. Comparison of glyoxal yields
from isoprene oxidation with those of MVK and MACR oxidation should therefore

narrow mechanistic studies of isoprene to the key routes through that one peroxy species.
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Figure 6.2 A partial schematic of the refined isoprene oxidation mechanism
represented within the MCMv3.3.1 through OH addition at each respective numbered
site. Displayed are two updated first-generation products in solid boxes alongside
their molar yields at 298 K. All species and routes highlighted in blue constitute new
mechanistic additions included since previous versions of the MCM. Taken from
Jenkin et al. (2015).
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Figure 6.3 A continued schematic of the isoprene oxidation mechanism in the
MCMv3.3.1 following the formation of peroxy species shown in Figure 6.2.
First-generation products are shown displayed in solid boxes with their respective
molar yields under conditions of 1 ppbv NO (red) and 100 pptv NO (black) at 298 K.
All species and routes highlighted in blue constitute new mechanistic additions
included since previous versions of the MCM. Dashed arrows indicate multiple
reaction steps not explicitly outlined in this schematic. Adapted from Jenkin et al.
(2015).

To that end, this chapter undertakes the investigation of glyoxal yields from isoprene
oxidation through chamber experiments in HIRAC. The competing removal rates of
isoprene during oxidation are characterised for yield analysis (section 6.3.1), and
significant oxidation products are identified for comparison with modelled concentration
profiles (section 6.3.2). The oxidation reactions of MACR (section 6.3.4) and MVK
(section 6.3.5) are investigated to explore reduced sections of the isoprene mechanism
and consequently distinguish glyoxal and methylglyoxal as simultaneous oxidation
products. The overall glyoxal yield from isoprene oxidation is determined through
observations of glyoxal and methylglyoxal, and the mechanism in the MCMv3.3.1 is
explored through comparison of experimental data with model simulations, as described
in Chapter 5, to ascertain consistent reproducibility of observed glyoxal yields in HIRAC
(section 6.3.6).

170



6.2  Experimental Methods

The OHe-initiated oxidation of isoprene (Sigma-Aldrich, 99%, contains <1000 ppm
p-tert-butylcatechol as inhibitor) was conducted in the HIRAC facility similarly to the
methods described in Chapter 5. In all experiments, isoprene was admitted into HIRAC
via gaseous delivery under low pressure into a 1 L stainless steel vessel, previously
evacuated, and connected to two pressure gauges to generate a known quantity to be
flushed through into HIRAC in a flow of nitrogen gas kept at ~2.5 bar pressure. HIRAC
was filled prior to isoprene delivery with a 1:4 mixture of oxygen (O2, BOC, Industrial
Grade, 99.5%) and nitrogen (N2, BOC, O.F.N., 99.998%) to 1000 = 3 mbar. All
experiments were conducted at room temperature (293 + 2 K). Throughout experimental
procedures, HIRAC was maintained at 1000 + 3 mbar under an adjusted delivery of
oxygen and nitrogen in 1:4 mixture through two mass flow controllers (MFC, Brooks) to

account for gradual removal of gas over time due to instrumental sampling.

In proceeding with reaction initiation, OH molecules were generated via the photolysis
of ozone at 254 nm (see sections 6.3 & 6.3.1 for discussion on considerations of isoprene
ozonolysis) through activation of the GE Optica GE55T8/HO lamps. Ozone was therefore
generated in the flow of oxygen successive to passing through the MFC via activation of
a mercury pen-ray lamp at 184.9 nm inserted into the oxygen flow. The oxygen atoms
produced in the photolysis of oxygen (R6.1) recombine with molecular oxygen to

generate ozone (R6.2), which was subsequently delivered into HIRAC in the gas flow.

A =184.9 nm
O, + hv ——> 0+ 0 (R6.1)

0+ 0,(+M) — 0; (+ M) (R6.2)

The delivery rate of ozone into HIRAC may therefore be controlled using two methods.
The flow of oxygen through the MFC can be altered to change the amount of oxygen that
can be converted into ozone, or the power output of the mercury lamp may be varied by
adjusting the lamp current on the power supply, impacting the rate of oxygen photolysis.
As gas flow was typically kept constant throughout an experiment to maintain chamber
pressure, the variation of lamp current was favoured as the means of controlling ozone
delivery. This method allowed consistent delivery of ozone throughout a reaction, with

sensitive enough control over delivery rate to maintain constant ozone concentrations for
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the duration of the proceedings. Maintaining a constant ozone concentration was
considered advantageous for monitoring ozonolysis and generating consistent quantities

of OH over the course of a reaction (see section 6.3 for discussion).

The generation of OH via ozone photolysis requires the presence of water (see Chapter
3). Ozone is photolysed (R6.3) to produce an excited state singlet atomic oxygen, O(*D),
which may then undergo reaction with a water molecule to produce two OH molecules
(R6.4).

A =254 nm
0(*D) + H,0 — OH + OH (R6.4)

To avoid variations in experimental parameters, deionised water (~20 mL) was injected
slowly into HIRAC through a rubber vacuum seal with a 2 mL syringe prior to reaction
initiation. The injections were performed during the chamber filling stage to encourage
vaporisation of the water droplets at lower pressure and prevent excess adsorption onto
the chamber surfaces. The fans were switched on as early as possible during the chamber

fill to accelerate mixing of the water vapour between injections.

The instrumentation (see Chapter 2) involved in the monitoring of isoprene oxidation
reactions included the Proton Transfer Reaction-Mass Spectrometer (PTR-MS) for
observation of isoprene and several of its oxidation products; the laser-induced
phosphorescence instrument (GLYOX-LIP) for observation of glyoxal (see section 6.3.3
on methylglyoxal interference); the commercial ozone analyser; and the Fluorescence
Assay by Gas Expansion (FAGE) instrument for OH and HO observations (see Chapter
4 on issues of OH measurement in the presence of isoprene). Data from all instruments
were recorded and analysed for the retrieval of glyoxal yields from isoprene oxidation in
HIRAC.

6.3  OH-Initiated Oxidation of Isoprene

The artificial generation of OH in chamber studies may be conducted through several

means including ozonolysis, alkyl nitrite (RONQO) photolysis, and hydrogen peroxide

photolysis (see Chapter 3). Due to the nature of isoprene as a BVOC predominantly
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present in rural environments under low NOx conditions, a method of generating OH
without the introduction of NOx to HIRAC was desired. Alkyl nitrite photolysis was
therefore discounted as a viable source for OH generation. Whilst hydrogen peroxide is
ordinarily chosen as a convenient NOyx-free OH precursor, it was avoided under present
circumstances following evidence observing accelerated glyoxal loss in the presence of
hydrogen peroxide, detailed in Chapter 3. Ozonolysis reactions were likewise avoided
due in part to limited OH production that would be a poor competitor for isoprene removal
with the concurrent ozonolysis of isoprene. Ozonolysis of alkenes would additionally and
unnecessarily complicate the chemistry occurring inside HIRAC, creating difficulty in
distinguishing between reaction products, in particular resulting in signal observed on
GLYOX-LIP instrument, associated with interference from methylglyoxal production
(see Chapter 3 or section 6.3.3 for discussion). Ozone photolysis was therefore chosen as
a cleaner approach to OH generation without introducing any further VOCs, where the
elevated levels of OH produced (>10° molecule cm=) should prove an adequate
competitor to ozonolysis for removal of isoprene (see section 6.3.1).

With the need for shorter wavelength (254 nm) lamps for ozone photolysis, the photolysis
rate of isoprene was investigated prior to the addition of ozone to characterise any input
into model simulations if required. However, it should be noted that there is no photolysis
process for isoprene listed in the MCMv3.3.1, in considering that OH addition is expected
to be a much more significant sink within the troposphere than VUV photolysis via
sunlight (Campuzano-Jost et al., 2004). More specifically for artificially produced UV
wavelength outputs, Martins et al. (2009) state that within the lowest photon energies of
their study, 4.6 — 5.0 eV (248 — 269.5 nm wavelength), there is no evidence for any
photoabsorption in isoprene. Indeed, measurements performed in HIRAC through
PTR-MS detection of isoprene (m/z = 69.12) show negligible difference in isoprene loss
before and during activation of the UV lamps prior to the addition of any radical
precursors (Figure 6.4). No photolysis processes were therefore added to the MCMv3.3.1
mechanism for isoprene degradation in model simulations, and all products generated
throughout isoprene experiments were assumed to be produced from either ozonolysis or

OHe-initiated oxidation.

In being concerned with the glyoxal yield through the OH-initiated oxidation of isoprene,
it is imperative to distinguish between removal of isoprene via OH and removal via
ozonolysis. However, due to a combination of the generation of OH through isoprene

ozonolysis (Biesenthal et al., 1998) and issues with elevated FAGE detection of OH in
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Figure 6.4  Measurement of the first order loss rate for isoprene in HIRAC
through PTR-MS detection (m/z = 69.12) prior to the addition of any radical
precursors. The yellow shaded region indicates activation of the 254 nm UV lamps
within HIRAC. The negligible difference between slopes indicates little evidence for
any photolysis of isoprene at this wavelength.

the presence of isoprene (see Chapter 4), this analysis is not straightforward. A discussion
is therefore included on the distinction of contributions to isoprene removal and their

respective impacts on glyoxal generation.

6.3.1  OH Generation and Ozonolysis

The reaction rate for the ozonolysis of isoprene has been widely studied previously, either
through monitoring the pseudo-first-order rate of ozone depletion in a large excess of
isoprene (Adeniji et al., 1981; Atkinson et al., 1982b; Treacy et al., 1992; Grosjean, E.
and Grosjean, 1996), or by monitoring the isoprene decay in the presence of an OH
scavenger, both as a relative rate experiment (Greene and Atkinson, 1992; Khamaganov
and Hites, 2001) and through the direct UV photometric detection of ozone alongside
isoprene (Grosjean, D. et al., 1993; Neeb and Moortgat, 1999; Klawatsch-Carrasco et al.,
2004). The recommended rate coefficient for isoprene ozonolysis (R6.5), established

from several of these studies, has been given as kes = 1.28 x 101" cm® molecule™ st at
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298 K (Cox et al., 2020), and is the value used for all calculations of the OH removal of

isoprene (R6.6) in accounting for ozonolysis in this study.

CH,=C(CH;)CH=CH, + 0; — Products + OH (R6.5)

CH,=C(CH3)CH=CH; + OH — Products (R6.6)

The rate coefficient for the reaction of isoprene with OH has been similarly well studied,
and the value obtained by Medeiros et al. (2018) will be used here, where kse = (1.04 £
0.04) x 1071% cm® molecule™ s at 298 K, in excellent agreement with several previous
works (Atkinson et al., 1982a; Atkinson and Aschmann, 1984; Edney et al., 1986; Gill
and Hites, 2002; Yumi et al., 2002; Karl et al., 2004; Poppe et al., 2007). All errors
calculated for this work are statistical to the 1o level unless stated otherwise.

6.3.1.1 OH Yield from Isoprene Ozonolysis

As a result of the method of ozone delivery into HIRAC (see section 6.2), the ozone
concentration was able to be kept constant during ozonolysis measurement by adjusting
the delivery rate to match the rate of ozone depletion in the chamber. This allowed easier
analysis of the OH vyield (Yon) from ozonolysis under steady-state conditions in

characterising the competing removal rates for isoprene, outlined by equation E6.1.:

—d
[ZiHB] = kg5[03][CsHg] + keo[OH][CsHg] + kq[CsHg] (E6.1)

where —d[CsHg]/dt is the total removal rate of isoprene and kq is the overall rate coefficient
for all first-order loss processes of isoprene including dilution, chamber wall surface
adsorption and any heterogeneous uptake. No lamps were activated during ozonolysis
measurements, however based on measurements in this work (see section 6.3), it is
assumed that no isoprene photolysis occurs throughout experiments regardless. The OH
concentration cannot be directly measured during ozonolysis, both due to the detection
limit of the FAGE apparatus (~2 — 5 x 10° molecule cm™ in HIRAC) and in consideration
of the disparity between FAGE and VOC decay measurements of OH in the presence of

isoprene (see Chapter 4). However, if the OH produced through ozonolysis is assumed to
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be in steady-state conditions, where OH removal is predominantly through reaction with
isoprene, OH concentration may therefore be approximated independently of the isoprene
concentration by equation E6.2:

[OH]SS — ke.5YoH [03]

k6.6

(E6.2)

where [OH]ss is the steady-state concentration of OH and Yon is the yield of OH
molecules from isoprene ozonolysis. Substituting E6.2 into E6.1 gives the relationship
between total isoprene removal rate and OH vyield in equation E6.3:

_d[jiHS] = (1 + You)kes[03][CsHg] + ka[CsHg] (E6.3)

This can then be rearranged to calculate Yon from ozonolysis without the need to measure
OH concentrations (E6.4):

—d[CsHgl _ .
_ dat d[CsHg] _
You = ke5[03][CsHg] 1 (E6.4)

The concentration of ozone is kept constant, and an average of experimental data was
therefore used in calculations. Both kq and —d[CsHg]/dt were determined as constants, the
former through a linear regression of In([CsHg]) over time prior to ozone addition,
according to first-order rate law, and the latter through a linear regression of [CsHg] over
time due to the relatively small fraction of total isoprene depleted (~10 %), and therefore
displaying only very minor exponential behaviour. The isoprene concentration was taken
from experimental data taken every 10 seconds through PTR-MS detection. The OH yield
was calculated typically throughout a ~10 — 15 minute period of ozonolysis (Figure 6.5),
showing consistent results with an average of Yon = 0.37 £ 0.09. This calculation is in
good agreement with several previous works (Atkinson et al., 1992; Paulson et al., 1998;
Neeb and Moortgat, 1999; Malkin et al., 2010), affirming the validity of both the
bimolecular rate coefficients and the experimentally determined ozone concentrations in

HIRAC.
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Figure 6.5  Calculations of the OH yield from the ozonolysis of isoprene prior

to activation of the UV lamps. The average yield was calculated as Yon = 0.37
0.09.

Calculation of Yon also allows an estimation of [OH]ss during ozonolysis, through
equation E6.2, for constraint in model simulations to compare the production of glyoxal
prior to activation of the UV lamps. Typical steady-state concentrations produced are on
the order of 10° molecule cm — approximately seven orders of magnitude lower than that
of ozone — and consequently represents ~30 % of isoprene oxidation during ozonolysis.
This is a significant fraction of isoprene removal, and should result in a small yield of

glyoxal that would not be observed from ozonolysis alone.

6.3.1.2  Ozone Photolysis

Subsequently to the ozonolysis measurement period, the 254 nm UV lamps were
activated to generate OH radicals directly through the photolysis of ozone (R6.3, 6.4, see
section 6.2 and Chapter 3). As during ozonolysis, of paramount importance to this study
is the distinction between sources of isoprene removal, with the aim of ensuring that the
dominant sink is via reaction with OH. Critical to this distinction is the characterisation
of glyoxal yields from the degradation of isoprene specifically through OH-initiated
oxidation, however, to some extent, the empirical yield is inseparable from the

contributions of both OH- and Oz-initiated reactions due to the presence of both species
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at all times during isoprene oxidation. Comparison with modelled vyields is therefore
needed, where both [OH] and [Os3] are constrained through empirically obtained data to

account for their contributions towards isoprene removal and glyoxal production.

Due to the unreliability of FAGE measurements during isoprene oxidation (see Chapter
4), the OH concentration during lamp activation must instead be calculated through an
analysis of the isoprene decay. This can be achieved through a rearrangement of equation

E6.1, as follows:

—d[CsHg|

(2~ o, - )
[OH], =

k6.6

(E6.5)

where [OH];, [Os]t, and [CsHg]t are the concentrations of OH, ozone and isoprene
respectively at time t. The concentration of 0zone was kept constant through the addition

of ozone into the chamber at an equivalent rate to that of its removal via ozonolysis and
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Figure 6.6  Concentrations of OH generated through the photolysis of ozone at
254 nm in the presence of water vapour during the OH-initiated oxidation of
isoprene. Concentrations are calculated through differentiation of the isoprene
decay detected with the PTR-MS, accounting for alternative sources of isoprene
removal including ozonolysis and first-order loss processes such as dilution and
surface adsorption. Data complementary to Figure 6.7.
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Figure 6.7  The concentration of isoprene (black) shown alongside concurrent
ozone concentrations (red) in HIRAC during isoprene oxidation. The yellow
shaded region indicates activation of the 254 nm UV lamps, triggering ozone
photolysis to generate OH radicals. Prior to lamp activation, OH radicals generated
through isoprene ozonolysis contribute to ~30 % of isoprene oxidation. Upon
photolysis of ozone, OH radicals contribute ~90 % of isoprene oxidation, indicating
glyoxal generation is primarily a result of the OH-initiated oxidation of isoprene.
Data complementary to Figure 6.6.

photolysis, and a fixed concentration was therefore used in the calculation of [OH]:. The
removal of isoprene over time, -d[CsHg]/dt, was calculated as described previously (see
Chapter 4), obtained through the first differential of [CsHg] against time and smoothed
over a window of ~10 — 15 points using the Savitzky-Golay method (Savitzky and Golay,
1964). The first-order rate coefficient, kq, was experimentally obtained as described above
(see section 6.3.1.1), and [CsHs]t was taken from empirical PTR-MS detection of isoprene
throughout the reaction. The bimolecular rate coefficients, kes and kes, remained the
recommended literature values stated above (see section 6.3.1). The calculation was
performed for the duration of lamp activation during isoprene oxidation, typically over a
period of ~30 — 60 minutes, resulting in OH concentrations on the order of 1 — 5 x 10°
molecule cm™ (Figure 6.6). In comparing with the decreased ozone concentration
observed during periods of photolysis (Figure 6.7), accounting also for additional first-
order loss rates present throughout experiments, removal of isoprene via reaction with
OH typically represents ~90 % of isoprene oxidation, contributing the high majority of

isoprene removal, and importantly, the generation of glyoxal observed in this study is
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therefore predominantly a product of the OH-initiated oxidation of isoprene rather than

the ozonolysis of isoprene.

6.3.2  lIsoprene Oxidation Products

Through initial measurements from the OH-initiated oxidation of isoprene in HIRAC,
some key products were identified through analysis of selected m/z peaks from PTR-MS
detection throughout experimental proceedings. Mass spectra were recorded every 10
seconds, using a cumulative integrated signal count accrued over 9 seconds of data
collection. The largest peak growth observed following isoprene oxidation was at m/z =
71.10, corresponding to species with molecular formula CsH;O", the protonated forms of
both methyl vinyl ketone (MVK) and methacrolein (MACR). Both MVK and MACR are
major oxidation products of isoprene, with first-generation yields previously reported at
30.4 + 1.3 % and 22.01 + 0.62 % respectively under high-NOx conditions (Galloway et
al., 2011) Meanwhile, in low-NOyx (<70 pptv) conditions, Liu et al. (2013) report
significantly lower MVK and MACR vyields of 4.6 £ 0.7 % and 3.2 £+ 0.6 % respectively.
These yields remain high enough that detection of MVK and MACR in HIRAC should

be possible at typical chamber concentrations (~10'! — 102 molecule cm®), however, due
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Figure 6.8 The calibration of methacrolein for PTR-MS detection in HIRAC
over a range of concentrations appropriate for chamber oxidation studies.
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to the isobaric nature of MVK and MACR, their mass spectrometric signal is inseparable,
and they cannot therefore be distinguished without the use of additional instrumental
detection such as spectroscopic techniques.

Despite this inseparability during isoprene oxidation, individual calibrations of MVK and
MACR were performed in HIRAC over a range of concentrations between ~3.0 x 10%2 —
1.5 x 10 to observe the linearity and assess the calibration factor for conversion of m/z
counts to concentration (Figure 6.8). The desired linearity was observed in both
calibrations beyond concentrations typically present during oxidation reactions, and the
calibration factors were almost identical, to within a small error of one another, where
Cmvk = (1.51 + 0.02) x 1071° counts cm® molecule™ and Cmacr = (1.52 + 0.03) x 101°
counts cm® molecule™. In effect, a combined concentration of MVK and MACR may
therefore be obtained through PTR-MS data, which can be compared with a similarly
combined concentration from model simulations to analyse the product yields to a lesser
extent.

A significantly smaller peak at m/z 61.06, indicative of a species with molecular formula
C2Hs0,", was also observed. Similarly, this peak is also thought to correspond to two

distinct yet isobaric species; namely glycolaldehyde and acetic acid. Glycolaldehyde is a
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Figure 6.9  Modelled production of glycolaldehyde and acetic acid from the
OHe-initiated oxidation of isoprene with the MCMv3.3.1 degradation mechanism.
Modelled yields over a 30 minute period suggest that distinction of either product
through PTR-MS detection is not possible due to their isobaric nature.
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direct oxidative precursor to glyoxal, and may therefore form an important aspect of the
isoprene oxidation mechanism. Measurement of glycolaldehyde yields would assist in
quantifying the proportion of glyoxal produced through glycolaldehyde rather than other
mechanistic routes. However, model simulations of isoprene oxidation using the
MCMv3.3.1 mechanism suggest that acetic acid is present with a yield approximately
half that of glycolaldehyde (Figure 6.9), and therefore not an insignificant product. It was
concluded that glycolaldehyde yields could not be determined in this study, and it may
be beneficial to include more selective detection between acetic acid and glycolaldehyde

in future works.

Arguably most significantly, methylglyoxal was observed through a peak at m/z = 73.07,
corresponding to molecular formula CsHsO2*. Whilst methylglyoxal is isobaric with
acrylic acid (propenoic acid, CH>=CHC(O)OH), which is present in the isoprene
oxidation mechanism, no significant build-up of acrylic acid was observed in model
simulations, and the yield was therefore assumed to be negligible with respect to PTR-MS
detection, and all signal at m/z = 73.07 representing detection of methylglyoxal. However,
the simultaneous production of both glyoxal and methylglyoxal through isoprene
oxidation causes difficulties in the selective detection of glyoxal through the laser-
induced phosphorescence technique (see Chapter 3 on earlier discussion of methylglyoxal
interference). A discussion is therefore included on the nature of phosphorescence signal
interference and the techniques involved in separating methylglyoxal phosphorescence
detection from that of glyoxal detection in establishing the glyoxal yield from isoprene

oxidation.

6.3.3  Methylglyoxal Interference

Both glyoxal and methylglyoxal can be detected through laser-induced phosphorescence
at a probe excitation wavelength of 440.141 nm, as demonstrated previously by a similar
instrumental setup (Henry et al., 2012). The sensitivity of phosphorescence detection
observed in methylglyoxal is approximately an order of magnitude lower than the
sensitivity for glyoxal, owing to differences in the structure and size of their absorption
cross-sections around 440.14 nm, their phosphorescence decay lifetimes, and the
efficiency of the intersystem crossing from the singlet into the triplet state required to

induce phosphorescence in each molecule. As a consequence of these differences, the
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contribution of both species to a total phosphorescence signal can be determined through

an analysis of the phosphorescence decay to determine the individual concentrations.

However, separation of the phosphorescence decays would first require the calibration of
methylglyoxal with the GLY OX-LIP instrument, and hence induce additional uncertainty
through methylglyoxal synthesis and surface losses during calibration. Additionally,
analysis of each phosphorescence decay over the longer time periods involved in chamber
oxidation experiments would inevitably become very time-consuming. Therefore, an
alternative approach was sought to calibrate the methylglyoxal phosphorescence signal
with the signal observed through PTR-MS detection at m/z 73.07. In order to achieve this,
the OH-initiated oxidation of hydroxyacetone (CH3C(O)CH.OH) was investigated in
HIRAC.

Methylglyoxal is a direct first-generation product from hydroxyacetone oxidation, and is
listed as the major component of all products observed, notably without any observations
of glyoxal (Grosjean, D. et al., 1993; Jenkin et al., 1993; Butkovskaya et al., 2006;
Orlando and Tyndall, 2020). The oxidation of hydroxyacetone proceeds predominantly
through abstraction at the hydroxy-substituted methyl site (R6.7).

CH,C(0)CH,OH + OH — CH5C(0)CHOH + H,0 (R6.7)
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Figure 6.10 The decay of hydroxyacetone due to reaction with OH radicals in
HIRAC, monitored via PTR-MS detection with the peak at m/z = 75.09.
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Reaction at the other two available sites is possible, however, the recommended rate
coefficient for the OH-initiated oxidation of acetone (Atkinson et al., 1997) is at least an
order of magnitude lower than for hydroxyacetone, suggesting that reaction at the
alternative methyl site is a very minor route in hydroxyacetone oxidation. Similarly,
abstraction at an alcohol site is typically considered a minor route, with Butkovskaya et
al. (2006) assigning a branching fraction of ~3 % to both channels from an analysis of
acetylperoxy radical and formaldehyde yield measurements. It is therefore assumed that
>90 % of hydroxyacetone oxidation proceeds via reaction R6.7, and the radical species

formed subsequently reacts with O, to produce methylglyoxal as the major product

(R6.8):

CH;C(0)CHOH + 0, — CH3;C(0)CHO + HO, (R6.8)
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Figure 6.11 Comparisons of methylglyoxal detection from hydroxyacetone
oxidation using both PTR-MS monitoring the peak at m/z = 73.07 and GLYOX-LIP
in the absence of any glyoxal. Signal from both methods of detection shows very good
overlap, confirming the observations of methylglyoxal phosphorescence.
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A known quantity of hydroxyacetone (Sigma-Aldrich, contains <500 ppm Na>COz as
stabiliser, technical grade, 90 %) was delivered into HIRAC via liquid injection. OH
radicals were generated through the photolysis of ozone as described previously (section
6.2). A combination of PTR-MS and GLYOX-LIP detection were employed to establish
a relationship between the signal corresponding to methylglyoxal observed using both
methods. Hydroxyacetone was detected through PTR-MS monitoring the peak at m/z =
75.09 to ensure an appropriate quantity of hydroxyacetone removal for production of

methylglyoxal (Figure 6.10).

The subsequent methylglyoxal production was monitored, and the observed signals
through PTR-MS and GLYOX-LIP detection compared (Figure 6.11). The shape of the
signal-time profiles display a large amount of overlap, affirming observations of
methylglyoxal phosphorescence with the GLYOX-LIP setup for HIRAC oxidation
experiments. Whilst an exact concentration for methylglyoxal cannot be extracted
without calibrating either instrument for methylglyoxal, these measurements do provide
a metric for the specific detection of methylglyoxal which can then be subtracted from

total phosphorescence signal observed where both glyoxal and methylglyoxal are
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Figure 6.12 A calibration for the phosphorescence signal produced by
methylglyoxal with a conversion factor from the integrated peak counts
monitored through PTR-MS detection at m/z = 73.07, attributable to
methylglyoxal.
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produced simultaneously. The normalised GLYOX-LIP phosphorescence signal was
plotted against PTR-MS signal for m/z = 73.07 to acquire a conversion factor for
extracting phosphorescence signal from PTR-MS detection of methylglyoxal (Figure
6.12). The linearity of the data producing this conversion factor demonstrates the
feasibility of this method for separating phosphorescence contributions from glyoxal and
methylglyoxal during isoprene oxidation. However, it was deemed appropriate to
evaluate the reliability of this method by investigating methylglyoxal comparisons under
a more complex chemistry regime. Therefore the oxidation of methacrolein was studied
with the aim of detecting methylglyoxal production and comparing the resulting

conversion factor with that obtained through hydroxyacetone oxidation.

6.3.4  Methacrolein Oxidation

The OH-initiated oxidation of MACR can proceed via four distinct pathways. The first
two pathways involve the addition of OH onto either end of the C=C double bond, at both
the terminal carbon (R6.9a) and the tertiary methyl-substituted carbon (R6.9b). The
second two involve abstraction at either the aldehydic site (R6.9c) or the methyl site
(R6.9d).

CH,=C(CH3)CHO + OH (+ M) — HOCH,C (CH3)CHO (+ M) (R6.9a)
CH,=C(CH;3)CHO + OH (+ M) — 'CH,C(CH,)(OH)CHO (+ M) (R6.9b)
CH,=C(CH3)CHO + OH — CH,=C(CH;)C'=0 + H,0 (R6.9¢)
CH,=C(CH3)CHO + OH — CH,=C('CH,)CHO + H,0 (R6.9d)

It is generally considered that OH-initiated MACR oxidation predominantly proceeds
through reactions R6.9a and R6.9c in approximately equal proportion, whilst R6.9b forms
a minor channel and R6.9d is negligible (Tuazon and Atkinson, 1990; Orlando et al.,
1999; Crounse et al., 2012). The major products from MACR oxidation have been well
established to be formaldehyde, hydroxyacetone, and methylglyoxal, specifically with no
glyoxal generation observed (Tuazon and Atkinson, 1990; Orlando et al., 1999; Galloway
etal., 2011; Brégonzio-Rozier et al., 2015; Xing et al., 2018). Methylglyoxal is generated
as a second-generation product from MACR, with the primary precursor being either
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hydroxyacetone or, in some minor routes, 2-hydroxy-2-methylpropanedial
(HCOC(OH)(CH3)CHO). Observations of methylglyoxal yields from MACR oxidation
should therefore be similar to those of hydroxyacetone. A comparison of the conversion
factor for the PTR-MS signal at m/z 73.07 to phosphorescence signal from methylglyoxal
produced during both MACR and hydroxyacetone oxidation will demonstrate the
reliability of this method for extracting and separating methylglyoxal and glyoxal
phosphorescence signals.

It is worth noting that methylglyoxal can also be generated through the ozonolysis of
MACR (Deng et al., 2012), either directly (R6.10a) or via a stabilised Criegee
intermediate, ClmeLy (R6.10Db).

CH,=C(CH;)CHO + 0; — CH;C(0)CHO + H,C=0%"0" (R6.10a)

CH,=C(CH;)CHO + 0; — ClygLy + HCHO (R6.10b)

However, on the basis of previously measured rate coefficients for reaction of MACR
with OH (average ke.o = (2.88 + 0.42) x 10! cm® molecule? s1) (Kleindienst et al., 1982;
Atkinson et al., 1983; Chuong and Stevens, 2004; Peirone et al., 2014) and Os (average
k.10 = (1.08 + 0.32) x 1028 cm® molecule™ s1) (Atkinson et al., 1981a; Treacy et al., 1992;
Grosjean, D. et al., 1993; Grosjean, E. and Grosjean, 1998), and the ratio of [OH]:[O3]
(~1:4 x 10° molecule cm™) produced in HIRAC through ozone photolysis during MACR
oxidation, it was calculated that ozonolysis constitutes <2 % removal of MACR during
reaction. Nevertheless, any occurring ozonolysis will have no impact on the comparison
of signals observed between PTR-MS and GLYOX-LIP detection, as methylglyoxal and

formaldehyde remain the primary products and no glyoxal is produced.

Two MACR oxidation experiments were conducted in HIRAC to analyse the reliability
of methylglyoxal detection techniques compared with the instrument intercomparison
undertaken through hydroxyacetone oxidation. Known quantities (~5 x 10*3 molecule
cm3) of MACR (Sigma-Aldrich, 95 %) were delivered into HIRAC and detected via
PTR-MS (m/z 71.10) to monitor the amount of total MACR decay and ensure sufficient
production of methylglyoxal for detection via PTR-MS and GLYOX-LIP. OH radicals
were generated through the photolysis of ozone as described previously (see section 6.2).
Upon reaction initiation through activation of the UV lamps, MACR decay and product

generation was observed over ~90 — 120 minutes to acquire as much data as possible for
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the intercomparison. Excellent correlation was observed between the growths in
phosphorescence signal and m/z 73.07 signal attributed to methylglyoxal (Figure 6.13),
as well as their subsequent decay due to removal primarily via reaction with OH. The
continued correlation of data reinforced the assignment of methylglyoxal to the observed

phosphorescence signal in the absence of glyoxal.

The normalised GLYOX-LIP signal was plotted against the PTR-MS signal at m/z 73.07
(Figure 6.14), combining the data sets from both experiments, to produce a linear
calibration factor, CwmeLy, for calculating methylglyoxal contributions to
phosphorescence signal. The resultant calibration factor from MACR oxidation (CmeLy
= 0.0569 * 0.0003) was within error of the calibration factor obtained through
hydroxyacetone oxidation (CwmeLy = 0.0570 = 0.0002), further demonstrating the
reliability of this technique for extracting methylglyoxal phosphorescence data.
Advantageously, the data for CmcLy calculations through MACR oxidation spanned the
quantities (~50 — 300 counts at m/z 73.07) typically observed during isoprene oxidation,
where the majority of the data fell within this range. This was included in the

hydroxyacetone CwcLy calculation, however formed the lower end of the data range, with

300 — — 15
1 —— PTR-MS counts (m/z 73.07) |
] || —— Normalised GLYOX-LIP counts :\
250 =
1 S
m i
€ ol .
3 200 F10 <=
I 5
— 1 o
< ] o)
§ 150 =
N 5
2 o
5 100 -5
= =
" :
50 >
1 -
] O]
0 T T T T T T T T T T 0
0 1000 2000 3000 4000 5000 6000

Time (s)

Figure 6.13 An instrument intercomparison of the PTR-MS (black) and
GLYOX-LIP (red) detection of methylglyoxal through the OH-initiated oxidation
of MACR in HIRAC. 90 % of [MACR] depleted by t = 3000 s, resulting in overall
of depletion of methylglyoxal due to faster loss rates than production rates.

very few data points to establish a linear correlation. The MACR CwmcLy data therefore
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Figure 6.14 Calculation of a calibration factor, CmcLy, for conversion of
PTR-MS signal at m/z 73.07 to normalised phosphorescence signal attributable to
methylglyoxal. Displayed are the combined data generated from two OH-initiated
MACR oxidation experiments in HIRAC.

served to demonstrate the reproducibility of accurate signal conversion for methylglyoxal

phosphorescence at quantities relevant for isoprene oxidation.

6.3.5  Methyl Vinyl Ketone Oxidation

The ability to extract methylglyoxal phosphorescence from the overall signal observed
via the GLYOX-LIP instrument was tested through the oxidation of MVK. MVK was
chosen as the test experiment for two reasons. Firstly, MVK is a major product of isoprene
oxidation, and quantification of oxidation products will therefore shape part of the
isoprene oxidation mechanism used in simulations. Secondly, both glycolaldehyde and
methylglyoxal are produced as first-generation oxidation products from the reaction of
OH with MVK (Tuazon and Atkinson, 1989; Grosjean, D. et al., 1993; Galloway et al.,
2011; Praske et al., 2015; Fuchs et al., 2018), and as glycolaldehyde is a direct precursor
to glyoxal, both glyoxal and methylglyoxal are produced simultaneously. The OH-
initiated oxidation of MVK proceeds via addition of OH to the C=C double bond site
(Tuazon and Atkinson, 1989), either at the carbon adjacent to the carbonyl group
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(R6.11a), forming the minor channel (~30 %, Atkinson et al. (2006)), or at the terminal
carbon (R6.11b), forming the major channel (~70 %, Atkinson et al. (2006)).

CH;C(0)CH=CH, + OH (+ M) — CH;C(0)CH(OH)CH, (+ M) (R6.11a)

CH;C(0)CH=CH, + OH (+ M) — CH4C(0) CHCH,OH (+ M) (R6.11b)

The resultant peroxy species formed through subsequent reaction of radicals from R6.11a
and R6.11b with O2 will be termed HMVKAO; and HMVKBO: respectively, as denoted
in the MCMv3.3.1. The minor peroxy radical, HMVKAO., forms the primary route to
methylglyoxal, whilst HMVKBO: conversely dictates the route to glycolaldehyde, and
subsequently glyoxal (Figure 6.15). Knowledge of the branching fraction for HMVKAO:
and HMVKBO: is therefore highly useful for predicting yields of glyoxal and
methylglyoxal from MVK oxidation. Historically, a branching fraction of 0.3:0.7 for

HMVKAO2:HMVKBO:- has been recommended (Atkinson et al., 2006) for use in model
OH
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Figure 6.15 A simplified diagram of the oxidation mechanism
for MVK. Species, reaction arrows, and branching fractions in
black are currently employed by the MCMv3.3.1, with the
associated species notation in blue. Reaction arrows and
branching fractions in grey indicate suggested updates by either
Praske et al. (2015) or Fuchs et al. (2018). Figure taken from
Fuchs et al., (2018).
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simulations. However, a product yield analysis following the possible reactions of both
peroxy species undertaken by Praske et al. (2015) has led to the suggestion of slightly
altered peroxy vyields, listed as 24 + 14 % and 76 + 14 % for HMVKAO; and HMVKBO:-
respectively. A more recent chamber study (Fuchs et al., 2018) of product yields from
MVK oxidation in SAPHIR (Simulation of Atmospheric Photochemistry In a Large
Reaction Chamber) has recommended the inclusion of these new branching fractions, as
well as other reactions relating to the fate of both peroxy species, in the MCMv3.3.1.
These recommended additions were therefore included in model simulations of MVK

oxidation, and consequently isoprene oxidation, in this work.

Whilst methylglyoxal is a minor product of OH-initiated MVK oxidation, it is also
produced through ozonolysis, either directly (R6.12a) or through ClueLy (R6.12Db), in a

similar fashion to MACR ozonolysis (see section 6.3.4).

CH;C(0)CH=CH, + 0; — CH5C(O)CHO + H,C=0"0r (R6.12a)

Due to ozone photolysis being used as the method of OH generation, it was anticipated
that a fraction of the methylglyoxal produced would originate from ozonolysis. The
bimolecular rate coefficients for both OH addition (ke.11) and ozonolysis (ke.12) have been
well studied in the literature. Therefore, averaged values from previous measurements
were taken, using Ke.11 = (1.94 + 0.38) x 10" cm® molecule™ st (Kleindienst et al., 1982;
Atkinson et al., 1983; Gierczak et al., 1997; Aschmann and Atkinson, 1998; Chuong and
Stevens, 2004) and ke.12 = (4.99 + 1.01) x 10738 cm® molecule™ s (Atkinson et al., 1981a;
Treacy et al., 1992; Grosjean, D. et al., 1993; Grosjean, E. and Grosjean, 1998; Neeb et
al., 1998), and paired with averaged [O3] (~2 x 102 molecule cm) measurements, to
calculate concentrations of OH in HIRAC during MVK oxidation through equation E6.6:

—d[MVK]
<[Mdqut — Ke12[03]; - kd>
[OH], = (E6.6)

k6.11
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The average [OH] was found to be ~2 x 107 molecule cm™, and accounting for first-order
loss rates of MVK, it was calculated that ~2.5 % of MVK oxidation could be attributed
to ozonolysis. It is therefore likely that only a small portion of total methylglyoxal
production originated from ozonolysis despite the high vyield, however the ozone
concentrations were measured throughout the oxidation reaction and constrained in model

simulations for more accurate reproduction of methylglyoxal concentrations over time.

MVK (Sigma-Aldrich, stabilised, >93.5 %) was delivered (~5 x 10'® molecule cm™) into
HIRAC and oxidation was initiated through photolysis of ozone to generate OH. Both
MVK and methylglyoxal were monitored through PTR-MS detection at m/z 71.10 and
73.07 respectively, with simultaneous detection of glyoxal and methylglyoxal
phosphorescence using the GLYOX-LIP instrument. The phosphorescence signal
attributable to glyoxal, PSeLy, was calculated by subtracting the methylglyoxal

phosphorescence signal, PSmcLy, from the total observed signal, PStt, at time t (E6.7)
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Figure 6.16 The glyoxal phosphorescence signal (blue) calculated from MVK
oxidation through subtracting the calibrated PTR-MS methylglyoxal signal (red)
from the total observed phosphorescence signal (black). The green shaded region
indicates a dark period of MVK ozonolysis, highlighting the generation of
methylglyoxal whilst glyoxal signal remains relatively stable. The yellow shaded
region indicates activation of the UV lamps, inducing ozone photolysis to generate
OH radicals, producing both glyoxal and methylglyoxal through OH-initiated MVK
oxidation.

through substituting in equation E6.8:
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PScry = PSiot — PSmeLy (E6.7)

PSyeLy = MS73.07CmcLy (E6.8)

where MS7307 is the PTR-MS signal observed at m/z 73.07 and time t, and CmcLy is the
calibration factor established previously. The methylglyoxal subtraction was performed
over the entire data set to produce a glyoxal signal profile (Figure 6.16) which could then
be converted into glyoxal concentration. Upon examination of the subtracted
phosphorescence signal, an increase in methylglyoxal was observed during the ozonolysis
phase whilst glyoxal signal remained relatively stable. This was supportive of the MVK
ozonolysis mechanism, whereby methylglyoxal and formaldehyde are dominant
products, with no generation of glyoxal, and therefore provided confidence in the
phosphorescence signal subtraction method used in determining glyoxal concentrations.

Whilst the GLYOX-LIP instrument was not calibrated for methylglyoxal, the signal time
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Figure 6.17  Atime profile comparison of the measured PTR-MS signal at m/z
73.07 (black) with modelled methylglyoxal concentration (red) from MVK
oxidation, using experimental OH and O3 concentration data constraints in the
model run.

profile was compared with model simulations of methylglyoxal concentrations to

determine the suitability of the calculated glyoxal concentrations (Figure 6.17). Using
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Figure 6.18 Comparisons of experimental data for MVK oxidation (black) and
glyoxal production (blue) alongside the corresponding modelled concentrations of
MVK (red) and glyoxal (green). The yellow shaded region indicates the period
where the UV lamps were activated to initiate OH generation. Oz and OH
concentrations were constrained in the model from experimental data. Loss rates
prior to lamp activation include a period of first-order loss (typically measured at
~0.8 — 1.0 x 10** s™') combined with ozonolysis. Any glyoxal signal build-up prior
to lamp activation during ozonolysis was subtracted to a baseline in order to
examine the glyoxal specifically from OH-initiated oxidation.

experimentally derived [OH] and [Oz] data to constrain concentrations in the model, the
methylglyoxal concentration output demonstrated a close match with the observed
MS73.07. It was therefore considered that the calculated glyoxal phosphorescence data was
a good representation of the experimental glyoxal yield from MVK oxidation. The
accuracy of the modelled glyoxal yield was then assessed through a comparison with the
subtracted glyoxal phosphorescence data (Figure 6.18). The modelled rate of glyoxal
growth was slightly underestimated toward the beginning of the reaction, however overall
glyoxal concentration increase was similar, suggesting a reasonable understanding of
glyoxal generation in the model, and an appropriate order of magnitude for glyoxal
phosphorescence measurements in oxidation reactions where methylglyoxal is
simultaneously generated. Glycolaldehyde production was not analysed in this study,
however future work may benefit from glycolaldehyde measurement data as a direct and

primary precursor to glyoxal in MVK oxidation, assisting in further improving the
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mechanism for glyoxal production both in the isolated study of MVK and in the isoprene

oxidation mechanism as a whole.

6.3.6  Glyoxal Yields from Isoprene Oxidation

The distinction of phosphorescence signal attributable to methylglyoxal has been
established through analysis of MACR and MVK oxidation. During isoprene oxidation,
PSwmcLy consisted of approximately half the total normalised LIP signal, using the same
method of methylglyoxal subtraction described in section 6.3.5 (Figure 6.19), and the
production of glyoxal from the OH-initiated isoprene oxidation through ozone photolysis
was subsequently monitored and analysed. The observed glyoxal production from
phosphorescence data was compared against model simulations of glyoxal production

using the isoprene oxidation mechanism outlined in the MCMv3.3.1 (Figure 6.20). The
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Figure 6.19 An example of the subtraction of calibrated methylglyoxal LIP
signal (red) from the total LIP signal (black) to calculate the contribution of glyoxal
(blue) to the observed phosphorescence during the OH-initiated oxidation of
isoprene. Yellow shaded region indicates activation of the UV lamps in HIRAC to
generate OH through ozone photolysis. Data complementary to Figure 6.20a.

model mechanism was updated to include the adjusted branching fractions for

HMVKAO; and HMVKBO: generation suggested by Praske et al. (2015) (see section

6.3.5). Praske et al. (2015) and Fuchs et al. (2018) also suggested additional fates for the
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reactions of the two peroxy species not currently included in the MCMv3.3.1 (R6.13 —
6.15), which were likewise added to the isoprene mechanism in this study.

HMVKBO, + HO, — HMVKBO + OH (R6.13)
HMVKBO, + HO, — BIACETOH + OH + HO, (R6.14)
HMVKAO, — HO, + BIACETOOH (R6.15)

Notation for these reactions is as displayed in the MCMv3.3.1, where HMVKBO denotes
the corresponding alkoxy species to HMVKBO,;, BIACETOH denotes
1-hydroxy-2,3-butanedione (CH3C(O)C(O)CH.0OH), and BIACETOOH denotes
1-hydroperoxy-2,3-butanedione (CHsC(O)C(O)CH2O0H). The model discrepancies
observed by Li et al. (2016), along with the resulting mechanism updates suggested, were
largely derived from a NOx-dependent reaction scheme, and were therefore deemed
irrelevant for this study, performed in a NOx-free environment. However, future

investigation may warrant the inclusion of the updated NOx chemistry in the MCMv3.3.1.

Model simulations were constrained by experimentally derived OH and O3z concentrations
characterised separately for each individual experiment. Ozone was monitored directly
by the commercial analyser (see Chapter 2), and OH concentrations were calculated from
the isoprene decay as described by E6.5 (see section 6.3.1). Loss rates for key stable
products as a result of sampling dilution, chamber wall surface adsorption, heterogeneous
uptake, and photolysis were estimated based upon previous work done in this study,

including those for methylglyoxal, MACR, MVK, hydroxyacetone, and glycolaldehyde.

Glyoxal loss rates were specifically characterised for each experiment through
phosphorescence measurements following lamp deactivation and reaction termination.
The first order loss rates for glyoxal were rapid, ranging between k' =2.5—-5.0 x 103 s?,
and prevented any significant accumulation of glyoxal beyond 1 — 2 ppbv. The most likely
cause of this was the high water content introduced into HIRAC to accommodate OH
generation through ozone photolysis (see Chapter 3). Glyoxal is known to undergo rapid
uptake by water and aerosol content (Liggio et al., 2005b; Liggio et al., 2005a; Corrigan
et al., 2008; Ip et al., 2009), and therefore suffers much faster removal rates than many

VOCs in chamber experiments where the relative humidity is high. The dependence on
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relative humidity also renders a consistent loss rate difficult to characterise across
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Figure 6.20  Simultaneous measurements of isoprene (black) and its oxidation product,
glyoxal (red), across three separate OH-initiated oxidation experiments in HIRAC.
Experimental observations (solid lines) were compared with model simulations (dashed
lines) using an adjusted version of the MCMv3.3.1, updated to include suggestions made
by Praske et al. (2015) and Fuchs et al. (2018) through the oxidation of MVK. Ozone was
delivered into HIRAC and each reaction initiated through lamp activation at 0 s. Lamps
were subsequently deactivated to terminate OH production at (a) 2700 s; (b) 1800 s; and
(c) 1900 s.
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experiments, which subsequently has a high impact on model outputs. Therefore the first
order loss was adjusted and tailored for each model simulation to entail the most accurate
representation of the experimental conditions.

Modelled glyoxal concentrations generally overlapped the order of magnitude observed
from phosphorescence detection during experiments, however there were discrepancies
observed in the concentration time profile for all model runs, seemingly without pattern.
Figure 6.20a presents an overestimation of glyoxal build-up towards the start of the
oxidation process, however model concentrations then begin to align with the
phosphorescence data after ~30 — 40 minutes. The glyoxal decay observed at the end
suggests that glyoxal loss was reasonably included, however there is no easy method to
measure and include a variable loss factor throughout the reaction, which may have
impacted glyoxal accumulation towards the beginning. Another possibility is that first-
generation product chemistry, which would have more impact towards the start of the
oxidation process, was less well modelled by the MCMv3.3.1, however the good
agreement observed in Figure 6.20c does not seem to support this theory. Similarly, the
underestimation of glyoxal accumulation towards the beginning of the reaction observed
in the model run for Figure 6.20b indicates that there may have been variability in the
glyoxal loss rate during the experiment, which was then more reasonably represented by
the similar decay rates observed in the latter half.

The initial glyoxal increase experimentally observed in Figure 6.20b is particularly
striking in comparison to those observed in Figures 6.20a & ¢, however, it should be noted
that, in Figure 6.20a, only half the UV lamps were initially activated, resulting in a slower
increase in oxidation products. It is not therefore unreasonable on such a basis to observe
a faster increase in glyoxal as that observed in Figure 6.20b. The removal of isoprene in
Figure 6.20c was also slower due to a reduced concentration of isoprene delivered into
HIRAC, resulting in a slower production of glyoxal compared with observations in
Figures 6.20a & b. The phosphorescence data therefore represents sensible glyoxal
concentrations produced from the oxidation of isoprene, and inconsistencies with the
model suggest either a gap in the understanding of the oxidation mechanism leading to
glyoxal or a lack of knowledge regarding the heterogeneous uptake of glyoxal leading to
rapid but variable loss throughout oxidation experiments. Further investigations of the
mechanism should be undertaken to determine the source of any mechanistic gaps or

misrepresented branching fractions, and future work, particularly in chamber studies,
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Figure 6.21  An estimated glyoxal yield calculation through the simulation of
glyoxal production from isoprene oxidation in a low-NOx regime, excluding all
glyoxal loss processes and constraining ozone concentration to 0.

should incorporate relative humidity measurements in an attempt to better characterise

glyoxal loss rates throughout reaction procedures.

Glyoxal yields were initially calculated in a similar manner to those from acetaldehyde
oxidation (see Chapter 5), through glyoxal production plotted against isoprene removal.
The three experiments displayed in Figure 6.20 were analysed to produce individual
glyoxal yields, which were then averaged to calculate a value for Yoy = 0.32 £ 0.16 %,
where the error is the standard deviation of individual yield values at the 2c level.
However, as indicated by the significant error, the glyoxal yield was highly dependent on
concentrations of Oz present, which impacted alternative mechanistic routes to glyoxal
through various ozonolysis reactions from isoprene oxidation. Therefore, an attempt to
simplify the mechanism was made by modelling glyoxal production solely due to OH-
initiated oxidation. Experimental OH concentrations were used in model constraints, and
the Oz concentration was fixed to 0 to achieve an approximate glyoxal yield calculated
through simulation of glyoxal production with both the exclusion of glyoxal loss
processes and ozonolysis reactions (Figure 6.21). Modelled glyoxal production was
plotted against isoprene removal solely due to reaction with OH across the three datasets,
and an average yield was calculated of YeLy = 0.52 + 0.06 %, where the error again
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represents the standard deviation of individual YeLy values at the 2c level. To the author’s
knowledge, this represents the first direct glyoxal yield measurement through LIP
detection from OH-initiated isoprene oxidation in low-NOy conditions. Similar chamber
studies incorporating a high-NOy environment ranging between 10ppbv to as much as 1
ppmv average NOx mixing ratios in previous works (Volkamer et al., 2006; Galloway et
al., 2011) exhibit a far greater yield of 2 — 3 %.

MVK vyields from isoprene oxidation appear to be much smaller in low-NOy
environments, averaging a ~10 % vyield in the absence of NOx compared with ~40 % at
higher NOx mixing ratios (Liu et al., 2013) (see section 6.3.2). As a key intermediate
species in the formation of glyoxal from isoprene oxidation mechanism, MVK vyields a
factor of 4 lower in the present NOx-free study are consistent with the lower glyoxal yields
observed in this work, which have been determined as between 4 and 6 times smaller than
under a high-NOx chemistry regime. However, due to the isobaric nature of MVK and
MACR, it has not been possible in this study to measure their specific yields from
isoprene oxidation through PTR-MS detection, and it is unclear from experimental data
in this work to what extent other mechanistic routes may impact glyoxal yields under a

NOx-free regime.

Although formaldehyde yields were not measured in this study, the glyoxal yields
calculated here indicate that Rer from OH-initiated isoprene oxidation is low (<0.02),
assuming a substantial formaldehyde yield of ~30 — 40 %. In contrast, the Rcr
measurement indicated by (Chan Miller et al., 2016) over the Pearl River Delta (PRD)
appears to be ~0.05. However, retrieval of the NO. vertical column density revealed
significant quantities of NO. over the PRD, and it therefore seems appropriate to treat the
tropospheric chemistry as being under a high-NOx regime. It might therefore be expected
that the estimated Rer given from this work, despite the lack of formaldehyde yield
measurements, would be reduced from any Rer measurements where NOx mixing ratios
are much higher. Consequently, this has implications for Rer detection from isoprene
oxidation on a global scale, where large areas of significant isoprene emission, such as
heavily forested regions, will have very low quantities of NOy, impacting the observed
Rak.

The oxidation of isoprene in the troposphere is rapid, with an atmospheric lifetime due to

reaction with OH on the order of 1 — 2 hours, assuming ambient [OH] = 2 x 10° molecule

cm (Atkinson and Arey, 2003). Chemical transport of isoprene is therefore relatively

minimal, and Rer measurements as a result of isoprene oxidation should be considerably
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localised. Remote regions where isoprene emissions are high, such as heavily forested
areas, should dominate low Rgr calculations from satellite measurements. However, it is
anticipated that Rer measurements in urban regions with significant areas of vegetative
mass may be impacted by higher Rgr values due to isoprene oxidation as a result of the
increased MVK and glyoxal yields observed in high-NOyx environments. Additional
studies measuring the NOx dependence of Rer from the oxidation of isoprene would be
beneficial in assessing the impact of isoprene on local tropospheric chemistry through
satellite measurements of Rer with complementary measurements of geographically

dependent ambient NOx mixing ratios.

6.4  Conclusion and Future Work

Glyoxal yields from the OH-initiated oxidation of isoprene have been investigated in this
study (YeLy = 0.52 + 0.06 %). Methylglyoxal phosphorescence was characterised and
calibrated with respect to the observed MSz3 07 through PTR-MS detection, so that glyoxal
phosphorescence could be distinguished during isoprene oxidation. Suggested
mechanism updates regarding the oxidation of MVK were added to the MVMv3.3.1
mechanism for isoprene oxidation to examine the model representation of glyoxal
generation from isoprene and MVK. Ozone concentrations were measured throughout
experimental procedures to characterise ozonolysis rates for data analysis and model
simulations, allowing the calculation of OH concentration from isoprene decays
simultaneously to ozonolysis removal of isoprene. The modelled glyoxal yields for MVK
and isoprene oxidation demonstrated a reasonable mechanistic understanding, producing
some overlap in the glyoxal concentration. However, discrepancies remained, warranting
further investigation into the mechanistic routes to glyoxal and better characterising loss
rates of glyoxal during experiment, utilising relative humidity measurements to determine

the quantity of heterogeneous uptake by water and aerosol content.

Further studies in the presence of NOx would be of benefit in narrowing sources of gaps
in the isoprene oxidation mechanism. Suggested mechanism updates to the MCMv3.3.1
(Li et al., 2016; Praske et al., 2015; Fuchs et al., 2018) include several NOx-dependent
reactions, and inclusion of these alongside experimental data may highlight the impacts
of HO2 or ROz reactions at varying concentrations of NOy. NOy studies would also be of

benefit in more accurately determining the impact of isoprene emissions within urban
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environments, which may be crucial in heavily populated cities where there is a large

surface area of vegetative biomass.

An analysis of additional product yields complementary to glyoxal and methylglyoxal
would be of benefit in future work. Concentrations of glyoxal and methylglyoxal are
dependent on their direct precursors, glycolaldehyde and hydroxyacetone respectively,
and monitoring these concentrations in tandem would prove advantageous, however
calibration is not straightforward due to the highly adsorbing nature of these compounds.
Calibration of the GLYOX-LIP instrument for methylglyoxal concentration would
likewise be appropriate in further studies to establish a yield of methylglyoxal
alongside that of glyoxal to enhance model simulation comparison. Additionally,
formaldehyde yield measurements are crucial to the determination of Rgr values and the
model assessment of isoprene on global Rer. Future work should incorporate the detection
of formaldehyde from oxidation of isoprene and its first-generation oxidation products,
however formaldehyde is also a common product of ozonolysis reactions, and an
alternative OH source, such as hydrogen peroxide or methyl nitrite, may therefore be

more appropriate for this analysis.

Finally, large discrepancies observed between OH measurements through both FAGE
detection and VOC decay in the presence of significant quantities of isoprene (see Chapter
4) were not fully investigated in this work. Establishing and accounting for the source of
this interference would be beneficial both to chamber and field studies where there is an
abundance of isoprene. A dependence on VOC decay calculations in chamber studies is
acceptable, however the analysis process is more time-consuming, especially when
accounting for the ozonolysis of isoprene simultaneously. Further, it is unknown whether
this phenomenon applies singularly to chamber studies, where typical VOC
concentrations are much higher than in ambient air, or to OH measurements in the
presence of isoprene in general. An investigation into correlations between magnitudes
of OH interference and the concentration of isoprene, as well as the concentrations of its
oxidation products, may provide a solution in both calibrating for the interference and

determining a lower concentration limit in which interference comes into effect.
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Chapter 7  Summary of Conclusions
and Future Work



7.1  Thesis Conclusions

This thesis has aimed to characterise glyoxal yields from the OH-initiated oxidation of
acetaldehyde (see Chapter 5) and isoprene (see Chapter 6), both of which were considered
atmospherically relevant BVOCs for study. As part of the UNFOGS project (see Chapter
1), a key goal in both quantitatively and qualitatively identifying the global distribution
of VOC emissions is understanding the ratio of glyoxal to formaldehyde (Rgr) produced
through varying categories of primary emissions. Glyoxal and formaldehyde may be used
as chemical tracers through satellite detection of Rgr to determine primary or secondary
VOC precursors that are emitted and subsequently transported within the troposphere.
However, whilst the chemistry occurring in the troposphere is inherently non-trivial to
characterise, individual reactions have been examined here in chamber studies designed
to improve existing knowledge of oxidation mechanisms for use in global chemical

reaction and transport models.

The Leeds HIRAC facility is well suited to performing an analysis of isolated reaction
systems, and has been characterised, along with its instrumentation, in Chapter 2. Of
particular note is the ability to control parameters such as temperature and pressure, as
well as inducing low- or high-NOx conditions, in order to produce a range of artificial
environments that are both stable and relevant to the troposphere. A selective glyoxal
phosphorescence instrument (GLYOX-LIP) has also been employed in HIRAC for the
first time to achieve the direct detection of glyoxal generation from BVOC oxidation.
This has been coupled with other instrumentation, including the FAGE instrument for
direct selective detection of OH radicals, and the PTR-MS, which can detect a variety of
both unsaturated and oxygenated VOCs with a high degree of selectivity at an appropriate

temporal resolution (10 s) between recorded mass spectra.

In order to analyse the rate of glyoxal production through OH-initiated VOC oxidation,
knowledge of both VOC and OH concentrations is a requirement. Two calibration
techniques for the FAGE instrument have therefore been investigated and compared in
HIRAC, considering both the water vapour photolysis method and the VOC decay
method (see Chapter 4). Initial comparisons highlighted a minor discrepancy between
calibration factors (Con) determined using either method, which was of particular
importance for the generation of OH through hydrogen peroxide photolysis. Questions
raised regarding the homogeneity of OH concentrations throughout HIRAC have been
addressed through the repositioning of instrument sampling lines and regular cleaning of

the inside surfaces of the chamber.
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Further investigations involved the temperature-dependent calibration of FAGE, detailed
more fully elsewhere (Winiberg et al., 2023), with observed fluorescence signal
displaying a minor positive temperature dependence. Whilst each FAGE instrument is
unique, this has implications particularly for aircraft instruments with longer sampling
inlets that operate at high altitudes where ambient temperatures are much cooler, as well
as more specific implications for the detection of OH in HIRAC where internal chamber
temperatures are altered.

With an interest in glyoxal yields from isoprene oxidation as the most abundant BVOC
emission (Guenther et al., 2006; Guenther et al.,, 2012; Sindelarova et al., 2014;
Sindelarova et al., 2022) and the largest global source of glyoxal (Fu, T.-M. et al., 2008),
an investigation was also developed into an observed OH signal interference during
isoprene oxidation in chamber experiments. As the source of this interference was not
characterised in this work, the investigation highlighted a necessity for use of the VOC

decay method in determining OH concentrations for isoprene experiments.

Various methods of OH generation were also examined (see Chapter 3) to determine the
most effective methods for the purpose of measuring glyoxal yields in HIRAC. Whilst
several methods exist for producing OH radicals in atmospheric simulation chambers —
including photolysis of alkyl nitrites and peroxide species, as well as the ozonolysis of
unsaturated hydrocarbons — not all were deemed appropriate for the effective
determination of glyoxal yields from BVOC oxidation. Ozonolysis reactions were
thought to be of merit due to no requirements of photolysis, which subsequently reduces
complexity in the photo-oxidation scheme. However, of the two alkenes investigated,
namely ethylene and tetramethylethlyene (TME), neither could be labelled as suitable due
to increases in GLYOX-LIP signal as a direct result of the ozonolysis reaction. In the case
of ethylene, this was attributed to glyoxal generated from the OH-initiated oxidation of
ethylene, whilst TME ozonolysis was thought to generate excessive quantities of
methylglyoxal, which in turn produced a phosphorescence signal that interfered with

measurements of glyoxal (see Chapter 6 for discussion on methylglyoxal interference).

The OH precursors chosen for this study in NOy-free conditions were hydrogen peroxide

and ozone, each producing OH as the singular product through photolysis, and were

similarly advantageous in reducing chemical complexity within the chamber. However,

asignificant increase in glyoxal loss in HIRAC, at least an order of magnitude higher than

with glyoxal as the sole species present, was observed particularly in the presence of

hydrogen peroxide. This was attributed primarily to higher relative humidity levels in
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consideration of glyoxal having a very high water solubility, with an effective Henry’s
law constant reported as Ky = 4.2 x 10° mol dm™ atm™ (Matsumoto et al., 2005; Coburn
et al., 2014), although it remains unclear to what extent hydrogen peroxide itself may act
as an additional solvent for the heterogeneous uptake of glyoxal. Attempts were made to
characterise glyoxal first-order loss rates on a case-by-case basis, treating glyoxal losses
as distinct for each individual experiment performed, however this could not be
monitored throughout specified reaction periods, and may therefore have had some

impact on measured yields.

In experiments that involved reaction studies under high-NOy conditions, methylnitrite
was chosen as an appropriate precursor for OH, and additional NO was supplied at the
beginning of these experiments as a supplement for total NOx mixing ratios as well as for
the generation of OH. However, in continuations of this work where high-NOy reaction
schemes are studied, formaldehyde produced through the photolysis of methylnitrite will
affect the determination of Rer from the OH-initiated oxidation of VOCs. The
formaldehyde yield from methylnitrite photolysis in HIRAC should therefore be well
characterised in order to be separated from the formaldehyde yield generated through
OH-initiated VOC oxidation. Alternatively, NOx may be delivered independently of the
OH precursor with hydrogen peroxide employed as the preferred OH source.

Upon establishing the appropriate OH precursors for this study, the OH- and Cl-initiated
oxidation of acetaldehyde was investigated (see Chapter 5) to determine whether
acetaldehyde oxidation may constitute the missing source of glyoxal within the MBL
(Walker et al., 2022). Glyoxal is produced from the photo-oxidation of acetaldehyde
selectively through the initial abstraction of a hydrogen atom at the methyl site. This
initial branching fraction is thought to be (and included in the MCMv3.3.1 as) 5 %, based
on yield measurements of the CH3CO and CH,CHO radicals (Cameron et al., 2002;
Butkovskaya et al., 2004), and the subsequent IUPAC recommendation (Atkinson et al.,
2006).

However, under the current mechanistic regime in the MCMv3.3.1, observed glyoxal
yields (YcLy) from experiment were an order of magnitude lower than those simulated in
model runs, being measured as low as YeLy = 0.07 + 0.01 % from OH-initiated oxidation
and 0.13 = 0.02 % from Cl-initiated oxidation in NOx-free conditions. These results have
highlighted a discrepancy between the measured and modelled data that implies either a
largely overestimated initial branching fraction at the methyl site or a misrepresentation
of branching points within the mechanism leading to glyoxal formation. It is therefore
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unlikely that the photo-oxidation of acetaldehyde constitutes the missing source of
glyoxal in the MBL, and further studies will be needed to narrow the gap between field
glyoxal measurements and base model outputs observed by Walker et al. (2022).

Further investigations attempted to evaluate the potentially erroneous exclusion of the
reaction between O and the alkoxy radical, HCOCH,O, in the MCMv3.3.1, which could
serve as a route to glyoxal formation in competition with the alkoxy decomposition to
formaldehyde and HCO. However, studies analysing the NOx- and O2-dependence of the
acetaldehyde oxidation mechanism concluded that reaction with O2 forms only a minor
channel for the fate of HCOCH:O, estimated at ~5 %, and therefore produces very little
glyoxal. Generation of glyoxal seems instead to be dominated by various reactions of the
peroxy species, HCOCH.OO, with HO; and RO radicals, and these ought to be examined
and, where possible, better characterised, in order to determine the exact cause of the
discrepancy between YeLy measurements and the current mechanistic understanding of

acetaldehyde oxidation.

Lastly, direct glyoxal yields were determined from the OH-initiated oxidation of isoprene
in NOx-free conditions for the first time to the author’s knowledge. Although previous
chamber studies of isoprene have involved glyoxal yield measurements (Volkamer et al.,
2006; Galloway et al., 2011), these involved high-NOx chemistry, with initial NOx mixing
ratios ranging between ~10 ppbv to as high as ~1 ppmv. Whilst previous glyoxal yield
measurements were determined between 2 — 3 % under a high-NOy regime, the current
study in the absence of NOy has reported an average yield of 0.52 + 0.06 %, significantly
a factor of ~5 lower. With MVK considered to be a key intermediate species in the
formation of glyoxal from isoprene, this appears to be in keeping with the reduced MVK
yield previously observed through the oxidation of isoprene in low-NOy (~10 %)
compared with high-NOy conditions (~40 %) (Liu et al., 2013).

Although a significant quantity of Os (~100 ppbv) was present in the system due to O3
photolysis being used as a method of OH generation, contributions of ozone to the
removal of isoprene through ozonolysis were characterised prior to glyoxal yield
determinations. However, because isoprene ozonolysis generates OH, it was deemed
non-trivial to attribute a glyoxal yield purely to ozonolysis reactions alone, made more
difficult by the observed OH interference during isoprene oxidation described previously
(see Chapter 4). Therefore OH concentrations were calculated from the measured
isoprene decays to be used in model constraints, and Oz concentrations were fixed to 0 to
determine a modelled yield in the absence of Os. Observed glyoxal concentration profiles
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were compared with modelled glyoxal constraining both Oz and OH in order to validate
the oxidation mechanism used, demonstrating reasonable agreement across three
experiments. Any contributions of methylglyoxal to the phosphorescence signal detected
was subtracted using a calibrated signal from simultaneous PTR-MS measurements. The
modelled glyoxal yield of 0.52 + 0.06 % was therefore concluded to be a reasonable figure

to use in the determination of Rer from isoprene oxidation in NOx-free conditions.

7.2  Future Directions

The direct measurement of glyoxal yields from the oxidation of acetaldehyde and
isoprene as biogenic precursors within the present work has provided some foundations
for the aims of the UNFOGS project in the determination of Rer values to accurately
establish global emissions inventories and ambient tropospheric VOC concentrations.
However, a key element to UNFOGS is the simultaneous detection of both glyoxal and
formaldehyde. Whilst this work has not focused on formaldehyde yield measurements,
there is potential for the selective detection of formaldehyde in future HIRAC
experiments through the use of a laser-induced fluorescence instrument operating in a
similar fashion to the FAGE instrument (see Chapter 2), and described in detail previously
(Cryer, 2016). Ideally, formaldehyde should be measured in tandem with glyoxal in order
to provide Rgr values. However, where formaldehyde or glyoxal yields can be determined
consistently across repeat experiments, they can be analysed separately and compared to
retrieve Rgr values instead, providing experimental conditions (e.g. relative humidity,
NOx concentrations, temperature, pressure, chamber surfaces, OH precursors, and
artificial light sources) are kept reasonably consistent. Glyoxal yields measured here may
therefore provide half of the study required for determination of Rge from both
acetaldehyde and isoprene oxidation.

Glyoxal yield measurements performed in this work were subject to characterisation of
first order loss rates of glyoxal in HIRAC, particularly regarding surface adsorption and
heterogeneous uptake into aerosol matter. Further studies involving glyoxal yield
measurements could attempt to clarify a dependency of glyoxal loss rates on factors such
as relative humidity, using a RH probe, and hydrogen peroxide concentration, which may
be determined through FTIR spectroscopy. This would be of particular benefit for

quantifying low glyoxal yields through minor channels of VOC oxidation mechanisms,
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however also has wider applications for the analysis of mechanistic routes leading to

glyoxal formation more generally.

There remains discrepancies between measured and modelled glyoxal concentration
profiles from isoprene oxidation. It is unclear to what extent this discrepancy has been
impacted by varying glyoxal loss rates throughout a given experiment. However, the
direct detection of OH during isoprene chamber experiments would be advantageous in
determining any sources of misrepresentation in current the oxidation mechanism,
particularly where ozone photolysis is used as the source of OH. To that end, future
studies could attempt to further investigate the source of interference observed in FAGE
detection of OH during isoprene studies conducted in this work. There does not seem to
be cause to suspect an alternative source of fluorescence at 308 nm, therefore it seems
likely that an excess of OH is being produced within the fluorescence detection cell,
possibly as a result of flash photolysis or through chemical reaction. Interference may
then be dependent on the concentration of a known, detectable species arising through
isoprene oxidation, and establishing that link could allow for correction of the observed

fluorescence signal.

A final consideration from the work of this thesis is the missing source of glyoxal in the
MBL. Glyoxal yields detected directly from both the OH- and Cl-initiated oxidation of
acetaldehyde in HIRAC suggest that acetaldehyde present in the ambient MBL does not
provide an adequate source of glyoxal alone to bridge the discrepancy observed between
measurements and model predictions of average glyoxal mixing ratios. An alternative
source of glyoxal, other than the sources already identified by Walker et al. (2022)
including glycolaldehyde and acetylene, is not immediately obvious, particularly with the
significant glyoxal sink associated with high solubility and the potential for rapid removal
via ocean surface interactions (VVolkamer et al., 2009; Ervens and VVolkamer, 2010). One
possible source is the emission of isoprene from marine phytoplankton, which has shown
increasing interest over the last 15 years, summarised by Conte et al. (2020) and
references therein. However, there are still significant uncertainties around the ocean-air
flux of isoprene, therefore further investigations may still be needed both to quantify
marine sources of isoprene as well as determine whether this may be a viable source of
glyoxal to explain the discrepancy previously observed through the comparison of field
measurements and model simulations. Glyoxal yields from isoprene oxidation under

NOx-free conditions obtained in this work may be of use in pursuing this avenue of

209



interest and analysing the potential impact of marine isoprene emissions on ambient

glyoxal mixing ratios.
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